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SUMMARY
Immune memory is tailored by cues that lymphocytes perceive during priming. The severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) pandemic created a situation in which nascent memory could be
tracked through additional antigen exposures. Both SARS-CoV-2 infection and vaccination induce multifac-
eted, functional immune memory, but together, they engender improved protection from disease, termed
hybrid immunity. We therefore investigated how vaccine-induced memory is shaped by previous infection.
We found that following vaccination, previously infected individuals generated more SARS-CoV-2 RBD-spe-
cificmemory B cells and variant-neutralizing antibodies and a distinct population of IFN-g and IL-10-express-
ing memory SARS-CoV-2 spike-specific CD4+ T cells than previously naive individuals. Although additional
vaccination could increase humoral memory in previously naive individuals, it did not recapitulate the distinct
CD4+ T cell cytokine profile observed in previously infected subjects. Thus, imprinted features of SARS-CoV-
2-specific memory lymphocytes define hybrid immunity.
INTRODUCTION

The generation of immune memory is influenced by signals that

B and T lymphocytes of the adaptive immune system perceive

during a primary immune response. This system has evolved

such that key cues from an invading pathogen or vaccine are

relayed to lymphocytes so that they can provide specific func-

tional outputs to combat infection and protect from re-infection.

The site of antigen encounter, specific inflammatory signals, and

the number, timing, and frequency of antigen exposures all influ-

ence the resulting memory pool, yet the specific rules governing

memory formation remain undefined. Understanding how the

confluence of these parameters influences immune memory

function and maintenance is critical for optimizing protective

vaccines.

In the context of the ongoing severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) pandemic, the so-called

‘‘hybrid immunity’’ induced by a combination of prior SARS-

CoV-2 infection and subsequent COVID-19 vaccination provides

greater protection against re-infection and severe COVID-19 dis-

ease than either infection or vaccination alone (Abu-Raddad

et al., 2021; Crotty, 2021; Gazit et al., 2021; Goldberg et al.,
1588 Cell 185, 1588–1601, April 28, 2022 ª 2022 Elsevier Inc.
2021; Reynolds et al., 2021). Studies investigating immune cor-

relates of hybrid immunity have revealed improved breadth

and neutralizing ability of circulating antibodies from previously

infected (PI) individuals (Cho et al., 2021; Schmidt et al.,

2021b; Stamatatos et al., 2021; Wang et al., 2021), but the spe-

cific changes in the cellular immune compartment associated

with this immune state remain undefined. Additionally, it is not

understood whether further activation of immune memory in

vaccinated-only individuals could achieve similar qualities, as

PI individuals have had an additional antigen exposure.

To answer these questions, we tracked circulating SARS-

CoV-2-specific antibodies and memory lymphocytes in a cohort

of naive (N) or SARS-CoV-2-PI subjects over the course of three

vaccinations. We focused on visualizing receptor binding

domain (RBD)-specific antibodies and B cells, and spike (S)-spe-

cific CD4+ T cells, as they are critical mediators of protection in

infected individuals over a 2-year time period and induced by

SARS-CoV-2-directed vaccines (Corbett et al., 2021; Feng

et al., 2021; Gilbert et al., 2022; Khoury et al., 2021).

We find that the immune memory landscape elicited by vacci-

nation of PI subjects is distinct from the immune memory of

SARS-CoV-2-naive individuals. 3 months after two doses of
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vaccination, PI individuals maintained a higher quantity of RBD-

specific plasma antibodies with superior plasma neutralization of

viral variants, including Omicron. PI individuals also retained

increased numbers of RBD-specific B cells enriched for IgG+

classical and activated memory B cells (MBCs) compared with

N individuals. However, these differences were normalized by

administration of a third vaccine dose. Examination of the

T cell compartment revealed that although N and PI individuals

generated equivalent numbers of S-specific CD4+ T cells after

vaccination, there was a profound functional skewing toward a

Th1 phenotype in PI subjects. CD4+ T cell functional differences

betweenN and PI subjects persisted following the administration

of a vaccine booster. Further, although the third dose of vaccine

provided a boost in circulating antibodies, we observed no in-

crease in memory T or B cells, indicating that the immune mem-

ory compartment is likelymaximized after the two-dose regimen.

Thus, our data support amodel in which the priming environment

induced by SARS-CoV-2 infection imprints immune memory

with multiple features of enhanced type-1 antiviral immunity.

These likely contribute to the increased protection associated

with hybrid immunity and are not fully recapitulated by repeat

vaccination.

RESULTS

The greater humoral response to vaccination in SARS-
CoV-2 PI compared with N individuals is recovered by
third vaccination
To investigate how prior SARS-CoV-2 infection impacts the

quantity and quality of vaccine-induced SARS-CoV-2-specific

immune memory, we collected plasma and peripheral blood

mononuclear cells (PBMCs) from 24 SARS-CoV-2 N and 30

SARS-CoV-2 PI individuals before vaccination and 1 week,

3 months, and 6 months after two vaccinations with BNT162b2

(Pfizer-BioNTech) or mRNA-1273 (Moderna) COVID-19 vaccines

(Figure 1A; Table 1; Baden et al., 2020; Polack et al., 2020). An

average of 8 months following initial vaccination, 10 participants

from each group received a third vaccine dose and we collected

samples 2 weeks (mean: 18 days, SD: 8 days) later. N partici-

pants had no detectable SARS-CoV-2 RBD-specific IgG plasma

antibodies above a cutoff set by historical negative (HN) controls

prior to vaccination (Figure S1A). PI participants reported a pos-

itive SARS-CoV-2 test and mildly symptomatic disease an

average of 9 months before their pre-vaccination blood draw.

To determine the distinct humoral features of hybrid immunity,

we first compared the circulating SARS-CoV-2 RBD-specific B

cells in N and PI participants pre and post-vaccination. Tetramer

enrichment allowed us to identify rare SARS-CoV-2 RBD-spe-

cific B cells from PBMCs to track the memory response (Fig-

ure S1B). Pre-vaccination, PI individuals had significantly more

RBD-specific antigen-experienced B cells (CD21+CD27+ and

CD21�CD27+/�) (Cancro and Tomayko, 2021; Figures 1B, 1C,

and S1C) and plasma RBD-specific IgG and IgA than N individ-

uals (Figures 1D and 1E), reflecting the sustained memory

response to their previous SARS-CoV-2 infection (Rodda et al.,

2021; Dan et al., 2021). Two-dose vaccination induced a robust

humoral response in both N and PI individuals, including

increased numbers of RBD-specific antigen-experienced B cells
(Figure 1C), an acute burst of RBD-specific plasmablasts (PBs)

(Figure S1D), and increased titers of RBD-specific IgG and IgA

antibody (Figures 1D and 1E). The numbers of RBD-specific an-

tigen-experienced B cells and RBD-specific antibodies in both

groups contracted to levels higher than those at pre-vaccination.

However, PI individuals formed and retained higher numbers of

RBD-specific antigen-experienced B cells and elevated RBD-

specific IgG and IgA compared with N individuals at 3 and

6 months post-vaccination (Figures 1C–1E). These findings

corroborate recent work and support the likely functional role

of the elevated RBD-specific antibody and MBCs in hybrid im-

munity (Goel et al., 2021).

To determine if a third vaccine dose could overcome these dif-

ferences by engaging the MBCs in N individuals in additional

expansion, we measured the humoral response in both groups

2 weeks after a third dose. Although RBD-specific B cells in N in-

dividuals responded by increasing RBD-specific IgG and IgA

antibody to the levels in PI individuals, the antibody response in

N individuals to a third SARS-CoV-2 antigen exposure did not

match the acute response in PI individuals to their third exposure

(vaccination 2) (Figures 1D and 1E). This muted response to a

third exposure in N and PI individuals may reflect efficient clear-

ance of antigen by the high quantity of antigen-specific memory

nowestablished in both groups, and the increase inRBD-specific

antibody in both groups is likely driven largely by short-lived PBs

at 2 weeks post-third vaccination. Comparison of N and PI sub-

jects several months post-third vaccination is required to deter-

mine if a third vaccination dose induces sustained expansion of

RBD-specific MBCs and circulating antibody titers in N individ-

uals that more closely match those in PI subjects.

Vaccination induces a robust and durable virus-specific
CD4+ T cell response irrespective of prior SARS-CoV-2
infection
CD4+ T cell responses to vaccination were also assessed in N

and PI individuals using an activation-induced marker (AIM)

assay based on expression of CD69 and CD137 to detect

SARS-CoV-2 specificity (Tarke et al., 2021; Figures S2A–S2F).

PBMCs from N or PI participants isolated before and after vacci-

nation were stimulated with SARS-CoV-2 spike (S) peptide pools

optimized for the induction of MHC class II-dependent CD4+

T cell responses (15-mers) and containing T cell epitopes across

a range of common HLA haplotypes against the viral membrane

and nucleocapsid (M/N) or S proteins (Data S1).

Pre-vaccination, CD4+ T cells from PI participants showed re-

sponses to both M/N and S, consistent with prior SARS-CoV-2

infection and the presence of memory cells (Figures 2A and

2B), whereas responses in N participants were undetectable

above individual donor background (Figures S2G and S2H).

Throughout the course of vaccination, responses to M/N re-

mained negative in N participants, but endured, undiminished

in PI participants at all time points, indicating that SARS-CoV-

2-specific CD4+ T cells primed during infection, persist at least

18 months following initial antigen exposure (Figure 2B).

Following initial two-dose vaccination, S-reactive AIM+ CD4+

T cells were significantly elevated above pre-vaccination levels

in both N and PI individuals, with no significant differences in

peak CD4+ T cell response between groups (Figures 2B, S2G,
Cell 185, 1588–1601, April 28, 2022 1589
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Figure 1. The greater humoral response to vaccination in SARS-CoV-2 previously infected compared with naive individuals is recovered by

third vaccination

(A) Timeline of blood draws from SARS-CoV-2 naive (N) and previously infected (Prev. Inf., PI) analyzed in this study relative to vaccinations.

(B) Representative gating on CD19+CD38lo B cells for RBD-tetramer+Decoy� SARS-CoV-2 RBD-specific B cells fromN and PI (Prev. Inf.) PBMCs at the indicated

time points pre-vaccination (Pre), 1week post-second vaccination (1wPV2), 3months post-second vaccination (3mPV2), and 6months post-second vaccination

(6m PV2).

(C) Number of RBD-specific antigen experienced (ag-exp.) B cells (CD21+CD27+ and CD21�CD27+/�) in N (blue) and PI (red) PBMCs at the indicated time points.

(D and E) ELISA area under the curve (AUC) for RBD-specific IgG (D) and IgA (E) plasma antibody from N and PI individuals at indicated time points.

Data in (C–E) are represented both longitudinally (left) and by cross-group comparisons (right). Statistics determined by Wilcoxon matched-paired signed rank

test for longitudinal analyses and multiple unpaired Mann-Whitney test for group analyses: not significant (ns), *p < 0.05, **p < 0.005, ***p < 0.0005, and

****p < 0.0001. Error bars represent mean and SD.

See also Figure S1.

ll
Article
and S2H). Therefore, COVID-19 vaccination induces numerically

equivalent populations of S-specific cells in all subjects, regard-

less of prior SARS-CoV-2 exposure status, which persist for at

least 3 months.

We next examined the relative composition of effector and

memory populations, including circulating T follicular helper

(Tfh)-like cells (Ueno, 2016), within the SARS-CoV-2-reactive

T cell compartment in N and PI subjects. Prior to vaccination,

there was no difference in the frequency of S-reactive central

memory (CM) T cells between N and PI groups; however, PI in-

dividuals maintained significantly elevated frequencies of

CCR7-CD45RA- effector memory (EM), CCR7-CD45RA+ effector

memory (EMRA), and circulating Tfh cells (Figures 2C and 2D).

Two-dose vaccination induced a significant increase in nearly

all AIM+ effector and memory populations in both groups, with
1590 Cell 185, 1588–1601, April 28, 2022
EM and Tfh populations dominating the response (Figure 2D).

In addition, two-dose vaccination was sufficient to normalize

numerical differences identified in pre-vaccination N and PI par-

ticipants, whereas a third dose was not associated with any

additional increase in these populations in either N or PI partici-

pants (Figure 2D). Therefore, vaccination induces numerically

equivalent S-specificmemory Tfh and EMCD4+ T cell responses

in N and PI individuals that do not further increase in response to

an additional vaccine dose.

Infection prior to vaccination corresponds with a
sustained CD21�CD11c+-activated B cell response and
superior SARS-CoV-2 variant-neutralizing antibody
MBCs function by activating, proliferating, and forming anti-

body-secreting PBs more rapidly than naive B cells (Cancro



Table 1. Study cohort characteristics

SARS-CoV-2 naive SARS-CoV-2 previously infected

Number of participants 24 30

Age (years) 46 (±16)a 50 (±17)

Sex 67% female, 33% male 77% female, 23% male

Sustained symptoms (PASC)b N/A 10

Symptom onset to pre-vaccination draw (days) N/A 265 (±89)

Symptom onset to vaccine dose 1 (days) N/A 310 (±87)

Vaccine typec 9 mRNA-1273, 15 BNT162b2 10 mRNA-1273, 20 BNT162b2

Vaccine dose 2 to 1 week PV2d draw (days) 9 (±2) 10 (±4)

Vaccine dose 2 to 3 months PV2 draw (days) 93 (±11) 91 (±14)

Vaccine dose 2 to 6 months PV2 draw (days) 167 (±20) 160 (±16)

Participants that received vaccine dose 3 10 10

Vaccine dose 2 to vaccine dose 3 243 (±44) 233 (±24)

Vaccine dose 3 to 2 weeks PV3 draw (days) 20 (±10) 15 (±4)
aMean (standard deviation).
bParticipants surveyed at 6 months post-symptom onset for ongoing symptoms or post-acute sequelae of COVID-19 (PASC).
cmRNA-1273 (Moderna) or BNT162b2 (Pfizer-BioNTech).
dPost-vaccination 2 (PV2).
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and Tamayko, 2021). Prior to vaccination, RBD-specific B cells

in N individuals were predominantly naive (CD21+CD27�),
whereas RBD-specific B cells in PI individuals were predomi-

nantly non-naive antigen-experienced B cells (CD21+CD27+

and CD21�CD27+/�) (Figures S3A and S3B). Two vaccinations

induced an increase in the proportion and number of

CD21�CD27+/�CD11c+ B cells (Cancro and Tomayko, 2021) in

both groups at 1 week post-vaccination with PI individuals dis-

playing higher numbers than N individuals (Figures 3A and 3B).

Although CD21�CD27�CD11c+ ‘‘atypical MBCs’’ have been

associated with chronic infection and autoimmunity, the expres-

sion pattern of these markers is also associated with recently

activated B cells following acute antigen re-exposure. Although

the proportion of CD21�CD11c+ activated MBCs decreased in

both groups at 3 months post-infection, PI individuals retained

higher numbers and a higher proportion than N individuals (Fig-

ure 3B). This may reflect prolonged antigen retention and a

longer or larger ongoing germinal center (GC) response, which

would contribute to the increased quantity of RBD-specific anti-

gen-experienced cells, including classical MBCs and long lived

plasma cells producing RBD-specific antibodies in PI individuals

with hybrid immunity (Knox et al., 2017; Kim et al., 2019).

PI individuals also displayed higher proportions and numbers

of IgG+ classical MBCs (cMBCs, CD21+CD27+) among RBD-

specific antigen-experienced cells comparedwith N donors prior

to vaccination, indicative of their previous SARS-CoV-2 infection

(Figure 3C). IgG+ cMBCs rapidly form IgG-secreting PBs upon

antigen exposure and are likely important to protection (Laidlaw

and Ellebedy, 2022). Due to the expansion of CD21�CD11c+-
activated MBCs, IgG+ cMBCs made up a reduced proportion of

the RBD-specific antigen-experienced cells in both groups at

1 week post-vaccination. In response to vaccination, the

numbers of IgG+ cMBCs increased in both groups at 1 week

post-vaccination. The numbers of IgG+ cMBCs in N individuals

further increased at 3 months post-vaccination but did not quite
reach thenumbers of IgG+cMBCs inPI subjects at this timepoint.

NandPI individuals presented similar frequencies of IgG+cMBCs

at 3 months post-vaccination. This quantitative gap between N

and PI individuals was subsequently normalized by a third dose

of vaccine (Figure 3C). Thus, the higher number of IgG+ cMBCs

in PI individuals likely contributes to immune protection associ-

ated with hybrid immunity and this benefit can also be achieved

by three vaccinations. Although mucosal infections such as

SARS-CoV-2 are associated with IgA+ MBCs, particularly at the

site of infection, PI individuals had only a small proportion of

circulating IgA+ RBD-specific antigen-experienced B cells at

9 months post-infection, and they were not further induced in N

or PI individuals by vaccination (Figure S3C).

Toassess if infectionprior to vaccination impacts thebreadthor

ability of SARS-CoV-2-specific MBCs and antibodies to recog-

nize and combat SARS-CoV-2 variants of concern (VOCs), we

measured the ability of RBD-specific MBCs and antibody to

recognize the B.1.351 (Beta, b) variant and plasma antibody to

neutralize the B.1.617.2 (Delta,D) andB.1.1.529 (Omicron, o) var-

iants. SARS-CoV-2(b) and SARS-CoV-2(o) have been found to

significantly reduce neutralization by vaccine-induced antibodies

as compared with the original SARS-CoV-2(Wu-1) strain, which

was also used to make the mRNA vaccines relevant to this study

(Cameroni et al., 2021; Collier et al., 2021). Using SARS-CoV-2

RBD(Wu-1) and SARS-CoV-2 RBD(b) tetramers simultaneously

(Figure S1B), we found that the majority of RBD-specific anti-

gen-experienced B cells in all N and PI participants could recog-

nizeboth variants (FiguresS3DandS3E). This techniquedoes not

allow us to distinguish cross-reactive cells that bind epitopes

shared by the variant RBDs from cells that bind epitopes with

the three amino acid differences between the variants. Although

vaccination induced increased RBD(b)-specific IgG antibody ti-

ters in both groups, PI individuals had significantly higher

RBD(b)-specific IgG titers than N individuals pre- and 6 months

post-vaccination (Figure S3F). This is corroborated by similar
Cell 185, 1588–1601, April 28, 2022 1591
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Figure 2. Robust and durable CD4+ T cell responses to SARS-CoV-2 in both previously naive and previously infected individuals

Analysis of non-naive CD4+CD69+CD137+ T cells (AIM CD4+) in SARS-CoV-2 naive (blue) and previously infected (red) individuals.

(A and B) Representative flow cytometry plots and summary graphs for total AIM CD4+ T cells. T cell responses shown are either to SARS-CoV-2 membrane and

nucleocapsid (M/N) or spike peptide pools for each donor.

(C and D) Representative flow cytometry plots and summary graphs of indicated AIM CD4+ memory and Tfh subsets for participants shown in (A) and (B). Data in

(B) and (D) are represented both longitudinally (left) and by cross-group comparisons (right).

Significance was determined by Wilcoxon matched-paired signed rank test for longitudinal analyses and multiple unpaired Mann-Whitney test for group ana-

lyses: not significant (ns), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Error bars represent mean and SD. Dashed lines indicate average donor

background level. Central memory (CM), effector memory (EM), T effector memory CD45RA+ (TEMRA), T follicular helper (Tfh). Pre-vaccination (Pre), 1 week post

two-dose COVID-19 mRNA vaccination (1w PV2), 3 months post two-dose vaccination (3m PV2), 2 weeks post third vaccination dose (2w PV3). See also

Figure S2 and Data S1.
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recent findings (Stamatatos et al., 2021). Additionally, we found

that plasma from PI individuals 6 months post-vaccination was

significantly better at neutralizing SARS-CoV-2(WA-1) virus

(Figures 3D and S3G), as well as pseudotyped SARS-CoV-2(D)-

spike and SARS-CoV-2(o)-spike lentiviruses than plasma from

N individuals (Figures 3E and S3G). SARS-CoV-2(WA-1) neutrali-

zation was highly correlated with RBD(Wu-1)-specific IgG anti-

body titers as we and others have shown previously, and the

higher titers in PI individuals post-vaccination likely contribute to

the improved variant neutralization overN individuals (FigureS3H;

Rodda et al., 2021; Goel et al., 2021). The increased antibody

response to a third vaccine dose in N individuals (Figures 1D,

1E, and S3F) correlated with sharply increased neutralization ca-

pacity of theplasmaantibody against the variants tested reaching

the levels in PI individuals pre- and post-third vaccination

(Figures 3D and S3F). Thus, vaccination induces robust humoral

memory in N and PI participants, but a third dose is needed for

N individuals to achieve the breadth and VOC neutralizing activity

of the plasma antibody formed in hybrid immunity.
1592 Cell 185, 1588–1601, April 28, 2022
Infection induces functionally distinct SARS-CoV-2-
specific CD4+ T cell responses that are not attributed
solely to the number of antigen exposures
During T cell priming, the context of the initial antigen exposure

directs CD4+ T cells toward different helper and memory fates

with distinct functional capacities. To determine how a primary

infection versus vaccination or total number of antigen expo-

sures differentially impacted functional outcomes, we compared

the CD4+ T helper lineage composition of SARS-CoV-2 AIM+

T cells based on differential chemokine receptor expression in

N and PI subjects. Prior to vaccination, we found that

S-reactive T cells in PI subjects were primarily Th1 and Th1/17

memory cells (Figures 4A and 4B). In response to vaccination,

S-reactive cells displayed features of activation, such as the

downregulation of CD127 (Figure S4A), and the frequency of

S-specific cells increased in nearly all T helper subsets examined

in both N and PI individuals, consistent with previous reports

(Goel et al., 2021; Guerrera et al., 2021; Painter et al., 2021).

However, PI subjects maintained an elevated frequency of
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Figure 3. Infection prior to vaccination corresponds with sustained CD21�CD11c+ MBCs and superior SARS-CoV-2 variant-neutralizing

antibody

(A) Representative gating on RBD-specific antigen-experienced (ag-exp.) B cells for activatedMBCs (CD21�CD11c+) from N and PI PBMCs at the indicated time

points.

(B and C) (B) Percent and number of activatedMBCs and (C) percent and number of IgG+ classical MBCs (CD21+CD27+) of RBD-specific ag-exp. B cells in N and

PI PBMCs at the indicated time points.

(D) Percent neutralization AUC of SARS-CoV-2 (WA-1) by plasma from N and PI individuals at the indicated time points by PRNT.

(E) Percent neutralization of SARS-CoV-2(Delta, D) and SARS-CoV-2(Omicron, o) spike-pseudotyped virus by plasma from N and PI individuals at the indicated

time points (left). Percent neutralization area under the curve (AUC) (right). Dashed line indicates the average percent neutralization of plasma from N individuals

pre-vaccination. Data in (B) and (C) are represented both longitudinally (left) and by cross-group comparisons (right). Statistics determined byWilcoxonmatched-

paired signed rank test for longitudinal analyses and multiple unpaired Mann-Whitney test for group analyses: not significant (ns), *p < 0.05, **p < 0.005,

***p < 0.0005, and ****p < 0.0001. Error bars represent mean and SD. Pre-vaccination (Pre), 1 week post two-dose COVID-19 mRNA vaccination (1w PV2),

3 months post two-dose vaccination (3m PV2), 2 weeks post third vaccination dose (2w PV3). See also Figure S3.

ll

Cell 185, 1588–1601, April 28, 2022 1593

Article



A

C

E

G

D

F

H

B

Figure 4. CD4+ T cell responses to SARS-CoV-2 demonstrate qualitative effector cell differences between previously naive and previously

infected individuals

Analysis of spike-reactive CD4+ T cells in SARS-CoV-2 naive (blue) and previously infected (red) individuals.

(A and B) Representative flow cytometry plots, gating scheme, and summary graphs for non-naive CD4+CD69+CD137+ T cells (AIM CD4+) for the indicated T

helper subsets.

(C–H) Representative flow cytometry plots and summary graphs for the indicated cytokines, gated on total CD4+CD69+CD154+ T cells.

(legend continued on next page)
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both CXCR3+CCR6� Th1 and CXCR3+CCR6+ Th1/17 cells,

whereas N participants showed increased numbers of

CXCR3�CCR6�CCR4+ Th2 cells by 3 months post-vaccination

2 (Figure 4B). Th1 and Th1/17 AIM+ cells continued to trend

higher in PI individuals following a third vaccine dose, but this dif-

ference did not reach statistical significance. In addition, at this

acute time point post-vaccination 3, the frequency of Th2 popu-

lations were normalized between groups (Figure 4B). These data

demonstrate that T helper polarization in response to initial

vaccination differs according to prior SARS-CoV-2 infection sta-

tus and that additional vaccine doses may have a normalizing

effect on some aspects of this response.

To complement the phenotypic analysis of CD4+ T cells, we

employed a similar assay to directly interrogate cytokine

production from SARS-CoV-2-specific CD4+ T cells following

stimulation with M/N or S peptide pools. As demonstrated previ-

ously, CD154 and CD69 can be used to identify activated, anti-

gen-reactive T cells (Reiss et al., 2017) that represent the primary

cytokine producers in response to stimulation (Figures S4B and

S4C). Importantly, the response measured in CD154+CD69+

SARS-CoV-2 reactive T cells to peptide stimulation mirrors that

of AIM+ CD69+CD137+ cells shown in Figure 2, including an

M/N response exclusive to PI subjects and robust induction of

S-specific cells following two-dose immunization that was

maintained after a third vaccination dose in both groups

(Figures S4D–S4F).

In PI subjects, we measured a strong cytokine response to

infection in M/N- (Figures S5A–S5E) and S-reactive T cells

(Figures 4C–4F, S6A, and S6B) that was dominated by the pro-

duction of IFN-g and IL-2 but also included modest levels of

IL-10. Cytokine production in response to M/N peptides in PI in-

dividuals was not enhanced by vaccination (Figures S5A–S5E).

Neither N nor PI donor S-reactive T cells produced any detect-

able IL-4 (Figures 4G and 4H), IL-21, IL-13, IL-17, CD107a, or

IL-22 (Figures S6C–S6H) prior to vaccination. The response in

N individuals to two doses of vaccination generated a function-

ally diverse CD4+ T cell response, exhibiting strong induction

of IFN-g, IL-10, IL-4 (Figures 4C–4H), IL-2, and IL-21

(Figures S6A–S6D), whereas we observed no increased expres-

sion of IL-17A, CD107a, or IL-22 over pre-vaccination levels

(Figures S6F–S6H). IL-4 production, a hallmark of both Th2

and Tfh CD4+ T cell responses (Ruterbusch et al., 2020), was en-

riched specifically at 1 week post-vaccination in N individuals

(Figures 4G and 4H). However, few spike-reactive T cells co-pro-

duced IL-4 and IL-13 (Figure S6E), suggesting the absence of

bona fide Th2 polarization. Consistent with our phenotypic

analysis of T helper polarization based on differential chemokine

receptor expression, PI individuals not only exhibited a strong in-

duction of IFN-g-producing S-reactive CD4+ T cells following

vaccination, but also this response remained significantly

elevated compared with the N group following both second

and third vaccine doses (Figures 4C and 4D). PI donor CD4+
Data in (B), (D), (F), and (H) are represented both longitudinally (left) and by cross

matched-paired signed rank test for longitudinal analyses and multiple unpaired M

***p < 0.001, and ****p < 0.0001. Error bars represent mean and SD. Dashed lines

two-dose COVID-19 mRNA vaccination (1w PV2), 3 months post two-dose vacc

See also Figures S4–S6.
T cells also produced higher levels of IL-10 after two-dose vacci-

nation compared with N participants, which also trended higher

after a third vaccine dose despite failing to reach statistical sig-

nificance (Figures 4E and 4F). Production of IL-21, although

not detected following infection, was observed at comparable

levels in both N and PI individuals following two- and three-

dose vaccination (Figures S6C and S6D).

The S-reactive CD4+ T cell compartment was further distilled

into subpopulations using a dimensionality reduction analysis

on pooled CD154+CD69+ cells from all participants. We applied

uniformmanifold approximation and projection (UMAP) followed

by FlowSOM analysis and identified 15 distinct clusters of which

13 were expanded following infection or vaccination, and six

included cells that produced cytokine(s) (Figures 5A–5P). Two

of these clusters, CL4 and CL13, were specifically enriched in

PI donor T cells following vaccination. CL4 was defined largely

by the production of IFN-g and lowCD127 expression, indicative

of terminally differentiated Th1 cells (Figure 5E). CL13 was

defined by co-production of IFN-g and IL-10, while also display-

ing low CD127 expression, resembling FOXP3� type-1 regulato-

ry (Tr1) cells (Figure 5N; Jankovic et al., 2007; Sun et al., 2009). In

contrast, increased vaccine-induced T cells producing IL-4 were

specifically enriched in CL15 only in N participants. These cells

additionally co-produced IL-2, IFN-g, and small amounts of IL-

21 (Figure 5P), suggesting a Tfh-like phenotype (Olatunde

et al., 2021). Collectively, this unbiased analysis of the

S-reactive CD4+ T cell compartment identifies the emergence

of functionally distinct subsets, which differ following vaccination

in PI and N participants according to prior SARS-CoV-2 infection

history.

To determine how the number of antigen exposures may

alter distinct cytokine production profiles seen in N and PI in-

dividuals, we compared S-reactive T cells from N individuals

after three doses of vaccination (three antigen exposures)

with those from PI individuals after two doses of vaccination

(three antigen exposures). A comparison of AIM+ S-specific

CD4+ T cells in triple-vaccinated N subjects with double-

vaccinated PI individuals normalized differences between

Th1 and Th1/17 frequencies as assessed by CXCR3 and

CCR6 expression (Figures 4A and 4B). We also found similar

frequencies of CM, EM, EMRA, and Tfh cells when normal-

izing for the number of antigen exposures (Figures 2B and

2D). However, when cytokine production was assessed be-

tween triple-vaccinated N participants and double-vaccinated

PI participants, the PI group maintained a dramatically

elevated frequency of IFN-g- and IL-10-producing S-specific

CD4+ T cells compared with the N group (Figures 4C and

4D). These data indicate that T cell priming by infection or

vaccination promotes distinct effector states in which pheno-

typic outcomes can be normalized by additional antigen

exposure, whereas functional differences persist through mul-

tiple vaccine doses.
-group comparisons (middle, right). Significance was determined by Wilcoxon

ann-Whitney test for group analyses: not significant (ns), *p < 0.05, **p < 0.01,

indicate average donor background level. Pre-vaccination (Pre), 1 week post

ination (3m PV2), 2 weeks post third vaccination dose (2w PV3).
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Figure 5. Dimensionality reduction and clustering analysis of SARS-CoV-2 S-specific CD4+AIM+ T cells

(A) Dimensionality reduction and phenograph-derived clustering (k = 40) overlaid for total CD4+AIM+(CD154+CD69+) T cells pooled from all participants (left).

Heatmap expression of the indicated parameters over UMAP space (right).

(B–P) All cells from the indicated clusters (CL) are represented in corresponding color from UMAP plot in (A) overlayed on all CD4+AIM+ T cells and showing

expression of select parameters (IL-2, IFN-g, IL-10, CXCR5, CD127, CD25, IL-4, and IL-21). Enumeration of each cluster is per 1 3 106 non-naive (nn) CD4+

(legend continued on next page)
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DISCUSSION

Protective immunity generated in response to infection or vacci-

nation is characterized by an expanded population of antigen-

specific memory cells that rapidly expresses effector molecules

upon antigen re-exposure. In order to prevent or control re-infec-

tion, memory cells are functionally tailored by the initial priming

event; however, it is unclear how subsequent antigen exposures

alter the quantity and quality of the response. The emergence of

a novel coronavirus and expeditious generation of vaccines pro-

vided an unprecedented opportunity to examine the formation of

a nascent antigen-specific memory pool in human volunteers

and the impact of previous infection on the quantity, quality,

and durability of vaccine-induced immune memory. This is

particularly important, as SARS-CoV-2 infection prior to vaccina-

tion, referred to as ‘‘hybrid immunity,’’ provides a protective

advantage over vaccination alone (Abu-Raddad et al., 2021;

Crotty, 2021; Gazit et al., 2021; Goldberg et al., 2021).

In this study, we examined the distinguishing features of

hybrid immunity to SARS-CoV-2 in comparison with vaccination

alone over time and with subsequent antigen exposures. We

found that infection prior to vaccination induced higher numbers

of RBD-specific MBC, more sustained IgG and IgA circulating

antibodies, and increased plasma neutralization of multiple

VOCs, including SARS-CoV-2 (Omicron). RBD-binding and

neutralizing antibody has been proposed to be essential to the

enhanced protection described in PI individuals after vaccination

(PV2) (Cho et al., 2021; Schmidt et al., 2021a, 2021b; Stamatatos

et al., 2021; Wang et al., 2021). These features were normalized

following booster vaccination and therefore could be a function

of the number of antigen exposures. However, although SARS-

CoV-2 infection and COVID-19 immunization both induce robust

Th1 immune memory, as found here and by other groups (Goel

et al., 2021; Guerrera et al., 2021; Painter et al., 2021), we found

that the spike-specific CD4+ T cells induced in PI and then vacci-

nated individuals exhibited a unique IFN-g and IL-10 cytokine-

producing profile not recapitulated in N individuals by repeat

vaccination. This represents the first immune correlate of hybrid

immunity that is stably imprinted on responding cells during

initial infection and could contribute to protection from symp-

tomatic infection by providing an antiviral program.

There are many parameters that could contribute to the

distinct, vaccine-induced immune responses seen in N or PI in-

dividuals, including the timing, route, or inflammatory conditions

associated with a given SARS-CoV-2 antigen exposure. In this

study, we were able to control for the number of antigen expo-

sures by comparing double- and triple-vaccinated N and PI indi-

viduals. However, the timing of exposures varies substantially

between the groups. In PI individuals, the first and second expo-

sures to antigen were separated by �10 months, whereas in N

individuals, the time between first and second exposures was

only �3.5 weeks. Longer intervals between vaccinations in N in-

dividuals results in more neutralizing antibody and more SARS-

CoV-2-specific B cells, which could then drive a larger response
T cells in SARS-CoV-2 naive (blue) and SARS-CoV-2 previously infected (red) par

nation (1w PV2), 3 months post two-dose vaccination (3m PV2). Significance was

Wilcoxon matched-paired signed rank test for longitudinal analyses: not significa
given a subsequent antigen exposure (Payne et al., 2021). The

benefit of time was seen again in N individuals receiving

their third vaccine 8 months after their second, which likely

helped to normalize quantitative differences in SARS-CoV-2-

specific antibody and MBCs seen in N and PI individuals post-

vaccination 3.

We found that RBD-specific MBCs in PI individuals sustained

a higher proportion and number of CD21�CD11c+-activated
MBCs at 3 months post-vaccination 2 (after three exposures).

Work by Pape et al. also found that after two exposures, PI indi-

viduals had higher numbers of CD21�CD27�CD11c+MBCs than

N individuals (Pape et al., 2021), further suggesting that this

could be an imprinted quality of prior infection or a difference

in the quality of MBCs responding to vaccination as discussed

above. CD21�CD11c+ memory cells have been described in

the varied contexts of chronic viral infection, autoimmunity,

and vaccination and found to have similarly varied features,

including T-bet expression, potent antigen presentation, recent

activation, and resistance to activation (Knox et al., 2017; Glass

et al., 2020). The COVID-19 mRNA vaccines induce GC re-

sponses that last for months in N individuals, but whether they

are larger or last longer in PI individuals is yet to be determined

(Turner et al., 2021a, 2021b; Cho et al., 2021; Kim et al., 2021).

We hypothesize that CD21�CD11c+ MBCs are likely recently

activated and may be the result of ongoing GC responses and

the sustained antigen driving them. This population could be

larger in PI subjects because they are further supported by the

elevated frequency of IFN-g-expressing CD4+ T cells, which

can drive T-bet expression and support B cell activation. Larger

and longer GCs support the generation of high affinity and

broadly neutralizing antibodies, which are critical for combating

variants and are likely contributing to the protective advantage of

hybrid immunity (Turner et al., 2021b; Goel et al., 2021). Addi-

tional data from several months after a third vaccination are

needed to determine whether this enhanced activation can be

matched in N individuals by repeat vaccination.

Differences in route or inflammation associated with antigen

exposure between N and PI individuals are likely key factors

contributing to the differences in T cell phenotype and function-

ality associated with hybrid immunity. Pulmonary infection with

SARS-CoV-2 virus and intramuscular immunization with full-

length spike mRNA involve distinct inflammatory environments

for immune activation to spike protein. Prolonged viral replica-

tion in pulmonary tissue has been associated with production

of various inflammatory cytokines in COVID-19 patients (Galani

et al., 2021; Lucas et al., 2020). Specifically, the inflammatory

cytokines IL-12, IFN-a, and IFN-g, produced by innate lympho-

cytes in response to viral PAMPs, directly drive T cells to upregu-

late the transcription factor T-bet, the master transcription factor

for Th1 cells (Brinkmann et al., 1993; Lazarevic et al., 2013), and

may induce the CD4+ memory T cell IFN-g and IL-10 signature

we describe in PI individuals that is maintained through vaccina-

tion. Further, the cytokines IL-6, IL-12, or IL-27 drive the expres-

sion of IL-10 in FOXP3� CD4+ helper T cells through the adapter
ticipants. Pre-vaccination (Pre), 1 week post two-dose COVID-19 mRNA vacci-

determined by multiple unpaired Mann-Whitney test for group analyses and by

nt (ns), *p < 0.05, **p < 0.01.
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c-maf (Gabry�sová et al., 2018; Pot et al., 2009; Yang et al., 2005).

Functional differences, including the production of IL-10, have

previously been described in SARS-CoV-2-specific CD4+

T cells from individuals that experienced different levels of

COVID-19 severity, raising questions about how these cytokines

may be involved in immune protection (Le Bert et al., 2021).

Additionally, infection with SARS-CoV-2 recruits effector

T cells to the lung tissue, generating tissue-resident memory

(Trm) cells in the human lung (Poon et al., 2021). T cells that enter

the lung tissue or interact with lung-derived innate cells in the

lung-draining lymph node, may encounter a distinct inflamma-

tory environment not present during intramuscular mRNA vacci-

nation. Indeed, tissue-experienced CD4+ Trm cells produce the

highest levels of IFN-g and IL-10 in amouse-adapted SARS-CoV

infection (Zhao et al., 2016). Therefore, it may be the case that the

increase in cytokine production we see in PI participants is due

to the presence of circulating S-reactive T cells, which previously

received tissue-specific cues. Although primarily studied in the

mouse, Trm cells have been shown to be able to re-enter the

circulating memory T cell compartment from the intestine in a

phenomenon termed ‘‘retrograde migration’’ following systemic

lymphocytic choriomeningitis virus (LCMV) or vesicular stomati-

tis virus (VSV) infections, as well as from the lung following influ-

enza infection (Wijeyesinghe et al., 2021; Fonseca et al., 2020;

Stolley et al., 2020). A similar phenomenon has also been

described in humans, as skin-resident CD4+ Trm cells can re-

enter the blood (Klicznik et al., 2019). This raises the possibility

that lung-transiting CoV-2-specific T cells may be captured in

AIM assays of PBMCs and contribute to the increased cytokine

production we observe in PI donors.

The distinct CD4+ T cell cytokine signature we describe likely

contributes to the increased protection observed in PI individuals

with hybrid immunity. IFN-g is produced rapidly bymemory T cells

in vivo, driving an antiviral response program, which is character-

ized by the upregulation of interferon-stimulated genes. Our data

showing elevated frequencies of IFN-g-producing memory CD4+

T cells in PI individuals and the observed localization of CD4+

Trm in the lung (Poon et al., 2021) together support a model in

which early antiviral programs are bolstered rapidly by the inclu-

sion of memory T cells locally at the site of infection. Indeed,

pre-treatment of naive mice with recombinant IFN-g completely

inhibits SARS-CoV infection of the lung (Zhao et al., 2016). This

study also reported that concomitant treatment with recombinant

TNF-a exacerbates SARS-CoV-mediated disease in mice. IL-10

can inhibit TNF-a and other pro-inflammatory cytokines in order

to regulate inflammatory responses to infection (O’Garra and

Vieira, 2007; De Waal Malefyt et al., 1991; Gazzinelli et al., 1996;

Hunter et al., 1997). Therefore, increased production of IL-10 by

S-specific Th1 cells potentiated through viral infection could be

acritical element of hybrid immunity that limits future symptomatic

SARS-CoV-2 infection. Additional work is needed to explore this

crucial roleofmemoryTcell-derived IL-10 in secondarychallenge.

The protective advantage of hybrid immunity likely stems from

a combination of higher numbers of SARS-CoV-2-specific

MBCs, higher neutralizing antibody titers, and the infection-im-

printed IFN-g and IL-10 cytokine profile in CD4+ T cells. These

features were not as highly induced in solely vaccinated individ-

uals even with a third antigen exposure via vaccination. Future
1598 Cell 185, 1588–1601, April 28, 2022
work is needed to determine how the relative timing of infection

versus vaccination quantitatively and qualitatively impacts func-

tional SARS-CoV-2 immune memory. The reduced immune

response to the third vaccination in both groups as compared

with the first two suggests that further homologous vaccinations

are unlikely to bolster SARS-CoV-2 cellular immune memory.

Therefore, as additional viral variants evolve to further evade im-

munememory, future vaccination strategies should focus on ex-

panding the pool of SARS-CoV-2-specific memory cells and

increasing the titers of viral variant-neutralizing antibodies. To

do this, additional vaccine doses likely need to include variant

spike proteins to engage a broader repertoire of immune cells

and induce further cross-reactive memory responses.
Limitations of the study
First, we were not able to determine if a third vaccination

induced better sustained RBD-specific antibodies or activated

MBCs because we analyzed samples only 2 weeks after the

third dose when short-lived PBs could be contributing to

plasma antibody and MBCs are likely still expanding. Second,

we studied immune memory only from peripheral blood, re-

stricting our understanding of how prior infection impacts

tissue-resident memory and the role it may play in hybrid im-

munity. Third, we identified spike-specific T cells by incubating

with 15-mer peptide pools, which induced a robust response

from MHC-II-restricted CD4+ T cells but may not have been

ideal for activating CD8+ T cells, which recognize shorter pep-

tides presented on MHC-I.
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Biological samples
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Human Plasma This paper N/A

Chemicals, peptides, and recombinant proteins

1X 3,30,5,50-Tetramethylbenzidine (TMB) Invitrogen CAT#00-4201-56

anti-CD40 agonist mAb Miltenyi Biotec CAT#130-094-133; RRID:AB_10839704

anti-PE magnetic beads Miltenyi Biotec CAT#130-048-801; RRID:AB_244373

Avicel RC-591 FMC CAT#Avicel RC-591

BirA500 kit Avidity CAT#BirA500

Bright-Glo Luciferase Assay System luciferase Promega CAT#E2610

CEFX Ultra SuperStim Pool JPT CAT#PM-CEFX-2

Crystal Violet Milipore Sigma CAT#V5265

Decoy Tetramer APC-Dy755 This paper N/A

Decoy Tetramer PE-Dy594-Dy650 This paper N/A

DMSO, Cell culture grade >99.5% Sigma-Aldrich CAT#D4540

Dylight NHS Ester 594 Thermo Fisher CAT#46413

Dylight NHS Ester 650 Thermo Fisher CAT#62266

Dylight NHS Ester 755 Thermo Fisher CAT#84538

Fixable Live Dead BLUE BUV496 Thermo Scientific CAT#L23105

Fixation/Permeabilization kit Becton Dickinson CAT#554714

GolgiStop/monensin Becton Dickinson CAT#554724

Ionomycin Sigma-Aldrich CAT#I9657

Paraformaldahyde solution, 4% in PBS Thermo Scientific CAT#AAJ19943K2

phorbol 12-myristate 13-acetate Sigma-Aldrich CAT#P8139

poly-L-lysine Milipore Sigma CAT#P4707
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RBD(Wu-1) Tetramer PE This paper N/A

Recombinant SARS-CoV-2 (Wuhan-1) RBD protein Walls et al., 2020 N/A

Recombinant SARS-CoV-2 RBD (B.1.1.351, b) protein This paper N/A

SARS-CoV-2 HLA Class I & II 15-mer peptides: Membrane BEI Resources NR-52403

SARS-CoV-2 HLA Class I & II 15-mer peptides: Spike BEI Resources NR-52402

Streptavidin BV605, Clone 563260 Becton Dickinson CAT#563260; RRID:AB_2869476

Streptavidin-APC Agilent CAT#PJ27S-1

Streptavidin-BUV805 Becton Dickinson CAT#564923; RRID:AB_2869629

Streptavidin-PE Agilent CAT#PJRS301-1

UltraComp eBeads Compensation Beads Thermo Fisher CAT#01-2222-42

Zombie LiveDead NIR BioLegend CAT#423105

Critical commercial assays

NEBuilder HiFi DNA Assembly New England Biolabs CAT#E5520S

Experimental models: Cell lines

293T ATCC ACS-4500

human ACE2-293T BEI Resources NR-52511

Recombinant DNA

CMV.Luc.IRES.GFP vector plasmid BEI Resources NR52516

CMVR. SARS-CoV-2-Beta-RBD-Avi (K417N-E484K-N501Y)

plasmid

This paper, GenScript N/A

pHDM vector with SARS-CoV-2(Wu-1), D614G with C-Term. Del. BEI Resources NR-53765

pMD2.g plasmid Didier Trono; Addgene CAT#12260

SARS-CoV-2(o)-spike pseudotyping plasmid This paper N/A

SARS-CoV-2(D)-spike pseudotyping plasmid Invivogen pLV-Spike-V8

Software and algorithms

FlowJo10 Becton Dickinson N/A

MikroWin 2000 MikroWin 2000 N/A
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R R core team N/A

SpectroFlo Cytek Biosciences N/A
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Lead contact
Requests for further information and reagents should be directed to and will be fulfilled by Marion Pepper (mpepper@uw.edu).

Materials availability
Unique tetramer reagents generated in this study are available upon reasonable request.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement
Participantswere enrolled in the Hospitalized or Ambulatory Adults with Respiratory Viral Infections (HAARVI) study (STUDY00000959),

Healthy Adult Specimen Repository study (STUDY00002929) or COVID-19/SARS-CoV-2 Prevalence and Antibody Therapy
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Development study (Gale Lab, STUDY00009810). All studies are approved by the University of Washington Human Subjects Division

Institutional Review Board. Informed consent was obtained from all enrolled participants. Samples were de-identified prior to analysis.

Human study participants and clinical data
Participants were enrolled in one of three prospective cohort studies for longitudinal tracking of immune responses to COVID-19

vaccination in WA, USA. Cohort details are reported in Table 1. Previously SARS-CoV-2 infected (PI) individuals reported a positive

SARS-CoV-2 PCR nasal swab or in one case a positive antibody test within 3 months of symptom onset in 2/2020- 10/2020. PI in-

dividuals reported mildly symptomatic disease not requiring hospitalization. Participants were considered SARS-CoV-2 naive

(N) prior to vaccination based on no prior positive SARS-CoV-2 PCR nasal swab and no detectable SARS-CoV-2 RBD IgG by

ELISA (below a threshold of mean + 3 standard deviations of historical negative plasma samples drawn prior to 2020). All participants

completed surveys regarding symptom and demographic information. Blood draws were collected pre-vaccination (N: 21, PI: 23),

1 week post-vaccination 2 (N: 18, PI: 22), 3 months post-vaccination 2 (N: 15, PI: 23), 6 months post-vaccination 2 (N: 8, PI: 9)

and 2 weeks post-vaccination 3 (N: 8, PI: 10). Not all samples were run for both plasma and PBMC assessments.

Cell lines
Unless otherwise noted, cell lines were cultured in DMEM with 10% heat-inactivated FBS, 2 mM L-glutamine, 10mM HEPES,

100 U/mL penicillin, and 100 mg/mL streptomycin in a humidified atmosphere with 5% CO2 at 37
�C.

METHOD DETAILS

Sample processing and plasma collection
Venous blood from study volunteers was collected in EDTA tubes and spun at 700 x g for 10 min. Plasma was collected, heat-inac-

tivated at 56�C for 30 min and stored at -80oC. Cellular fraction was resuspended in phosphate buffered saline (PBS) and PBMCs

were separated from red blood cells using Sepmate PBMC Isolation Tubes (STEMCELL Technologies) according to manufacturer’s

instruction or cells were resuspended in HBSS, washed, overlaid with ficoll, spun at 400 x g for 30 min with no brake and PBMCs

collected. Cells were washed twice in HBSS and frozen at -80oC before being stored in liquid nitrogen.

SARS-CoV-2 RBD protein and tetramer generation
Recombinant SARS-CoV-2 RBD (Wuhan-1, Wu-1) was generated by standard transient transfection followed by IMAC

purification as described previously (Walls et al., 2020). Recombinant SARS-CoV-2 RBD (B.1.1.351, b) was generated by

transient transfection from the SARS-CoV-2-Beta-RBD-Avi (K417N-E484K-N501Y) construct synthesized by GenScript into

CMVR with an N-terminal mu-phosphatase signal peptide and a C-terminal octa-histidine tag, flexible linker, and avi tag

(GHHHHHHHHGGSSGLNDIFEAQKIEWHE) as described previously (Tortorici et al., 2021). For tetramer generation, RBD proteins

were biotinylated with the BirA500 kit (Avidity), tetramerized with streptavidin-phycoerythrin (SA-PE) or streptavidin-allophycocyanin

(SA-APC) (Agilent) and stored in 50% glycerol at -20oC as previously described (Krishnamurty et al., 2016). Decoy reagents were

generated by tetramerizing an irrelevant biotinylated protein with SA-PE previously conjugated to Dylight594 NHS Ester

(ThermoFisher) and Dylight650 NHS Ester (ThermoFisher) or SA-APC previously conjugated to Dylight755 NHSEster (ThermoFisher).

Enzyme-linked immunosorbent assay (ELISA)
96-well plates (Corning) were coated with 2 ug/mL of recombinant SARS-CoV-2 RBD protein diluted in PBS and incubated at 4�C
overnight. Plates were washed with PBS-T (PBS containing 0.05% Tween-20) and incubated with blocking buffer (PBS-T and 3%

milk) for 1h at room temperature (RT). Plasma, culture supernatants or monoclonal antibodies were serially diluted in dilution buffer

(PBS-T and 1%milk) in triplicate, added to plates, and incubated at RT for 2 h. Secondary antibodies were diluted in dilution buffer as

follows: anti-human IgG-HRP (Jackson ImmunoResearch) at 1:3000 or anti-human IgA-HRP (Southern Biotech) at 1:1500. Plates

were incubated with secondary antibodies for 1h at RT, then detected with 1X 3,30,5,50-Tetramethylbenzidine (TMB) (Invitrogen)

and quenched with 1M HCl. Sample optical density (OD) was measured by a spectrophotometer at 450 nm and 570 nm.

SARS-CoV-2 spike pseudotyped lentivirus
The SARS-CoV-2(o)-spike pseudotyping plasmid was assembled by introducing gene fragments synthesized by Integrated DNA

Technologies (Coralville, IA, USA) encoding the SARS-CoV-2(o) variant (B.1.1.529, Omicron) spike gene to replace the Wu-

Spike_D614G sequence in a digested pseudotyping plasmid backbone (BEI Resources; NR-53765) using standard molecular

biology techniques, including NEBuilder HiFi DNA Assembly (New England Biolabs, Ipswich, MA, USA). Plasmid sequence was

confirmed by Sanger sequencing. The SARS-CoV-2(o)- and SARS-CoV-2(D)-spike pseudotyped lentiviral vectors (LVs) were each

produced by transient polyethylenimine transfection of 293T cells with a CMV.Luc.IRES.GFP vector plasmid (BEI Resources;

NR52516), a second generation helper plasmid pMD2.g (gift from Didier Trono; Addgene #12260), and either: the SARS-CoV-2(o)

pseudotyping plasmid above, or a plasmid encoding the SARS-CoV-2(D) variant spike (Invivogen, San Diego, CA,USA;
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pLV-Spike-V8, B.1.617.2, delta). At 24 hours following transfection, cell culture media was exchanged for fresh DMEMwith 3% FCS.

Supernatants were harvested the next day, filtered through 0.2uM filters, and concentrated by overnight centrifugation at 4�C. Pellets
were then resuspended in PBS at 100X.

Pseudovirus neutralization test (pVNT)
PVNT assays were performed as previously described (Crawford et al., 2020). Briefly, heat inactivated plasma was diluted 1:5

followed by four 3-fold serial dilutions all in duplicate and mixed 1:1 with 106 relative luciferase units of SARS-CoV-2(D)-spike or

SARS-CoV-2(o)-spike pseudotyped lentivirus in DMEM with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/mL penicillin,

and 100 mg/mL streptomycin. After 1 hour incubation at 37�C, the plasma/virus mixtures were added to 96-well poly-L-lysine-coated

plates seeded with human ACE2-expressing 293T cells (BEI Resources: NR-52511) 20 hours prior. Each plate contained wells

with no plasma and wells with no plasma and 293T cells as a background control. After incubating for 48 hours, supernatant was

pipet off and replaced with Bright-Glo Luciferase Assay System luciferase (E2610, Promega) for 2 min at 25�C in the dark before

transferring to black-bottom plates for measuring luminescence for 1s per well on a Centro LB 960Microplate Luminometer (Berthold

Technologies). Percent neutralization was calculated as (1 – (sample+293T-ACE2+virus RLU - 293T+virus RLU)/(293T-ACE2+virus

RLU - 293T+virus RLU) x 100. Data was collected with MikroWin2000 and analyzed in Prism (GraphPad).

Plaque reduction neutralization test (PRNT)
PRNT assays were performed as previously described (Erasmus et al., 2020). Briefly, heat inactivated plasma was diluted 1:5 fol-

lowed by four 4-fold serial dilutions and mixed 1:1 with 600 PFU/mL SARS-CoV-2 WA-1 (BEI resources; NR-52281) in PBS+0.3%

cold water fish skin gelatin (Sigma). After 30 min of incubation at 37�C, the plasma/virus mixtures were added to 12 well plates of

Vero cells and incubated for 1 h at 37�C, rocking every 15 min. All dilutions were done in duplicate, along with virus only and no virus

controls. Plates were then washed with PBS and overlaid with a 1:1 mixture of 2.4% Avicel RC-591 (FMC) and 2X MEM

(ThermoFisher) supplemented with 4% heat-inactivated FBS and Penicillin/Streptomycin (Fisher Scientific.) After a 48h incubation,

the overlay was removed, plates were washed with PBS, fixed with 10% formaldehyde (Sigma-Aldrich) in PBS for 30 min at room

temp and stained with 1% crystal violet (Sigma-Aldrich) in 20% EtOH. Percent neutralization was calculated as (1 – # sample pla-

ques/# positive control plaques) x 100. Data was analyzed in Prism (GraphPad).

Peptide mesopools
SARS-CoV-2 15-mer peptides, 1mg each (BEI Resources), were provided lyophilized and stored at -80C. Peptides were selected for

reactivity against a broad range of class I and class II HLA sub-types for targeted coverage of CD4+ and CD8+ T cell epitopes iden-

tified previously (Tarke et al., 2021; Data S1). Before use, peptides were warmed to room temperature for 1 hour then reconstituted in

DMSO to a concentration of 10 mg/mL. Individual peptides were combined in equal ratios to create Membrane/Nucleocapsid (182

ug/mL each, 55 peptides) or Spike (200ug/mL each, 49 peptides) megapools, maintaining a total concentration of 10mg/mL.

Activation induced marker assay
Approximately 20x106 PBMC from SARS-CoV-2 naive or previously infected individuals were divided in two for full phenotypic or

cytokine analysis. For broad surface phenotyping 10x106 PBMC per sample were further divided into four 5mL polystyrene tubes

and cells were pelleted at 250 x g for 5 minutes. Pellets were resuspended at 5x106/mL in one of the following treatment conditions:

DMSO (Sigma-Aldrich, >99.5% cell culture grade), 1ug/mL CEFX Ultra SuperStim Pool (JPT, PM-CEFX-2), or 5ug/mL SARS-CoV-2

Membrane and Nucleocapsid or Spike peptide megapools. Stimulation was performed for 18 hours in ImmunoCult-XF T cell Expan-

sion Medium (StemCell Technologies). For intracellular cytokine assessment 2x106/mL PBMC were stimulated using 6.6ug/mL

SARS-CoV-2 peptide megapools, or an equivalent volume of DMSO (Sigma-Aldrich, >99.5% cell culture grade) for 12 hours in

RPMI complete T cell medium containing anti-human CD40 antagonist mAb (Miltenyi, clone HB10), 5uL LAMP-1/CD107a BV510

mAb (BioLegend, clone H4A3), 2uM CaCl2, and 1.8uL Monensin (Becton Dickinson) - for the final 8 hours of culture.

Immunophenotyping of PBMCs
PBMCs were thawed at 37�C and washed twice before first staining with decoy tetramer and then with RBD tetramer prior to incu-

bation with anti-PE magnetic beads and magnetic bead enrichment (Miltenyi Biotec) as previously described (Krishnamurty et al.,

2016). Cells in the positive fraction were stained with surface antibodies for B cell phenotypes. Subsequent analysis of T cells

was performed on unlabeled PBMC flow-through resulting from B cell RBD-tetramer pulldown.

PBMC flow-through were stimulated with peptide megapools as described above. For surface phenotyping, cells were washed

and barcoded using four different fluorescently labeled CD45 antibodies to create eight unique barcodes as previously described

(Becht et al., 2021). Using this method to limit technical variability, all four stimulation conditions for both pre- and post-vaccination

samples were combined and fully stained simultaneously for 20 minutes at 37�C. Cells were then fixed for 10 minutes at room tem-

perature using 1% paraformaldehyde (Sigma-Aldrich). For intracellular cytokine staining, cells were first incubated with anti-CXCR5

antibody at room temperature for 40 minutes. Cells were then stained with surface antibodies for 25 minutes at 4�C and then fixed

and permeabilized with Fixation/Permeabilization kit (Becton Dickinson) for 15 minutes at room temperature before staining for intra-

cellular cytokines for 20 minutes at room temperature.
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Fluorescence flow cytometry
Data were acquired on a five-laser Cytek Aurora (T cell surface phenotyping and T cell intracellular cytokine analysis) or BD FACS

Symphony A3 or A5 (B cell surface phenotyping). Control PBMCs or UltraComp eBeads (ThermoFisher) were used for compensation.

Up to 107 live PBMC were acquired per sample for T cells and all enriched PBMCs were acquired for B cells. Data were analyzed

using SpectroFlow (Cytek Biosciences) and FlowJo10 (Becton Dickinson) software.

High-dimensional analysis of cytometry data
AIM-positive (CD154+CD69+) cells from all data files were concatenated with keywords and subjected to Phenograph clustering al-

gorithm using k=40 nearest neighbors (Levine et al., 2015) and UMAP dimensionality reduction plugins using parameters IL-2, IFN-g,

IL-10, IL-4, IL-21, CD127, CD25, and CXCR5 in FlowJo 10 (Becton Dickinson). Clusters were then enumerated per 106 non-naive

T cells for each sample by multiplying the percentage ‘‘cluster X parameter’’ by percentage ‘‘AIM+’’ and then by 1 million.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Statistics used are described in figure legends and were determined using Prism (Graphpad). All measurements within a group in a

panel are from distinct samples. Data is pooled from nine experiments for Pre and 1w PV2, three experiments for 3m PV2, and two

experiments for 2w PV3 time points. Statistical significance of all pairwise comparisons was assessed by two-tailed nonparametric

tests; Mann-Whitney for unpaired data and Wilcoxon signed rank tests for paired data except when there were insufficient pairing

(less than half of the data set) and then Mann-Whitney was used. No multiple hypothesis testing was applied as the metrics tested

were selected based on specific hypotheses.
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Supplemental figures

Figure S1. COVID-19 vaccination induces SARS-CoV-2RBD-specificB cell responses in previously infected and previously naive individuals,

related to Figure 1

(A) ELISA area under the curve (AUC) for RBD-specific IgG in plasma collected from individuals prior to 2020 and the SARS-CoV-2 pandemic (historical negatives

[HNs], black), SARS-CoV-2 naive (N) individuals and previously infected (PI) individuals that tested PCR+ for SARS-CoV-2. Dashed line indicates mean + 3 SD of

HN AUC values.

(B) Representative flow cytometry gates for phenotyping RBD(Wu-1)- and RBD(b)-specific B cells from N and PI PBMCs.

(C) Representative gating on CD19+CD38loRBD-tetramer+Decoy� cells for SARS-CoV-2 RBD-specific antigen-experienced (ag-exp.) B cells (CD21+CD27+ and

CD21�CD27+/�) from N and PI (Prev. Inf.) PBMCs at the indicated time points.

(D) Number (left) and percent IgG+ or IgA+ (right) of RBD-specific plasmablasts (PBs, CD27+CD38hi). Statistics determined by two-tailed Mann-Whitney tests: not

significant (ns), *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001. Pre-vaccination (Pre), 1 week post two-dose COVID-19 mRNA vaccination (1w PV2),

3 months post two-dose vaccination (3m PV2), 2 weeks post third vaccination dose (2w PV3). Error bars represent mean and SD.
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Figure S2. Determination of antigen-reactive activation markers in response to SARS-CoV-2 peptide stimulation and quantification of AIM
CD4+ T cells, related to Figure 2

(A) Representative flow cytometry plots showing the gating schematic for non-naive (nn) CD4+ T cells (AIM CD4+).

(B) Boolean assessment of activation-associated markers on spike-reactive AIM CD4+ T cells from naive (blue) and previously infected (red) participants

comparing pre-vaccine (Pre) and 1 week post two-dose mRNA vaccination (1w PV2). ‘‘+’’: marker was gated; ‘‘�’’: marker was excluded; ‘‘+/�’’: analysis

was agnostic to indicated marker.

(legend continued on next page)
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(C) Representative flow cytometry plots for AIM CD4+ CD69+CD137+ T cells. Dot plot overlays show cells expressing additional activation-associated markers:

CD134 (top) and PD-L1 (bottom).

(D) Representative flow cytometry plots for additional AIM markers CD134 and PD-L1.

(E and F) Representative flow cytometry plots and summary graphs for non-naive CD69+CD137+ T cells (AIM CD4+) from SARS-CoV-2 naive (blue) and previously

infected (red) individuals. Data in (F) are to a common antigen control peptide pool (CEFX) and represented both longitudinally (left) and by cross-group compar-

isons (right).

(G) Total AIM CD4+ cell count per million CD4+ T cells in each SARS-CoV-2 naive (left) and previously infected (right) donor.

(H) Background normalization of AIM CD4+ T cell data from (G) was performed by subtracting DMSO cell counts from matched CEFX, M/N, and S samples. Sig-

nificance was determined by Wilcoxon matched-paired signed rank test for longitudinal analyses and multiple unpaired Mann-Whitney test for group analyses:

not significant (ns), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Error bars represent mean and SD. Dashed lines indicate average donor background

level. Pre-vaccination (Pre), 1 week post two-dose COVID-19 mRNA vaccination (1w PV2), 3 months post two-dose vaccination (3m PV2), 2 weeks post third

vaccination dose (2w PV3).
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Figure S3. Vaccination induces enhanced variant binding and neutralizing breadth in RBD-specificMBCs and antibody in previously infected
as compared with previously naive individuals, related to Figure 3

(A and B) (A) Percent naive B cells (CD21+CD27�) and (B) percent antigen-experienced (ag-exp.) B cells MBCs (CD21+CD27+ and CD21�CD27+/�) of RBD-spe-
cific non-plasmablasts in N and PI PBMCs at the indicated time points.

(C) Percent IgG+ classical MBCs (CD21+CD27+) of RBD-specific ag-exp. B cells in N and PI PBMCs at the indicated time points.

(D) Representative gating on RBD(Wu-1)-specific antigen-experienced (ag-exp.) B cells for RBD(Wu-1) and RBD(b) tetramer binding to identify cross-variant spe-

cific RBD(Wu-1+b+) MBCs in N and PI PBMCs at the indicated time points.

(E) Percent RBD(Wu-1+b+)-specific MBCs of RBD(Wu-1)-specific ag-exp. B cells in N and PI PBMCs at the indicated time points.

(F) ELISA area under the curve (AUC) for RBD(b)-specific IgG plasma antibody from N and PI individuals at indicated time points.

(G and H) (G) Percent neutralization of SARS-CoV-2(WA-1) virus by PRNT from N and PI individuals at the indicated time points and (H) correlation with

RBD(Wu-1)-specific IgG AUC.

(legend continued on next page)
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Data in (A–C), (E), and (F) are represented both longitudinally (left) and by cross-group comparisons (right). Statistics determined by two-tailed Mann-Whitney

tests: not significant (ns), *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001. Pre-vaccination (Pre), 1 week post two-dose COVID-19 mRNA vaccination (1w

PV2), 3 months post two-dose vaccination (3m PV2), 2 weeks post third vaccination dose (2w PV3). Error bars represent mean and SD.
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Figure S4. Gating strategy, validation, and assessment of total AIMCD4+CD69+CD154+ T cells from ex vivo cytokine release assay, related to

Figure 4

(A) Mean fluorescent intensity (MFI) of CD127 on AIM CD4+ T cells in previously infected (red) participants.

(B) AIM gating strategy depicting removal of naive CD45RA+CD127+ T cells and CD25+CD127� T regulatory cells.

(C) Validation of CD69+CD154+ AIM cells depicting absence from T regulatory and naive compartments (left) and inclusion of all cytokine-producing cells (right).

(D) Representative flow cytometry gating of non-naive (nn) AIM CD4+CD69+CD154+ T cells in DMSO-, M/N-, and S-stimulated memory T cells from SARS-CoV-2

naive (left, blue) and SARS-CoV-2 previously infected (right, red) participants before and 1 week after two doses of mRNA vaccine.

(E and F) Summary graphs of MN- (E) and S-specific (F) nnCD4+ T cells. Data in (E) and (F) are represented both longitudinally (left) and by cross-group compar-

isons (middle, right). Lines connecting data points indicate paired samples from the same donor. Significance was determined by Wilcoxon matched-paired

signed rank test for longitudinal analyses and multiple unpaired Mann-Whitney test for group analyses: not significant (ns), *p < 0.05, **p < 0.01, ***p < 0.001.

Error bars represent mean and SD. Dashed lines indicate average donor background level. Pre-vaccination (Pre), 1 week post two-dose COVID-19 mRNA vacci-

nation (1w PV2), 3 months post two-dose vaccination (3m PV2), 2 weeks post third vaccination dose (2w PV3).
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Figure S5. Cytokine production by M/N-specific AIM+ CD4+ T cells, related to Figure 4

(A–E) Summary graphs of the indicated cytokines for M/N-specific CD4+CD69+CD154+ T cells (AIM+CD4+) in SARS-CoV-2 naive (blue) and previously infected

(red) participants. Data are represented both longitudinally (left) and by cross-group comparisons (middle, right). Significance was determined by Wilcoxon

matched-paired signed rank test for longitudinal analyses and multiple unpaired Mann-Whitney test for group analyses: not significant (ns), *p < 0.05,

**p < 0.01, ***p < 0.001. Error bars represent mean and SD. Dashed lines indicate average donor background level. Pre-vaccination (Pre), 1 week post two-

dose COVID-19 mRNA vaccination (1w PV2), 3 months post two-dose vaccination (3m PV2), 2 weeks post third vaccination dose (2w PV3).
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Figure S6. Supplemental cytokine production by S-specific AIM+ CD4+ T cells, related to Figure 4

(A–H) Representative flow cytometry plots and summary graphs for non-naive CD4+CD69+CD154+ T cells (AIM+ CD4s) for the indicated cytokines. Data in (B) and

(D) are represented both longitudinally (left) and by cross-group comparisons (middle, right). Validation of cytokine staining for cases of very low cytokine pro-

ducers indicated in (E) through (H) are provided using phorbol 12-myristate 13-acetate (PMA) and ionomycin positive control (yellow). Significance was deter-

mined by Wilcoxon matched-paired signed rank test for longitudinal analyses and multiple unpaired Mann-Whitney test for group analyses: not significant

(ns), *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent mean and SD. Dashed lines indicate average donor background level. Pre-vaccination (Pre),

1 week post two-dose COVID-19 mRNA vaccination (1w PV2), 3 months post two-dose vaccination (3m PV2), 2 weeks post third vaccination dose (2w PV3).
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