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Maintaining durable immunity following vaccination represents a major challenge, but whether mRNA booster vaccination
improves durability is unknown.

We measured antibody responses in 55 healthy adults, who received a booster dose of the Pfizer-BioNTech or Moderna
vaccine against SARS-CoV-2 and calculated the half-life of the antibody titers. We also measured memory B and T cell
responses in a subset of 28 participants. In 13 volunteers who received a second booster vaccine, we measured serum
antibody titers and memory B and T cell responses.

The booster (third immunization) dose at 6 to 10 months increased the half-life of the serum—neutralizing antibody (nAb)
titers to 76 days from 56 to 66 days after the primary 2-dose vaccination. A second booster dose (fourth immunization) a
year after the primary vaccination further increased the half-life to 88 days. However, despite this modestly improved
durability in nAb responses against the ancestral (WA.1) strain, there was a loss of neutralization capacity against the
Omicron subvariants BA.2.75.2, BQ.1.1, and XBB.1.5 (48-, 71-, and 66-fold drop in titers, respectively, relative to the
WA.1 strain). Although only 45% to 65% of participants demonstrated a detectable nAb titer against [...]
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booster vaccination improves durability is unknown.

antibody titers and memory B and T cell responses.

the Pfizer-BioNTech or Moderna mRNA vaccines.

Introduction

Recent studies have shown the declining efficacy of the Pfizer-Bi-
oNTech (BNT162b2) and Moderna (mRNA1273) mRNA vaccines
after primary and booster vaccinations (1, 2). Although the booster
vaccination (third dose) was effective in protecting against severe
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BACKGROUND. Maintaining durable immunity following vaccination represents a major challenge, but whether mRNA

METHODS. We measured antibody responses in 55 healthy adults, who received a booster dose of the Pfizer-BioNTech or
Moderna vaccine against SARS-CoV-2 and calculated the half-life of the antibody titers. We also measured memory B and
T cell responses in a subset of 28 participants. In 13 volunteers who received a second booster vaccine, we measured serum

RESULTS. The booster (third immunization) dose at 6 to 10 months increased the half-life of the serum-neutralizing antibody
(nAb) titers to 76 days from 56 to 66 days after the primary 2-dose vaccination. A second booster dose (fourth immunization)
a year after the primary vaccination further increased the half-life to 88 days. However, despite this modestly improved
durability in nAb responses against the ancestral (WA.1) strain, there was a loss of neutralization capacity against the Omicron
subvariants BA.2.75.2, BQ.1.1, and XBB.1.5 (48-, 71-, and 66-fold drop in titers, respectively, relative to the WA.1 strain).
Although only 45% to 65% of participants demonstrated a detectable nAb titer against the newer variants after the booster
(third dose), the response declined to below the detection limit in almost all individuals by 6 months. In contrast, booster
vaccination induced antigen-specific memory B and T cells that persisted for at least 6 months.

CONCLUSION. The durability of serum antibody responses improves only marginally following booster immunizations with

disease (3, 4), vaccine effectiveness against symptomatic disease
declined rapidly to approximately 50% in the real world as a result
of the emergence of the Omicron subvariants BA.4/BA.5 (1). The
fourth dose showed no significant increase in efficacy against infec-
tion as compared with the third dose, suggesting that further boost-
er immunizations may only have a marginal benefit (5). The under-
lying immunological basis for the declining efficacy is unknown.
We and others have demonstrated a rapid decline in serum
antibody titers following a 2-dose primary vaccination with
BNT162b2 (6) or mRNA1273 (7, 8), with a considerable number of
individuals demonstrating weak or no neutralizing antibody (nAb)
response against immune-evasive viral variants. The half-life of
the serum nAb response was estimated to be 56 to 66 days up to 6
months after 2 doses of BNT162b2 or mRNA1273 (6, 8, 9). Recent
data indicate that the decline in antibody response may be slower
after the third dose as compared with the second dose (10); how-
ever, breakthrough infections significantly influence the antibody
kinetics (11, 12). Here, we systematically evaluated the magnitude
and durability of binding and nAb responses as well as memory T
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and B cell responses after the third and fourth doses of mRNA vac-
cination to determine the immunological mechanisms of declin-
ing vaccine efficacy.

Results

Study design and participants. We recruited 55 volunteers who
received a BNT162b2 or mRNA1273 booster vaccination 6 to 10
months after completion of the primary series. Of these 55 indi-
viduals, 20 received mRNA1273 and 35 received BNT162b2. Addi-
tionally, we recruited 13 individuals who received their fourth dose
12 to 20 months after the second dose and 6 to 8 months after the
third dose. Of these 13 individuals, all but 1 received mRNA1273,
and all were immunocompetent. A schematic of the study design
is shown in Figure 1A. The age, sex, race, vaccination, and break-
through infections details of the participants are presented in Sup-
plemental Table 1 (supplemental material available online with
this article; https://doi.org/10.1172/JCI167955DS1). In addition
to the clinical report of infections, we measured anti-nucleocap-
sid (anti-N) antibody responses in all individuals to determine
potential undiagnosed infection with SARS-CoV-2 (Supplemental
Figure 1, A and B). Thirty-one of the 55 volunteers who received
the third dose and 7 of the 13 who received the fourth dose were
determined to be SARS-CoV-2 naive. Of those individuals in the
3-dose cohort who had COVID-19, ten participants had an anti-N
response prior to the booster, and 14 had a response after the
booster. In the 4-dose cohort, 3 participants each had COVID-19
before and after the final booster.

Durability of antibody responses to booster vaccinations. Booster
vaccination (third dose) elicited anti-spike-binding IgG titers in
all individuals (Figure 1B, left panel). The geometric mean titers
(GMTs) increased 21-fold from 0.43 x 105 AU/mL at baseline to
9.18 x 10° AU/mL in the first month. There was a 3-fold drop in
the titers at 6 months when the GMT was 3 x 10° AU/mL. The
GMT at baseline for the individuals who received their fourth
dose (approximately 6 months after their third dose; Figure 1A)
was 2.9 x 10° AU/mL, almost the same as that of the 6-month time
point in the 3-dose group. The titers increased 6.7-fold (GMT: 19.9
x 10° AU/mL) one month after the booster and decreased 2-fold
(GMT: 10 x 10° AU/mL) during the 3- to 4-month follow-up period
(Figure 1B, middle left panel). There was no significant difference
in the responses between mRNA1273 and BNT162b2 (Figure 1B,
right 2 panels). The half-life of binding antibody titers estimated
using the exponential decay model was 90 days when all individ-
uals were considered (Figure 1B, middle right panel). However,
the half-life estimate decreased to 66 days when only those indi-
viduals defined as SARS-CoV-2 naive were considered, a finding
in line with the evidence that the durability of humoral immune
responses is influenced by breakthrough infection (11). The half-
life estimates after the fourth dose were 50 days or 40 days when
considering all individuals and SARS-CoV-2-naive individuals,
respectively (Figure 1B, right panel).

The live-virus nAb response was detectable against the ances-
tral strain at the time of the third dose in the majority of individ-
uals with a GMT IC_, of 81. The titers increased 21-fold (GMT:
1,713) and were sustained at a magnitude 7-fold higher than the
pre-booster titers (GMT: 594) (Figure 1C, left panel). The nAb
titers at the peak and 6-month time points were 4.5- and 8-fold

The Journal of Clinical Investigation

higher, respectively, than titers at the corresponding time points
after 2 doses (GMTs: 343 and 49 on days 42 and 210, respective-
ly, after the first dose) measured in our previous studies using the
same assay (6, 13). The fourth dose increased the GMT to 2,477,
which persisted without considerable decay (GMT: 1,997) during
the follow-up period (Figure 1C, middle left panel). The half-life
calculated using the exponential decay model with all the individ-
uals was 102 days, which was substantially higher than the esti-
mate of 56 days up to 6 months after the primary mRNA vaccine
series (6). The half-life of the nAb response decreased to 76 days,
when only SARS-CoV-2-naive individuals were analyzed, which
was still significantly higher than the half-life of 56 days after the
second dose (P = 0.003, Wald test). The interval between the pri-
mary vaccination and the booster did not influence the durability.
The half-lives were 66 days (95% CI: 60, 73) and 76 days (95% CI:
60, 105) for individuals with an interval of 6 to 8 months or 8 to 10
months, respectively. The half-life estimates after the fourth dose
were 117 days and 88 days when considering all or SARS-CoV-2-
naive individuals, respectively (Figure 1C, right panel). Consistent
with these estimates, the nAb response in individuals who had a
breakthrough infection after the booster vaccination persisted at a
significantly higher level than was observed in SARS-CoV-2-naive
individuals (Figure 1D). Neither the magnitude nor the durabili-
ty of responses was significantly different between males and
females (Supplemental Figure 1C). Notably, there was an inverse
correlation between age and the peak versus durability fold-
change, but not the peak magnitude, suggesting a relatively higher
persistence in older adults (Supplemental Figure 1, D and E).

For a direct comparison of the durability of antibody respons-
es after the second, third, and fourth doses, we calculated the
fold-change between peak versus the durability time points of
binding as well as nAb responses after each vaccination only in
SARS-CoV-2-naive individuals. The data after 2 vaccinations for
BNT162b2 were previously published in our study (6). The ratio
improved marginally upon subsequent booster immunizations,
consistent with our half-life estimates (Supplemental Figure 1F).
Whether the antibody durability after the fourth dose continues to
persist out to 6 months remains to be investigated. Taken together,
these data show that subsequent booster immunizations modest-
ly improved the half-life of antibody titers, which, in conjunction
with the increase in the absolute magnitude of nAb titers, resulted
in an improved durability of antibody responses.

Antibody breadth. We and others have reported the genera-
tion of antibodies that can neutralize Omicron following a mRNA
booster vaccination (third dose) (14-17). Consistent with these
studies, we observed live-virus nAb titers against Omicron BA.1,
BA.5, and BA.2.75 subvariants (Figure 2A). The peak GMTs were
133, 116, and 98 against BA.1, BA.5 and BA.2.75, respectively,
which was 12- to 15-fold lower than that of the ancestral strain
(Figure 2A). In contrast, the GMTs against the recently emerged
variants of interest — BA.2.75.2, BQ.1.1, and XBB.1.5 — which
were measured in a subset of 18 individuals with the highest nAb
titers against other viruses were 39, 24, and 24, respectively, with
30% to 55% of individuals having nAB titers below the limit of
detection (Figure 2, A and B). These titers were approximately
5-fold lower than those against Omicron BA.1 or BA.5 and 45- to
70-fold lower than the response against the WA.1 strain (Figure
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Figure 1. Serum antibody responses following mRNA booster vaccinations. (A) Schematic of the study design and participants’ details. The schematic
was made using BioRender. (B and C) Anti-spike-binding IgG (B) and live-virus nAb titers (C) against the ancestral WA.1 strain. Each symbol represents an
individual in the 2 plots on the left (n = 55 and n = 13 for the 3- and 4-dose groups, respectively). The black horizontal lines indicate geometric mean titers.
The 2 graphs on the right show a summary (geometric mean + SEM) of the antibody responses. (D) nAb titers in groups of participants stratified by expo-
sure to COVID-19. Data shown are the geometric mean for each group + SEM. The statistical difference between groups at each time point was analyzed by

the Mann-Whitney U test. F, female; M, male; neg, negative.
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Figure 2. nAb breadth following booster vaccinations. (A) Live-virus nAb
response measured against Omicron BA.1, BA.5, BA.2.75, BA.2.75.2, and
BQ.1.1variants (n = 55 for BA.1, BA.5, and BA.2.75; n = 18 for BA.2.75.2 and
BQ.1.1; n = 17 for XBB.1.5). Participants who had the highest titers against
the ancestral and Omicron BA.1 variant were selected for this assay.

(B) nAb titers against the viruses indicated on the x axis at peak (left
panel) and their durability (right panel). Pie charts show the proportion

of participants who responded (in orange) versus those who did not (in
purple) against each virus. Nonresponders were defined as those who had
an IC,, below 30. The numbers inside the graph followed by X indicate the
decrease in titers against variants in comparison with the ancestral strain.
The fold change was calculated using responders, i.e., those with an IC
above 30 only. Horizontal dotted lines in A and B indicate the cutoff used
to define the responders. (C) nAb titers against the variants indicated on
the plots in participants stratified by exposure to COVID-19. Data shown
are the geometric mean for each group + SEM. The statistical difference
between groups at each time point was analyzed by the Mann-Whitney U
test. (D) nAb titers in all SARS-CoV-2-naive individuals. Each symbol rep-
resents an individual. Individuals who showed a neutralization titer below
30 against BA1, BA.5, or BA.2.75 at 6 months were classified as those with
a rapid decline (brown). Data points for individuals who showed a less than
4-fold increase in titers against the variants are shown in gray. The rest of
the individuals were considered normal responders (green). (E) Live-virus
nAb response measured against Omicron variants BA.1, BA.5, and BA.2.75
(n =13) in participants who received a fourth dose of the mRNA vaccine.

2B). By 6 months, almost no one had a detectable response against
BA.2.75.2, BQ.1.1, or XBB.1.5. Notably, even against BA.1 and
BA.5, approximately one-third of the vaccinees had no detectable
nAb response by 6 months (Figure 2B, right panel). This obser-
vation prompted us to investigate whether a lack of exposure to
SARS-CoV-2 is associated with a more rapid decline in the nAb
response against variants. Our analysis showed that the nAb titers
against the variants at baseline were significantly higher in indi-
viduals who had COVID-19 prior to the booster vaccination (Fig-
ure 2C). One month after the booster, all individuals had nAbs
against the variants, but the response persisted durably (P < 0.05)
in individuals who had a breakthrough infection after the booster
(Figure 2C). It was notable that the nAb titers in individuals who
had COVID-19 prior to the booster declined to levels statistical-
ly comparable to those of SARS-CoV-2-naive vaccinees, despite
eliciting relatively higher titers following the booster. We further
investigated the durability of nAbs in only SARS-CoV-2-naive par-
ticipants and observed that those individuals whose nAb titers rap-
idly declined to below the detection limit against the variants also
had lower titers against the ancestral strain at all time points (Fig-
ure 2D). Although the magnitude of nAb titers was only approxi-
mately 2-fold lower in this subgroup at the peak of the response,
the decline in response was rapid, resulting in weak, and, in the
case of the variants, no neutralization titers at 6 months. Finally,
we also measured nAb titers against BA.1, BA.5, and BA.2.75 after
the fourth dose (Figure 2E). The variant-specific nAb titers were
induced more moderately by the fourth dose and persisted stably
until the follow-up period at 3 to 4 months (Figure 2E).

Cellular immune responses. Next, we assessed spike-specific
memory B cells by flow cytometric analysis of PBMCs labeled with
fluorescence-tagged recombinant spike and receptor-binding
domain (RBD) proteins (Figure 3A). The third-dose vaccination
significantly increased the frequency of spike-binding memory B
cells from 1.9% (of CD20*IgM IgDIgAIgG") at baseline to 3.2% at
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approximately 1 month. The response persisted durably and was
maintained at 2.6% six months later (Figure 3B and Supplemental
Figure 2A, top left panel). The frequency of RBD* memory B cells
followed the same kinetics but was present at a lower magnitude
compared with spike-binding B cells (Figure 3B and Supplemental
Figure 2A, bottom panel). Although we did not have the appropri-
ate peak time point to observe a potential increase in the magni-
tude after the fourth dose, the memory B cell frequency persisted
at the prevaccination magnitude by 3 to 4 months (Figure 3B and
Supplemental Figure 2A). The memory B cell frequencies were not
significantly associated with sex (Supplemental Figure 2B).

We also measured T cell responses using an intracellular
cytokine staining (ICS) assay following a 6-hour stimulation of
PBMCs with overlapping peptide pools spanning the spike pro-
teins of the ancestral and Omicron variants (18). The booster
vaccination induced significant CD4* T cell responses, primarily
Thl-type (Figure 4A), consistent with previous studies (13, 19).
The magnitude of response approximately 7 days after vaccina-
tion was significantly higher with mRNA1273 vaccination than
with BNT162b2 vaccination. The response at the pre-booster time
point involved predominantly IL-2* and TNF*CD4* T cells with or
without IFN-y, suggesting an establishment of potent memory T
cells during previous vaccinations. While the frequency of cells
producing IL-2 and TNF remained elevated after vaccination,
the cells producing only IFN-y were significantly induced by day
7 (Figure 4B), suggesting a potential differentiation of memory T
cells into an effector phenotype. The frequency of IFN-y-, TNF-,
and IL-4-producing CD4" T cells, albeit much lower, persisted out
to 6 months at a frequency higher than that observed before the
booster (Figure 4B), but the proportion of cells producing multi-
ple cytokines, which comprised predominantly IL-2*TNF* or IL-2*
TNFIFN-y* cells, largely returned to the baseline state (Figure
4C). The frequencies of CD4" T cells recognizing ancestral or
Omicron spike antigens were relatively comparable, suggesting
a conservation of T cell epitopes consistent with previous stud-
ies (Figure 4D) (18, 20, 21). The booster vaccination also elicited
CD8" T cells producing IFN-y by day 7, and the frequency of these
cells returned to pre-booster levels by 6 months (Supplemental
Figure 3, A and B). The T cell responses were also not significantly
different between males and females and showed an overall pos-
itive, but statistically insignificant, correlation with the durability
of antibody responses (Supplemental Figure 3, C-E). Collectively,
these data demonstrate that the booster vaccination reactivated
memory B and T cell responses and maintained the durable mem-
ory response elicited by prior vaccinations.

Discussion

mRNA vaccines stimulate durable immune memory (9); howev-
er, serum antibody responses steadily decline, with a half-life of
56 to 66 days in the first 6 months after 2 doses (6-8), resulting in
weak to undetectable nAb titers in many individuals. Concurrent
with declining antibody titers, the effectiveness of vaccine-medi-
ated protection against infection declines in the population (22,
23). The emergence of immune-escape variants such as Omi-
cron further reduces vaccine effectiveness, mandating booster
vaccinations (24). Whether the durability of immune respons-
es, in particular, the half-life of serum antibody titers improves
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Figure 3. Memory B cell responses to the booster vaccination. (A) Representative flow cytometry profile showing the gating strategy to define spike-spe-
cific B cell frequencies (gated as live CD20*IgD"IgM-spike* RBD*/~ cells. (B) Frequency of WA.1 spike-specific (top panel) or RBD-specific (bottom panel)
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of the responses (geometric mean + SEM). The statistical difference between the groups was determined using the Mann-Whitney U test.

after subsequent booster vaccinations, was the primary question ~ second and third vaccinations, Wald test). We used seropositivity
addressed in this study. to SARS-CoV-2 nucleocapsid to exclude the potential interference

Our data show that a booster vaccination (third dose)  of breakthrough infections in our durability calculations. Howev-
increased the half-life of binding and nAb titers only marginally  er, our results should be considered with caution, given the caveat
when SARS-CoV-2-naive participants were analyzed. While the  that a lack of an anti-N response does not preclude the possibil-
increase in f, , of the binding antibody titer was not statistically ity of a breakthrough infection. Whether the marginal increase
different, the increase in ¢, , of the nAb titer to 76 days from 56  in half-life is truly an increase in durability associated with a vac-
days after the second vaccination in our previous study (6) wassta-  cine-induced increase in bone marrow plasma cells (BMPCs) war-
tistically significant (P = 0.003 between the decay rates after the  rants investigation. Evidence indicates the generation of BMPCs
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Figure 4. T cell responses induced by the mRNA booster vaccination. (A)
Summary of the frequency of ancestral spike-specific CD4* T cells secret-
ing IL-2, IFN-y, or TNF (Th1-type, top panel) and IL-4 (Th2-type, bottom
panel). Median responses + SEM are plotted. The statistical difference
between groups was determined using a Mann-Whitney U test. (B) Fre-
quency of spike-specific CD4* T cells that produced the indicated individual
cytokines (geometric mean + SEM). Each symbol represents an individual
(n = 28 after the third dose and 13 after the fourth dose). The statisti-

cal significance between time points was calculated using a Wilcoxon
matched-pairs, signed-rank test. (C) Pie charts showing the proportion of
spike-specific CD4* T cells producing 1, 2, or 3 cytokines in response to the
third dose of the vaccine. (D) Comparison of CD4* T cell frequencies (Th1-
type producing IL-2, TNF, or IFN-y) between ancestral and Omicron BA.1
viral strains measured at the time points indicated on the plots.

that were detectable 6 months after 2 doses of BNT162b2; how-
ever, the magnitude was modest (median 0.06% of total IgG-pro-
ducing BMPCs) in contrast to 1.4% against seasonal influenza or
0.15% against tetanus antigen (25). While it is conceivable that
BMPCs accumulate and increase in number after each subsequent
booster vaccination, resulting in a slow but cumulative improve-
ment in durability, it is unknown if the BMPCs induced by mRNA
vaccination have life spans as long as those induced by live-atten-
uated viral vaccines such as smallpox and yellow fever vaccines.

A secondary objective of our study was to determine the nAb
response against emerging SARS-CoV-2 variants. The booster
vaccination induced a nAb response against the Omicron subva-
riants BA.1, BA.5, and BA.2.75, consistent with previous reports
(15, 26, 27). However, the responses against the most recently
emerged BA.2.75.2, BQ.1.1, and XBB.1.5 variants with the con-
cerning R346T mutation were strikingly diminished. By 6 months,
almost no one had a detectable titer against these variants. These
findings, alongside our recent data indicating enhancement of
breadth against these variants following a bivalent booster con-
taining ancestral and BA.5 spike (28), suggest that monovalent
boosters may be ineffective in protecting against infection, and
thus bivalent vaccines are required for subsequent boosters to
improve the serological responses. In contrast, the memory T and
B cell responses were durable after the booster vaccinations, con-
tinuing to provide protection against severe disease.

The limitations of the present study include a smaller cohort
size as well as a shorter follow-up period (3-4 months versus 6
months) after the fourth dose, limited by the unavailability of
monovalent mRNA vaccines. It should also be noted that the indi-
viduals who received the fourth dose were relatively older than
the third-dose vaccinees, although all participants were immu-
nocompetent. We also did not evaluate the effect of the bivalent
booster in this study.

In summary, our comprehensive analysis of immune respons-
esprovides evidence that alack of nAb responses against emerging
variants despite the marginal improvement of durability against
the ancestral strain underlies the declining efficacy of booster
doses of mRNA vaccines and will aid in decision-making regard-
ing the utility of subsequent booster vaccinations.

Methods
ECL binding ELISA for anti-spike and anti-N antibodies. Anti-spike and
anti-N protein IgG titers were measured using V-plex SARS-CoV-2
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panels 29 (catalog K15624U) and 2 (catalog K15383U), respective-
ly, from Meso Scale Diagnostics (MSD). The assay was performed
according to the manufacturer’s instructions. Briefly, the multispot,
96-well plates were blocked in 0.15 mL blocking solution with shaking
at 700 rpm at room temperature. After 30 minutes of incubation, 50
uL serum samples were diluted in antibody diluent solution, and seri-
ally diluted calibrator solution was added to each plate in the desig-
nated wells and incubated at room temperature for 2 hours with shak-
ing. After 2 hours of incubation, the plates were washed, and 50 uL
SULFO-TAG-conjugated anti-IgG (MSD) was added, and the plates
were incubated at room temperature for 1 hour. After incubation, the
plates were washed, and 0.15 mL MSD GOLD Read Buffer was add-
ed. The plates were immediately read using the MSD instrument. The
unknown concentrations were extrapolated using a standard curve
drawn using the calibrators in each plate and presented as relative
MSD AU/mL or BAU/mL.

Viruses and cells for the focus reduction neutralization test.
VeroE6-TMPRSS2 cells were cultured in complete DMEM (DMEM
with 10% FBS plus penicillin/streptomycin) in the presence of 10 mg/
mL Gibco Puromycin (Thermo Fisher Scientific, A11138-03). nCoV/
USA_WA1/2020 (WA/1) was propagated from an infectious SARS-
CoV-2 clone as previously described (29). icSARS-CoV-2 was pas-
saged once to generate a working stock. The BA.1 isolate has been
previously described (15). Omicron subvariants were isolated from
residual nasal swabs: the BA.5 isolate (EPI_ISL_13512579) was pro-
vided by Richard Webby (St. Jude Children’s Research Hospital) and
the BA.2.75.2 (EPL_ISL_15146622), BQ.1.1isolate (EPI ISL _15196219),
and BA.2.75 isolate (EPI_ISL_14393635) were provided by Benjamin
Pinsky (Stanford University, Stanford, California, USA). All variants
were plaque purified and propagated once in VeroE6-TMPRSS2 cells
to generate working stocks. The XBB.1.5 isolate (EPI_ISL_16026423)
was provided by Andrew Pekosz (Johns Hopkins University, Balti-
more, Maryland, USA) and was passaged once on VeroE6-TMPRSS2
cells to generate a larger stock. Viruses were deep-sequenced and con-
firmed as previously described (30).

Focus reduction neutralization test (FRNT) assays were per-
formed as previously described (15, 30, 31). Briefly, samples were
diluted 3-fold in 8 serial dilutions using DMEM in duplicates with
an initial dilution of 1:10 in a total volume of 60 pL. Serially diluted
samples were incubated with an equal volume of SARS-CoV-2 (100-
200 foci per well based on the target cell) at 37°C for 45 minutes in
a round-bottomed, 96-well culture plate. The antibody-virus mixture
was then added to VeroE6-TMPRSS2 cells and incubated at 37°C for
1 hour. After incubation, the antibody-virus mixture was removed,
and 100 pL prewarmed 0.85% methylcellulose (MilliporeSigma,
MO0512-250G) overlay was added to each well. Plates were incubated
at 37°C for either 18 or 40 hours, and the methylcellulose overlay was
removed and washed 6 times with PBS. Cells were fixed with 2% para-
formaldehyde in PBS for 30 minutes. Following fixation, plates were
washed twice with PBS, and permeabilization buffer (0.1% BSA and
0.1% saponin in PBS) was added to permeabilized cells for at least 20
minutes. Cells were incubated with an anti-SARS-CoV spike protein
primary antibody directly conjugated to Alexa Fluor 647 (CR3022-
AF647, Cell Signaling Technology) for 4 hours at room temperature
or overnight at 4°C. Cells were washed 3 times in PBS, and foci were
visualized on an ELISPOT reader. Antibody neutralization was quan-
tified by counting the number of foci for each sample using the Viridot
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program (32). The neutralization titers were calculated as follows: 1 -
(ratio of the mean number of foci in the presence of serum and foci at
the highest dilution of the respective serum sample). Each specimen
was tested in duplicate. The FRNT, titers were interpolated using a
4-parameter nonlinear regression in GraphPad Prism, version 9.2.0
(GraphPad Software). Samples that did not neutralize at the limit of
detection of 50% were plotted at 10 and used for the geometric mean
and fold-change calculations.

Antibody half-life calculations. Mixed-effects models implement-
ed in Monolix Suite 2021R1 (Lixoft) were used to estimate the cor-
responding half-lives of antigen-specific antibodies. The exponen-
tial decay model dAb/dt = -k x Ab was fitted to the longitudinal data
starting from day 21 after the third or fourth vaccine doses, where
Ab is the antibody concentration and k is the exponential decay. The
corresponding half-lives were calculated as ¢,,,= In(2)/k (In denotes
natural log). The individual-level parameters were lognormally dis-
tributed for the initial antibody concentration (at day 21) and nor-
mally distributed for the decay rate k, with an assumption of no cor-
relations between the random effects. We assumed a multiplicative
independent lognormal observation error. Estimation of the popula-
tion parameters was performed using the stochastic approximation
expectation maximization (SAEM) algorithm.

Spike protein-specific memory B cell staining. Cryopreserved PBMCs
were thawed and washed twice with 10 mL FACS buffer (1x PBS con-
taining 2% FBS and 1 mM EDTA) and resuspended in 100 pL PBS
containing Zombie UV live/dead dye at a 1:200 dilution (BioLegend,
423108) and incubated at room temperature for 15 minutes. Following
the washing, cells were incubated with an antibody cocktail for 1 hour
on ice, protected from light. The following antibodies were used: IgD
phycoerythrin (PE) (Southern Biotech, 2030-09), IgM peridinin chlo-
rophyll protein-Cy5.5 (PerCP-Cy5.5) (BioLegend, 314512), CD20 allo-
phycocyanin-H7 (APC-H7) (BD Biosciences, 560734), CD27 PE-Cy7
(BioLegend, 302838), CD14 brilliant violet 650 (BV650) (BioLegend,
301836), CD16 BV650 (BioLegend, 302042), IgG brilliant ultraviolet
496 (BUV496) (BD Biosciences, 741172), CD3 BV650 (BD Bioscienc-
es, 563916), and CD21 PE-CF594 (BD Biosciences, 563474). In addi-
tion, Alexa Fluor 647-labeled Omicron BA.1 spike (SinoBiological,
40589-VO8H26), BV605-labeled Omicron BA.1 RBD (SinoBiologi-
cal), BV421-labeled ancestral spike (SinoBiological, 40589-V27B-B),
and FITC-labeled ancestral RBD (SinoBiological) proteins were used
as probes for memory B cell staining. All antibodies were used as per
the manufacturer’s instructions, and the final concentration of each
probe was 0.1 pg/mL. Cells were washed twice in FACS buffer and
immediately acquired on a BD FACSAria III. Flowjo software, version
10 (TreeStar), was used for data analysis.

Intracellular cytokine staining assay. Antigen-specific T cell
responses were measured using the intracellular cytokine staining
assay. Live-frozen PBMCs were revived, counted, and resuspended
at a density of 2 x 10° live cells/mL in complete RPMI-1640 (supple-
mented with 10% FBS and penicillin/streptomycin) and rested for 6
hours at 37°C in a CO, incubator. After the incubation, the cells were
washed once and resuspended at a density of 12 x 10¢/mL to 15 x 10¢/
mL in complete RPMI-1640, and 100 uL cell suspension contain-
ing 1.2 x 10° to 1.5 x 10° cells was added to each well of a 96-well,
round-bottomed tissue culture plate. Each sample was treated with
2 or 3 conditions depending on cell numbers: no stimulation or a
peptide pool spanning the spike protein of the ancestral WA.1 strain
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or the Omicron BA.1 variant (where cell numbers permitted) in the
presence of 1 ug/mL anti-CD28 (clone CD28.2, BD Biosciences) and
anti-CD49d (clone 9F10, BD Biosciences) as well as anti-CXCR3 and
anti-CXCR5. The details of peptide synthesis and purity have been
described previously (18). Briefly, the peptide pools were 15 mer pep-
tides with 10 mer overlaps spanning the entire spike protein sequence
of each variant. The amino acids in the variant peptide pools that vary
from the ancestral spike protein sequence are provided in Supplemen-
tal Table 3 in Tarke et al. (18). Each peptide was dissolved at a concen-
tration of 20 mg/mL in DMSO, and individual peptides were pooled
to prepare each variant-specific peptide pool following sequential lyo-
philization, as previously reported (18). Each peptide pool contained
253 peptides and was resuspended in DMSO at a concentration of
1 mg/mL. PBMCs were stimulated at a final concentration of 1 pg/
mL of each peptide in the final reaction with an equimolar amount
of DMSO (0.5% v/v in 0.2 mL total reaction volume) as a negative
control. The samples were incubated at 37°C in CO, incubators for
2 hours before addition of 10 pg/mL brefeldin A. Cells were incubated
for an additional 4 hours and then washed with PBS and stained with
Zombie UV fixable viability dye (BioLegend). Cells were washed with
PBS containing 5% FBS, before the addition of a surface antibody
cocktail. Cells were stained for 20 minutes at 4°C in a 100 pL vol-
ume. Subsequently, the cells were washed, fixed, and permeabilized
with Cytofix/Cytoperm buffer (BD Biosciences, catalog 555028) for
20 minutes. The permeabilized cells were stained with intracellular
cytokine-staining antibodies for 20 minutes at room temperature in
1' perm/wash buffer (BD Biosciences, catalog 555028). Details of the
antibody panel used in the assay were described previously (33). Cells
were then washed twice with perm/wash buffer and once with stain-
ing buffer before acquisition using the BD Symphony Flow Cytometer
and the associated BD FACSDiva software. All flow cytometric data
were analyzed using Flowjo software, version 10 (TreeStar).

Statistics. The difference between any 2 groups at a time point was
measured using a 2-tailed, nonparametric Mann-Whitney unpaired
rank-sum test. The difference between time points within a group was
measured using a Wilcoxon matched-pairs, signed-rank test. The cor-
relations were Spearman’s correlations based on ranks. All statistical
analyses were performed using GraphPad Prism, version 9.0.0, or R,
version 3.6.1. A P value of less than 0.05 was used as the significance
cutoff. Exponential decay rates were compared for binding and nAbs
after the second and third vaccine doses using the Wald test imple-
mented in R. For binding antibodies, the exponential decay rates esti-
mated using mixed-effects models after the second dose (6) and after
the third dose with breakthrough cases removed were 0.0124 (stan-
dard error [SE] = 0.000644) per day and 0.00913 (SE = 0.000892)
per day, respectively. For nAb titers, the exponential decay rates after
the second dose (6) and after the third dose with breakthrough cas-
es removed were 0.0124 (SE = 0.000644) per day and 0.00913 (SE =
0.000892) per day, respectively. All figures were made in GraphPad
Prism or R and organized in Adobe Illustrator.

Study approval. All participants were recruited as part of an obser-
vational study at the Hope Clinic of the Emory Vaccine Center. The
participants received the COVID-19 vaccine as the standard of care.
Blood samples were collected from volunteers under informed con-
sent. The participants’ details were deidentified and are presented in
Supplemental Table 1. The study was reviewed and approved by the
IRB of Emory University School of Medicine (study no. 00002061).
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