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Introduction
Protection of  kidney transplant recipients (KTRs) from COVID-19, caused by SARS-CoV-2, has not been 
sufficiently achieved by conventional vaccination protocols. Mortality of  fully vaccinated KTRs after infec-
tion remains unacceptably high, with almost 8% mortality in a registry analysis from the United Kingdom 

Transplant recipients exhibit an impaired protective immunity after SARS-CoV-2 vaccination, 
potentially caused by mycophenolate (MPA) immunosuppression. Recent data from patients with 
autoimmune disorders suggest that temporary MPA hold might greatly improve booster vaccination 
outcomes. We applied a fourth dose of SARS-CoV-2 vaccine to 29 kidney transplant recipients 
during a temporary (5 weeks) MPA/azathioprine hold, who had not mounted a humoral immune 
response to previous vaccinations. Seroconversion until day 32 after vaccination was observed in 
76% of patients, associated with acquisition of virus-neutralizing capacity. Interestingly, 21/25 
(84%) calcineurin inhibitor–treated patients responded, but only 1/4 belatacept-treated patients 
responded. In line with humoral responses, counts and relative frequencies of spike receptor 
binding domain–specific (RBD-specific) B cells were markedly increased on day 7 after vaccination, 
with an increase in RBD-specific CD27++CD38+ plasmablasts. Whereas overall proportions of 
spike-reactive CD4+ T cells remained unaltered after the fourth dose, frequencies were positively 
correlated with specific IgG levels. Importantly, antigen-specific proliferating Ki67+ and in vivo–
activated programmed cell death 1–positive T cells significantly increased after revaccination during 
MPA hold, whereas cytokine production and memory differentiation remained unaffected. In 
summary, antimetabolite hold augmented all arms of immunity during booster vaccination. These 
data suggest further studies of antimetabolite hold in kidney transplant recipients.
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(1) and up to 20% in other cohorts (2, 3), despite the presence of  vaccine-specific T cells. Our previous 
studies revealed a strong impairment of  both humoral and cellular immunity in transplant recipients after 2 
doses of  BNT162b2, with antigen-specific B and T cell responses being both quantitatively and functionally 
affected (4, 5). Since the majority of  KTRs do not benefit from a third dose (6), modified vaccination pro-
tocols are required to achieve protection of  this at-risk population.

Analysis of  large transplant patient cohorts indicated that mycophenolate-based (MPA-based) treat-
ment constitutes a major risk factor for impairment of  vaccine-induced humoral immunity (7, 8). In line 
with the aforementioned finding, a case series with patients with rheumatic and musculoskeletal diseases 
demonstrated that temporary hold of  MPA leads to augmented humoral responses to SARS-CoV-2 vacci-
nation (9). According to European guidelines, the majority of  kidney-transplanted individuals receive triple 
immunosuppressive medication including calcineurin inhibitors (CNIs), corticosteroids (CS), and MPA. 
Withdrawal of  steroids or MPA in a tacrolimus-based treatment protocol for up to 3 years has been shown 
to be safe in a large multicenter study, with no increase in acute rejections or impaired kidney function (10). 
Similar data were obtained from other trials (11–13). Furthermore, hold of  MPA is routinely recommend-
ed during pregnancy (14), underlining the feasibility of  this approach. To examine the impact of  short-
term MPA withdrawal on vaccination outcome, 29 KTRs, being seronegative after triple SARS-CoV-2 
vaccination, were converted to an MPA-free immunosuppressive regimen. Patients were closely monitored 
for clinical parameters, including kidney function, anti-HLA antibodies, and donor-derived cell-free DNA 
(dd-cfDNA) (15, 16); assessment of  vaccine-specific immunity encompassed in-depth analysis of  specific B 
and T cell analyses, IgG and IgA levels, and neutralization capacity.

Results
Vaccination-induced humoral and B cell immunity. The study cohort included 29 KTRs with a lack of  serolog-
ical response after a 3-dose vaccine protocol. Fourteen patients were homogeneously vaccinated (3 times 
with mRNA vaccine); 15 patients were vaccinated heterologously (mixed mRNA and vector based). All 
patients received BNT162b2 (BioNTech/Pfizer) as a fourth vaccine. Mean time interval between the third 
and fourth vaccinations was 59.1 (±12.6) days. All patients were initially on antimetabolite treatment, 
28/29 on MPA and 1/29 on azathioprine (Aza). Among the 29 KTRs, 26 received CNI-based medication 
while 4 patients received belatacept. All patients stopped MPA or Aza 4–7 days before the fourth vacci-
nation, based on the assumption that pharmacodynamic drug effects wane after 3–4 days (17). Treatment 
was paused until days 28–35 (mean depicted as “day 32” in all figures; second time point for serological 
response analysis). In patients with no or few CS, CS were restarted or increased to 5 mg prednisone 
equivalent together with MPA hold. In the 4 patients on belatacept, 2 stopped MPA and 1 Aza, while it 
was replaced by CS in only 1 patient. One belatacept-treated patient was switched to tacrolimus and CS. 
Demographics are summarized in Table 1.

Seroconversion (OD ratio > 1.1) for anti–S1 domain IgG occurred in 10/29 (34.5%) individuals until 
day 7 after the fourth vaccination, while anti–S1 domain IgA was positive in 7/29 KTRs (24.1%). Neutral-
ization capacity above 30% was achieved in 11/29 (37.9%) patients (Figure 1, A–C). On day 32 after vacci-
nation, 22/29 (76%) patients showed anti–S1 domain IgG levels above the threshold for positivity. Anti–S1 
domain IgA and neutralization capacity levels were unavailable for 8 individuals. For the remaining individ-
uals, IgA was positive in 11/21 patients (52.2%), and neutralization capacity was above threshold in 15/21 
(71.4%) patients (Figure 1, A–C). In patients with CNI treatment before vaccination, anti–S1 domain IgG 
seroconversion occurred in 21/25 (84%) patients, while 3/4 patients on belatacept remained negative; only 1 
became weakly positive just above the threshold on day 32 (Supplemental Figure 1B; supplemental material 
available online with this article; https://doi.org/10.1172/jci.insight.157836DS1). Anti–S1 domain IgG on 
day 32 did not differ between patients upon heterologous or homologous vaccination (Supplemental Figure 
1A). For comparability of  the study results, an assay determining standardized binding antibody units (BAU) 
for anti–S1 domain IgG (QuantiVac) was also performed. All 10/29 individuals showing IgG levels above 
threshold on day 7 based on OD ratios were also positive in the QuantiVac assay (Figure 1D). Given that 
not all samples were available for the QuantiVac assay on day 32, a 1:1 comparison was not possible for all 
individuals. Here, we determined 12/21 (57.1%) to be above the lower limit of  35.2 BAU/mL (Figure 1D). 
Complete serological nonresponders, defined as IgG < 3.5 BAU/mL before fourth vaccination (n = 15), 
showed a trend toward lower titers at day 32 compared with partial nonresponders with IgG > 3.5 BAU/mL 
before fourth vaccination (Supplemental Figure 1D), but this difference did not reach statistical significance.
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Antigen-specific B cells were identified by fluorescence double-labeling of  reactive cells with recombi-
nant receptor binding domain (RBD) (5) (Supplemental Figure 1E). Frequencies and absolute counts of  
RBD+ B cells increased 7 days after vaccination compared with baseline (Figure 1, E and F). Interestingly, 
the frequency of  RBD+ plasmablasts, which have been shown to be an early sign of  vaccine response (5), 
increased after 4 vaccinations (Figure 1G).

The IMPDH activity in erythrocytes has recently been described as a useful pharmacodynamic 
marker for MPA exposure that reflects the MPA exposure after 8 weeks of  constant dosing (17). High 
IMPDH levels were found in patients with MPA toxicity and low levels in patients with biopsy-proven 
acute rejections (17). In the current cohort, the mean IMPDH activity before MPA hold at steady state 
was 1192.73 pmol XMP/h/mg Hb (±474.24), and IMPDH activity did not negatively correlate with 
anti–S1 domain IgG on day 32 (Supplemental Figure 1C).

Vaccination-specific CD4+ T cell responses. SARS-CoV-2 spike protein–reactive CD4+ T helper cells were 
detected within PBMCs based on activation-induced coexpression of  CD154 and CD137 after stimulation 
with 15-mer peptides (overlapping by 11 amino acids, respectively) covering the complete spike glycoprotein 
sequence, as previously reported (4, 18). The gating strategy, including subset identification, is depicted in 

Table 1. Patient demographics

Variable
Age (mean y ± SD) 59.8 (14.8)
Women (%) 12 (41.4)
Men (%) 17 (58.6)
Whites (%) 29 (100)
Hispanic or Latino ethnicity (n) 1
Homologous vaccine protocol (%) 14 (48.3)
Heterologous vaccine protocol (%) 15 (51.7)
Time (d) between the third and fourth vaccinations (SD) 59.1 (±12.6)

Clinical parameters
Time since Tx (mean y ± SD) 9.9 (5.9)
Retransplantation (%) 3 (10.3)
Living donor transplantation (%)/ABOi (%) 15 (51.7)/4 (26.7)
Acute graft rejection after fourth vaccine (%)A 0 (0)

Immunosuppressive medication before change
Tac+MPA (%) 4 (13.8)
CS+Tac+MPA (%) 14 (51.7)
CS+CyA+MPA (%) 6 (20.7)
CyA+MPA (%) 1 (3.4)
Belatacept+Aza ±CS (%) 1 (3.4)
Belatacept+MPA ±CS (%) 2 (6.8)
Belatacept+MPA (SD) 1 (3.4)
Mean MPA equivalent dose 1.2 (0.7)

Laboratory parameters before fourth vaccination
Mean EGFR mL/min (SD) 48.71 (20.0)
Albumin/creatinine mg/g (SD) 174.8 (318.5)
Mean IMPDH activity (pmol XMP/h/mg Hb) (SD) 1192.7 (474.2)

Laboratory parameters 1–3 months after fourth vaccination
Mean EGFR mL/min (SD) 44.3 (20.1)
Albumin/creatinine mg/g (SD) 161.3 (337.3)

Comorbidities
Hypertension (%) 24 (82.3)
Coronary heart disease (%) 6 (20.6)
Diabetes (%) 2 (6.9)
History of malignancy (%) 1 (3.4)

Characteristics of kidney transplant patients enrolled (n = 29). ABetween MPA hold and day 32. Tx, transplantation; 
ABOi, ABO-incompatible living kidney donation; Tac, tacrolimus; MPA, mycophenolate; CS, corticosteroids; CyA, 
cyclosporin A; Aza, azathioprine; IMPDH, inosine monophosphate dehydrogenase; XMP, xanthosine 5’-monophosphate.
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Supplemental Figure 2. A positive T cell response was defined when stimulated PBMCs contained more than 
3-fold higher frequencies of  CD154+CD137+CD4+ T cells as compared with the unstimulated control (stimu-
lation index of  3) with at least 20 events, being in accordance with comparable studies (19). The prevalence of  
cellular responders was similar (>85%) after the third and fourth vaccinations, with no significant differences 
in relative and absolute frequencies of  antigen-reactive T cells. Of note, levels of  anti–SARS-CoV-2 spike S1 
domain–specific IgG were positively correlated with frequencies of  spike-specific T cells (Figure 2A).

Spike-specific T cells of  individuals after the fourth vaccination contained significantly higher 
proportions of  cells expressing the proliferation marker Ki67; the same applied to expression of  pro-
grammed cell death 1 (PD-1), indicating recent in vivo activation (Figure 2B). Interestingly, we did 
not detect significantly elevated frequencies of  antigen-specific T cells expressing IFN-γ, TNF-α, IL-2, 
or IL-4 after the fourth dose (Figure 2C); this also applied to proportions of  specific polyfunctional  
IFN-γ+TNF-α+IL-2+ T cells or cells secreting none of  the 3 cytokines (Figure 2D). IL-4 was excluded 
from polyfunctionality analyses due to low frequencies of  positive cells. Antigen-reactive T cells from 
individuals after the third and fourth doses showed similar frequencies of  CD45RO+CD62L– effector 
memory and CD45RO–CD62L– effector T cells, respectively (Figure 2E). We further compared frequen-
cies of  Ki67 and PD-1 with a matched past cohort after third vaccination where 24/25 patients received 
standard immunosuppressive medication including MPA (20); demographics are summarized in Supple-
mental Table 1. We found that frequencies of  Ki67+ spike-specific CD4+ cells were significantly higher 
7 days after vaccination in antimetabolite-free patients as compared with the control cohort receiving 
MPA. This observation did not apply to proportions of  PD-1+ cells (Supplemental Figure 2B).

HLA antibody testing and dd-cfDNA. Since conversion of an established immunosuppressive regimen bears the 
risk of adverse events such as rejection or the generation of de novo HLA antibodies, we performed anti-HLA 
antibody testing before and after vaccination in 27/29 study participants. No patient developed de novo HLA 
antibodies, and antibody pattern and strength remained unchanged in 3 patients with preexisting donor-specific 
HLA antibodies before vaccination. Kidney function remained stable after day 32. A novel marker for subclini-
cal allograft injury and rejection, dd-cfDNA (16, 21), was available for 16/29 KTRs and did not increase.

Figure 1. Humoral immune responses and specific B cell immunity after fourth vaccination in KTRs. Humoral vaccine-specific immune responses were 
assessed by ELISA for anti–spike protein S1 IgG (n = 29) (A), spike protein S1 IgA (n = 29 day 0, 7, n = 21 day 32) (B), and virus neutralization by a blocking ELISA 
(n = 29 day 0, 7, n = 21 day 32) (C) as well as by QuantiVac (IgG) (n = 29/29 day 0, 7, n = 21 day 32) (D) at the indicated time points in KTRs after administration of 
a fourth dose of BNT162b2. Thresholds defining a positive response are indicated by dotted lines. (E) Relative frequencies (3 times — n = 25, 4 times — n = 23) 
and (F) absolute counts (3 times — n = 23, 4 times — n = 23) of RBD-specific CD19+ B cells 7 ± 2 days after fourth vaccination with BNT162b2. (G) Frequency of 
RBD-specific CD27++CD38+ plasmablasts. (A–D) Kruskal-Wallis with Dunn’s posttest. (E–G) Mann-Whitney U test. Where applicable, graphs show means ± SD.
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Figure 2. Assessment of T cell reactivity. PBMCs of KTRs were stimulated with spike peptide mix or left unstimulated. Specific CD4+ T cells were 
detected immediately before the fourth dose and 7 days thereafter by flow cytometry according to coexpression of CD154 and CD137. (A) The portion 
of individuals with a cellular response (left, Fisher’s exact test, 3 times — n = 29, 4 times — n = 27), relative (middle/left, paired Wilcoxon’s test) and 
absolute (middle/right, paired Wilcoxon’s test) frequencies of specific CD4+ T cells, and the correlation between relative frequencies and levels of 
anti–spike S1 domain IgG (right, simple linear regression). (B) Frequencies of antigen-reactive CD4+ T cells expressing Ki67 (left, paired Wilcoxon’s 
test) or PD-1 (right, paired Wilcoxon’s test). (C) Expression of IFN-γ (paired t test), TNF-α (paired t test), IL-2 (paired t test), and IL-4 (paired t test) 
in antigen-specific T cells. (D) Analysis of IFN-γ+TNF-α+IL-2+ “triple+” polyfunctional (paired Wilcoxon’s test, left) and non-cytokine-producing cells 
(paired Wilcoxon’s test, right). (E) Memory/effector subset differentiation of antigen-specific CD4+ T cells (TEM: effector memory [left, paired  
Wilcoxon’s test], Teff: effector [right, paired Wilcoxon’s test]). In all analyses except in responder rate calculation (A), n = 25 individuals were  
included per group. Where applicable, graphs show means ± SD.
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Discussion
The current study investigates the immunological impact of  a fourth dose of  a SARS-CoV-2 vaccine 
during short-term MPA hold in KTRs who did not seroconvert after 3 vaccine doses. We found a 
significant increase in humoral responders at day 32 (76% irrespective of  previous treatment, 84% in 
individuals on standard CNI regimen), with an increase in neutralizing antibodies and occurrences of  
vaccine-specific B cells and plasmablasts. We further observed higher ex vivo activation of  spike-specific 
T cells that quantitatively correlated with spike S1–specific IgG at day 32.

So far, the response to SARS-CoV-2 mRNA- and vector-based vaccines in KTRs has been disap-
pointing (4, 22), resulting in high infection and hospitalization rates in fully vaccinated individuals 
(3). The early recommendation of  a third vaccination for solid organ recipients, which has since been 
extended to the general population (23), entailed IgG seroconversion rates of  up to 68% (24), a feature 
that was, however, not reproducible for patients receiving triple immunosuppressive therapy and being 
seronegative before the third vaccination (6). Positive but low prevaccination IgG levels are associated 
with superior outcomes after a fourth dose on stable immunosuppression, leading to seroconversion 
rates of  42%–50% (25, 26). Still, seronegative patients after repeated revaccination clearly represent 
the most vulnerable subgroup with higher risk of  severe COVID-19 (1, 3). This is becoming increas-
ingly important with the emergence of  new viral variants, resulting in reduced neutralization capacity 
even in healthy individuals (27).

Our approach to withdraw MPA, followed by revaccination, obviously affected all arms of  immu-
nity with a strong impact on B cell activation and differentiation, thereby boosting spike-specific anti-
body production. Interestingly, seroconversion was already detectable on day 7 in 34.4% of  patients, 
as compared with only 12% of  individuals receiving a third dose under MPA treatment (6), highlight-
ing enhanced immune kinetics in the absence of  antimetabolites. Importantly, seroconversion did not 
depend on the type of  previous vaccines since we did not observe differences between patients who 
received a heterologous or homologous vaccination regimen.

So far, antimetabolites including MPA and Aza have been primarily demonstrated to impair B cell 
proliferation and plasmablast formation in autoimmunity (28) but to also block expansion and activation 
of  naive and memory B cells isolated from healthy individuals (29–31). Mechanistically, MPA inhib-
its IL-6–mediated STAT3 signaling, a prerequisite for plasma cells’ differentiation (32) and critical for 
their survival and immunoglobulin secretion in the bone marrow (33). To the best of  our knowledge, our 
data, for the first time, verify MPA’s effects on B cells in an antigen-specific context, including impair-
ment of  spike-specific CD27++CD38+ plasmablast formation. With respect to the T cell compartment, our 
data are in line with recent studies showing that production of  IFN-γ, TNF-α, or IL-2 by polyomavirus  
BK–specific memory T cells or bulk mucosal associated invariant T cells remains unaffected by MPA (34, 
35). This might be related to the fact that the IL-6/STAT3 axis is selectively involved in differentiation of  
IL-17–secreting Th17 cells (36). As opposed to cytokine production, in vivo activation, as evidenced by 
Ki67 and PD-1 expression, significantly increased in vaccine-specific CD4+ T cells after MPA hold, sug-
gesting that initial activation/proliferation is more sensitive to antimetabolites, as has been demonstrated 
for purified naive human T cells (37). For Ki67, dependency on antimetabolite treatment is supported by 
our historical cohort data where expression was analyzed at the same time point in MPA-treated individ-
uals. Interestingly, our finding that higher frequencies of  spike-reactive T cells correlated with specific IgG 
levels mirrors early analyses of  healthy SARS-CoV-2 vaccinees (38).

As an obvious limitation of  our approach, a subgroup of  patients with previous or ongoing belatacept 
treatment did not benefit from MPA hold. Although our patient numbers were small, our data support the 
notion that belatacept efficiently inhibits vaccine responses (39) irrespective of  the presence of  antimetabo-
lites, suggesting that other approaches are needed for belatacept-treated patients.

Further limitations of  our study include that patients were at a median of  9.9 years after trans-
plantation with stable graft function, thereby representing a very low risk group for an alloimmune 
response. In this context, an earlier time point after transplantation has been identified as a risk factor 
for a poor vaccine response in previous studies (22) while these patients may also be at a greater risk 
for rejection and anti-HLA antibody formation following temporary immunosuppression reduction. 
The transferability of  our approach is further limited by the small sample size and the lack of  a control 
group with continued antimetabolite treatment receiving a fourth vaccination. Safety data in our study 
have to be interpreted with caution due to short follow-up since anti-HLA antibody formation and 
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deterioration of  kidney function might develop over time. To address these aspects, larger cohorts with 
longer follow-up times are needed.

In summary, our data provide evidence that temporary hold of  MPA for 5 weeks in patients under 
previous CNI, MPA, ±CS is a viable option to accelerate and increase vaccine efficacy in KTRs, par-
ticularly given that graft function remained stable and no rejection episodes or increases in anti-HLA 
antibodies and dd-cfDNA plasma concentrations were observed within the observation period. Our 
study thus highlights a potential rapid vaccination strategy for at-risk patients under standard CNI-based 
immunosuppression that warrants testing in larger cohorts.

Methods
Study protocol and participants. Patient demographics are summarized in Table 1. Peripheral blood and serum 
samples were collected immediately before and 7 ± 2 days after the fourth vaccination (humoral, B and T 
cell analyses) and 28–35 days (mean “day 32”) after the fourth dose (humoral analyses, HLA antibodies, 
assessment of  dd-cfDNA).

Serological assessment. Serological assessment was performed as previously reported (5, 6, 40). In 
brief, SARS-CoV-2 S1 domain–specific IgG and IgA were determined by ELISA (EUROIMMUN). 
Previous or current SARS-CoV-2 infection was excluded based on medical history in combination 
with negativity on a SARS-CoV-2 nucleoprotein–specific ELISA (EUROIMMUN). Samples were 
considered positive with OD ratios of  ≥1.1 as per manufacturer’s guidelines. An OD ratio value was 
determined by calculating the ratio of  the OD of  the respective test sample over the OD of  the internal 
calibrator provided with the ELISA kit. For determination of  standardized BAU, the QuantiVac assay 
(EUROIMMUN) was used with values >35.2 BAU/mL considered positive according to the manufac-
turer’s guidelines. Virus neutralization capacity of  sera was analyzed using a surrogate SARS-CoV-2 
neutralization test (GenScript), with more than 30% being defined as a positive response as described 
previously (41, 42).

Clinical parameters. Clinical parameters were extracted from our patient database (43). The EGFR was 
calculated based on creatinine levels by the Chronic Kidney Disease Epidemiology Collaboration formula. 
Data were collected at a median of  18 days (range 12.5, 31.75) before fourth vaccination and at a median 
of  124 days (range 94, 139) after the fourth vaccination. Data for EGFR were available for both time points 
for 28/29 patients. Albumin/creatinine (mg/g) in the spontaneous urine was available for 24/29 patients 
for both time points. Monitoring of  HLA antibodies was performed as described previously (44) together 
with the day 32 follow-up time point.

Erythrocyte IMPDH measurement. Erythrocyte IMPDH activity was measured as described recently 
(17) as a part of  clinical practice. The last available IMPDH at steady state before change in MPA dose 
is reported in Table 1.

Measurement of  dd-cfDNA. The measurement of  dd-cfDNA was performed as described previously 
(15, 45) at day 32. In brief, for each patient, 4 informative independent single nucleotide polymorphism 
(SNP) assays were used, for which the recipient has a homozygous allelic state and the graft carries at 
least 1 heterozygous allele. These were selected from a predefined set of  40 SNPs. These 4 SNP assays 
were used to quantify the dd-cfDNA (%) concentration, defined as donor alleles/(donor alleles + recipient 
alleles). Results for SNPs with heterozygous graft genotypes were corrected by a factor 2. Total cfDNA 
was extracted from up to 8 mL of  plasma collected in certified blood collection tubes (Streck Corp). The 
measurement was performed using droplet-digital PCR. Results were corrected for extraction efficiency 
and cfDNA fragmentation in absolute quantification, as described previously (21). The absolute concen-
tration of  dd-cfDNA per mL of  plasma was calculated by multiplying total cfDNA (copies/mL) and 
dd-cfDNA (%). Time-dependent changes for total cfDNA and dd-cfDNA fraction (%) in the posttrans-
plant course were assessed in a cohort of  300 KTRs, as described previously (46).

Characterization of  antigen-specific B and T cells. All experiments were performed as previously 
described (4, 5, 18). In brief, PBMCs were isolated by density gradient centrifugation using Ficoll-
Paque PLUS (GE Healthcare Bio-Sciences). B cells were detected within PBMCs by flow cytometry 
and gated as CD19+CD3–CD14– among single live lymphocytes (gating strategy depicted in Supple-
mental Figure 1E). For flow cytometric analysis, the following fluorochrome-labeled antibodies were 
used: CD14 (M5E2, BD Biosciences [BD]), CD3 (UCHT1, BD), CD27 (L128, BD), CD19 (SJ25C1, 
BD), CD24 (ML5, BD), IgD (IA6-2, BioLegend), and CD38 (HIT2, BioLegend). Antigen-specific B 
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cells were identified (Supplemental Figure 1E) by double-staining with recombinant purified RBD 
(DAGC149, Creative Diagnostics) conjugated to Alexa Fluor 647 or Alexa Fluor 488. For identi-
fication of  vaccine-reactive T cells, 3 × 106 to 5 × 106 PBMCs were stimulated for 16 hours with 
overlapping 15-mers covering the complete SARS-CoV-2 spike protein (1 μg/mL per peptide; JPT). 
Specific CD4+ T helper cells were identified based on CD154 and CD137 coexpression as shown in 
Supplemental Figure 2. For labeling of  surface markers, antibodies against CD3 (SK7, BioLegend), 
CD4 (SK3, BD), CD8 (SK1, eBioscience, Thermo Fisher Scientific), CD45RO (UCHL1, BioLegend), 
CD62L (DREG-56, BioLegend), and PD1 (EH12.1, Becton Dickinson) were used. A dump chan-
nel served to exclude unwanted cells containing CD14+ (M5E2, BioLegend), CD19+ (HIB19, Bio-
Legend), and dead cells (fixable live/dead, BioLegend). After surface staining, cells were fixed in 
FACS Lysing Solution (Becton Dickinson), permeabilized in FACS Perm II Solution (Becton Dick-
inson), and stained intracellularly with anti-CD154 (24-31, BioLegend), anti-CD137 (4B4-1, BioLeg-
end), anti–TNF-α (MAb11, BioLegend), anti–IFN-γ (4SB3, eBioscience, Thermo Fisher Scientific), 
anti–IL-2 (MQ1-17H12, BioLegend), anti-Ki67 (B56, Becton Dickinson), and anti–IL-4 (MP4-25D2,  
BioLegend). Data acquisition was performed using a BD LSRFortessa X-20.

Statistics. FACS data were analyzed with FlowJo 10 (BD). The gating strategies for analysis of  anti-
gen-reactive B and T cells are illustrated in Supplemental Figures 1 and 2. Coexpression of  cytokines was 
quantified by Boolean gating in FlowJo. Statistical analysis and graph preparation were conducted in 
GraphPad Prism 8. Normal distribution of  data was assessed using the Kolmogorov-Smirnov test. Depend-
ing on the presence of  normal distribution, a 2-tailed t or Wilcoxon’s test was used for paired 2-group com-
parisons. For multiple comparisons, a 2-way ANOVA with Holm-Šidák posttest or Kruskal-Wallis test with 
Dunn’s posttest were chosen. For analysis of  contingency tables, Fisher’s exact test was applied. P values 
less than 0.05 were considered statistically significant.
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