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Abstract

Background: The continuous emergence of SARS-CoV-2 variants of concern (VOC) with immune escape properties,
such as Delta (B.1.617.2) and Omicron (B.1.1.529), questions the extent of the antibody-mediated protection against
the virus. Here we investigated the long-term antibody persistence in previously infected subjects and the extent

of the antibody-mediated protection against B.1,B.1.617.2 and BA.1 variants in unvaccinated subjects previously
infected, vaccinated naive and vaccinated previously infected subjects.

Methods: Blood samples collected 15 months post-infection from unvaccinated (n=35) and vaccinated (n=41) pre-
viously infected subjects (Vo' cohort) were tested for the presence of antibodies against the SARS-CoV-2 spike (S) and
nucleocapsid (N) antigens using the Abbott, DiaSorin, and Roche immunoassays. The serum neutralising reactivity
was assessed against B.1, B.1.617.2 (Delta), and BA.1 (Omicron) SARS-CoV-2 strains through micro-neutralisation. The
antibody titres were compared to those from previous timepoints, performed at 2- and 9-months post-infection on
the same individuals. Two groups of naive subjects were used as controls, one from the same cohort (unvaccinated
n=29 and vaccinated n=20) and a group of vaccinated naive healthcare workers (n=61).

Results: We report on the results of the third serosurvey run in the Vo' cohort. With respect to the 9-month time
point, antibodies against the S antigen significantly decreased (P=0.0063) among unvaccinated subjects and
increased (P<0.0001) in vaccinated individuals, whereas those against the N antigen decreased in the whole cohort.
When compared with control groups (naive Vo'inhabitants and naive healthcare workers), vaccinated subjects that
were previously infected had higher antibody levels (P<0.0001) than vaccinated naive subjects. Two doses of vaccine
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elicited stronger anti-S antibody response than natural infection (P<0.0001). Finally, the neutralising reactivity of sera
against B.1.617.2 and BA.1 was 4-fold and 16-fold lower than the reactivity observed against the original B.1 strain.

Conclusions: These results confirm that vaccination induces strong antibody response in most individuals, and even
stronger in previously infected subjects. Neutralising reactivity elicited by natural infection followed by vaccination is

increasingly weakened by the recent emergence of VOCs. While immunity is not completely compromised, a change
in vaccine development may be required going forward, to generate cross-protective pan-coronavirus immunity in

the global population.
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Background

Understanding the extent and duration of protection
developed upon natural SARS-CoV-2 infections and vac-
cination is a current research priority. Evidence suggests
that more than 90% of COVID-19 patients seroconvert
after natural infection and develop variable levels of neu-
tralising antibodies [1-3], and demonstrates that the cur-
rently European Medicine Agency (EMA) and Food and
Drug Administration (FDA) approved vaccines induce
humoral and cellular immunity in most individuals [4-7].
However, antibody titres have been reported to wane
over time [8—11]. Although memory B cells and cellular
immunity can offer a quick and potent response in case
of re-exposure to the virus [12], preventing re-infections
[11, 13-17] and offering long-term protection regardless
of the presence of antibody-escaping mutations [18—20],
the interplay between antibody and cellular immunity,
and the variation of naturally- and vaccine-acquired
protection, remains to be fully characterised and under-
stood. From an immunological perspective, there can
be significant differences in the immune response gen-
erated by vaccines in individuals who were not infected
with SARS-CoV-2 before vaccination, and in subjects
who recovered from a natural infection (so-called hybrid
immunity). Recent studies have reported of increased
potency of ‘hybrid immunity’ [18, 21, 22], with viral anti-
gen persistence in some tissues being hypothesised as a
potential mechanism driving the process of memory B
and T cell maturation, resulting in an increased affinity
against viral antigens.

Long-term immunity against SARS-CoV-2 infection
is jeopardised by the continuous evolution of the virus,
which has led to the emergence of new strains with
increased transmissibility or capable of partially escap-
ing the immune protection elicited from infection and
vaccination, thus posing further challenges for epidemic
control. The most widespread variants currently circulat-
ing are called Omicron strains and belong to a group of
sub-lineages of the B.1.1.529 variant of concern (VOC),
which subverted the previously circulating B.1.617.2
(Delta) variant [23, 24]. The evolution of new VOCs

characterised by changes in the spike protein causing an
increasing escape from the immunity generated by pre-
vious infections and vaccination, as reported by several
studies for the most recent Delta [25-27] and Omicron
[26, 28, 29] VOCs, requires continuous epidemiological
surveillance to detect the emergence of new variants and
monitor the effectiveness of the deployed vaccines.

To investigate the interaction of natural immunity and
vaccination in inducing protective immunity, in June
2021 we conducted a serological and viral neutralisa-
tion study on a highly characterized cohort of subjects
infected during the first wave, back in February 2020.
This study follows on from the previous serosurveys con-
ducted in the same population at two and nine months
after the initial SARS-CoV-2 outbreak [8, 30], and pro-
vides unique longitudinal data on the magnitude, neu-
tralising ability, and persistence of the antibody response
against the spike (S) and nucleocapsid (N) antigens of a
B.1 SARS-CoV-2 strain circulating at the start of the pan-
demic, a B.1.617.2 strain circulating in 2021 and the cur-
rently circulating BA.1 strain in unvaccinated infected
subjects, as well as individuals vaccinated after infection
or when naive.

Methods

Laboratory methods

Oro-nasopharyngeal swabs

Swab tests were performed as previously described [8,
30]. Briefly, swabs were inserted into the posterior phar-
ynx first, rubbed over tonsillar pillars and posterior
oropharynx and then over the nasal wall in the nostrils.
SARS-CoV-2 genome was searched with an in-house
real-time RT-PCR method targeting the envelope gene
(E), according to Corman et al. [31]

Serum antibodies detection

The presence of IgG anti-SARS-CoV-2 was investigated
in venous blood collected in 5ml BD Vacutainer Serum
Separation Tubes (SST) and centrifuged for 10min at
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1000-1300 RCF (g). Serological tests were performed
by trained laboratory staff using the same commercial
kits employed in previous serosurveys [8] and produced
by Abbott [32], DiaSorin [33], and Roche [34], applying
the detection thresholds provided by the manufacturer
(Table 1). For DiaSorin, both the new TrimericS and the
previous §1/S2 kits were used for comparison.

Micro-neutralisation assay

Three independent assays were set up in parallel to assess
the neutralisation ability of patients’ serum antibodies
against three viral isolates, a third passage B.1 strain iso-
lated in March 2020 (GenBank accession MW¥468415),
a third passage B.1.617.2 strain from August 2021 (Gen-
Bank accession OM202516), and a third passage BA.1
strain isolate from February 2022 (GenBank accession
ONO062195). Heat-inactivated serum samples (30min
at 56°C) were diluted 1:10 with Dulbecco’s modified
Eagle’s medium (DMEM, Gibco"™, ThermoFisher) FBS
Free medium. 50 pl of viral isolate, diluted in DMEM FBS
Free to the final concentration of 100 median tissue cul-
ture infective dose (TCID50), were mixed with an equal
volume of two-fold serial dilutions of sera in 96-wells
microplates and incubated for 1 h at 37°C in a humidified
atmosphere with 5% CO,. Following incubation, 100 puL
of VERO E6 cells (ATCC® CRL 1586™) suspended in
DMEM 6% FBS were added to each well and incubated
at 37°C. To titrate neutralising antibodies against the
BA.1 isolate, the immunocomplexes were used to infect
adherent VERO E6 at 70-80% confluence in a 96-well
plate. After 72 h, cytopathic effect was assessed; the
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supernatant was removed and 120 pl of 5% formaldehyde
Gram’s crystal violet 40% m/v were added to each well,
followed by 30 min of incubation. After a washing step
with water, plates were allowed to dry and the absorbance
was read at 595nm. The neutralisation titre was deter-
mined as the highest serum dilution showing an optical
density (OD) of 90% or more with respect to the control
sera.

Definition of COVID-19 recovered patients (ground truth,
GT)

Multiple rounds of mass testing, that included oro-
pharyngeal swabs and serological assays, allowed for the
identification of all the residents in the municipality of
Vo’ who were infected and recovered from SARS-CoV-2
infection during the first wave, between February 2020
and March 2020 [8]. To be included among COVID-19
recovered individuals, one of the following criteria had to
be satisfied: (i) a positive swab in February 2020 or March
2020, (ii) a viral neutralisation titre greater than 1:40 in
May 2020, or (iii) serum reactivity against two sero-
logical tests with different antigen targets in May 2020.
We refer to this group as baseline ground truth (GT).
It included 125 subjects, a size that perfectly fitted the
seroprevalence estimated through a multinomial likeli-
hood model [8]. These subjects were followed up at sev-
eral time points to monitor the presence and persistence
of antibodies against both the spike (S) and the nucle-
ocapsid (N) antigens (Fig. 1), as well as to investigate the
presence of virus neutralising antibodies (Tables 1 and

Table 1 Commercial assays employed in the study to identify IgG anti-SARS-CoV-2 antibody levels

Test Manufacturer Recognised antigen Method Manufacturers’ thresholds

LIAISON® DiaSorin S1/52 CLIA® Negative: <12.0 AU/mL

SARS-CoV-251/52 1gG Equivocal: 12.0 < x <15.0 AU/mL
Positive: >15.0 AU/mL

Elecsys® Roche N ECLIA® Positive: <1.0

Anti-SARS-CoV-2 Negative: >1.0

ARCHITECT® Abbott N CMIA® Negative: <1.4

SARS-CoV-2 IgG Positive: >1.4

LIAISON® DiaSorin Trimeric S CLIA® Negative: <33.8 BAU/mL

SARS-CoV-2 TrimericS IgG

Positive: >33.8 BAU/mL

CLIA chemiluminescent immunoassay, ECLIA electrochemiluminescent immunoassay, CMIA chemiluminescent microparticle immunoassay, AU arbitrary concentration

units, BAU binding antibody unit

(See figure on next page.)

Fig. 1 Study description. a Timeline of the surveys conducted in the study area since the start of the SARS-CoV-2 epidemic in Vo' b Flow chart
illustrating the study design, which focuses on the subjects who were found to be positive early in the pandemic (from February 2020 to May 2020,
according to the ground truth definition). The serosurveys were conducted in Vo'on three time points, 1st-3rd May 2020, 28th—-29th November

2020, and 5th June 2021
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* Additional 61 subjects not belonging to the original ground truth were tested in June 2021.

Fig. 1 (See legend on previous page.)
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Table 2 Observed positivity rates by assays across the three serosurveys, stratified by vaccination status and dose for June 2021

Test Detected Positive May 2020 (%) Positive November Positive June 2021 (%)
antigen 2020 (%)
Unvaccinated (%) 1 dose (%) 2 doses (%)
Abbott N 86/92 (93,5) 28/93 (30,1) 0/76 (0) 3/76 (3,9) 6/76 (7,9)
DiaSorin S 85/101 (84,2) 72/93 (77 ,4) 20/35 (57,1) 21/21 (100) 20/20 (100)
Roche N 92/92 (100) 90/93 (96,8) 33/76 (43,4) 19/76 (25,0) 19/76 (25,0)
Neutralisation S 44/98 (44,9) 23/93 (24,7) 2/35(5,7) 21/21 (100) 20/20 (100%)

2). We previously reported that all subjects belonging to
the ground truth were positive to at least one serological
assay in May 2020, about two months after the time of
their infection [8] (Fig. 1). On occasion of a second sero-
logical survey conducted in November 2020, 98.8% of the
subjects identified as infected using the ground truth def-
inition were still positive nearly 9 months after the infec-
tion [8], although with strong differences depending on
the test.

Cohorts

76 subjects belonging to the GT were tested again in June
2021 to investigate the persistence of antibodies against
the SARS-CoV-2 S and N antigens using the Abbott,
DiaSorin S1/S2, DiaSorin TrimericS, and Roche immu-
noassays. The serum neutralising reactivity was also
assessed against B.1, B.1.617.2 (Delta), and BA.1 (Omi-
cron) SARS-CoV-2 strains through a micro-neutralisa-
tion test. The availability of the results obtained with two
different DiaSorin tests on the same individuals allowed
to calculate the correlation between the two assays and
the conversion factor. 65 of these subjects were tested for
anti-N antibodies also in May 2020 and November 2020
and they were used to investigate the N-antigen antibody
dynamics 15-months after the infection. The antibody
decay rate was calculated only for subjects positive to
N-antigen antibodies in May 2020 and with no doubling
antibody titres between May and November 2020 or
between November 2020 and June 2021 (Abbott n=61,
Roche n=53).

41 out of 76 subjects were vaccinated at the time of
sampling: 21 had received only one dose of vaccine
(Oxford-AstraZeneca=10; Pfizer-BioNTech=11) at least
seven days before the serosurvey, while 20 had received
two doses of vaccine (Pfizer-BioNTech=19; Moderna=1)
at least seven days before the serosurvey. To monitor
S-antigen antibody dynamics at 15-months post infec-
tion, only unvaccinated subjects who were tested for
anti-S antibodies also in May 2020 and November 2020
(n=33) were considered. Anti-S antibody decay rate was
calculated for subjects positive to anti-S antibodies in
May 2020 and with no doubling antibody titres between
May and November 2020 or between November 2020

and June 2021 (DiaSorin n=27, micro-neutralisation
n=9). Vaccinated subjects present in all serosurveys
(n=38) allowed us to investigate the effect of vaccination
on previously infected subjects. Neutralising antibod-
ies dynamic was assessed on all the subjects who under-
went the microneutralisation test also in May 2020 and
November 2020 (70 out of 76).

A cohort of 50 naive individuals was enrolled from the
subjects not belonging to the GT (n=30 unvaccinated
and n=20 vaccinated). While the unvaccinated naive
subjects were used as a control group, the naive subjects
vaccinated with one dose (n=6; Pfizer-BioNTech=2;
Oxford-AstraZeneca=4) or 2 doses (n=14; Pfizer-BioN-
Tech=13; Oxford-AstraZeneca=1) were used to com-
pare hybrid immunity to vaccine-induced immunity.

Finally, an independent cohort of naive vaccinated
healthcare workers (n=61, all with two doses of Pfizer-
BioNTech) was enrolled. They were tested with the
Diasorin TrimericS and the micro-neutralisation assay
to compare hybrid immunity versus vaccine-induced
immunity.

Age and vaccination status of the different cohorts are
reported in the Additional file 1: Fig.S4.

Statistical analyses

The antibody decay rate was estimated at the individ-
ual level as the logarithmic change in antibody values
observed between May 2020 and June 2021 (within the
same subject) divided by the number of days between
the two serosurveys (400 days). The antibody half-life
was estimated as the natural logarithm of 0.5 divided by
the antibody decay rate and was calculated on all sub-
jects testing positive in May 2020 serosurvey and with-
out doubling antibody levels in November 2020 and June
2021 (Abbott n=65, DiaSorin #n=29, Roche n=53, neu-
tralisation n=9). Differences in antibody and neutralisa-
tion titres of sera tested against B.1, B.1.617.2 and BA.1
viral strains were assessed with Friedman test for three
or more paired samples followed by Dunn’s multiple
comparisons test. The same tests were performed when
comparing the antibody and neutralisation titres of the
same subjects at 2, 9 and 15 months from the infection.
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For comparisons among groups of unpaired subjects
(e.g. according to vaccination or infection status) we
used Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. The associations between antibody
levels and symptom occurrence, hospitalisation, sex, age-
group and BMI and between vaccination and pre-expo-
sure, symptom occurrence and sex were assessed using
the Kruskal-Wallis test. We used Fisher’s exact test to
assess the association between vaccination and previous
hospitalisation.

Results

Serum reactivity to spike (S) and nucleocapsid (N) antigens
In June 2021, 76 subjects infected by SARS-CoV-2 in Feb-
ruary/March 2020 (as defined by the ground truth defi-
nition, see the “Methods” section) were tested with the
same methods applied in the previous surveys (Methods)
(Fig. 1). Overall, all 76 (100%, 95% confidence interval
(CI) 95.3-100%) individuals tested positive to at least one
assay, with 9 (11.8%, 95% CI 5.6—-21.3%) being positive to
all three of them. As seen in our previous surveys [8], in
June 2021 we observed strong differences in the propor-
tion of positive subjects depending on the assay used,
with 11.8% (9 out of 76, 95% CI 5.6—21.3%), 80.3% (61 out
of 76, 95% CI 69.5-88.5%), and 93.4% (71 out of 76, 95%
CI 85.3-97.8%) testing positive at the 15 months follow
up for Abbott, DiaSorin and Roche, respectively. In June
2021, neutralising titres greater than 1:40 were found in
56.6% (43 out of 76, 95% CI 44.7—-67.9%) of subjects. Of
additional 61 volunteering subjects, who took part in
the June 2021 survey and were not identified as infected
in February/March 2020 according to our ground truth
definition, 3 had a positive swab between May 2020 and
December 2020, and 8 showed positivity to at least two
different serological assays and were excluded from the
analyses; the remaining 50 subjects were used as a naive
control group.

Impact of vaccination on antibody reactivity

On 5th June 2021, 53.9% (41 out of 76) of the participants
previously infected by SARS-CoV-2 according to the
ground truth definition [8] had received at least one dose
of spike-based vaccine (either mRNA vaccine or based
on adenoviral vector) at least seven days before testing.
As expected, vaccination had a strong impact on S-tar-
geting antibody levels (Fig. 2), but not on those directed
against the N antigen (Fig. 3). All vaccinated subjects
showed reactivity against the S antigen, had a neutralis-
ing titre greater than 1:40 (41 out of 41 for both DiaSorin
and neutralisation, 95% CI 91.4—-100%) (Fig. 2b, d), and
they still showed reactivity against the N antigen either
when using Abbott (22.0%, 9 out of 41, 95% CI 10.6-
37.7%) or Roche (92.7%, 38 out of 41, 95% CI 80.1-98.4%)
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assays (Additional file 1: Fig. S1b and S1d). In the unvac-
cinated group, the serum reactivity against the S antigen
was significantly lower compared to the vaccinated sub-
jects, with positivity rates of 57.1% (20 out of 35, 95% CI
39.3-73.7%) and 5.7% (2 out of 35, 95% CI 0.7-19.2%) for
DiaSorin and micro-neutralisation assays, respectively
(Fig. 2a—d). Among 50 naive subjects, 37.0% (20 out of
54, 95% CI 24.3-51.3%) had received at least one dose of
vaccine at least seven days before testing. Of vaccinated
naive subjects, 0% (0 out of 20, 95% CI 0.0-16.9%), 95.0%
(19 out of 20, 95% CI 75.1-99.9%), 0% (0 out of 20, 95%
CI 0.0-16.9%) and 25% (5 out of 20, 95% CI 8.7-49.1%)
were positive to Abbott, DiaSorin, Roche and neutralisa-
tion, respectively, whereas 8.8% (3 out of 34, 95% CI 1.9—
23.7%), 35.3% (12 out of 34, 95% CI 19.8-53.5%), 2.9% (1
out of 34, 95% CI 0.1-15.3%) and 0% (0 out of 34, 95%
CI 0.0-10.3%) of the unvaccinated naive (as of February/
March 2020) subjects showed positivity to the same tests.
The unvaccinated naive subjects with a positive serologi-
cal test are most likely false positives, since the percent-
ages are in line with our previous positive predictive
values estimates for the different assays [8] and the posi-
tivity to one test is never confirmed by any of the others.

Antibody dynamics in vaccinated and unvaccinated
subjects

Among vaccinated subjects, independently of the num-
ber of doses received, we found a significant increase of
both DiaSorin and neutralisation titres (Friedman test
followed by Dunn’s multiple comparisons P < 0.0001
for both cases), with all subjects showing an increas-
ing trend; on the contrary, in the unvaccinated group,
antibodies directed against the S antigen decreased sig-
nificantly, as measured by DiaSorin and neutralisation
(Friedman test followed by Dunn’s multiple comparisons
test from November 2020 to June 2021 P < 0.01 for both
cases) (Fig. 2).

The serum reactivity against the N antigen progres-
sively decreased with time irrespectively of the utilised
assay in the whole cohort (Fig. 3, Friedman test followed
by Dunn’s multiple comparisons test P < 0.0001 for both
Abbott and Roche assays) and among vaccinated and
unvaccinated individuals separately (Friedman test fol-
lowed by Dunn’s multiple comparisons test P < 0.001)
(Additional file 1: Fig. S1). Nonetheless, we observed
a significant difference between anti-N antibody titres
detected in June 2021 between vaccinated and unvac-
cinated individuals (Mann-Whitney test P < 0.001 for
both Roche and Abbott tests) (Additional file 1: Fig. S2).
Considering the subjects tested across all serosurveys
conducted in May 2020, November 2020, and June 2021,
the median half-life of the antibodies detected by Abbott,
DiaSorin, Roche, and neutralisation are of 115 days (95%
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Correlation between two DiaSorin assays
and neutralisation
We assessed in parallel the performance of two DiaSorin
tests, the first version targeting antibodies against the
S1/S2 antigen and the updated version containing a full

trimeric spike antigen. The two assays showed a strong
correlation (Spearman’s r = 0.963, 95% CI 0.941-0.977, P

value < 0.0001)

(Additional file 1: Fig. S3) and concord-

ance (Additional file 1: Table S1). We estimated a con-
version factor between the two assays of 4.451 (95% CI
4.024—4.878) by linear regression and found a high cor-
relation between the antibody levels measured by the

DiaSorin assays

and the neutralising titres (DiaSorin S1/
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Fig. 3 Anti-N antibody titres and dynamics in subjects previously infected by SARS-CoV-2. a-b) Observed antibody titres in subjects infected
by SARS-CoV-2 and tested in May 2020, November 2020 and June 2021 with Abbott (=65, P < 0.0001 from November 2020 to June 2021) and
Roche assays (=65, P < 0.0001 from November 2020 to June 2021). The horizontal line represents the median, the vertical line represents the 95%
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significance of antibody levels was evaluated by Friedman test followed by Dunn’s multiple comparisons test

S2 vs neutralisation: Spearman’s » = 0.954, 95% CI1 0.916—  Hybrid immunity provides higher anti-5 antibody

0.975; DiaSorin TrimericS vs neutralisation: Spearman’s » ~ and neutralisation titres than vaccination in naive subjects
= 0.940, 95% CI 0.890-0.967; all P values are significant, ~We investigated the impact of past SARS-CoV-2 infec-
P < 0.0001) (Additional file 1: Fig. S3). tion to the humoral immune response induced by
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Fig. 4 Antibody levels in vaccinated naive and vaccinated previously infected individuals according to DiaSorin and micro-neutralisation assays. a,
b Observed antibody levels measured by DiaSorin assays in vaccinated naive and previously infected individuals with at least one dose of vaccine
(Mann-Whitney test, P < 0.0001) and with one or two doses of vaccine (Kruskal-Wallis test followed by Dunn's multiple comparisons test, vaccinated
naive versus previously infected subjects after one vaccine dose, P < 0.0001; after two vaccine doses, P = 0.01; vaccinated naive HCW versus
previously infected subjects after two vaccine doses, P < 0.0001). ¢, d Observed neutralising antibody titres measured by a micro-neutralisation
assay in vaccinated naive and previously infected individuals with at least one dose of vaccine (Mann-Whitney test, P < 0.0001) and with one or two
doses of vaccine (Kruskal-Wallis test followed by Dunn's multiple comparisons test, vaccinated naive versus previously infected subjects after one
or two vaccine doses, P < 0.0001; vaccinated naive HCW versus previously infected subjects after two vaccine doses, P < 0.0001). Asterisks indicate
*P<0.05,**P<0.01, **P<0.001, ****P < 0.0001. HCW: healthcare workers. Previous infection is defined according to the ground truth definition

provided in the text
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vaccination (hybrid immunity) as measured by anti-
S antibodies and neutralisation titres. Comparing the
antibody titres of subjects from the Vo’ cohort (n = 20)
vaccinated when naive to vaccinated individuals that
were previously infected (n = 41) we observed signifi-
cantly higher titres in vaccinated individuals that were
previously infected (Mann-Whitney test, P < 0.0001).
Even after two vaccine doses, the difference in anti-
body titres between subjects vaccinated when naive and
subjects vaccinated post infection remains significant
(Fig. 4a, Kruskal-Wallis test followed by Dunn’s multi-
ple comparisons test, P < 0.0001). Neutralisation and
anti-S titres observed in vaccinated subjects that were
previously infected after one and two vaccine doses
were statistically comparable (Kruskal-Wallis test fol-
lowed by Dunn’s multiple comparisons test, P = 1 for
both DiaSorin and neutralisation). Similar trends were
observed when comparing the group of vaccinated
subjects previously infected with SARS-CoV-2 with an
independent cohort of healthcare workers (HCW, n =
61) vaccinated when naive from the complex opera-
tional unit (U.O.C.) of Microbiology and Virology of
Padua University Hospital (Kruskal-Wallis test followed
by Dunn’s multiple comparisons test, P < 0.0001 for
both DiaSorin and neutralisation) (Fig. 4b, d).

Two vaccine doses in naive individuals trigger higher anti-S
antibodies and neutralising titres than natural infection
Using the conversion factor calculated to convert the
results of the old DiaSorin S1/S2 assay into the new
DiaSorin trimericS assay, we compared the antibody
response after natural infection with the response to vac-
cination, roughly two months after the immune stimulus.
Vo' subjects infected by SARS-CoV-2 in February/March
2020 and tested in May 2020 showed lower anti-S anti-
body levels with respect to both naive subjects from Vo’
(Kruskal-Wallis test followed by Dunn’s multiple compar-
isons test, P < 0.0001) and HCW (Mann-Whitney test, P
< 0.0001) after two doses of vaccine (Fig. 5a, b). A simi-
lar trend was observed for neutralising antibody titres,
although the difference is significant only between pre-
viously infected subjects and vaccinated HCW (Mann-
Whitney test, P < 0.001) (Fig. 5c¢, d).

Association analysis

Among infected unvaccinated subjects, we observed
no significant differences in the antibody titres by
symptom occurrence, hospitalisation, sex, age-group
and BMI. In the Vo’ cohort, we observed no statisti-
cally significant difference in the number of vaccinated
and unvaccinated subjects by infection status (accord-
ing to the baseline ground truth definition), symptom
occurrence and sex.
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Neutralisation reactivity of Delta and Omicron VOCs

The sera obtained from vaccinated individuals previously
infected by SARS-CoV-2 and subjects vaccinated when
naive were tested in a micro-neutralisation assay against
the B.1.617.2 and BA.1 variants, to assess the neutralising
ability of the humoral immunity mounted upon vaccina-
tion. Lower neutralising titres against the B.1.617.2 and
BA.1 than compared to the B.1 strain were observed in
individuals vaccinated after natural infection, both after
one and two vaccine doses (Friedman test followed by
Dunn’s multiple comparisons test, B.1 neutralisation
compared to B.1.617.2 after 1 and 2 doses of vaccine P =
0.004 and P = 0.02 respectively, B.1 neutralisation com-
pared to BA.1 after 1 and 2 doses of vaccine P <0.0001 for
both cases). Nevertheless, all but one subject (97.5%, 95%
CI 86.8-99.9%) maintained a neutralisation titre >1:40 (1/
dil) against B.1.617.2 strain (20 out of 20 after one dose of
vaccine, 100%, 95% CI 83.2—100%, 19 out of 20 after two
doses of vaccine, 95%, 95% CI 75.1-99.9%) (Fig. 6a, left
panel) and 75.0% (30 out of 40, 95% CI 58.8—87.3%) had
titre >1:40 (1/dil) against BA.1 strain (14 out of 20 after
one dose of vaccine, 70%, 95% CI 45.7-88.1%, 16 out of
20 after two doses of vaccine, 80%, 95% CI 56.3—-94.3%).
The decrease in neutralisation caused by the B.1.617.2
and BA.1 variants was observed also in unvaccinated
individuals previously infected (Mann-Whitney test, P <
0.001), but in a context where most of them displayed low
neutralising titres also against the B.1 strain (33 out of 35
(94.3%, 95% CI 80.8—99.3%), 34 out of 35 (97.1%, 95% CI
85.1-99.9%), and 35 out of 35 (100%, 95% CI 90-100%)
subjects with neutralising titres below 1:80 (1/dil) thresh-
old against the B.1, B.1.617.2, and BA.1 variants, respec-
tively). A similar trend was present in subjects vaccinated
when naive (Fig. 6a right panel) (Friedman test followed
by Dunn’s multiple comparisons test, P = 0.03 and P <
0.0001 after two vaccine doses for B.1.617.2 and BA.1
variants, respectively). A difference of four- and sixteen-
fold changes was observed in previously infected subjects
with at least one dose of vaccine when comparing the
median neutralisation titres for B.1 with B.1.617.2 and
BA.1, respectively.

Discussion
Monitoring the serological response to SARS-CoV-2
infection and vaccination over time is crucial to estimate
the persistence of circulating antibodies, their neutralis-
ing efficacy, and to inform vaccination policies. Due to
the continuous emergence of new viral variants [35], it is
critical to assess the extent to which previous immunity,
developed from natural infection or vaccination, protects
against the new circulating strains.

The Vo’ cohort is a highly characterised population
including a core of individuals identified as infected by
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SARS-CoV-2 back in February/March 2020, which has
been followed up through time in sequential swab and
serological surveys until June 2021, roughly 15 months
after viral exposure, thus offering unique insights into
the long-term antibody dynamics. The results presented
in this study confirm the trends observed in our previ-
ous follow-up, performed at 9 months since the first wave
in Vo' [8], with strong variability observed among sero-
logical tests, especially for the two assays targeting the N
viral antigen.

Of the identified SARS-CoV-2 cases who acquired
the infection in February/March 2020, only 11.8% (95%
CI 5.6-21.3%) tested positive by Abbott while 93.4%
(95% CI 85.3-97.8%) tested positive by Roche after 15
months. This discrepancy was already reported in other
studies [36—38] and could be due to the use of an anti-
gen bridging approach in the Roche assay, where declines
in the total amount of antibody might be compensated
by increases in affinity or avidity as antibodies mature
through somatic hypermutation, to differences in the
employed antigens, and to the fact that the N epitopes
recognised by antibodies might change with time. In per-
spective, given that these two tests could allow to discern
recent from past infections, they could be employed in
future seroprevalence studies to assess the attack rate in
vaccinated subjects and thus provide new data on the fre-
quency of breakthrough infections as well as re-infection.

We found that all individuals infected at the start of
the pandemic and tested 15 months later are positive to
at least one serological assay, although the decreasing
trend of antibody levels against both S and N antigens is
confirmed, independently from the type of test used. In
the absence of vaccination, the neutralising titres of the
infected subjects drop almost completely below the 1:80
(1/dil) threshold.

While the observed decrease in antibody titres is in
line with other recent reports [8—11], it does not neces-
sarily translate into an impaired immunity in these sub-
jects, since humoral response is one arm of the adaptive
immune response, which also includes cellular immunity
and reactivation upon stimulation of memory B and T
cells [17, 39, 40].

Unexpectedly, we found a significant difference in the
amount of circulating N targeting antibodies between
vaccinated and unvaccinated subjects previously infected
by SARS-CoV-2. To investigate this observation, we
retrospectively analysed the differences in N targeting
antibodies present in the two groups in the November
2020 serosurvey, before the beginning of the vaccina-
tion campaign. We found that the two groups are signifi-
cantly different in terms of age, with vaccinated subjects
being older than unvaccinated subjects (Additional file 1:
Fig. S2e). The age difference can be explained by the
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vaccination strategy and agrees with our previous obser-
vation that antibody levels were higher with increasing
age in this cohort [8].

We found that the response to vaccination is differ-
ent among subjects vaccinated after infection or when
naive: while a marked increase in S-targeting antibod-
ies is observed in all individuals, antibodies induced by
vaccination are higher in previously infected subjects.
In vaccinated previously infected subjects, a single
dose of vaccine is shown to boost a strong neutralisa-
tion response, as confirmed in other studies [18, 41].
This suggests that a single dose of vaccine in previously
infected individuals induces a robust immune response
in support of the vaccination strategy implemented in
Germany, France, Italy, and Israel among other coun-
tries. It has been shown that B cell maturation due to
somatic hypermutation, possibly stimulated by long-
term persistence of viral antigens in specific body
niches [12, 42—44], can produce stronger and more spe-
cific antibodies [45].

By comparing the antibody levels in vaccinated naive
subjects (in June 2021) with those of patients who recov-
ered from natural infection in May 2020, we demonstrate
that a complete vaccination course confers stronger
immunity than natural infection alone, at least in terms
of serum antibodies as detected by both DiaSorin and
neutralisation.

Finally, we tested the ability of antibodies developed
against SARS-CoV-2 strains circulating early in the pan-
demic to neutralise both the Delta and Omicron vari-
ants of concern (VOC B.1.617.2 and BA.1, respectively),
which are characterised by several mutations in the spike
protein and an increased transmissibility that allowed
them to become prevalent worldwide at different stages
of the pandemic [46]. We observed a decrease in neutral-
ising reactivity across all immunity profiles (infected and
unvaccinated, infected and vaccinated, and vaccinated
when naive), although with substantial differences in
terms of magnitude. In fact, whereas the absolute reduc-
tion in neutralising reactivity is larger in subjects vacci-
nated after having being infected (i.e. those with hybrid
immunity, Fig. 6a, left panel), most of them maintained
a neutralising titre above 1:40 (1/dil) for both Delta
(97.5%) and Omicron (75%) variants. On the contrary,
sera from naive vaccinated subjects showed a more lim-
ited reduction in neutralising titres when challenged
with Delta and Omicron variants, but almost all of them
showed titres below 1:40 (1/dil). The molecular basis of
the increased protection conferred by hybrid immunity is
not completely understood, but recent findings on B-cell
repertoires at the single-cell level identified the expan-
sion of a specific germline, IGHV2-5; IGHJ4-1, which
was expanded only in subjects vaccinated after natural
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infection but not in naive vaccines and was associated
with potent and broadly neutralising antibodies [21]. In
this regard, a third vaccine dose administered to subjects
who received their first course of vaccination when naive
could mimic hybrid immunity, also by promoting affinity
maturation and higher avidity of antibodies [47-49].

Since neutralising IgG antibodies are the best current
indication for protection against reinfection and corre-
late well with virological response and survival [19, 50],
these findings are of particular importance in considera-
tion of the efforts and resources that have been invested
in the vaccination campaign in Italy and worldwide.

Conclusions

Our results show that the vaccines currently deployed
in Europe, although developed on a viral strain that is
no longer circulating, are essential and effective in con-
ferring protection against currently circulating variants
(as of April 2022), although two doses are not sufficient
to induce strong neutralising reactivity versus Delta and
Omicron variants in naive individuals. These results con-
firm that vaccination is a safe and effective strategy to
generate immunity against SARS-CoV-2, but also that the
new variants are rapidly escaping immune recognition.
While it is critical to maintain and strengthen epidemio-
logical and genomic surveillance to monitor the poten-
tial emergence of new immune-escaping variants, the
control of the present and potential future coronavirus
pandemics will be achieved with the development of new
pan-coronavirus vaccines generating a wide protection
against future emerging SARS-CoV-2 variants and new
pathogens belonging to the same viral family [51].

Abbreviations

SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; COVID19:
Coronavirus disease 2019; EMA: European Medicines Agency; FDA: Food and
Drug Administration; VOC: Variant of concern; S: Spike; N: Nucleocapsid; Cl:
Confidence interval; GT: Ground truth, infected Vo' population; HCW: Health-
care workers.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513073-022-01066-2.

Additional file 1: Figure S1. Anti-N antibody titres and dynamics in vacci-
nated and unvaccinated subjects; Figure S2. Anti-N antibody titres of vac-
cinated and unvaccinated individuals previously exposed to SARS-CoV-2
infection differ according to age; Figure S3. Correlation among DiaSorin
S$1/52, DiaSorin trimeric tests and neutralisation assay; Figure S4. Features
of the cohorts analysed in this study. Table S1. Concordance between S1/
S2 and trimericS DiaSorin assays.

Acknowledgements

We thank the population of Vo'who participated to multiple serosurveys
follow up. We acknowledge Abbott, DiaSorin and Roche Diagnostics for kindly
supplying reagents, with no influence on the study design and data analysis.

Page 14 of 16

Authors’ contributions

Study conceptualisation: EL, AC, ID. Coordination of data collection and cura-
tion: EL. Performed laboratory testing: MP, CB, MC, CDV, MCV, VL, MA, IG, CZ,
MP, AP. Sampling logistics and collection: EL, FC, GC, MN, EN, ES, BL, LF, LM,
MG, FB, MS. Performed swab and blood sampling: FC, GC, MN, EN, ES, BL, LF.
Statistical analysis: EL, LM, ID, ST, ARB. Funding acquisition: EL, ST, ID, GT, AC.
Methodology: EL, LM, ST, ID, ARB. Visualisation: EL, LM, ID. Writing - original
draft: EL. Writing - review & editing: EL, ID, LM, ST, GT, ARB, AC. Verified the
underlying data: EL, LM, ST, ID, AC. The authors read and approved the final
manuscript.

Funding

This work was supported by the Veneto Region. G.T. and A. C acknowledge
Fondazione Umberto Veronesi, Misura Ricerca Covid 19, year 2020. E.L. and
S.T. acknowledge research funding from the European Union’s Horizon 2020
research and innovation programme, under grant agreement No 874735
(VEQ). E.L. acknowledges funding from the University of Padova and the
Department of Molecular Medicine (STARS-CoG ISS-MYTH and PRID/SID 2020).
S.T. acknowledges funding from the University of Padua (TOPP_PRIV20_01
and TOPP_SID19_01). ID acknowledges research funding from a Sir Henry
Dale Fellowship funded by the Royal Society and Wellcome Trust [grant
213494/7/18/Z], the Abdul Latif Jameel Institute for Disease and Emergency
Analytics, funded by Community Jameel and the MRC Centre for Global
Infectious Disease Analysis (reference MR/R015600/1) jointly funded by the
UK Medical Research Council (MRC) and the UK Department for International
Development (DFID), under the MRC/DFID Concordat agreement and is also
part of the EDCTP2 programme supported by the European Union.

Availability of data and materials

All the data and metadata related to the current study, the source code that
calculates the antibody and the neutralisation half-life, and the source code
that calculates antibody titre association to metadata are available at https://
github.com/MedCompUnipd/Vo-Serology.git [52].

Declarations

Ethics approval and consent to participate

All the serosurveys of the Vo' population were approved by the Ethics Com-
mittee for Clinical Research of the province of Padova (May 2020 survey
approved on 30th April 2020, protocol number 0026971; November 2020
survey and additional follow up approved on 11th November 2020, protocol
number 0068830). Study participation was by written informed consent. For
participants under 18 years of age, consent was provided by a parent or legal
guardian. The research conforms to the principles of the Helsinki Declaration.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Molecular Medicine, University of Padova, Padova, Italy.
2Azienda Ospedale Padova, Padova, Italy. >Gastroenterology Unit, Department
of Medicine, Verona B. Roma University Hospital, Verona, Italy. “Department
of Cardiac, Thoracic, Vascular Sciences and Public Health, University of Padova,
Padova, Italy. *Department of Surgery, Oncology and Gastroenterology, Uni-
versity of Padova, Padova, Italy. ®Paediatrics Unit, Mother and Child Hospital,
Surgery, Dentistry, Maternity and Infant Department, Verona University Hos-
pital, Verona, Italy. "Neurology Unit, Department of Clinical and Experimental
Sciences, University of Brescia, Brescia, Italy. ®Department of Medicine, Uni-
versity of Padova, Padova, Italy. °Emerging Bacterial Pathogens Unit, Division
of Immunology, Transplantation and Infectious Diseases, IRCCS San Raffaele
Scientific Institute, Milan, Italy. '°Department of Statistical Sciences, University
of Padova, Padova, Italy. ''Center for Omics Sciences, IRCCS Ospedale San
Raffaele, Milan, Italy. 'Functional Genomics of Cancer Unit, Division of Experi-
mental Oncology, IRCCS San Raffaele Scientific Institute, Milano, Italy. *MRC
Centre for Global Infectious Disease Analysis and Jameel Institute, School

of Public Health, Imperial College London, London, UK. '“Department of Life
Sciences, Imperial College London, London, UK.


https://doi.org/10.1186/s13073-022-01066-2
https://doi.org/10.1186/s13073-022-01066-2
https://github.com/MedCompUnipd/Vo-Serology.git
https://github.com/MedCompUnipd/Vo-Serology.git

Lavezzo et al. Genome Medicine

(2022) 14:61

Received: 20 April 2022 Accepted: 1 June 2022
Published online: 10 June 2022

References

1.

Post N, Eddy D, Huntley C, van Schalkwyk MCI, Shrotri M, Leeman D, et al.
Antibody response to SARS-CoV-2 infection in humans: a systematic
review. PLOS One. 2020;15(12).

Humoral response and PCR positivity in patients with COVID-19 in the
New York City region, USA: an observational study - The Lancet Microbe
[Internet]. [cited 2021 Oct 23]. Available from: https://www.thelancet.
com/journals/lanmic/article/PlIS2666-5247(20)30120-8/fulltext.

Wu J, Liang B, Chen C, Wang H, Fang Y, Shen S, et al. SARS-CoV-2 infection
induces sustained humoral immune responses in convalescent patients
following symptomatic COVID-19. Nat Commun. 2021;12(1):1813.
Steensels D, Pierlet N, Penders J, Mesotten D, Heylen L. Comparison of
SARS-CoV-2 antibody response following vaccination with BNT162b2 and
MRNA-1273. JAMA. 2021;326(15):1533-5.

Naaber P, Tserel L, Kangro K, Sepp E, Jurjenson V, Adamson A, et al.
Dynamics of antibody response to BNT162b2 vaccine after six months: a
longitudinal prospective study. Lancet Reg Health - Eur. 2021;6:100208.
Folegatti PM, Ewer KJ, Aley PK, Angus B, Becker S, Belij-Rammerstorfer

S, et al. Safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine
against SARS-CoV-2: a preliminary report of a phase 1/2, single-blind,
randomised controlled trial. The Lancet. 2020;396(10249):467-78.

Self WH. Comparative Effectiveness of Moderna, Pfizer-BioNTech, and
Janssen (Johnson & Johnson) vaccines in preventing COVID-19 hospi-
talizations among adults without immunocompromising conditions

— United States, March-August 2021. MMWR Morb Mortal Wkly Rep
[Internet]. 2021 [cited 2021 Oct 23];70. Available from: https://www.cdc.
gov/mmwr/volumes/70/wr/mm?7038e1.htm.

Dorigatti |, Lavezzo E, Manuto L, Ciavarella C, Pacenti M, Boldrin C, et al.
SARS-CoV-2 antibody dynamics and transmission from community-
wide serological testing in the Italian municipality of Vo' Nat Commun.
2021;12(1):4383.

Evans JP, Zeng C, Carlin C, Lozanski G, Saif LJ, Oltz EM, et al. Neutralizing
antibody responses elicited by SARS-CoV-2 mRNA vaccination wane
over time and are boosted by breakthrough infection. Sci Transl Med.
2022;14(637):.eabn8057.

Wu J, Liang BY, Fang YH, Wang H, Yang XL, Shen S, et al. Occurrence of
COVID-19 symptoms during SARS-CoV-2 infection defines waning of
humoral immunity. Front Immunol. 2021;12 [cited 2022 Apr 13]. Available
from: https://www.frontiersin.org/article/10.3389/fimmu.2021.722027.

. ChiaWN, Zhu F, Ong SWX, Young BE, Fong SW, Bert NL, et al. Dynamics of

SARS-CoV-2 neutralising antibody responses and duration of immunity: a
longitudinal study. Lancet Microbe. 2021;2(6):e240-9.

Gaebler C, Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Tokuyama

M, et al. Evolution of antibody immunity to SARS-CoV-2. Nature.
2021,591(7851):639-44.

Hall VJ, Foulkes S, Charlett A, Atti A, Monk EJM, Simmons R, et al. SARS-
CoV-2 infection rates of antibody-positive compared with antibody-
negative health-care workers in England: a large, multicentre, prospective
cohort study (SIREN). Lancet. 2021;397(10283):1459-69.

Hanrath AT, Payne BAI, Duncan CJA. Prior SARS-CoV-2 infection is
associated with protection against symptomatic reinfection. J Infect.
2021;82(4):229-30.

Abu-Raddad LJ, Chemaitelly H, Coyle P, Malek JA, Ahmed AA, Mohamoud
YA, et al. SARS-CoV-2 antibody-positivity protects against reinfection for
at least seven months with 95% efficacy. EClinicalMedicine. 2021;35 May
1 [cited 2021 Oct 23]. Available from: https://www.thelancet.com/journ
als/eclinm/article/PIIS2589-5370(21)00141-3/fulltext.

Hansen CH, Michimayr D, Gubbels SM, Malbak K, Ethelberg S. Assessment
of protection against reinfection with SARS-CoV-2 among 4 million PCR-
tested individuals in Denmark in 2020: a population-level observational
study. The Lancet. 2021;397(10280):1204-12.

Hartley GE, Edwards ESJ, Aui PM, Varese N, Stojanovic S, McMahon J, et al.
Rapid generation of durable B cell memory to SARS-CoV-2 spike and
nucleocapsid proteins in COVID-19 and convalescence. Sci Immunol.
2020;5(54):eabf8891.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

Page 150f 16

. Reynolds CJ, Pade C, Gibbons JM, Butler DK, Otter AD, Menacho K, et al.

Prior SARS-CoV-2 infection rescues B and T cell responses to variants after
first vaccine dose. Science. 2021,372(6549):1418-23.

. Cromer D, Juno JA, Khoury D, Reynaldi A, Wheatley AK, Kent SJ, et al.

Prospects for durable immune control of SARS-CoV-2 and prevention of
reinfection. Nat Rev Immunol. 2021;21(6):395-404.

Impact of SARS-CoV-2 variants on the total CD4+ and CD8+T cell
reactivity in infected or vaccinated individuals: Cell Reports Medicine
[Internet]. [cited 2021 Oct 23]. Available from: https://www.cell.com/cell-
reports-medicine/fulltext/S2666-3791(21)00204-4?_returnURL=https%
3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS$266637912100
2044%3Fshowall%3Dtrue.

Andreano E, Paciello |, Piccini G, Manganaro N, Pileri P, Hyseni |, et al.
Hybrid immunity improves B cells and antibodies against SARS-CoV-2
variants. Nature. 2021;600(7889):530-5.

Bates TA, McBride SK, Leier HC, Guzman G, Lyski ZL, Schoen D, et al.
Vaccination before or after SARS-CoV-2 infection leads to robust humoral
response and antibodies that effectively neutralize variants. Sci Immunol.
2022;17(68):eabn8014.

SARS-CoV-2 variants of concern as of 7 April 2022 [Internet]. European
Centre for Disease Prevention and Control. [cited 2022 Apr 13]. Available
from: https://www.ecdc.europa.eu/en/covid-19/variants-concern.
CoVariants: Per Country [Internet]. [cited 2022 Apr 13]. Available from:
https://covariants.org/per-country.

Planas D, Veyer D, Baidaliuk A, Staropoli |, Guivel-Benhassine F, Rajah

MM, et al. Reduced sensitivity of SARS-CoV-2 variant Delta to antibody
neutralization. Nature. 2021;596(7871):276-80.

Servellita V, Syed AM, Morris MK, Brazer N, Saldhi P, Garcia-Knight M, et al.
Neutralizing immunity in vaccine breakthrough infections from the SARS-
CoV-2 Omicron and Delta variants. Cell. 2022; Mar 18 [cited 2022 Apr 13];
Available from: https://www.sciencedirect.com/science/article/pii/S0092
867422003294.

Mlicochova P, Kemp SA, Dhar MS, Papa G, Meng B, Ferreira IATM, et al.
SARS-CoV-2 B.1.617.2 Delta variant replication and immune evasion.
Nature. 2021;6:1-6.

Yu J, Collier ArisY, Rowe M, Mardas F, Ventura JD, Wan H, et al. Neutraliza-
tion of the SARS-CoV-2 Omicron BA.T and BA.2 Variants. N Engl J Med.
2022,386(16):1579-80.

CaoY,Wang J, Jian F, Xiao T, Song W, Yisimayi A, et al. Omicron escapes
the majority of existing SARS-CoV-2 neutralizing antibodies. Nature.
2022;602(7898):657-63.

Lavezzo E, Franchin E, Ciavarella C, Cuomo-Dannenburg G, Barzon L,

Del Vecchio C, et al. Suppression of a SARS-CoV-2 outbreak in the Italian
municipality of Vo' Nature. 2020;584(7821):425-9.

Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DK, et al.
Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR.
Eurosurveillance. 2020;25(3):2000045.

SARS-CoV-2 Immunoassay | Abbott Core Laboratory [Internet]. [cited
2021 Oct 26]. Available from: https://www.corelaboratory.abbott/us/en/
offerings/segments/infectious-disease/sars-cov-2.

DiaSorin’s LIAISON® SARS-CoV-2 Diagnostic Solutions | DiaSorin [Inter-
net]. [cited 2021 Oct 26]. Available from: https://www.diasorin.com/en/
immunodiagnostic-solutions/clinical-areas/infectious-diseases/covid-19.
Elecsys® Anti-SARS-CoV-2 [Internet]. [cited 2021 Oct 26]. Available from:
https://diagnostics.roche.com/global/en/products/params/elecsys-anti-
sars-cov-2.html.

Tracking SARS-CoV-2 variants [Internet]. [cited 2022 Apr 13]. Available
from: https://www.who.int/activities/tracking-SARS-CoV-2-variants.
Schallier A, De Baets S, De Bruyne D, Dauwe K, Herpol M, Couck P. Assay
dependence of long-term kinetics of SARS-CoV-2 antibodies. Diagn
Microbiol Infect Dis. 2021;100(4):115403.

Muecksch F, Wise H, Batchelor B, Squires M, Semple E, Richardson C, et al.
Longitudinal Serological Analysis and Neutralizing Antibody Levels in Coro-
navirus Disease 2019 Convalescent Patients. J Infect Dis. 2021;223(3):389-98.
Harris RJ, Whitaker HJ, Andrews NJ, Aiano F, Amin-Chowdhury Z, Flood J,

et al. Serological surveillance of SARS-CoV-2: Six-month trends and antibody
response in a cohort of public health workers. J Infect. 2021,82(5):162-9.
Goel RR, Painter MM, Apostolidis SA, Mathew D, Meng W, Rosenfeld AM,
et al. mRNA vaccines induce durable immune memory to SARS-CoV-2
and variants of concern. Science. 2021;374(6572):abm0829.


https://www.thelancet.com/journals/lanmic/article/PIIS2666-5247(20)30120-8/fulltext
https://www.thelancet.com/journals/lanmic/article/PIIS2666-5247(20)30120-8/fulltext
https://www.cdc.gov/mmwr/volumes/70/wr/mm7038e1.htm
https://www.cdc.gov/mmwr/volumes/70/wr/mm7038e1.htm
https://www.frontiersin.org/article/10.3389/fimmu.2021.722027
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(21)00141-3/fulltext
https://www.thelancet.com/journals/eclinm/article/PIIS2589-5370(21)00141-3/fulltext
https://www.cell.com/cell-reports-medicine/fulltext/S2666-3791(21)00204-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2666379121002044%3Fshowall%3Dtrue
https://www.cell.com/cell-reports-medicine/fulltext/S2666-3791(21)00204-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2666379121002044%3Fshowall%3Dtrue
https://www.cell.com/cell-reports-medicine/fulltext/S2666-3791(21)00204-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2666379121002044%3Fshowall%3Dtrue
https://www.cell.com/cell-reports-medicine/fulltext/S2666-3791(21)00204-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2666379121002044%3Fshowall%3Dtrue
https://www.ecdc.europa.eu/en/covid-19/variants-concern
https://covariants.org/per-country
https://www.sciencedirect.com/science/article/pii/S0092867422003294
https://www.sciencedirect.com/science/article/pii/S0092867422003294
https://www.corelaboratory.abbott/us/en/offerings/segments/infectious-disease/sars-cov-2
https://www.corelaboratory.abbott/us/en/offerings/segments/infectious-disease/sars-cov-2
https://www.diasorin.com/en/immunodiagnostic-solutions/clinical-areas/infectious-diseases/covid-19
https://www.diasorin.com/en/immunodiagnostic-solutions/clinical-areas/infectious-diseases/covid-19
https://diagnostics.roche.com/global/en/products/params/elecsys-anti-sars-cov-2.html
https://diagnostics.roche.com/global/en/products/params/elecsys-anti-sars-cov-2.html
https://www.who.int/activities/tracking-SARS-CoV-2-variants

Lavezzo et al. Genome Medicine

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

(2022) 14:61

Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al. Immunological
memory to SARS-CoV-2 assessed for up to 8 months after infection. Sci-
ence. 2021,371(6529):eabf4063.

Gazit S, Shlezinger R, Perez G, Lotan R, Peretz A, Ben-Tov A, et al. Compar-
ing SARS-CoV-2 natural immunity to vaccine-induced immunity: reinfec-
tions versus breakthrough infections [Internet]. 2021 Aug [cited 2021 Oct
23] p. 2021.08.24.21262415. Available from: https://www.medrxiv.org/
content/10.1101/2021.08.24.21262415v1.

Wang Z, Schmidt F, Weisblum Y, Muecksch F, Barnes CO, Finkin S, et al.
MRNA vaccine-elicited antibodies to SARS-CoV-2 and circulating variants.
Nature. 2021;592(7855):616-22.

Goel RR, Apostolidis SA, Painter MM, Mathew D, Pattekar A, Kuthuru O,

et al. Distinct antibody and memory B cell responses in SARS-CoV-2
naive and recovered individuals after mRNA vaccination. Sci Immunol.
2021,6(58):2abi6950.

Saadat S, Rikhtegaran Tehrani Z, Logue J, Newman M, Frieman MB, Harris
AD, et al. Binding and neutralization antibody titers after a single vaccine
dose in health care workers previously infected with SARS-CoV-2. JAMA.
2021,325(14):1467-9.

Cho A, Muecksch F, Schaefer-Babajew D, Wang Z, Finkin S, Gaebler C,

et al. Anti-SARS-CoV-2 receptor binding domain antibody evolution after
mMRNA vaccination. Nature. 2021;7:1-9.

CDC. Coronavirus Disease 2019 (COVID-19) [Internet]. Centers for Disease
Control and Prevention. 2020 [cited 2021 Oct 23]. Available from: https://
www.cdc.gov/coronavirus/2019-ncov/variants/delta-varianthtml.
Schmidt F, Muecksch F, Weisblum Y, Da Silva J, Bednarski E, Cho A, et al.
Plasma Neutralization of the SARS-CoV-2 Omicron Variant. N Engl J Med.
2022,386(6):599-601.

Gruell H, Vanshylla K, Tober-Lau P, Hillus D, Schommers P, Lehmann C,

et al. mMRNA booster immunization elicits potent neutralizing serum activ-
ity against the SARS-CoV-2 Omicron variant. Nat Med. 2022;28(3):477-80.
Wratil PR, Stern M, Priller A, Willmann A, Aimanzar G, Vogel E, et al. Three
exposures to the spike protein of SARS-CoV-2 by either infection or vac-
cination elicit superior neutralizing immunity to all variants of concern.
Nat Med. 2022;28(3):496-503.

Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al.
Neutralizing antibody levels are highly predictive of immune protection
from symptomatic SARS-CoV-2 infection. Nat Med. 2021,27(7):1205-11.
Liu Z, Chan JFW, Zhou J, Wang M, Wang Q, Zhang G, et al. A pan-sarbe-
covirus vaccine induces highly potent and durable neutralizing antibody
responses in non-human primates against SARS-CoV-2 Omicron variant.
Cell Res. 2022;24:1-3.

Manuto, Laura. Vo-Serology. Github. https://github.com/MedCompUni
pd/Vo-Serology (2022).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.medrxiv.org/content/10.1101/2021.08.24.21262415v1
https://www.medrxiv.org/content/10.1101/2021.08.24.21262415v1
https://www.cdc.gov/coronavirus/2019-ncov/variants/delta-variant.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/delta-variant.html
https://github.com/MedCompUnipd/Vo-Serology
https://github.com/MedCompUnipd/Vo-Serology

	Neutralising reactivity against SARS-CoV-2 Delta and Omicron variants by vaccination and infection history
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Laboratory methods
	Oro-nasopharyngeal swabs
	Serum antibodies detection
	Micro-neutralisation assay

	Definition of COVID-19 recovered patients (ground truth, GT)
	Cohorts
	Statistical analyses

	Results
	Serum reactivity to spike (S) and nucleocapsid (N) antigens
	Impact of vaccination on antibody reactivity
	Antibody dynamics in vaccinated and unvaccinated subjects
	Correlation between two DiaSorin assays and neutralisation
	Hybrid immunity provides higher anti-S antibody and neutralisation titres than vaccination in naïve subjects
	Two vaccine doses in naïve individuals trigger higher anti-S antibodies and neutralising titres than natural infection
	Association analysis
	Neutralisation reactivity of Delta and Omicron VOCs

	Discussion
	Conclusions
	Acknowledgements
	References


