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physiologically decline. Health care

workers with breakthrough infections had

no signs of waning immunity, as memory

B cells produce high levels of specific

antibodies in the serum and saliva.
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SUMMARY
Breakthrough SARS-CoV-2 infections in fully vaccinated individuals are considered a consequence of
waning immunity. Serum antibodies represent the most measurable outcome of vaccine-induced B cell
memory. When antibodies decline, memory B cells are expected to persist and perform their function, pre-
venting clinical disease. We investigated whether BNT162b2 mRNA vaccine induces durable and functional
B cell memory in vivo against SARS-CoV-2 3, 6, and 9months after the second dose in a cohort of health care
workers (HCWs). While we observed physiological decline of SARS-CoV-2-specific antibodies, memory
B cells persist and increase until 9 months after immunization. HCWs with breakthrough infections had no
signs of waning immunity. In 3–4 days, memory B cells responded to SARS-CoV-2 infection by producing
high levels of specific antibodies in the serum and anti-Spike IgA in the saliva. Antibodies to the viral nucle-
oprotein were produced with the slow kinetics typical of the response to a novel antigen.
INTRODUCTION

Breakthrough infections in individuals fully immunized against

SARS-CoV-2 with the BNT162b2 mRNA vaccine continue to in-

crease worldwide (Barda et al., 2021; Bergwerk et al., 2021). In

most individuals with a positive nasopharyngeal swab (NPS),

SARS-CoV-2 infection is clinically a- or pauci-symptomatic,
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demonstrating that vaccination protects against severe disease

but is less effective in preventing contagion (Bergwerk et al.,

2021). The epidemiological situation is complicated by the rapid

surge and prevalence of the highly infective SARS-CoV-2 Delta

variant (Monto, 2021) at a time when the increased vaccination

rates have led to the removal of most restrictions, including the

extensive use of masks and social distancing.
thors. Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Demographic and clinical characteristics of vaccinated

HCWs without and with breakthrough infections

Age (years)

Control Group*

n = 34 46.3 (12.15)

Breakthrough

Infections**

n = 33 39.9 (11.3)

Sex

Female 26 (77%) 23 (70%)

Male 8 (23%) 10 (30%)

Hospitalization status

Never hospitalized 34 (100%) 33 (100%)

Hospitalized n/a 0 (0%)

Unknown if hospitalized n/a 0 (0%)

Sample Collection Date December 2020-

September 2021

April 2021-

September 2021

SARS-CoV-2 PCR Positivity

Positive 0 (0%) 33 (100%)

Negative 34 (100%) 0 (0%)

Peak Disease Severity (Female [F], Male [M])

Asymptomatic n/a 24 (73%)

(16 [F], 8 [M])

Mild (Non-hospitalized) n/a 9 (27%)

(7 [F], 2 [M])

Moderate (Hospitalized) n/a 0 (0%)

Severe (Hospitalized) n/a 0 (0%)

Unknown n/a 0 (0%)

SARS-CoV-2 clade***

Alpha n/a 4 (12%)

Gamma n/a 3 (14%)

Delta n/a 20 (61%)

*analyzed before vaccination and 1 week, 3, 6, and 9 months after the

second dose

**for 21, multiple samples were analyzed; from 12 cases, only one sample

was available

***information available for 27 patients with a nasopharyngeal viral load

sufficient for genome sequencing
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The occurrence of breakthrough infections has been corre-

lated with the progressive decline of specific and neutralizing an-

tibodies in the serummonths after vaccination (Levin et al., 2021;

Goldberg et al., 2021), leading to the conclusion that immunity

induced by vaccination is waning. Consequently, the administra-

tion of a third vaccine dose has been recommended, starting

from high-risk groups.

Antibodies in the serumare a reliable biological readout of vac-

cine efficacy because they demonstrate the successful

response of the immune system, but they do not represent our

main or only protection against infection (Goel et al., 2021a).

Memory B and T cells, produced in response to immunization,

are indispensable for protection because they migrate to the

site of viral entry (Allie et al., 2019; Palm and Henry, 2019).

Here, where the immune defenses are mostly needed, memory

B cells (MBCs) secrete high amounts of neutralizing antibodies

and memory T cells kill infected cells, thus preventing viral multi-

plication and spread. Whereas antibodies physiologically

decline after every vaccination, B and T memory cells persist
and perform their function, resulting in the prevention of clinical

disease (Pollard and Bijker, 2021). In unvaccinated patients in-

fected by SARS-CoV-2, innate immunity and T cell responses

play a major defensive role, and B cell function is of minor impor-

tance (Carsetti et al., 2020). In contrast, B cells are most relevant

for prevention of infection after vaccination, thanks to the

production of neutralizing antibodies able to block the binding

between the viral Spike protein and its ACE-2 receptor (Wang

et al., 2021b; Goel et al., 2021b).

Our study addressed two equally important aims. We first

investigated whether the BNT162b2 mRNA vaccine induces du-

rable B cell memory by measuring the frequency of specific

MBCs 3, 6, and 9 months after a two-dose vaccine cycle. The

second aim was to prove the performance of vaccine-induced

MBCs.Wemeasured the humoral and B cellular response of fully

vaccinated health care workers (HCWs) who had SARS-CoV-2

breakthrough infections 3 and 6 months after the second dose.

We also investigated the mucosal response in vaccinated health

care workers (HCWs) with a positive NPS. All the results were

compared to those obtained in vaccinated HCWs never infected

by SARS-CoV-2.

RESULTS

Demographic and clinical characteristic of study participants

are reported in Table 1, and Figure 1 describes the experimental

plan.

We first evaluated the duration of B cell memory after a com-

plete vaccine cycle (two doses, 21 days apart), in fully vaccinated

HCWs (n = 34) who never had a positive NPS. The concentration

of serum anti-Trimeric Spike IgG and total anti-RBD antibodies

at different time points is shown in Figure 2. As reported before

(Piano Mortari et al., 2021), serum anti-Trimeric Spike and total

anti-RBD antibodies reached the highest levels 7 days after the

second dose (Figures 2A and 2B; 1w). Anti-Trimeric Spike IgG

progressively and significantly declined 3 and 6 months after

vaccination (Figures 2A and S1A). Between 6 and 9 months,

the reduction of anti-Trimeric Spike-specific IgG serum concen-

trations (Figures 2A and S1A) was not significant. Anti-RBD anti-

bodies declined with similar kinetics between 1 week and

3 months after the second dose. Afterward, the progressive

loss of anti-RBD antibodies was significant only between 3 and

9 months (Figures 2B and S1B).

The frequency of Spike-specific MBCs in the peripheral blood

was also measured. MBCs were identified as CD19+CD24+

CD27+, as shown in the gating strategy in Figure S2. Spike-

specific MBCs that were absent before vaccination (T0) and

significantly increased 7 days after the second dose (1w) (Piano

Mortari et al., 2021) continued to significantly expand at each

time point. At 3 months, the median value of Spike-specific

MBCs was 0.07% (IQR 0.04–0.15) and 0.14% at 6 months

(IQR 0.08–0.19) (Figure 2C). Finally, 9 months after vaccination,

they further increased and were 0.21% (IQR 0.13–0.3) of all

MBCs. The progressive increase of Spike-specific B cells was

also detected in the total B cell population (Figure S3). At each

time point after vaccination, about 20%–25% of the Spike-

specific MBCs were directed to RBD (Figure 2D).

The changes in time of the frequency of Spike-specific MBCs

and anti-Trimeric Spike IgG are represented in Figure 2E by the
Cell Host & Microbe 30, 400–408, March 9, 2022 401



Figure 1. Flowchart showing the experimental plan

ll
OPEN ACCESS Article
simple linear regressionmodel for Spike-specificMBCs and time

(red line) and for anti-Trimeric Spike-specific IgG and time (blue

line). For Spike-specific MBCs, this model represents 30% of

the variance present in the data, and time has a significant (p <

0.001) positive effect on the percentage of circulating Spike-spe-

cific MBCs. For Trimeric Spike-specific IgG, the model repre-

sents 52%of the variance present in the data, and time has a sig-

nificant (p < 0.001) negative effect on the amount of antibodies.

Thus, in contrast to the decline of serum antibodies, MBCs

specific for recombinant Spike and RBD persist and continue

to increase for at least 9 months after the second vac-

cine dose.

We then asked the question of whether breakthrough infec-

tions were associated with waning immunity. The 33 HCWs

with SARS-CoV-2 breakthrough infections who agreed to

participate to the study were identified by the SARS-CoV-2

NPS performed either because of the presence of at least

one symptom (8/33) or because of a reported contact (25/33)

with an infected individual (mostly a family member); all of
402 Cell Host & Microbe 30, 400–408, March 9, 2022
them were a- or pauci-symptomatic and none were hospital-

ized. Eighteen SARS-CoV-2 breakthrough infections occurred

around 3 months after the second dose, and 15 were diag-

nosed after 6 months. Breakthrough infections were caused

by the Alpha (12%), Gamma (9%), or Delta (61%) variants. In

6 cases (18%), the identification of the variant was impossible

due to the low viral load.

Figure 3 shows the levels of specific antibodies and MBCs in

HCWs with breakthrough infections on the day of the first posi-

tive NPS compared to fully vaccinated HCWs matched for sex,

age, and interval from vaccination. There was no difference in

the level of antibodies specific for Trimeric Spike and RBD and

in the titer of neutralizing antibodies (Figures 3A–3C). Spike-spe-

cific MBCs were not reduced in HCWs who had breakthrough

infections (Figure 3D). Among Spike-specific MBCs, we

determined the percentage of IgM+ and switched cells 3 and

6 months in HCWs with or without breakthrough infections after

the first positive NPS (Figure 3E). There was no significant

difference between the two groups analyzed. The fraction of



Figure 2. SARS-CoV-2 antibody responses

and specific memory B cells in vaccinated

HCWs

(A) Anti-Trimeric Spike-specific IgG, (B) total anti-

RBD antibody levels, (C) percentage of Spike-spe-

cific MBCs, and (D) frequency of RBD-specific cells,

identified inside the total Spike-positive MBCs,

measured at different time points in vaccinated

HCWs: before vaccine administration (T0), 7 days

(1w), 3 (3mo), 6 (6mo), and 9 (9mo) months after the

second dose (n = 34). (E) Simple linear regression

models for Spike-specific MBCs and time (red line),

and for anti-Trimeric Spike-specific IgG and time

(blue line). Antibody titer is shown on a log10 scale.

Medians are indicated, and statistical significance

was determined using Wilcoxon matched pairs

signed rank test. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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Spike-specific MBCs able to bind the viral RBD was also similar

in fully vaccinated HCWs with or without breakthrough infection

(Figure 3F).

We followed 21 HCWs for about 20 days after the first positive

swab, whereas for 12 HCWs only one sample was obtained at a

known time point after the first positive NPS.

In the serum, anti-Trimeric Spike and anti-RBD antibodies

were already detectable 0–3 days from the first positive NPS
Cell Host
because of the previous vaccination,

immediately increased 4–6 days after,

and reached the maximal level measurable

by the standard assays performed in our

Institute at 7 to 10 days after the first NPS

(Figures 3G, 3H, S4A, and S4B). In

contrast, anti-nucleoprotein (N) antibodies,

which were absent at 0–3 days, became

detectable in 4 cases 7–10 days after the

first NPS, significantly increased at 11–

14 days following the positive NPS, and

were present in all individuals but one

15 days after the first positive NPS; this re-

flects the kinetics of the immune response

to a novel antigen, which typically requires

2–3 weeks for the generation of specific

antibodies (Figures 3I and S4C).

The rapid production of specific anti-

bodies may be explained by the function

of the already established population of

MBCs that differentiate into antibody-pro-

ducing cells once that virus has invaded

the oropharynx.

In the peripheral blood, the frequency

of Spike-specific MBCs started to

increase at 4–6 days after the first posi-

tive NPS and became maximal 11–

14 days after the first positive NPS (Fig-

ure 3L). Among MBCs, the RBD-specific

fraction was always represented at a

constant frequency of roughly 20%–

25% (Figures 3M and S2 for the identifi-
cation of the cell populations). Circulating Spike-specific

antibody producing cells (plasmablasts) also increased with

similar kinetics (Figures 3N and S2 for the identification of

plasmablasts).

Salivary IgA is considered a reliable proxy of mucosal immu-

nity (Brandtzaeg, 2013), and Spike-specific IgA has been de-

tected in patients with COVID-19 (Sterlin et al., 2021) in

response to the infection of the nasopharyngeal epithelium.
& Microbe 30, 400–408, March 9, 2022 403



Figure 3. Levels of specific antibodies and frequency of Spike-specific memory B cells in vaccinated HCWs who never had a positive NPS

and in HCWs with breakthrough infections

For a Figure360 author presentation of this figure, see https://doi.org/10.1016/j.chom.2022.01.003.

(A) Anti-Trimeric Spike-specific IgG, (B) total anti-RBD antibodies, and (C) neutralizing antibodies. The values measured in SARS-CoV-2-negative HCWs 3 and

6 months after vaccination (n = 34) are compared to those of HCWs with breakthrough infections that occurred either 3 (3mo) (n = 8) or 6 (6mo) (n = 14) months

(legend continued on next page)
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Figure 4. HCWs salivary IgA levels

(A) Detection of salivary IgA levels in 81 HCWs who

previously had COVID-19, 34 vaccinated HCWs,

and 33 HCWs with breakthrough infections

measured at different time points after the first

positive NPS (0–3 days, 4–6 days, 7–10 days, 11–

14 days, >15 days, and 5–8 months). Empty circles

refer to HCWs for which only one sample was

collected at a known time point after the first positive

NPS (n = 19). Statistical significances are reported in

the table besides the graph. Medians are indicated,

and statistical significance was determined using

unpaired Mann-Whitney t test. *p < 0.05, **p < 0.01,

***p < 0.001; ****p < 0.0001. (B) Graphical model of

the possible mechanism by which SARS-CoV-2

infection turns vaccine-induced systemic immunity

into local immunity. In vaccinated individuals, spe-

cific antibodies reach mucosal sites by transudation

(on the left). After infection, memory T and B cells

reach the site of viral entry. MBCs differentiate into

plasma cells secreting large amounts of specific IgA

(on the right).
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Spike-specific salivary IgA was very low in the majority of vacci-

nated HCWs. In contrast, IgA against the Spike protein was still

present in the saliva of individuals who had COVID-19 months

before our study (Figure 4A). Most importantly, salivary IgA

was measurable in vaccinated HCWs who had a positive NPS

after vaccination. Salivary IgA had already started to increase

at 4–6 days and increased even more 7–10 days after the first

positive NPS. Salivary IgA was augmented further at the

following time points (Figure 4A). The rapid kinetics suggest
after the second dose. (D) Plot depicts the percentage of Spike-specific MBCs in vaccinees with and with

distribution of switched and IgM+ Spike-specific MBCs in fully vaccinated HCWs without and with breakth

(F), the percentage of RBD+ cells among Spike-specific MBCs in the two groups of HCWs is shown. Me

showing the kinetics of anti-Trimeric Spike-specific IgG (G), anti-RBD Ig (H), and anti-N Ig (I) are shown. (L) P

MBCs, identified among Spike-specific MBCs, and (N) Spike-specific plasmablasts in the peripheral bloo

(n = 33). Samples were analyzed after the first positive NPS at the following time points: 0–3 days, 4–6 days

positive NPS. Empty circles represent HCWs for which only one sample was collected at a known time poin

shown on a log10 scale. Neutralizing antibodies are expressed as the reciprocal of the highest serum dilutio

effect (MNA90) and values R10 were considered positive. Dashed line indicates the cut-off of the test (M

significance was determined using unpaired Mann-Whitney t test. *p < 0.05, **p < 0.01, ***p < 0.001.

Cell Host
that salivary IgA may be produced by

MBCsmigrated at the site of viral invasion.

In the same HCWs with breakthrough in-

fections, 5 to 8 months after the positive

NPS, salivary IgA declined but remained

significantly higher than in fully vaccinated

HCWs who never experienced SARS-

CoV-2 infection (Figure 4A).

Regarding the duration of SARS-CoV-2

PCR positivity in NPS, the median time

from the first positive NPS to the first

negative test was 28.3 ± 15 days in

unvaccinated HCWs and 20 ± 9 days in

the vaccinated group (p < 0.001). This

finding confirms that vaccination-induced

immune memory contributes to the control

of viral infection in the nasopharynx, even
now when the highly infectious and fast-replicating Delta variant

has replaced the original Wuhan strain.

DISCUSSION

The reason why vaccinated individuals may have breakthrough

infections has been attributed to progressive decay of vaccine-

induced immunity and,more specifically, to the reduction of spe-

cific antibodies in the serum (Bergwerk et al., 2021; Goldberg
out breakthrough infections. (E) Pie charts show the

rough infections 3 and 6 months after vaccination. In

dians of the antibody values at different time points

ercentage of Spike-specific MBCs, (M) RBD-specific

d of vaccinated HCWs with breakthrough infections

, 7–10 days,11–14 days, and > 15days after the first

t after the first positive NPS (n = 12). Antibody titer is

n inhibiting at least 90% of virus-induced cytopathic

NA90 < 10). Medians are indicated, and statistical

& Microbe 30, 400–408, March 9, 2022 405
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et al., 2021). In large population studies, the individual response

cannot be studied in detail.

We studied two groups of HCWs, comparable for age, health

and type of work, all without predisposing conditions associated

with an increased risk of a positive SARS-CoV-2 test.

We asked the question of whether HCWs with breakthrough

infections had a lower level of B cell immunity than their co-

workers who received the same vaccine at the same time but

never had a positive NPS.

Here, we show that in vaccinated HCWs, serum antibodies

significantly declined between the peak level, recorded 1 week

after the second dose, and 3 months later. The reduction of

serum antibody slowly continued between 6 (Pape et al., 2021)

and 9months after vaccination (Figures 2A, 2B, and S1). The dra-

matic decrease of serum antibodies 3 months after vaccination

is a physiological event occurring after every immunization and

in each individual and is due to the programmed death of

short-lived plasmablasts (Auner et al., 2010; Smith et al., 1996;

Scott et al., 2021). Stable antibody levels are maintained by

long-lived plasma cells homed to the bone marrow (Moser

et al., 2006; Slifka et al., 1998; Brynjolfsson et al., 2018). We still

do not know whether anti-SARS-CoV-2 antibody levels will

remain unchanged or continue to decline in the next months.

In contrast to the reduction of serum antibodies, MBCs spe-

cific for the viral Spike protein significantly increased at all time

points. Nine months after vaccination, the frequency of Spike-

specific MBCs was 10-fold greater than immediately after the

second dose (Figure 2C). Through the recirculation in the persis-

tent germinal centers demonstrated in vaccinated individuals

(Lederer et al., 2021; Turner et al., 2021b), MBCs may continu-

ously be re-stimulated, thus explaining their increased numbers

and progressively improved antigen affinity (Piano Mortari et al.,

2021; Grimsholm et al., 2020; Wang et al., 2021a; Gaebler

et al., 2021).

Two questions remain: 1) are serum antibodies and MBCs

significantly reduced in HCWs with breakthrough infection

compared to vaccinated HCWs who were never infected?

And 2), are specific MBCs able to exert their function and be a

rapid source of protective antibodies in the case of breakthrough

infection?

In order to answer these questions, we compared the concen-

tration of anti-RBD, anti-Trimeric Spike-specific and neutralizing

antibodies of fully vaccinated HCWs infected 3 and 6 months af-

ter vaccination to the corresponding values of non-infected

HCWs (Figures 3A–3C). We show, as already reported by others

(Rovida et al., 2021), that at the time of the first positive NPS, vac-

cine-induced immunity had not waned in HCWs experiencing

breakthrough infection because specific and neutralizing anti-

bodies andMBCswere not reduced in comparison to the control

HCWs. In addition, the rapid increase of Trimeric-Spike IgG and

anti-RBD serum antibodies and the equally fast expansion of

specific MBCs and plasmablasts strongly supports the hypoth-

esis that vaccine-induced memory (Goel et al., 2021a), triggered

by the virus, responds with the effect of limiting the infection and

preventing symptoms (in 25/33; 75.7%) and severe disease (in

all; 100%) and shortening the time of viral clearance. The role

of established memory is also confirmed by the different kinetics

of the response to the viral N protein that, for subjects never in-

fected before, is a novel antigen. Anti-N antibodies become
406 Cell Host & Microbe 30, 400–408, March 9, 2022
detectable after 2–3 weeks, as is expected by the germinal cen-

ter response to a novel antigen (Gatto and Brink, 2010).

The increase of anti-Spike IgA in the saliva may have two

different explanations. It may be the product of de novo gener-

ated mucosal response to the virus or represent the function of

vaccine-induced memory B cells migrated to the site of viral in-

vasion. The second hypothesis is supported by the rapid kinetics

of IgA production in comparison to serum anti-N, against which

no specific MBCs exist in vaccinated individuals before the

infection.

In conclusion, the rapid response to the presence of the virus

in the oropharynx demonstrates that, although serum antibodies

decline, immunity induced by the vaccine does not wane.

Individuals convalescent fromCOVID-19 are rarely re-infected

by SARS-CoV-2 (Hall et al., 2021; Omata et al., 2021; Turner

et al., 2021a), whereas vaccinated individuals may have a posi-

tive NPS (Bergwerk et al., 2021), suggesting that viral infection

and vaccination may generate different types of protective

immunity.

The nasopharyngeal mucosa is the site of entry of SARS-

CoV-2, and mucosal immunity has been demonstrated during

the illness and in convalescence. Parenterally administered vac-

cines are not expected to generatemucosal immunity (Allie et al.,

2019), and serum antibodies reach mucosal sites in small

amounts by transudation (Sterlin et al., 2021). The reduced con-

centration of specific antibodies in the serum, and consequently

in the tissues, may explain the observation that vaccine efficacy

in prevention of infection is lower in individuals vaccinated at the

beginning of the immunization campaign in comparison to the ef-

ficacy demonstrated in the recently vaccinated population

(Rossman et al., 2021). Systemic protection induced by intra-

muscular vaccination can, however, be transformed into local

protection. To do so, MBCs should be attracted to the site of

infection and instructed to become resident MBCs (Allie et al.,

2019). We suggest that breakthrough infections in vaccinated

individuals may result from lack of local protection. Immune

memory established by vaccination, however, prevents severe

disease by the combined action of memory T and B cells that

migrate to the infection site, thus turning systemic immunity

into local protection (Figure 4B).

A third vaccine dose is necessary for all those individuals with

primary and secondary immunodeficiency, immune-suppressive

treatments, chemotherapy, bone marrow transplantation, or

advanced age; these individuals may be unable to generate pro-

tective levels of antibodies and sufficient numbers of memory

B and T cells (Salinas et al., 2021; Fernandez Salinas et al.,

2021). The strength of our paper is the demonstration that B cell

immunity does not wane and reacts as expected in vaccinated

subjects independently fromthe timeof immunizationand the level

of serum-specific antibodies at the time of infection. Our data

also suggest that the ineffective mucosal protection represents

the weak side of parenterally administered vaccines, including

those containing mRNA. A corollary of our findings is that the

measurement of serum antibodies is an insufficient indicator of

established and functional immune memory to viral diseases.

In individuals with an intact immune system, the third

vaccine dose will increase the level of Spike-specific antibodies

and probably MBCs, similar to what is observed after break-

through infections. The reduction of breakthrough infections
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demonstrated by the successful third-dose campaign in Israel

(Bar-On et al., 2021; Barda et al., 2021) may be explained by

the improvement of mucosal protection through the high con-

centration of serum antibodies induced by the booster dose

and reaching the oropharynx by transudation. Serum antibodies

will predictably decline a fewmonths after the third dose, as hap-

pens in every type of vaccination and booster (Scott et al., 2021).

We hope that the third dose will increase and stabilize the immu-

nological memory, including MBCs, long-lived plasma cells, and

of course memory T cells. Mucosal vaccines are in development

(Mudgal et al., 2020; Lavelle and Ward, 2021; Lycke, 2012) and

may be able to complete our protection with neutralizing secre-

tory IgA posed on epithelial cells to stop viral invasion (Lavelle

and Ward, 2021).

Our study has some limitations. First, we were unable to

demonstrate that salivary IgA is produced by the same MBCs

that migrate from the blood to the infection site. Comparison of

immunoglobulin VH sequences in blood and salivary gland is

necessary to demonstrate the clonal relationship. The difficulty

is due to the facts that viable MBCs are not detectable in the

saliva and that salivary gland biopsies cannot be performed in

asymptomatic HCWs with a positive NPS. Further studies are

necessary to demonstrate whether mucosal IgA specific for

SARS-CoV-2 becomes a permanent protection and prevents

re-infection. Additionally, we focused our analysis on a cohort

of healthy HCWs, and our findings might not apply to the general

population with a different exposure to the virus and various

health conditions and age. Finally, the number of breakthrough

infections reported in our sample was limited. Further studies

will be crucial to better describe the dynamics of B cell immunity

in time after vaccination for SARS-CoV-2.
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Hospital, Rome, Italy
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Chemicals, peptides, and recombinant proteins
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Spike His-tag

R&D Systems Cat#BT10549-050

Biotinylated Receptor Binding Domain This study, Takis, Rome, Italy N/A

Critical commercial assays

Elecsys� Anti-SARS-CoV-2 Roche Diagnostics Cat#09 203 079 190

Elecsys� Anti-SARS-CoV-2 S Roche Diagnostics Cat#09 289 275 190

LIAISON� SARS-CoV-2 TrimericS IgG assay Diasorin Cat#311510D

ELISA Anti-SARS-CoV-2 IgA Euroimmun Cat#EI 2606-9601 A

SARS-CoV-2 isolate SARS-CoV2/Human/

ITA/PAVIA10734/2020, clade G, D614G (S)

INMI Cat#008V-04005

EZ-LinkTM Sulfo-NHS-LC-Biotin reaction kit ThermoScientific Cat#21335

QIAamp Viral RNA Mini Kit QIAGEN Cat# 52904

Software and algorithms

FlowJo 10 FLOWJO, LLC https://www.flowjo.com

Prism 8 GraphPad software https://www.graphpad.com/scientific-

software/prism/

RStudio R Foundation for statistical computing https://www.rstudio.com/

Other

PANGOLIN v3.1.15 Github https://github.com/hCoV-2019/pangolin

Simple linear regression model code This study https://data.mendeley.com/datasets/

3yxkps6msr/1
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Rita Car-

setti (rita.carsetti@opbg.net).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
All data has been included in main figures or supplementary information. All data reported in this paper will be shared by the lead

contact upon reasonable request.

Consensus sequence are available at Github. The R code used to study the simple linear regression is deposited and available at

Mendeley Data: https://data.mendeley.com/datasets/3yxkps6msr/1

Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon

request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical approval
Ethics Committee of Bambino Ges�u Children Hospital, Rome, Italy, approved the study (CE_291220). The study was performed in

accordance with the Good Clinical Practice guidelines, the International Conference on Harmonization guidelines, and the most

recent version of the Declaration of Helsinki.

Study design and population
We performed a monocentric observational study including both HCWs who received two doses of the BNT162b2 mRNA vaccine

21 days apart and developed SARS-CoV-2 breakthrough infections over 9months of follow up, and fully vaccinatedHCWswho never

had a positive NPS (control group). All HCWs were fully vaccinated and recruited at the Bambino Ges�u Children Hospital in Rome,

Italy. Samples were collected from December 2020 to September 2021.

The population included in the study is described in Figure 1. The 34 HCWs included in the control group were randomly recruited

among the 3511 HCWs of the Bambino Ges�u Children Hospital (Rome, Italy), who received two doses of the BNT162b2 mRNA vac-

cine 21 days apart (Flowchart in Figure 1). For immunological studies, blood samples were collected at different time points: before

vaccination (T0), 7 days after the second dose (1w) and, later, at 3, 6 and 9months after vaccination. Before BNT162b2mRNA admin-

istration, all HCWs had a negative SARS-CoV-2 status by molecular (Allplex2019-ncov, Seegene) and antibody assays (Elecsys

Anti-N, Roche).

Among the 3511 HCWs who received two doses of the BNT162b2 mRNA vaccine, 38 (1.1%) had breakthrough infections

3-6 months after the second vaccine dose. We analyzed blood samples of 21 of them at different time points after the first positive

NPS (0-3 days; 4-6 days; 7-10 days; 11-14 days; > 15 days). For 12 HCWs, we had a single sample at a known time point after the first

positive NPS; the remaining 5 HCWs with breakthrough infections did not consent to participate to the study. None of the HCWs had

predisposing conditions associated with an increased risk of a positive SARS-CoV-2 test. HCWs with breakthrough infections were

compared to fully vaccinated HCWs matched for sex, age and interval from vaccination.

Saliva samples were obtained from 81 HCWs who had a SARS-CoV-2 positive NPS before vaccination, 34 vaccinated HCWs with

a negative NPS at 3 and 6 months after vaccination and 33 vaccinated HCWs who had breakthrough infections. Of 21 HCWs with

breakthrough infections, we collected saliva samples at different time points and from 12 HCWs only one sample was collected

at a known time point after the first positive NPS.

In order to further evaluate the protective effects of vaccination, we compared the duration of SARS-CoV-2 PCR positivity of 299

unvaccinated HCWs who were infected from March 2020 to March 2021 to that of the 38 HCWs who had breakthrough infections.

METHOD DETAILS

RT-PCR assay
RNA detection and quantification of SARS-CoV-2 was carried out from NPS by using a fully automated magnetic bead platform

Maelstrom 9600 (TANBead –Taiwan), followed by a multiplex real-time reverse transcription polymerase chain reaction (RT-PCR)

PCR assay (Allplex SARS-CoV-2 Assay – Seegene South Korea) able to detect 4 target genes of SARS-CoV-2 (RdRP, S and N genes

specific for SARS-CoV-2, and E gene for all of Sarbecovirus including SARS-CoV-2), in a single tube. Positive samples were run in a

second Real Time PCR (COVID-19 Variant Catcher-Clonit Milano, Italy) for fast identification of well-known S gene mutations HV

69-70del, E484K and N501Y used for discrimination of SARS-CoV-2 Wuhan strain from SARS-CoV-2 variant strains B.1.1.7 (alpha

variant), B.1.351 (beta variant) and P.1 (gamma variant).

Variant determination
SARS-CoV-2 sequences were available in 27 subjects in whom the amount of viral RNAwas sufficient for whole genome sequencing.

Total RNAs were extracted from NPS by using QIAamp Viral RNA Mini Kit (QIAGEN) and sequenced by using a multiplex approach

(CleanPlex SARS-CoV-2 Research and Surveillance Panel, Paragon Genomics), and Illumina MiSeq platform (Illumina). Consensus

sequence was obtained by in-house pipeline and lineages were assigned using PANGOLIN v3.1.15 (https://github.com/hCoV-2019/

pangolin).
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Quantitative determination of anti-N, anti-S, Trimeric Spike and RBD antibodies
Serum samples were tested by two different methods and analytical platforms. Qualitative detection of antibodies (IgA, IgM, IgG)

direct against the nucleocapsid (N) protein and semiquantitative detection of total antibodies directed against the RBD of the

virus Spike (S) protein of SARS-CoV-2 were tested by an electro-chemiluminescence sandwich immunoassay (ECLIA), using

Elecsys-anti SARS-CoV-2 and Elecsys-anti SARS-CoV-2 S (Roche Diagnostics) test on a Cobas e801 analyzer following the

manufacturer’s instructions. For anti-N antibodies, samples with a Cut off Index (COI; signal sample/cutoff) < 1.0 were consid-

ered as negative, those with a COI > 1.0 were considered as reactive (positive) and COI dynamic changes during infection were

measured(Ko et al., 2020; Omata et al., 2021). Detection and quantification of anti-RBD antibodies were automatically calculated

for each sample in U/mL, equivalent to the Binding Arbitrary Unit (BAU)/mL of the first WHO International Standard for anti-

SARS-CoV-2 immunoglobulins. The quantitative determination of anti-Trimeric Spike protein specific-IgG antibodies to SARS-

CoV-2 was run on LiaisonXL platform by a new generation of chemiluminescence immunoassay (CLIA) TrimericS IgG assay

(DiaSorin).

Detection of neutralizing antibodies
Neutralizing antibodies were assessed by micro-neutralization assay (MNA) using live SARS-CoV-2 isolate. Briefly, seven two-

fold serial dilutions (starting dilution 1:10) of heat-inactivated serum samples (56�C for 30 min) were titrated in duplicate, mixed

with 100 TCID50 virus (SARS-CoV-2/Human/ITA/PAVIA10734/2020, clade G, D614G (S), Ref-SKU: 008V-04005, from EVAg

portal) and incubated at 37�C for 30 min. Subsequently, virus-serum mixtures were added to Vero E6 cell monolayers in 96-

well microplates and incubated at 37 �C, 5% CO2. After 48 h, microplates were examined by light microscope for the presence

of virus-induced cytopathic effect (CPE). Neutralization titers were expressed as the reciprocal of the highest serum dilution

inhibiting at least 90% (MNA90) of CPE. When 90% inhibition was not observed at the first dilution tested (1:10), the sample

was considered not able to neutralize (neutralization titer < 1:10). Neutralization titer lower than 1:10 have been considered

negative.

Detection of antigen-specific B cells
In order to detect SARS-CoV-2 specific B cells, biotinylated protein antigens were individually multimerized with fluorescently

labeled streptavidin at 4�C for 1 h, as previously described(Piano Mortari et al., 2021). Briefly, recombinant biotinylated SARS-

CoV-2 Spike (S1+S2; aa16-1211) was purchased from R&D systems (BT10549). RBD was generated in-house and biotinylation

was performed using EZ-LinkTM Sulfo-NHS-LC-Biotin reaction kit (ThermoScientific) following the manufacturer’s standard pro-

tocol and dialyzed overnight against PBS. Separate aliquots of recombinant biotinylated Spike were mixed with streptavidin

BUV395 or streptavidin PE (BD Bioscience) at 25:1 ratio and 20:1 ratio respectively. Streptavidin PE-Cy7 (BD Bioscience) was

used as a decoy probe to gate out SARS-CoV-2 antigen non-specific streptavidin-binding B cells. The antigen probes individually

prepared as above were then mixed in Brilliant Buffer (BD Bioscience). 4 3 106 previously frozen PBMC samples were prepared

and stained with the antigen probe cocktail containing 100 ng of Spike per probe (total 200 ng), 27.5 ng of RBD and 2 ng of strep-

tavidin PE-Cy7 at 4�C for 30 min to ensure maximal staining quality before surface staining with antibodies was performed in

Brilliant Buffer at 4�C for 30 min.

B cell subsets were identified based on the expression of CD19, CD27, CD24 and CD38 markers by flow-cytometry. MBCs were

defined as CD19+CD24+CD27+CD38- and plasmablasts were identified as CD19+CD27++CD24-CD38++. Stained PBMC samples

were acquired on FACs LSRFortessa (BD Bioscience). At least 2 3 106 cells were acquired and analyzed using Flow-Jo10.7.1 (BD

Bioscience). Phenotype analysis of antigen-specific B cells was only performed in subjects with at least 10 cells detected in the

respective antigen-specific gate. The frequency of antigen-specific MBCs was expressed as a percentage of MBCs (CD19+CD24+

CD27+CD38–, Pe-Cy7-, lymphocytes). Blank was determined in unexposed donors, before vaccination. LOB (limit of blank) was set

as the mean of the blank + 1.645 X SD. LOD (limit of detection) as the mean of the blank + 33 SD or the LOB + 1.6453 SD. LOS (limit

of sensitivity) was set as the median + 2 3 SD of the results in unexposed donors, before vaccination. The intra-subject biological

coefficient of variation (CV) and the inter-subject biological coefficient of variation values were calculated on 10 replicates each.

Percent of CV for intra-assay was 3.9% and for inter-assay was 4.9%.

ELISA for specific IgA detection in saliva samples
Saliva samples were collected aspirating with a sterile syringe, after removing the needle, from the oral cavity of all enrolled HCWs. Of

note, saliva was collected 2-3 h after the last meal and/or drinking. All saliva samples were stored at�20�C until the time of testing. A

semiquantitative determination of human IgA antibodies against the SARS-CoV-2 was performed on saliva samples, adapting the

Anti-SARS-CoV-2 Spike ELISA (EUROIMMUN), according to the manufacturer’s instructions. Values were then normalized for com-

parison with a calibrator. Results were evaluated by calculating the ratio between the extinction of samples and the extinction of the

calibrator. Results are reported as the ratio between OD samples and OD calibrator.

QUANTIFICATION AND STATISTICAL ANALYSIS

Demographics were summarized with descriptive statistics (median and IQR for continuous values). All statistical details can be

found in figures and figure legends. Immunological, and clinical variables were compared between the different study times.
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A univariate analysis assessed the impact of variables of interest. Values were compared by the non-parametric Kruskal-Wallis test

and, when appropriate, the Wilcoxon matched pair signed-rank test or the two-tailed Mann–Whitney U-test were used. Differences

were deemed significant when p < 0.05. Statistical analyses were performed with GraphPad Prism 8.0 (GraphPad Software). The

relationship between variables was studied using a simple linear regression model in the software R. https://www.R-project.org/
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