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Background: Vaccines for coronavirus disease 2019 (COVID-19) are proving to be very

effective in preventing severe illness; however, although rare, post-vaccine infections have

been reported. The present study focuses on virological and serological features of 94

infections that occurred in Lazio Region (Central Italy) between 27 December 2020, and

30 March 2021, after one or two doses of mRNA BNT162b2 vaccine.

Methods: We evaluated clinical features, virological (viral load; viral infectiousness;

genomic characterisation), and serological (anti-nucleoprotein Ig; anti-Spike RBD IgG;

neutralising antibodies, nAb) characteristics of 94 post-vaccine infections at the time

of diagnosis. Nasopharyngeal swabs (NPSs) and serum samples were collected in the

framework of the surveillance activities on SARS-CoV-2 variants established in Lazio

Region (Central Italy) and analysed at the National Institute for Infectious Diseases “L.

Spallanzani” in Rome.

Results: The majority (92.6%) of the post-vaccine infections showed

pauci/asymptomatic or mild clinical course, with symptoms and hospitalisation

rate significantly less frequent in patients infected after full vaccination course as

compared to patients who received a single dose vaccine. Although differences were

not statistically significant, viral loads and isolation rates were lower in NPSs from

patients infected after receiving two vaccine doses as compared to patients with

one dose. Most cases (84%) had nAb in serum at the time of infection diagnosis,

which is a sub-group of vaccinees, were found similarly able to neutralise Alpha and

Gamma variants. Asymptomatic individuals showed higher nAb titres as compared to

symptomatic cases (median titre: 1:120 vs. 1:40, respectively). Finally, the proportion of
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post-vaccine infections attributed either to Alpha and Gamma variants was similar to the

proportion observed in the contemporary unvaccinated population in the Lazio region,

and mutational analysis did not reveal enrichment of a defined set of Spike protein

substitutions depending on the vaccination status.

Conclusion: Our study conducted using real-life data, emphasised the importance of

monitoring vaccine breakthrough infections, through the characterisation of virological,

immunological, and clinical features associated with these events, in order to tune

prevention measures in the next phase of the COVID-19 pandemic.

Keywords: COVID-19, SARS-CoV-2, viral variants, neutralising antibodies, vaccine, breakthrough infection, Italy

INTRODUCTION

In <12 months after the beginning of the coronavirus disease
2019 (COVID-19) pandemic, scientific research succeeded in
developing multiple vaccines against a previously unknown
viral pathogen, severe acute respiratory coronavirus 2 (SARS-
CoV-2). ThemRNA-based Pfizer-BioNTech vaccine (BNT162b2)
has been the first authorised, and on 27 December 2020, the
European Union countries launched a coordinated vaccination
campaign that initially was prioritised for individuals at high
risk of SARS-CoV-2 exposure, such as the healthcare workers
(HCW), and those at high risk of severe COVID-19, including
elderly and residents of assisted living facilities. Its effectiveness
in preventing severe diseases and death is well documented
together with the impact in reducing the overall transmission
rate of SARS-CoV-2 (1–3). However, COVID-19 vaccines do
not offer 100% protection against SARS-CoV-2 infection, and
breakthrough infections can occur in the vaccinated population
(4, 5). Virological and immunological investigation on these
cases is crucial to better characterise features of breakthrough
infections and their impact on the pandemic. The emergence
of SARS-CoV-2 variants in the Spike protein represents one of
the concerns for vaccine effectiveness; in fact, some showed the
potential of immunological escape from the antibodies response
potentially leading to COVID-19 epidemic rebounds (6–8). Here,
we described virological and serological testing performed at
the Regional Reference Laboratory (RRL) of Virology of the
National Institute for Infectious Diseases “L. Spallanzani” (INMI)
in Rome, Italy, on samples collected at the time of diagnosis
from 94 individuals, who resulted positive for SARS-CoV-2
between 27 December 2020 and 30 March 2021, following one
or two doses of BNT162b2 vaccine. This study was conducted in
the framework of specific surveillance on SARS-CoV-2 variants
established in the Lazio Region (Central Italy) aimed to identify
the circulation of variants associated with vaccine escape in the
general population.

METHODS

Study Group
In the frame of the Regional Surveillance programme, NPSs and,
possibly, sera collected from individuals who resulted positive
for SARS-CoV-2 after vaccination were sent to INMI in Rome,

Italy, for further laboratory investigation. These individuals
were tested at peripheral laboratories either following symptoms
onset, for contact tracing, or screening activities. In this study,
we included the first batch of samples (94 NPSs) which were
referred between 27 December 2020 and 30 March 2021 to
the RRL for virological evaluation of post-vaccination RT-PCR
positivity occurred at least 1 day after one or two BNT162b2
vaccine doses. Reporting of the clinical course was based on
the COVID-19 integrated national surveillance system (source:
https://www.epicentro.iss.it/coronavirus/bollettino/Bollettino-
sorveglianza-integrata-COVID-19_10-novembre-2021.pdf;last
access: 15/11/2021). For 79 individuals, a known date of
vaccination was reported and the time lapsing from vaccination
to sample collection was calculated. We classified the individuals
with known vaccination dates into three groups based on the
time elapsed from the first dose of vaccine to infection, i.e., time
of SARS-CoV-2 positive test or symptoms onset (here considered
both as infection starting date): Group 1, individuals tested
positive 1–15 days after the first dose; Group 2, 16–30 days after
first dose vaccination; Group 3, >30 days from first dose (10
days after the second dose injection, considered a full vaccinated
group). For 50 individuals (44 of them with the reported date of
vaccination), a serum sample collected at the time of diagnosis
was also available for serological testing. In fact, according to the
local surveillance system, serum collection was recommended
but not mandatory for post-vaccine infections follow-up. NPSs
and serum samples were shipped to INMI under controlled
temperature (−80◦C and refrigerated at +4◦C, respectively).
Sequencing data (n = 1,072) produced at INMI exclusively
from randomly selected samples collected from unvaccinated
individuals during the same study period and representing all
the regional territory, were used to evaluate the prevalence
of variants.

Molecular Testing and Virus
Characterisation
Semi-quantitative estimation of viral load was assessed by RT-
PCR using DiaSorin Simplexa R© COVID-19 Direct kit (DiaSorin,
Saluggia, Italy). For whole-genome sequencing, Next-Generation
Sequencing (NGS) was carried out on Ion Torrent or Illumina
Platform using Ion AmpliSeq SARS-CoV-2 Research Panel,
following manufacturer’s instructions (ThermoFisher, USA).
Complete genome sequences were obtained combining in-house
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TABLE 1 | Demographic and epidemiological information is available for the study cohort.

Characteristic Total cases tested

positive after

vaccination

(N = 94)

Cases with known date of vaccination (N = 79)

Group 1

(n = 9, 11.4%)

Group 2

(n = 16, 20.3%)

Group 3

(n = 54, 68.4%)

p-valuea

Age (median, range) 55.5 (23-92) 53 (24-59) 57.5 (24-82) 49 (23-87) 0.540

Gender (n, %)

Male

38 (40.4%) 2 (22.2%) 8 (50.0%) 22 (40.7%) 0.397

Fe4 56 (59.6%) 7 (77.8%) 8 (50.0%) 32 (59.3%)

Category (n, %)

HCW

82 (87.2%) 9 (100.0%) 13 (81.3%) 50 (92.6%) 0.228

Age over 80 12 (12.8%) – 3 (18.8%) 4 (7.4%)

Symptoms at

diagnosis (n, %)

Yes

45 (47.9%) 8 (88.9%) 8 (50.0%) 23 (42.6%) 0.037

No 49 (52.1%) 1 (11.1%) 8 (50.0%) 31 (57.4%)

Clinical course (n, %)

Pauci/asymptomatic

61 (64.9%) 5 (55.5%) 10 (62.5%) 38 (70.4%) 0.208

Mild 26 (27.7%) 2 (22.2%) 6 (37.5%) 13 (24.1%)

Severe 7 (7.4%) 2 (22.2%) – 3 (5.5%)

Q18Hospitalisation

(n, %)

Yes

10 (10.6%) 2 (22.2%) 1 (6.3%) 4 (7.4%) 0.046

Admission to ICU 1 (10.0%) – – –

No 84 (89.4%) 7 (77.8%) 15 (93.7%) 50 (92.6%)

COVID-19 outcome

(n, %)#

Recovered

83 (97.6%) 9 (100.0%) 15 (100.0%) 46 (95.8%) 0.598

Dead 2 (2.4%) - - 2 (4.2%)

aBy Kruskal-Wallis tests (for quantitative variables) and Chi-squared test (for categorical variables).

p-values <0.05 were considered statistically significant (in bold).
#Available at the time of analysis for the following: total vaccinees, 85/94; Group 1, 9/9; Group 2, 15/16; Group 3, 48/54.

pipeline ESCA (9) with IRMA (10) and DRAGENRNA Pathogen
Detection 3.5.15 (Illumina BaseSpace, Illumina, USA) software
and submitted on the GISAID platform (11). In case of low
coverage for the full-genome characterisation, Sanger sequencing
was used to fill the NGS gaps in the Spike coding gene.

Virus Isolation
The viral culture was performed in a biosafety level 3 (BSL-3)
laboratory at INMI on Vero E6/TMPRSS2 (kindly provided by
Dr. Oeda S., National Institute of Infectious Diseases, Tokyo,
Japan), as previously described (12). NPSs were stored at
−80◦C after collection and seeded on cells immediately after a
single thawing.

Serological Testing
Anti-N and anti-RBD Spike IgG were evaluated using Abbott
SARS-CoV-2 assay on Abbott ARCHITECT R© i2000sr (Abbott
Diagnostics, Chicago, IL, USA) and neutralising antibodies
(nAb) titres measured using SARS-CoV-2 microneutralisation
test (MNT) based on the live virus (13). The viral strains
used in MNT were: (i) B.1—clade G (GISAID accession

number: EPI_ISL_568579, EVAG Ref-SKU: 008V-04005); (ii)
B.1.1.7—clade GRY, alpha variant (GISAID accession number:
EPI_ISL_913449, EVAG Ref-SKU: 008V-04050); iii) P.1—clade
GR/501Y.V3, Gamma variant (GISAID accession number:
EPI_ISL_1290803, EVAG Ref-SKU: 008V-04101). SARS-CoV-
2 neutralisation titres were expressed as the reciprocal of
the highest serum dilution inhibiting at least 90% of the
cytopathic effect.

Statistics
Epidemiological and demographic data were extracted from the
Regional Surveillance Information System and analysed using
the STATA 14 software (StataCorp LLC, USA). Demographic
characteristics of the vaccinated individuals were described
using median and interquartile range (IQR) for continuous
parameters, and absolute and relative (percentage) frequencies
for categorical variables. Inferential analysis of association was
performed using chi-square or Fisher exact tests for categorical
variables, and Mann–Whitney or Kruskal-Wallis tests for
continuous parameters. When comparing neutralisation titre
against different variants, the Friedman-Dunn test was used.
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Univariate analysis and odds ratio (OR) with 95% CI were
shown. Analyses were performed using GraphPad Prism version
8 (GraphPad Software, La Jolla California, USA) and SPSS 23
(IBM, USA) for Windows statistical software; p < 0.05 was
considered statistically significant.

Ethics
This work was performed within the framework of the
COVID-19 outbreak response and surveillance program and
the laboratory characterisation of post-vaccination infections by
the INMI laboratory as the RRL is an essential part of the
Lazio surveillance regional plan. The use of laboratory and
epidemiological records for research purposes has been approved
by the INMI Ethical Committee (issue n. 214/20-11-2020), and
the need for an informed consent form was waived. The study
has been conducted in respect of current legislation on personal
data protection, all data are presented in non-identifiable form.

RESULTS

Cases of SARS-CoV-2 Infections After
BNT162b2 Vaccination
According to the Regional Surveillance Information System,
from 27 December 2020, the start of the vaccination campaign,
up to 30 March 2021, 130,761 SARS-CoV-2 cases were reported
in the Lazio region, the majority (126,670, 96.4%) were
unvaccinated. Among the 735,616 individuals who received one
or two doses of the BNT162b2 vaccine in the same period in
the Lazio region, 1,879 (0.26%) tested positive for SARS-CoV-
2 at least 1 day after vaccination; the majority (79.5%) of these
individuals did not complete the full vaccination course. This
study described the results obtained on the first 94 NPSs of post-
vaccine infected individuals diagnosed at peripheral laboratories
and sent to the RRL in the framework of the COVID-19 outbreak
response and surveillance regional program. The median time
between infection recognition (as symptoms onset or time of
the first diagnosis for asymptomatic patients) and testing was
0.5 days (range: 0–9 days, with 7 tested samples collected >4
days after diagnosis or symptoms onset). Demographic and
epidemiologic data, including clinical information, are shown
in Table 1. None of the cases reported previous SARS-CoV-2
infection. The majority (n = 82, 87.2%) of the 94 individuals
under investigation were HCW, the remaining samples were
from elderly people (over 80 years old). The median age was 50.5
years old (IQR: 62–39.8), 56 (59.6%) were women. Moreover,
49 (52.1%) were asymptomatic at the diagnosis and underwent
SARS-CoV-2 testing for periodic screening or as contacts of
positive cases. The majority (n = 61, 64.9%) of post-vaccination
cases had pauci/asymptomatic clinical course, while a mild
disease was reported for 26 (27.7%); severe illness was reported
for 7 (7.4%) patients, all with one or more pre-existing co-
morbidities, including cardiovascular chronic diseases, diabetes,
obesity, renal affections, and neurological disorders, 4 were over
80 years old. Age and co-morbidities were significantly associated
with severe disease (p = 0.008 and <0.001, respectively).
According to the information available at the time of writing
(n = 85), most infected persons (97.6%) cleared the virus

and recovered, while 2 patients died; both dead patients
were over 85 years old, presented pre-existing co-morbidities
(i.e., cardiovascular chronic diseases, diabetes, and neurological
disorders), and tested positive after full vaccination (9 and 19
days after the second dose, respectively). For 79 individuals, a
known date of vaccination was reported (Table 1). The median
time between the first-dose vaccination and symptoms onset, or
time of the first diagnosis for asymptomatic cases, was 47 days,
ranging from 1 to 85 days after the first dose (corresponding to
64 days following the full vaccination). Furthermore, 54 (68.4%)
individuals resulted infected after full vaccination. Amongst
these cases, the median time between vaccination and infection
diagnosis was 48.5 (IQR 36–67.5) days for HCW vs. 31 (IQR 28–
38.5) days for elderly over 80 years old (p= 0.184). Symptoms at
diagnosis and hospitalisation rate were significantly less frequent
in patients infected after full vaccination course as compared to
patients infected after a single dose; a trend towards less frequent
severe course was observed in infections acquired after two doses.

SARS-CoV-2 Viral Loads and Infectivity in
NPSs From Individuals Infected After
Vaccination
Median Ct values of NPSs collected from vaccinees at diagnosis
was 21.2 (IQR: 17.5–31.3), with no significant difference between
asymptomatic and symptomatic patients (median Ct values: 22
vs. 19.6, Figure 1A). The Ct values were similar to those detected
at the time of infection diagnosis in a group of unvaccinated
individuals, matched for gender and age, presenting at INM with
mild symptoms between 1st of January and 30th of March 2021
(n = 31, median Ct value: 19.4, IQR: 18–28.7; p = 0.204). The
proportion of samples with Ct >30 in asymptomatic individuals
(32.6%) was higher compared to the symptomatic patients
(20.0%) but did not reach statistical significance (p = 0.242). Ct
values resulted in similar also in all 3 groups identifying patients
according to the time elapsed from the first dose to diagnosis
(known for 79 individuals), despite the higher number of samples
with Ct>30 detected in Group 3 (Figure 1B). To understand
whether viral RNA was associated with infectiousness, virus
isolation was attempted on 84 NPSs; 10 NPSs were not tested
due to viral infectivity inactivation by guanidine isothiocyanate
contained in the transport medium used for sample collection.
Notably, infectious virus was rescued from 44 (52.4%) NPSs,
24 (54.5%) collected from symptomatic individuals, 20 (50%)
collected from asymptomatic subjects (p= 0.827); similar results
were obtained when considering fully vaccinated patients only
(60.9% in symptomatic vs. 48.2% in asymptomatic, p= 0.567). As
shown in detail in Supplementary Figure S1A, over 39 positive
viral cultures, 27 (67.5%) were obtained from fully vaccinated
individuals, up to 85 days after the first vaccination dose. The
isolation rate according to the time elapsed from the first dose to
diagnosis was found higher in samples collected shortly after the
vaccination (Group 1) but did not reach a statistical difference
compared to the other groups (Group 1: 85.7%, Group 2: 40%;
Group 3: 54%, p = 0.411). Overall, the median Ct value of the
samples with positive viral culture was 17.5 (IQR 15.6–20.1), and
isolation of the infectious virus was strongly associated only with
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FIGURE 1 | Viral loads and viral culture outcomes in NPSs collected in individuals tested positive after first dose vaccination. (A) Viral loads were detected in all

symptomatic and asymptomatic individuals at the time of diagnosis (left, n = 45 and 49, respectively), and in a subgroup (Group 3) including only individuals who

tested positive after 10 days from second dose vaccination (right, n = 24 and 32, respectively). (B) Viral loads detected in NPSs were collected at different time points

from the first dose vaccination. Group 1 (time lapse 1–15 days), n = 7; Group 2 (16–30 days), n = 16; Group 3 (>30 days), n = 56. Viral RNA levels are expressed as

Ct of Orf1ab gene amplification, the horizontal dashed line represents the limit of detection of RT-PCR (Ct: 40). Median Ct values and IQR are shown. Statistical

analysis was performed in (A) by Mann–Whitney test, p = 0.053 (left) and p = 0.098 (right); in (B) by Kruskal-Wallis test, p = 0.135. Samples yielding positive or

negative viral culture are indicated in red and black, respectively; empty dots indicate samples for which viral culture was not performed.

the viral RNA load in the NPSs, with OR >100 for Ct≤ 25 vs. Ct
> 25 (p < 0.001, Supplementary Table S1).

Antibody Response at the Time of Infection
Diagnosis
Serological testing was performed on the available serum
samples (n = 50) which have been collected at the time of
diagnosis at the peripheral laboratories and sent to the RRL
(Supplementary Table S2). The results showed that antibody
response at the time of infection diagnosis was detected in 48
individuals (96%, median anti-RBD Spike IgG BAU/ml = 704.6,
IQR 403–2,111); 42 (84%) of them presented also detectable
nAb (median titre = 1:80, IQR 1:40–1:160), mostly (66.7%) fully
vaccinated (Supplementary Figure S1B). Furthermore, eight
vaccinees (16%) did not show detectable nAb at diagnosis, of
whom 2 (4%) were fully vaccinated (both over 80 years old and
presenting co-morbidities), indicating primary non-response to
the vaccine. Anti-N IgG at diagnosis was observed only in 3
patients. Notably, we found higher nAb levels in asymptomatic
individuals (median titre: 1:120, IQR 96.2–361.9) at the diagnosis
as compared to symptomatic cases (median titre: 1:40, IQR 42.1–
274.1). In addition, we assessed the possible association between
nAb titres and disease severity. We found positive OR but not
statistically significant association between low nAb titre and
worse clinical course (OR 4.263, 95% CI: 0.411–44.169; p =

0.224), or presence of symptoms at diagnosis (OR 2.232, 95%
CI: 0.714–6.973; p = 0.167), or hospitalisation (OR 6, 95% CI:
0.619–58.135; p = 0.122). On the other hand, although a trend
to negative association of viral isolation rate with high nAb titres
was observed (OR = 0.28 for nAb ≥1:80 vs. <1:80, p = 0.054,
Supplementary Supplementary Table S1), the presence of nAb
in serum did not preclude virus isolation from NPSs, and titres
were not correlated with viral load (median Ct values: 21.5, IQR

16.5–32.2; Spearman r = 0.22, p = 0.124). Functional humoral
response detected at the time of diagnosis in a sub-group of
cases (n = 18) was effective also against the variants causing the
infection. Indeed, no significant differences in nAb titres were
observed against B.1.177, Alpha, andGamma variants (p= 0.656)
(Supplementary Table S3).

Distribution of SARS-CoV-2 Variants in
Post-Vaccination Infections
We next investigated the viral variants infecting the vaccinated
individuals included in this study. Whole-genome sequences
(WGS) were obtained from the 58 NPS samples; additional
variant strain identification was obtained for 5 patients by partial
Sanger sequencing of the S region. Out of these 63 SARS-
CoV-2 sequences, 15 (23.8%) belonged to B.1.177 lineage (GV
clade), 14 (22.2%) were Gamma variants (P.1 lineage, GR clade)
and 28 (44.4 %) were Alpha variants (B.1.1.7 lineage, GRY
clade). One (1.6%) resulted to be Variant of Interest (VOI) Eta
(B.1.525 lineage, G clade), and 5 (7.9%) sequences belonged
to other clades with 3 sequences to the clade GR (i.e., 2 of
the B.1.1 lineage, 1 of the B.1.1.39 lineage) and 2 to the clade
G (i.e., 1 of the B.1 lineage and 1 of the B.1.258.17 lineage)
(Supplementary Figure S2A). The distribution of SARS-CoV-2
variants amongst the vaccinated individuals grouped according
to vaccination status (i.e., days from vaccination) was related
to the time of infection diagnosis and reflected mostly the
circulation of the variants in the general population at the
time of the infection Supplementary Figure S2B. For instance,
B.1.1.7 was detected mainly in those vaccinated individuals who
tested positive in March 2021, regardless of the vaccination
status; accordingly, Group 3 showed the predominance of
B.1.1.7 as this group included mainly vaccinated individuals
who tested positive in March 2021. As matter of fact,
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FIGURE 2 | Temporal distribution of PANGO lineages of SARS-CoV-2 genomes. Sequences obtained from unvaccinated individuals (A,B) and from vaccinated

subjects (C,D) in Lazio Region (Central Italy) between January and March 2021 are shown as absolute frequencies (A, C) and percentages (B,D). Others included

strains belonging to B.1.177 lineage, B.1.525 lineage, B.1.1 lineage, B.1.1.39 lineage, B.1 lineage, and B.1.258.17 lineage.

when we compared our study population to an unvaccinated
contemporary population, based on 1,072 samples randomly
collected from Lazio patients between January and March
2021 and sequenced by NGS and Sanger for surveillance
purposes, we observed that variants prevalence in vaccinated
individuals followed the circulation in the general population.
As shown in Supplementary Figure S3, we observed a similar
temporal distribution between the two populations, with a
clear increase of B.1.1.7 followed by P.1 in both groups,
without significant difference for both P.1 (p = 0.08 in Chi-
square test) and B.1.1.7 variants (p = 0.2 in Chi-square test)
(Figure 2). Mutational analysis of Spike protein sequences
obtained by NGS showed that signature mutations for the
detected variants are observed in all groups, and other changes
are found in a minority of patients (Supplementary Figure S3);
especially for P.1, none of these minor changes seems to be
enriched in Group 3, suggesting no association with more
resistant forms.

DISCUSSION

The present study investigated 94 infections evaluated at the time

of diagnosis, occurring in Lazio Region (Central Italy) after first

or second dose administration of mRNA BNT162b2 vaccine,
both from the host side (patients’ demographics, infection
severity, antibody status) and from the virus side (viral load,
infectivity, and infecting variants).

Case-control and population-level studies widely
demonstrated that vaccination substantially reduces both
asymptomatic and symptomatic infections, and significantly
prevents severe COVID-19 (2, 14–17). However vaccines
are not sterilising and SARS-CoV-2 infections in previously
vaccinated individuals can occur, although more likely to
have a favourable outcome (18–20), even for immune-
compromised individuals who were reported among the
highest risk groups in experiencing breakthrough infections
(21). Notably, breakthrough infections after vaccination against
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SARS-CoV-2 are increasingly reported, possibly due to the
combined effect of the waning of vaccine-induced antibody
levels and the emergence of new variants (22).

During the study period (27 December 2020–March 2021), a
very tiny proportion (0.26%) of individuals was reported infected
after vaccination over the total individuals who received the
vaccine in the Lazio region. In addition, over 130,761 SARS-CoV-
2 cases were reported during the same period in the Regional
Surveillance Information System, only 2.45% of infections were
in fully vaccinated people. Our study confirmed that the majority
of infections observed in the analysed vaccinated individuals
had a pauci/asymptomatic or mild clinical course. Severe disease
was significantly less frequent in patients infected after a full
vaccination course as compared to the patients who acquired
the infection after a single dose, supporting the importance of
the full vaccination schedule in naïve individuals. Those patients
with severe symptoms presented pre-existing co-morbidities
(i.e., cardiovascular chronic diseases, diabetes, obesity, renal
affections, and neurological disorders) and those aged over 80,
which represent still relevant risk factors for disease severity and
are prognostic for a negative outcome (3, 23–27).

Neutralising antibodies (nAb) are generally detectable within
7–15 days of disease onset in individuals infected with SARS-
CoV-2 (24). We found that the majority (84%) of the individuals
who tested positive after vaccination had nAb at the initial
time of the infection, 64.3% of them, fully vaccinated, showing
high nAb titres (≥1:80). Bergwerk et al. (28) reported that nAb
titres in infected vaccinees detected within a week before SARS-
CoV-2 diagnosis were lower than those detected in uninfected
vaccinees, and higher peri-infection nAb titres were associated
with lower infectivity (higher Ct values). In our investigation,
antibody levels prior to infection were not available for most
of these individuals (except for two cases, who underwent
serological testing 38 and 60 days before the infection diagnosis:
nAb titres of 1:160 at day 15 from full immunisation for
both). In line with recent reports (19, 20, 25), the nAb levels
measured shortly after the infection, together with negative anti-
N IgG for most cases, suggest that these functional immune
responses may be the consequence of vaccination, not sufficient
to prevent the contagion, but likely involved in protecting from
symptomatic infection (29, 30). Indeed, antibodies response
resulted higher in asymptomatic individuals, and although not
statistically significant most probably due to the small sample
size, the results from our sample suggest that there is a higher risk
of symptoms and worse clinical course with lower (<1:80) nAb
detected at diagnosis. Investigating the impact of the vaccination
on the replication and potential infectivity, our data showed
that the presence of nAb in serum at the time of diagnosis was
not correlated with viral load in NPSs and did not preclude
isolation of the replication-competent virus. According to other
reports, vaccinated individuals during the initial phase of the
infection may carry high viral loads (Ct ≤ 25) coupled with the
presence of infectious virus in the upper respiratory tract with the
potential of transmission (18, 20, 31, 32). Notably, the isolation
rate and viral load according to the time elapsed from the first
dose to diagnosis were found lower in samples collected from
individuals who received the second vaccine dose as compared

to the cases that resulted positive shortly after the vaccination
(Group 1). In addition, the very small proportion of post-
vaccine cases, together with recent studies on HCW cohorts with
longitudinal analysis on breakthrough infections, highlighted
the reduced transmission risk posed by vaccinated individuals
(3, 14, 19, 28). It has been reported a lower risk of documented
secondary cases in household members of vaccinated HCW and
the more rapid decay of viral loads after diagnosis compared to
unvaccinated patients, with a shorter duration of viral shedding
and reasonably lower opportunity of contagiousness (19, 20, 33).
The evaluation of the respiratory mucosal immune response in
breakthrough infections cases may be of help to elucidate the
mechanisms underlying transmission and diseases presentation
in immunised individuals, as the antibodies in upper respiratory
tract specimens may contribute to reducing the virus spread
as well as limit the infection and the symptomaticity (34). The
impact of emerging variants on the success of the vaccination
campaigns is one of the main aspects which is continuously
under investigation, as vaccine escape variants may be associated
with increased vaccine failure (6). In the vaccinated individuals
described in this study, the majority of infections were caused by
Alpha variant (B.1.1.7), at that time considered as VOC, followed
by the previously predominant strain in Lazio Region, B.1.177,
and by the Gamma VOC (P.1). As previously reported in the
United States (31), also in Lazio Region the temporal distribution
of the variants identified in the vaccinated individuals clearly
matches the pattern of strains circulation in the unvaccinated
population during the same period, with no evidence of vaccine-
related immune escape. This result may be influenced by the
impact of the different prevalence of VOCs as compared to other
scenarios, including the spread of the new predominant variant,
Delta. For instance, Kustin et al. (35) reported that infection
with Beta VOC in Israel was disproportionally detected in fully
vaccinated individuals, while Alpha variant was disproportionally
involved in infections diagnosed between 2 weeks after the first
dose and 6 days after the second dose. The differences with our
results may be due to different patterns of variants circulation,
as, for example, circulation of Beta VOC was very tiny in our
territory. According to other studies, the analysis of the Spike
mutations in each lineage, broken down by Groups 1, 2, and 3,
indicated that there is no selection for the enrichment of any
particular mutation in fully vaccinated individuals (Group 3) as
compared to individuals with incomplete vaccination (Groups 1
and 2) (36).

Our study presents some limitations that should be
acknowledged. First, the study was a non-controlled
observational study based on real-life data obtained from
pandemic surveillance activities, aimed not to establish vaccine
efficacy compared to a matched unvaccinated control group,
but to report a virological characterisation of those patients
reported with SARS-CoV-2 infection despite being vaccinated.
Therefore, our observation should be replicated and extended on
larger cohorts established ad hoc, also including other vaccine
formulations as differences in incidence rates of breakthrough
infections were observed in previous real-life studies (21, 26, 27).
No follow-up samples were available for the post-vaccination
infected individuals so that it was not possible to monitor viral
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loads dynamics and the shedding. Furthermore, the study was
conducted before the emergence of the Delta variant which
is now predominant worldwide and reported to be more
transmissible with a higher risk of symptomatic infections (37).
Finally, only three cases showed the presence of anti-N IgG
suggesting seroconversion related to natural infection. nAb levels
prior to infection were not available for most of the patients,
therefore we cannot discriminate whether the titres obtained at
the time of SARS-CoV-2 molecular test positivity were due to the
vaccine response alone or elicited by the boost of the infection.

In conclusion, we observed that post-vaccine infections were
mostly pauci/asymptomatic or mild, not associated with a failure
in developing humoral response after vaccination. In addition,
no preferential involvement in breakthrough infections of the
variants with S mutations circulating during the study period
emerged, as well as no enrichment in mutations following
the vaccine.

Data collected worldwide highlight that vaccination
represents a key factor to control morbidity and mortality
of SARS-CoV-2 infection, as well as to reduce the public
health burden of this pandemic and curb the social and
economic global crisis. The evaluation of the immunological,
virological, and clinical features behind vaccine breakthrough
infections is an important aspect to investigate in order to
better address prevention measures in the next phase of the
COVID-19 pandemic.
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Supplementary Figure 1 | Viral loads in NPSs and antibody response in sera

collected in individuals tested positive at different times from the first dose

vaccination. (A) Viral RNA levels are expressed as Ct of Orf1ab gene amplification,

horizontal dashed lines represent the limit of detection of RT-PCR (Ct: 40).

Samples yielding positive or negative viral culture are indicated in red and black,

respectively; empty dots indicate samples for which viral culture was not

performed. (B) Samples with available matching data on nAb titres and RNA viral

load are shown according to the days from vaccination to testing (n = 44). nAb

levels detected at the time of diagnosis are expressed as the reciprocal serum

dilutions, horizontal lines represent starting dilution tested in MNT (1:10), samples

below the line are considered not able to neutralise SARS-Cov-2. Samples from

symptomatic and asymptomatic cases are indicated in red and black, respectively.

The vertical dashed line represents the time of second dose vaccine

administration.

Supplementary Figure 2 | SARS-CoV-2 strains were detected in NPS samples

collected from post-vaccination infections. (A) Percentages over a total of 63

sequences obtained are shown. Viral lineages detected in all vaccinated

individuals (pie chart above) and divided according to the time elapsed from the

first dose of vaccine to infection diagnosis (pie charts below) are indicated: Group

1 (time lapse 1–15 days), n = 9; Group 2 (16–30 days), n = 10; Group 3 (>30

days), n = 34; Unknown, vaccination date not available, n = 10. (B) Absolute

frequencies of viral lineages were sequenced from the different vaccinated groups

according to the time (month 2021) of infection diagnosis. VOI included B.1.525

lineage; Other includes strains belonging to B.1.1 lineage, B.1.1.39 lineage, B.1

lineage, and B.1.258.17 lineage.

Supplementary Figure 3 | Amino acid substitutions were found in the Spike

protein of SARS-CoV-2 sequences obtained from NGS analysis of vaccinated

individuals. Mutations are shown according to the different vaccinated groups

identified based on the time elapsed from the first dose of vaccine to testing:

Group 1 (time lapse 1–15 days), n = 8; Group 2 (16–30 days), n = 10; Group 3

(>30 days), n = 30; VTU: Vaccination time unknown, n = 9. Mutations found in

the receptor-binding domain (RBD) sequence are reported in light-red colour;

mutations that cannot be confirmed nor excluded due to low coverage are

reported in grey colour.

Supplementary Table S1 | Factors associated with positive viral cultures on NPS

collected from vaccinated individuals at the time of SARS-CoV-2 diagnosis.

Supplementary Table S2 | Vaccinated individuals with available matching data

on antibody and RNA viral load.

Supplementary Table S3 | Neutralising antibodies against different

SARS-CoV-2 variants.
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