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SUMMARY
We address whether T cell responses induced by different vaccine platforms (mRNA-1273, BNT162b2,
Ad26.COV2.S, and NVX-CoV2373) cross-recognize early SARS-CoV-2 variants. T cell responses to early var-
iants were preserved across vaccine platforms. By contrast, significant overall decreases were observed for
memory B cells and neutralizing antibodies. In subjects �6 months post-vaccination, 90% (CD4+) and 87%
(CD8+) of memory T cell responses were preserved against variants on average by AIM assay, and 84%
(CD4+) and 85% (CD8+) preserved against Omicron. Omicron RBD memory B cell recognition was substan-
tially reduced to 42% comparedwith other variants. T cell epitope repertoire analysis revealed amedian of 11
and 10 spike epitopes recognized by CD4+ and CD8+ T cells, with average preservation > 80% for Omicron.
Functional preservation of the majority of T cell responses may play an important role as a second-level de-
fense against diverse variants.
INTRODUCTION

The emergence of numerous SARS-CoV-2 variants of interest

(VOI) and of concern (VOC) is one of the most important develop-

ments in the COVID-19 pandemic (Callaway, 2021). Our under-

standing of the virological and immunological features associated

with the main VOCs is key to inform health policies, including

boosting andvaccination schedules, andalso inform the develop-

ment of potential variant-specific or pan-coronavirus vaccines.

Important aspects include whether the different variants are

more infectious, more easily transmissible, linked to more severe

disease, or escape immune responses inducedby either vaccina-

tion or natural infection.

The Alpha (B.1.1.7), Beta (B.1.351), and Gamma (P.1) VOCs

were reported in the late 2020 to May 2021 period (Harvey

et al., 2021; Walensky et al., 2021). Several additional variants

were described more recently (May to Oct 2021) (Chakraborty

et al., 2021; Otto et al., 2021), including Mu (B.1.621) (Uriu

et al., 2021) and Delta (B.1.617.2) (Mlcochova et al., 2021), with

the latter quickly becoming the most dominant SARS-CoV-2

lineage worldwide. Omicron (B.1.1.529) is the latest VOC, re-
ported in November 2021, and stands out with multiple attri-

butes: a larger number of spike mutations compared with other

VOCs (Karim and Karim, 2021), transmissibility even in the pres-

ence of Delta, and an ability to spread in populations with high

levels of immunity. Omicron is expected to become dominant

globally early in 2022.

A number of knowledge gaps remain in terms of our under-

standing of VOI/VOCs in relation to T and B cell immune reac-

tivity. While the impact of variant-associated mutations has

been established for most variants in terms of antibody reactivity

(Garcia-Beltran et al., 2021; Stamatatos et al., 2021), including

studies on Omicron (Liu et al., 2021; Planas et al., 2021; Schmidt

et al., 2021), less is available for memory T cells and B cells.

Memory T cell and B cell recognition of variants is an important

issue. Several lines of evidence point to potential roles for

T cells in reducing COVID-19 disease severity and contributing

to disease protection (Gagne et al., 2021; Sette and Crotty,

2021; Tan et al., 2021). The continued maturation of B cell re-

sponses over time (Cho et al., 2021; Dan et al., 2021; Goel

et al., 2021) may play an important role in adapting immunity to

SARS-CoV-2 VOCs. Regarding memory T cells, we and others
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previously demonstrated that for the early variants—Alpha, Beta,

Gamma, and Epsilon—the impact of mutations is limited and the

majority of CD4+ and CD8+ T cell responses are preserved in

both vaccinated and natural infection conditions (Collier et al.,

2021; Geers et al., 2021; Keeton et al., 2021; Melo-González

et al., 2021; Riou et al., 2021; Tarke et al., 2021b).

Studies on the impact of newer variants on T cells, including

Mu and Omicron in particular, are limited or missing (Madelon

et al., 2021). If the majority of T cell responses are maintained,

memory T cells may play an important role as a second line of

defense in light of the substantial escape of Omicron from anti-

bodies. In this study, we focus on a large panel of variants to un-

derstand the impact of more recent variants on memory T cells

and B cells compared with early variants, particularly in the

context of COVID-19 vaccination and evaluation of the adaptive

responses induced by different vaccine platforms.

RESULTS

Cohort of COVID-19 vaccinees to assess T cell
responses to a panel of SARS-CoV-2 variants
To assess the cross-recognition capability of T cell responses

induced by different vaccine platforms, we enrolled a cohort of

96 adults vaccinated with different vaccines currently in use in

the United States under FDA emergency use authorization

(EUA) or approval: mRNA-based mRNA-1273, mRNA-based

BNT162b2, and the adenoviral vector-based Ad26.COV2.S.

Subjects immunized with a protein recombinant vaccine NVX-

CoV2373, currently approved in the EU and in clinical assess-

ment for the US, were also enrolled. To determine the longevity

of T cell cross-recognition of SARS-CoV-2 variants, we studied

samples from four different time points: 2 weeks after the first

dose of vaccine, 2 weeks after the second dose of vaccine,

and 3.5 months and 5–6 months after the last vaccine dose

received. Based on sample availability, the study design was

cross-sectional. A control donor cohort was also enrolled,

comprising early convalescent donors who had mild disease

(collected approximately 1 month post symptom onset, range

21–43 days).

Characteristics of the donor cohorts are summarized in Table

S1. Sub-cohorts were approximately matched for gender and

age across time points. For each time point, the days post-vacci-

nation (dPV) and the SARS-CoV-2 S protein receptor binding

domain (RBD) immunoglobulin G (IgG) ELISA titers are detailed

as a function of the vaccine platform analyzed and the time point

of sample collection. In addition, nucleocapsid (N) IgG was also

run to assess previous infection, with the highest frequency of

positive response in Ad26.COV2.S recipients (14% observed

at time point 3, Table S1). HLA typing for the vaccinated cohort

is presented in Table S2.

We previously reported T cell reactivity to the Alpha, Beta, and

Gamma VOCs (Tarke et al., 2021b). Since then, by July 2021, an

additional 5 SARS-CoV-2 VOI/VOCs had emerged, namely,

B.1.1.519, Kappa (B.1.617.1), Delta (B.1.617.2), Lambda

(C.37), and R.1. To estimate the impact of the different variants

on T cell responses after vaccination, we mapped the specific

spike proteinmutations (amino acid replacements and deletions)

as compared with the SARS-CoV-2 Wuhan ancestral sequence
2 Cell 185, 1–13, March 3, 2022
(Table S3). For the Wuhan ancestral sequence and each of the

variants analyzed, we generated megapools (MPs) of 15-mer

peptides, overlapping by 10 amino acids, spanning the entire

spike protein.

Spike-specific CD4+ and CD8+ T cell reactivity to SARS-
CoV-2 variants in vaccinated individuals
We evaluated T cells from the vaccine cohorts for their capacity

to cross-recognize MPs spanning the entire spike sequences of

different variants, compared with a control MP spanning the

ancestral spike. First, T cell responses were determined from

blood samples of fully immunized subjects 2weeks after the sec-

ond immunization with mRNA-based vaccines mRNA-1273 and

BNT162b2, and 6 weeks post-immunization with the adenoviral

vector-based Ad26.COV2.S. To measure the T cell responses,

we combined activation-induced marker (AIM) assays (Tarke

et al., 2021b) with cytokine intracellular staining (ICS) (Mateus

et al., 2021). A comparison of the AIM and ICS protocols per-

formed separately with the AIM+ICS combined protocol showed

no significant differences in the markers analyzed (Figures

S1A–S1C).

CD4+ and CD8+ T cell responses to spike MPs derived from

the ancestral strain and from MPs representing Alpha, Beta,

Gamma, Delta, B.1.1.519, Kappa, Lambda, and R.1 variants

were measured by AIM OX40+CD137+ (CD4+ T cells) or

CD69+CD137+ (CD8+ T cells) (Tarke et al., 2021b). For each sub-

ject/variant/vaccine combination, we calculated the T cell recog-

nition fold-change relative to the ancestral sequence (variant/

ancestral). Only donors with a positive spike ancestral response

were included in the analysis (CD4: LOS = 0.03%, SI > 2; CD8:

LOS = 0.04%, SI > 2). Figure 1 summarizes the fold-change re-

sults for all vaccine platforms combined and separately, for

CD4+ (Figure 1B) and CD8+ (Figure 1D) T cells. For all variants,

regardless of the vaccine platform considered, no significant

decrease (fold-change <1.00 by the Wilcoxon signed rank T

test compared with a hypothetical median of 1) was detected.

In all cases, the geomean fold-change variation was close to

1.00 (i.e., no change). The average fold-change values, consid-

ering all 24 different vaccine/variant combinations (three vaccine

platforms and eight variants), were 1.01 (range 0.84–1.3) for

CD4+ and 1.1 (range 0.81–1.5) for CD8+ T cells. Thus, in fully

vaccinated subjects at least 84% (CD4+) and 81% (CD8+)

T cell responses detected by AIM assays were preserved across

vaccine platforms.

At the level of individual donors, a decrease greater than an

arbitrary 3-fold threshold (0.33 by fold-change, indicated by

dotted lines) was only observed for two Ad26.COV2.S vaccinees

and the Lambda variant, one donor for CD4+, and another for

CD8+ T cells. No variant/donor combination was associated

with adecrease greater than 10-fold (0.1 by fold-change). Figures

S2A and S2B show the corresponding AIM+ percentages and

their relative paired comparisons based on the magnitude of

the responses for each variant with the ancestral spike reactivity.

Analysis of the coefficient of variation (CV) of the fold changes for

each variant across vaccine platforms revealed some significant

differences in the variation across vaccine platforms, particularly

for Ad26.COV2.S (CD4+: mRNA-1273 versus Ad26.COV2.S p =

0.0009; BNT162b2 versus Ad26.COV2.S p = 0.0078; CD8+:



Figure 1. Impact of variant-associated mutations on spike-specific CD4+ and CD8+ T cell recognition

T cell responses from fully vaccinated COVID-19 vaccinees were assessed with variant spike MPs. The effect of mutations associated with each variant MP was

expressed as relative (fold-change variation) to the T cell reactivity detected with the ancestral strain MP. Results from COVID-19 mRNA-1273 (n = 20, circles),

BNT162b2 (n = 20, triangles), and Ad26.COV2.S (n = 12, squares) vaccinees are presented together, and separately, by vaccine platform. For fold-change (FC)

calculations, only donors responding to the ancestral S MP were included.

(A) Representative gating of CD4+ T cells of a mRNA-1273 vaccine recipient responding to different SARS-CoV-2 variants’ MPs is shown.

(B) Fold-change is calculated for AIM+ CD4+ T cells relative to the ancestral strain in COVID-19 vaccinees.

(C) A representative gating example is shown for an mRNA-1273 vaccine recipient for CD8+ T cells against the SARS-CoV-2 variants in analysis.

(D) Fold-change is calculated for AIM+ CD8+ T cells relative to the ancestral strain in COVID-19 vaccinees. Coefficients of variation (CV) and the geometric mean

FCs for the variants are listed in each graph and plotted as log scale. Significance of FC decreases for each variant was assessed byWilcoxon signed rank T test

compared with a hypothetical median of 1. See also Figures S1, S2, and S3 and Table S1.
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mRNA-1273 versus Ad26.COV2.S p = 0.0024. Mann-Whitney

with multiple comparison correction). Overall, these results indi-

cate that both CD4+ and CD8+ T cell responses are largely

conserved against variants, irrespective of the variant and vac-

cine platform considered.

By ICS, CD4+ T cell responses to the ancestral Wuhan spike

pool were observed for 52 subjects, and CD8+ T cell responses

were observed for 25 subjects. Thus, combined ICS results for

all vaccine platforms are presented. CD4+ T cell responses were

associated with a polyfunctional response, encompassing IFNg,

TNFa, IL-2, and/or granzyme B in combination with CD40L

expression (Figures 2A, 2B, S1, and S2C–S2G). Cytokine+ CD8+

T cells were measured using IFNg, TNFa, and IL-2 (Figures 2C,

2D, S1, and S2H–S2K). CD8+ T cell functionality was assessed

basedon IFNg, TNFa, IL-2, and/orgranzymeBexpression.Nodif-

ferences in CD8+ T cell functionality were observed between

ancestral and variant recognition (Figure 2D). Overall, the average

fold-change values considering all variants was 1.00 (range

0.92–1.1) for CD4+ and 1.01 (range 0.76–1.2) for CD8+ T cells.
The greatest decrease was to 0.76 for Delta by cytokine+ CD8+

T cells. At the level of individual CD4+ T cell responses, decreases

greater than 3-fold were observed for three donors: one Ad26.-

COV2.S donor for Beta and Lambda, one Ad26.COV2.S donor

for Beta, and onemRNA-1273 donor for Delta (Figure 2A). No de-

creases greater than 10-fold were observed. For CD8+ T cells,

decreases greater than 10-fold were observed with one Ad26.

COV2.S donor for Alpha and R.1 and one mRNA-1273 donor for

Delta. Decreases in the 3- to 10-fold range were observed for

four BNT162b2 donors (one for Beta, one for Gamma, one for

Delta, andone for Lambda), oneAd26.COV2.Sdonor for Lambda,

and one mRNA-1273 donor with R.1 (Figure 2C).

Considering the different assay readouts (AIM and ICS) and

different donors analyzed, the fold-change was calculated in

171 instances for 8 different variants, for a total of 1,368 determi-

nations. T cell responses with decreases greater than 3-fold

were observed in 14 instances (1.02%) of variant/subject combi-

nations tested and decreases greater than 10-fold were

observed in 3 instances (0.22%) of variants/subjects tested.
Cell 185, 1–13, March 3, 2022 3
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Figure 2. Impact of variant-associated mutations on spike-specific CD4+ and CD8+ T cell cytokine responses

Fully vaccinated COVID-19 vaccinees were assessed with variant spikeMPs and the effect of mutations associated with each variant MP is expressed as relative

(FC variation) to the T cell reactivity detected with the ancestral strain MP and plotted as log scale. Results from COVID-19 mRNA-1273 (n = 20, circles),

BNT162b2 (n = 20, triangles), and Ad26.COV2.S (n = 12, squares) vaccinees are presented together.

(A) Fold-change values for cytokine+CD4+ T cells are calculated based on the sum of CD4+ T cells expressing CD40L in combination with IFNg, TNFa, IL-2, or

granzyme B.

(B) The functionality of the spike-specific CD40L+ CD4+ T cell is defined by the different combinations of IFNg, TNFa, IL-2, or granzyme B.

(C and D) (C) Fold-change values for cytokine+CD8+ T cells are calculated based on the sum of CD8+ T cells producing IFNg, TNFa, or IL-2, and (D) the func-

tionality of the spike-specific CD8+ T cells is calculated by looking at the different combinations of IFNg, TNFa, IL-2, or granzyme B, excluding single positive

granzyme B. All data shown are background subtracted with an SI > 2. CVs and the geometric mean FCs for the variants are listed in each graph. Significance of

FC decreases for each variant was assessed byWilcoxon signed rank T test compared with a hypothetical median of 1. See also Figures S1 and S2 and Table S1.
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Thus, in almost 99% of cases, the differences in measured T cell

recognition were less than 3-fold.

In the context of AIM+ T cells responses measured at time

point 1 (2 weeks post-first-dose, Figure S3), we found a very

similar pattern to what was observed at time point 2, with no sub-

stantial decreases in each of the variants analyzed at either pop-

ulation or individual level, except for 3 out of 280 instances (1%)

with AIM+ CD8+ T cells (Figure S3B). These results confirm, in a

larger dataset, that T cell responses from vaccinated subjects

are largely preserved against Alpha, Beta, and Gamma (Tarke

et al., 2021b). Importantly, these results extend these observa-

tions to more VOI/VOCs, including the prominent Delta variant.

Cross-recognition of SARS-CoV-2 variants by memory
T cells
We then examined memory T cells and memory B cells 3–

4months after vaccination. At this time point, samples from eight

NVX-CoV2373 vaccinated individuals were available and there-

fore included in the analysis. Spike-specific CD4+ T cell memory

was characterized by AIM and ICS (Figures 3A–3C, S4A, and
4 Cell 185, 1–13, March 3, 2022
S4B), including memory-circulating T follicular helper cells

(cTFH) (Figures 3G and S4E).

No significant decrease of memory CD4+ T cell recognition of

Alpha, Beta, or Gamma variants was observed by AIM, cytokine,

or cTFH metrics, with the exception of Delta cytokine+ CD4+

T cells (p = 0.0024) (Figures 3A, 3B, and 3G). Mean preservation

of CD4+ T cell recognition was 0.90 (range 0.80–1.2), considering

all three assays and variants. At the individual level, no substan-

tial decreases in CD4+ T cell variant recognition were observed

by AIM. Cytokine response decreases >3-fold were observed

in 4 donors and 5 out of 172 instances (2.9%). cTFH memory

cell recognition of variants decreased >3-fold in 4 donors and

5 out of 180 instances (2.8%) (Figure 3G).

Spike-specific CD8+ T cell memory was characterized by

overall recognition retention of 0.95 by AIM and 0.88 by ICS (Fig-

ures 3D–3F, S4C, and S4D). No significant decreases of memory

CD8+ T cell recognition of Alpha, Beta, or Gamma variants were

observed by AIM. By ICS, CD8+ T cells retained 0.77 and 0.61

recognition of Gamma and Delta, respectively (Figures 3D–3F).

At the individual level, decreases >3-fold were observed in 2
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Figure 3. Vaccinee memory T and B cell recognition of COVID-19 variants

(A and B) Fully vaccinated recipients of the COVID-19 mRNA-1273 (n = 12, circles), BNT162b2 (n = 15, triangles), Ad26.COV2.S (n = 14, squares), and NVX-

CoV2373 (n = 8, diamonds) vaccines were assessed for T and B cell memory to variant spikes. FC values were calculated based on the response to the ancestral

spike for subjects with a measurable response and plotted as log scale. CD4+ T cell FC values are shown for (A) AIM and (B) ICS assay.

(C–E) (C) The functional profile of spike-specific CD40L+CD4+ T cells was calculated as the percentage of cells with 1, 2, 3, or 4 functions defined by intracellular

staining for IFNg, TNFa, IL-2, or granzyme B. CD8+ T cell fold-change values are shown for the (D) AIM and (E) ICS assay.

(F) The functional profile of cytokine producingCD8+ T cells was calculated as the percentage of cells with 1, 2, 3, or 4 functions defined by intracellular staining for

IFNg, TNFa, IL-2, or granzymeB, excluding granzyme B single positive cells. p values for the functional profile of CD4+ andCD8+ T cells were calculated byMann-

Whitney.

(G–I) (G) Spike-specific cTFH
+CD4+ T cells were calculated based on CXCR5+ of AIM+CD4+ T cells. SARS-CoV-2-specific memory B cells are shown to (H) spike

and (I) RBD.

(J–L) Variant/ancestral FC values are shown for the (J) antibody neutralization assay as well as (K) spike and (L) RBD IgG serology. The geometric mean of the FC

values is listed at the bottom of each graph. Significance of FC decreases for each variant was assessed by Wilcoxon signed rank T test compared with a

hypothetical median of 1. See also Figures S1 and S4 and Table S1.
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donors and 2 out of 148 instances (1.3%) by AIM, and 6 donors

and 10 out of 88 instances (11.4%) by ICS, none of which were

greater than 10-fold. Thus, the overall pattern of variant recogni-

tion by memory CD4+ and CD8+ T cells paralleled the peak T cell

responses (Figures 1, 2, and 3). Memory CD4+ T cell recognition

of these variants was largely preserved, including Delta. Some

memory CD8+ T cell recognition decreases were noted by cyto-

kine production, particularly against Delta.
We next examined the ability of spike-specific memory B cells

to recognize variants Alpha, Gamma, andDelta (Figures 3H, S4F,

and S4H). Significant losses in memory B cell recognition of

spike for Alpha (variant/Wuhan = 0.84; p < 0.0001), Gamma

(0.71; p < 0.0001), and Delta (0.68; p < 0.0001) were observed

(Figure 3H). The RBD of spike is the primary target of SARS-

CoV-2 neutralizing antibodies and a site of variant neutralizing

antibody escape. We therefore characterized RBD-specific
Cell 185, 1–13, March 3, 2022 5
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memory B cell recognition of variants Alpha, Beta, Gamma, and

Delta (Figures 3I, S4G, and S4I). Significant decreases in RBD-

specific memory B cell recognition of Alpha (0.94; p < 0.0001),

Beta (0.61; p < 0.0001), Gamma (0.52; p < 0.0001), and Delta

(0.85; p < 0.0001) were all noted (Figure 3I).

Neutralizing antibody titers to variants were measured and

compared with a D614G reference virus for the same vaccinated

individuals (Figures 3J and S4J). Neutralization decreases were

significant for Alpha (p < 0.0001), Beta (p < 0.0001), Gamma

(p < 0.0001), and Delta (p < 0.0001) variants (Figure 3J). The high-

est neutralization antibody titers were against D614G, and re-

ductions in neutralizing titers of 2.4-fold, 4.5-fold, 3.8-fold, and

3.4-fold against Alpha, Beta, Gamma, and Delta variants were

noted (Figures 3J and S4J). A similar pattern was observed for

COVID-19 convalescent subjects (Figures S4K and S4L). Spike

and RBD binding IgG titers in vaccinated subjects had similar

trends to neutralizing antibodies but with smaller differences

(Figures 3K, 3L, S4M, and S4N). In conclusion, while no signifi-

cant change in T cell recognition was noted, decreases in mem-

ory B cell and neutralizing antibody recognition of all variants

analyzed were apparent.

Predicted impact of SARS-CoV-2 variants on T cell
epitopes
With the recent emergence of the Omicron variant, studies were

immediately expanded to include Omicron. We first predicted

the impact of variant mutations for CD4+ and CD8+ T cell

epitopes experimentally curated in the IEDB (www.IEDB.org)

(Grifoni et al., 2021; Vita et al., 2019) (Table S4). In addition to

Omicron, we included a wider panel of early and late SARS-

CoV-2 variants for comparison.

For CD4+ T cells, an average of 95% of the epitopes spanning

the entire SARS-CoV-2 proteomewere fully conserved (nomuta-

tions) across the variants (Figure 4A). The Delta variant was not

associated with a significant decrease (Figure 4A), while the frac-

tion of fully conserved epitopes was reduced in Omicron (88%),

compared with the other variants (p < 0.0001) (Figure 4A). A

similar result was observed for CD8+ T cell epitopes, with 98%

overall conservation but 95% for Omicron (p < 0.0001) (Fig-

ure 4B). Considering only spike epitopes, an average of 91%

and 94% CD4+ and CD8+ T cell epitopes, respectively, were

conserved in the various variants. The Omicron variant was

associated with the fewest fully conserved spike epitopes for

both CD4+ and CD8+ T cells (CD4+: 72%, p < 0.0001; CD8+:

86%, p < 0.0001) (Figures 4C and 4D).

We further found that 82% of 9-mers encompassing the entire

spike protein are conserved in Omicron, compared with 86% of

the CD8 epitopes. Thus, mutations do not appear to occur more

frequently in areas of spike recognized as epitopes.

To address whether Omicron mutations preferentially

impacted more dominant epitopes, we divided epitopes into

dominant and subdominant, based on the frequency of individ-

ual responses as previously described (Grifoni et al., 2021).

This analysis indicated that the most dominant CD4+ epitopes

tend to be more frequently conserved than subdominant epi-

topes (75% versus 64%), while a modest opposite trend was

observed for CD8+ T cell epitopes (84% versus 88%) (data

not shown).
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The values reported in Figures 4A–4Dwere stringent estimates

of the number of preserved epitopes because conservative sub-

stitutions and changes not impacting HLA binding can still be

cross-reactively recognized. Accordingly, we examined the ef-

fect of the mutations on the predicted binding affinity of each

CD8 epitope for which HLA restriction could be inferred (Figures

4E–4G). Notably, in the majority of cases, the variant-associated

mutations were predicted to not impair HLA binding capacity

(Figures 4E–4G). Importantly, 72% of the epitopes with Omicron

variant mutations were predicted to retain similar HLA class I

binding capabilities, which was not dissimilar to other SARS-

CoV-2 variants (p = 0.8625; Figure 4H). In conclusion, bio-

informatic analyses suggest that the majority of CD4+ and

CD8+ T cell epitopes are unaffected by mutations, regardless

of whether early or late variants were considered (Figure 4A–

4D). These data suggest that variant evolution was not driven

by T cell escape. In the case of Omicron, the number of totally

conserved spike epitopeswas decreased. However, themajority

of Omicron epitopes (full proteome or spike) were still 100%

conserved, and the majority of mutated epitopes were predicted

to still be recognized by T cells.

Experimental assessment of Omicron-specific memory
B and T cells
Considering that the Omicron variant contains 15 mutations in

the RBD, we sought to investigate whether mRNA vaccination

generated memory B cells that recognized Omicron spike and

RBD. Memory B cells obtained from subjects receiving either

mRNA-1273 or BNT162b2 (5–6 months post-vaccination) had

significantly lower recognition of Omicron spike compared with

the ancestral strain (p < 0.0001) (Figures 5A, S5A, and S5C).

Memory B cell recognition of Omicron RBD was significantly

decreased, with 0.42 retained recognition (p < 0.0001) (Figures

5B, S5B, and S5D), substantially lower than Alpha, Beta, or Delta

RBD binding. In sum, memory B cell recognition of Omicron

RBD, known to be important for most neutralizing antibodies,

was substantially reduced compared with other variants.

Next, we experimentally determined the impact of Omicron

mutations on T cell responses in comparison with other variants

in a cohort of individuals vaccinated 5–6 months before blood

donation and also in parallel subsequently used for epitopemap-

ping. The overall conservation ofmemory CD4+ T cell recognition

of Omicron spike was 0.84 (84%) by AIM and 0.93 (93%) by ICS

assay (Figure S5G). A significant decrease was observed for

Omicron by AIM, comparable in magnitude to that of Alpha or

Beta variants (Figures 5C, 5E, and S5). No significant decrease

was observed for CD4+ T cell recognition of Omicron by ICS; sig-

nificant differences were only observed for Alpha and Beta (Fig-

ures 5D, 5F, S5E, and S5F). At the individual subject level, no

AIM+ or ICS+ CD4+ T cell recognition decreases >3-fold were

observed.

The preservation of memory CD8+ T cell recognition of Omi-

cron spike was 0.85 (85%) by AIM and 1.1 (110%) by ICS (Fig-

ures 5E, 5F and S5J), with neither change being statistically

significant. Significant decreases were observed for Alpha,

Beta, and Delta by AIM (Figures 5E and 5F). In the context of

Omicron, 3 out of the 12 positive donors analyzed for CD8+

T cell responses showed a minimal decrease at the fold-change

http://www.iedb.org
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Figure 4. Sequence conservation of SARS-CoV-2 T cell epitopes in variants

(A–D) The number of epitopes fully conserved or having single or multiple mutations (including insertions/deletions) was computed across SARS-CoV-2 variants.

The analysis shown represents the breakdown of conserved and mutated CD4+ (A and C) and CD8+ T cell epitopes (B and D) for all SARS-CoV-2 proteins (A and

B) and spike protein only (C and D). The percentage of conserved epitopes was calculated for each variant separately. Average conservancy and standard

deviations were calculated for all variants and then separately for early variants, more recent SARS-CoV-2 variants, and Omicron.

(E–H) Predicted HLA binding affinities of mutated versus ancestral sequences of CD8+ T cell epitopes, based on epitope/HLA combinations curated in the IEDB

data as of July 2021. Predicted HLA binding values to the relevant HLA allelic variant were calculated using the IEDB recommended NetMHCpanEL 4.1 (Rey-

nisson et al., 2020) algorithm. Points outside the dotted lines in each panel indicate instances where the predicted HLA binding capacity of the mutated peptide

was increased (>3-fold) or decreased (<3-fold). (E) Early, (F) late, and (G) Omicron SARS-CoV-2 variants are shown. (H) Percentage of mutated CD8+ T cell

epitopes associated with a 3-fold decrease in predicted binding capacity. Comparisons of epitopes conservancy across early and current variants were per-

formed by unpaired Mann-Whitney test. Comparison with the Omicron variant was performed by one sample T test. Large font bold numbers indicate average

conservation in all variants (black), Delta (ocher), and Omicron (dark red). See also Tables S3 and S4.
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Figure 5. Impact of Omicron and other variants on memory T cell and B cell recognition

The response to SARS-CoV-2 variants was assessed in individuals 5–6 months after full vaccination with mRNA-1273 (n = 12, circles) and BNT162b2 (n = 7,

triangles) COVID-19 vaccines.

(A and B) The FC values are shown for (A) memory B cell responses to spike and (B) RBD Omicron compared with other variants.

(C) The FC values for CD4+ T cell responses by AIM are shown.

(D) The FC of all cytokine+CD4+ T cells is calculated from the sum of CD4+ cells expressing CD40L in combination with IFNg, TNFa, IL-2, or granzyme B.

(E) The FC values for CD8+ T cell responses measured by AIM are shown.

(F) The FC of all cytokine+CD8+ T cells, as calculated from the sum of IFNg, TNFa, or IL-2. The geometric mean of the FC values for each variant is listed in each

graph and plotted as log scale. Significance of FC decreases for each variant was assessed byWilcoxon signed rank T test compared with a hypothetical median

of 1. See also Figure S5 and Table S1.
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level that nevertheless placed the response below the AIM assay

limit of sensitivity; thus, the frequency of positive responders to

Omicron was 75%, the lowest of all variants (Figure S5H). A

loss of positive responders to Omicron was also observed by

ICS (7 out of 8, 88%) (Figure S5I). For all time points analyzed

in this study, we found a very weak inverse correlation between

fold-change decrease and the magnitude of the spike-specific

T cell responses (Figures S5K and S5L), suggesting that overall

weaker responses tend to be less frequently associated with de-

creases in the variants. This might simply reflect weaker re-

sponses being associated with a lesser dynamic range and

therefore decreases being less reliably measured. In any case,

it did not support the notion that significant decreases are selec-

tively associated with weak responses. We also examined the

notion that weaker responses might be associated with individ-

ual HLA allele combinations, utilizing bioinformatic tools specif-
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ically designed to detect HLA associations (Paul et al., 2017).

No specific HLA class I or class II alleles were significantly corre-

lated to reduced variant recognition in our cohort (data not

shown); however, the limited sample size was not powered to

detect HLA associations, which usually require substantially

larger numbers of observations. Overall, compared with other

variants, no clear pattern of a loss of CD4+ or CD8+ T cell recog-

nition of Omicron was observed by either T cell assay.

To further examine the molecular mechanism involved in the

observed effects of T cell recognition of variant spike epitopes,

we selected four donors for in-depth spike epitope identification

studies and variant analyses (Figures 6A–6D; Table S5). Each

vaccinated donor recognized 5–42 (median 11) individual CD4+

T cell epitopes in spike (Figure 6A). Approximately 80% of the

CD4+ T cell response was associated with epitopes fully

conserved in Omicron, with the actual values per donor ranging
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Figure 6. Impact of SARS-CoV-2 variants on spike epitope repertoires of fully vaccinated donors 5–6 months after vaccination

The response to SARS-CoV-2 variants was assessed in individuals 5–6 months after full vaccination with mRNA-1273 (n = 4, circles).

(A–D) (A) CD4+ T cell epitope repertoires were determined for four mRNA-1273 vaccinees, and (C) CD8+ T cell epitope repertoires were determined for three

mRNA-1273 vaccinees (no CD8+ T cell response was measurable for donor 6,263) by testing the inferred HLA class I restricted epitopes based on the individual

HLA-A, -B, and -C typing and applying the NetMHCpan EL4.1 algorithm implemented in the IEDB with a 4th percentile cutoff. The percent of T cell response

associated with conserved epitopes for each individual donor for (B) CD4+ and (D) CD8+ T cells is shown for each variant assessed. Each graph shows the total

response detected with the ancestral spike MP, and the summed total response detected against each of the individual epitopes identified. The histograms show

the percentage of the total response accounted from each epitope, where black bars indicate non-mutated epitopes, while mutated epitopes are represented by

open bars, with color coding further indicating which variant mutations are associated with the epitope. Based on these data, the fraction of the total response to

each variant that can be accounted for by non-mutated epitopes can be calculated, as also shown in the graph. See also Tables S1, S2, S3, and S5.
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from 65% to 100% (Figure 6B). Each vaccinated donor with a

measurable CD8+ T cell response against the ancestral strain

was found to recognize 6–19 (median 10) spike CD8+ T cell epi-

topes (Figure6C). Approximately 80%of theCD8+T cell response
wasassociatedwith epitopes fully conserved inOmicron,with the

valuesper donor ranging from70%to100%(Figure6D).These re-

sultswere in agreementwith the bioinformatic analyses (Figure 4).

In general, there was also good correspondence between the
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peptide pools, except with the CD8+ T cell response by donor

6,276, where the sum of the response for the individual epitopes

exceeded the one observed for the megapool, suggesting that

perhaps some of the identified epitopes may not be generated

efficiently from theoriginating 15-mers contained in themegapool

(Figure 6C). In summary, these epitope mapping data showed

how thewide epitope repertoire associatedwith vaccine-induced

responses counterbalances the effect of variant mutations of

observed spike epitopes.

DISCUSSION

Here, we analyzed adaptive immunity in vaccinated individuals

to a comprehensive panel of SARS-CoV-2 variants, including

Delta and Omicron, for multiple vaccines. Our data demonstrate

that the vast majority of T cell epitopes are fully conserved, not

only in the ‘‘early’’ variants previously analyzed (Collier et al.,

2021; Geers et al., 2021; Keeton et al., 2021; Melo-González

et al., 2021; Riou et al., 2021; Tarke et al., 2021b) but also in

newer variants, suggesting that the continued evolution of vari-

ants has not been associated with increased escape from

T cell responses at the population level.

At the level of the full proteome, which is relevant for natural

infection, 95% of reported class II and 98% of class I epitopes

were fully conserved by computational analysis based on IEDB

data extracted in July 2021. In the case of Omicron, the fraction

of epitopes that were fully conserved dropped to 88% for class II

and 95% for class I epitopes in the whole proteome. Focused

only on spike, relevant in the context of vaccination, 91%of class

II and 94% of class I epitopes were still fully conserved. The frac-

tion of totally conserved spike epitopes in Omicron dropped to

72% for class II and 86% for class I epitopes. The higher number

of mutated T cell epitopes in spike was expected because many

variant mutations are localized in the spike protein. Overall, the

majority of T cell epitopes available in IEDB are conserved at

the sequence level in all variants analyzed so far, including Om-

icron. It should be emphasized that an epitopemutation does not

preclude cross-reactive recognition of the mutated sequence.

To partially address this point, we calculated the fraction of class

I epitope mutations predicted to be associated with a decrease

in binding affinity to the relevant HLA. We found that HLA binding

was well conserved for the majority of the mutated epitopes. The

impact on HLA binding was no different for Omicron epitopes

than for other variants. These observations argue against a

model that mutations accumulated in Omicron might be the

result of T cell immune pressure at the population level.

T cell recognition of several variants, including Delta and Om-

icron, was experimentally measured in donors vaccinated with

mRNA-1273, BNT162b2, or Ad26.COV2.S. Variant recognition

relative to the ancestral sequence was similar in the three

different vaccine platforms tested, which is reassuring in terms

of the potential implications for protective effects being similar

regardless of the vaccine platform considered. A significant

higher variability was detected with Ad26.COV2.S, possibly

related to evidence that Ad26.COV2.S induces spike-specific

T cells mainly targeting the S1 region of spike, while other vac-

cines appear to elicit amore broad spike-specific T cell response

(Kim Huat et al., 2021).
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The majority of memory T cells were not impacted by variants’

mutations, which is again reassuring in terms of the potential im-

plications for T cell protective effects being similar regardless of

the different vaccine cohorts considered. Significant fold-

change decreases were noted in the 3.5-month memory time

point for the Delta variant when utilizing cytokine production as

a readout. While it is possible that this function is more impacted

in mutated sequences, a consistent difference was not observed

across variants.

Memory T cell responses to the various variants, includingOm-

icron, were dissected in detail in a cohort of donors 6–7 months

following vaccination. The results confirmed that the majority of

both CD4+ andCD8+ T cell responses detected by the AIM assay

were preserved at this late time point. CD8+ T cell response de-

creases were observed when utilizing the IFNg production as a

readout in certain cases. Of note, regardless of the assay, Omi-

cron responses were largely preserved in both CD4+ and CD8+

T cells. Broadly speaking, it is plausible that any antigen-specific

T cell loss smaller than 2-fold is of modest relevance, given that

the T cells respond as a recall response with relatively short

doubling times. From animal models, we are not aware of condi-

tions where less than 2-fold changes in antigen-specific T cell

frequencies resulted in a measurable difference in protective im-

munity. It is also important to note that individual decreases or

lack of responses were noted in 25% or less of the individuals

in the case of Omicron, suggesting that some selected HLA class

profiles may be more susceptible to the impact of Omicron. In-

depth epitope identification experiments revealed that both

CD4+ and CD8+ T cell responses in vaccinated donors were

broad, and the data further demonstrated that for each individual

donor/variant combination the majority of responses identified

were to epitopes that were fully conserved. These data provide

a clear explanation for the limited impact of variant-associated

mutations on T cell responses at the population level.

Adaptive immunity against SARS-CoV-2 consists of multiple

branches (Sette and Crotty, 2021). Memory B cell recognition of

variants’ spikes was reduced in all cases, but the reductions

weremoderate againstDelta spike andBetaRBD,demonstrating

substantially retainedmemory B cell recognition of most variants

(Cho et al., 2021; Goel et al., 2021; Sokal et al., 2021a). However,

memory B cell recognition of Omicron RBD was substantially

reduced. Memory B cell binding to Omicron RBD is likely to

be detectable at affinities insufficient for virus neutralization

in vitro. This is consistent with the observations that neutralizing

antibody titers against Omicron are generally low in individuals

after two doses ofmRNA-1273 or BNT162b2. Nevertheless, Om-

icron neutralizing antibody titers rapidly increase after a third im-

munization (Liu et al., 2021; Planas et al., 2021; Schmidt et al.,

2021; Sokal et al., 2021b), most likely due to the presence of

memory B cells that recognized Omicron RBD, as observed

here.MemoryBcellsmayhave important contributions inprotec-

tive immunity by making anamnestic neutralizing antibody re-

sponses after infection (Cameroni et al., 2021; Carreño et al.,

2021; Cele et al., 2021; Doria-Rose et al., 2021; Gagne et al.,

2021; Garcia-Beltran et al., 2021; Zou et al., 2021).

These data provide reasons for optimism, asmost vaccine-eli-

cited T cell responses remain capable of recognizing all known

SARS-CoV-2 variants. Nevertheless, the data also underline
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the need for continued surveillance and the potential danger

posed by continued variant evolution that could result in further

reduction of T cell responses. Incorporation of additional ele-

ments eliciting broader T cell responses directed toward more

conserved targets into vaccine strategies may be considered

as a means to increase vaccine effectiveness against future

variants.

Limitations of the study
This study has limitations. A caveat is that all experiments were

performed with a robust concentration of peptides (1 mg/mL),

which might underestimate the impact of mutations on T cells.

It is also currently unknown what level of epitope conservation

is likely to preserve functional T cell responses in vivo, and

currently no rigorous correlate of protection based on T cell re-

sponses has been generated to understand the impact of

T cell responses against various SARS-CoV-2 outcomes such

as severe disease. Furthermore, the assays used in our study

are testing peptide-based responses rather than the responses

that will occur in vivo. A variant might change multiple features

of epitope presentation; e.g., by mutations outside the epitope

that change processing, or more globally by evolving additional

immune evasion strategies. Finally, this study has not investi-

gated subjects following natural infection.
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eBioscience (Thermo Fisher Scientific) Cat# 47-1548-42; RRID:AB_1603203

Mouse anti-human CD4 BV605 (clone

RPA-T4)

BD Biosciences Cat# 562658; RRID:AB_2744420

Rat anti-human CXCR5 (CD185) BB700

(clone RF8B2)

BD Biosciences Cat# 566469; RRID:AB_2869769

Mouse anti-human CD279 (PD-1)

PE-Dazzle594 (clone EH12.2H7)

BioLegend Cat# 329940; RRID:AB_2563659

Mouse anti-human CD19 BUV563

(clone SJ25C1)

BD Biosciences Cat# 612916; RRID:AB_2870201

Mouse anti-human IgD Pacific Blue

(clone IA6-2)

BioLegend Cat# 348224; RRID:AB_2561597

Mouse anti-human CD20 BV510

(clone 2H7)

BioLegend Cat# 302340; RRID:AB_2561941

Mouse anti-human IgM BV570 (clone

MHM-88)

BioLegend Cat# 314517; RRID:AB_10913816

Mouse anti-human CD27 BB515 (clone

M-T271)

BD Biosciences Cat# 564642; RRID:AB_2744354

Mouse anti-human IgA Vio Bright FITC

(clone IS11-8E10)

Miltenyi Biotec Cat# 130-113-480; RRID:AB_2734076

Mouse anti-human CD3 PerCP (clone SK7) BioLegend Cat# 344814; RRID:AB_10639948

Mouse anti-human CD14 PerCP

(clone 63D3)

BioLegend Cat# 367152; RRID:AB_2876693

Mouse anti-human CD16 PerCP

(clone 3G8)

BioLegend Cat# 302030; RRID:AB_940380

(Continued on next page)
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Mouse anti-human CD56 PerCP

(clone 3G8)

BioLegend Cat# 318342; RRID:AB_2561865

Mouse anti-human IgG PerCP/Cyanine5.5

(clone M1310G05)

BioLegend Cat# 410710; RRID:AB_2565788

Mouse anti-human CD38 APC/Fire 810

(clone HIT2)

BioLegend Cat# 303550; RRID:AB_2860784

Bacterial and virus strains

rVSV-SARS-CoV-2 This study N/A

Biological samples

COVID-19 vaccinated donor blood samples LJI Clinical Core N/A

Convalescent COVID-19 donor blood

samples

LJI Clinical Core N/A

Chemicals, peptides, and recombinant proteins

Brilliant Staining Buffer Plus BD Biosciences Cat# 566385

Live/Dead Viability Dye eFluor506 Invitrogen (Thermo Fisher Scientific) Cat# 65-0866-14

Live/Dead Fixable Blue Stain Kit Thermo Fisher Scientific Cat# L34962

Synthetic peptides TC Peptide Lab https://www.tcpeptide.com

Ancestral (WT) Spike Protein AcroBiosystems Cat# SPN-C82E9

Alpha (B.1.1.7) Spike Protein AcroBiosystems Cat# SPN-C82E5

Beta (B.1.351) Spike Protein AcroBiosystems Cat# SPN-C82E4

Gamma (P.1) Spike Protein AcroBiosystems Cat# SPN-C82E6

Delta (B.1.617.2) Spike Protein AcroBiosystems Cat# SPN-C82Ec

Omicron (B.1.1.529) Spike Protein AcroBiosystems Cat# SPN-C82Ee

Ancestral (WT) RBD Protein BioLegend Cat# 793906

Alpha (B.1.1.7) RBD Protein AcroBiosystems Cat# SPD-C82E6

Beta (B.1.351) RBD Protein AcroBiosystems Cat# SPD-C82E5

Gamma (P.1) RBD Protein AcroBiosystems Cat# SPD-C82E7

Delta (B.1.617.2) RBD Protein AcroBiosystems Cat# SPD-C82Ed

Omicron (B.1.1.529) RBD Protein AcroBiosystems Cat# SPD-C82E4

Ancestral (WT) Spike Protein for ELISA AcroBiosystems Cat# SPN-C52H9

Alpha (B.1.1.7) Spike Protein for ELISA AcroBiosystems Cat# SPN-C52H6

Beta (B.1.351) Spike Protein for ELISA AcroBiosystems Cat# SPN-C52Hk

Gamma (P.1) Spike Protein for ELISA AcroBiosystems Cat# SPN-C52Hg

Delta (B.1.617.2) Spike Protein for ELISA AcroBiosystems Cat# SPN-C52He

Omicron (B.1.1.529) Spike Protein for ELISA AcroBiosystems Cat# SPN-CH2Hz

Ancestral (WT) RBD Protein for ELISA AcroBiosystems Cat# SPD-C52H1

Alpha (B.1.1.7) RBD Protein for ELISA AcroBiosystems Cat# SPD-C52Hn

Beta (B.1.351) RBD Protein for ELISA AcroBiosystems Cat# SPD-C52Hp

Gamma (P.1) RBD Protein for ELISA AcroBiosystems Cat# SPD-C52Hr

Delta (B.1.617.2) RBD Protein for ELISA AcroBiosystems Cat# SPD-C82Hh

Omicron (B.1.1.529) RBD Protein for ELISA AcroBiosystems Cat# SPD-C522e

Experimental models: Cell lines

Vero ATCC ATCC Cat# CCL-81, RRID:CVCL_0059

HEK293T ATCC ATCC Cat# CRL-3216, RRID:CVCL_0063

Recombinant DNA

phCMV3-SARS-CoV-2 Hastie et al., 2021 N/A

(Continued on next page)
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Software and algorithms

GraphPad Prism 9 GraphPad https://www.graphpad.com/;

RRID:SCR_002798

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

RRID:SCR_008520

IEDB Grifoni et al., 2021 https://www.iedb.org; RRID:SCR_006604
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RESOURCE AVAILABILITY

Lead contact
Please refer to the lead contact (Alessandro Sette, alex@lji.org) for further information pertaining to availability of resources and

reagents.

Materials availability
Upon specific request and execution of a material transfer agreement (MTA) to the lead contact or to A.G., aliquots of the peptide

pools utilized in this study will be made available. Limitations will be applied on the availability of peptide reagents due to cost, quan-

tity, demand, and availability.

Data and code availability
All the data generated in this study are available in the published article and summarized in the corresponding tables, figures, and

supplemental materials.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human sample donors
The La Jolla Institute for Immunology (LJI) Clinical Core recruited healthy adults who had received the first and, when applicable, sec-

ond dose of a COVID-19 vaccination among the mRNA-1273, BNT162b2, Ad26.COV2.S or NVX-CoV2373 available vaccinations. At

the time of enrollment in the study, all donors gave informed consent. The LJI Clinical Core facility has collected blood draws under

IRB approved protocols (LJI; VD-214) when possible two weeks after each vaccine dose administered (timepoint 1 and timepoint 2),

3.5 months after the last dose received (timepoint 3) and/or 5-6 months after the last dose (timepoint 4). All donors had their SARS-

CoV-2 antibody titers measured by ELISA, as described below. Additional information on gender, ethnicity, age and timepoint of

collection of the vaccinee cohorts are summarized in Table S1. Pheresis blood donations from an additional cohort of mRNA vacci-

nees were provided by the contact research organization (CRO) BioIVT and collected under the same IRB approval (VD-214) at LJI.

Pseudovirus production
Recombinant SARS-CoV-2-spike pseudotyped VSV-DG-GFP were generated with the specific amino acid mutations listed: D614G

(WT), B.1.1.7 (Alpha; 69-70 deletion, 144 deletion, N501Y, A570D, D614G, P681H), B.1.351 (Beta; L18F, D80A, D215G, 241-243 dele-

tion, K417N, E484K, N501Y, D614G, A71V), P.1 (Gamma; L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y,

T1027I, V1176F) and B.1.617.2 (Delta; T19R, F157-R158 deletion, L452R, T478K, D614G, P681R, D950N).

METHOD DETAILS

SARS-CoV-2 variants of concern selection and bioinformatic analysis
The genome sequences for the B.1.1.7, B.1.351, P.1. and B.1.427/429 variants were selected as previously described (Tarke et al.,

2021b). For the additional variants selected, the sequence variations in the variant viruses were derived by comparison withWuhan-1

(NC_045512.2). All mutated amino acids in the different variants are outlined in Table S3. To determine the impact of the selected

variants on T cell epitopes, CD4 and CD8 T cell epitopes were extracted from the IEDB database (www.IEDB.org)(Vita et al.,

2019) on July 8th 2021 using the following query: Organism: SARS-CoV2 (ID:2697049, SARS2), Include positive assays only, No B

cells, No MHC assays, Host: Homo sapiens (human) and either MHC restriction type: Class I for CD8 epitopes or Class II for CD4

epitopes. Additional manual filtering was performed on the extracted datasets allowing only epitopes of 9-14 residues in size for class

I and 13-25 residues for class II. This resulted in a total of 446 and 1092 epitopes for CD4 and CD8, respectively. The binding capacity

of SARS-CoV-2 T cell epitopes, and their corresponding variant-derived peptides, was determined for their putative HLA class I re-

stricting allele(s) in a smaller epitope subset (n=833) where information regarding allele restriction was available. Prediction analyses

for class I were determined utilizing the NetMHCpan EL4.1 algorithm (Reynisson et al., 2020) implemented by the IEDB’s analysis
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resource(Dhanda et al., 2019; Vita et al., 2019). Predicted binding for class I analyses are expressed in terms of percentile. For each

epitope-variant pair a fold-change of affinities (variant /WT) was determined, corresponding values FC >3, indicating a 3-fold or

greater decrease in affinity due to the mutation, were accordingly categorized as a decrease in binding capacity, and a FC <0.3

as an increase; FCs between 0.3 and 3 were designated as neutral.

Peptide synthesis and Megapool preparation
All the peptides used in this study were synthesized as crude material (TC Peptide Lab, San Diego, CA), and then individually resus-

pended in dimethyl sulfoxide (DMSO) at a concentration of 10–20 mg/mL. For preparation of spike megapools sets of 15-mer pep-

tides overlapping by 10 amino acids were synthetized to span the entire SARS-CoV-2 protein of the ancestral Wuhan sequence and a

selection of the SARS-CoV-2 variants . The Megapools (MP) for each variant were created by pooling aliquots of the corresponding

individual peptides and then performing a sequential lyophilization. The resulting lyocakewas subsequently resuspended in DMSOat

1 mg/mL as previously described (Grifoni et al., 2020; Tarke et al., 2021a, 2021b).

Blood isolation and HLA typing
The LJI Clinical Core performed blood collection and sample processing based on SOPs previously established and described (Dan

et al., 2021; Tarke et al., 2021a).

Whole blood was collected in heparin coated blood bags, and the cellular fraction was separated from plasma by a centrifugation

at 1850 rpm for 15 minutes. The plasma was consequently collected and stored at -20�C for serology assays, while the cellular

fraction underwent density-gradient sedimentation to obtain the PBMCs using Ficoll-Paque (Lymphoprep, Nycomed Pharma,

Oslo, Norway)(Grifoni et al., 2020). Isolated PBMCs were stored in liquid nitrogen in cryopreserved cell recovery media containing

90% heat-inactivated fetal bovine serum (FBS; Hyclone Laboratories, Logan UT) and 10% DMSO (Gibco) until cellular assays

were performed. HLA typing was performed by an ASHI-accredited laboratory at Murdoch University (Western Australia) for Class

I (HLA A; B; C) and Class II (DRB1, DRB3/4/5, DQA1/DQB1, DPB1), as previously described(Tarke et al., 2021a) (Table S2).

SARS-CoV-2 serology and PSV neutralization assay
SARS-CoV-2 serology was performed for all plasma samples collected as previously described(Rydyznski Moderbacher et al.,

2020). Briefly, 1 ug/mL SARS-CoV-2 spike (S) Receptor Binding Domain (RBD) was used to coat 96-well half-area plates (Thermo-

Fisher Cat#3690), which were then incubated at 4�C overnight. After blocking the plates the next day at room temperature for 2 hours

with 3% milk in phosphate buffered saline (PBS) and 0.05% Tween-20, the heat-inactivated plasma was added for an additional

90-minute incubation at room temperature, followed by incubation with the conjugated secondary antibody. Plates were read on

the Spectramax Plate Reader at 450 nm using the SoftMax Pro. For data analysis of SARS-CoV-2 serology, the limit of detection

(LOD) was defined as 1:3 while the limit of sensitivity (LOS) was established based on uninfected subjects, using plasma from normal

healthy donors that did not receive COVID-19 vaccination.

The SARS-CoV-2 pseudovirus (PSV) neutralization assay was performed for timepoint 3 samples as previously described(Mateus

et al., 2021). A monolayer of VERO cells (ATCC, Cat# CCL-81) was generated by seeding 2.5x104 cells in flat clear-bottom black

96-well plates (Corning, Cat# 3904). Pre-titrated recombinant virus for each variant were incubated with serially diluted human

heat- inactivated plasma at 37�C for 1-1.5 hours. Confluent VERO cell monolayers were added and incubated for 16 hours at 37�C
in 5%CO2 then fixed in 4% paraformaldehyde in PBS pH 7.4 (Santa Cruz, Cat# sc-281692) with 10 mg/ml Hoechst (Thermo Scientific,

Cat#62249). Cells were imaged using a Cell Insight CX5 imager to quantify the total number of cells and infected GFP expressing cells

to determine the percentage of infection. Neutralization titers (inhibition dose 50-ID50) were calculated using the One-Site Fit Log IC50

model in Prism 8.0 (GraphPad), and calibrated to WHO international standard (20/268). Samples that did not reach 50% inhibition at

the lowest serum dilution of 1:20 were considered as non-neutralizing and were calibrated as 10.73 IU/mL.

Flow cytometry-based T cell assays
Activation Induced Marker (AIM) and Intra Cellular Staining (ICS) assays have been separately described in detail previously (Grifoni

et al., 2020; Mateus et al., 2021; Tarke et al., 2021b). In this study, we performed both assays separately at timepoint 3, while we

combined them for timepoints 1, 2, and 4. To assess the best protocol for AIM+ICS assay, we carried out the three assays in parallel

in the same samples (Figure S1). The best assay configuration to retain AIM marker expression and simultaneously detect cytokines

required the addition of CD137 antibody to culture as described in detail below. Figure S1 shows also the comparison of this AIM+ICS

protocol with the classical AIM or ICS assays; no significant differences are observed among protocols, suggesting that the com-

bined assay can be used to simultaneously detect AIM+ cells and the cytokine profile.

In all T cell assays, PBMCswere cultured in the presence of SARS-CoV-2-specific (ancestral or variant) MPs [1 mg/ml] in 96-well U-

bottomplates at a concentration of 1x106 PBMCper well. As a negative control, an equimolar amount of DMSOwas used to stimulate

the cells in triplicate wells and phytohemagglutinin (PHA, Roche, 1mg/ml) stimulated cells were used as positive controls. After incu-

bation for 24 hours at 37�C in 5% CO2, cells were either stained for AIM markers only or an additional incubation of 4 hours was car-

ried out by adding Golgi-Plug containing brefeldin A, Golgi-Stop containing monensin (BD Biosciences, San Diego, CA), and in the

case of the AIM+ICS assay combined CD137 APC antibody was additionally added in culture (2:100; Biolegend Cat# 309810). In all

assays, cells were stained on their surface for 30 min at 4�C in the dark. For AIM assays, cells were then acquired directly, while for
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both ICS and AIM+ICS assays, cells were additionally fixed with 1% of paraformaldehyde (Sigma-Aldrich, St. Louis, MO), permea-

bilized, and blocked for 15 minutes followed by intracellular staining for 30 min at room temperature.

All samples were acquired on a ZE5 5-laser cell analyzer (Bio-Rad laboratories) and analyzed with FlowJo software (Tree Star Inc.).

The gates for AIM or cytokine positive cells were drawn relative to the negative and positive controls for each donor. A representative

example of the gating strategy for AIM, ICS or AIM+ICS assays is depicted in Figure S1. Specifically, lymphocytes were gated, fol-

lowed by single cells determination. T cells were gated for being positive to 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. For ICS, CD3+CD4+ and CD3+CD8+ cells were further gated based on a combination of

each cytokine (IFNg, TNFa, IL-2, Granzyme B) with CD40L or FSC-A, respectively (Figure S1). To the total cytokine response and

T cell functionality was calculated from Boolean gating of single cytokines or Granzyme B that was applied to CD3+CD4+ or

CD3+CD8 cells. In the resulting data generated from the AIM and ICS T cell assays, the background was removed from the data

by subtracting the average of the% of AIM+ or Cytokine+ cells plated in triplicate wells stimulated with DMSO. The Stimulation Index

(SI) was calculated 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 LOS of 0.03% or 0.04% AIM+ CD4+ or CD8+ cells, respectively, after background subtrac-

tion was considered to be a positive response based on the median twofold standard deviation of T cell reactivity in negative DMSO

controls. For ICS, CD4+ T cell responses were based on the expression of CD40L in combination with IFNg, TNFa, IL-2 or Granzyme

B, the sum of the double positive represents the overall CD4+Cytokine+. CD8+ T cell responses were based on expression of IFNg,

TNFa, IL-2 or Granzyme B. In both cases, each single and multiple positive cytokines were background subtracted individually and

found positive only if fulfilling the criteria of an SI greater than 2 and a LOS of 0.005% ICS+ CD4+ T cells (all timepoints) or and a LOS of

0.02%or 0.01% ICS+CD8+ cells, for timepoints 2 and 3 or 4, respectively, after background subtraction. The LOS for ICSwas consid-

ered to be a positive response based on the median twofold standard deviation of T cell reactivity in negative DMSO controls for all

timepoints calculated on IFNg. The multifunctional analyses for T cells were based on the sum of the multiple responses. To note,

granzyme B was considered only if in combination with either CD40L or any other cytokine, while single positive granzyme B positive

T cells were not considered in this analysis.

T cell epitope identification assays
To identify SARS-CoV-2-specific T cell epitopes, two different strategies for peptide testing were applied mirroring what was previ-

ously described (Tarke et al., 2021a). In both cases, epitopes were identified by AIM assay. In the context of the CD4+T cell re-

sponses, 15-mer peptides overlapping by 10 amino acids spanning entire SARS-CoV-2 ancestral spike protein were synthesized.

All peptides were synthesized as crude material (TC Peptide Lab, San Diego, CA, San Diego, CA) and individually resuspended in

dimethyl sulfoxide (DMSO) at a concentration of 20 mg/mL. A portion of the 15-mer peptides were pooled into smaller mesopools

of ten peptides each. All pools were resuspended at 1 mg/mL in DMSO. Each donor was tested first with the smaller mesopools

to reach the single positive 15 mer. In the context of the CD8+T cell responses, predicted spike peptides based on the individual

HLA-A,-B and C typing were synthetized applying a cutoff of 4%ile using the NetMHCpan EL4.1 algorithm (Reynisson et al.,

2020) implemented by the IEDB’s analysis resource(Dhanda et al., 2019; Vita et al., 2019). The predicted peptides were tested in

the corresponding donors to identify the CD8 spike-specific epitopes. Hence, HLA restriction was inferred based on the HLA mol-

ecules expressed in the donor tested, and predicted HLA binding capacity to the allelic variant in question.

Flow cytometry-based B cell assays
Detection of antigen-specific B cells by flow cytometry was performed using B cell probes consisting of SARS-CoV-2 viral proteins

conjugated with fluorescent streptavidin, as previously described by our group (Dan et al., 2021). Spike and RBD recombinant pro-

teins used in this study are described in the key resources table. Initially, two separate flow cytometry panels were used to identify

Spike or RBD variants among recipients of the four vaccine platforms studied here. A third and a fourth panel were used to compare

Omicron-specific B cell responses with the other VOCs, in PBMCs frommRNA vaccines (mRNA-1273 and BNT162b2) recipients. To

enhance specificity, identification of both WT spike and WT RBD B cells was performed using two fluorochromes for each protein,

prior to gating on variant B cells. For that, biotinylated WT SARS-CoV-2 spike was incubated with Streptavidin in either BV711 (Bio-

Legend, Cat# 405241) or BV421 (BioLegend, Cat# 405225) at a 20:1 ratio (�6:1 molar ratio) for 1 hour at 4�C. In a separate panel,

biotinylated WT RBD was also conjugated with streptavidin BV711 (BioLegend, Cat# 405241) or streptavidin PE-Cy7 (BioLegend,

Cat# 405206) in a 2.2:1 ratio (�4:1 molar ratio). The streptavidin-fluorochrome conjugates used to tetramerize the SARS-CoV-2

variant proteins in the first two panels are listed as follows: Alpha (B.1.1.7) spike BUV737 (BD bioscience, Cat# 612775), Alpha

RBD BV785 (Biolegend, Cat# 613013); Beta (B.1.351) RBD, BUV615 (BD bioscience, Cat# 613013),Gamma (P.1) spike, BV785 (Bio-

legend, Cat# 405249), Gamma RBD, BV737(BD biosciences, Cat# 612775), Delta (B.1.617.2) spike and RBD, Alexa Fluor 647

(Thermo Fischer Scientific, Cat# S21374).

For the additional two panels employed to identify Omicron-specific B cells, the colors used for the variants for both RBD and Spike

were: B.1.351 BUV615, B.1.1.529 BUV737, RBD.617.2. For the RBD panel, RBDB.1.1.7 labelled with BV785 was also included in the

analysis.

Streptavidin PE-Cy5.5 (Thermo Fisher Scientific, Cat# SA1018) was used as a decoy probe to minimize background by eliminating

SARS-CoV-2 nonspecific streptavidin-binding B cells. Sevenmillion PBMCswere placed in U-bottom 96well plates and stained with
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a solution consisting in 5m of biotin (Avidity, catalog no. Bir500A) to avoid cross reactivity among probes, 20 ng of decoy probe, 416 ng

of spike and 20.1 ng of RBD per sample, diluted in Brilliant Buffer (BD Biosciences, Cat# 566349) and incubated for 1 hour at 4�C,
protected from light. After washing with PBS, cells from both spike and RBD panels were incubated with surface antibodies diluted in

Brilliant Buffer, for 30 at 4�C, protected from light. Viability staining was performed using Live/Dead Fixable Blue Stain Kit (Thermo

Fisher, Cat# L34962) diluted 1:200 in PBS and incubation at 4�C for 30 minutes. Acquisition was performed on Cytek Aurora and

analyses were made using Flow Jo v. 10.7.1 (BD Biosciences). The frequency of Variants-specific memory B cells was expressed

as a percentage of WT spike or RBD memory B cells (Singlets, Lymphocytes, Live, CD3– CD14– CD16– CD56–CD19+ CD20+

CD38int/–, IgD– and/or CD27+ spike or RBD BV711+, spike or RBD BV421+). PBMCs from a known positive control (COVID-19

convalescent subject) and an unexposed subject were included to ensure consistent sensitivity and specificity of the assay.

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. In all assays, fold-change was calculated as the ratio of the

variant pool/ ancestral pool for samples with a positive ancestral pool response. Significance of fold-change decreases for each

variant was assessed by Wilcoxon Signed Rank T test compared to a hypothetical median of 1.
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Supplemental figures

Figure S1. Assessment of SARS-CoV-2-specific T and B cells by flow cytometry-based assays, related to Figures 1, 2, 3, 5, and 6
(A) Gating strategy for T cell AIM, ICS, and AIM+ICS assays included in this study. These gates and antibodies are the same for all time points. Spike-specific

responses are measured for both CD4+ and CD8+ T cells within the same donors using the indicated AIM markers or cytokines.

(B and C) Validation of a combined AIM/ICS assay. The addition of a cocktail of brefeldin and Monesin in the ICS assay significantly decreases the detection of

AIMmarkers, while the inclusion of the CD137 antibody in culture concomitantly, repristinates the response (B) and does not impact the IFNg detection (C). Data

are shown after background subtraction and stimulation index >2. Statistical analyses are performed using a paired Wilcoxon test.

(D–G) Representative gating strategy for the memory B cell assays using spike protein at time point 3 (D) or 4 (E), or RBD at time point 3 (F) or 4 (G).

ll
Article



Figure S2. Magnitude of CD4+ and CD8+ T cell responses in COVID-19 fully vaccinated individuals against ancestral and variant SARS-CoV-2
spike, related to Figures 1 and 2

AIM+ and cytokine+ T cell reactivities against MPs spanning the entire sequence of different SARS-CoV-2 variants are shown for PBMCs from fully vaccinated

COVID-19 mRNA-1273 (n = 20, circles), BNT162b2 (n = 20, triangles), and Ad26.COV2.S (n = 12, squares) vaccinees analyzed by vaccine platform or combined

together.

(A and B) Data for (A) AIM+ CD4+ and (B) AIM+ CD8+ T cells is shown.

(C–G) (C) The total cytokine response of all vaccinees combined was quantified by summing spike-specific CD40L expressing CD4+ T cells also expressing (D)

IFNg, (E) TNFa, (F) IL-2, or (G) granzyme B.

(H–K) For CD8+ T cells, the total cytokine response is shown (H) as calculated by the total IFNg (I), TNFa (J), or IL-2 (K) CD8+ T cells. The frequency of response is

based on the LOS (dotted line) for the ancestral response and SI > 2, while the frequency of responses across different variants is based on the number of donors

responding to the ancestral spike pool. All data shown is background subtracted.
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Figure S3. Fold-change values and magnitude of AIM+ T cell responses 2 weeks after the first vaccine dose, related to Figure 1

CD4+ and CD8+ T cell responses were assessed with variant spike MPs 2 weeks after the donors received the first dose of COVID-19 vaccine. The effect of

mutations associated with each variant MP is expressed as relative (FC variation) to the T cell reactivity detected with the ancestral strain MP. COVID-19 mRNA-

1273 (n = 19, circles), BNT162b2 (n = 20, triangles), and Ad26.COV2.S (n = 12, squares) vaccinees are presented together, and separately, by vaccine platform.

(A–D) The FC is calculated in respect of the ancestral strain in COVID-19 vaccinees for (A) AIM+ CD4+ and (B) AIM+ CD8+ T cells. The magnitude of AIM+ T cell

reactivity against the spikeMPs is shown for (C) CD4+ and (D) CD8+ T cells. The frequency of response is based on the LOS (dotted line) for the ancestral response

and SI > 2, while the frequency of responses across different variants is based on the number of donors responding to the ancestral spike pool. CV and geometric

mean of the FC for the variants are listed in each graph. Significance of FC decreases for each variant was assessed by Wilcoxon signed rank T test compared

with a hypothetical median of 1.
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Figure S4. Magnitude of T and B cell responses in COVID-19 vaccinated individuals 3.5 months after vaccination and antibody neutralization

titer with early COVID-19 infected individuals, related to Figure 3

COVID-19 mRNA-1273 (n = 12, circles), BNT162b2 (n = 15, triangles), Ad26.COV2.S (n = 14, squares), and NVX-CoV2373 (n = 8, diamonds) vaccine recipients

were assessed for T and B cell responses to variant SARS-CoV-2 spike MPs; all vaccine platforms are analyzed together.

(A and B) The magnitude of response is shown for (A) CD4+ T cells in the AIM assay and (B) the sum cytokine+CD4+ T cells, which was calculated from CD40L+

CD4 cells expressing IFNg, TNFa, IL-2, or granzyme B.

(C and D) The magnitude of responding CD8+ T cells is shown for (C) the AIM assay and (D) the sum of cytokines, as calculated from the CD8+ T cells expressing

IFNg, TNFa, IL-2, or granzyme B, excluding single positive granzyme B.

(E) The total magnitude of spike-specific AIM+cTFH
+CD4+ T cells is shown.

(F–I) The frequency of (F) spike- and (G) RBD-specific B cells among total memory B (Bmem) cells was assessed, as well as the frequency of variant-specific Bmem

response within the ancestral response to (H) spike and (I) RBD.

(J) The antibody neutralization assay titer is shown for COVID-19 vaccinees.

(K and L) (K) The FC values are shown for early COVID-19 infected donors for the neutralization assay and (L) the magnitude of the neutralization titers for these

donors.

(M and N) (M) Spike and (N) RBD IgG titers are shown. The frequency of response is based on the LOS (dotted line) for the ancestral response and SI > 2, while the

frequency of responses across different variants is based on the number of donors responding to the ancestral spike pool. Significance of FC decreases for each

variant was assessed by Wilcoxon signed rank T test compared with a hypothetical median of 1.
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Figure S5. Response to SARS-CoV-2 variants in fully vaccinated donors 5–6 months after vaccination, related to Figure 5

5–6 months after vaccination, COVID-19 mRNA-1273 (n = 12, circles) and BNT162b2 (n = 7, triangles) vaccine recipients were assessed for T cell responses to

variant spikes by AIM and ICS assays.

(A and B) The frequency of (A) Omicron spike- and (B) RBD-specific B cells among total Bmem cells was assessed and compared with frequency of B cell

recognizing other variants.

(C and D) In addition, frequency of Omicron-specific Bmem response within the ancestral response to (C) Spike and (D) RBD was determined.

(E) The magnitude of response is shown for AIM+CD4+ T cells.

(F) The total cytokine response for CD4+ T cells is calculated by summing the CD40L+ cells also expressing IFNg+, TNFa+, IL-2+, or granzyme B+.

(G) The CD4+ T cell response to the Omicron variant is shown for AIM and ICS, including the FC values and magnitude, and those values are duplicated in (E) and

(F) and Figures 5C and 5D.

(H and I) For CD8+ T cells, (H) the magnitude of AIM+CD8+ T cells is shown and (I) the total cytokine+CD8+ T cells calculated by summing the IFNg+, TNFa+, IL-2+,

or granzyme B+ CD8+ T cells, excluding granzyme B single positive cells.

(J) The FC values andmagnitude of response is shown for the CD8+ T cell responses to theOmicron variant by AIM and ICS, and those values are duplicated in (H)

and (I) and Figures 5E and 5F. The frequency of response is based on the LOS (dotted line) for the ancestral response and SI > 2, while the frequency of responses

across different variants is based on the number of donors responding to the ancestral spike pool. Significance of FC decreases for each variant was assessed by

Wilcoxon signed rank T test compared with a hypothetical median of 1. COVID-19 mRNA-1273 (circles), BNT162b2 (triangles), Ad26.COV2.S (squares), and

NVX-CoV2373 (diamonds) vaccine recipients were assessed for T cell responses to variant spikes by AIM assay at various time points, ranging from 2weeks after

the first dose to 5–6 months after the last dose of vaccine.

(K and L) The correlation of magnitude and FC values (K) AIM+ CD4+ or (L) CD8+ T cells was analyzed for all time points combined (n = 183 donors). R and p values

are the results of a Pearson correlation.
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