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SUMMARY
SARS-CoV-2 mRNA vaccines have shown remarkable clinical efficacy, but questions remain about the na-
ture and kinetics of T cell priming. We performed longitudinal antigen-specific T cell analyses on healthy
SARS-CoV-2-naive and recovered individuals prior to and following mRNA prime and boost vaccination.
Vaccination induced rapid antigen-specific CD4+ T cell responses in naive subjects after the first dose,
whereas CD8+ T cell responses developed gradually and were variable in magnitude. Vaccine-induced
Th1 and Tfh cell responses following the first dose correlated with post-boost CD8+ T cells and neutralizing
antibodies, respectively. Integrated analysis revealed coordinated immune responses with distinct trajec-
tories in SARS-CoV-2-naive and recovered individuals. Last, whereas booster vaccination improved
T cell responses in SARS-CoV-2-naive subjects, the second dose had little effect in SARS-CoV-2-recovered
individuals. These findings highlight the role of rapidly primed CD4+ T cells in coordinating responses to the
second vaccine dose in SARS-CoV-2-naive individuals.
INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has had a

profound global toll on human life and socioeconomic well-be-

ing, prompting emergency use authorization of prophylactic

mRNA vaccines (Cutler and Summers, 2020). Recent studies

have documented strongmemory B cell and antibody responses

post-vaccination that neutralize SARS-CoV-2, including variants

of concern (VOCs) such as B.1.351 (Beta) (Goel et al., 2021;

Krammer et al., 2021; Sahin et al., 2020; Widge et al., 2021). B

cells and antibodies are important components of immunolog-

ical memory, and antibody responses are the surrogate of pro-

tection for most licensed vaccines. However, patients who failed

to develop neutralizing antibodies, in some cases because of in-
Immu
herited or treatment-induced B cell deficiencies, have recovered

from COVID-19 (Soresina et al., 2020; Wu et al., 2020; Wurm

et al., 2020). Moreover, in patients with hematological malig-

nancy, CD8+ T cells appear to compensate for lack of humoral

immunity and were associated with improved outcomes, indi-

cating a role for T cells in protection against SARS-CoV-2 infec-

tion (Bange et al., 2021). The T cell response to mRNA vaccina-

tion is less well characterized than the humoral response, though

initial reports indicate that T cells, particularly CD4+ T cells, are

primed by the vaccine (Anderson et al., 2020; Angyal et al.,

2021; Camara et al., 2021; Jackson et al., 2020; Kalimuddin

et al., 2021; Lederer et al., 2020; Mazzoni et al., 2021; Prendecki

et al., 2021; Sahin et al., 2020; Stamatatos et al., 2021; Tarke

et al., 2021b; Woldemeskel et al., 2021). However, the details
nity 54, 2133–2142, September 14, 2021 ª 2021 Elsevier Inc. 2133
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of antigen-specific T cell induction following vaccination remain

incompletely understood, and questions remain about the tra-

jectory of the adaptive immune response following vaccination.

T cell immunity is functionally heterogeneous, with subsets of

both CD4+ and CD8+ T cells contributing to protective immunity

and long-term immunologicalmemory. Specifically, CD4+ T follic-

ular helper (Tfh) cells have key roles in the development ofmemory

B cells, plasma cells, and antibodies, whereas Th1 cells support

and enhance the quality ofmemoryCD8+ T cell responses (Crotty,

2011; Krawczyk et al., 2007; Luckheeram et al., 2012; Williams

et al., 2006). In addition, the centralmemory (CM)or effectormem-

ory (EM)differentiation statesofCD4+andCD8+Tcells have impli-

cations for durability, recirculation, tissue access, and responses

upon antigen re-exposure (Kaech et al., 2002; Martin and Badovi-

nac, 2018; Wherry et al., 2003). In the context of mRNA vaccina-

tion, relatively little is known about the nature and differentiation

state of antigen-specific CD4+ and CD8+ T cells. For example, it

is unclear whether Tfh cells are efficiently primed and whether

these cells relate to vaccine-induced antibodies or memory B

cells. It is also unclear whether the kinetics of T cell priming differs

for CD4+ and CD8+ T cells and how such T cell priming events

mightcompare forSARS-CoV-2-naive versus recoveredsubjects.

Overall, the orchestration of different vaccine-induced immune re-

sponses remains to be fully understood.

In this study we sought to address these questions and define

the kinetics and differentiation state of vaccine-induced CD4+

and CD8+ T cells following mRNA vaccination. All SARS-CoV-

2-naive subjects mounted robust CD4+ T cell responses

following the first vaccine dose, and the second dose further

boosted both CD4+ and CD8+ T cell responses. In contrast,

SARS-CoV-2-recovered individuals had maximal CD4+ and

CD8+ T cell responses following the first dose of mRNA vaccine,

and there was little additional T cell boosting after the second

dose. Both CD4+ and CD8+ T cell responses were dominated

by CM-like cells, similar to memory T cells generated following

natural infection. For CD4+ T cells, both Tfh and Th1 responses

were efficiently generated following primary vaccination and

strongly correlated with post-boost neutralizing antibody and

CD8+ T cell responses, respectively. Finally, integrated analysis

of 26 individual measures of antigen-specific T and B cells re-

vealed coordinated immune response patterns and provided a

detailed assessment of how antigen-specific adaptive immunity

is shaped by mRNA vaccination.

RESULTS

Activation-induced marker (AIM) assay enables
detection of SARS-CoV-2-specific T cells
Weacquired longitudinal peripheral blood samples from a cohort

of 36 SARS-CoV-2-naive and 11 SARS-CoV-2-recovered indi-

viduals who received mRNA vaccines through the University of

Pennsylvania Health System (Table S1). We obtained peripheral

blood mononuclear cells (PBMCs) at four key time points (Fig-

ure 1A): pre-vaccine baseline (time point 1), 2 weeks post-pri-

mary vaccination (time point 2), the day of the booster vaccina-

tion (time point 3), and 1 week post-boost (time point 4).

PBMCs from each of these time pointswere stimulatedwith pep-

tide megapools containing SARS-CoV-2 Spike epitopes opti-

mized for presentation by MHC-I (CD8-E) or MHC-II (CD4-S)
2134 Immunity 54, 2133–2142, September 14, 2021
(Grifoni et al., 2020; Tarke et al., 2021a). We then assessed pep-

tide-dependent AIM expression by flow cytometry compared

with unstimulated control samples (Figure 1A; Figure S1A; Betts

et al., 2003; Reiss et al., 2017). AIM+ CD4+ T cells were defined

by dual expression of CD200 and CD40L. Although dual expres-

sion of IFN-g and 41BB was useful to visualize AIM+ CD8+ T cell

populations (Figure 1A), a two-marker strategy alone was sub-

optimal for detecting vaccine-elicited responses because of

high baseline signals (Figure S1B). These responses at baseline

likely represent cross-reactive T cells, possibly primed during a

prior seasonal coronavirus infection, that can mask low fre-

quencies of vaccine-induced T cells (Grifoni et al., 2020). As

we sought to study vaccine responses, AIM+ CD8+ T cells

were defined by expression of at least four of five markers:

CD200, CD40L, 41BB, CD107a, and intracellular IFN-g (Fig-

ure S1C). These distinct approaches for defining AIM+ CD4+

and CD8+ T cells provided optimal detection of vaccine-elicited

responses relative to background signals in unstimulated con-

trols (Figures S2A–S2C). Alternative combinations of AIMs re-

vealed similar kinetics of antigen-specific T cell responses,

though in some cases with higher background (Figures S2D

and S2E). We further confirmed that the frequency of AIM+

CD4+ and CD8+ T cells correlated strongly with the frequency

of activated Ki67+CD38+ T cells (Figure S1D), another method

for quantifying antigen-specific responses, after each vaccine

dose (Miller et al., 2008; Ndhlovu et al., 2015).

Antigen-specific CD4+ T cell responses to the first
vaccine dose are boosted by the second dose in SARS-
CoV-2-naive individuals
As expected, most SARS-CoV-2-recovered donors had clearly

detectable antigen-specific CD4+ and CD8+ T cell populations

at baseline (Figure 1B). In contrast, pre-vaccination responses

to peptide stimulation were undetectable in many SARS-CoV-

2-naive individuals, though some subjects did have low fre-

quencies of pre-vaccination AIM+ T cells that may be attributed

to cross-reactive cells from a prior seasonal coronavirus infec-

tion (Grifoni et al., 2020; Figure 1B). SARS-CoV-2 Spike-specific

CD4+ T cells were robustly primed in SARS-CoV-2-naive and

recovered individuals following the first dose of mRNA vaccine,

with all participants generating detectable responses to the first

dose (Figure 1B). SARS-CoV-2-naive individuals, but not recov-

ered individuals, received an additional boost to antigen-specific

CD4+ T cells following the second vaccine dose (Figure 1B).

Overall, mRNA vaccination induced a universal CD4+ T cell

response, as all individuals, regardless of prior infection with

SARS-CoV-2, had greater frequencies of AIM+ CD4+ T cells

post-boost than at pre-vaccine baseline (Figure S1E).

Prime-boost vaccination induces antigen-specific CD8+

T cells in most SARS-CoV-2-naive individuals
In contrast to the rapid and universal induction of Spike-specific

CD4+ T cells, SARS-CoV-2-specific CD8+ T cell responses devel-

oped more gradually and with greater variability in naive individ-

uals. Only 24 of 34 SARS-CoV-2-naive subjects (71%) generated

detectable antigen-specific CD8+ T cell responses following the

first dose. TheseCD8+ T cell responses were boosted by the sec-

ond dose, and though themagnitude of responsewas variable, 29

of 33 SARS-CoV-2-naive individuals (88%) had post-boost CD8+



Figure 1. mRNA vaccination elicits antigen-specific CD4+ and CD8+ T cell responses

(A) Longitudinal study design and representative flow cytometry plots for identifying AIM+ CD4+ T cells (left) and visualizing AIM+ CD8+ T cells (right). Numbers

represent the frequency of total non-naive CD4+ or CD8+ T cells. The CD4-S peptide megapool was used for analysis of CD4+ T cells, while the CD8-E peptide

megapool was used for analysis of CD8+ T cells.

(B) Summary plots of AIM+ CD4+ (left) and CD8+ (right) T cells defined as indicated above each plot. AIM+ CD8+ T cells were quantified throughout the study on the

basis of expression of at least four of five activation induced markers (CD200, CD40L, 41BB, CD107a, and intracellular IFN-g), as in Figure S1C. Values represent

the frequency of AIM+ non-naive cells after subtracting the frequency from paired unstimulated samples. Solid lines connect individual donors sampled

longitudinally. Statistics were calculated using unpairedWilcoxon test. n.s., not significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Blue indicates SARS-

CoV-2-naive, red indicates SARS-CoV-2-recovered individuals.

Longitudinal samples from 36 SARS-CoV-2-naive and 11 SARS-CoV-2-recovered individuals were used for each experiment, analyzed in nine independent

batches. All paired longitudinal samples were analyzed within a single batch. See also Figures S1 and S2.
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T cell responses that were detectable above their individual pre-

vaccine baseline (Figure 1B; FigureS1E). Individualswho had pre-

viously recovered from SARS-CoV-2 infection experienced no

significant increase in the frequency of AIM+ CD8+ T cells from

either dose of vaccine (Figure 1B; Figure S1E). A subset of recov-

ered individuals (70%) did appear to have increased AIM+ CD8+

T cell frequencies compared with baseline, but as a group this in-

crease did not reach statistical significance (Figure S1E). In

contrast to the modestly weaker induction of antibodies and

memory B cells with increasing age observed in this cohort and

others (Abu Jabal et al., 2021; Goel et al., 2021; Levi et al.,

2021; Prendecki et al., 2021), T cell responses uponmRNA vacci-

nation were not correlated with age (Figure S1F). Taken together,
these data demonstrate robust induction of antigen-specific T cell

responses following mRNA vaccination, with more consistent in-

duction of CD4+ T cell responses compared with CD8+ T cell

responses.

Vaccine-induced T cells have CM characteristics and
resemble memory T cells generated by SARS-CoV-2
infection
We next sought to define the differentiation state of vaccine-

induced AIM+ T cells. We first examined subsets of central and

effector memory populations using CD45RA, CD27, and CCR7

(Hamann et al., 1997; Sallusto et al., 1999). With these markers,

we defined CM, effector memory types 1, 2, and 3 (EM1, EM2,
Immunity 54, 2133–2142, September 14, 2021 2135



Figure 2. mRNA vaccination induces antigen-specific memory T cells that mirror memory T cell responses from natural infection

(A and C) Representative flow cytometric plots depicting the gating of AIM+ CD4+ (CD200+CD40L+; A) and CD8+ (four of five markers; C) T cells to identify the

indicated memory T cell subsets in a SARS-CoV-2-naive donor at time point 4. Red events depict AIM+ cells, gray events depict total CD4+ (A) or CD8+ (C) T cells

from the same donor. Numbers indicate the frequency of AIM+ cells falling within each gate.

(B and D) Frequency of memory T cell subsets in AIM+ CD4+ (B) and AIM+ CD8+ (D) T cells. Top panels depict SARS-CoV-2-recovered donors. Bottom panels

depict SARS-CoV-2-naive donors. Left panels depict the background-subtracted percentage of non-naive T cells that are AIM+ cells of each subset. Right panels

depict the relative frequency of eachmemory T cell subset in the background-subtracted AIM+ population. CM, CD45RA�CD27+ CCR7+; EM1, CD45RA�CD27+

CCR7�; EM2, CD45RA� CD27� CCR7+; EM3, CD45RA� CD27� CCR7�; EMRA, CD45RA+ CD27� CCR7�. Time points are as defined in Figure 1A. Boxplots

represent median with interquartile range.

Longitudinal samples from 36 SARS-CoV-2-naive and 11 SARS-CoV-2-recovered individuals were used for each experiment, analyzed in nine independent

batches. All paired longitudinal samples were analyzed within a single batch. See also Figure S3.
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and EM3), and terminally differentiated effector memory (EMRA)

cells (Figures 2A, 2C, and S1A; Mathew et al., 2020). Total non-

naive CD4+ T cells were predominantly CM (CD45RA� CD27+

CCR7+) in this cohort, and the overall frequencies of these subsets

were unchanged by vaccination (Figure S3A). The baseline AIM+

CD4+ T cell response in SARS-CoV-2-recovered individuals,

presumably generated during prior SARS-CoV-2 infection, was

composedmainly of EM1 (CD45RA�CD27+CCR7�) andCMcells

(Figures 2A and 2B). The memory T cell subset distribution of

these SARS-CoV-2-specificCD4+ T cells did not change substan-

tially following vaccination (Figure 2B). In SARS-CoV-2-naive indi-

viduals, the first dose of vaccine primarily induced AIM+ CD4+

T cells in the EM1 and CM subsets, similar to the response

in recovered donors (Figure 2B). Antigen-specific CD4+ EM2

(CD45RA� CD27� CCR7+) and EM3 (CD45RA� CD27� CCR7�)
T cells, which share more effector-like properties (Romero et al.,

2007), were also boosted by the vaccine but remained minority

populations compared with CM and EM1 (Figure 2B).

Total non-naive CD8+ T cells were distributed throughoutmem-

ory T cell subsets, and the frequencies of these subsets were un-

changed by vaccination (Figure S3B). AIM+ CD8+ T cells had a

similar subset distribution to AIM+ CD4+ T cells. The baseline an-

tigen-specific CD8+ T cell response in recovered subjects was

composed of similar proportions of EM1, CM, and terminally

differentiated CD8+ EMRA (CD45RA+ CD27� CCR7�) T cells (Fig-

ures 2C and 2D). A smaller proportion of AIM+ EM2 andEM3CD8+

T cells was observed at baseline in recovered subjects. These

proportions stayed relatively consistent throughout the course

of vaccination in recovered subjects, and there were no statisti-
2136 Immunity 54, 2133–2142, September 14, 2021
cally significant changes from baseline (Figure 2D). In contrast,

in SARS-CoV-2-naive individuals, few AIM+ EMRA CD8+ T cells

were observed at any time point (Figure 2D). Rather, vaccine-

primed AIM+ CD8+ T cells in these subjects were largely EM1,

with minority populations of CM and EM3 cells (Figure 2D). With

the exception of the EMRA population, the antigen-specific

AIM+ CD8+ T cell response in SARS-CoV-2-naive donors

following vaccination resembled that observed in recovered do-

nors (Figure 2D). These data indicate that the vaccine-elicited

T cell response has a similar memory T cell subset distribution

to the response generated following SARS-CoV-2 infection and

is composed of primarily CD45RA� CD27+ memory T cells.

Vaccine-induced CD4+ T cells are predominantly Th1
and cTfh cells, resembling cells generated by SARS-
CoV-2 infection
Given the role of helper T cell subsets such as CD4+ Tfh cells to

helpB cell responses and the importance of Th1 cells in viral infec-

tions, we next explored the differentiation state of AIM+ CD4+

T cells. To this end, we examined antigen-specific CXCR5+ Tfh

in circulation (cTfh) as well as CXCR5� Th1 (CXCR3+CCR6�),
Th17 (CXCR3�CCR6+), Th1/17 (CXCR3+CCR6+), and CXCR3�

CCR6� cells (likely to include Th2) (Figures 3A and S1A; Acosta-

Rodriguez et al., 2007; Schmitt et al., 2014; Trifari et al., 2009).

Total non-naive CD4+ T cell populations predominantly had Th1

and CXCR3�CCR6� phenotypes (Figure S3C). The baseline

AIM+ CD4+ T cell response in recovered individuals, however,

was dominated by cTfh and Th1 cells (Figures 3A and 3B). The first

dose of vaccine led to further expansion of AIM+ cTfh and Th1



Figure 3. Early antigen-specific CD4+ helper

T cell responses shape humoral and cellular

adaptive immune responses tomRNA vacci-

nation

(A) Representative flow cytometric plots depicting

the gating of AIM+ (CD200+CD40L+) CD4+ T cells

to identify the indicated helper subsets in a SARS-

CoV-2-naive donor at time point 4. Red events

depict AIM+ T cells, gray events depict total CD4+

T cells from the same donor.

(B) Frequency of T helper subsets in AIM+ CD4+

T cells. Top panel depicts SARS-CoV-2-recovered

donors. Bottom panel depicts SARS-CoV-2-naive

donors. Left panel depicts the background-sub-

tracted percentage of non-naive CD4+ T cells that

are AIM+ helper T cells in each subset. Right panel

depicts the relative frequency of each helper T cell

subset in the background-subtracted AIM+ popu-

lation. cTfh, CXCR5+ of non-naive CD4+ T cells;

Th1, CXCR5� CXCR3+ CCR6�; Th17, CXCR5�

CXCR3� CCR6+; Th1/17, CXCR5� CXCR3+

CCR6+; Other, CXCR5� CXCR3� CCR6�. Box-

plots represent median with interquartile range.

(C) Correlations between the frequency of pre-

boost (time point 2) AIM+ Th1 or AIM+ cTfh cells

with post-boost (time point 4) AIM+ CD8+ T cells or

neutralizing titers against dominant (D614G) or

variant (B.1.351) strains of SARS-CoV-2 as pub-

lished in a previous study of the same cohort (Goel

et al., 2021). FRNT50, focus reduction neutraliza-

tion titer 50%. Only SARS-CoV-2-naive donors

were considered for these correlations. Associa-

tions were calculated using Spearman rank cor-

relation and are shown with Pearson trend lines for

visualization. Time points are as defined in Fig-

ure 1A.

Longitudinal samples from 36 SARS-CoV-2-naive

and 11 SARS-CoV-2-recovered individuals were

used for each experiment, analyzed in nine inde-

pendent batches. All paired longitudinal samples

were analyzed within a single batch. See also

Figure S3.
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cells in these recovered subjects, and this pattern was largely

maintained through the course of vaccination (Figure 3B). In

SARS-CoV-2-naive subjects, the first vaccine dose also elicited

predominantly antigen-specific Th1 and cTfh cells (Figure 3B).

This distribution was sustained through booster vaccination in

SARS-CoV-2-naive individuals, with these AIM+ subsets being

further boosted by the second vaccine dose (Figure 3B). The

magnitude of AIM+ cTfh responses was correlated with activated

(Ki67+CD38+) cTfh (CXCR5+PD-1+) analyzed in parallel after each

vaccine dose (Figure S3D), indicating that the AIM assay accu-

rately captures cTfh known to contain antigen-specific T cells in

other settings (Herati et al., 2017). Thus, the vaccine-elicited

AIM+ CD4+ T cell response to mRNA vaccination qualitatively

resembled the response to natural infection and was character-

ized by robust induction of antigen-specific cTfh and Th1 cells.

Antigen-specific Th1 and cTfh cells induced by the first
dose correlate with CD8+ T cell and humoral responses
to the second dose
The rapid induction of antigen-specific CD4+ T cells following the

first mRNA vaccine dose, particularly Th1 and cTfh cells, may
provide a population of helper T cells available to enhance im-

mune responses to the second vaccine dose. Th1 cells predom-

inantly facilitate the CD8+ T cell response, whereas Tfh cells help

foster optimal B cell, germinal center, and antibody responses

(Crotty, 2011; Krawczyk et al., 2007; Luckheeram et al., 2012;

Williams et al., 2006). Indeed, we observed a strong correlation

between the frequency of pre-boost AIM+ Th1 cells and the fre-

quency of post-boost AIM+ CD8+ T cells in SARS-CoV-2-naive

individuals (Figure 3C), consistent with a role for Th1 cells gener-

ated by primary vaccination in enhancing the CD8+ T cell re-

sponses following booster vaccination. Similarly, the frequency

of pre-boost antigen-specific cTfh cells correlated with post-

boost neutralizing antibody titers against both the dominant

strain of SARS-CoV-2 (D614G, dominant at the time of study)

and the Beta variant (B.1.351) (Figure 3C). Despite a strong cor-

relation between AIM+ Th1 and cTfh (Figure S3E), pre-boost Th1

were less well correlated with post-boost neutralizing titers than

were cTfh, and pre-boost cTfh did not significantly correlate with

post-boost CD8+ T cell responses, supporting the distinct

associations of these pre-boost immune cell types to post-boost

vaccine-elicited immune responses (Figure S3F). Notably, the
Immunity 54, 2133–2142, September 14, 2021 2137
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pre-boost Th1/cTfh ratio within the AIM+ cells did not correlate

with post-boost humoral or CD8+ T cell responses, suggesting

that the independent magnitudes of pre-boost AIM+ cTfh and

Th1, rather than the relative skewing between these responses,

contribute to humoral and CD8+ T cell responses to the second

dose (Figure S3G). Furthermore, baseline AIM+ Th1 and cTfh

cells in SARS-CoV-2-naive subjects did not correlate with

post-boost CD8+ T cell or neutralizing responses, respectively,

suggesting minimal contribution of pre-existing cross-reactive

CD4+ T cells to the immune response to SARS-CoV-2 mRNA

vaccines (Figure S3H). These observations highlight a key func-

tional role for vaccine-elicited CD4+ T cells and suggest possible

downstream effects of skewed antigen-specific CD4+ T cell re-

sponses. Moreover, these data highlight one of the potential

benefits of a two-dose vaccination regimen, whereby CD4+

T cells primed by the first vaccine dose may augment and coor-

dinate responses following the booster vaccination.

Integrated analysis reveals coordinated humoral and
cellular responses to mRNA vaccination with distinct
trajectories in SARS-CoV-2-naive and recovered
individuals
These CD4+ T cell data suggested interrelationships between

distinct immune responses generated by mRNA vaccination.

To further examine this notion of coordinated immune responses

following vaccination, we compiled the antigen-specific T cell

data described above with a previously reported dataset of anti-

body and memory B cell responses from this cohort (Goel et al.,

2021). Using these data, we integrated 26 antigen-specific fea-

tures of the immune response to mRNA vaccination into high-

dimensional uniform manifold approximation and projection

(UMAP) space (Figure 4A). Correlating individual antigen-spe-

cific features with the UMAP coordinates revealed that UMAP1

is ameasure of the anti-SARS-CoV-2 immune response to vacci-

nation (Figure 4D). UMAP1 also revealed a signal of previous

SARS-CoV-2 infection, as recovered subjects occupied a loca-

tion with increased UMAP1 signal at baseline (Figures 4A and

4B). Specifically, UMAP1 captured a coordinated immune

response in which antigen-specific CD8+ T cells and CD4+ Th1

and cTfh cells were increased coordinately with antibodies,

IgG+ memory B cells, RBD-focused humoral responses, and

increased neutralizing antibody titers (Figures 4D and 4E).

UMAP2 captures the relative balance between humoral and

cellular immune responses, especially CD4+ T cell responses

(Figure 4D). Total non-naive lymphocyte populations were not

altered and did not correlate with the antigen-specific re-

sponses, consistent with induction of a targeted vaccine-elicited

response (Figure S4A). This UMAP projection revealed trajectory

shifts that were notable between naive and recovered subjects.

For example, in SARS-CoV-2-recovered individuals, there was

an increase in both UMAP1 and UMAP2 following primary vacci-

nation but essentially no change following the second vaccine

dose, indicating that both the magnitude and relative balance

of the antigen-specific response is stabilized after a single

dose (Figures 4A–4C). In SARS-CoV-2-naive subjects there

was a more dynamic trajectory over time with an initial increase

in UMAP1 and decrease in UMAP2 signal at time points 2 and 3,

followed by a coalescence toward increased UMAP1 and

UMAP2 after the second vaccine dose (Figures 4A–4C).
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UMAP2 captures the different kinetics of T cell and humoral re-

sponses in SARS-CoV-2-naive and recovered individuals. A

rapid antigen-specific CD4+ T cell and, to a lesser extent,

CD8+ T cell response drives the UMAP2 coordinate in a negative

direction post-primary in naive individuals, whereas robust hu-

moral immunity drives UMAP2 in a positive direction post-boost

in naive individuals and post-primary in recovered individuals

(Figures 4C–4E). This integrated analysis highlights the differen-

tial effects of the first vaccine dose in SARS-CoV-2-recovered

and naive individuals. Finally, correlations of key antigen-specific

parameters of the vaccine response over time revealed relation-

ships between post-primary and post-boost immunity within and

between arms of the adaptive immune system, highlighting

correlations within the T cell, memory B cell, and antibody re-

sponses (Figure S4B). This analysis also highlights pre-boost im-

mune response features such as cTfh and Th1 that correlate with

post-boost humoral and cellular responses (Figure S4B). In sum-

mary, this unbiased integrated analysis of 26 antigen-specific

immune responses illustrates the coordinated immunological

underpinnings of the immunity induced by mRNA vaccines.

DISCUSSION

In this study, we interrogated the antigen-specific CD4+ and

CD8+ T cell responses induced by SARS-CoV-2 mRNA vaccina-

tion in a longitudinal cohort of SARS-CoV-2-naive and recovered

individuals. Our data demonstrate robust induction of antigen-

specific T cells by mRNA vaccination that may contribute, in

addition to previously defined humoral responses, to durable

protective immunity. In particular, antigen-specific memory

CD4+ and CD8+ T cells are likely to be less affected by antibody

escapemutations in variant viral strains, as T cells can recognize

peptide epitopes distributed throughout the SARS-CoV-2 Spike

protein (Angyal et al., 2021; Tarke et al., 2021b; Woldemeskel

et al., 2021). Moreover, unlike vaccine-induced B cell and anti-

body responses, which have been noted to decrease with age

(Abu Jabal et al., 2021; Goel et al., 2021; Levi et al., 2021; Pre-

ndecki et al., 2021), substantial age-associated changes in the

induction of antigen-specific T cell responses were not

observed. Finally, the generation of robust T cell responses by

mRNA vaccines may have implications for long-term protective

immunity, as memory CD4+ and CD8+ T cells can be exception-

ally durable in other vaccine settings (Akondy et al., 2017; Ham-

marlund et al., 2003).

Vaccine-induced CD4+ and CD8+ T cells specific for SARS-

CoV-2 were qualitatively similar to baseline memory T cell re-

sponses generated following natural SARS-CoV-2 infection

and mainly mapped to CM and EM1 memory T cell subsets.

These two subsets share many functional and memory-like at-

tributes but differ in CCR7 expression. As CCR7 promotes

homing to secondary lymphoid tissues, EM1 may represent

memory T cells that can survey blood and peripheral tissues,

whereas CM can home efficiently to lymphoid tissues (Romero

et al., 2007). These memory T cell subsets are longer lived

compared with effector T cells, and access to secondary

lymphoid tissues may allow CM cells to contribute to recall re-

sponses upon booster vaccination or future infection. Although

we await follow-up studies to directly interrogate longevity, the

observed induction of memory T cell subsets with capacity for



Figure 4. mRNA vaccination provokes a coordinated immune response in SARS-CoV-2-naive and recovered individuals

(A) UMAP projections of aggregated antigen-specific data for T cell, memory B cell, and antibody responses over time. Memory B cell and antibody data were

taken from a previously published dataset using 29 SARS-CoV-2-naive and 10 SARS-CoV-2-recovered subjects from the same cohort (Goel et al., 2021). Colors

represent time points at which PBMCs were collected throughout the study. Parameters were considered as frequency of non-naive T cells or memory B cells,

capturing both the magnitude and skewing of responses.

(B and C) Summary plots of UMAP1 (B) and UMAP2 (C) coordinates over time. Individual points represent individual participants. Statistics were calculated using

unpaired Wilcoxon test. n.s., not significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Boxplots represent median with interquartile range.

(D) Correlations of the individual antigen-specific features used to train the UMAP against the UMAP1 and UMAP2 axes. Red indicates positive correlations and

blue indicates negative correlations. * = FDR < 0.05. #Features that were not used to train the original UMAP.

(E) Kernel density plots displaying the variation of selected antigen-specific features across UMAP space. Time points are as defined in Figure 1A.

Longitudinal samples from 29 SARS-CoV-2-naive and 10 SARS-CoV-2-recovered individuals were used for each experiment, analyzed in eight independent

batches. All paired longitudinal samples were analyzed within a single batch. See also Figure S4.
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durability by mRNA vaccination supports the hypothesis that

vaccine-induced CD4+ and CD8+ T cell responses will be

long lived and capable of contributing to future recall

responses.

One key observation was the rapid and universal induction of

SARS-CoV-2-specific CD4+ T cells following the first vaccine

dose in SARS-CoV-2-naive individuals. This observation may

be noteworthy given the gradual development of antigen-spe-

cific CD8+ T cells observed here and the previous observations

for humoral responses (Goel et al., 2021; Jackson et al., 2020),

which only consistently reach maximal levels after the second
vaccine dose. These data point to the early induction of anti-

gen-specific CD4+ T cells as a possible contributor to the protec-

tion observed in clinical trials as early as two weeks after the first

vaccine dose (Baden et al., 2021; Polack et al., 2020), when

neutralizing antibody titers are still low in many individuals

(Goel et al., 2021). Indeed, CD4+ T cells can prevent symptom-

atic SARS-CoV infection in animal models (Zhao et al., 2016),

and the rapid induction of antigen-specific CD4+ T cells after

only a single vaccine dose may explain the disconnect between

low neutralizing responses and vaccine-induced protective im-

munity following the first dose.
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The notion that early CD4+ T cell responses have a functional

role in immunity is also supported by the correlation between

pre-boost Th1 and cTfh cells with post-boost CD8+ T cell and

neutralizing antibody responses, respectively. In addition to

strongly correlating with post-boost neutralizing antibody titers,

pre-boost antigen-specific cTfh cells also correlated with post-

boost memory B cell responses. When examining multiple indi-

vidual antigen-specific responses over time, pre-boost cTfh

were better predictors of post-boost humoral responses than

many pre-boost readouts of humoral immunity, pointing to the

critical role of Tfh in coordinating humoral immunity. Likewise,

pre-boost antigen-specific Th1 cells were as strongly correlated

with post-boost CD8+ T cell responses as pre-boost CD8+

T cells. These findings suggest that the CD4+ T cell response

generated by the first vaccine dose guides multiple arms of the

adaptive immune response to booster vaccination and highlight

the benefits of a prime-boost strategy to amplify a coordinated

vaccine-induced immune response.

Previous studies have demonstrated that individuals who have

recovered from SARS-CoV-2 infection achieve maximum anti-

gen-specific humoral immune responses after only a single vac-

cine dose, raising the question of whether a second vaccine

dose is necessary in these individuals (Angyal et al., 2021; Brad-

ley et al., 2021; Camara et al., 2021; Goel et al., 2021; Mazzoni

et al., 2021; Saadat et al., 2021; Samanovic et al., 2021; Stama-

tatos et al., 2021). Our present studies now provide information

on both CD4+ and CD8+ T cell responses in naive and recovered

subjects and support the idea that the second dose of vaccine

has minimal impact on the magnitude, memory phenotype, or

helper subset distribution of antigen-specific CD4+ or CD8+

T cell responses in SARS-CoV-2-recovered subjects. Moreover,

an integrated analysis of 26 antigen-specific features of the im-

mune response to vaccination highlighted the immunological

benefit of the first dose in recovered subjects while also illus-

trating the relative stability of the immune landscape in response

to the second vaccine dose. In contrast, in SARS-CoV-2-naive

subjects, there was robust and dynamic change in the coordina-

tion and evolution of the antigen-specific immune response

following the first as well as the second vaccine dose. These

data point to the immunological benefit of two vaccine doses

in SARS-CoV-2-naive subjects and highlight the coordination

between different arms of the adaptive immune response

following mRNA vaccination. In concert with robust humoral im-

munity, the preferential induction of Th1, Tfh, and CM-like T cells

indicates that the vaccine-elicited immune response is specif-

ically focused on the key hallmarks of long-term antiviral immu-

nity that are likely to confer lasting protection against SARS-

CoV-2 infection.

Limitations of the study
The scope of these findings is limited by the nature of the cohort.

Larger studies will be valuable to confirm and extend the find-

ings, especially for SARS-CoV-2-recovered individuals. In

particular, all of the recovered participants in this study experi-

enced mild disease, and it is unclear how mRNA vaccination

would affect immune responses in those who have recovered

from severe COVID-19. Although we observed no decrease in

T cell responses with age, the cohort examined here had rela-

tively few participants of advanced age, necessitating larger
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follow-up studies. The AIM assay used to identify antigen-spe-

cific T cells relies on stimulation with peptide megapools.

Despite the utility of this approach for capturing the diversity of

the T cell response to epitopes throughout the Spike protein

and in individuals with diverse HLA allotypes, the sensitivity of

the assay may differ on the basis of the individual immunodomi-

nant responses and HLA types. A further limitation is that stimu-

lation of T cells may alter surfacemarker expression. Although on

the basis of our assay optimization studies, the differentiation

markers used to separate memory T cell and helper T cell sub-

sets appear to remain stable during the time frame of the AIM

assay, it is possible that subtle changes following stimulation

might influence precise differentiation state assignment. In the

future it will be informative to perform epitope mapping and

use HLA class I and class II tetramers to examine antigen-spe-

cific cells without stimulation. Finally, assessing long-term dura-

ble immune memory remains a key goal. Reliable assessments

of durable T cell memory will require analysis at extended time

points post-vaccination that were not available at the time of

the study.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

BUV395 CD4 BD Biosciences Cat#563550; RRID: AB_2738273

BUV496 CD8 BD Biosciences Cat#612943; RRID: AB_2870223

BUV615 CD45RA BD Biosciences Cat#751555; RRID: AB_2875550

BUV737 CD27 BD Biosciences Cat#612829; RRID: AB_2870151

BUV805 CD3 BD Biosciences Cat#612896; RRID: AB_2870184

BV421 CXCR3 Biolegend Cat#353716; RRID: AB_2561448

BV650 CCR7 Biolegend Cat#353234; RRID: AB_2563867

BV605 CD69 Biolegend Cat#310938; RRID: AB_2562307

BV711 CD40L Biolegend Cat#310838; RRID: AB_2563845

BV785 CD107a Biolegend Cat#328644; RRID: AB_2565968

FITC IFNy Biolegend Cat#502515; RRID: AB_493029

PE CD200 Biolegend Cat#399804; RRID: AB_2861016

PE-Cy7 OX40 Biolegend Cat#350012; RRID: AB_10901161

AF647 41BB Biolegend Cat#309810; RRID: AB_830672

APC-R700 CXCR5 BD Biosciences Cat#565191; RRID: AB_2739103

APC-Cy7 CCR6 Biolegend Cat#353432; RRID: AB_2566274

Chemicals, peptides, and recombinant proteins

CD4-S peptide megapool Synthetic Biomolecules (aka A&A) http://www.syntheticbiomolecules.com/

CD8-E peptide megapool Synthetic Biomolecules (aka A&A) http://www.syntheticbiomolecules.com/

Biological samples

Human peripheral blood samples from

SARS-CoV-2 mRNA vaccine recipients

Collected at the University

of Pennsylvania

N/A

Other

Ghost Dye Violet 510 Tonbo Cat#13-0870-T500

GolgiStop (Containing Monensin) BD Biosciences Cat#51-2092K7

CD40 Antibody, anti-human, pure-

functional grade

Miltenyi Biotech Cat#130-094-133; RRID: AB_10839704

Anti-Human CD28/CD49d Purified BD Biosciences Cat#347690; RRID: AB_647457

Human TruStain FcX (Fc Receptor Blocking

Solution)

Biolegend Cat#422302; RRID: AB_2818986

Foxp3 / Transcription Factor Fixation/

Permeabilization Concentrate and Diluent

eBioscience Cat#00-5521-00
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
47 individuals (36 SARS-CoV-2 naive, 11 SARS-CoV-2 recovered) provided informed consent and were enrolled in the study with

approval from the University of Pennsylvania Institutional Review Board (IRB# 844642). All participants were otherwise healthy

and did not report any history of chronic health conditions. Subjects were identified as SARS-CoV-2 naive or recovered via combined

self-reporting and laboratory evidence of a prior SARS-CoV-2 infection. All subjects received either Pfizer (BNT162b2) or Moderna

(mRNA-1273) mRNA vaccines and were enrolled irrespective of which mRNA vaccine they received. Samples were collected at 4

time points: pre-vaccine baseline (time point 1), twoweeks post-primary vaccination (time point 2), the day of the booster vaccination

(time point 3), and one week post-boost (time point 4). Each study visit included collection of clinical questionnaire data and 80-

100mL of peripheral blood. Full cohort and demographic information is provided in Table S1.

METHOD DETAILS

Sample processing
Venous blood was collected into sodium heparin and EDTA tubes by standard phlebotomy. Blood tubes were centrifuged at

3000rpm for 15 minutes to separate plasma. Heparin and EDTA plasma were stored at �80�C for paired serological analyses.

Remaining whole blood was diluted 1:1 with RPMI 1640 (Corning) supplemented with 1% fetal bovine serum (FBS), 2mM L-

Glutamine, 100 U/mL Penicillin, and 100 mg/mL Streptomycin (R1 medium) and layered onto SEPMATE tubes (STEMCELL

Technologies) containing lymphoprep gradient (STEMCELL Technologies). SEPMATE tubes were centrifuged at 1200 g for

10 minutes and the PBMC fraction was collected into new tubes and washed with R1. PBMCs were then treated with ACK lysis

buffer (Thermo Fisher) for 5 minutes to lyse red blood cells. Samples were washed again with R1, passed through a 70mm cell

strainer, and cell counts were acquired with a Countess automated cell counter (Thermo Fisher). PBMCs were cryopreserved in

10% DMSO in FBS.

Activation induced marker (AIM) expression assay
PBMCs were thawed by warming frozen cryovials in a 37�C water bath and resuspending cells in 10mL of RPMI supplemented

with 10% FBS, 2mM L-Glutamine, 100 U/mL Penicillin, and 100 mg/mL Streptomycin (R10). Cells were washed once in R10,

counted using a Countess automated cell counter (Thermo Fisher), and resuspended in fresh R10 to a density of 5x106 cells/

mL. For each condition, duplicate wells containing 1x106 cells in 200 mL were plated in 96-well round-bottom plates and rested

overnight in a humidifed incubator at 37�C, 5% CO2. After 16 hours, CD40 blocking antibody (0.5 mg/mL final concentration) was

added to cultures for 15 minutes prior to stimulation. Cells were then stimulated for 24 hours with costimulation (anti-human CD28/

CD49d, BD Biosciences) and peptide megapools (CD4-S for all CD4+ T cell analyses, CD8-E for all CD8+ T cell analyses) at a final

concentration of 1 mg/mL. Peptide megapools were prepared as previously described (Grifoni et al., 2020; Tarke et al., 2021a).

Matched unstimulated samples for each donor at each time point were treated with costimulation alone. 20 hours post-stimula-

tion, antibodies targeting CXCR3, CCR7, CD40L, CD107a, CXCR5, and CCR6 were added to the culture along with monensin

(GolgiStop, BD Biosciences) for a four-hour stain at 37�C. After four hours, duplicate wells were pooled and cells were washed

in PBS supplemented with 2% FBS (FACS buffer). Cells were stained for 10 minutes at room temperature with Ghost Dye Violet

510 and Fc receptor blocking solution (Human TruStain FcX, BioLegend) and washed once in FACS buffer. Surface staining for

30 minutes at room temperature was then performed with antibodies directed against CD4, CD8, CD45RA, CD27, CD3, CD69,

CD40L, CD200, OX40, and 41BB in FACS buffer. Cells were washed once in FACS buffer, fixed and permeabilizied for 30 minutes

at room temperature (eBioscience Foxp3 / Transcription Factor Fixation/Permeabilization Concentrate and Diluent), and washed

once in 1X Permeabilization Buffer prior to staining for intracellular IFN-g overnight at 4�C. Cells were then washed once and re-

suspended in 1% paraformaldehyde in PBS prior to data acquisition.

All data from AIM expression assays were background-subtracted using paired unstimulated control samples. For memory T cell

and helper T cell subsets, the AIM+ background frequency of non-naive T cells was subtracted independently for each subset. AIM+

cells were identified from non-naive T cell populations. AIM+ CD4+ T cells were defined by dual-expression of CD200 and CD40L.

AIM+ CD8+ T cells were defined by a boolean analysis identifying cells expressing at least four of five markers: CD200, CD40L,

41BB, CD107a, and intracellular IFN-g.

Flow cytometric quantification of activated (Ki67+CD38+) T cells
PBMCs were thawed as for the AIM assay and stained with antibodies immediately post-thaw, including CD3, CD4, CD8, CD27,

CD45RA, CXCR5, CD38, PD-1, and Ki67. Surface staining was performed as for the AIM assay.

Flow cytometry
Data were acquired on a BD Symphony A5 instrument. Standardized SPHERO rainbow beads (Spherotech) were used to track and

adjust photomultiplier tube voltages over time. Compensation was performed using UltraComp eBeads (Thermo Fisher). Up to 2x106

events were acquired per sample. Data were analyzed using FlowJo v10 (BD Bioscience). A full gating strategy for segregation of

T cell subsets is shown in Figure S1A.
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Antibody and memory B cell responses
The dataset of antibody and memory B cell responses from the same cohort of individuals was published previously (Goel

et al., 2021).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data visualization and statistics
All data were analyzed using custom scripts in R and visualized using RStudio. Boxplots represent median with interquartile range.

The 26 parameters used to train the UMAP were scaled by column (z-score normalization) prior to generating UMAP coordinates.

Statistical tests are indicated in the corresponding figure legends. All tests were performed two-sided with a nominal significance

threshold of p < 0.05. In all cases of multiple comparisons, adjustment was performed using Holm correction. Unpaired tests

were used for comparisons between time points, as some participants lacked samples from individual time points. * indicates p <

0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001. Source code and data files are available upon request

from the authors.
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