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INTRODUCTION: Severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) mRNA
vaccines are highly effective at preventing in-
fection and especially severe disease. However,
the emergence of variants of concern (VOCs)
and increasing infections in vaccinated indi-
viduals have raised questions about the dura-
bility of immunity after vaccination.

RATIONALE: To study immunememory, we lon-
gitudinally profiled antigen-specific antibody,
memory B cell, and memory T cell responses

in 61 individuals receiving mRNA vaccines
from baseline to 6 months postvaccination.
A subgroup of 16 individuals had recovered
from prior SARS-CoV-2 infection, providing
insight into boosting preexisting immunity
with mRNA vaccines.

RESULTS:mRNA vaccination induced robust
anti-spike, anti–receptor binding domain
(RBD), and neutralizing antibodies that re-
mained above prevaccine baseline levels in
most individuals at 6months postvaccination,

although antibodies did decline over time.
mRNA vaccination also generated spike- and
RBD-specificmemory B cells, includingmem-
ory B cells that cross-bound Alpha, Beta, and
Delta RBDs, that were capable of rapidly pro-
ducing functional antibodies after stimulation.
Notably, the frequency of SARS-CoV-2–specific
memory B cells continued to increase from 3
to 6 months postvaccination. mRNA vaccines
also generated a higher frequency of variant
cross-bindingmemoryB cells thanmild SARS-
CoV-2 infection alone, with >50% of RBD-
specific memory B cells cross-binding all three
VOCs at 6 months. These variant-binding
memory B cells were more hypermutated
than wild-type–only binding cells. SARS-
CoV-2–specificmemory CD4+ and CD8+ T cell
responses contracted from peak levels after
the second vaccine dose, with relative stabi-
lization of SARS-CoV-2–specific memory CD4+

T cells from 3 to 6months. T follicular helper
cell responses after the first vaccine dose cor-
relatedwith antibodies at 6months, highlight-
ing a key role for early CD4+ T cell responses.
Finally, recall responses to mRNA vaccination
in individuals with preexisting immunity led
to an increase in circulating antibody titers
that correlatedwith preexistingmemory B cell
frequency. However, there was no substantial
increase in the long-term frequency of mem-
ory B and T cells. There was also no significant
difference in the decay rates of antibodies in
SARS-CoV-2–naïve versus –recovered subjects
after vaccination, which suggests that the main
benefit of recall responses to mRNA vaccina-
tion may be a robust but transient increase in
circulating antibodies.

CONCLUSION: These findings demonstratemul-
ticomponent immune memory after SARS-
CoV-2 mRNA vaccination, with memory B
and T cell responses remaining durable even
as antibodies decline. Immune memory was
resilient to VOCs and generated an efficient
recall response upon antigen reexposure. These
durable memory cells may be responsible for
continued protection against severe disease in
vaccinated individuals, despite a gradual reduc-
tion in antibodies. Our data may also inform
expectations for the immunological outcomes
of booster vaccination.▪
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Immune memory after mRNA vaccination. SARS-CoV-2–specific antibody, memory B, and memory T cell
responses were measured at six time points after vaccination, highlighting a coordinated evolution of
durable immunological memory. B cell memory was also resilient to VOCs and capable of producing new
antibodies upon reactivation. IgG, immunoglobulin G; Ab, antibody; NTD, N-terminal domain; TFH, T follicular
helper cell; WT, wild-type.
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The durability of immune memory after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
messenger RNA (mRNA) vaccination remains unclear. In this study, we longitudinally profiled vaccine
responses in SARS-CoV-2–naïve and –recovered individuals for 6 months after vaccination. Antibodies
declined from peak levels but remained detectable in most subjects at 6 months. By contrast, mRNA
vaccines generated functional memory B cells that increased from 3 to 6 months postvaccination,
with the majority of these cells cross-binding the Alpha, Beta, and Delta variants. mRNA vaccination
further induced antigen-specific CD4+ and CD8+ T cells, and early CD4+ T cell responses correlated with
long-term humoral immunity. Recall responses to vaccination in individuals with preexisting immunity
primarily increased antibody levels without substantially altering antibody decay rates. Together, these
findings demonstrate robust cellular immune memory to SARS-CoV-2 and its variants for at least
6 months after mRNA vaccination.

T
he COVID-19 pandemic has resulted in
substantial morbidity and mortality
worldwide. Community-level immunity,
acquired through infection or vaccina-
tion, is necessary to control the pandemic

as the virus continues to circulate (1). mRNA
vaccines encoding a stabilized version of the
full-length severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) spike protein have
been widely administered, and clinical trial
data have demonstrated up to 95% efficacy
in preventing symptomatic COVID-19 (2, 3).
These mRNA vaccines induce potent humoral
immune responses, with neutralizing anti-
body titers proposed as themajor correlate of
protection (4–6). Current evidence suggests
that circulating antibodies persist for at least
6 months postvaccination (7), although there
is some decay from the peak levels achieved
after the second dose. This decline from peak

antibody levels may be associated with an in-
crease in infections over time compared with
the initial months postvaccination (8, 9). Yet,
vaccine-induced immunity remains effective
at preventing severe disease, hospitalization,
and death, even at later time points when anti-
body levels may have declined (10–12).
Previous research has largely focused on

responses early in the course of vaccination,
with transcriptional analysis identifying po-
tential links between myeloid cell responses
and neutralizing antibodies (13). In addition
to the production of antibodies, an effective
immune response requires the generation of
long-lived memory B and T cells. mRNA vac-
cines induce robust germinal center responses
in humans (14, 15), which result in memory
B cells that are specific for both the full-
length SARS-CoV-2 spike protein and the spike
receptor-bindingdomain (RBD) (16–18).mRNA

vaccination has also been shown to generate
spike-specific memory CD4+ and CD8+ T cell
responses (19–22). Although antibodies are
often correlates of vaccine efficacy, memory
B cells and memory T cells are important
components of the recall response to viral
antigens and are a likely mechanism of pro-
tection, especially in the setting of exposures
in previously vaccinated individuals, where
antibodies alone do not provide sterilizing
immunity (23). In such cases, memory B and
T cells can be rapidly reactivated, resulting in
the enhanced control of initial viral replica-
tion and limiting viral dissemination in the
host (24, 25). By responding and restricting
viral infection within the first hours to days
after exposure, cellular immunity can thereby
reduce or even prevent symptoms of disease
(i.e., preventing hospitalization and death)
and potentially reduce the ability to spread
virus to others (26, 27).
Immunological studies of SARS-CoV-2 infec-

tion show that memory B and T cell responses
appear to persist for at least 8 months after
symptom onset (28, 29). However, the dura-
bility of these populations of memory B and
T cells after vaccination remains poorly under-
stood. The emergence of several SARS-CoV-2
variants, includingB.1.1.7 (Alpha), B.1.351 (Beta),
and B.1.617.2 (Delta), has also raised concerns
about increased transmission andpotential eva-
sion from vaccine-induced immunity (30–33).
As such, it is necessary to develop a more-
complete understanding of the trajectory and
durability of immunological memory after
mRNA vaccination, as well as how immune
responses are affected by current variants of
concern (VOCs). Moreover, the United States
and other well-resourced countries have re-
cently announced plans for a third vaccine
booster dose, yet information on how pre-
existing serological and cellular immunity to
SARS-CoV-2 are boosted bymRNAvaccination
remains limited. Specifically, it is unclear how
different components of the immune response
may benefit from boosting and whether boost-
ing has any effect on the durability of these
components. Here, we investigated these key
questions by measuring SARS-CoV-2–specific
antibody, memory B cell, and memory T cell
responses through 6 months postvaccination
in a group of healthy subjects generating pri-
mary immune responses to two doses ofmRNA
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vaccine compared with a group of SARS-
CoV-2–recovered vaccinees generating recall
responses from preexisting immunity. These
analyses provide insights into mRNA vaccine–
induced immunological memory andmay be
relevant for future vaccine strategies, includ-
ing recommendations for additional booster
vaccine doses.

Results and discussion
Cohort design

We collected 348 longitudinal samples from
61 individuals receiving either the Pfizer
BNT162b2 (N = 54) or Moderna mRNA-1273
(N = 7) SARS-CoV-2 vaccines at six time points
(Fig. 1A), ranging from prevaccination base-
line to 6 months postvaccination. This study
design allowed us to monitor the induction

andmaintenance of antigen-specific immune
responses to the vaccine. Specifically, sampling
at 1, 3, and 6 months postvaccination enabled
the analysis of immune trajectories from peak
responses after the secondvaccinedose through
the establishment and maintenance of immu-
nologicalmemory. This cohortwas divided into
two groups on the basis of prior SARS-CoV-2
infection (N = 45 SARS-CoV-2–naïve individu-
als;N = 16 SARS-CoV-2–recovered individuals).
Age and sex were balanced in both groups.
Paired serum and peripheral blood mono-
nuclear cell (PBMC) samples were collected
from all individuals, allowing for a detailed
analysis of both serologic and cellular immune
memory to SARS-CoV-2 antigens. Notably, the
subjects with a prior infection allowed us to
study the dynamics of reactivating preexisting

immunity with mRNA vaccines. Though pre-
existing immunity generated by infection may
differ from that generated by vaccination, re-
sponses observed in this group may provide
insights into the boosting of vaccine-induced
immunity using additional doses of vaccine.

Antibody responses to SARS-CoV-2
mRNA vaccines

We first measured anti-spike and anti-RBD
binding antibody responses in plasma sam-
ples by enzyme-linked immunosorbent assay
(ELISA). As reported previously by our group
and others, mRNA vaccines induced robust
circulating antibody responses to the SARS-
CoV-2 spike protein and spikeRBDwithdistinct
patterns of early response in SARS-CoV-2–naïve
and –recovered individuals (Fig. 1B) (16, 34–36).
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Fig. 1. SARS-CoV-2 mRNA vaccines induce robust antibody responses.
(A) University of Pennsylvania COVID-19 vaccine study design and cohort
summary statistics. (B) Anti-spike and anti-RBD IgG concentrations over time in
plasma samples from vaccinated individuals. (C) Pseudovirus neutralization
titers against WT D614G or B.1.351 variant spike protein over time in plasma
samples from vaccinated individuals. Data are represented as focus reduction
neutralization titer 50% (FRNT50) values. (D) Comparison of D614G, B.1.351, and
B.1.617.2 FRNT50 values at 6 months postvaccination. (E) Correlation between
anti-spike or anti-RBD IgG and neutralizing titers (D614G = black, B.1.351 = green,
and B.1.617.2 = orange; statistics were calculated using nonparametric Spearman
rank correlation). Dotted lines indicate the limit of detection for the assay.

For (B) and (C), black triangles indicate time of vaccine doses, fractions above
plots indicate the number of individuals above their individual baseline at
memory time points, and summary plots show mean values with the 95%
confidence interval. Decay rates were calculated using a piecewise linear mixed-
effects model with censoring. Changes in decay rate over time (linear versus
two-phase decay) were determined on the basis of a likelihood ratio test. D Decay
Rates indicates whether decay rates were different in SARS-CoV-2–naïve
and –recovered groups. Statistics were calculated using unpaired [(B) and (C)]
or paired (D) nonparametric Wilcoxon test with Benjamini-Hochberg (BH)
correction. Blue and red values indicate comparisons within naïve or recovered
groups. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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Peak levels of anti-spike and anti-RBD immuno-
globulin G (IgG) were observed 1 week after
the second vaccine dose and subsequently
declined over the course of the next 2 months
with a half-life of ~28 to 33 days (Fig. 1B),
consistent with the dynamics of a typical im-
mune response. This decrease in antibody
levels slowed from 3 to 6 months postvaccina-
tion (decay rates were significantly different
before and after day 89 by likelihood ratio
rest; P = 0.004 for anti-spike IgG; P = 0.01 for
anti-RBD IgG) (Fig. 1B). Notably, the calcu-
lated decay rates for anti-spike IgG were not
significantly different between SARS-CoV-2–
naïve and –recovered vaccinees. Even after
the decrease from peak antibody responses,
all individuals had detectable anti-spike IgG
at 6 months.
To examine the functional quality of circu-

lating antibodies, we used a neutralization
assay with pseudotyped virus expressing either
the wild-type (WT) spike with the prevailing
D614G mutation or the B.1.351 variant spike
(sequences are provided in the Materials and
methods). We focused on B.1.351 neutralization
because this variant has consistently shown
the highest immune evasion among the cur-
rent VOCs. In line with our binding antibody
data, neutralizing titers for D614G and B.1.351
declined from peak levels after the second
dose to 6 months for both SARS-CoV-2–naïve
and –recovered vaccinees (Fig. 1C). However,
neutralizing titers displayed different decay
kinetics, with slightly longer half-lives than
binding antibody responses. Modeled two-
phase decay rates for D614G neutralization
were not significantly different between SARS-
CoV-2–naïve and –recovered vaccinees with
a half-life of 72 days between 3 to 6 months
postvaccination (Fig. 1C). By contrast, a rela-
tive stabilization of neutralizing titers against
the B.1.351 variant was observed between
3 and 6 months postvaccination in individ-
uals without a prior SARS-CoV-2 infection
with a half-life of 231 days, compared with
63 days in SARS-CoV-2–recovered subjects
(Fig. 1C). We next compared neutralizing titers
to D614G, B.1.351, and B.1.617.2 at 6 months
postvaccination. Neutralizing antibody titers
to B.1.617.2 were similar to D614G (Fig. 1D). By
contrast, neutralizing titers to B.1.351 were
significantly lower than D614G. Despite this
reduced neutralizing ability, 31 of 33 SARS-
CoV-2–naïve and 9 of 9 SARS-CoV-2–recovered
individuals still had neutralizing antibodies
against B.1.351 above the limit of detection at
6 months postvaccination (Fig. 1, C and D).
Finally, cross-sectional analysis of 6-month
antibody responses also demonstrated that
binding antibodies remained highly correlated
with neutralizing titers (Fig. 1E), indicating
that spike- andRBD-specific antibody responses
retain their functional characteristics and neu-
tralizing capacity over time.

Memory B cell responses to SARS-CoV-2
mRNA vaccines
In addition to antibodies, we measured the
frequencies of SARS-CoV-2 spike- and RBD-
specific memory B cells in peripheral blood
using a flow cytometric assay. Antigen speci-
ficity was determined on the basis of binding
to fluorescent SARS-CoV-2 spike and RBD
probes (Fig. 2, A and B). Influenza hemag-
glutinin (HA) from the 2019 flu vaccine season
was also included as a historical antigen
control. Full gating strategies are provided
in fig. S1A.
SARS-CoV-2–specific memory B cells were

detectable in all previously uninfected indi-
viduals after two vaccine doses (the currently
recommended primary vaccination series) and
remained stable as a percentage of total B cells
from 1 to 3months postvaccination (Fig. 2C).
All SARS-CoV-2–recovered individuals in our
study had a robust population of antigen-
specific memory B cells at prevaccination base-
line, and these preexistingmemory B cells were
significantly boosted by the first vaccine dose
with little change after the second vaccine dose
(Fig. 2C). No changes were observed in influ-
enza HA+ memory B cells after SARS-CoV-2
vaccination for either group (Fig. 2C).
Longitudinal analysis revealed a continued

increase in the frequency of spike+ and spike+

RBD+memory B cells from 3 to 6months post-
vaccination in SARS-CoV-2–naïve individuals,
whereas the frequency of these antigen-specific
memory B cells in SARS-CoV-2–recovered sub-
jects continued to decline from peak levels (Fig.
2C). One possible explanation for the observed
increase in frequency of vaccine-induced mem-
ory B cells over time in SARS-CoV-2–naïve
vaccinees is prolonged germinal center activ-
ity, resulting in continued export of memory
B cells. Antigen-specific germinal center B cells
have been documented in axillary lymph nodes
at 15 weeks after mRNA vaccination in SARS-
CoV-2–naïve subjects (14), though germinal
center dynamics in vaccinees with prior im-
munity to SARS-CoV-2 remain to be defined.
SARS-CoV-2–recovered individuals had consist-
ently higher frequencies of antigen-specific
memory B cells up to 3 months postvaccina-
tion (Fig. 2C). However, because of distinct
trajectories, both SARS-CoV-2–naïve and SARS-
CoV-2–recovered individuals had similar fre-
quencies of spike+ and spike+ RBD+ memory
B cells at 6 months postvaccination (Fig. 2C),
perhaps reflecting some upper limit to the fre-
quencies of antigen-specific memory B cells
that can be maintained long-term.
Wenext investigated thephenotype ofmRNA

vaccine–induced memory B cells. Analysis of
immunoglobulin isotypes in SARS-CoV-2–naïve
vaccinees revealed a steady increase in IgG+

memory B cells over time (Fig. 2, D and E,
and fig. S2, A to C), indicating ongoing class-
switching. By contrast, IgM+ cells were most

abundant at preimmune baseline and early
postvaccination time points. IgM+ and IgA+

memory B cells represented a minor fraction
of the overall response in the blood at later
time points (Fig. 2F and fig. S2C). In SARS-
CoV-2–recovered vaccinees, the majority of
spike+ and spike+ RBD+memory B cells were
IgG+ at baseline, and the fraction of IgG+ cells
continued to increase after vaccination (Fig.
2, D and E, and fig. S2, A to C). Moreover, we
assessed the activation status of antigen-
specific memory B cells by CD71 expression
(37). The percent of spike+ memory B cells ex-
pressing CD71 increased over the course of the
primary two-dose vaccine regimen in SARS-
CoV-2–naïve individuals, peaking at 1 week
after the second vaccine dose (Fig. 2G). The
percent of CD71+ antigen–specific memory
B cells then steadily declined by the 6-month
time point, indicating a transition toward a
population of mature resting memory B cells.
A similar decrease in CD71 expression was ob-
served from 1 to 6 months postvaccination in
SARS-CoV-2–recovered individuals (Fig. 2G).
Given the robust generation of spike- and

RBD-binding memory B cells, we next tested
whether vaccine-inducedmemory B cells could
produce functional antibodies upon reacti-
vation. This reactivation-induced antibody
production from memory B cells may be es-
pecially relevant in the setting of antigen
reencounter, either through exposure to live
virus or an additional vaccine dose (38). To
this end, we established an in vitro culture
system to differentiate memory B cells into
antibody-secreting cells (39). PBMC samples
from vaccinated individuals at the 6-month
time point were cultured with a combination
of R848, a Toll-like receptor 7 (TLR7) and TLR8
agonist, and interleukin-2 (IL-2), and culture
supernatants were collected to measure anti-
body levels and function (Fig. 2H). Anti-spike
IgG was detected in supernatants as early as
4 days after stimulation (Fig. 2I), indicating
that memory B cells can act as a rapid source
of secondary antibody production. All 6-month
samples tested generated significant levels of
anti-spike IgG in this assay compared with
unstimulated controls (Fig. 2J). This in vitro
anti-spike IgG production also correlated
with the frequency of spike+ memory B cells
detected by flow cytometry (Fig. 2K). We fur-
ther tested the function of memory B cell–
derived antibodies from culture supernatants
using an ELISA-based RBD–angiotensin-
converting enzyme 2 (ACE2) binding inhibi-
tion assay. RBD-ACE2 binding inhibition
activity was observed and correlated with the
frequency of RBD-specific memory B cells in
peripheral blood (Fig. 2L). Moreover, pseudo-
virus neutralization assays demonstrated that
antibodies produced by memory B cells upon
restimulation were capable of neutralizing
the B.1.351 and B.1.617.2 VOCs (Fig. 2M), and
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Fig. 2. SARS-CoV-2 mRNA vaccines generate durable and functional
memory B cell responses. (A and B) Experimental design (A) and gating
strategy (B) for quantifying the frequency and phenotype of SARS-CoV-2–
specific memory B cells by flow cytometry. Antigen specificity was determined
on the basis of binding to fluorophore-labeled spike, RBD, and influenza
HA tetramers. (C) Frequencies of SARS-CoV-2 spike+, spike+ RBD+, and
influenza HA+ memory B cells over time in PBMC samples from vaccinated
individuals. Data are represented as a percentage of total B cells, black
triangles indicate time of vaccine doses, fractions below plots indicate the
number of individuals above their individual baseline at memory time points,

and summary plots show mean values with the 95% confidence interval.
(D and E) Frequency of isotype-specific spike+ (D) and spike+ RBD+ (E)
memory B cells over time. IgA was assessed on a subset of subjects.
(F) Percent IgG+, IgM+, or IgA+ of SARS-CoV-2–specific memory B cells at
6 months postvaccination. (G) Percent CD71+ of total spike+ memory B cells
over time. (H) Experimental design for in vitro differentiation of memory
B cells into antibody-secreting cells. (I) Anti-spike IgG levels in culture
supernatants over time from PBMCs stimulated with PBS control or R848 +
IL-2 (n = 4). (J) Anti-spike IgG levels in culture supernatants after 10 days
of stimulation (K) Correlation of spike+ memory B cell frequencies by flow
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neutralization titers correlated with both anti-
spike IgG and RBD-ACE2 binding inhibition
(fig. S3, A to D). The neutralization potential of
memory B cell–derived antibodies was greater
for B.1.617.2 than B.1.351 but was not signifi-
cantly different between SARS-CoV-2–naïve
and –recovered vaccinees. Finally, VOC neu-
tralizing titers in culture supernatants cor-
related with the frequency of RBD-specific
memory B cells by flow cytometry (Fig. 2, N
and O), further supporting the functional rele-
vance of quantifying antigen-specific memory
B cells in the blood. Taken together, these data
demonstrate that mRNA vaccines induced a
population of memory B cells that was du-
rable for at least 6 months after vaccination,
and these cells were capable of rapidly produc-
ing functional antibodies against SARS-CoV-2,
including neutralizing antibodies against VOCs,
upon stimulation.

Memory B cell responses to major VOCs

We next developed an expanded antigen probe
panel to better quantify memory B cell specific-
ities to different regions of the spike protein
and test how RBD binding by memory B cells
may be affected by the mutations found in
emerging VOCs. Specifically, we designed
B cell tetramers for eight SARS-CoV-2 anti-
gens, including full-length spike, N-terminal
domain (NTD), multiple variant RBDs (WT,
B.1.1.7, B.1.351, and B.1.617.2), and the S2 do-
main (Fig. 3, A and B). Spike-specific memory
B cells were defined on the basis of a multiple-
discrimination approach, with binding to
full-length spike plus one or more additional
probes. This strategy also allowed us to iden-
tify memory B cells that cross-bind all variant
RBDs (all variant+). SARS-CoV-2 nucleocapsid
was used as a vaccine-irrelevant antigen (but
one for which SARS-CoV-2–infected subjects
had detectable preexisting immunity; fig. S4,
A and B). Full gating strategies are provided
in fig. S1B. We also leveraged a separate co-
hort of health care workers (HCWs) (table S1)
who had mild COVID-19 and were sampled
longitudinally after a positive serology test
to compare vaccine-induced responses with
infection alone (40).
mRNA vaccination induced robust memory

B cell responses to all SARS-CoV-2 spike anti-
gens in previously uninfected individuals, and
the frequency of these memory B cells in-
creased from 3 to 6 months postvaccination

(Fig. 3C). In individuals with immunity from
prior COVID-19, vaccination resulted in a sig-
nificant expansion ofmemory B cells targeting
all spike antigens. These responses subse-
quently contracted from peak levels, remain-
ing slightly above prevaccination frequencies
at 6 months postvaccination (Fig. 3C). In the
mild-infection HCW cohort, a gradual increase
in the frequency of spike+ NTD+ and spike+

all variant+ memory B cells was observed from
2 weeks to 6 months after seropositive test
(Fig. 3C). Cross-sectional analysis at 6months
postvaccination or seropositivity revealed sim-
ilar antigen-specificmemoryB cell frequencies
between all groups (fig. S4B), suggesting that
both vaccination and infection can induce du-
rable memory B cell populations.
Because our panel included probes covering

much of the spike protein, including NTD,
RBD, and S2, we also examined immunodo-
minance patterns and how B cell immuno-
dominance to spike changed over time. In
previously uninfected individuals, ~30% of
spike-binding memory B cells cobound S2
at prevaccine baseline (Fig. 3D). Previous
work has shown that the S2 domain of SARS-
CoV-2 spike is more conserved with other
coronaviruses, and it is likely that S2-binding
memory B cells detected at baseline reflect
cross-reactivity to these commonly circulat-
ing coronaviruses (41, 42). mRNA vaccination
induced robust populations of S2-specific
memory B cells in SARS-CoV-2–naïve vac-
cinees, with S2-binding B cells accounting
for 40 to 80% of the total spike-specific mem-
ory B cell population at 6 months (Fig. 3D).
Although the overall frequency of NTD+ and
RBD+ memory B cells increased over time,
they were comparatively less immunodomi-
nant than S2 as a percentage of total spike+

memory B cells (Fig. 3, C and D). mRNA vac-
cination induced a gradual increase in NTD
specificity over time in SARS-CoV-2–naïve in-
dividuals, whereas RBD specificity as a percent
of spike+ memory B cells had a more prom-
inent peak 1 week after the second vaccine
dose and then stabilized from 3 to 6 months
postvaccination (Fig. 3D). When SARS-CoV-
2–recovered subjects were immunized with
mRNA vaccine, a similar immunodominance
pattern was observed, with S2 specificity rep-
resentingmost of the total anti-spike response
(Fig. 3D). Vaccination transiently increased
NTD and RBD specificity in this group; how-

ever, this effect returned tobaselineby 6months
postvaccination. In the context of infection
only, we found that NTD, RBD, and S2 immuno-
dominance remained relatively stable from
early convalescence through late memory, with
a slight increase in NTD specificity over time
(Fig. 3D).
We next examined memory B cell binding

to B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.617.2
(Delta) variant RBDs relative to WT RBD
(Fig. 3, E and F, and fig. S4, C and D). All RBD
probes were used at the same concentration
to facilitate direct comparisons, and specific
pointmutations are shown in Fig. 3, A and B.
Variant-bindingmemory B cells were detect-
able in all SARS-CoV-2–naïve individuals after
two vaccine doses and were stable as a per-
centage ofWT RBD+ cells from 1 to 6months
postvaccination (Fig. 3F). In SARS-CoV-2–
recovered individuals, vaccination resulted in
a significant increase in memory B cell cross-
binding to the B.1.617.2 variant (Fig. 3F). In
convalescent individuals who recovered from
amild infection, there was a gradual increase
in cross-binding to variants over time (Fig. 3F).
Class-switching to an IgG-dominated response
was also observed in all groups, with vaccina-
tion producing a higher percentage of IgG+

cells compared with infection alone (fig. S4,
E and F). Notably, the variants and corre-
sponding mutations tested in our panel had
different magnitudes of effect (Fig. 3, E and
F, and fig. S4, C and D). B.1.1.7 RBD with a
single N501Y mutation had relatively little
change in binding compared with WT RBD.
Consistent with the in vitro pseudovirus neu-
tralization data above, B.1.351 RBD resulted
in a more-substantial loss of cross-binding,
whereas B.1.617.2 RBD had an intermediate
effect on binding.
Cross-sectional analysis of variant-binding

at the 6-month time point also revealed two
major findings. First, all vaccinated individ-
uals in our studymaintained variant-specific
memory B cells for at least 6 months, with an
average of >50% ofWTRBD+memory B cells
also cross-binding all three major VOCs (Fig.
3, G and H). Second, mRNA vaccination in
SARS-CoV-2–naïve individuals induced a stron-
ger response to B.1.351 than infection alone
(Fig. 3H). One possible explanation for this
difference is the immunogen itself. Vaccinated
individuals mount a primary response to the
mRNA-encoded prefusion stabilized spike
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cytometry with anti-spike IgG levels from in vitro stimulation. (L) Correlation
of RBD+ memory B cell frequencies by flow cytometry with hACE2-RBD
binding inhibition from in vitro stimulation. (M) Pseudovirus (PSV)
neutralizing titers against B.1.351 and B.1.617.2 variants in culture super-
natants after 10 days of stimulation. (N and O) Correlation of RBD+ memory
B cell frequencies by flow cytometry with PSV neutralizing titers of
memory B cell–derived antibodies against B.1.351 (N) and B.1.617.2 (O).

For (D), (E), and (G), lines connect mean values at different time points.
For (K), (L), (N), and (O), correlations were calculated using nonparametric
Spearman rank correlation. Dotted lines indicate the limit of detection of the
assay. Statistics were calculated using unpaired nonparametric Wilcoxon
test with BH correction for multiple comparisons. Blue and red values
indicate comparisons within naïve or recovered groups. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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Fig. 3. Memory B cells induced by mRNA vaccination or infection are cross-
reactive to SARS-CoV-2 VOCs and increase in frequency over time. (A and
B) Experimental design (A) and gating strategy (B) for quantifying the frequency and
phenotype of spike subunit and variant-specific memory B cells by flow cytometry.
Specific mutations in B.1.1.7, B.1.351, or B.1.617.2 variant RBDs are indicated.
(C) Frequencies of spike+ NTD+, spike+ WT RBD+, spike+ all variant+ (all variant
RBD binding), and spike+ S2+ memory B cells over time in PBMC samples from
vaccinated or convalescent individuals. Data are represented as a percentage of total
B cells. (D) Percent NTD+, RBD+, or S2+ of total spike+ memory B cells over time.
(E) Representative plots of variant RBD cross-binding gated on spike+ WT RBD+ cells
in vaccinated or convalescent individuals. Mean and standard error values at
the 6-month time point are indicated. (F) Percent B.1.1.7+, B.1.351+, B.1.617.2+, or all

variant+ of WT RBD+ memory B cells over time. (G) Boolean analysis of variant
cross-binding memory B cell populations in vaccinated, infected then vaccinated, or
infected-only individuals at 6 months after vaccination or seropositivity. Pie charts
indicate the fraction of WT RBD+ memory B cells that cross-bind zero, one, two, or
three variant RBDs. Colored arcs indicate cross-binding to specific variants.
(H) Cross-sectional analysis of variant binding as a percentage of WT RBD+ memory
B cells at 6 months after vaccination or seropositivity. For (C), (D), and (F), thick lines
indicate mean values, and thin lines represent individual subjects. Statistics were
calculated using paired [(C), (D), and (F)] or unpaired (H) nonparametric Wilcoxon
test with BH correction for multiple comparisons. Blue, red, and purple values
indicate comparisons within naïve, recovered, or infection-only groups, respectively.
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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trimer, potentially allowing for increased
recruitment and/or selection of specific clones
that canbind conserved regions ofRBD (43,44).
By contrast, convalescent individuals were
primed against native, nonstabilized spike pro-
tein. Taken together, our data indicate robust
B cell memory to multiple components of the
spike protein as well as currently described
VOCs that continues to evolve and increase in
frequency over time.

Clonal evolution of variant-specific
memory B cells
We next asked what differences may underly
variant-binding versus nonbinding proper-
ties of memory B cells. Here, we focused on
the Beta B.1.351 variant RBD containing the
K417N, E484K, and N501Ymutations because
this variant resulted in the greatest loss of
binding relative to WT RBD (Fig. 3, E, G, and
H). We designed a sorting panel to identify

three populations of memory B cells with
different antigen-binding specificities: (i) mem-
ory B cells that bind full-length spike but not
RBD, (ii) memory B cells that bind full-length
spike andWTRBDbut not B.1.351 variant RBD,
and (iii) memory B cells that bind full-length
spike and cross-bind both WT and B.1.351 var-
iant RBD (Fig. 4A and fig. S5A). Naïve B cells
were also sorted as a control. These populations
were isolated from eight SARS-CoV-2–naïve
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Fig. 4. Variant-binding memory B cell clones use distinct VH genes and
evolve through somatic hypermutation. (A) Experimental design for sorting
and sequencing SARS-CoV-2–specific memory B cells. (B) Frequency of RBD++

(B.1.351 variant cross-binding) memory B cells as a percentage of total RBD+

cells. (C) Percentage of sequence copies occupied by the top 20 ranked
clones (D20) across naïve B cells and different antigen-binding memory B cell
populations. (D) Heatmap and hierarchical clustering of VH gene usage
frequencies in memory B cell clones across different antigen-binding populations.
Data are represented as the percentage of clones with the indicated VH gene
per column. (E and F) Somatic hypermutation (SHM) density plots (E) and
boxplots of individual clones across naïve B cells and different antigen-binding
memory B cell populations (F). Data are represented as the percent of
mutated VH nucleotides. Number of clones sampled for each population
is indicated. For (C) to (F), data were filtered on clones with productive
rearrangements and ≥2 copies. (G) Venn diagram of clonal lineages that are
shared between WT RBD and RBD cross-binding (RBD++) populations. Data were

filtered on the basis of larger clones with ≥50% mean copy number frequency
(mcf) in each sequencing library. (H) Example lineage trees of clones with
overlapping binding to WT and B.1.351 variant RBD. VH genes and CDR3
sequences are indicated. Numbers refer to mutations compared with the
preceding vertical node. Colors indicate binding specificity, black dots indicate
inferred nodes, and size is proportional to sequence copy number. GL, germline
sequence. (I) Classification of SHM within overlapping clones. Each clone
was defined as having higher (or equal) SHM in WT RBD binders or RBD++

cross-binders on the basis of average levels of SHM for all WT RBD versus RBD++

sequence variant copies within each lineage. (J) SHM levels within overlapping
clones. Data are represented as the percentage of mutated VH nucleotides
for WT RBD and RBD++ sequence copies. Statistics were calculated using
unpaired nonparametric Wilcoxon test, with BH correction for multiple comparisons
in (C) and (F). Notches on boxplots in (F) and (J) indicate a 95% confidence
interval of the median. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001;
ns, not significant.
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and four SARS-CoV-2–recovered individuals
at 3 to 4 months postvaccination (Fig. 4A and
fig. S5A). Consistent with our previous data,
between 50 and 80%ofWTRBD+ cells cobound
B.1.351 variant RBD (Fig. 4B), which indicates
that a majority of RBD epitopes in the response
are shared by the WT and mutant RBDs.
To gain insight into the clonal composition

of the different spike and/or RBD-binding
B cell populations, IgH rearrangements were
amplified from the sorted populations (N =
48 total), and related sequences were grouped
into clones (table S2).We analyzed the contribu-
tion of the top copy number clones to the overall
repertoire asmeasured by the diversity 20 (D20)
index (i.e., the percent of the overall response
composed of the top 20 clones). The D20 index
ranged from <1% for naïve B cells (which is
expected for a diverse, nonclonally expanded
population) to >20% for some of the antigen-
binding populations (Fig. 4C). Clones that
cross-bound bothWT and B.1.351 RBD trended
toward higher D20 scores, suggesting greater
clonal expansion and/or lower diversity com-
pared with the other antigen-binding popula-
tions (Fig. 4C). The clonality of antigen-binding
memoryB cell populationswasnot significantly
different after vaccination on the basis of prior
immunity, although there was heterogeneity
in clonal expansion across individuals.
We further analyzed immunoglobulin heavy-

chain variable region (IGHV) gene usage across
the different antigen-bindingmemory B cell pop-
ulations. Hierarchical clustering revealed that
VH gene profiles were overall similar in vac-
cinated individuals regardless of prior SARS-
CoV-2 infection status (Fig. 4D and fig. S5B),
indicating that both vaccination and infection
followed by vaccination can recruit similar
clones into the response. Rather, IGHV gene
usage largely clustered on the basis of the
antigen specificity, with increased usage of
VH3-53 and VH3-66 in RBD cross-binding
clones (Fig. 4D and fig. S5B). Notably, both of
these IGHV genes are known to be enriched
in RBD-binding B cells (45, 46). These dif-
ferences in IGHV gene usage betweenWT only
and variant cross-binding phenotype suggested
that these cells may derive, at least partially,
from different B cell clones that were inde-
pendently recruited into the vaccine response.
Analysis of VH gene sequences also revealed

clear differences in somatic hypermutation
(SHM) between the different antigen-binding
populations. As expected, SARS-CoV-2–specific
memory B cell clones had significantly more
VH nucleotide mutations compared with naïve
B cell clones (Fig. 4, E and F, and fig. S5C).
Spike+, RBD nonbinding memory B cells
(which include NTD- and S2-binding pop-
ulations) had high SHM (Fig. 4, E and F, and
fig. S5C), consistent with germinal center–
dependent responses aswell as possible recall
responses of preexisting S2 cross-reactive

clones. Notably, significantly higher levels of
SHM were observed in variant RBD cross-
binding clones compared with WT RBD only
clones (Fig. 4, E and F, and fig. S5C). Addition-
ally, boosting of infection-acquired immunity
bymRNAvaccination inSARS-CoV-2–recovered
donors did not produce higher SHM in RBD-
binding memory B cell clones compared with
vaccination alone (Fig. 4F).
To determinewhether variant cross-binding

clones could evolve fromWT RBD-binding
clones, we next investigated whether there
was any clonal overlap between these popula-
tions. For clonal overlap analysis, we focused
on larger clones (defined as having copy num-
bers at or above 50% of themean copy number
frequency within each sequencing library)
(47) because larger clones are more readily
sampled at both the clonal and subclonal levels.
Among such larger clones, 2.5% had sequence
variants that were isolated from both WT RBD
and cross-binding populations (Fig. 4G and fig.
S5D). Lineage analysis revealed that WT and
cross-binding sequence variants localized on
separate branches (representative lineages
shown in Fig. 4H), indicating that the shift in
antigen-reactivity was not a result of contam-
ination of the sorted populations (in which
case sequence variants localize to the same
nodes). Next, to determine whether cross-
binding activity arose from WT binding or
vice versa, we used SHM as amolecular clock
and counted the fraction of overlapping clonal
lineages in which variant binding had higher,
lower, or equivalent levels of SHM toWTRBD-
binding variants. Consistent with the overall
SHM data, this analysis of overlapping clones
revealed higher levels of SHM in the variant
binding sequences compared with WT only
binding sequences (Fig. 4, I and J), suggesting
a clonal evolution from WT only binding to
variant RBD cobinding for at least some clones.
Taken together, these data indicate that

mRNA vaccine–induced memory B cells that
bind variant RBDs have higher SHM com-
pared with clones that only bind WT RBD.
Moreover, the clonal relationships between
WT-only and cross-binding RBD-specific
memory B cells suggest that variant binding
capacity can evolve from clones that initially
bound to WT RBD. Ongoing evolution and
selection of these clones could therefore fa-
cilitate cross-protection against different VOCs.
These findings are consistent with earlier work
that has suggested that SHMand affinitymatu-
ration are important for the acquisition of
broader neutralization activity of RBD-binding
antibodies that are formed in response to SARS-
CoV-2 infection (48, 49). It is presently unclear
how additional antigen exposure through
booster vaccination, environmental virus
exposure, or overt infection may affect addi-
tional affinity maturation toward improved
variant binding.

Memory CD4+ and CD8+ T cell responses to
SARS-CoV-2 mRNA vaccines
In addition to antibodies and memory B cells,
memory T cells can contribute to protection
upon reexposure to virus. Memory T cell re-
sponses have also been shown to be less affected
by VOCs than humoral immune responses
(21, 50). To determine whethermRNA vaccina-
tion induced durable antigen-specific memory
T cell responses, we performed a flow cyto-
metric analysis using an activation-induced
marker (AIM) assay. PBMCs were stimulated
with peptide megapools containing optimized
spike epitopes (51, 52). Antigen-specific re-
sponses were quantified as the frequency of
AIM+ non-naïve T cells in stimulated samples
with background subtraction from paired un-
stimulated controls (Fig. 5, A and B) (19). Full
gating strategies are provided in fig. S6. Antigen-
specific CD4+ T cells were defined on the basis
of coexpression of CD40L and CD200. Antigen-
specific CD8+ T cells were defined on the basis
of expression of four of five total activation
markers, as described previously (19).
Consistent with recent studies, SARS-CoV-2

mRNA vaccination efficiently primed antigen-
specific CD4+ T cells and CD8+ T cells (Fig. 5, C
and D) (20–22). All individuals in our cohort,
regardless of prior infection with SARS-CoV-2,
had detectable CD4+ T cell responses above
their individual baseline 1 week after the sec-
ond vaccine dose (Fig. 5C). Most (36 of 41)
SARS-CoV-2–naïve individuals also generated
detectable CD8+ T cell responses after the sec-
ond dose (Fig. 5D). By contrast, vaccination did
little to further boost prevaccination antigen-
specific CD8+ T cell frequencies in SARS-CoV-
2–recovered individuals (Fig. 5D). A marked
contraction phase was observed from peak
responses to 3 months postvaccination, with a
half-life of 47 days for CD4+ T cells and 27 days
for CD8+ T cells (Fig. 5, C and D). These ki-
netics are consistent with a typical T cell re-
sponse after the effector phase (53). After this
initial contraction, antigen-specific memory
CD4+ T cell frequencies stabilized from 3 to
6 months postvaccination with a half-life of
187 days, whereas CD8+ T cells continued to
decline. Overall, 28 of 31 SARS-CoV-2–naïve in-
dividuals had vaccine-induced antigen-specific
CD4+ T cell responses at 6 months postvac-
cination above prevaccination baseline lev-
els, and 13 of 31 had detectable CD8+ T cell
responses above baseline (Fig. 5, C and D). In
SARS-CoV-2–recovered subjects, mRNA vac-
cination had only a modest effect on T cell
responses and did not elevate the magnitude
of long-term antigen-specific CD4+ or CD8+

T cell memory above baseline levels (Fig. 5, C
and D). Taken together, these data indicate
that mRNA vaccination generates durable
SARS-CoV-2–specific CD4+ T cell memory in
individuals who were not previously infected
with SARS-CoV-2 and only transiently boosts
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Fig. 5. SARS-CoV-2 mRNA vaccines generate durable memory T cell
responses. (A and B) Experimental design (A) and gating strategy (B) for
quantifying the frequency of SARS-CoV-2–specific CD4+ and CD8+ T cells by
AIM assay. For CD4+ T cells, antigen specificity was defined on the basis of
coexpression of CD40L and CD200. For CD8+ T cells, antigen specificity was
defined on the basis of expression of at least four of five activation markers,
as indicated in (A). (C and D) Frequencies of AIM+ CD4+ T cells (C) and AIM+

CD8+ T cells (D) over time in PBMC samples from vaccinated individuals.
Data were background subtracted using a paired unstimulated control for each
time point and are represented as a percentage of non-naïve CD4+ or CD8+

T cells. Black triangles indicate time of vaccine doses, fractions above plots
indicate the number of individuals above their individual baseline at memory time
points, and summary plots show mean values with the 95% confidence interval.
Decay rates were calculated using a piecewise linear mixed-effects model
with censoring. D Decay Rates indicates whether decay rates were different

in SARS-CoV-2–naïve and –recovered groups. (E) AIM+ CD4+ T cell memory
subsets were identified on the basis of surface expression of CD45RA, CD27,
and CCR7. (F) Frequencies of AIM+ CD4+ T cell memory subsets over time.
(G) Correlation matrix of memory subset skewing at peak (1-month) response
with total AIM+ CD4+ T cell durability at 3 and 6 months. Durability was measured
as the percentage of peak response maintained at memory time points for
each individual. (H) Correlation between percent of EM1 cells at peak response
and 6-month durability. (I) AIM+ CD4+ T helper subsets were defined on the basis
of chemokine receptor expression. (J) Frequencies of AIM+ CD4+ T helper
subsets over time. For (F) and (J), lines connect mean values at different time
points. Dotted lines indicate the limit of detection for the assay. Statistics
were calculated using unpaired nonparametric Wilcoxon test with BH correction
for multiple comparisons. Correlations were calculated using nonparametric
Spearman rank correlation. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001;
ns, not significant.
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these responses in SARS-CoV-2–recovered
individuals.
Antigen-specific T cells can further be clas-

sified into different memory subsets using cell
surface markers (Fig. 5E). Peak CD4+ T cell
responses after SARS-CoV-2 mRNA vaccina-
tion were composed of predominantly central
memory [(CM); CD45RA− CD27+ CCR7+] and
effector memory 1 [(EM1); CD45RA− CD27+

CCR7−] cells in both SARS-CoV-2–naïve and
–recovered individuals (Fig. 5F) (19). During
contraction from peak responses, antigen-
specific CCR7+ CM cells were largely lost from
circulation, whereas antigen-specific CCR7-
EM1 cells stabilized in frequency from 3 to
6 months postvaccination. Moreover, the per-
centage of the peak CD4+ response that was
EM1 cells, but not other memory subsets,
was significantly associated with the durabil-
ity of the overall CD4+ T cell response at 3
and 6 months postvaccination (Fig. 5, G and
H), which suggests that EM1s are long-lived
memory CD4+ T cells and that early skewing
toward an EM1 phenotype contributes to du-
rable CD4+ T cell memory. Although our AIM
assay allows for the detection of low-frequency
memory CD8+ T cell responses for overall
quantification, reliable subsetting of antigen-
specific CD8+ T cells at memory time points
was not feasible because of the low number
of events.
mRNA vaccination also preferentially in-

duced antigen-specific CD4+ circulating T fol-
licular helper cells (cTFH cells) and T helper
cells (TH1 cells) in both SARS-CoV-2–naïve and
–recovered individuals, whereas TH2, TH17,
and TH1/17 cells were detected at lower levels
in the AIM assay (Fig. 5I). Although the over-
all frequency of antigen-specific CD4+ T cells
stabilized from 3 to 6 months postvaccina-
tion, cTFH and TH1 cells had distinct trajec-
tories. Specifically, cTFH cells declined more
rapidly than TH1 cells both during the initial
contraction phase and from 3 to 6 months
postvaccination (Fig. 5J), perhaps reflect-
ing redistribution of TFH cells into lymph-
oid tissues. By contrast, spike-specific TH1
cells did not decline in the blood from 3 to
6 months postvaccination. Although cTFH

cells may be important in the early stages
of vaccine response, these data indicate that
the durable component of the memory CD4+

T cell response at 6 months postvaccina-
tion is largely composed of TH1 cells, and the
boosting of preexisting immunity withmRNA
vaccine does not change the magnitude or
subset composition of the CD4+ memory
T cell response.

Integrated analysis of immune components and
vaccine-induced memory to SARS-CoV-2

A goal of this study was to assess the devel-
opment of multiple components of antigen-
specific immune memory over time in the

same individuals after SARS-CoV-2 mRNA
vaccination. This dataset allowed us to inte-
grate longitudinal antibody, memory B cell,
and memory T cell responses to construct
an immunological landscape of SARS-CoV-2
mRNA vaccination. To this end, we applied
uniform manifold approximation and pro-
jection (UMAP) to visualize the trajectory of
vaccine-induced adaptive immunity over time.
This analysis revealed a continued evolution of
the overall immune response in SARS-CoV-2–
naïve subjects after mRNA vaccination with
different time points occupying largely non-
overlapping UMAP space (Fig. 6A). Projection
of individual immune components onto the
UMAP space revealed that primary vaccina-
tion was largely defined by rapid induction
of CD4+ T cell immunity (Fig. 6B). The second
vaccine dose induced peak antibody, CD4+

T cell, and CD8+ T cell responses. Antibodies
and CD4+ T cells then remained durable
through later memory time points, coinciding
with a trajectory shift toward peak memory
B cell responses. Notably, all 6-month samples
clustered away from preimmune baseline
samples (Fig. 6A), highlighting the durable
multicomponent immunememory induced by
mRNA vaccination. At 6 months, we observed
some heterogeneity in the immune landscape.
This heterogeneity may be partially driven by
a significant negative correlation between age
and anti-spike IgG (fig. S7, A and B). Sex did
not appear to have any association with the
overall antigen-specific response to mRNA
vaccination (fig. S7C). SARS-CoV-2–recovered
individuals occupied a wide range of UMAP
space at baseline, highlighting the variability
of infection-induced virus-specific immunity
(Fig. 6A). Time since infection did not ap-
pear to fully explain the observed variabil-
ity for SARS-CoV-2–recovered individuals
at prevaccine baseline (fig. S7D). Vaccination
uniformly shifted SARS-CoV-2–recovered in-
dividuals at 3 months postvaccination to a
region defined by high levels of all antigen-
specific immune parameters analyzed (Fig. 6A).
This region was largely unoccupied by SARS-
CoV-2–naïve vaccinees, underscoring the po-
tency of reactivating preexisting immune
responses. These distinctively high responses
were transient, however, as SARS-CoV-2–
recovered individuals at 6 months postvac-
cination shifted toward the UMAP space
occupied by memory time points in SARS-
CoV-2–naïve individuals at 3 and 6 months
postvaccination.
A second question is how different antigen-

specific mRNA vaccine–induced immune com-
ponents interact with each other over time.
Antibody responses after the first or second
vaccine dose did not correlate with the mag-
nitude of B cell memory at 6 months (Fig. 6C).
However, at 3 and 6 months postvaccination,
antibodies were significantly associated with

contemporaneous memory B cell responses,
an effect most prominent for B.1.351 neutraliz-
ing titers (Fig. 6C). Given the role of TFH cells
in generating efficient humoral immunity, we
next investigated the relationship between
antigen-specific T cells and humoral responses.
CD4+T cell responses, especially cTFH responses,
as early as 2 weeks after the first dose of mRNA
vaccine were positively correlated with anti-
body responses up to and including 6 months
postvaccination (Fig. 6D and fig. S7E). This
observation suggested that rapid mobilization
of CD4+ T cell responses by the first mRNA
vaccine dose had a lasting effect on humoral
immunity. Like memory B cells, the magni-
tude of CD4+ T cell responses at 6 months was
also correlated with antibodies at 6 months
(Fig. 6D), suggesting that antibody levels may
provide a useful (though incomplete) proxy for
the magnitude of memory B and CD4+ T cell
responses at 6 months postvaccination. Taken
together, these data identify key temporal
relationships between different branches of
the human immune response that are asso-
ciated with long-term immunememory after
mRNA vaccination.
Next, we investigated whether the magni-

tude of peak responses after the second vaccine
dose in SARS-CoV-2–naïve subjects was pre-
dictive ofmemory responses at 3 and 6months.
Peak antibody levels were significantly cor-
related with later antibody levels (fig. S7F).
Memory B cell frequencies 1 week after the
second dose were also correlated significantly
with 3- and 6-month frequencies (fig. S7F).
Like antibodies and memory B cells, peak
T cell responses after the second dose were
predictive of later time points (fig. S7F). Over-
all, these data suggest that the magnitude
and trajectory of individual components of
the immune response are patterned soon after
the second vaccine dose in SARS-CoV-2–naïve
individuals.
This dataset also presented an opportunity

to investigate the effect of mRNA vaccination
in subjects with preexisting immunity, in this
case from a prior SARS-CoV-2 infection. To
investigate the dynamics of these recall re-
sponses, we examined the change in individ-
ual SARS-CoV-2–specific immune responses
from prevaccine baseline levels. Vaccination
modestly increased preexisting memory B cell
and CD4+ T cell frequencies at 1 month, with
a more robust increase in antibody levels
(Fig. 6E). To investigate the contribution of
preexisting immune memory to these recall
antibody responses, we correlated the mag-
nitude of prevaccine memory responses with
the change in antibody levels after vaccination.
The frequency of SARS-CoV-2–specific mem-
ory B cells was the only feature of preexisting
immunity that correlated significantly with
antibody responses after vaccination (Fig. 6F),
consistent with amajor role formemory B cells

Goel et al., Science 374, eabm0829 (2021) 3 December 2021 10 of 17

RESEARCH | RESEARCH ARTICLE



in recall responses. Because we observed that
memory B cell frequencies continue to in-
crease in the months postvaccination, we
investigated whether time since infection
affected the magnitude of the antibody recall

response. A longer interval between infection
and vaccination was correlated with a signif-
icantly greater neutralizing antibody recall
response to D614G, with similar trends for
B.1.351 neutralization and for binding anti-

bodies to spike and RBD (Fig. 6F). Thus, these
data suggest that there may be some benefit
to a longer interval between initial priming
and subsequent restimulation or boost of im-
mune responses to SARS-CoV-2.
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Fig. 6. Immune trajectories and relationships in response to SARS-CoV-2
mRNA vaccination. (A) UMAP of 12 antigen-specific parameters of antibody,
memory B, and memory T cell responses to mRNA vaccination in SARS-CoV-2–
naïve and –recovered subjects. Data points represent individual participants
and are colored by time point relative to primary vaccine. (B) Kernel density plots
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components. (C) Correlation matrix of antibody and memory B cell responses
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humoral responses over time in SARS-CoV-2–naïve subjects. (E) Decay kinetics

of antibody, memory B cell, and memory T cell parameters over time in
SARS-CoV-2–naïve and –recovered vaccinees. Data are normalized to prevaccine
levels in SARS-CoV-2–recovered individuals to evaluate the effect of boosting
preexisting immunity. Lines connect mean values at different time points, ribbons
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mean values at baseline. (F) Correlation matrix of baseline memory components
and time since infection with antibody recall responses after vaccination in
SARS-CoV-2–recovered individuals. Recall responses were calculated as the
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were calculated using nonparametric Spearman rank correlation.
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Finally, we evaluated the decay kinetics of
SARS-CoV-2–specific recall responses. Boost-
ing of spike- and RBD-specific memory B cell
and memory CD4+ T cell responses was tran-
sient and returned to prevaccination baseline
by 3 to 6months (Fig. 6E). CD8+T cell responses
were not boosted in SARS-CoV-2–immune
subjects and decayed from peak at a compa-
rable rate to that in SARS-CoV-2–naïve vac-
cinees (Fig. 6E). The increase in anti-spike and
anti-RBD binding antibodies was also tran-
sient and returned tonear baseline by 6months
postvaccination (Fig. 6E). D614G and B.1.351
neutralizing antibody remained substantial-
ly above prevaccine baseline levels (~10-fold
increase at 6months), but these antibody levels
were also declining over time. Notably, the
decay rate of antibodies was similar between
SARS-CoV-2–naïve and SARS-CoV-2–recovered
vaccinees (Fig. 6E). Lastly, we estimated the
benefit of mRNA vaccine–mediated boosting
of preexisting immunity in this setting by cal-
culating, on the basis of antibody half-lives,
the time it would take for recall responses to
return to prevaccine antibody levels. We es-
timated from these calculations that recall
responses to mRNA vaccination will main-
tain antibodies above prevaccination levels
in this cohort of mostly young individuals
who recovered from mild COVID-19 for ~7 to
16 months. Additionally, recall responses in
this cohort remained above peak responses
in SARS-CoV-2–naïve vaccinees, where clinical
efficacy is well established, for 2 to 3 months
for spike-binding antibodies and6 to 10months
for neutralizing titers (table S3). Overall, these
data suggest that boosting of infection-induced
immunity with mRNA vaccination does not
substantially enhance already durable mem-
ory B cell or memory T cell responses. Rather,
the benefit of vaccination in the context of
preexisting immunity may be limited to a sig-
nificant but transient increase in antibodies,
with some of this benefit to antibody levels
remaining at 6 months.

Concluding remarks

These studies provide insight into the evolu-
tion of immunological memory after SARS-
CoV-2 mRNA vaccination. Specifically, the
continued increase in SARS-CoV-2–specific
memory B cells between 3 and 6 months after
mRNA vaccination, even as antibody levels
declined in the same individuals, suggests that
prolonged germinal center reactions (14) con-
tinue to generate circulating memory B cells
for at least several months after vaccination.
A majority of these memory B cells were able
to cross-bind VOCs, including B.1.1.7 (Alpha),
B.1.351 (Beta), and B.1.617.2 (Delta), and clonal
relationships indicated that at least some of
these cross-binding memory B cells evolved
through somatic hypermutation from clones
that initially lacked variant binding. This evo-

lution of variant binding may have implica-
tions for booster strategies aimed at targeting
antibody responses to future variants. As dem-
onstrated here, these memory B cells are
capable of mounting rapid recall responses,
providing a new source of antibodies upon
infection or booster vaccination. Furthermore,
there may be differences in immunity gener-
ated by mRNA vaccination versus infection, as
memory B cells 6 months postvaccination
were qualitatively superior at binding VOCs
compared withmemory B cells 6 months after
recovering frommild COVID-19. Variant bind-
ing developed rapidly after two-dose mRNA
vaccination but evolved more slowly after in-
fection, consistent with conclusions drawn
from other approaches (17). In addition to
durable B cell memory, SARS-CoV-2–specific
memory CD4+ T cells were relatively stable
from 3 to 6 months after mRNA vaccination,
and the vast majority of vaccinees maintained
robust CD4+ T cell responses at 6 months.
Early CD4+ T cell responses correlated with
3- and 6-month humoral responses, highlight-
ing a role for T cell immunity in shaping the
overall response to vaccination. Together,
these data identify durable cellular immunity
for at least 6 months after mRNA vaccina-
tion, with persistence of high-qualitymemory
B cells and strong CD4+ T cell memory in
most individuals.
These data may also provide context for

understanding potential discrepancies in vac-
cine efficacy at preventing infection versus
severe disease, hospitalization, and death
(10, 11). Declining antibody titers over time
likely reduce the potential that vaccination
will completely prevent infection or provide
near-sterilizing immunity. However, the dura-
bility of cellular immunity, here demonstrated
for at least 6 months, may contribute to rapid
recall responses that can limit initial viral rep-
lication and dissemination in the host, thereby
preventing severe disease. Finally, by exam-
ining individuals with preexisting immunity
after infection, we were able to gain insights
into the possible effects of booster vaccination.
In this setting, boosting of preexisting immu-
nity from prior infection with mRNA vaccina-
tion mainly resulted in a transient benefit to
antibody titers with little-to-no long-term in-
crease in cellular immune memory. Antibody
decay rates were similar in SARS-CoV-2–naïve
and –recovered vaccinees, which suggests that
additional vaccine doses will temporarily pro-
long antibody-mediated protection without
fundamentally altering the underlying land-
scape of SARS-CoV-2 immune memory. It will
be important to examine whether similar
dynamics exist after other types of immune
boosting, including a third dose of mRNA
vaccine in previously vaccinated individuals or
SARS-CoV-2 infections that occur after vaccina-
tion. Nevertheless, these data provide evidence

for durable immune memory at 6 months af-
ter mRNA vaccination and are relevant for
interpreting epidemiological data on rates of
infections in vaccinated populations and the
implementation of booster vaccine strategies.
Despite the overall strengths of this study,

including the large sample size and integrated
measurement of multiple components of the
antigen-specific adaptive immune response,
there are several limitations. First, the overall
number of subjects, although substantial for
studies with high depth of immune profiling,
was still limited compared with epidemiolog-
ical or phase 3 clinical trials. In particular, only
9 to 10 individuals with preexisting immunity
fromSARS-CoV-2 infectionwere fully sampled
through 6 months postvaccination. Second, it
is possible that the time points in this study
do not perfectly capture the full kinetics of
the response for each individual immune com-
ponent. For example, it is possible that antibody
levels could stabilize at time points beyond
6 months rather than continuing to decay at
the observed rates. Additionally, the com-
parison of variant-specific immune memory
induced by vaccination versus infection is
limited to mild COVID-19 cases and does not
include more-severe disease. Time points for
sampling of infection only, although broadly
consistent with the vaccination studies, were
also not perfectly aligned with the date of
actual infection because samples were lon-
gitudinally collected after a positive serology
test rather than an acutely positive polymerase
chain reaction (PCR) test in most cases. Re-
garding CD8+ T cell responses, our AIM assay
was effective at capturing peak responses after
vaccination; however, this assay may not be
sensitive enough to detect very low-frequency
CD8+ T cells at memory time points. Other
approaches, such as major histocompatibility
complex (MHC) tetramers, will be necessary
in the future to further interrogate memory
CD8+ T cell responses after vaccination. Fi-
nally, our cohort is skewed toward young,
healthy individuals. As such, the results de-
scribed may not fully represent the durability
of vaccine-induced immunity in older individ-
uals or in populations with chronic diseases
and/or compromised immune systems, and
future studies will be required to better quan-
tify the immune response over time in these
populations.

Materials and methods
Clinical recruitment and sample collection

Sixty-one individuals (45 SARS-CoV-2–naïve;
16 SARS-CoV-2–recovered) were consented and
enrolled in the longitudinal vaccine studywith
approval from the University of Pennsylvania
Institutional Review Board (IRB no. 844642).
All participants were otherwise healthy and,
based on self-reportedhealth screening, did not
have any history of chronic health conditions.
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Subjects were stratified on the basis of self-
reporting and laboratory evidence of a prior
SARS-CoV-2 infection. All subjects received
either Pfizer (BNT162b2) or Moderna (mRNA-
1273) mRNA vaccines. Samples were collected
at six time points: baseline, ~2 weeks after pri-
mary immunization, day of secondary immuni-
zation, ~1 week after secondary immunization,
~3 months after primary immunization, and
~6 months after primary immunization.
Eighty to 100 mL of peripheral blood samples
and clinical questionnaire data were collected
at each study visit. A separate cohort of 26
SARS-CoV-2–convalescent individuals was
used to compare vaccine-induced immune
responses with immune responses upon SARS-
CoV-2 infection. This cohort was a subset from
a sero-monitoring study previously described
(40) that was approved by the University of
Pennsylvania Institutional Review Board (IRB
no. 842847). Recent or active SARS-CoV-2 in-
fections were identified on the basis of SARS-
CoV-2RBDantibody levels and/or SARS-COV-2
PCR testing. Longitudinal samples were col-
lected from seropositive participants up to
~200 days after seroconversion to study long-
term immune responses. Full cohort and de-
mographic information is provided in table
S1. Additional healthy donor samples were
collected with approval from the University
of Pennsylvania Institutional Review Board
(IRB no. 845061)

Peripheral blood sample processing

Venous blood was collected into sodium hep-
arin and EDTA tubes by standard phlebotomy.
Blood tubes were centrifuged at 3000 rpm for
15min to separate plasma. Heparin and EDTA
plasma were stored at −80°C for downstream
antibody analysis. Remaining whole blood was
diluted 1:1 with R1 [RPMI + 1% fetal bovine
serum (FBS) + 2 mM L-glutamine + 100 U
penicillin/streptomycin] and layered onto
SEPMATE tubes (STEMCELL Technologies)
containing lymphoprep gradient (STEMCELL
Technologies). SEPMATE tubes were centri-
fuged at 1200 g for 10 min and the PBMC frac-
tion was collected into new tubes. PBMCs were
then washed with R1 and treated with ACK
lysis buffer (Thermo Fisher) for 5min. Samples
were washed again with R1, filtered with a
70 mmfilter, and counted using a Countess auto-
mated cell counter (Thermo Fisher). Aliquots
containing 5 to 10 × 106 PBMCs were cryo-
preserved in fresh 90% FBS 10% dimethyl sul-
foxide (DMSO).

Detection of SARS-CoV-2 spike- and
RBD-specific antibodies

Plasma samples were tested for SARS-CoV-
2–specific antibody by ELISA as previously
described (16, 54). Plasmids encoding the
recombinant full-length spike protein and the
RBDwere provided by F. Krammer (Mt. Sinai)

and purified by nickel-nitrilotriacetic acid resin
(Qiagen). ELISA plates (Immulon 4 HBX;
Thermo Fisher Scientific) were coated with
phosphate-buffered saline (PBS) or 2 ug/mL
recombinant protein and stored overnight at
4°C. The next day, plates were washed with
PBS containing 0.1% Tween-20 (PBS-T) and
blocked for 1 hour with PBS-T supplemented
with 3% nonfat milk powder. Samples were
heat-inactivated for 1 hour at 56°C and di-
luted in PBS-T supplemented with 1% nonfat
milk powder. After washing the plates with
PBS-T, 50 mL diluted sample was added to
each well. Plates were incubated for 2 hours
and washed with PBS-T. Next, 50 mL of 1:5000
diluted goat anti-human IgG-HRP (Jackson
ImmunoResearch Laboratories) or 1:1000
diluted goat anti-human IgM-HRP (Southern-
Biotech) was added to each well and plates
were incubated for 1 hour. Plates were washed
with PBS-T before 50 mL SureBlue 3,3′,5,5′-
tetramethylbenzidine substrate (KPL) was
added to each well. After 5 min incubation,
25 mL of 250mMhydrochloric acidwas added
to each well to stop the reaction. Plates were
read with the SpectraMax 190 microplate
reader (Molecular Devices) at an optical den-
sity (OD) of 450 nm. Monoclonal antibody
CR3022 was included on each plate to convert
OD values into relative antibody concentra-
tions. Plasmids to express CR3022 were pro-
vided by I. Wilson (Scripps).

Detection of SARS-CoV-2 neutralizing antibodies

HEK 293T cells were seeded for 24 hours at
5 × 106 cells per 10-cm dish and were trans-
fected using calcium phosphate with 35 mg
of pCG1 SARS-CoV-2 S D614G delta18, pCG1
SARS-CoV-2 S B.1.351 delta18, or pCG1 SARS-
CoV-2 S B.1.617.2 delta18 expression plasmid
encoding a codon optimized SARS-CoV-2 S
gene with an 18-residue truncation in the
cytoplasmic tail (provided by S. Pohlmann).
Mutations in pseudovirus constructs are in-
dicated: D614G (WT) = D614G; B.1.351 = L18F,
D80A, D215G, R246I, K417N, E484K, N501Y,
D614G, A701V; B.1.617.2 = T19R, G142D, del156-
157, R158G, L452R, T478K, D614G, P681R,
D950N. Twelve hours after transfection, cells
were fed with fresh media containing 1 mM
sodium butyrate to increase expression of the
transfected DNA. Twenty-four hours after
transfection, the SARS-CoV-2 spike-expressing
cells were infected for 2 hours with VSV-G
pseudotyped VSVDG-RFP at a multiplicity of
infection (MOI) of ~1. Virus-containing media
was removed, and the cells were re-fed with
media without serum. Media containing the
VSVDG-RFP SARS-CoV-2 pseudotypes was
harvested 28 to 30 hours after infection,
clarified by centrifugation twice at 6000 g,
then aliquoted and stored at−80°C until used
for antibody neutralization analysis. All sera
were heat-inactivated for 30min at 55°C before

use in the neutralization assay. Vero E6 cells
stably expressing TMPRSS2 were seeded in
100 ml at 2.5 × 104 cells per well in a 96-well
collagen coated plate. The next day, twofold
serially diluted serum samples were mixed
with VSVDG-RFP SARS-CoV-2 pseudotype
virus (100 to 300 focus forming units per well)
and incubated for 1 hour at 37°C. 1E9F9, a
mouse anti-VSV Indiana G, was also included
in this mixture at a concentration of 600 ng/
ml (Absolute Antibody, Ab01402-2.0) to neu-
tralize any potential VSV-G carryover virus.
The serum-virus mixture was then used to
replace themedia on VeroE6 TMPRSS2 cells.
Twenty-two hours after infection, the cells
were washed and fixed with 4% paraformalde-
hyde before visualization on an S6 FluoroSpot
Analyzer (CTL; Shaker Heights, OH). Indi-
vidual infected foci were enumerated, and
the values were compared with control wells
without antibody. The focus reduction neu-
tralization titer 50% (FRNT50) wasmeasured
as the greatest serum dilution at which focus
count was reduced by at least 50% relative to
control cells that were infected with pseudo-
type virus in the absence of human serum.
FRNT50 titers for each sample were measured
in at least two technical replicates and were
reported for each sample as the geometric
mean of the technical replicates.

Detection and phenotyping of
SARS-CoV-2–specific memory B cells

Antigen-specific B cells were detected using
biotinylated proteins in combination with dif-
ferent streptavidin (SA)–fluorophore conjugates
as described (16). All reagents are listed in table
S4. Biotinylated proteins were multimerized
with fluorescently labeled SA for 1 hour at 4°C.
Full-length spike protein was mixed with SA-
BV421 at a 10:1 mass ratio (200 ng spike with
20 ng SA; ~4:1 molar ratio). Spike RBD was
mixed with SA-APC at a 2:1 mass ratio (25 ng
RBD with 12.5 ng SA; ~4:1 molar ratio). Bio-
tinylated influenza HA pools were mixed with
SA-PE at a 6.25:1 mass ratio (100 ng HA pool
with 16 ng SA; ~6:1 molar ratio). Influenza HA
antigens corresponding with the 2019 trivalent
vaccine (A/Brisbane/02/2018/H1N1, B/Colorado/
06/2017) were chosen as a historical antigen
and were biotinylated using an EZ-LinkMicro
NHS-PEG4 Biotinylation Kit (Thermo Fisher)
according to the manufacturer’s instructions.
Excess biotin was subsequently removed from
HA antigens using Zebra Spin Desalting Col-
umns 7K MWCO (Thermo Fisher), and pro-
tein was quantified with a Pierce BCA Assay
(Thermo Fisher). SA-BV711 was used as a decoy
probe without biotinylated protein to gate
out cells that nonspecifically bind streptavidin.
All experimental steps were performed in a
50/50 mixture of PBS + 2% FBS and Brilliant
Buffer (BD Bioscience). Antigen probes for
spike, RBD, andHAwere prepared individually
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and mixed together after multimerization with
5 mM free D-biotin (Avidity LLC) to minimize
potential cross-reactivity between probes. For
staining, 5 × 106 cryopreserved PBMC samples
were prepared in a 96-wellU-bottomplate. Cells
were first stained with Fc block (Biolegend,
1:200) and Ghost 510 Viability Dye for 15min
at 4°C. Cells were then washed and stained
with 50 mL antigen probe master mix con-
taining 200 ng spike-BV421, 25 ng RBD-APC,
100 ng HA-PE, and 20 ng SA-BV711 decoy for
1 hour at 4°C. After incubation with antigen
probe, cells were washed again and stained
with anti-CD3, anti-CD19, anti-CD20, anti-
CD27, anti-CD38, anti-CD71, anti-IgD, anti-
IgM, anti-IgG, and anti-IgA for 30min at 4°C.
After surface stain, cells were washed and
fixed in 1% PFA overnight at 4°C. Antigen-
specific gates for B cell probe assays were
set based on healthy donors stained without
antigen probes (similar to an FMO control)
and were kept the same for all experimen-
tal runs.

Detection of variant RBD, NTD, and S2-specific
memory B cells

Variant RBD, NTD, and S2-specific memory
B cells were detected using a similar approach
as described above. SARS-CoV-2 nucleocapsid
was used as a vaccine-irrelevant antigen con-
trol. All reagents are listed in table S4. Probes
were multimerized for 1.5 hours at the fol-
lowing ratios (all ~4:1 molar ratios calculated
relative to the streptavidin-only component
irrespective of fluorophore): 200 ng full-length
spike protein wasmixed with 20 ng SA-BV421,
30 ng NTD was mixed with 12 ng SA-BV786,
25 ng WT RBD was mixed with 12.5 ng SA-
BB515, 25 ng B.1.1.7 RBD was mixed with
12.5 ng SA-BV711, 25 ng B.1.351 RBDwasmixed
with 12.5 ng SA-PE, 25 ng B.1.617.2 was mixed
with 12.5 ng SA-APC, 50 ng S2 was mixed with
12 ng SA-BUV737, and 50 ng nucleocapsid
was mixed with 14 ng SA-BV605. 12.5 ng SA-
BUV615 was used as a decoy probe. All antigen
probes were multimerized separately and
mixed togetherwith 5 mMfreeD-biotin. Before
staining, total B cells were enriched from 20 ×
106 cryopreserved PBMC samples by negative
selection using an EasySep human B cell isola-
tion kit (STEMCELL, no. 17954). B cells were
then prepared in a 96-well U-bottom plate and
stained with Fc block and Ghost 510 Viability
Dye as described above. Cells were washed
and stained with 50 mL antigen probemaster
mix for 1 hour at 4°C. After probe staining,
cells were washed again and stained with
anti-CD3, anti-CD19, anti-CD27, anti-CD38,
anti-IgD, and anti-IgG for 30 min at 4°C. Af-
ter surface stain, cells were washed and fixed
in 1X Stabilizing Fixative (BD Biosciences)
overnight at 4°C.
For sorting, pre-enriched B cells were stained

with Fc block and Ghost 510 Viability Dye,

followed by full-length spike, WT RBD, and
B.1.351 RBD probes as described above. Cells
were then stained for surface markers with
anti-CD19, anti-CD20, anti-CD27, and anti-
CD38, and anti-IgD. After surface stain, cells
were washed and resuspended in PBS + 2%
FBS for acquisition.

In vitro differentiation of memory B cells to
antibody-secreting cells

Memory B cells from bulk PBMC samples were
differentiated into antibody-secreting cells as
described (39). Briefly, 1 × 106 cryopreserved
PBMCs were seeded in 1 mL of complete RPMI
media (RPMI + 10% FBS + 1% Pen/Strep) in
24-well plates. PBMCs were then stimulated
with 1000 U/mL recombinant human IL-2
and 2.5 mg/mL R848 for 10 days. Supernatants
were collected at the indicated time points.
anti-spike IgG was quantified using a Human
SARS-CoV-2 spike (Trimer) IgG ELISA Kit
(Invitrogen) according to themanufacturer’s
instructions. RBD-ACE2 binding inhibition
was measured using a SARS-CoV-2 Neutral-
izing Ab ELISAKit (Invitrogen). For anti-spike
IgG experiments, culture supernatants were
tested at 1:100 and 1:1000 dilutions. For RBD
inhibition experiments, culture supernatants
were tested without dilution and at a 1:2 dilu-
tion. Pseudovirus neutralization titers were
alsomeasured in culture supernatants starting
at a 1:2 dilution as described above.

Detection of SARS-CoV-2–specific T cells

SARS-CoV-2–specific T cells were detected
using an activation induced marker assay. All
reagents are listed in table S5. PBMCs were
thawed by warming frozen cryovials in a 37°C
water bath and resuspending cells in 10 mL
of RPMI supplemented with 10% FBS, 2 mM
L-glutamine, 100U/mLpenicillin, and 100mg/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 5 × 106 cells/mL.
For each condition, duplicate wells containing
1 × 106 cells in 200 mL were plated in 96-well
round-bottom plates and rested overnight in a
humidified incubator at 37°C, 5% CO2. After
16 hours, CD40 blocking antibody (0.5 mg/mL
final concentration) was added to cultures for
15 min before 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 analy-
ses) at a final concentration of 1 ug/mL. Pep-
tide megapools were prepared as previously
described (51, 52). Matched unstimulated sam-
ples for each donor at each time point were
treatedwith costimulation alone. Twenty hours
poststimulation, antibodies targeting CXCR3,
CCR7, CD40L, CD107a, CXCR5, and CCR6 were
added to the culture along with monensin

(GolgiStop, BD Biosciences) for a 4-hour stain
at 37°C. After 4 hours, duplicate wells were
pooled, and cells were washed in PBS supple-
mented with 2% FBS [fluorescence-activated
cell sorting (FACS) buffer]. Cells were stained
for 10 min at room temperature with Ghost
Dye Violet 510 and Fc receptor blocking solu-
tion (Human TruStain FcX, BioLegend) and
washed once in FACS buffer. Surface staining
for 30 min 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
permeabilized for 30 min at room tempera-
ture (eBioscience Foxp3 / Transcription Factor
Fixation/Permeabilization Concentrate and
Diluent), and washed once in 1X Permeabili-
zation Buffer before staining for intracellular
interferon-g (IFN-g) overnight at 4°C. Cells
were then washed again and resuspended
in 1% paraformaldehyde in PBS before data
acquisition.
All data from AIM expression assays were

background-subtracted using paired unstimu-
lated control samples. For memory T cell and
helper T cell subsets, the AIM+ background
frequency of non-naïve T cells was subtracted
independently for each subset. AIM+ cells were
identified from non-naïve T cell populations.
AIM+ CD4+ T cells were defined by coexpres-
sion 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 intracell-
ular IFN-g.

Flow cytometry and cell sorting

Samples were acquired on a BD Symphony
A5 instrument. Standardized SPHERO rain-
bow beads (Spherotech) were used to track
and adjust photomultiplier tubes over time.
UltraComp eBeads (Thermo Fisher) were used
for compensation. Up to 5 × 106 cells were ac-
quired per sample. Data were analyzed using
FlowJo v10 (BD Bioscience). For Boolean anal-
ysis of variant cross-binding, data were im-
ported into SPICE 6 [NIH Vaccine Research
Center (55)]. Cell sorting was performed on a
BD FACS Aria II instrument in low pressure
mode using a 70 mmnozzle. Cells were sorted
into DNA LoBind Eppendorf tubes containing
cell lysis buffer (Qiagen).

B cell receptor sequencing
Library preparation

DNA was extracted from sorted cells using a
Gentra Puregene Cell kit (Qiagen, catalog no.
158767). Immunoglobulin heavy-chain family–
specific PCRs were performed on genomic
DNA samples using primers in FR1 and JH as
described previously (47, 56). Two biological
replicates were run on all samples. Sequencing
was performed in the Human Immunology
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Core Facility at the University of Pennsylvania
using an Illumina 2× 300-bp paired-end kit
(Illumina MiSeq Reagent Kit v3, 600-cycle,
Illumina MS-102-3003).

IGH sequence analysis

Reads from an Illumina MiSeq were filtered,
annotated, and grouped into clones as de-
scribed previously (16, 57). Briefly, pRESTO
v0.6.0 (58) was used to align paired end reads,
remove short and low-quality reads, andmask
low-quality bases with Ns to avoid skewing
SHM and lineage analyses. Sequences which
passed this process were aligned and anno-
tatedwith IgBLAST v1.17.0 (59). The annotated
sequenceswere then imported into ImmuneDB
v0.29.10 (60, 61) for clonal inference, lineage
construction, and downstream processing.
For clonal inference, sequences with the same
IGHV gene, IGHJ gene, and CDR3 length from
each donor were hierarchically clustered.
Sequences with 85% or higher similarity in
their CDR3 amino-acid sequence were sub-
sequently grouped into clones. Clones with
productive rearrangements and ≥2 copies
were filtered for downstream analysis.

Lineage construction and visualization

For each clone, a lineage was constructed with
ImmuneDB as described in (61). ete3 (62) was
used to visualize the lineages where each node
represents a unique sequence, the size of a
node represents its relative copy number frac-
tion in the clone, and the integer next to each
node represents the number of mutations
from the preceding vertical node.

Overlapping clone SHM analysis

Cloneswere filtered on the basis of size using a
copy number filter such that clones that had a
copy number less than 50% of the mean copy
number frequency (50% mcf) within the sub-
ject were excluded. From this population, only
clones that appeared in both WT RBD and
cross-binder (RBD++) samples were included.
The SHM of each clone was averaged across
each unique sequence, weighted by the copies
of each sequence, and visualized as categori-
cal variables (pie chart) and as frequencies
(boxplots).

Data availability

Raw sequencing data for all donors and sub-
sets are available on SRA under BioProject
PRJNA752617. Processed AIRR-seq data will
bemade available on the AIRRData Commons
via the iReceptor portal (63).

Estimating decay rates

To understand and compare the rate of loss
of immune responses after vaccination, we
tested different statistical models of decay
against the data. We first tested whether
there was significant decay (i.e., was the decay

rate significantly different from zero).We then
tested whether there was evidence for a slow-
ing of decay with time (using a two-phase
model). This is a heuristic approach to un-
derstanding decay and does not imply a
mechanism or that the underlying immune
dynamics may be more complex. The decay
rate after second dose of vaccine was esti-
mated using a censored mixed effect regres-
sion framework. Briefly, the dependency of
variables of interest on days after vaccine can
bemodeled by using either one constant decay
slope or a decay slope that changes with time
(assume a two-phase decay with a fixed break
point at T0). The model of the immune re-
sponse y for participant i at time tij can be
written as

yij = b0 + b0i + b1tij + b1itij

for a model with a single slope and

yij = b0 + b0i + b1tij + b1itij + b2sij

for a model with two different slopes, in which

sij ¼ 0; tij < T0

tij � T0; tij ≥ T0

�

The parameter b0 is a constant (global in-
tercept), and b0i is a patient-specific adjust-
ment (random effect) to the global intercept.
The slope parameter b1 is a fixed effect to
capture the average decay rate for all individ-
uals before T0, and b1i is a patient-specific
random effect of the decay rate. To fit the
model with a two-phase decay slope (with
break point at time T0), an extra parameter
b2 (with a subject-specific random effect b2i)
was added to represent the difference between
the two slopes. Throughout the manuscript,
we chose the median of the time points after
the second dose of vaccine as the break point
in decay rate (i.e., T0 = day 89).
To account for values less than the detection

threshold in the assay, a censoredmixed-effect
regression method was used to estimate the
parameters in the model. Values less than 10
were censored for the neutralization data. For
T cell measurements, this detection threshold
varies (see next section for details on how this
variable limit of detection was captured). The
linear models above were fitted with censor-
ing of values below the limit of detection using
lmec library in R (64) (with the maximum
likelihood algorithm option to fit for the fixed
effects). We used a likelihood ratio test to
determinewhether the response variables were
better fit with either the single or two-phase
decay models (by testing whether b2 = 0) and
to test whether the decay rates were different
between SARS-CoV-2–naïve and –recovered
subjects (this test compares the likelihood
value of the nested models and the difference

in the number of parameters). These analyses
were carried out in R version 4.0.4.

Determining the limit of detection for estimating
decay rates

For each individual and at each time point (i.e.,
each sample), the limit of detection in assays of
T cell stimulation varied. This is because the
background level is determined by running
paired assessment of cells from a given sam-
ple in (SARS-CoV-2 peptide) stimulated and
unstimulated cultures. The quantify of inter-
est (of which we wish to measure the decay
rate) is the difference in the fraction of T cells
activated in the stimulated and unstimulated
cultures. The variable limit of detection (LOD)
for each sample must be considered when
determining the decay rate for T cell responses.
To determine whether the fraction of activated
cells in a stimulated sample was significantly
higher than the fraction of activated cells in
the corresponding unstimulated sample (i.e.,
if the sample was above the limit of detection),
we used a one-sided two proportion Z test.
Formally, we let the proportion of unstimu-
lated and stimulated responses (over total non-
naïve cells) be denoted byUi,j and Si,j for patient
i at time j, respectively. It follows that we are
interested in estimating the decay rate of the
quantity Di,j = Si,j − Ui,j. A one-sided two pro-
portion Z testwas used to determine if Si,j>Ui,j.
Briefly, for each patient i at time j, the follow-
ing quantity was calculated

Zi;j ¼ Di;jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p 1� pð Þ 1

nsi;j
þ 1

nui;j

� �s

with

Di,j = Si,j − Ui,j

and

p ¼ si;j � nsi;j þ ui;j � nui;j

nsi;j þ nui;j

where nsi;j is the total non-naïve cells in the
stimulated group for subject i at time j and
nui;j is the total non-naïve cells in the unsti-
mulated group for subject i at time j.
For each subject, we calculated the mini-

mum difference needed to achieve signifi-
cance by solving the above equation for Di,j

(assuming p is constant) at the Zcritical level
(i.e., with a = 0.05, Zcritical = 1.645 for a one-
sided test). This minimum difference can
be written as

DMINi;j ¼ 1:645�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p 1� pð Þ 1

nsi;j

þ 1

nui;j

� �s

We censored subject i if the difference is
not statistically significant (i.e., Zi,j < 1.645,
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with a = 0.05). The detection limit for sub-
ject i was calculated by taking the maximum
value of DMINi;j across all time points for that
subject. The values Di,j were normalized by
the maximum DMINi;j for each subject, hence
the limit of detection was set to zero, and the
lmec regression models applied to the nor-
malized data to determine the decay rates of
T cell responses.

High-dimensional analysis and statistics

All data were analyzed using custom scripts
in R and visualized using RStudio. Pairwise
correlations between variableswere calculated
and visualized as a correlogram using corrplot
with false discovery rate (FDR) correction as
described previously (65). For heatmaps, data
were visualized with pheatmap. For construc-
tion of UMAPs, 12 antigen-specific immune
features were selected: anti-spike IgG, anti-
RBD IgG, D614G FRNT50, B.1.351 FRNT50,
spike+ memory B, RBD+ memory B, % IgG+ of
spike+ memory B, % IgG+ of RBD+ memory B,
AIM+ CD4 T, AIM+ CD4 TFH, AIM

+ CD4 TH1,
and AIM+ CD8 T. Antibody and cell frequency
data were log10 transformed and scaled by
column (z-score normalization) before gener-
ating 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.
Benjamini-Hochberg correctionwas performed
in all cases of multiple comparisons. Unpaired
tests were used for comparisons between time
points unless otherwise indicated because
some participants were missing samples from
individual time points. A single asterisk in-
dicates P < 0.05, two asterisks indicate P <
0.01, three asterisks indicate P < 0.001, and
four asterisks indicate P < 0.0001. Source code
and data files are available upon request from
the authors.
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