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Background: Immunity and clinical protection induced by mRNA vaccines against
SARS-CoV-2 have been shown to decline overtime. To gather information on the
immunity profile deemed sufficient in protecting against hospitalization, we tested IgG
levels, interferon-gamma (IFN-γ ) secretion, and neutralizing antibodies 180 days (d180)
after the second shot of BNT162b vaccine, in HW.
Methods: A total of 392 subjects were enrolled. All received BioNTech/Pfizer from
February 2020 to April 2021. The vaccine-specific humoral response was quantitatively
determined by testing for IgG anti-S1 domain of SARS-CoV-spike protein. Live virus
microneutralization (MN) was evaluated by an assay performing incubation of serial 2-fold
dilution of human serum samples, starting from 1:10 to 1:5120, with an equal volume
of Wuhan strain and Delta VOC viral solution and assessing the presence/absence of
a cytopathic effect. SARS-CoV-2-spike protein-specific T-cell response was determined
by a commercial IFN-γ release assay.
Results: In 352 individuals, at d180, IgG levels decreased substantially but no results
below the assay’s positivity threshold were observed. Overall, 22 naive (8.1%) had
values above the highest threshold. Among COVID-naive, the impact of age, which was
observed at earlier stages, disappeared at d180, while it remained significant for 81 who
had experienced a previous infection. Following the predictive model of protection by
Khoury, we transformed the neutralizing titers in IU/ml and used a 54 IU/ml threshold
to identify subjects with 50% protective immunity. Overall, live virus MN showed almost
all subjects with previous exposure to SARS-CoV-2 neutralized the virus as compared
to 33% of naive double-dosed subjects (p < 0.0001). All previously exposed subjects
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had strong IFN-γ secretion (>200 mIU/ml); among 271 naive, 7 (2.58%) and 17 (6.27%)
subjects did not show borderline or strong secretion, respectively.
Conclusions: In naive subjects, low IgG titers are relatively long-lasting. Only a third of
naive subjects maintain neutralizing responses. After specific stimulation, a very limited
number of naive were unable to produce IFN-γ . The results attained in the small group
of subjects with breakthrough infection suggest that simultaneous neutralizing antibody
titers <20, binding antibody levels/ml <200, and IFN-γ < 1,000 mIU/ml in subjects older
than 58 may identify at-risk groups.
Keywords: SARS-CoV-2, mRNA vaccines, humoral response, IFN-γ , healthcare workers

INTRODUCTION

CD8+ T-cells and production of IFN-γ play an important role
in vaccination immune response (16).
We analyzed – by age, gender, and previous SARS-CoV2 infection history –the binding and neutralizing antibody
response induced by the BioNTech/Pfizer vaccine 180 days after
the second vaccine shot in our cohort of almost 400 healthcare
workers longitudinally followed up to 180 days after the second
dose of BioNTech/Pfizer. The subjects’ early humoral response
had been previously reported to decline 90 days after the first
vaccine dose (5). Spike-specific T-cell-mediated reactivity using
an IFN-γ release assay, with the aim to gather information about
cellular immune response, was also evaluated.

Several studies on the durability of humoral response in subjects
recovered from SARS-CoV-2 infection showed that both binding
and neutralizing antibody levels decrease only modestly at month
8 after the infection (1, 2). This evidence initially suggested that
vaccinated persons and previously infected would experience a
low number of breakthrough infections. However, the durability
of immunity has been called into question by the mounting
evidence of reinfections after natural recovery (3). Moreover, a
progressive decline in humoral immune response has been shown
after vaccination (4). In our experience, in a cohort of healthcare
workers, this decline was shown to start from d90 after the first
shot (5). These results were in agreement with larger cohort
studies (4) and suggest that after vaccination or infection, several
mechanisms of immunity exist both at the antibody level and at
the level of cellular immunity.
Moderna and Pfizer vaccines using a mutated sequence of the
receptor-binding domain (RDB) that contains two consecutive
prolines, lysine 986, and valine 987 (6) have been associated with
high protection rates (7). Accumulating evidence demonstrates
that the two doses of the BNT162b vaccine elicit either high IgG
or neutralizing antibody responses (8, 9). Neutralizing antibodies
were shown to correlate with protection and may be used to
assess effective vaccine-induced humoral response (10) However,
there is scarce applicability of neutralizing assays in the routine
practice as neutralizing tests are complex, time-consuming, and
not always comparable across assays (11). In addition, a timedependent neutralizing activity regression relationship with IgG
levels has been demonstrated (4).
It has recently been shown that fully vaccinated people
remain at the risk for SARS-CoV-2 infections and Pfizer’s CEO
announced in October 2021, the need for a booster within 12
months of the first dose (12–14). In a recent study from Israel,
involving participants 60 years old, 5 months after two doses
of BioNTech/Pfizer vaccine, rates of infection and severe illness
were lower among those who received a booster injection as
compared to participants who did not (15).
Evidence suggests that humoral response alone may not offer
sufficient protection against either infection or disease, and
SARS-CoV-2-specific cellular immunity may be more stable and
longer-lasting than humoral immunity (1). It has been, therefore,
hypothesized, based on experimental models, that CD4+ and
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METHODS
Our analysis was based on the medical data from the multicenter
longitudinal study (Covidiagnostix, funded by the Italian
Ministry of Health) to investigate the antibody response in
Healthcare workers vaccinated with BioNTech/Pfizer starting
from February 11, 2020, and ending on April 11, 2021. All
the subjects received two vaccine injections 21 days apart. The
planned testing time for binding antibodies was day 0 (d0)
(before the first dose), day 7 (d7), day 21 (d21), day 31 (d31) after
the first shot, and day 90 (d90) 60 days after the second shot, day
180 (d180) days after the second shot corresponding to 210 days
after the first shot, respectively.
We excluded the participants who do not have the complete
set of blood sample collection. Blood samples were collected into
clot activator BD vacutainer tubes (Becton Dickinson, Franklin
Lakes, NJ, USA). The margin of sampling window for each
time-point was of 2 days.

Antibody Evaluation
The vaccine-specific humoral immune response was
quantitatively determined by testing for antiS1 and SARS-CoVspike protein (EUROIMMUN, anti-SARS-CoV-2 QuantiVac
enzyme-linked immunosorbent assay) with a positive cut-off of
at least 3.2 Binding Arbitrary Unit (BAU) ml. This assay was
designed to evaluate vaccine response and calibrated against
WHO standards in order to provide results in BAU (17). The
cut-off for positivity was 35.2 BAU, low quantitation limit 3.2
BAU/ml at 1:101 dilution, and range (3.2–384.0 BAU/ml). Results
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25.6 but <35.2 were considered borderline (18). Specificity and
sensitivity (>10 days after diagnosis) are 99.8 and 90.3%,
respectively, when the manufacturer’s suggested cut-off of 35.2
BAU/ml is used. A solution used for diluting samples above 348
U/ml was included in the measurement kits.
The SARS-CoV-2 spike protein-specific T-cell response was
determined by a commercial, standardized interferon-gamma
(IFN-γ ) release assay (IGRA) using the EUROIMMUN SARSCoV-2 IGRA stimulation tube set (product No. ET 2606-3003)
and EUROIMMUN IFN-γ ELISA (product No. EQ 6841960). The specific T-cell response was quantified according to
the manufacturer’s instructions and values >100 mIU/ml were
interpreted as low positive, >200 mIU/ml as positive (19).

questionnaire were used to confirm the previous SARS-CoV-2
infection and were compared to the results of the COVID-19
Regional Registry.

Cell Culture

Statistical Analysis

Ethics Approval
All healthcare workers provided written consent in accordance
with local review board requirements. Laboratory investigations
and available clinical data were collected and analyzed according
to the protocol COVIDIAGNOSTIX approved by the EC review
board at our institution and funded by the Ministry of Health
of Italy, “Bando Ricerca COVID-19,” project number: COVID2020-12371619; project title: COVIDIAGNOSTIX—Health
Technology Assessment in COVID serological diagnostics.

VERO E6 C1008 cells (CRL-1586) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM), High Glucose (Euroclone),
supplemented with 2 mM L-glutamine (Lonza), 100 units/ml
Penicillin–Streptomycin mixture (Lonza), and 10% fetal bovine
serum (FBS) (Euroclone), in 37◦ C and 5% CO2 humidified
incubator. Adherent sub confluent cell monolayers of VERO E6
were prepared in DMEM high glucose containing 2% FBS in 96
well plates for virus titration and neutralization tests.

Data were presented as numbers and percentages for categorical
variables. Continuous variables were expressed as mean ± SD
or median with interquartile range (IQR). Test for Normal
distribution was performed by Shapiro–Wilkson test. The T-test
was used to compare the mean of unpaired samples. When the
distribution of samples was not normal, a T-test with logarithmic
transformation was performed. Alternative non-parametric tests
such as Mann–Whitney test were used when distribution was
not normal. Differences between groups were analyzed using the
chi-square test or Fisher’s exact test for categorical variables.
Linear regression was used to describe the relationship
between two variables and to predict one variable from another.
In a scatter diagram with a regression line, the relation
between two variables was presented graphically, and the linear
correlation coefficient and p-value were reported.
Tests with p-value (p) < 0.05 were considered significant. The
statistical analysis was performed by Matlab statistical toolbox
version 2008 (MathWorks, Natick, MA, USA) for Windows
at 32 bit.
Logistic regression was used to find the best fitting
model to describe the relationship between the dichotomous
characteristic of interest (dependent variable) and a set of
independent variables.

Micro-Neutralization Experiments
The micro-neutralization (MN) assay was performed as
previously reported (20, 21). Briefly, serial 2-fold dilution of
human serum samples, starting from 1:10 to 1: 5120, were
incubated with an equal volume of SARS-CoV-2 (Wuhan
Strain and Delta VOC) viral solution containing 25 tissue
culture infective dose 50% (TCID50) for 1 h at RT (21). After
incubation, 100 µl of the serum–virus mixture was transferred
to a 96-well plate containing an 80% sub-confluent Vero E6
cell monolayer. The plates were incubated for 3 days (Wuhan
strain) and 4 days (Delta strain) at 37◦ C and 5% CO2 . At the
end of incubation, the presence/absence of cytopathic effect
(CPE) was assessed by means of an inverted optical microscope.
A CPE higher than 50% was indicative of infection. The MN
titer was expressed as the reciprocal of the highest serum
dilution showing protection from viral infection and CPE. The
titer of 10 was considered as the lower limit of quantitation
(LLOQ) and a titer equal to 5 was considered as negative. All
experiments with live SARS-CoV-2 viruses were performed
inside the Biosecurity Level 3 laboratories of VisMederi Srl.
Standardization of neutralizing titers was made following the
guidelines of the NIBSC 20/136 document1 .

RESULTS
Serological Evaluation by the Previous
History of SARS-CoV-2 Infection at day 180
After the Second Dose
Of 392 enrolled subjects, 352 were analyzed, as 40 (10.2%) had to
be excluded because they did not complete the planned sample
collection. The mean age was 47.7 years ± 11.8. Of the total
participants, 57.2% were female; 271 had no experience of the
previous infection and were defined as naive. Subjects infected
before or immediately after the first vaccine dose (n = 81) were
classified as experienced.
Of 271 naive, the female prevalence was 58.3%, and the
mean age was 47.55 years ± 11.85. The mean values of IgG
antibodies were 212.93 ± 182.98 BAU/ml (Table 1). None had
results below the 35.2 BAU/ml positivity assay threshold. Overall,
22 individuals (8.1%) had antibody values above the highest

COVID-19 Diagnostic Data
As part of preventive medicine practice, healthcare workers
were subjected to routine RT-PCR swab testing using a RealTime Reverse transcription PCR kit on a Roche Cobas Z480
thermocycler (Roche Diagnostic, Basel, Switzerland). RNA
purification was performed using Roche Magna pure system
(Roche Diagnostic, Basel, Switzerland). Both the results of the
swab test and the clinical information collected in a dedicated
1 https://www.nibsc.org/documents/ifu/20-136.pdf
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TABLE 1 | Baseline characteristics, antibody levels, neutralizing antibody titers,
and IFN-γ concentration of vaccinated subjects.
Prior COVID-19 experience
Yes (n = 81)

No (n = 271)

p value

49.71 (12.32)
51 (40.75–59.25)

47.55 (11.85)
47 (39.0–57.0)

0.20

Sex: Male
Female

38 (46.9)
43 (53.1)

113 (41.7)
158 (58.3)

0.41

Baseline
SARS-CoV-2-IgG No (%)

79 (97.31)

0

p < 0.0001

Day 180
SARS-CoV-2-IgG, No (%)

81(100)

271 (100)

p=1

Day 180
SARS-CoV2-IgG level
Mean, (SD) BAU/ml
Median (IQR)

418.81 ± 415.01
248.96 (140.48–610.0)

212.93 ±
182.98
179.79
(90.0–287.19)

p < 0.0001

Day 180*
SARS-CoV2-IgG level
>384 BAU/ml
Mean, (SD) BAU/ml
Median (IQR)

778.04 ± 40.15
630.41
(548.32–895.72)

630.50 ±361.46
489.93
(398.31–666.08)

p = 0.092

81 (100)

178 (65.89)

<0.0001

Day 180
Neutralizing antibody
Mean (SD)
Median (IQR)

419.08 ± 430.75
231.52
(138.46-612.16)

229.27 ±
213.92
200
(90.0–310–72)

p = 0.0009

Day 180**
Neutralizing antibody
>320 Mean, SD
Median (IQR)

740.24 ± 588.37
663.36
(209.04–921.54)

246.09 ± 65.17
246.09
(200.0–292.17)

p = 0.32

Day 180 IFN-γ
No (%)
>100 mIU/ml

81 (100)

267 (98.52)

0.58

Day 180 IFN-γ
No (%)
>200 mIU/ml

81 (100)

254 (93.72)

0.0161

2,299.97 ± 491.25
2,499.0
(2,400.0–2,500.0)

1,201.24 ±
846.24
926.0
(463.0–2,272.0)

p < 0.0001

Age, mean (SD), years
Median (IQR)

Day 180
Neutralizing antibody >10,
No (%)

Day 180 IFN-γ
>100 mIU/ml Mean (SD)
Median (IQR)

FIGURE 1 | Comparison between IgG levels in naive and experienced. Mean
and Interquartile ranges (IQR) are reported (p < 0.0001).

TABLE 2 | Comparison of IgG levels in subjects previously infected or naive by
age younger or older than 47 years.
224.58 ± 198.12
200.0(95.63;298.87)

274.11 ± 231.78
211.36
(126.40;310.0)

0.32

IgG levels (age >47)
Mean±SD
Median (IQR)

200.75 ± 165.55
169.84(90.0;268.87)

530.62 ± 487.68
412.82
(165.44;642.93)

<0.0001

SD, standard deviation; IQR, Interquartile range; Median and IQR were used for data with
no normal distribution.

binding antibody levels by median age of 47 years revealed no
difference. When subjects older than 47 years were compared
to the younger patients, median levels of 169.84 (90.0–268.87)
BAU/ml vs. 200.0 (95.63–298.87) BAU/ml (p = 0.40) were
observed. At variance, within the experienced group, older had
higher median age than younger 412.82 (165.44–642.93) vs.
211.36 (126.40–310.00) (p = 0.0043). This inverse relationship
with the age within the experienced group was also observed
although at a not significant level at d90, 60 days after the
second shot (p = 0.087). At earlier time points, as reported
in our previous experience (5), the difference between higher
median IgG levels in younger vs. older was significant also within
the naive group (median age of younger of 1026.0 (489.01 vs.
1690.01) vs. 720.12 (479.35–1251.02) (p = 0.022). Trend analysis
of the three different time points IgG levels using median was
performed (p < 0.0001 for both younger and older than 47 years)
(Figure 2).

* IgG

Mean values for subjects with results above the highest threshold of the assay;**
Mean titers of neutralizing antibodies among subjects with titers associated with strong
neutralizing capacity.

threshold. Their mean values were 630.50 ± 361.46 BAU/ml. No
difference was observed by gender.
Among 81 experienced, the female was 53.1%. The mean
age was 49.71 ± 12.32. At d180 after the second dose (210
days after the first vaccination), the mean values were 418.81
BAU/ml ± 415.01. None had results below the assay’s threshold.
Overall, 41.03% had results above the 384.0 BAU/ml (Table 1).
Their mean values were 778.04 ± 40.15 BAU/ml. Values for
men and women were not different regardless of the threshold
used. Comparison between IgG levels in naive and experienced is
depicted in a graph (Figure 1).
The impact of age on binding antibody levels was then
investigated (Table 2). Within the naive group, stratification of

Frontiers in Public Health | www.frontiersin.org

IgG levels (age ≤47)
Mean±SD
Median (IQR)

Neutralizing Antibodies Results
When the neutralizing titers were analyzed, 100% of previously
infected patients and 178 (65.89%) of naive showed a titer of
≥10 (LLoQ). Individuals with titers associated with stronger
neutralizing capacity associated to a dilution > 320 were 2
(0.73%) among naive and 25 (31.2%) among 80 experienced
(p < 0.0001). Median neutralizing titers of 200 (90.0–310.72)
were observed among 271 naive. The corresponding value among
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FIGURE 4 | Correlation between neutralizing antibody titers and IgG levels
among naive.

FIGURE 2 | Trend analysis of IgG levels at the different time points. In red
median of IgG levels in subjects with median age ≤ 47 years. In blue median of
IgG levels in subjects older than 47 years, linear trend was statistically
significant for both (p < 0.0001).

FIGURE 5 | Correlation between neutralizing antibody titers and IgG levels
among experienced.

FIGURE 3 | Comparison between microneutralization results in naive and
experienced. Mean and Interquartile ranges (IQR) are reported (p = 0.0009).

Correlation Between IgG and Neutralizing
Antibodies
No correlation was observed between neutralizing antibody
titers and IgG levels for naive (r = 0.06; p = 0.321), at d180.
At variance, for experienced, the correlation was significant
(p = 0.48; p < 0.001) (Figures 4, 5). Despite the analysis of
neutralizing antibody, IU/ml ≥54 conversions, we failed to
observe correlation with binding antibody.

experienced was 231.52 (138.46–612.16) (Figure 3). When only
subjects with strong neutralizing titers (>320) were analyzed, the
median titers were 246.09 (200.0–292.17) for naive and 663.36
(209.04–921.54) for experienced. Following the predictive model
of protection suggested by Khoury et al. (22) and using the
standard IU/ml results suggested by WHO as a reference to
normalize the different neutralizing testing1 , we transformed the
neutralizing titers in IU/ml and used a 54 IU/ml threshold to
identify subjects with 50% protective humoral immunity. Overall,
32.78% of naive and 91.89% of previously infected (p < 0.0001)
showed protective neutralizing activity.

Frontiers in Public Health | www.frontiersin.org

IFN-γ Results
The spike-specific T-cell response was assessed by semiquantitative analysis of IFN-γ release. Overall, at d180, a
borderline T-cell response (cutoff > 100 mIU/ml) as well as a
stronger response (cutoff > 200 mIU/ml) was detectable in all the
81 experienced. Among 271 naive, 7 (2.58%) and 17 (6.27%) did
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FIGURE 6 | Day 180, linear regression between IgG levels and IFN-γ
concentration among naive group using the IFN-γ threshold of 100 mIU/ml.

FIGURE 7 | Linear regression between IgG levels and IFN-g concentration
among COVID naive group using the IFN-γ threshold of 200 mIU/ml.

not show borderline or strong responses, respectively (Table 1).
The difference between median IFN-γ concentration of 254
(93.7%) naive and 81 (100%) previously experienced subjects
was significant with values of 223.0 (463.0–2,272.0) mIU/ml
vs. 2,499.0 (2,400.0–2,500.0) mIU/ml, respectively, (p < 0.0001)
when IFN-γ concentration higher than 200 IU/ml was analyzed.

Correlation Between IgG Levels and IFN-γ
in Naive
Levels of IgG at d180 were correlated with IFN-γ concentrations
in subjects with results >100 IU/ml. A not significant
correlation with r = 0.08, p = 0.344 was observed. Using
a IFN-γ threshold > 200 IU/ml, a similar not significant
correlation with r = 0.11, p = 0.192 was found (Figures 6,
7). At variance, when levels of IgG at d60, 90 days after
the first vaccine dose (5) were correlated with IFN-γ
concentrations in subjects with results >100 IU/ml, at that
time point, results were statistically significant r = 0.28,
p = 0.031; similar results were attained using at d90 the
threshold of >200 IU/ml (additional Figures 1, 3). Thesedata
support an overtime decline of humoral response but not of
lymphocyte IFN-γ .

FIGURE 8 | Linear regression model between neutralizing antibody titers and
IFN-γ concentration in naive (with IFN-γ threshold > 100 mIU/ml).

IFN-γ positivity thresholds) and experienced are reported
in Figures 8–10.

Breakthrough Infections

Correlation Between Neutralizing
Antibodies and IFN-γ

Breakthrough infections were observed in 6 cases among naive
fully vaccinated subjects (2.2%). Characteristics of subjects
experiencing infection are shown in Table 3. In all the
cases, the infection was mild, none of the subjects required
hospitalization. A persistently positive swab result was observed
in almost all (mean positivity duration 4.5 ± 2.3 weeks).
For 4 out of 6, a common unvaccinated index case was
identified. The remaining two cases came from the same
household, where one of the individuals, a healthcare worker,
was exposed and exposed to the second individual within
the household. Demographic, virologic, and immunologic

An interesting correlation between neutralizing titers and
IGRA levels was found for both naive and experienced. The
results showed r = 0.26; p = 0.001 for naive and r = 0.18
p = 0.134, respectively (Figures 8, 9). The significance of
the correlation increased for naive when the IFN-γ positive
threshold of 200 was used (r = 0.25; p = 0.003) and did not
change for experience given the identical number of subjects
with IFN-γ concentration >100 and >200 thresholds in this
group (Figure 10). The regression curves for naive (at both
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TABLE 3 | Characteristics of patients with breakthrough infection.
Pt initials Gender

Age

IgG level
BAU/ml

IGRA
titers
mIU/ml

Neutralizing
antibody
dilution

RF

M

35

311.14

905.1

14.1

VV

F

67

172.39

750

7.1

D’AG

M

57

105.53

420

5

VA

F

57

160

360

10

RG

F

59

200

620

20

CM

M

70

80.6

100

5

second BioNTech/Pfizer vaccine shot, among naive, all HW
had binding antibody levels higher than the assay threshold,
although only 8.1% had results higher than the highest assay
threshold. At variance, 1/3 of subjects had neutralizing antibodies
titers below LLoQ, while titers ≥ 320 generally associated with
protection, were observed in very few cases (1.2%). Converting
neutralizing antibody titers in International Unit (IU/ml) by
running in the same neutralization assay, the first SARS-CoV2 WHO International Standard (NIBSC 20/136)1 , we observed
that only 32.78% of our patients had 50% protective neutralizing
antibody. Our results appear in keeping with those reported in
two studies from Israel, where the majority of the population was
vaccinated using the BioNTech/Pfizer or Moderna vaccine. The
first study on over 1,000,000 persons (596,618 vaccinated and
596,618 non-vaccinated) demonstrated high efficacy of vaccines,
not only in disease prevention but also in infection transmission
up to 42 days after the first vaccination (7). A second more
recent study with longer follow up from the same Country,
showed that 39 (2.6%) out of 1,497 fully vaccinated HW became
infected during 14 weeks after their second dose of the BNT162b2
(BioNTech/Pfizer) vaccine; all the infected had lower neutralizing
antibody levels than their uninfected colleagues during the periinfection period (23). In our study, only 6 subjects (2.2%)
experienced a breakthrough infection. All of them were older and
had median neutralizing antibody levels lower than the median
of the uninfected population. Although we are aware that our
sample size is limited, our results appear in line with those
reported in Israel.
The already known significant decline in BNT162b2 vaccine
protection more than 120 days after the second dose, in
our study, conducted in the region of Puglia with a low
community incidence rate (positivity index on December 16,
2021, was 2.4%)2 , was associated with the rate of breakthrough
infections comparable to those reported by Bergwek (23)
and were significantly lower than the rates reported among
unvaccinated subjects3 .
In keeping with the decreased severity of the disease in
vaccinated individuals who acquire SARS-CoV-2 infection,

FIGURE 9 | Linear regression model for correlation between neutralizing
antibody dilutions and IFN-γ concentration in naive (with IFN-γ concentration
> 200 mIU/ml).

FIGURE 10 | Linear regression model for correlation between neutralizing
antibody titers and IFN-γ concentration in experience (similar results for IFN-γ
threshold of 100 and 200 mIU/ml given the identical number of subjects above
these thresholds among experienced).

characteristics of these subjects were compared with those
of the remaining not infected naive subjects (Table 3). Our
small group of subjects with breakthrough infection showed
simultaneous neutralizing antibody titers below 20, binding
antibody levels below 200 BAU/ml and IFN-γ < 1,000. Similar
results in subjects older than 58 years may be considered an
alarming condition.

DISCUSSION
2 https://bari.repubblica.it/argomenti/coronavirus_puglia

(accessed December 16,
2021).
3 https://www.epicentro.iss.it/coronavirus/bollettino/Bollettino-sorveglianzaintegrata-COVID-19_7-dicembre-2021.pdf (accessed December 16, 2021).

Our study investigated the IgG and neutralizing response in
naive and experienced HW previously shown to be able to
mount a strong IgG response at d31 (5). At d180 after the
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The use of the same mRNA vaccine with a similar schedule
and similar interval between vaccination and post-vaccination
antibody assessment strengthen this study. Moreover, evaluating
one of the longest delays between the second vaccine dose
and both IgG and neutralizing antibody assessment has the
advantage of using the IFN-γ spike-specific-induced T-cell
immune response assay that allows simultaneous cellular
responses evaluation. Finally, we had the opportunity to
trace the incident breakthrough infection and to investigate
its possible predictors. Limitations of our study are the
relatively small sample size, the homogeneous demographic
characteristics of our patients, young and healthy in the
majority of cases. A further disadvantage is the relatively
low prevalence of SARS-CoV-2 infection in our region as
compared to others in Italy. This may prevent the exportability
of our findings to the general population with different ages
and co-morbidities.
In conclusion, our study shows that although the low humoral
response is relatively long-lasting, high IgG levels are extremely
rare in naive subjects. Only a third of subjects maintained
neutralizing responses. In terms of T-cell, IFN-γ production
after specific stimulation, a very limited number of subjects
resulted unable to produce this cytokine over a period of 180 days
after the second shot. IFN-γ testing could be used as surrogate
testing for cellular immune responses. The results attained in
our small group of subjects with breakthrough infection suggest
that simultaneous neutralizing antibody titers below 20, binding
antibody levels below 200 BAU/ml, and IFN-γ <1000 in subjects
older than 58 years may be considered an alarming condition.

all our patients with breakthrough infections were mild. A
persistently positive swab result was observed in almost all (mean
positivity duration 4.5 ± 2.3 weeks). Whether a possible further
decrease in vaccine effectiveness against hospitalization after
a longer interval from vaccination occurs was impossible to
evaluate in our population given the mandatory administration
of a third vaccine dose to the HW in Italy that started from
November 22, 2021, based on the evidence that booster dose may
mitigate the risk of transmission, disease, and deaths in all the age
groups (24)4 .
Reliable detection of the T-cell-mediated immune response
was explored in our study by IFN-γ production. Most of
the subjects showed robust IFN-γ production after S-protein
stimulation of peripheral blood cells. Results below the threshold
of the assay were observed in only 12 (4.6%) naive, suggesting
that lack of T-cell reactivity is a rare event even after a
long interval from the second vaccine shot. This evidence was
also confirmed by the cytoflorimetric analysis (manuscript in
preparation). Moreover, as shown by the linear regression model,
higher T-cell reactivity was observed in patients with higher
neutralizing antibody levels. These results are in agreement with
those reported by Schiffner et al. (25, 26). Consequently, the
combination of these two assays seems to provide predictive
information on protective immune reactions. Nevertheless,
we need to keep in mind that neutralizing titers may be
impractical to assess routinely, whereas IFN-γ evaluation as
an expression of lymphocyte activity may be easier to use
than other more complex CD4+ and CD8+ cellular response
assessment methods.
Whether the decay of serum antibody levels is a good
indicator for the timing of booster administration remains to
be determined. Identifying immune correlates of protection (or
lack thereof) from SARS-CoV-2 is critical in predicting how
the expected antibody decay will affect clinical outcomes, if and
when a booster dose will be needed, and whether vaccinated
persons are protected (23, 26). Surely antibody decay represents
one of the initial predisposing factors to breakthrough infections.
However, while cellular and humoral immunity to SARS-CoV-2
is critical to control primary infection and correlates with severity
of disease, the degree of vaccine protection from breakthrough
infections may be an expression of the initial immune response
rather than of the decay of antibody levels, since memory cells
are expected to respond to future exposures. Moreover, while
correlates of protection have been developed for other infections
such as influenza (27) by challenge experiments in humans (28),
no study has defined correlate of protection until a recent one that
focused on correlates of protection against symptomatic COVID19 (29, 30). This study highlights that there is no single threshold
value for different assays (31). In our small group of subjects who
experienced a breakthrough infection, we had the opportunity to
both identify a common source of infection in an unvaccinated
index case and to show low median neutralizing antibody titers
and higher median age.
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The emergence of SARS-CoV-2 variants is jeopardizing the effectiveness of current
vaccines and limiting the application of monoclonal antibody-based therapy for
COVID-19 (refs. 1,2). Here we analysed the memory B cells of five naive and five
convalescent people vaccinated with the BNT162b2 mRNA vaccine to investigate the
nature of the B cell and antibody response at the single-cell level. Almost 6,000 cells
were sorted, over 3,000 cells produced monoclonal antibodies against the spike
protein and more than 400 cells neutralized the original SARS-CoV-2 virus first
identified in Wuhan, China. The B.1.351 (Beta) and B.1.1.248 (Gamma) variants escaped
almost 70% of these antibodies, while a much smaller portion was impacted by the
B.1.1.7 (Alpha) and B.1.617.2 (Delta) variants. The overall loss of neutralization was
always significantly higher in the antibodies from naive people. In part, this was due to
the IGHV2-5;IGHJ4-1 germline, which was found only in people who were convalescent
and generated potent and broadly neutralizing antibodies. Our data suggest that
people who are seropositive following infection or primary vaccination will produce
antibodies with increased potency and breadth and will be able to better control
emerging SARS-CoV-2 variants.

Twenty months after the beginning of the COVID-19 pandemic, with
252 million people infected, 5 million deaths and 7.2 billion vaccine
doses administered, the world is still struggling to control the virus. In
most developed countries, vaccines have vastly reduced severe disease,
hospitalization and deaths, but they have not been able to control the
infections that are fuelled by new and more infectious variants. A large
number of studies so far have shown that protection from infection is
linked to the production of neutralizing antibodies against the spike
(S) protein of the virus3–6. This is a metastable, trimeric class 1 fusion
glycoprotein, composed of the S1 and S2 subunits, and mediates virus
entry, changing from a prefusion to postfusion conformation after
binding to the human angiotensin-converting enzyme 2 (ACE2) receptor and heparan sulfates on the host cells7. Potent neutralizing antibodies recognize the S1 subunit of each monomer, which includes the
receptor-binding domain (RBD) and N-terminal domain (NTD) immunodominant sites8. The large majority of neutralizing antibodies bind
to the receptor-binding motif, within the RBD, and a smaller fraction
targets the NTD5,9. Neutralizing antibodies against the S2 subunit have
been described; however, they have very low potency5,10. Neutralizing
antibodies generated after infection derive in large part from germline
IGHV3-53 and the closely related IGHV3-66 with very few somatic mutations11,12. From June 2020, the virus started to generate mutations that
allowed the virus to evade neutralizing antibodies, to become more

infectious, or both. Some of the mutant viruses completely replaced
the original SARS-CoV-2 first detected in Wuhan, China. The most
successful variant viruses are B.1.1.7 (Alpha), B.1.351 (Beta), B.1.1.248
(Gamma) and B.1.617.2 (Delta), which have been named variants of
concern (VoCs)13. The Delta variant is currently spreading across the
globe and causing large concerns also in fully vaccinated populations.
It is therefore imperative to understand the molecular mechanisms
of the immune response to vaccination to design better vaccines and
vaccination policies. Several investigators have shown that vaccination
of people who are convalescent can yield neutralizing antibodies that
can be up to a thousand-fold higher than those induced by infection
or vaccination, suggesting that one way of controlling the pandemic
may be the induction of a hybrid immunity-like response using a third
booster dose14–18. At the single-cell level, here we compared the nature
of the neutralizing antibody response against the original virus first
detected in Wuhan and the VoCs in naive and convalescent participants
who were immunized with the BNT162b2 mRNA vaccine.

B cell response in COVID-19 vaccinees
We enrolled ten donors who were vaccinated with the BNT162b2 mRNA
vaccine: five of them were healthy people who were naive to SARS-CoV-2
infection at vaccination (seronegative) and the other five had recovered
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Fig. 1 | Identification of cross-neutralizing SARS-CoV-2 S protein-specific
nAbs. a, The graph shows supernatants that were tested for binding to the
SARS-CoV-2 S protein antigen first detected in Wuhan, China. The threshold of
positivity was set as two times the value of the blank (dotted line). The dark blue
and dark red dots represent mAbs that bind to the S protein for vaccinees who
were seronegative and seropositive, respectively. The light blue and light red
dots represent mAbs that do not bind to the S protein for vaccinees who were
seronegative and seropositive, respectively. OD, optical density. b, The bar
graph shows the percentage of not-neutralizing antibodies (grey), nAbs from

individuals who were seronegative (dark blue) and nAbs for individuals who
were seropositive (dark red). The total number (n) of antibodies tested per
individual is shown on the top of each bar in a, b. c, The graphs show the
fold-change percentage of nAbs in individuals who were seronegative (left) and
seropositive (right) against the Alpha, Beta and Gamma VoCs compared with
the original SARS-CoV-2 virus detected in Wuhan. The heat maps show the
overall percentage of the SARS-CoV-2 nAbs detected in Wuhan that are able to
neutralize the tested VoCs.

from SARS-CoV-2 infection before vaccination (seropositive). Participant details are summarized in Extended Data Table 1. Blood collection
occurred at an average of 48 and 21 days after the last vaccination dose
for participants who were seronegative and seropositive, respectively
(Extended Data Table 1). This difference may affect the frequency of
circulating B cells and the serum activity of participants who are seronegative and seropositive analysed in this study. We initially analysed
the frequency of circulating B cell populations between our groups.
Participants who were seropositive showed a 2.46-fold increase in
S-protein-specific CD19+CD27+IgD−IgM− memory B cells compared with
participants who were seronegative and an overall 10% higher count of
CD19+CD27+IgD−IgM− memory B cells (Extended Data Fig. 1a–c). Conversely, participants who were seronegative showed a 2.3-fold higher
frequency of CD19+CD27+IgD−IgM+ memory B cells than participants

who were seropositive. No differences were found in the numbers of
CD19+CD27+IgD−IgM+ S protein+ memory B cells between the two groups
assessed in this study (Extended Data Fig. 1a–c). Following the analyses
of memory B cells, we characterized the polyclonal response of these
donors by testing their binding response to the S protein trimer, RBD,
NTD and the S2 domain, and subsequently by testing their neutralization activity against the original SARS-CoV-2 virus first detected in
Wuhan (Extended Data Fig. 2). Plasma from participants who were
seropositive showed a higher binding activity to the S protein and all
tested domains than plasma from participants who were seronegative
(Extended Data Fig. 2a–d). In addition, participants who were seropositive showed a tenfold-higher neutralization activity against the original
SARS-CoV-2 virus detected in Wuhan than in participants who were
seronegative (Extended Data Fig. 2e, f).
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Isolation of neutralizing antibodies
To better characterize the B cell immune response, we single-cell-sorted
antigen-specific memory B cells using the SARS-CoV-2 S protein antigen identified in Wuhan as bait, which was encoded by the mRNA
vaccine. The single-cell sorting strategy was performed as previously described5. In brief, the prefusion S protein trimer-specific (S
protein+), class-switched memory B cells (CD19+CD27+IgD−IgM−) were
single-cell-sorted and then incubated for 2 weeks to naturally produce
and release monoclonal antibodies (mAbs) into the supernatant. A total
of 2,352 and 3,532 S protein+ memory B cells were sorted from vaccinees
who were seronegative and seropositive, respectively (Extended Data
Table 2). Of these, 944 (40.1%) and 2,299 (65.1%), respectively, were
released in the supernatant mAbs, recognizing the S protein prefusion trimer in enzyme-linked immunosorbent assay (ELISA) (Fig. 1a,
Extended Data Table 2). These mAbs were then tested in a cytopathic
effect-based microneutralization assay (CPE-MN) with the original
live SARS-CoV-2 virus detected in Wuhan at a single point dilution (1:5)
to identify SARS-CoV-2 neutralizing human monoclonal antibodies
(nAbs). This first screening identified a total of 411 nAbs, of which 71
derived from participants who were seronegative and 340 were from
participants who were seropositive (Fig. 1b, Extended Data Table 2).
Overall, the fraction of S-protein-specific B cells producing nAbs were
7.5% for participants who were seronegative and 14.8% for participants
who were seropositive. Following this first screening, all nAbs that were
able to neutralize the SARS-CoV-2 virus detected in Wuhan were tested
by CPE-MN against major VoCs, including B.1.1.7 (Alpha), B.1.351 (Beta)
and B.1.1.248 (Gamma) to understand the breadth of neutralization
of nAbs elicited by the BNT162b2 mRNA vaccine. At the time of this
assessment the B.1.617.2 (Delta) variant had not yet spread globally
and therefore was not available for screening. Participants who were
seropositive had an overall higher percentage of nAbs neutralizing the
VoCs than participants who were seronegative. The average frequency
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Fig. 2 | Potency and breadth of neutralization of nAbs against SARS-CoV-2
and VoCs. a–e, Scatter dot charts show the neutralization potency, reported as
IC100 (ng ml−1), of nAbs tested against the original SARS-CoV-2 virus first
detected in Wuhan (a) and the B.1.1.7 (b), B.1.351 (c), B.1.1.248 (d) and B.1.617.2
(e) VoCs. The number and percentage of nAbs from individuals who were
seronegative versus seropositive, fold change, neutralization IC100 geometric
mean (black lines, blue and red bars) and statistical significance are denoted on
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of nAbs from participants who were seropositive neutralizing the Alpha,
Beta and Gamma variants was 80.6% (n = 274), 39.4% (n = 134) and 62.0%
(n = 211), respectively, compared with 70.4% (n = 50), 22.5% (n = 16) and
43.6% (n = 31), respectively, in participants who were seronegative
(Fig. 1c, Extended Data Table 2).

Potency and breadth against variants
To better characterize and understand the potency and breadth of
coverage of all nAbs against the SARS-CoV-2 virus detected in Wuhan,
we aimed to express all the 411 nAbs previously identified as IgG1. We
were able to recover and express 276 antibodies for further characterization, 224 (89.8%) from participants who were seropositive and 52
(10.2%) from participants who were seronegative. Initially, antibodies
were tested for binding against the RBD, NTD and the S2 domain of the
original SARS-CoV-2 Sprotein identified in Wuhan. Overall, no major
differences were observed in nAbs that recognized the RBD and NTD,
whereas nAbs that were able to bind to the S protein only in its trimeric
conformation (that is, not able to bind single domains) were almost
threefold higher in participants who were seronegative than in participants who were seropositive (Extended Data Fig. 3). None of the tested
nAbs targeted the S2 domain. nAbs were then tested by CPE-MN in serial
dilution to evaluate their 100% inhibitory concentration (IC100) against
the SARS-CoV-2 virus detected in Wuhan and the VoCs. At this stage of
the study, the B.1.617.2 (Delta) virus had spread globally, and we were
able to obtain the live virus for our experiments. Overall, nAbs isolated
from vaccinees who were seropositive had a significantly higher potency
than those isolated from vaccinees who were seronegative. The IC100
geometric mean in participants who were seropositive was 2.87-fold,
2.17-fold, 1.17-fold, 1.43-fold and 1.92-fold lower than in participants
who were seronegative for the virus detected in Wuhan, and the Alpha,
Beta, Gamma and Delta VoCs, respectively (Fig. 2). In addition, a bigger
fraction of nAbs from participants who were seropositive retained the
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Fig. 3 | Repertoire analyses and functional characterization of
predominant gene-derived nAbs. a, The graph shows the IGHV-J
rearrangement frequencies between vaccinees who were seronegative and
seropositive (top), and the frequency within seronegative (middle) and
seropositive (bottom) participants. b–g, The graphs show the neutralization

ability to neutralize the VoCs. Indeed, when nAbs were individually tested
against all VoCs, the ability to neutralize the Alpha, Beta, Gamma and
Delta variants was lost by 14%, 61%, 61% and 29% of the antibodies from
participants who were seropositive versus 32%, 78%, 75% and 46% of those
from participants who were seronegative, respectively (Fig. 2). Finally,
a major difference between participants who were seronegative and
seropositive was found in the class of nAbs with medium/high potency
(IC100 of 11–100 ng ml−1 and 101–1,000 ng ml−1) against all variants. Indeed,
nAbs in these ranges from participants who were seropositive constitute
71.0%, 62.5%, 23.7%, 22.8% and 53.1% of the whole nAb repertoire, whereas
nAbs from seronegative donors were 48.1%, 38.5%, 17.3%, 17.3% and 34.6%
against the SARS-CoV-2 virus detected in Wuhan and the Alpha, Beta,
Gamma and Delta VoCs respectively (Fig. 2).
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(b), IGHV1-69;IGHJ4-1 (c), IGHV2-5;IGHJ4-1 (d), IGHV3-30;IGHJ6-1 (e), IGHV353;IGHJ6-1 (f) and IGHV3-66;IGHJ4-1 (g) families, against the original
SARS-CoV-2 virus first detected in Wuhan and the B.1.1.7, B.1.351, B.1.1.248 and
B.1.617.2 VoCs.

Functional gene repertoire
The analysis of the immunoglobulin G heavy chain variable (IGHV) and
joining (IGHJ) gene rearrangements of 58 and 278 sequences recovered
from participants who were seronegative and seropositive, respectively,
showed that they use a broad range of germlines and share the most
abundant germlines. In particular, both groups predominantly used the
IGHV1-69;IGHJ4-1 and IGHV3-53;IGHJ6-1 germlines, which were shared
by three out five participants per group (Fig. 3a). In addition, the IGHV330;IGHJ6-1 and IGHV3-33;IGHJ4-1 germlines, which were more abundant
in donors who were seronegative, and the IGHV1-2;IGHJ6-1 germline,
which was mainly expanded in vacinees who were seropositive, were
also used with high frequency in both groups. Only the IGHV2-5;IGHJ4-1
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germline was seen to be predominantly expanded only in donors who
were seropositive (Fig. 3a). Despite the fact that selected germlines were
boosted following vaccination, no major clonal families were identified, and the biggest family observed contained only four antibodies.
To better characterize these predominant gene families, we evaluated
their neutralization potency and breadth against SARS-CoV-2 and VoCs.
In this analysis, we could not evaluate IGHV3-33;IGHJ4-1 nAbs, as only
three of these antibodies were expressed, but we included the IGHV3-53
closely related family IGHV3-66;IGHJ4-1, as this family was previously
described to be mainly involved in the neutralization of the SARS-CoV-2
virus11,19. A large part of nAbs deriving from these predominant germlines
had a very broad range of neutralization potency against the original
SARS-CoV-2 virus detected in Wuhan, with the IC100 spanning from less
than 10 to over 10,000 ng ml−1 (Fig. 3b–g). However, many of them lost
the ability to neutralize SARS-CoV-2 VoCs. The loss of neutralizing activity occurred for most germlines and it was moderate against the Alpha
and Delta variants, whereas the loss was marked against the Beta and
Gamma variants (Fig. 3b–g). A notable exception was the IGHV2-5;IGHJ4-1
germline, which was present only in nAbs of participants who were
seropositive, that showed potent antibodies able to equally neutralize
all SARS-CoV-2 VoCs (Fig. 3d). Finally, we evaluated the CDRH3 length
and V-gene somatic hypermutation levels for all nAbs retrieved from
participants who were seronegative and seropositive and for predominant germlines. Overall, the two groups show a similar average CDRH3
length (15.0 amino acids and 15.1 amino acids for participants who were
seronegative and seropositive, respectively); however, participants who
were seropositive showed almost twofold-higher V-gene mutation levels
than participants who were seronegative (Extended Data Fig. 4). As for
predominant gene-derived nAbs, we observed heterogenous CDRH3
length, with the only exception of IGHV3-53;IGHJ6-1 nAbs, and higher
V-gene mutation levels in predominant germlines from participants
who were seropositive than in germlines from participants who were
seronegative (Extended Data Fig. 5).

S protein epitope mapping
To map the regions of the S protein recognized by the identified nAbs,
we used a competition assay with four known antibodies: J08, which
targets the top loop of the receptor-binding motif5; S309, which binds
to the RBD but outside of the RMB region20; 4A8, which recognizes the
NTD21; and L19, which binds to the S2 domain5 (Extended Data Fig. 6).
The nAbs identified in this study were pre-incubated with the original
SARS-CoV-2 S protein detected in Wuhan, and subsequently the four
nAbs labelled with different fluorophores were added as a single mix.
For one of the four fluorescently labelled nAbs, 50% signal reduction
was used as a threshold for positive competition. The vast majority of
nAbs from both seronegative (50.0%; n = 26) and seropositive (51.3%;
n = 115) vaccinees competed with J08 (Extended Data Fig. 7a, Extended
Data Table 3). For vaccinees who were seronegative, the second most
abundant population was composed of nAbs that did not compete with
any of the four fluorescently labelled nAbs (25.0%; n = 13), followed
by nAbs targeting the NTD (17.3%; n = 9). As for vaccinees who were
seropositive, the second most abundant population was composed of
nAbs that competed with S309 (21.4%; n = 48), followed by nAbs that
competed with 4A8 (15.6%; n = 35) and not-competing nAbs (11.6%;
n = 26). None of our nAbs competed with the S2-targeting antibody L19
(Extended Data Fig. 7a, Extended Data Table 3). nAbs that competed
with J08, which are likely to bind to the receptor-binding motif, derived
from several germlines, including the predominant IGHV3-53;IGHJ6-1
(10.6%; n = 14), IGHV1-69;IGHJ4-1 (8.3%; n = 11) and IGHV1-2;IGHJ6-1
(6.8%; n = 9) germlines (Extended Data Fig. 7b). By contrast, those that
competed with S309 derived mostly from the IGHV2-5;IGHJ4-1 germline (13.7%; n = 7), which were isolated exclusively from vaccinees
who were seropositive (Extended Data Fig. 7c). As for NTD-directed
nAbs, the non-predominant gene family IGHV1-24;IGHJ6-1 was the
534 | Nature | Vol 600 | 16 December 2021

most abundant, confirming what was reported in previous studies22 (Extended Data Fig. 7d). Finally, for nAbs that did not compete
with any of the known antibodies used in our competition assay, the
non-predominant gene families IGHV1-69;IGHJ3-1 (9.7%; n = 3) and
IGHV1-69;IGHJ6-1 (9.7%; n = 3) were the most abundant (Extended Data
Fig. 7e).

Discussion
Our study analysed the repertoire of B cells producing neutralizing antibodies following vaccination of naive and previously infected people
at the single-cell level. The most important conclusion from this work
is that people who are previously exposed to SARS-CoV-2 infection
respond to vaccination with more B-cell-producing antibodies that
are not susceptible to escape variants and that have higher neutralization potency. This can be explained in part by the increased number
of somatic mutations and by the fact that participants who are seropositive expand potent antibodies derived from the IGHV2-5;IGHJ4-1
germline, which were not described in naive vaccinees18. One limitation
of our study is that we did not include people who received a third
booster dose of vaccine. Despite this limitation, we believe that our
conclusions are likely to be extendable to people who are seronegative,
as a third vaccine dose could lead to a hybrid immunity-like response
as neutralizing antibodies following infection and vaccination derive
mostly from the same immunodominant germlines11,12,17–19. Our analysis
suggests that a booster dose of vaccine will increase the frequency
of memory B cells producing potent neutralizing antibodies that are
not susceptible to escape variants and will allow better control of this
pandemic. The massive variant escape from predominant germlines,
such as IGHV3-53, IGHV3-66, IGHV3-30 and IGHV1-69, and the presence of antibodies deriving from the IGHV2-5 germline that are resistant to variants, suggest that the design of vaccines that preferentially
promote or avoid the expansion of selected germlines can generate
broad protection against SARS-CoV-2 variants. Germline-targeting
vaccination, which has been pioneered in the HIV field23,24, may be a
promising strategy to fight the COVID-19 pandemic.
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Methods
Enrolment of COVID-19 vaccinees and human sample collection
This work results from a collaboration with the Azienda Ospedaliera
Universitaria Senese, Siena (IT) that provided samples from donors vaccinated against COVID-19, of both sexes, who gave their written consent.
The study was approved by the Comitato Etico di Area Vasta Sud Est
(CEAVSE) ethics committees (Parere 17065 in Siena) and conducted
according to good clinical practice in accordance with the declaration
of Helsinki (European Council 2001, US Code of Federal Regulations,
ICH 1997). This study was unblinded and not randomized. No statistical
methods were used to predetermine sample size.
Single-cell sorting of SARS-CoV-2 S protein+ memory B cells from
COVID-19 vaccinees
Peripheral blood mononuclear cells (PBMCs) and the single-cell sorting
strategy were performed as previously described5. In brief, PBMCs were
isolated from heparin-treated whole blood by density gradient centrifugation (Ficoll-Paque PREMIUM, Sigma-Aldrich). After separation, PBMCs
were stained with Live/Dead Fixable Aqua (Invitrogen; Thermo Scientific)
diluted 1:500 at room temperature. After 20 min of incubation, cells
were washed with PBS and unspecific bindings were saturated with 20%
normal rabbit serum (Life Technologies). Following 20 min of incubation
at 4 °C, cells were washed with PBS and stained with SARS-CoV-2 S protein
labelled with Strep-Tactin XT DY-488 (2-1562-050, iba-lifesciences) for
30 min at 4 °C. After incubation, the following staining mix was used
CD19 V421 (1:320; 562440, BD), IgM PerCP-Cy5.5 (1:50; 561285, BD), CD27
PE (1:30; 340425, BD), IgD-A700 (1:15; 561302, BD), CD3 PE-Cy7 (1:100;
300420, BioLegend), CD14 PE-Cy7 (1:320; 301814, BioLegend), CD56
PE-Cy7 (1:80; 318318, BioLegend) and cells were incubated at 4 °C for
an additional 30 min. Stained memory B cells were single-cell-sorted
with a BD FACS Aria III (BD Biosciences) into 384-well plates containing
3T3-CD40L feeder cells and were incubated with IL-2 and IL-21 for 14 days
as previously described25.
ELISA assay with SARS-CoV-2 S protein prefusion trimer
mAbs and plasma binding specificity against the S protein trimer was
detected by ELISA as previously described5. In brief, 384-well plates
(microplate clear, Greiner Bio-one) were coated with 3 µg/ml of streptavidin (Thermo Fisher) diluted in carbonate-bicarbonate buffer (E107,
Bethyl Laboratories) and incubated at room temperature overnight.
The next day, plates were incubated for 1 h at room temperature with
3 µg/ml of SARS-CoV-2 S protein diluted in PBS. Plates were then saturated with 50 µl per well of blocking buffer (phosphate-buffered saline
and 1% BSA) for 1 h at 37 °C. After blocking, 25 µl per well of mAbs diluted
1:5 in sample buffer (phosphate-buffered saline, 1% BSA and 0.05%
Tween-20) was added to the plates and was incubated at 37 °C. Plasma
samples derived from vaccinees were tested (starting dilution of 1:10;
step dilution of 1:2 in sample buffer) in a final volume of 25 µl per well
and were incubated at 37 °C. After 1 h of incubation, 25 µl per well of alkaline phosphatase-conjugated goat anti-human IgG and IgA (Southern
Biotech) diluted 1:2,000 in sample buffer was added. Finally, S protein
binding was detected using 25 µl per well of PNPP (p-nitrophenyl phosphate; Thermo Fisher) and the reaction was measured at a wavelength
of 405 nm by the Varioskan Lux Reader (Thermo Fisher Scientific). After
each incubation step, plates were washed three times with 100 µl per
well of washing buffer (phosphate-buffered saline and 0.05% Tween-20).
Sample buffer was used as a blank and the threshold for sample positivity was set at twofold the optical density (OD) of the blank. Technical
duplicates were performed for mAbs and technical triplicates were
performed for sera samples.
ELISA assay with RBD, NTD and S2 subunits
Identification of mAbs and plasma screening of vaccinees against
RBD, NTD or S2 SARS-CoV-2 protein were performed by ELISA. In

brief, 3 µg/ml of RBD, NTD or S2 SARS-CoV-2 protein diluted in
carbonate-bicarbonate buffer (E107, Bethyl Laboratories) was coated
in 384-well plates (microplate clear, Greiner Bio-one). After overnight
incubation at 4 °C, plates were washed three times with washing buffer
(phosphate-buffered saline and 0.05% Tween-20) and blocked with 50 µl
per well of blocking buffer (phosphate-buffered saline and 1% BSA)
for 1 h at 37 °C. After washing, plates were incubated 1 h at 37 °C with
mAbs diluted 1:5 in sample buffer (phosphate-buffered saline, 1% BSA
and 0.05% Tween-20) or with plasma at a starting dilution of 1:10 and
step diluted of 1:2 in sample buffer. Wells with no sample added were
consider blank controls. Anti-human IgG–peroxidase antibody (Fab
specific) produced in goat (Sigma) diluted 1:45,000 in sample buffer
was then added and samples were incubated for 1 h at 37 °C. Plates were
then washed, incubated with TMB substrate (Sigma) for 15 min before
adding the stop solution (H2SO4 0.2 M). The OD values were identified
using the Varioskan Lux Reader (Thermo Fisher Scientific) at 450 nm.
Each condition was tested in triplicate and samples tested were considered positive if the OD value was twofold the blank.

Flow cytometry-based competition assay
To classify mAb candidates on the basis of their interaction with S
epitopes, we performed a flow cytometry-based competition assay.
In detail, magnetic beads (Dynabeads His-Tag, Invitrogen) were coated
with histidine-tagged S protein according to the manufacturer’s instructions. Then, 20 µg/ml of coated S protein beads were pre-incubated
with unlabelled nAb candidates diluted 1:2 in PBS for 40 min at room
temperature. After incubation, the mix beads–antibodies was washed
with 100 µl of 1% PBS-BSA. Then, to analyse epitope competition, mAbs
that are able to bind to the RBD ( J08 and S309), NTD (4A8) or S2 domain
(L19) of the S protein were labelled with four different fluorophores
(Alexa Fluor 647, 488, 594 and 405) using the Alexa Fluor NHS Ester kit
(Thermo Scientific), were mixed and incubated with S protein beads.
Following 40 min of incubation at room temperature, the mix beads–
antibodies was washed with PBS, resuspended in 150 µl of 1% PBS-BSA
and analysed using the BD LSR II flow cytometer (Becton Dickinson).
Beads with or without S protein incubated with labelled antibodies mix
were used as positive and negative controls, respectively. FACSDiva
Software (version 9) was used for data acquisition and analysis was
performed using FlowJo (version 10).
SARS-CoV-2 authentic viruses neutralization assay
All SARS-CoV-2 authentic virus neutralization assays were performed in
the biosafety level 3 (BSL3) laboratories at Toscana Life Sciences in Siena
(Italy) and Vismederi Srl, Siena (Italy). BSL3 laboratories are approved
by a certified biosafety professional and are inspected every year by
local authorities. To evaluate the neutralization activity of identified
nAbs against SARS-CoV-2 and all VoCs and to evaluate the breadth of
neutralization of this antibody, CPE-MN was performed5. In brief, for the
CPE-based neutralization assay, we co-incubated J08 with a SARS-CoV-2
viral solution containing 100 median tissue culture infectious dose (100
TCID50) of virus, and after 1 h of incubation at 37 °C, 5% CO2. The mixture
was then added to the wells of a 96-well plate containing a sub-confluent
Vero E6 cell monolayer. Plates were incubated for 3–4 days at 37 °C in a
humidified environment with 5% CO2, then examined for CPE by means
of an inverted optical microscope by two independent operators. All
nAbs were tested at a starting dilution of 1:5 and the IC100 was evaluated
based on their initial concentration, while plasma samples were tested
starting at a 1:10 dilution. Both nAbs and plasma samples were then
step diluted 1:2. Technical duplicates were performed for both nAbs
and plasma samples. In each plate, positive and negative controls were
used as previously described5.
SARS-CoV-2 virus variants CPE-MN neutralization assay
The SARS-CoV-2 viruses used to perform the CPE-MN neutralization
assay were the original SARS-CoV-2 virus first detected in Wuhan
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(SARS-CoV-2/INMI1-Isolate/2020/Italy: MT066156), SARS-CoV-2
B.1.1.7 (INMI GISAID accession number: EPI_ISL_736997), SARS-CoV-2
B.1.351 (EVAg Cod: 014V-04058), B.1.1.248 (EVAg CoD: 014V-04089)
and B.1.617.2 (GISAID ID: EPI_ISL_2029113)26.

Single-cell RT–PCR and Ig gene amplification and
transcriptionally active PCR expression
The whole process for nAbs heavy and light chain recovery, amplification and transcriptionally active PCR (TAP) expression was performed
as previously described5. In brief, 5 µl of cell lysate was mixed with
1 µl of random hexamer primers (50 ng/µl), 1 µl of dNTP-Mix (10 mM),
2 µl of 0.1 M DTT, 40 U/µl of RNAse OUT, MgCl2 (25 mM), 5× FS buffer
and Superscript IV reverse transcriptase (Invitrogen) to perform
RT–PCR. Reverse transcription (RT) reaction was performed at 42 °C
for 10 min, 25 °C for 10 min, 50 °C for 60 min and 94 °C for 5 min. Two
rounds of PCR were performed to obtain the heavy (VH) and light
(VL) chain amplicons. All PCRs were performed in a nuclease-free
water (DEPC) in a total volume of 25 µl per well. For PCR I, 4 µl of
cDNA were mixed with 10 µM of VH and 10 µM of VL primer-mix,
10 mM of dNTP mix, 0.125 µl of Kapa Long Range Polymerase (Sigma),
1.5 µl of MgCl2 and 5 µl of 5× Kapa Long Range Buffer. The PCR I reaction was performed at 95 °C for 3 min, 5 cycles at 95 °C for 30 s, 57 °C
for 30 s, 72 °C for 30 s and 30 cycles at 95 °C for 30 s, 60 °C for 30 s,
72 °C for 30 s and a final extension of 72 °C for 2 min. Nested PCR
II was performed as above starting from 3.5 µl of unpurified PCR I
product. PCR II products were purified by the Millipore MultiScreen
PCRµ96 plate according to manufacturer’s instructions and eluted in
30 µl of nuclease-free water (DEPC). As for TAP expression, vectors
were initially digested using restriction enzymes AgeI, SalI and Xho
as previously described and PCR II products ligated by using the
Gibson Assembly NEB into 25 ng of respective human Igγ1, Igκ and
Igλ expression vectors27,28. TAP reaction was performed using 5 µl of
Q5 polymerase (NEB), 5 µl of GC Enhancer (NEB), 5 µl of 5X buffer,
10 mM of dNTPs, 0.125 µl of forward/reverse primers and 3 µl of ligation product, using the following cycles: 98 °C for 2 min, 35 cycles
98 °C for 10 s, 61 °C for 20 s, 72 °C for 1 min and 72 °C for 5 min. TAP
products were purified under the same PCR II conditions, quantified
by the Qubit Fluorometric Quantitation assay (Invitrogen) and used
for transient transfection in the Expi293F cell line following the manufacturer’s instructions.
Functional repertoire analyses
The VH and VL sequence reads of nAbs were manually curated and
retrieved using CLC sequence viewer (Qiagen). Aberrant sequences were
removed from the dataset. Analysed reads were saved in FASTA format
and the repertoire analyses were performed using Cloanalyst (http://
www.bu.edu/computationalimmunology/research/software/)29,30.
Statistical analysis
Statistical analysis was assessed with GraphPad Prism Version 8.0.2
(GraphPad Software). Non-parametric Mann–Whitney t-test was used
to evaluate statistical significance between the two groups analysed
in this study. Statistical significance was shown as *P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001, ****P ≤ 0.0001.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended Data Fig. 1 | Single cell sorting and memory B cell frequencies.
a, b, The gating strategy shows from left to right: CD19+ B cells; CD19+CD27+IgD -;
CD19+CD27+IgD -IgM-/IgM+; CD19+CD27+IgD -IgM-Sprotein+; CD19+CD27+
IgD -IgM+Sprotein+ for a healthy donor (used as negative control for S protein
staining) and a vaccinated subject. c, The graph shows the frequency of
CD19+CD27+IgD -IgM- and IgM+ in seronegative (n=5) and seropositive donors
(n=5). d, The graph shows the frequency of CD19+CD27+IgD -IgM- and IgM+ able

to bind the SARS-CoV-2 S protein trimer (S protein+) in seronegative (n=5) and
seropositive (n=5) donors. Geometric mean and standard deviation are
denoted on the graphs. A nonparametric Mann–Whitney t test was used to
evaluate statistical significances between groups. Two-tailed p-value
significances are shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
e, The table summarizes the frequencies of the cell population above described
for all subjects enrolled in our study.
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Extended Data Fig. 2 | Plasma response of COVID-19 vaccinees. a–d, Graphs
show the ability of plasma samples from seronegative and seropositive
vaccinees to bind the S protein trimer, RBD, NTD and S2 domain. Mean and
standard deviation are denoted on each graph. Technical triplicates were
performed for each experiment. e, The graph shows the neutralizing activity of

plasma samples against the original Wuhan SARS-CoV-2 virus. Technical
duplicates were performed for each experiment. f, The table summarizes the
100% inhibitory dilution (ID100) of each COVID-19 vaccinee and the geometric
mean for seronegative and seropositive donors.
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Extended Data Fig. 3 | RBD and NTD binding distribution of nAbs. The graph
shows the percentage of antibodies that bind specifically the RBD (light
orange) or the NTD (cyan) or that did not bind single domains but recognized

exclusively the S protein in its trimetric conformation (gray). The number (n) of
tested nAbs per donor is reported on top of each bar. Technical duplicates were
performed for each experiment.
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Extended Data Fig. 4 | Heavy chain CDR3 length and somatic hypermutation
levels in seronegative and seropositive vaccinees. a, The graph shows the
heavy chain CDR3 length represented in amino acids (aa). b, The graph shows the
overall somatic hypermutation level of nAbs isolated from seronegative and

seropositive vaccinees. Geometric mean and standard deviation are denoted on
the graphs. A nonparametric Mann–Whitney t test was used to evaluate
statistical significances between groups. Two-tailed p-value significances are
shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Extended Data Fig. 5 | Heavy chain CDR3 length and somatic hypermutation
levels of predominant gene derived nAbs. a–f, Graphs show the amino acidic
heavy chain CDR3 length (left panel) and the somatic hypermutation level (right
panel) of nAbs derived from the IGHV1-2;IGHJ6-1 (n = 13), IGHV1-69;IGHJ4-1
(n = 33), IGHV2-5;IGHJ4-1 (n = 7), IGHV3-30;IGHJ6-1 (n = 10), IGHV3-53;IGHJ6-1

(n = 15) and IGHV3-66;IGHJ4-1 (n = 9) gene families. Geometric mean and standard
deviation are denoted on the graphs. A nonparametric Mann–Whitney t test was
used to evaluate statistical significances between groups. Two-tailed p-value
significances are shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Extended Data Fig. 6 | Epitope binning assay. a, Schematic representation of
the epitopes recognized by J08 (dark red), S309 (orange), 4A8 (dark blue) and
L19 (gold), mAbs on the S protein surface. b–e, Representative cytometer

peaks per each of the four mAbs used for the competition assay. Positive (beads
conjugated with only primary labeled antibody) and negative (un-conjugated
beads) controls are shown as green and gray peaks, respectively.
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Extended Data Fig. 7 | Epitope binning and genetic characterization of
competing nAbs. a, The bar graph shows the percentage (%) of nAbs competing
with J08 (dark red), S309 (orange), 4A8 (dark blue) and L19 (gold), or antibodies
that did not compete with any of the previous mAbs (gray). A schematic
representation of J08, S309, 4A8 and L19 epitopes on the S protein surface is

shown on the left side of the panel. b–e, Graphs show the IGHV-J rearrangement
percentage for nAbs that competed against J08, S309, 4A8, or that did not
compete with any of these mAbs. The total number (n) of competing nAbs per
group is shown on top of each graph.
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Extended Data Table 1 | Clinical details of COVID-19 vaccinees
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Extended Data Table 2 | Summary of B cell frequencies and antibodies of COVID-19 vaccinees

Extended Data Table 3 | Competition assay summary
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Software and code
Policy information about availability of computer code
Data collection

- Thermo Fisher SkanIt Software Microplate Readers 6.0.1
- BD Biosciences BD FACSDiva Software v9.0

Data analysis

- GraphPad Prism 8.0.2 was used to perform statistical analyses
- BD FlowJo 10.5.3
- Qiagen CLC sequence viewer 350 8.0.0
- Boston University, Cloanalyst (http://www.bu.edu/computationalimmunology/research/software/)
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.
Sample size

10 subjects in total, 5 seronegative and 5 seropositive, were analyzed in this study. A total of 2,352 and 3,532 spike protein specific memory B
cells from seronegative and seropositive subjects were tested in this study. Given the exploratory nature of the study, we did not use
statistical methods to predetermine sample size. Sample size was based on previous studies that applied a similar technology. The authors
believed that 5 subjects/group were a good balance between feasibility of analyzing at single cell level several thousands of memory B cells
and the ability to represent the antibody response of seronegative and seropositve people.

Data exclusions

No data was excluded.

Replication

All experiments were performed in technical duplicates or triplicates as indicated in the figure legends and methods section.

Randomization

The experiments were not randomized and all available samples were tested. The authors aimed to specifically assess the antibody response
of seronegative and seropositve subjects. Donors were specifically recruited based on their previous infection and vaccination history.
Randomization would have not allowed to enroll 5 subjects/group which was our technical limit for single cell analysis of the antibody
response. Based on what stated above, the authors believed that randomization was not appropriate.

Blinding

The investigators were not blinded during group allocation, data collection and analyses. The clinical protocol established to enroll subjects in
this study reports information regarding previous infection and vaccination in order to allocate 5 subjects/group. Pseudonymized information
received in the lab reports the same information and therefore blinding for group allocation was not possible.
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Materials & experimental systems

Methods

n/a Involved in the study

n/a Involved in the study

Antibodies

ChIP-seq

Eukaryotic cell lines

Flow cytometry

Palaeontology and archaeology

MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data
Dual use research of concern

Antibodies
BD Biosciences CD19 BV421, Cat#562440, Clone ID HIB19, Lot#8270584
BD Biosciences IgM PerCP-Cy5.5, Cat#561285, Clone ID G20-127, Lot#9269055
BD Biosciences CD27 PE, Cat#340425, Clone ID L128, Lot#9288842
BD Biosciences IgD-A700, Cat#561302, Clone ID IA6-2, Lot#9199226
BioLegend CD3 PE-Cy7, Cat#300420, Clone ID UCHT1, Lot#B303315
BioLegend CD14 PE-Cy7, Cat#301814, Clone ID M5E2, Lot#B272337
BioLegend CD56 PE-Cy7, Cat#318318, Clone ID HCD56, Lot#B297987
Southern Biotech Goat Anti-Human IgG-Alkaline Phosphatase, Cat#2040-04, polyclonal, Lot#K2119-XG00B
Southern Biotech Goat Anti-Human IgA-Alkaline Phosphatase, Cat#2050-04, polyclonal, Lot#G0919-W620C
Sigma-Aldrich Anti-Human IgG (Fab specific)−Peroxidase antibody produced in goat, Cat#A0293, polyclonal, Lot#019M4876V

Validation

BD Biosciences CD19 BV421, Cat#562440, Clone ID HIB19, QC testing, reactivity human, application flow cytometry (https://
www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.562440.pdf).
BD Biosciences IgM PerCP-Cy5.5, Cat#561285, Clone ID G20-127, QC testing, reactivity human, application flow cytometry (https://
www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.561285.pdf).
BD Biosciences CD27 PE, Cat#340425, Clone ID L128, QC testing, reactivity human, application flow cytometry (https://
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www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/clinical-discovery-research/single-color-antibodies-ruogmp/pe-mouse-anti-human-cd27.340425)
BD Biosciences IgD-A700, Cat#561302, Clone ID IA6-2, QC testing, reactivity human, application flow cytometry (https://
www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.561302.pdf)
BioLegend CD3 PE-Cy7, Cat#300420, Clone ID UCHT1, reactivity human and cross-reactivity with chimpanzee, application flow
cytometry (https://www.biolegend.com/en-us/global-elements/pdf-popup/pe-cyanine7-anti-human-cd3-antibody-3070?
filename=PECyanine7%20anti-human%20CD3%20Antibody.pdf&pdfgen=true)
BioLegend CD14 PE-Cy7, Cat#301814, Clone ID M5E2, Reactivity Human, African Green, Capuchin Monkey, Cattle (Bovine, Cow),
Chimpanzee, Common Marmoset, Cotton-topped Tamarin, Cynomolgus, Dog (Canine), Rhesus, Pigtailed Macaque, Squirrel Monkey,
application flow cytometry (https://www.biolegend.com/en-us/global-elements/pdf-popup/pe-cyanine7-anti-human-cd14antibody-2729?filename=PECyanine7%20anti-human%20CD14%20Antibody.pdf&pdfgen=true)
BioLegend CD56 PE-Cy7, Cat#318318, Clone ID HCD56, Reactivity Human, African Green, Baboon, Cynomolgus, Rhesus, application
flow cytometry (https://www.biolegend.com/en-us/global-elements/pdf-popup/pe-cyanine7-anti-human-cd56-ncamantibody-3802?filename=PECyanine7%20anti-human%20CD56%20NCAM%20Antibody.pdf&pdfgen=true)
Southern Biotech Goat Anti-Human IgG-Alkaline Phosphatase, Cat#2040-04, polyclonal, reactivity heavy chain of human IgG,
application ELISA (https://www.southernbiotech.com/techbul/2040.pdf)
Southern Biotech Goat Anti-Human IgA-Alkaline Phosphatase, Cat#2050-04, polyclonal, reactivity heavy chain of human IgA,
application ELISA (https://www.southernbiotech.com/techbul/2050.pdf)
Sigma-Aldrich Anti-Human IgG (Fab specific)−Peroxidase antibody produced in goat, Cat#A0293, polyclonal, reactivity human,
application ELISA (https://www.sigmaaldrich.com/IT/en/product/sigma/a0293#)

Eukaryotic cell lines
Policy information about cell lines
Cell line source(s)

VERO E6 cell line ATCC Cat#CRL-1586; Expi293F cells Thermo Fisher Cat#A14527; 3T3-msCD40L Cells NIH AIDS Reagent
Program Cat#12535.

Authentication

These cell lines were obtained from vendors that sell authenticated cell lines, they grew, performed and showed morphology
as expected. No additional specific authentication was performed.

Mycoplasma contamination

Vero E6 cell lines are routinely tested on a monthly basis and tested negative for mycoplasma. 3T3-msCD40L cell line was
tested negative to mycoplasma by the provider and Expi293F cells were not tested for mycoplasma contamination.

Commonly misidentified lines

No commonly misidentified cell lines were used in this study.

(See ICLAC register)

Human research participants
Policy information about studies involving human research participants
Population characteristics

This work results from a collaboration with the Azienda Ospedaliera Universitaria Senese, Siena (IT) that provided samples
from COVID-19 vaccinated donors, of both sexes (4 females and 6 males), who gave their written consent. All data relevant to
enrolled subjects are reported in this study. Subjects elegible for this study were of all sexes (aged 18-85) naïve or previously
infected by SARS-CoV-2 and then vaccinated with the COVID-19 BNT162b2 mRNA vaccine.

Recruitment

Individuals with or without previous SARS-CoV-2 infection vaccinated with the COVID-19 BNT162b2 mRNA vaccine were
enrolled by the clinicians involved in the study entitled "Isolamento di anticorpi monoclonali umani contro SARS-CoV-2 per lo
sviluppo di nuove terapie e vaccini”, Prot. n. TLS_SARS-CoV-2, at the Azienda Ospedaliera Universitaria Senese, Siena (IT). The
authors do not see any potential bias in the generation or interpretation of the data reported in this study.

Ethics oversight

The study was approved by the Comitato Etico di Area Vasta Sud Est (CEAVSE) ethics committees (Parere 17065 in Siena) and
conducted according to good clinical practice in accordance with the declaration of Helsinki (European Council 2001, US Code
of Federal Regulations, ICH 1997). This study was unblinded and not randomized. No statistical methods were used to
predetermine sample size.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry
Plots
Confirm that:
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.
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Methodology
Sample preparation

Human PBMC were isolated from heparin-treated whole blood by density gradient centrifugation (Ficoll-Paque™ PREMIUM,

3
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Sigma-Aldrich). After separation, PBMC were stained with Live/Dead Fixable Aqua (Invitrogen; Thermo Scientific) diluted
1:500 at room temperature RT. After 20 min incubation cells were washed with PBS and unspecific bindings were saturated
with 20% normal rabbit serum (Life technologies). Following 20 min incubation at 4°C cells were washed with PBS and stained
with SARS-CoV-2 S-protein labeled with Strep-Tactin®XT DY-488 (iba-lifesciences cat# 2-1562-050) for 30 min at 4°C. After
incubation the following staining mix was used CD19 V421 (BD cat# 562440, 1:320), IgM PerCP-Cy5.5 (BD cat# 561285, 1:50),
CD27 PE (BD cat# 340425, 1:30), IgD-A700 (BD cat# 561302, 1:15), CD3 PE-Cy7 (BioLegend cat# 300420, 1:100), CD14 PE-Cy7
(BioLegend cat# 301814, 1:320), CD56 PE-Cy7 (BioLegend cat# 318318, 1:80) and cells were incubated at 4°C for additional
30 min. Stained MBCs were single cell-sorted with a BD FACS Aria III (BD Biosciences).

Instrument

BD FACS Aria III Cell Sorter BD Biosciences

Software

BD Biosciences BD FACSDiva Software v9.0

Cell population abundance

Single cell sorted S protein trimer-specific (S protein+), class-switched memory B cells (CD19+CD27+IgD-IgM-) were 0.21,
0.25, 0.35, 0.39, 0.20, 0.57, 0.62, 0.67, 0.40 and 1.19% for subject VAC-001, VAC-002, VAC-007, VAC-008, VAC-010, VAC-003,
VAC-004, VAC-005, VAC-006 and VAC-009 respectively. Sorted cells were gated on the CD19+CD27+IgD-IgM-S protein+
population based on the negative control as reported in the Extended Data (Extended Data Figure 1a,b).

Gating strategy

The gating strategy used for the single cell sorting of spike protein specific memory B cells is shown in the Extended Data
(Extended Data Figure 1). Boundaries between “positive” and “negative” cells are defined and denoted on each graph.
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Sample preparation

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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The neutralization assays are considered the gold-standard being capable of evaluating and detecting, functional
antibodies. To date, many different protocols exist for micro-neutralization (MN) assay which varies in several
steps: cell number and seeding conditions, virus amount used in the infection step, virus-serum-cells incubation
time and read out.
The aim of the present preliminary study was to carry out SARS-CoV-2 wild type MN assay in order to
investigate which optimal tissue culture infective dose 50 (TCID50) infective dose in use is the most adequate
choice for implementation in terms of reproducibility, standardization possibilities and comparability of results.
Therefore, we assessed the MN by using two viral infective doses: the “standard” dose of 100 TCID50/well and a
reduced dose of 25 TCID50/well. The results obtained, yielded by MN on using the lower infective dose (25
TCID50), were higher respect to those obtained with the standard infective dose. This suggests that the lower
dose can potentially have a positive impact on the detection and estimation of real amount of neutralizing antibodies present in a given sample, showing higher sensitivity maintaining high specificity.

The detection and quantitation of serum antibodies to different viral
antigens, after natural infection and/or immunization, has long been
used to assess the likelihood of protection against a specific pathogen
(Petherick, 2020). The Enzyme Linked-immunosorbent assay (ELISA) is
one of the most used method for total antibodies detection. This method
is able to detect all the immunoglobulins (class and subclass) present in a
given sample able to bind the specific antigen of interest coated in a
dedicated plate. It is fast, cheap and safe because it does not require the
handling of live pathogens. Another classical way of measuring antibody
response for agglutinating viruses such as Influenza, is the Haemagglutination Inhibition assay (HAI). This method is considered as the gold
standard in Influenza field (Hirst, 1942; Salk, 1944) and correlates of
protection have been established. It is based upon the principle that
antibody able to bind the globular head of the haemagglutinin (HA) can
inhibit the HA’s ability to agglutinate red blood cells (RBCs) by prevent
the binding between the head domain (HA1) and the sialic acids (SA)
present on the RBC surface. Both, ELISA and HAI suffer from the fact that
they are not able to give a precise indication about the functionality of

the antibodies detected. Given these limitations, the neutralization assays are an attractive alternative for the assessment of baseline
sero-status and the evaluation of the humoral responses following natural infection and/or vaccination (Klimov et al., 2012). MN assays were
developed in 1990 (Okuno et al., 1990; Bachmann et al., 1999). This is a
functional assay, and it is able to detect neutralizing antibodies capable
of prevent the virus infection of different mammalian cell lines and the
neutralization activity is measured as the ability of the sera to reduce the
cytopathic effect (CPE) due to inhibition of viral entry and subsequent
replication (WHO, 2011). Compared to the ELISA-based methods, the
results derived by the MN represent a more precise and relevant estimation of antibody-mediated protection in-vitro (Sicca et al., 2020).
On the other hand, MN is more complex to manage due to some
requirements: the need of live viruses and biosecurity level 4, 3 or 2+
laboratories (in case of class IV, III or II pathogens), the costs associated
with the assay and the difficulties in protocol standardization across
laboratories (e.g. cell lines, infective dose, days of incubation and readout).

* Corresponding author at: Strada del Petriccio e Belriguardo, 35 – 53100, Siena, Italy.
E-mail address: alessandro.manenti@vismederi.com (A. Manenti).
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In the present small and investigative study, we focused our attention
on the performance of the MN assay with SARS-CoV-2 wild type virus
using two different input of viral dose: the standard 100 Tissue Culture
Infective Dose 50 % (TCID50) and the 25 TCID50 infective dose. As it is
well known in the field of enzymology and enzyme kinetics (Adamczyk
et al., 2011), there is a close bond between the half maximum inhibitory
concentration (IC50) value and the chosen concentration of the enzyme/molecule in a given system. In this case, by lowering the
SARS�COV-2 viral input we expect to observe a general improve in
antibody titers and, the focus of this work was to try to evaluate what is
the most appropriate value of viral dose to perform the MN in order to
have strong sensitivity and specificity as well. Regarding this, a total of
102 human serum samples, anonymously collected in compliance with
Italian ethics law, were collected as part of an epidemiological study
performed at the University of Siena, Italy (Marchi et al., 2019). The
human monoclonal antibody (mAb) IgG1 SAD-S35 (Acrobiosystem) was
tested along with the serum samples in the MN assay and ELISA Kit
(Euroimmun) as positive control. Human serum minus IgA/IgM/IgG
(S5393�1VL) (Sigma, St. Louis, MO, USA) was used as a negative control. SARS-CoV 2 Italy-INMI1, Clade V - wild type virus was purchased
from the European Virus Archive goes Global (EVAg, Spallanzani Institute, Rome). The virus was propagated and titrated as previously reported (Manenti et al., 2020). The plates were observed daily for a total
of four days for the presence of CPE by means of an inverted optical
microscope. The 102 human serum samples were heat-inactivated for
30 min at 56 ◦ C then tested in MN as already reported (Manenti et al.,
2020).
After four days of incubation, the plates were inspected by an
inverted optical microscope. The highest serum dilution protecting more
than the 50 % of cells from CPE was taken as the neutralization titre.
The data obtained have been evaluated to investigate the optimal
viral dose that could be effectively used for SARS-CoV-2 strain in the MN
assay.
Among various serological tests, the MN is the only assay that can
offer a high throughput in processing samples along with the information regarding the capability of the antibodies to prevent the attachment/entry of the virus into the target cells. To date, MN assay is
considered the reference standard method for detection of neutralizing
antibodies, which may be used as a correlate of protective immunity.
Although alternative BSL2 protocols using SARS CoV-2 pseudotyped
viruses are being developed to obviate culture of live SARS-CoV-2 virus
(Hyseni et al., 2020; Crawford et al., 2020; Nie et al., 2020) these
methods remain in the research area.

Historically, such as for Influenza virus, the MN assay is routinely
carried out in 96-micro-well plates, by mixing different 2-fold serial
dilutions of a serum-containing antibodies with a well-defined viral dose
containing 100 TCID50/well. However, for newly emerging viruses such
as SARS-CoV-2, the viral dose needs to be accurately evaluated necessitating agreement on a consensus assay protocol for future studies.
The viral load equal to 100 TCID50, in accordance with the empirical
formula obtained by applying the Poisson distribution, should be equal
to approximately 70 plaque-forming units (pfu), which represents the
measure of the infectious viral particles in a certain volume of medium
used in each well of the microplate. Clearly, this is valid if the same cell
system is used and the virus is able to form plaques on the cells
monolayer.
All the 102 serum samples screened have been assayed by Commercial ELISA test in order to assess more specifically the presence/
absence of anti-SARS-CoV-2 binding antibodies. Among the ELISA positive sample 19.8–20 % of sera were found positive in MN assay with 100
TCID50 and 25 TCID50 of viral dose.
Our results show that, with the lower dose (25 TCID50) in the majority of the cases the MN titres are higher of one or two dilution steps
(Fig. 1A and B). This is also confirmed for the neutralizing mAb, used as
a positive control sample for the assay, with a titre equal of 320 using
100 TCID50 and 640 using 25 TCID50. More interestingly, one sample
(Fig. 1B; ELISA POS 5) with ELISA positive signal but tested negative in
MN 100TCID50 resulted to be low positive for the presence of neutralizing antibodies with 25 TCID50 with a titre of 20. All the ELISA negative
samples were also confirmed negative by MN 25TCID50.
Although it has already been studied by others (Magnus, 2013;
Klasse, 2014), these results are of considerable importance supporting
the evidence that even if a lower infective dose is used, the possibility to
have false positives in ELISA and MN 100 TCID50 confirmed-negative
samples is low. Indeed, the sensitivity of the assay to detect functional
antibodies could be improved by reducing the viral dose.
Thus, confirming that even with a lower infective dose the cell
monolayer is able to results in high percentage of CPE after 4 days
(128 h) of incubation, avoiding the possibility to have false positive
outcomes due to non-specific inhibition of the viral infection by the high
serum concentration at the first sample dilution.
This aspect could be crucial in order to evaluate the immune
response against new emerging viruses, such as the SARS-CoV-2, for
which immunological and serological data need to be well interpreted.
In fact, a variety of in vitro assays for the detection of SARS-CoV-2
neutralizing antibodies has been described but there is no doubt that

Fig. 1. A) ELISA and MN positive CPE- viral titres obtained when 102 samples were tested against 100 TCID50 and 25 TCID50 SARS-CoV-2 analysed by GraphPad
using Kruskal-Wallis non-parametric test; B) impact of the viral load on the neutralization titre in different samples (5 ELISA positive, the neutralizing mAb, 4 ELISA
negative sample).
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the absence of oversight and standardisation of serologic tests is a
concern. Given that, the available serologic assays are highly variable,
differing in their format, the antibody class detected, the selected antigen, and the acceptable sample types (Laurie et al., 2015).
As evidenced before (Petherick, 1942; Theel et al., 2020) it is
fundamental to note how serological assays able to detect neutralizing
antibody responses could be crucial to provide the most accurate and
precise results for vaccine immunogenicity trials. There are many topics
of discussion involving antibody responses to SARS-CoV-2 (Chvatal-Medina et al., 2021), and plenty of research is yet to be done in some
of these fields (e.g. kinetics and antibody-dependent enhancement
mechanisms). However, confirming that the viral dose is not able to
compromise the specificity of the neutralisation profiles it would definitely be of great importance for the successful development (design and
pre-clinical stage) and assessment of new vaccines platform, such as
RNA, DNA or nasal vaccine. Especially for the latter, it is extremely
important to have tests able to detect even extremely low levels of
Immunoglobulin A (IgA) with neutralizing capability generally present
in high diluted human specimens such as nasal wash/swab or saliva
(Gianchecchi et al., 2019). Noteworthy was the application of this MN
method using 25TCID50 in the first phase of discovery of the extremely
potent monoclonal antibody as reported and described in detail in the
paper of (Andreano et al., 2021). The use of the lower infective dose
allowed us to detect even very low concentration of neutralizing
immunoglobulin after the sorting and culturing of single B cells.
As stated before, our observations are in line with the enzymology
and competition kinetics laws: decrease in the viral titres lead to an
increase in antibody titres, but we believe that the most important point
is that the specificity of this assay remain higher. This highlights how the
such viral input should be taken as the most appropriate one to perform
the MN assay for SARS-CoV-2 virus, since no precise indications or
protocols have been established yet.
Even if small and preliminary, this study aims to encourage further
international collaborations towards the standardization of the SARSCoV-2 neutralization assays, maximizing the yield in terms of sensitivity. Said that, albeit at present the ability of a give antibody to
neutralize SARS-CoV-2 virus remains the main target for vaccine design
and their subsequent approval, more studies are focusing the attention
on some mechanisms that could be crucial in Covid-19 pathologies, such
as the antibody-dependent cellular cytotoxicity (ADCC). Due to the
countless functions of antibodies in immune responses, it is possible that
they could mediate protection from disease though different more hidden effector mechanisms (Tso et al., 2021; Tauzin et al., 2021).

serum samples.
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Results
Characterization of COVID-19 Convalescent Donor Plasma Samples.

Plasma samples from 20 convalescent patients with confirmed
COVID-19 infection were collected for this study. All plasmas
were collected between March and May 2020 where only the
original Wuhan virus and D614G variants were circulating. All
plasmas, tested by enzyme-linked immunosorbent assay (ELISA),
were found to bind the SARS-CoV-2 S-protein trimer, and most
of them also bound the S1 and S2 subunits, and the RBD. However, a broad range of reactivity profiles were noticed, ranging
from weak binders with titers of 1/10 to strong binders with titers
of 1/10,240 (Table 1 and SI Appendix, Fig. S1A). PT008, PT009,
PT015, PT122, and PT188 showed the strongest binding toward
the S trimer, and, among them, PT188 had also the highest
binding to the S1–S2 subunits and among the highest binding titers
against the RBD (1/1,280). All but one plasma sample (PT103)
were able to bind the S-protein S1 subunit, while three plasma
samples (PT103, PT200, and PT276) were negative for binding to
Significance

S

evere acute respiratory syndrome coronavirus 2 (SARS-CoV2), causative agent of COVID-19, accounts for over 105
million cases of infections and more than 2.3 million deaths
worldwide. Thanks to an incredible scientific and financial effort,
several prophylactic and therapeutic tools, such as vaccines and
monoclonal antibodies (mAbs), have been developed in less than
1 y to combat this pandemic (1–4). The main target of vaccines
and mAbs is the SARS-CoV-2 spike protein (S protein), a large
class I trimeric fusion protein which plays a key role in viral
pathogenesis (3, 5, 6). The SARS-CoV-2 S protein is composed
of two subunits: S1, which contains the receptor-binding domain
(RBD) responsible for the interaction with receptors on the host
cells, and S2, which mediates membrane fusion and viral entry (7,
8). The S1 subunit presents two highly immunogenic domains, the
N-terminal domain (NTD) and the RBD, which are the major
targets of polyclonal and monoclonal neutralizing antibodies (4, 9,
10). The continued spread in immune-competent populations has
led to adaptations of the virus to the host and generation of new
SARS-CoV-2 variants. Indeed, S-protein variants have been recently described in the United Kingdom, South Africa, Brazil, and
Japan (11–13), and the Global Initiative on Sharing All Influenza
Data (GISAID) database reports more than 1,100 amino acid
changes in the S protein (14, 15).
An important question for vaccine development is whether the
authentic virus, under the selective pressure of the polyclonal
immune response in convalescent or vaccinated people, can evolve to
fully escape immunity and antibody treatment. To address this question, we incubated the authentic SARS-CoV-2 wild-type (WT) virus
for more than 90 d in the presence of a potent neutralizing plasma.

PNAS 2021 Vol. 118 No. 36 e2103154118

This work shows that, under strong immune pressure, SARSCoV-2 can use mutations in both the N-terminal domain and
the receptor-binding domain to escape potent polyclonal
neutralizing responses. Indeed, after a long period under immune selective pressure, SARS-CoV-2 evolved to evade the
immunity of a potent polyclonal serum from a COVID-19 convalescent donor. Only three mutations were sufficient to generate this escape variant. The new virus was resistant to 70%
of the neutralizing antibodies tested and had a decreased
susceptibility to all convalescent sera. Our data predict that, as
the immunity in the population increases, following infection
and vaccination, new variants will emerge, and therefore vaccines and monoclonal antibodies need to be developed to
address them.
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To investigate the evolution of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in the immune population, we coincupi bated the authentic virus with a highly neutralizing plasma from
a COVID-19 convalescent patient. The plasma fully neutralized the virus for seven passages, but, after 45 d, the deletion of F140 in the spike
N-terminal domain (NTD) N3 loop led to partial breakthrough. At day
73, an E484K substitution in the receptor-binding domain (RBD) occurred, followed, at day 80, by an insertion in the NTD N5 loop containing a new glycan sequon, which generated a variant completely
resistant to plasma neutralization. Computational modeling predicts
that the deletion and insertion in loops N3 and N5 prevent binding
of neutralizing antibodies. The recent emergence in the United Kingdom, South Africa, Brazil, and Japan of natural variants with similar
changes suggests that SARS-CoV-2 has the potential to escape an effective immune response and that vaccines and antibodies able to
control emerging variants should be developed.
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Table 1. Summary of COVID-19 convalescent plasma characteristics
Sample S-protein trimer-binding RBD-binding
ID
titer
titer

S1-binding
titer

PT003
PT004
PT005
PT006
PT008
PT009
PT010
PT012
PT014
PT015
PT041
PT042
PT100
PT101
PT102
PT103
PT122
PT188
PT200
PT276

1/80
1/320
1/160
1/1,280
1/640
1/1,280
1/80
1/320
1/160
1/2,560
1/160
1/1,280
1/160
1/160
1/80
Not binder
1/1,280
1/5,120
1/160
1/80

1/320
1/2,560
1/320
1/640
1/10,240
1/10,240
1/320
1/1,280
1/1,280
1/10,240
1/640
1/5,120
1/1,280
1/640
1/160
1/160
1/10,240
1/10,240
1/1,280
1/80

1/10
1/80
1/80
1/160
1/80
1/2,560
1/80
1/160
1/80
1/10,240
1/40
1/320
1/80
1/40
1/20
Not binder
1/1,280
1/1,280
Not binder
Not binder

S2-binding Neutralization titer
titer
WT
1/320
1/2,560
1/1,280
1/640
1/640
1/2,560
1/2,560
1/320
1/1,280
1/5,120
1/80
1/5,120
1/1,280
1/320
1/640
1/160
1/2,560
1/5,120
1/10,240
1/320

1/15
1/120
1/80
1/120
1/120
1/640
1/15
1/120
1/120
1/640
1/40
1/960
1/80
1/20
1/10
Not neutralizing
1/640
1/10,240
1/60
Not neutralizing

Neutralization titer
D614G

Neutralization titer
PT188-EM

Not neutralizing
1/60
1/30
1/20
1/80
1/320
1/10
1/80
1/40
1/320
1/10
1/320
1/30
1/10
Not neutralizing
Not neutralizing
1/480
1/10,240
1/30
Not neutralizing

Not neutralizing
1/20
1/10
1/10
1/40
1/120
1/10
1/15
1/20
1/160
1/10
1/60
1/40
1/10
Not neutralizing
Not neutralizing
1/320
1/40
Not neutralizing
Not neutralizing

The table shows the binding profile and neutralization activities of 20 COVID-19 convalescent plasma samples.

the RBD. Neutralization activity tested against the SARS-CoV-2
WT and D614G variant also showed variable titers. Most of the
plasma samples neutralized the viruses with titers ranging from 1/
20 to 1/320. Four samples had extremely low titers (1/10), whereas
sample PT188 showed extremely high titers (1/10,240). Four plasma
samples did not show neutralization activity against the SARS-CoV-2
WT and SARS-CoV-2 D614G variant. Plasma from subject PT188,
which had the highest neutralizing titer and ELISA binding reactivity
(Table 1 and SI Appendix, Fig. S1 B–D), was selected to test whether
SARS-CoV-2 can evolve to escape a potent humoral immunity.
Evolution of SARS-CoV-2 Convalescent Plasma Escape Mutant. Two-

fold dilutions of plasma PT188 ranging from 1/10 to 1/20,480
were coincubated with 105 median tissue culture infectious dose
(TCID50) of the WT virus in a 24-well plate. This viral titer was
approximately 3 logs more than what is conventionally used in
microneutralization assays (16–20). The plasma/virus mixture
was coincubated for 5 d to 8 d. Then, the first well showing cytopathic effect (CPE) was diluted 1:100 and incubated again with
serial dilutions of plasma PT188 (Fig. 1A and SI Appendix, Table
S1). For six passages and 38 d, PT188 plasma neutralized the
virus with a titer of 1/640 and did not show any sign of escape.
However, after seven passages and 45 d, the neutralizing titer
decreased to 1/320. Sequence analyses revealed a deletion of the
phenylalanine in position 140 (F140) on the S-protein NTD N3
loop in 36% of the virions (Fig. 1 B and C and SI Appendix, Table
S1). In the subsequent passage (P8), this mutation was observed in
100% of the sequenced virions, and an additional twofold decrease
in neutralization activity was observed, reaching an overall neutralization titer of 1/160. Following this initial breakthrough, a second mutation occurred after 12 passages and 80 d of plasma/virus
coincubation (P12). This time, the glutamic acid in position 484 of
the RBD was substituted with a lysine (E484K). This mutation
occurred in 100% of sequenced virions and led to a fourfold decrease in neutralization activity which reached a titer of 1/40
(Fig. 1 B and C and SI Appendix, Table S1). The E484K substitution
was rapidly followed by a third and final change comprising an
11-amino acid insertion between Y248 and L249 in the NTD N5
loop (248aKTRNKSTSRRE248k). The insertion contained an
N-linked glycan sequon (248dNKS248f), and this viral variant resulted
2 of 7 | PNAS
https://doi.org/10.1073/pnas.2103154118

in complete abrogation of neutralization activity by the PT188
plasma sample. Initially, this insertion was observed in only 49% of
the virions, but, when the virus was kept in culture for another
passage (P14), the insertion was fully acquired by the virus
(Fig. 1 B and C and SI Appendix, Table S1).
Reduced Susceptibility to Convalescent Plasma and Monoclonal
Antibodies. To evaluate the ability of the SARS-CoV-2 PT188

escape mutant (PT188-EM) to evade the polyclonal antibody
response, all 20 plasma samples from COVID-19 convalescent
patients were tested in a traditional CPE-based neutralization
assay against this viral variant using the virus at 100 TCID50. All
samples showed at least a twofold decrease in neutralization activity against SARS-CoV-2 PT188-EM (Fig. 2A, Table 1, and SI
Appendix, Fig. S1 B–D). As expected, the plasma used to select the
escape mutant showed the biggest neutralization decrease against
this escape mutant with a 256-fold decrease compared to WT
SARS-CoV-2. Plasma PT042, PT006, PT005, PT012, and PT041
also showed a substantial drop in neutralization efficacy (Table 1).
In addition, we observed that a higher response toward the
S-protein S1 subunit correlates with loss of neutralization activity
against SARS-CoV-2 PT188-EM (see SI Appendix, Fig. S2A),
whereas a high response toward the S-protein S2 subunit did not
show correlation (see SI Appendix, Fig. S2B).
We also tested a previously identified panel of 13 neutralizing
mAbs (nAbs) by CPE-based neutralization assay to assess their
neutralization efficacy against SARS-CoV-2 PT188-EM. These
antibodies were classified into three groups based on their
binding profiles to the S protein. Group I nAbs were able to bind
the S1-RBD, group II targeted the S1 subunit but not the RBD, and
group III nAbs were specific for the S-protein trimer (Table 2).
These antibodies also showed a variable neutralization potency
against the SARS-CoV-2 WT and D614G viruses ranging from
3.9 ng/mL to 500.0 ng/mL (Fig. 2B, Table 2, and SI Appendix, Fig.
S1 E–G). The three mutations selected by SARS-CoV-2 PT188-EM
to escape the highly neutralizing plasma completely abrogated the
neutralization activity of two of the six tested RBD-directed antibodies (F05 and G12) (Fig. 2B, Table 2, and SI Appendix, Fig. S1
E–G), suggesting that their epitopes include E484. In contrast, the
extremely potent neutralizing antibody J08 was the most potently
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Fig. 1. Evolution of an authentic SARS-CoV-2 escape mutant. (A) Schematic representation of the 24-well plate format used to select the authentic
SARS-CoV-2 escape mutant. Blue, red, green, and yellow wells show feeder cells protect from PT188 neutralization, CPE, authentic virus on Vero E6 cells, and
Vero E6 alone, respectively. (B) The graph shows the PT188 neutralization titer after each mutation acquired by the authentic virus. Specific mutations, fold
decrease, and days on which the mutations occur are reported in the figure. (C) SARS-CoV-2 S-protein gene showing type, position of mutations, and
frequency of mutations.

neutralizing antibody against this escape mutant, with an IC100 of
22.1 ng/mL. Interestingly, the S1-RBD−directed antibody C14
showed a twofold increase in neutralization activity compared to the
SARS-CoV-2 WT virus, whereas I14 and B07 showed a 16-fold and
twofold decrease, respectively. All tested antibodies derived from
group II (S1-specific not RBD) and group III (S-protein trimer
specific) completely lost their neutralization ability against
SARS-CoV-2 PT188-EM (Fig. 2B, Table 2, and SI Appendix, Fig. S1
E–G). To better understand the abrogation of activity of some of the
tested antibodies, J13, I21, and H20 were cocomplexed with
SARS-CoV-2 WT S protein and structurally evaluated by negativestain EM. Two-dimensional (2D) class averages of the three tested
antibodies showed that they all bind to the NTD of the S protein
(Fig. 2C). A 3D reconstruction for the J13 Fab complex provided
further evidence that this antibody binds to the NTD (Fig. 2D).
Putative Structural Effects Enabling Viral Escape. Computational
modeling and simulation of the WT and PT188-EM spikes
provides a putative structural basis for understanding antibody
escape. The highly antigenic NTD is more extensively mutated,
containing the F140 deletion as well as the 11-amino acid insertion
in loop N5 that introduces a novel N-glycan sequon at position
N248d (Fig. 3 A–C). In contrast, the single mutation in the RBD
(E484K) swaps the charge of the sidechain, which would significantly alter the electrostatic complementarity of antibody binding
to this region (Fig. 3D). Upon inspection of molecular dynamics
(MD) simulations of the NTD escape mutant model, we hypothesize that the F140 deletion alters the packing of the N1, N3, and
Andreano et al.
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N5 loops (see SI Appendix, Fig. S3), where the loss of the bulky
aromatic sidechain would overall reduce the stability of this region
(Table 1). Subsequently, the extensive insertion within the N5 loop
appears to remodel this critical antigenic region, predicting substantial steric occlusion with antibodies targeting this epitope, such
as antibody 4A8 (Fig. 3B) (21). Furthermore, introduction of a new
N-glycan at position N248d (mutant numbering scheme) would
effectively eliminate neutralization by such antibodies (Fig. 3B and
SI Appendix, Fig. S4).
Escape Mutant Shows Similar Viral Fitness Compared to the WT Virus.

To determine the extent to which the escape mutations were
detrimental to the infectivity of SARS-CoV-2 PT188-EM, the
viral fitness was evaluated. Four different measures were assessed:
visible CPE, viral titer, RNA-dependent RNA polymerase (RdRp),
and nucleocapsid (N) RNA detection by RT-PCR (see SI Appendix,
Fig. S5). Initially, the SARS-CoV-2 WT virus and the PT188-EM
variant were inoculated at a multiplicity of infection of 0.001 on
Vero E6 cells. Every day, for four consecutive days, a titration plate
was prepared and optically assessed after 72 h of incubation to
evaluate the CPE effect on Vero E6 cells and viral titer. Furthermore, the RNA was extracted to assess RdRp and N-gene levels in
the supernatant. We collected pictures at 72 h postinfection to
evaluate the morphological status of noninfected Vero E6 cells and
the CPE on infected feeder cells. Vero E6 cells were confluent at 72
h, and no sign of CPE was optically detectable (see SI Appendix, Fig.
S5A). Conversely, SARS-CoV-2 WT and PT188-EM showed significant and comparable amounts of CPE (see SI Appendix, Fig.
PNAS | 3 of 7
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Fig. 2. Neutralization (Neut.) efficacy of plasma and 13 mAbs against SARS-CoV-2 PT188-EM. (A) Heat map showing the neutralization activity of tested
plasma samples to the SARS-CoV-2 WT and D614G and PT188-EM variants. (B) Heat maps showing neutralization profiles of tested mAbs. (C) Negative stain
EM 2D class averages showing J13, I21, and H20 Fabs bound to the SARS-CoV-2 S protein. (D) A 3D reconstruction of J13 bound to the NTD domain of the S
protein viewed looking along (Left) or toward (Right) the viral membrane.

S5A). Viral titers were evaluated for both SARS-CoV-2 WT and
PT188-EM, and no significant differences were observed, as the
viruses showed almost identical growth curves (see SI Appendix, Fig.

S5B). A similar trend was observed when RdRp and N-gene levels
in the supernatant were detected, even if slightly higher levels of
RdRp and N gene were detectable for SARS-CoV-2 PT188-EM

Table 2. Features of 13 SARS-CoV-2 neutralizing antibodies
mAb
ID

Binding
specificity*

Neutralization WT IC100
(ng:mL)*

Neutralization D614G IC100
(ng:mL)*

J08
I14
F05
G12
C14
B07
I21
J13
D14
H20
I15
F10
F20

S1-RBD
S1-RBD
S1-RBD
S1-RBD
S1-RBD
S1-RBD
S1
S1
S1
S protein
S protein
S protein
S protein

3.9
11.0
3.9
39.4
157.5
99.2
99.2
396.8
396.8
492.2
310.0
155.0
246.1

7.8
19.7
4.9
39.4
78.7
49.6
198.4
500.0
250.0
310.0
155.0
195.3
155.0

Neutralization PT188-EM IC100
(ng:mL)

Not
Not

Not
Not
Not
Not
Not
Not
Not

22.1
176.8
neutralizing
neutralizing
88.4
250.0
neutralizing
neutralizing
neutralizing
neutralizing
neutralizing
neutralizing
neutralizing

The table shows the binding and neutralization profile of 13 previously identified SARS-CoV-2 nAbs.
*Column refers to previously published data (1).
4 of 7 | PNAS
https://doi.org/10.1073/pnas.2103154118

Andreano et al.
SARS-CoV-2 escape from a highly neutralizing COVID-19 convalescent plasma

Fig. 3. In silico modeling of the PT188-EM spike NTD and RBD. (A) In silico model of the NTD of the SARS-CoV-2 PT188-EM spike protein based on PDB ID code
7JJI. This model accounts for the 11-amino acid insertion (yellow ribbon) and F140 deletion (highlighted with a yellow bead). N5 loop as in the WT cryo-EM
structure (PDB ID code 7JJI) is shown as a transparent red ribbon. (B) Close-up of the PT188-EM spike NTD model in complex with antibody 4A8. Both heavy
chain (HC, light gray) and light chain (LC, dark gray) of 4A8 are shown. The 11-amino acid insertion (yellow ribbon) within N5 loop introduces a new N-linked
glycan (N248d) that sterically clashes with 4A8, therefore disrupting the binding interface. The N-glycan at position N149 is, however, compatible with 4A8
binding. (C) Conformational dynamics of the PT188-EM spike NTD model resulting from 100 ns of MD simulation is shown by overlaying multiple frames along
the generated trajectory. (D) In silico model of the PT188-EM spike RBD based on PDB ID code 6M17, where the E484K mutation is shown with licorice
representation.

at day 0 and day 1 (see SI Appendix, Fig. S5C). Finally, strong
correlations between viral titers and RdRp/N-gene levels were observed for both SARS-CoV-2 WT and PT188-EM (see SI Appendix,
Fig. S5 D and E).
Discussion
We have shown that the authentic SARS-CoV-2, if constantly
pressured, has the ability to escape even a potent polyclonal
serum targeting multiple neutralizing epitopes. These results are
remarkable because SARS-CoV-2 shows a very low estimated
evolutionary rate of mutation, as this virus encodes a proofreading exoribonuclease machinery, and, therefore, while escape
mutants can be easily isolated when viruses are incubated with
single mAbs, it is usually believed that a combination of two
mAbs is sufficient to eliminate the evolution of escape variants
(22–25). The recent isolation of SARS-CoV-2 variants in the
United Kingdom, South Africa, Brazil, and Japan with deletions
in or near the NTD loops shows that what we describe here can
occur in the real world. The ability of the virus to adapt to the
host immune system was also observed in clinical settings where
an immunocompromised COVID-19 patient, after 154 d of infection, presented different variants of the virus, including the E484K
substitution (26). Therefore, we should be prepared to deal with
virus variants that may be selected by the immunity acquired from
infection or vaccination. This can be achieved by developing secondgeneration vaccines and mAbs, possibly targeting universal epitopes
and able to neutralize emerging variants of the virus.
A limitation of this study is that viral evolution of
SARS-CoV-2 was evaluated only for one plasma sample, limiting
the observation of possible spike protein mutations only to a
specific polyclonal response. In fact, PT188-EM impacted our
plasma samples differently, where PT188, used to pressure the
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virus in vitro, was the most impacted sample (256-fold decrease),
while the remaining 15 neutralizing plasmas showed a median
neutralization titer reduction of ∼sevenfold.
Our data also confirm that the SARS-CoV-2 neutralizing antibodies acquired during infection target almost entirely the
NTD and the RBD. In the RBD, the possibility to escape is
limited, and the mutation E484K that we found is one of the
most frequent mutations to escape mAbs (22) and among the
most common RBD mutations described in experimental settings (27). Remarkably, the evolution of the E484K substitution
observed in our experimental setting was replicated a few months
later in the real world by the emergence of E484K variants in
South Africa, Brazil, and Japan (14). This is likely due to residue
E484 being targeted by antibodies derived from IGHV3-53 and
closely related IGHV3-66 genes, which are the most common
germlines for antibodies directed against the RBD (28). Recently, this mutation has also been shown to reduce considerably
the neutralizing potency of vaccine-induced immunity and to
escape mAbs already approved for emergency use by the Food
and Drug Administration (29–31).
On the other hand, the NTD loops can accommodate many
different changes, such as insertions, deletions, and amino acid
alterations. Interestingly, in our case, the final mutation contained an insertion carrying an N-glycosylation site which has the
potential to hide or obstruct the binding to neutralizing epitopes.
The introduction of a glycan is a well-known immunogenic escape
strategy described in influenza (32), HIV-1, and other viruses
(33–35), although this finding presents a patient-derived escape
mutant utilizing this mechanism for SARS-CoV-2. Surprisingly,
only three mutations, which led to complete rearrangement of
NTD N3 and N5 loops and substitution to a key residue on the
RBD, were sufficient to eliminate the neutralization ability of a
PNAS | 5 of 7
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potent polyclonal serum. Fortunately, not all plasma and mAbs
tested were equally affected by the three mutations, suggesting
that natural immunity to infection can target additional epitopes
that can still neutralize the PT188-EM variant. Vaccine-induced
immunity, which is more robust than natural immunity, is likely to
be less susceptible to emerging variants. Indeed, so far, the virus has
not mutated sufficiently to completely avoid the antibody response
raised by current vaccines (36, 37).
Going forward, it will be important to continue to closely
monitor which epitopes on the S protein are targeted by the
vaccines against SARS-CoV-2 that are being deployed in hundreds of millions of people around the world.
Materials and Methods
Enrollment of SARS-CoV-2 Convalescent Donors and Human Sample Collection.
COVID-19 convalescent plasma samples were provided by the National Institute for Infectious Diseases, Institute for Scientific Based Recovery and
Cure—Lazzaro Spallanzani Rome (Italy) and Azienda Ospedaliera Universitaria Senese, Siena (Italy). Samples were collected from convalescent
donors who gave their written consent. The study was approved by local
ethics committees (Parere 18_2020 in Rome and Parere 17065 in Siena) and
conducted according to good clinical practice in accordance with the Declaration of Helsinki (European Council 2001, US Code of Federal Regulations,
International Conference on Harmonization 1997). This study was unblinded
and not randomized.
SARS-CoV-2 Authentic Virus Neutralization Assay. The mAbs and plasma
neutralization activity was evaluated using a CPE-based assay as previously
described (17, 20). Further details are available in SI Appendix, Materials
and Methods.

harvested, propagated in 25-cm2 flasks, and aliquoted at −80 °C to be used
for RNA extraction, RT-PCR, and sequencing.
Negative Stain Electron Microscopy. SARS-CoV-2 S protein was expressed and
purified as previously described (38). Purified spike was combined with individual Fabs at final concentrations of 0.04 mg/mL and 0.16 mg/mL, respectively. Following a 30-min incubation on ice, each complex was deposited on
plasma cleaned CF-400 grids (EMS) and stained using methylamine tungstate
(Nanoprobes). Grids were imaged at 92,000× magnification in a Talos F200C
transmission electron microscope (TEM) equipped with a Ceta 16M detector
(Thermo Fisher Scientific). Contrast transfer function estimation and particle
picking were performed using cisTEM (39), and particle stacks were exported
to cryoSPARC v2 (40) for 2D classification, ab initio 3D reconstruction, and
heterogeneous refinement.
Computational Methods. The PT188-EM spike escape mutant was modeled
using in silico approaches. As the mutations are localized in two different
domains of the spike, namely the NTD and the RBD, separate models were
generated for each domain. In detail, two models of the PT188-EM spike
NTD (residues 13 to 308) were built starting from two different cryoelectron
microscopy (cryo-EM) structures of the WT S protein as templates: 1) one
bearing a completely resolved NTD [Protein Data Bank (PDB) ID code 7JJI
(41)], which includes all the loops from N1 to N5, and 2) one bound to the
antibody 4A8 [PDB ID code 7C2L (21)], which presents only one small gap
within the N5 loop. The model of the PT188-EM spike RBD was based on the
cryo-EM structure of the spike’s RBD in complex with ACE2 [PDB ID code
6M17 (42)]. The generated models were subsequently refined using explicitly
solvated all-atom MD simulations. The systems and the simulations were
visually inspected with visual molecular dynamics, which was also used for
image rendering (43). Further details on the computational method analyses
are reported in SI Appendix, Materials and Methods.

Viral Escape Assay Using Authentic SARS-CoV-2. All SARS-CoV-2 authentic virus
procedures were performed in the biosafety level 3 (BSL3) laboratories at
Toscana Life Sciences in Siena (Italy) and Vismederi S.r.l., Siena (Italy). BSL3
laboratories are approved by a certified biosafety professional and are
inspected every year by local authorities. To detect neutralization-resistant
SARS-CoV-2 escape variants, a standard concentration of the virus was sequentially passaged in cell cultures in the presence of serially diluted samples
containing SARS-CoV-2-specific antibodies. Briefly, 12 serial twofold dilutions of PT188 plasma prepared in complete Dulbecco’s modified Eagle’s
medium 2% fetal bovine serum (starting dilution 1:10) were added to the
wells of one 24-well plate. Virus solution containing 105 TCID50 of authentic
SARS-CoV-2 was dispensed in each antibody-containing well, and the plates
were incubated for 1 h at 37 °C, 5% CO2. The mixture was then added to the
wells of a 24-well plate containing a subconfluent Vero E6 cell monolayer.
Plates were incubated for 5 d to 7 d at 37 °C, 5% CO2 and examined for the
presence of CPE using an inverted optical microscope. A virus-only control
and a cell-only control were included in each plate to assist in distinguishing
absence or presence of CPE. At each virus passage, the content of the well
corresponding to the lowest sample dilution that showed complete CPE was
diluted 1:100 and transferred to the antibody-containing wells of the predilution 24-well plate prepared for the subsequent virus passage. At each
passage, both the virus pressured with PT188 and the virus-only control were
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Abstract: The recent spreading of new SARS-CoV-2 variants, carrying several mutations in the spike
protein, could impact immune protection elicited by natural infection or conferred by vaccination.
In this study, we evaluated the neutralizing activity against the viral variants that emerged in the
United Kingdom (B.1.1.7), Brazil (P.1), and South Africa (B.1.351) in human serum samples from
hospitalized patients infected by SARS-CoV-2 during the first pandemic wave in Italy in 2020. Of
the patients studied, 59.5% showed a decrease (≥2 fold) in neutralizing antibody titer against B.1.1.7,
83.3% against P.1, and 90.5% against B.1.351 with respect to the original strain. The reduction in
antibody titers against all analyzed variants, and in particular P.1 and B.1.351, suggests that
previous symptomatic infection might be not fully protective against exposure to SARS-CoV-2
variants carrying a set of relevant spike mutations.
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One year ago, the Director-General of the World Health Organization declared the
first pandemic caused by a coronavirus named severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [1]. Neutralizing antibodies, targeting the viral spike (S)
protein and its receptor-binding domain (RBD), are considered a surrogate of protection
against COVID-19 [2], the disease caused by SARS-CoV-2, although no formal correlates
of protection have been established so far. In fact, available COVID-19 vaccines that have
shown high efficacy are developed with the concept that the S protein is the
immunodominant antigen. These vaccines are designed based on the Wuhan strain, the
original strain that since January 2020 has been at the origin of the worldwide pandemic.
In the last months, different variants of concern (VOCs) [3] of SARS-CoV-2 emerged
around the world, initially as occasional isolates; however, in some settings, the most
efficient variants are rapidly replacing the original Wuhan strain.
One new variant emerged in the United Kingdom (UK), affecting people under 60
years of age. Retrospective analyses have dated the first identification as occurring in
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September 2020 in South East England [4,5]. This variant, called B.1.1.7, spread in several
countries around the world (i.e., Italy, Denmark, the United States, the Netherlands,
Australia, Iceland), and it has been associated with 50% increased transmission [6] and
increased risk of death [4,7–9]. Seventeen mutations/deletions in the viral genome
characterize the B.1.1.7, including eight in the S protein (Δ69–70, ΔY144, N501Y, A570D,
P681H, T716I, S982A, D118H) [5,8]. Three mutations are of biological significance, namely
Δ69–70, N501Y, and P681H. The first one is related to an increased viral infectivity and a
potential impact on PCR assays targeting the S gene [4,8,10]; however, this mutation is not
restricted to this variant [10]. The N501Y is a mutation in the RBD resulting in an increased
binding affinity to its cellular ACE-2 receptor [7,8,11]. The last one, P681H, is supposed to
be related to an improved transmissibility of the virus [12].
Two new variants emerged in Brazil, both originating from the B.1.1.28 clade [13].
The first variant (named B.1.1.28.2), detected in October 2020, was characterized by the
E484K mutation in the S protein, related to a possible escape from neutralizing antibodies
[14]. The second variant (named B.1.1.28.1) was reported by the National Institute of
Infectious Diseases in Japan after sampling of Brazilian travelers to Japan. Since this
variant presents other substantial mutations such as H655Y, L18F, D138Y, and N501Y, in
addition to the E484K [7,13,15], it was classified as a “variant of concern” [16]. Notably,
the E484K mutation is in common with the B.1.351 variant first identified in the Republic
of South Africa but not with B.1.1.7 [13]. The P.1 and B.1.351 variants share common
mutations in the S protein, increasing the possibility of evasion of the humoral response
and enhanced transmissibility [13,17].
As of 2 March 2021, B.1.1.7 accounts for 54.0% of Italian cases nationwide, ranging
from 0 to 93.3% between regions, and is becoming the most widely present variant in the
country. The P.1 variant is less prevalent for now, accounting for 4.3% of all new local
COVID-19 cases, while B.1.351 is involved in just 0.4% of new cases [18]. Recently, a new
VOC emerged, the SARS-CoV-2 B.1.617.2, also named Delta, first detected in India and
now dominant in the UK [19,20]. The new variant has overtaken B.1.1.7 in the UK, and it
is estimated that it will represent 90% of all viruses circulating in Europe by the end of
August [19,21]. Additionally, it seems to be characterized by a higher risk of hospital
admission and increased transmissibility [19,20,22]. Here we assess the neutralization
activity against B.1.1.7, P.1, and B.1.351 variants in a panel of human serum samples from
hospitalized infected COVID-19 patients, previously tested by 2019-nCov/Italy-INMI1,
clade V strain (Wuhan strain).
2. Materials and Methods
2.1. Study Population
Sera of 42 COVID-19 patients (35 recovered and 7 with fatal outcome), hospitalized
at Humanitas Gavazzeni (Bergamo, Italy) during the first epidemic wave that occurred in
Italy between March and May 2020, were included in the present study. Subject
characteristics and study procedures were described in detail elsewhere (approval
number 17373—Ethics Committee of the University of Siena; approval number 17/20—
Ethics Committee of Humanitas Gavazzeni) [23].
For the purpose of the present study, sera available for each patient at three time
points were selected: the hospital admission sample (baseline), the sample showing the
highest neutralizing antibody titer against 2019-nCov/Italy-INMI1 strain (hereafter
referred to as wild-type (wt) strain) found in the previous study [23] and defined as
“peak”, and the last sample available during hospital stay. For 22 patients, the “peak”
sample was the last sample available during the hospital stay. Samples of
deceased/recovered patients were pulled together for the purpose of this study, as in the
original study no difference was found between the 2 groups in terms of neutralizing
antibody titers with respect to the wt strain.
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2.2. Cell Culture and Viral Growth
VERO E6 cells (ATCC—CRL 1586) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM), High Glucose (Euroclone, Pero, Italy), supplemented with 2 mM Lglutamine (Lonza, Milano, Italy), 100 units/mL penicillin–streptomycin mixture (Lonza,
Milano, Italy) and 10% fetal bovine serum (FBS) (Euroclone, Pero, Italy), in a 37 °C and 5%
CO2 humidified incubator.
Adherent subconfluent cell monolayers of VERO E6 were prepared in growth
medium (DMEM High Glucose containing 2% FBS, 2 mM L-glutamine, 100 units/mL
penicillin–streptomycin) in 175 cm2 flasks or 96-well plates for propagation or titration
and neutralization tests of SARS-CoV-2, respectively.
Cells were seeded in a 175 cm2 flask at a density of 1 × 106 cells/mL. After 18–20 h, the
subconfluent cell monolayer was washed twice with sterile Dulbecco’s phosphatebuffered saline (DPBS). After the DPBS was removed, cells were infected with 3.5 mL of
DMEM 2% FBS containing the SARS-CoV-2 virus at a multiplicity of infection (MOI) of
0.01. After 1 h of incubation at 37 °C in a humidified atmosphere with 5% CO2, 50 mL of
DMEM containing 2% FBS was added. The flasks were observed daily, and the virus was
harvested when 80–90% of the cells manifested cytopathic effect (CPE). The culture
medium was centrifuged at +4 °C and 469× g for 8 min, aliquoted, and stored at −80 °C.
2.3. SARS-CoV-2 Viruses
The SARS-CoV-2 (nCoV strain 2019-nCov/Italy-INMI1 strain) wt virus was
purchased from the European Virus Archive goes Global (EVAg, Spallanzani Institute,
Rome). Notably, the used strain did not carry the S protein amino acid change D614G.
The B.1.1.7 named England/MIG457/2020 and the B.1.351 variant named hCoV19/Netherlands/NoordHolland_10159/2021, next strain clade 20H, wt viruses were
purchased from EVAg.
The P.1 variant (next strain 20J/501Y.V3) (lineage B.1.1.28.1) was kindly provided by
the University of Siena, Department of Medical Biotechnology.
2.4. Virus Neutralization Assay
The virus neutralization (VN) assay was performed as previously reported [24].
Briefly, after heat-inactivation for 30 min at 56 °C, serum samples, starting from 1:10
dilution, were mixed with an equal volume of SARS-CoV-2 (B.1.1.7, P.1, and B.1.351) viral
solution containing 100 tissue culture infective dose 50% (TCID50). After 1 h of incubation
at room temperature, 100 µL of virus–serum mixture was added to a 96-well plate
containing an 80% confluent Vero E6 cell monolayer. Plates were incubated for 4 days at
37 °C and 5% CO2 in humidified atmosphere and then checked for presence/absence of
CPE by an inverted optical microscope. A CPE higher than 50% indicated infection. The
VN titer was expressed as the reciprocal of the highest serum dilution showing protection
from viral infection and CPE.
2.5. Statistical Analysis
All statistical analyses were performed using GraphPad Prism version 6.01 for
Windows (GraphPad Software, San Diego, CA, USA [25]. For each variant, the mean fold
decrease in antibody levels with respect to the wt strain was calculated along with its
standard deviation (SD). Antibody levels were expressed as log and statistically evaluated
with respect to the wt strain using a paired t-tests. Statistical significance was set at p <
0.05, two-tailed.
3. Results
Neutralizing antibody titers of each patient by time point and variant are shown in
Figure 1 with statistically significant titer decrease for all three variants at any time point
at hospital admission (baseline); 10 patients (23.8%) were negative for neutralizing
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antibodies against the wt strain as well as for all the variants. In total, 16 patients (38.1%)
were negative for B.1.1.7, 20 (47.6%) were negative for P.1, and 30 (71.4%) were negative
for B.1.351 at baseline. Twenty-three (54.8%) and 30 (71.4%) patients showed a ≥2-fold
decrease in neutralizing antibody titer when tested against B.1.1.7 and P.1, respectively
(Table 1a, b). Thirty-two patients (76.2%) showed a ≥2-fold decrease in neutralizing
antibody titer against B.1.351 (Table 1c). A significant decrease in neutralizing antibody
titers against all three variants (p < 0.0001) was observed with respect to the wt strain.

Figure 1. SARS-CoV-2 virus-neutralization (VN) titers with geometric mean and 95% confidence
intervals, by time point and strain. For each variant, VN titers were compared with respect to the
wt strain using a paired t-test (**** p ≤ 0.0001).
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Table 1. Fold decrease in neutralizing antibody titers of B.1.1.7 (a), P.1 (b) and B.1.351 (c) variants with
respect to the wt strain by time point (baseline, peak, and discharge/decease).

Baseline
2-fold
4- fold
>4- fold
Total
Mean fold
(SD)

(a) B.1.1.7 Variant
Peak

Discharge/Decease

N

%

N

%

N

%

19

45.2%

16

38.1%

17

40.5%

12

28.6%

14

33.3%

16

38.1%

7

16.7%

8

19.0%

9

21.4%

4

9.5%

4

9.5%

0

0.0%

42

100%

42

100%

42

100%

3.0

3.5

(3.1)
Baseline

2.3

(5.0)
(b) P.1 Variant
Peak

(1.4)
Discharge/Decease

N

%

N

%

N

%

-

12

28.6%

5

11.9%

7

16.7%

2-fold
4- fold
>4- fold
Total
Mean fold
(SD)

15

35.7%

10

23.8%

14

33.3%

6

14.3%

12

28.6%

14

33.3%

9

21.4%

15

35.7%

7

16.7%

42

100%

42

100%

42

100%

4.3

6.0

4.4

(4.5)

(4.3)

(3.4)

Baseline
2-fold
4- fold
>4- fold
Total
Mean fold
(SD)

(c) B.1.351 Variant
Peak

Discharge/Decease

N

%

N

%

N

%

10

23.8%

4

9.5%

4

9.5%

10

23.8%

5

11.9%

9

21.4%

2

4.8%

5

11.9%

6

14.3%

20

47.6%

28

66.7%

23

54.8%

42

100%

42

100%

42

100%

10.2

18.5

11.0

(14.9)

(18.9)

(12.3)

– means a decrease less than 2-fold; SD: standard deviation.
Twenty-six samples (61.9%) with peak neutralizing titers for the wt strain had a ≥2fold decrease in neutralizing antibody titer against B.1.1.7, with a mean decrease of 3.5fold (SD 5.0). In particular, 14 (33.3%) showed a 2-fold decrease, 8 (19.0%) showed a 4-fold
decrease, and 4 (9.5%) showed a >4-fold decrease (Table 1a). When tested for P.1, 37
(88.1%) had a ≥2-fold decrease with a mean decrease of 6.0-fold (SD 4.3). Ten (23.8%)
showed a 2-fold decrease, 12 (28.6%) showed a 4-fold decrease, and 15 (35.7%) showed a
>4-fold decrease (Table 1b). When tested for B.1.351, 38 (90.5%) showed a ≥2-fold decrease
with a mean decrease of 18.5-fold (SD 18.9); 5 (11.9%) showed a 2-fold decrease, 5 (11.9%)
showed a 4-fold decrease, and 28 (66.7%) showed a ≥4-fold decrease (Table 1c). The
decrease in neutralizing antibody titer with respect to the wt strain was significant for all
three variants (p < 0.0001).
At discharge/decease, all patients showed neutralizing antibody against the wt
strain, although a decline in titer was observed as deeply described elsewhere [23]. When
tested against B.1.1.7, one patient (2.4%) was found negative. A ≥2-fold decrease was
observed in 25 (59.5%) patients: 16 (38.1%) and 9 (21.4%) showed a 2-fold and 4-fold
decrease, respectively (mean decrease 2.3-fold (SD 1.4)) (Table 1a). Three patients (7.1%)
were found negative when tested against P.1, and a ≥2-fold decrease was observed in 35
(83.3%) patients. In particular, 14 (33.3%) showed a 2-fold decrease, 14 (33.3%) showed a
4-fold decrease, and 7 (16.7%) showed a >4-fold decrease, with a mean decrease of 4.4-fold
(SD 3.4) (Table 1b).

45
Viruses 2021, 13, 1347

6 of 9

Nine patients (21.4%) were found negative when tested against B.1.351, and a ≥2-fold
decrease was observed in 38 (90.5%) patients. In particular, 9 (21.4%) showed a 2-fold
decrease, 6 (14.3%) showed a 4-fold decrease, and 23 (54.8%) showed a >4-fold decrease,
with a mean decrease of 11.0-fold (SD 12.3). The decrease in neutralizing antibody titer
was statistically significant for all three variants (p < 0.0001) with respect to the wt strain.
4. Discussion
Recently, different variants of SARS-CoV-2 with mutations in the S protein have
emerged, raising concerns about the protection elicited by natural infection or conferred
by vaccination.
In this study, we evaluated the neutralizing activity against B.1.1.7, P.1, and B.1.351
VOCs in a panel of human serum samples from hospitalized patients infected by SARSCoV-2 between March and May 2020 during the first wave of the pandemic in Italy [23].
Although we assessed the neutralizing activity at three time points for each patient,
namely hospital admission (baseline), neutralizing antibody titer peak, and the last time
point available (at discharge or decease), here we mainly discuss the last one since it may
represent the “antibody baggage”.
In our study, 59.5% of the patients had a decrease (≥2-fold) in neutralizing antibody
titer against B.1.1.7, and 21.4% showed a 4-fold decrease, as shown in a similar study [26].
On the contrary, other studies have reported that samples from convalescent or
hospitalized patients are able to neutralize the B.1.1.7 variant, either maintaining similar
levels of neutralizing activity or exhibiting a modest decrease compared to the original
antibody titer [27–29]. We can hypothesize that the decrease in neutralizing antibody titer
found in our study may be ascribed to the wt virus used, lacking D614G mutation. In
general, the modest change in the potency of neutralization against this variant could be
related to the N501Y mutation that, even though related to an increased binding to the
ACE-2 receptor, does not appear to have a significant implication for neutralizing activity
[28].
Regarding the P.1 variant, 83.3% of the patients involved in the study showed
significantly reduced neutralizing activity (a ≥2-fold decrease), and 16.7% had a decrease
higher than 4-fold, almost twice that reported for B.1.1.7. The reduction in neutralizing
activity was even higher against the B.1.351 variant, with 90.5% of patients showing a fold
decrease of ≥2 with a mean decrease almost 3 times higher than that against the P.1 variant.
These findings are consistent with other studies [27,28,30,31] in which a reduced
neutralizing potency of antibodies against these variants has been reported, although
convalescent and vaccinated sera seem to better neutralize P.1 than B.1.351. The reduced
neutralization could be ascribed to the E484K mutation shared between P.1 and B.1.351
and related to a possible escape from neutralizing antibodies. Considering that some
mutations of P.1 are in common with B.1.351, such as the E484K mutation, it is very likely
that a similar or higher reduction in neutralizing antibodies may be caused by variants
carrying the same mutation. The immunoevasion could lead to reinfection of subjects who
recovered from a previous infection [16] and could reduce the protection induced by
vaccination and/or natural infection [27]. However, recent studies have proven that
boosting pre-existing immunity against SARS-CoV-2 with one dose of mRNA vaccine
induces a strong neutralizing response even against divergent variants (i.e., B.1.351) [8,32].
In Italy, subjects naturally infected by SARS-CoV-2 receive just one dose of vaccine from
3 to 6 months after infection [33]. In addition, a recent study [34] reported that neutralizing
antibodies after natural infection by SARS-CoV-2 can last for at least 9 months.
Notably, one serum sample was not able to neutralize the B.1.1.7 variant, three were
not able to neutralize the P.1 variant, and nine were not able to neutralize the B.1.351
variant, suggesting that symptomatic subjects previously infected by SARS-CoV-2 wt
virus might not be fully protected against the emerging variants.
A key strength of the study is that the neutralizing activity has been assessed using
authentic live SARS-CoV-2 viruses and not surrogate VN assay.
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This study has some limitations. First, the cohort only included hospitalized patients,
which may not be representative of the general population. The lack of follow-up samples
after discharge does not allow the assessment of the full breadth of cross-neutralization
potential that can be reached following more extended affinity maturation.
Overall, our findings provide evidence of a remarkable lower neutralization capacity
of SARS-CoV-2 antibodies acquired during the first wave of the pandemic against the
B.1.351 variant, and to a lesser extent against P.1 and B.1.1.7. This might suggest the
possibility of reinfection or that previously infected individuals may be partially protected
against current and new emerging variants with relevant mutations. However, the
immune response induced by natural infection may protect from severe disease [35]. The
emergence of the Delta VOC is also raising concern; however, so far, it appears that
vaccines remain effective, especially after two doses [21,22,36]. Our study highlights the
importance of evaluating SARS-CoV-2 pre-existing immunity against emerging variants
as a tool to foresee the immune escape and the extent of vaccine efficacy.
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Abstract
SARS-CoV-2 pandemic is causing high morbidity and mortality burden worldwide with
unprecedented strain on health care systems. To investigate the time course of the antibody
response in relation to the outcome we performed a study in hospitalized COVID-19
patients. As comparison we also investigated the time course of the antibody response in
SARS-CoV-2 asymptomatic subjects. Study results show that patients produce a strong
antibody response to SARS-CoV-2 with high correlation between different viral antigens
(spike protein and nucleoprotein) and among antibody classes (IgA, IgG, and IgM and neutralizing antibodies). The antibody peak is reached by 3 weeks from hospital admission followed by a sharp decrease. No difference was observed in any parameter of the antibody
classes, including neutralizing antibodies, between subjects who recovered or with fatal outcome. Only few asymptomatic subjects developed antibodies at detectable levels.

Introduction
On March 11, 2020, the World Health Organization (WHO) Director General declared a pandemic situation due to a novel coronavirus causing a Severe Acute Respiratory Syndrome
(SARS) rapidly spreading worldwide [1]. The novel coronavirus (CoV) SARS-CoV-2 has been
firstly identified in Wuhan, Hubei Province, China, at the end of 2019 when a cluster of atypical pneumonia occurred [1, 2]. In January 2020, SARS-CoV-2 was isolated and sequenced as a
CoV genetically related to the highly pathogenic CoV (SARS-CoV-1) responsible for the 2003
SARS epidemic that spread mainly in Asia with approximately 10% case fatality rate (CFR) [3].
Since 2004 SARS-CoV-1 circulation in humans ended whereas a third highly pathogenic CoV
emerged in 2012 in Saudi Arabia causing the Middle East Respiratory Syndrome (MERS) [2,
4–7]. Since then MERS-CoV has spread to 27 countries with limited human-to-human
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transmission, and a CFR of approximately 34.4%, according to the most recent WHO report
[7]. As SARS-CoV-1 and MERS-CoV, the SARS-CoV-2 virus is an enveloped, single-stranded,
and positive-sense RNA virus belonging to the Betacoronavirus Genus, Coronaviridae family.
SARS-CoV-2 genome, as the other emerging pathogenic human CoVs, encodes four major
structural proteins: spike (S), envelope (E), membrane (M), nucleocapsid (N); approximately
16 nonstructural proteins (nsp1–16), and five to eight accessory proteins. Among them, the S
protein plays an essential role in viral attachment, fusion, entry, and transmission. The S protein is the common target antigen for antibodies and vaccine development [8–11]. After
SARS-CoV-2 infection, different categories of antibodies are circulating in serum as Immunoglobulin G (IgG), Immunoglobulin M (IgM) and Immunoglobulin A (IgA) mainly targeting
two viral proteins, the S protein and the nucleoprotein (NP). The latter is abundant and highly
expressed however, due to its biological function, it seems to be unlikely that antibodies against
NP have neutralizing activity. The S protein contains the receptor binding domain (RBD),
which mediates the binding to the host cell through the human Angiotensin-Converting
Enzyme 2 (ACE2) and the fusion of viral and cellular membranes. Based on SARS-CoV-2 evidence as well as for other CoVs, the S protein seems to be the main target for neutralizing antibodies [12–14]. In COVID-19 patients, the levels of IgM and IgG increased at least 10 days
after the onset of symptoms, most patients showed seroconversion within the first 3 weeks and
the median time to seroconversion was 20 days [15, 16]. IgG and IgM seroconversion can
occur simultaneously or sequentially [17] while IgA timing seems to be the most variable [15–
18]. Common serological tests used are ELISA-based with different combinations of coatings
on the S protein (S1, S1+S2, S1-S2, extracellular domain, RBD). The NP-based ELISA- is also
used [19]. ELISAs have some advantages, such as high readout, speed of testing, and a BSL2
laboratory [20] (24). However, the Virus-Neutralization assay (VN) is currently considered the
gold-standard as capable of measuring neutralizing antibodies that mimic in vitro the in vivo
functional activity of blocking the virus [21].
SARS-CoV-2 predominant way of transmission is human-to-human through respiratory
droplets, however, close contact with infected surfaces or objects may also be an occasional
way of transmission as the virus is excreted and detectable in saliva and stool [6, 9, 22]. SARSCoV-2 disease, or COVID-19, ranges from a mild upper/lower respiratory tract infection that
resolves in a few days without sequelae to more serious disease with fever, cough, shortness of
breath, myalgias, fatigue, confusion, headache, sore throat, acute respiratory distress syndrome, leading to respiratory or multiorgan failure [6, 9, 22]. The fatality rate is high in people
with underlying comorbidities, such as diabetes, hypertension, chronic respiratory disease, or
cardiovascular disease and in the elderly [9, 22]. Almost one year after the first COVID-19
cases were reported in Wuhan, as of 13 December 2020, there have been over 70 million cases
and over 1.5 million deaths reported to WHO [23] with Europe being one of the most affected
areas. COVID-19 pandemic is causing high morbidity and mortality burden worldwide, an
unprecedented strain on health care systems, and social and economic disruption [24].
Italy has been affected by COVID-19 as early as February 2020 with the first SARS-CoV-2
case identified in Codogno at the end of February 2020, considered as the Italian index case.
However, some evidence has later emerged that the virus had been circulating in Italy and
Europe since autumn 2019 [25–28]. Italy suffered the first epidemic wave from February 2020
until June 2020 when the whole country was under strict lockdown. The most affected areas
were in the Northern and, to a less extent, in Central Italy, while the Southern part of the country was relatively unaffected [29, 30]. During the summer COVID-19 remained endemic, with
a second epidemic wave starting in October 2020 that led to a subsequent nationwide lockdown in November 2020. As of the 13th of December 2020, more than 1.8 million confirmed
cases and more than 64.000 deaths due to SARS-CoV-2 were reported to ISS (Istituto
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Superiore di Sanità), Rome [29]. The mean age of fatalities from COVID-19 was 80 years,
42,4% were women and more than 90% had one or more co-morbidity as ischemic heart disease, diabetes, active cancer, atrial fibrillation, dementia, and a history of stroke [31].
The emerging and rapid diffusion of COVID-19 has risen the calls for more targeted
research in the field [32] helping to elucidate the mechanism of infection, protection, or rapid
evolution until fatal outcome. We present here a study performed in hospitalized COVID-19
patients to investigate the time course of the antibody response in relation to the outcome, and
as explorative comparison, to investigate the time course of the antibody response in SARSCoV-2 asymptomatic subjects.

Material and methods
Study population
This was a retrospective study on COVID-19 patients and SARS-CoV-2 asymptomatic
subjects collected between March and May 2020 during the first epidemic wave occurred in
Italy.
A total of 42 COVID-19 patients, hospitalized at Humanitas Gavazzeni (Bergamo, Italy),
were retrospectively selected for this study, of whom 35 (22 males and 13 females) recovered
and 7 (3 males and 4 females) had a fatal outcome. All subjects were admitted to hospital with
a diagnosis of interstitial pneumonia confirmed by chest radiograph or a CAT (computerized
axial tomography) and had rhino-pharyngeal swab positive to SARS-CoV-2 (Real-Time PCR
Thermo Fisher Scientific). Six (6) patients required care in the intensive care unit (ICU), the
others were hospitalized in the general medicine unit. Out of 7 deceased patients, 3 were hospitalized in ICU and 4 in the general medicine unit.
Serum samples were collected at different time points from March to April 2020 for diagnostic/therapeutic purposes. We selected patients who had at least 5 blood samples available
during the period of hospital stay (baseline, day 2, day 6, day 12–14, day 18–20, day 27–30).
Demographic and clinical variables reported in this study were those collected at hospital
admission. For the purpose of this study patients were categorized according to the outcome:
recovered or deceased.
During the first phase of the COVID-19 epidemic, little was known about this novel CoV
and there was no standard therapy, so the management changed over time. The Italian Society
of Infectious and Tropical Diseases recommended as therapy hydroxychloroquine, antiviral
agents, steroids, low molecular weight heparin and oxygen support in different combinations
according to the clinician’s evaluation. The antibiotic therapy was adopted only in case of suspected or confirmed bacterial superinfection.
Serum samples from 25 asymptomatic subjects who presented a positive rhino-pharyngeal
swab for SARS-CoV-2 were collected as part of the UNICORN project and were analysed in
the present study [33].
This study was approved by the Ethics Committee of the University of Siena (approval
number 17373, approval date June 1, 2020), by the Ethics Committee of Humanitas Gavazzeni
(approval number 236, approval date September 22, 2020 Protocol 670/20). All serum samples
have been fully anonymized before testing. The UNICORN study was approved by the Ethics
Committee of the University of Milan (approval number 17/20, approval date March 6, 2020).
All participants signed an informed consent form.

Serological assay
ELISA. All serum samples were tested by commercial ELISA for the detection of IgA,
IgG, and IgM against the S1 of SARS-CoV-2 (Aeskulisa1 SARS-CoV-2 S1 IgA, IgM, IgG,
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Aesku. Diagnostics, Wendelsheim, Germany) and for the detection of IgG against the NP of
SARS-CoV-2 (Aeskulisa1 SARS-CoV-2 NP IgG, Aesku.Diagnostics, Wendelsheim,
Germany).
According to the manufacturer’s instructions, quantitative analysis was performed by use
of a 4-parameter logistic standard curve obtained by plotting the optical density (OD) values
measured for 4 calibrators against their antibody activity (U/ml) using logarithmic/linear coordinates. Antibody activities of the samples were evaluated from OD values using the generated
curve and considered positive if >12 U/ml.
Virus neutralization assay. The virus neutralization (VN) assay has been performed as
previously reported [20]. Briefly, serum samples were heat-inactivated for 30 minutes at 56˚C
and, starting from 1:10 dilution, were mixed with an equal volume of SARS-CoV-2 (2019nCov/Italy-INMI1 strain) viral solution containing 100 Tissue Culture Infective Dose 50%
(TCID50). After 1 hour of incubation at room temperature, 100μl of virus-serum mixture
were added to a 96-well plate containing VERO E6 cells with 80% confluency. Plates were
incubated for 3 days at 37˚C, 5% CO2 in humidified atmosphere, then inspected for presence/
absence of cytopathic effect (CPE) by means of an inverted optical microscope. A CPE higher
than 50% indicated infection. The VN titer was expressed as the reciprocal of the highest
serum dilution showing protection from viral infection and CPE.

Statistical analysis
All statistical analyses were performed using Microsoft R-Open version 3.5.0 (R Core Team
(2018). R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/). For patient baseline characteristics continuous variables were evaluated using Mann-Whitney tests and for categorical variables Chi-square tests were used. Seroconversion rates were compared using Fisher’s exact
test. Antibody levels were statistically evaluated using t-tests. Statistical significance was set at
p<0.05, two tailed.

Results
COVID-19 patients
Between March and April 2020, a total of 42 subjects were retrospectively selected, of whom 35
recovered and 7 had a fatal outcome. The median age at admission was 64.0 years (interquartile range (IQR) 56.0–71.5) for those who recovered and 69.0 years (IQR 64.5–72.0) for
deceased patients. The median length of stay in the hospital was similar in both groups with
11.0 days (IQR 9.0–24.5) and 10.0 (IQR 6.0–15.59) for recovered and deceased patients,
respectively. The mean number of pre-existing conditions in recovered and deceased was 1.53
(standard deviation (SD) 1.25) and 2.0 (SD 1.41), respectively, and comorbidities were indicated in 1.88 (SD 1.36) and 3.5 (SD 3.54) of recovered and deceased patients, respectively.
Forty-five per cent (45%) of patients had at least one comorbidity. Main co-morbidities were
cardiovascular disease, diabetes, cerebrovascular disease, hypertension and COPD (Chronic
Obstructive Pulmonary Disease). No differences were found between recovered and deceased
patients when compared for symptoms at admission (fever, cough, diarrhea, dyspnea) or presence/absence of comorbidities and/or preexisting conditions. The other demographic, clinical,
and blood chemistry variables collected at baseline were similar between the two groups, with
exception of ALT that showed to be statistically significantly higher (p-value 0.021) in subjects
who recovered (Table 1).
At hospital admission, 15 patients (35.7%) were negative for S1 IgM, 11 (26.2%) for S1 IgA,
13 (30.9%) for S1 IgG, 15 (35.7%) for NP IgG, and 10 (23.8%) for neutralizing antibodies. Five
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Table 1. Baseline characteristics of COVID-19 patients according to outcome. Median (IQR).
Parameter

Recovered

Deceased

P-value

Sex

22 M / 13 F

3M/4F

0.574

Age

64.0 (56.0 to 71.5)

69.0 (64.5 to 72.0)

0.279

Length of stay

11.0 (9.0 to 24.5)

10.0 (6.0 to 15.5)

0.498

ICU

3 yes / 32 no

3 yes / 4 no

0.076

WBC

7.1 (5.8 to 9.7)

8.8 (5.5 to 11.6)

0.800

RBC

4.2 (3.9 to 4.6)

4.6 (4.1 to 4.9)

0.273

Hb

13.2 (12.2 to 14.3)

13.9 (13.2 to 14.0)

0.649

PLT

202.0 (152.5 to 298.0)

165.0 (134.0 to 283.0)

0.673

Neutrophils

6.2 (4.2 to 8.1)

6.9 (4.5 to 10.2)

0.673

Lymphocytes

0.9 (0.7 to 1.3)

0.4 (0.4 to 0.7)

0.075

AST

52.0 (31.5 to 80.0)

46.0 (35.0 to 52.0)

0.418

ALT

40.0 (25.5 to 64.5)

23.0 (22.5 to 29.0)

0.021

LDH

382.0 (279.0 to 527.5)

602.0 (400.5 to 680.5)

0.147

GGT

46.0 (34.0 to 96.5)

60.0 (23.0 to 73.0)

0.566

Creatinine

0.9 (0.8 to 1.0)

1.0 (0.9 to 1.1)

0.380

12.6 (7.9 to 16.1)

10.6 (7.9 to 13.5)

0.716

Ferritin

544.0 (315.5 to 1310.0)

1079.0 (967.5 to 1301.0)

0.224

Fibrinogen

591.0 (446.0 to 650.5)

577.0 (447.0 to 602.0)

0.500

1383.0 (669.0 to 2261.5)

1137.0 (962.5 to 1733.5)

1.000

Fever�

33 yes / 2 no

7 yes / 0 no

1.000

Cough�

7 yes / 28 no

3 yes / 4 no

0.418

Diarrhea�

5 yes / 30 no

1 yes / 6 no

1.000

Dyspnea

26 yes / 9 no

6 yes / 1 no

0.871

Comorbidities

17 yes / 18 no

2 yes / 5 no

0.579

Preexisting conditions

15 yes / 20 no

2 yes / 5 no

0.779

CRP

D-Dimer

�

ICU, Intensive care unit; WBC, white blood cells (103/mmc); RBC, red blood cells (106/mmc); Hb, haemoglobin
(gr/dl); PLT, platelets (103/mmc); AST, Aspartate aminotransferase (UI/l); ALT, Alanine aminotransferase (UI/l);
LDH, lactate dehydrogenase (U/l); GGT, Gamma Glutamyl Transferase (UI/l); CRP, C reactive protein (mg/l).
Neutrophils (103/mmc); Lymphocytes (103/mmc); Creatinine (mg/dl); Ferritin (ug/l); Fibrinogen (g/l); D-Dimer
(mcg/ml).
�
Fever: A measured temperature of 100.4˚ F (38˚ C) or greater, or with a history of feeling feverish.; Cough:
Continuous cough for more than an hour, or 3 or more coughing episodes in 24 hours; Diarrhea: Loose, watery
stools that occur more frequently than usual (at least 3 episodes within a 24-hour period); Dyspnea: Difficult or
labored breathing; shortness of breath.
https://doi.org/10.1371/journal.pone.0253977.t001

patients (11.9%) were negative to any antibody assay at the time of admission; of these, 2 died
and 3 recovered. Two days after admission, 6 patients (14.3%) were still negative for S1 IgM, 7
(16.7%) for S1 IgA, 4 (9.5%) for S1 IgG, 3 (7.1%) for NP IgG, and 5 (11.9%) for neutralizing
antibodies. Two patients (4.8%) were still negative to any antibody assay; of these, 1 died and 1
recovered. At 6 days of sample collection, all subjects except one (97.6%) were positive to all
assays (Figs 1–5). The exception was a 40-year-old male patient, positive to S1 IgG at any time
point, and borderline for NP IgG only at admission and at day 2. This patient had neutralizing
antibody titers less or equal than 40 at any time point. At admission, he had fever and dyspnea
with no comorbidities or preexisting conditions and recovered in 12 days.
Two patients, one recovered and one deceased both within 6 days after admission, were
both negative to NP IgG at admission and at day 2. Two subjects, both recovered, were positive
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Fig 1. S1 IgM titres in COVID-19 patients (recovered and deceased) and asymptomatic subjects. Black dashed line indicates positivity
threshold at 12 U/ml.
https://doi.org/10.1371/journal.pone.0253977.g001

only for neutralizing antibodies at admission, with titers less or equal to 40. They became positive to all antibodies from day 2 onward (Figs 1–5).
Neutralizing antibodies were found in all patients, with a range from 10 to 5120.
Antibody titers for patients are presented in Table 2. S1 and NP antibodies started increasing at day 2 and again at day 6. A decrease for all antibodies was observed in recovered patients
at day 27–30. S1 antibody increase was similar in both recovered and deceased patients, while
NP IgG titers were significantly higher in deceased patients at day 6 (p-value 0.044). At
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Fig 2. S1 IgA titres in COVID-19 patients (recovered and deceased) and asymptomatic subjects. Black dashed line indicates positivity
threshold at 12 U/ml.
https://doi.org/10.1371/journal.pone.0253977.g002

baseline, neutralizing antibody titers were 40.8 (95%CI 1.3–1296.4) in recovered patients and
24.4 (95%CI 0.2–3093.8) in those deceased. Already at day 6, neutralizing antibody titers had
increased steadily with 427.9 (95% CI 29.0–6321.5) in recovered patients and 226.3 (95% CI
12.1–4228.2) in those deceased. In recovered patients, a plateau of neutralizing antibody titers
was observed until day 18–20, followed by a decline at day 27–30. No significant difference
was found between the two groups at any time point. However, the comparison at day 27–30
was not possible as only 2 subjects were in the deceased group (Table 2).
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Fig 3. S1 IgG titres in COVID-19 patients (recovered and deceased) and asymptomatic subjects. Black dashed line indicates positivity
threshold at 12 U/ml.
https://doi.org/10.1371/journal.pone.0253977.g003

IgM seroconversion rates were higher in the deceased at day 2 (p-value 0.043), whereas
seroconversion rates for the other antibody classes were similar (Table 3).
No significant difference in antibody titers at baseline and by peak antibody level (all 5
assays combined) was found between those who survived and those deceased by using the Cox
proportional hazard model. A good correlation was found among all assays as shown in Fig 6.
Overall, the level of S1 specific response was well correlated among antibody types (r = 0.781
and r = 0.794, S1 IgG correlating with S1 IgA and S1 IgM, respectively; r = 0.760 S1 IgA correlating with S1 IgM). S1 IgG response was highly correlated with NP IgG (r = 0.834).
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Fig 4. NP IgG titres in COVID-19 patients (recovered and deceased) and asymptomatic subjects. Black dashed line indicates positivity
threshold at 12 U/ml.
https://doi.org/10.1371/journal.pone.0253977.g004

Neutralizing antibodies well correlated with all ELISA antibodies tested (r = 0.722 with S1 IgA,
r = 0.798 with S1 IgM, r = 0.739 with S1 IgG, and r = 0.730 with NP IgG).

Asymptomatic SARS-CoV-2 infected subjects
Asymptomatic subjects were part of the UNICORN project [33] and serum samples of
25 subjects were kindly provided for the present study. Their median age was 45.0 years
(IQR 36.0–60.0), 8 were males and 17 females (Table 4). Twenty-one (21) subjects had the
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Fig 5. Neutralizing antibody (NAb) titres in COVID-19 patients (recovered and deceased) and asymptomatic subjects.
https://doi.org/10.1371/journal.pone.0253977.g005

rhino-pharyngeal swab positive to SARS-CoV-2 in March 2020 and a blood draw at the
same time, 19 out of the 21 subjects had a second blood draw in May, and 14 of them a third
blood draw in September. Four (4) subjects had the rhino-pharyngeal swab positive in May
and a blood draw at the same time, of whom 1 subject had a second blood draw in September. Asymptomatic subjects did not receive any medication during the study period that
may have interfered with antibody response. Out of 25 asymptomatic subjects, 16 (64.0%)
were negative to any antibody at any time point. Nine (9) subjects (36.0%) had at least one
detectable antibody type at least at one time point. At the first time point, 6 subjects (24.0%)
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Table 2. Comparison of immune responses in recovered versus deceased COVID-19 patients.
Recovered
Antibody
S1 IgM

S1 IgA

S1 IgG

NP IgG

NAb

Day
Baseline

Deceased

N

GMT (95% CI)

N

GMT (95% CI)

Ratio D/R

P-value

35

19.6 (0.5 to 718.5)

7

5.0 (0.0 to 12159.3)

0.25 (0.01 to 4.89)

0.308
0.356

Day 2

35

46.9 (3.0 to 732.2)

7

17.4 (0.0 to 9381.0)

0.37 (0.03 to 4.03)

Day 6

31

126.7 (16.9 to 951.6)

6

146.4 (34.5 to 621.4)

1.16 (0.61 to 2.17)

0.627

Day 12–14

18

111.5 (9.7 to 1284.4)

3

177.7 (29.9 to 1057.1)

1.59 (0.70 to 3.63)

0.232

Day 18–20

12

107.3 (15.6 to 737.9)

2

119.4 (1.7 to 8251.2)

1.00 (1.00 to 1.00)

Day 27–30

8

64.4 (5.3 to 788.3)

1

79.2 (0.0 to 0.0)

1.00 (1.00 to 1.00)

Baseline

35

17.8 (0.6 to 497.5)

7

6.8 (0.0 to 21390.7)

0.38 (0.02 to 8.03)

0.473

Day 2

35

42.9 (3.2 to 571.6)

7

34.6 (0.5 to 2510.1)

0.81 (0.16 to 4.13)

0.768

Day 6

31

96.4 (14.1 to 659.6)

6

118.3 (16.4 to 854.9)

1.23 (0.54 to 2.78)

0.581

Day 12–14

18

100.2 (15.5 to 646.2)

3

187.0 (10.0 to 3493.1)

1.87 (0.48 to 7.23)

0.249

Day 18–20

12

108.0 (38.2 to 305.2)

2

95.8 (0.0 to 10573636.2)

1.00 (1.00 to 1.00)

Day 27–30

8

79.7 (13.6 to 465.8)

1

206.7 (0.0 to 0.0)

1.00 (1.00 to 1.00)

Baseline

35

16.8 (0.1 to 1966.3)

7

6.2 (0.0 to 21044.6)

0.37 (0.02 to 8.18)

0.476

Day 2

35

66.3 (2.2 to 1956.6)

7

33.5 (0.0 to 147927.2)

0.50 (0.02 to 12.13)

0.623

Day 6

31

355.8 (90.2 to 1403.1)

6

403.3 (212.0 to 767.1)

1.13 (0.82 to 1.57)

0.436

Day 12–14

18

397.6 (115.7 to 1366.9)

3

392.4 (65.8 to 2339.2)

0.99 (0.44 to 2.22)

0.964

Day 18–20

12

408.9 (160.9 to 1038.9)

2

344.5 (0.4 to 335188.3)

1.00 (1.00 to 1.00)

Day 27–30

8

202.7 (151.6 to 271.0)

1

220.8 (0.0 to 0.0)

1.00 (1.00 to 1.00)

Baseline

35

18.1 (0.5 to 647.9)

7

10.8 (0.0 to 2898.3)

0.60 (0.07 to 5.03)

0.588

Day 2

35

70.3 (2.0 to 2416.5)

7

71.7 (0.1 to 68291.3)

1.02 (0.08 to 13.77)

0.987

Day 6

31

411.9 (32.3 to 5248.2)

6

756.0 (246.1 to 2323.1)

1.84 (1.02 to 3.32)

0.044

Day 12–14

18

466.7 (30.1 to 7248.5)

3

725.4 (24.0 to 21884.1)

1.55 (0.34 to 7.06)

0.467

Day 18–20

12

371.8 (59.2 to 2333.6)

2

550.5 (0.0 to 6914416.1)

1.00 (1.00 to 1.00)

Day 27–30

8

171.3 (43.6 to 672.3)

1

262.0 (0.0 to 0.0)

1.00 (1.00 to 1.00)

Baseline

35

40.8 (1.3 to 1296.4)

7

24.4 (0.2 to 3093.8)

0.60 (0.09 to 3.81)

0.539

Day 2

35

75.4 (3.2 to 1754.7)

7

32.8 (0.6 to 1907.7)

0.44 (0.09 to 2.07)

0.255

Day 6

31

427.9 (29.0 to 6321.5)

6

226.3 (12.1 to 4228.2)

0.53 (0.16 to 1.77)

0.257

Day 12–14

18

373.3 (27.5 to 5071.8)

3

285.1 (6.7 to 12155.4)

0.76 (0.14 to 4.21)

0.670

Day 18–20

12

508.0 (79.9 to 3229.0)

2

113.1 (0.0 to 14707762061.6)

1.00 (1.00 to 1.00)

Day 27–30

8

190.3 (16.0 to 2267.5)

1

160.0 (0.0 to 0.0)

1.00 (1.00 to 1.00)

ELISA titres are expressed as U/ml.
NAb, neutralizing antibody.
https://doi.org/10.1371/journal.pone.0253977.t002

had positive S1 IgG, of whom 2 also had S1 IgA and NP IgG, 1 subject also had S1 IgM, S1
IgA and NP IgG, and 1 subject had S1 IgA, NP IgG and positive neutralizing antibodies.
Three (3) subjects, who were negative at any antibody at the first time point, had antibodies
at one of the subsequent time points. One (1) of these subjects was positive to all antibody
assays at the second time point including to neutralizing antibodies. The other 2 subjects
had S1 IgA, S1 IgG and NP IgG at the third time point. One subject was positive to all
ELISA antibodies (S1 IgM, S1 IgA, S1 IgG, and NP IgG) at the first time point, negative at
the second time point, and positive again only to S1 IgG at the third time point. Detectable
neutralizing antibodies were found only in 2 subjects (8.0%): in one subject at the first and
only time point available, and in the other one at the second time point, as the third time
point was not available. Both subjects were positive also to S1 IgA, S1 IgG, and NP IgG, and
only the first subject was positive to S1 IgM.
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Table 3. Seroconversion in COVID-19 patients according to outcome.
Recovered
Antibody
S1 IgM

S1 IgA

S1 IgG

NP IgG

NAb

Day

Deceased

SC Yes

SC No

SC Yes

SC No

P-value

Day 2

6

29

4

3

0.043

Day 6

19

12

4

2

1.000

Day 12–14

11

7

2

1

1.000

Day 18–20

7

5

1

1

1.000

Day 27–30

4

4

1

0

1.000

Day 2

8

27

3

4

0.353

Day 6

20

11

4

2

1.000

Day 12–14

12

6

2

1

1.000

Day 18–20

8

4

1

1

1.000

Day 27–30

5

3

1

0

1.000

Day 2

11

24

5

2

0.085

Day 6

23

8

4

2

0.653

Day 12–14

13

5

2

1

1.000

Day 18–20

9

3

1

1

0.505

Day 27–30

4

4

1

0

1.000

Day 2

16

19

6

1

0.096

Day 6

24

7

5

1

1.000

Day 12–14

14

4

2

1

1.000

Day 18–20

9

3

1

1

0.505

Day 27–30

7

1

1

0

1.000

Day 2

5

30

1

6

1.000

Day 6

22

9

4

2

1.000

Day 12–14

13

5

2

1

1.000

Day 18–20

9

3

1

1

0.505

Day 27–30

6

2

1

0

1.000

Seroconversion (SC) was calculated as 4-fold increase in titre compared to baseline.
NAb, neutralizing antibody.
https://doi.org/10.1371/journal.pone.0253977.t003

Asymptomatic subjects with positive antibody levels in any of the assays had titers well
below the level found in patients as shown in Figs 1–5 and Table 5.

Discussion
In this study we primarily evaluated the time course of the antibody response to different antigens of SARS-CoV-2 (IgG, IgM, and IgA against S1, IgG against NP, and neutralizing antibodies) in COVID-19 patients admitted to hospital for interstitial pneumonia during the first
epidemic wave in March and April 2020 in Italy. No significant difference in titers was
observed in any of the S1 antibody class at any time point between patients who survived and
who did not survive.
The only significant difference was the higher S1 IgM seroconversion rate observed in the
deceased group that may suggest an early admission to hospital after infection. In other similar
studies early antibody response to S1 IgA or IgM or difference in the magnitude of the
immune response to SARS-CoV-2 infection was a predictor of disease severity or progression
or outcome [34–37]. In this study, IgG antibody titers against NP at day 6 were significantly
higher in the deceased group, as reported in other studies where an early response to NP during the first 15 days after disease onset was predictive of fatal outcome [34, 36]. No difference
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Fig 6. Correlations between antibody for COVID-19 patients. Titres are shown as log-2 transformed.
https://doi.org/10.1371/journal.pone.0253977.g006

was observed for neutralizing antibodies between the recovered and deceased patients as, on
the contrary, reported in other studies where neutralizing antibodies were significantly higher
in patients who required ICU or died [36]. One possible explanation for the similar immune
Table 4. Baseline characteristics of SARS-CoV-2 asymptomatic subjects. Median (IQR).
Parameter

Statistics

Sex

8 M / 17 F

Smoke

14 never, 5 stopped, 5 active

Age

45.0 (36.0 to 60.0)

BMI

22.8 (21.5 to 24.6)

BMI, Body Mass Index.
https://doi.org/10.1371/journal.pone.0253977.t004
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Table 5. Comparison of baseline immune responses for recovered or deceased versus asymptomatic controls.
Antibody

Recovered/ Asymptomatic

P value

Deceased / Asymptomatic

P value

S1 IgM

286 (111 to 734)

1.42E-15

73 (4 to 1448)

0.0111

S1 IgA

172 (71 to 422)

6.05E-15

65 (3 to 1351)

0.0145

S1 IgG

96 (27 to 338)

4.86e- 9

36 (2 to 798)

0.0295

NP IgG

7.3 (3.7 to 14.3)

3.22e- 7

4.3 (0.5 to 36.3)

0.142

NAb

8.2 (4.6 to 14.6)

1.88e- 8

4.9 (0.8 to 30.5)

0.0785

https://doi.org/10.1371/journal.pone.0253977.t005

response observed in this study in both survived and deceased patients can be the fact that at
admission COVID-19 patients had similar clinical and demographic characteristics. In addition, other factors may contribute to the specific immune response against SARS-CoV-2 infection that need to be considered, as the cellular-mediated immunity that may play a role in
protection and disease progression.
The kinetics of the antibody response showed an increase starting from day 2 and reaching
the peak between days 6 and 18–20. At day 27–30, a decline in titers was observed for any of
the antibody classes. In other studies, the antibody kinetic in COVID-19 patients showed the
peak at the 4th and 5th week after disease onset, followed by antibody decay starting at the 6th
week [37, 38]. This observation differs from our findings most likely due to the fact that our
study period started at hospital admission when the severity of the disease was already in an
advanced stage.
In this study, almost two-thirds of asymptomatic subjects were negative at any time point
for any antibody class, including neutralizing antibodies. Among the few subjects with detectable antibodies, all were positive to S1 IgG, and, none of these subjects was positive to any of
the other antibody classes if not positive to S1 IgG. This is difficult to explain. It may be due to
the fact that the S protein is deemed the immunodominant antigen of SARS-CoV-2. In accordance with a similar study, antibody titres in asymptomatic subjects were sensibly lower as
compared to COVID-19 patients [39]. It has been reported that asymptomatic subjects have a
low viral load in the nasopharynges as assessed by RT-PCR, and most likely a lack or a defective viral replication that induces a weak or any antibody response [40]. Although memory B
and T cells are likely to be primed in SARS-CoV-2 infected subjects with undetectable antibodies, the question of whether they should be vaccinated is critical now that effective vaccines are
available against COVID-19.In this study, a good correlation between S1 and NP protein-based
ELISA and the VN assay was observed in COVID-19 patients, although less evident in asymptomatic subjects since only 2 of them had detectable neutralizing antibodies in addition to other
ELISA antibody classes. It is acknowledged that antibodies with neutralizing activity should
retain enough avidity or have a sufficient concentration or both [41, 42]. In fact, ELISA detects
antibody against individual antigens that may not retain neutralizing properties if not in quantity. This may explain the difference in the correlation between ELISA-based assays and neutralizing antibodies in COVID-19 patients and asymptomatic subjects observed in this study.
This study has some limitations. The sample size was small due to the availability of subjects
with severe COVID-19 disease who had a sufficient number of blood samples for measuring
the time course of antibody for at least one month. This may introduce a bias. However, the
ratio between deceased and recovered patients (7 out of 42, 16,6%) falls in the acceptable range
(from 5.7% to 30.4%) described in the literature [18, 43]. The retrospective nature of the study
and the collection of COVID-19 samples carried out in a single center introduce some limitations. The findings from this study do not allow to predict the kinetics of the antibody decay
over time in patients who recovered from COVID-19, and who may be susceptible to reinfection over time, since no follow-up samples after discharge were available.
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In conclusion, the results of this study show that COVID-19 patients produce a strong antibody response to SARS-CoV-2 with high correlation between different viral antigens (S1 and
NP) and among antibody classes (IgA, IgG, and IgM and neutralizing antibodies). The peak is
reached by three weeks from hospital admission followed by a sharp decrease. On the contrary,
only few asymptomatic subjects develop antibodies at detectable levels, and significantly lower
compared to COVID-19 patients. Currently, no correlates of protection are established for
COVID-19. As cases of reinfection are reported [44–47] and since neutralizing antibodies are
rarely produced in asymptomatic subjects, the findings of this study support the current recommendation to vaccinate subjects with a previous SARS-CoV-2 infection as well as those
who recovered from COVID-1.
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SUMMARY

Human monoclonal antibodies are safe, preventive, and therapeutic tools that can be rapidly developed to
help restore the massive health and economic disruption caused by the coronavirus disease 2019 (COVID19) pandemic. By single-cell sorting 4,277 SARS-CoV-2 spike protein-specific memory B cells from 14
COVID-19 survivors, 453 neutralizing antibodies were identified. The most potent neutralizing antibodies
recognized the spike protein receptor-binding domain, followed in potency by antibodies that recognize
the S1 domain, the spike protein trimer, and the S2 subunit. Only 1.4% of them neutralized the authentic virus
with a potency of 1–10 ng/mL. The most potent monoclonal antibody, engineered to reduce the risk of antibody-dependent enhancement and prolong half-life, neutralized the authentic wild-type virus and emerging
variants containing D614G, E484K, and N501Y substitutions. Prophylactic and therapeutic efficacy in the
hamster model was observed at 0.25 and 4 mg/kg respectively in absence of Fc functions.
INTRODUCTION
The impact of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic, with more than 100 million cases,
over 2 million deaths, an estimated cost of 16 trillion US dollars to
the USA economy (Cutler and Summers, 2020), and 45 million
people filing unemployment in the United States alone, is unprecedented (Aratani, 2020).
Vaccines and drugs against SARS-CoV-2 have recently
received emergency use authorization (EUA) by the Food and

Drug Administration (FDA) for prevention and treatment of coronavirus disease 2019 (COVID-19) (FDA, 2021, 2020).
In spite of this, it is predictable that waves of infection will
continue to spread globally, and it is likely to be followed by additional waves over the next few years. This is supported by the
emergence of new SARS-CoV-2 variants in the United Kingdom,
South Africa, Brazil, and Japan (CDC, 2021).
It is therefore imperative to quickly develop, in parallel to
vaccines, therapeutic tools against SARS-CoV-2 and its variants. Among the many therapeutic options available, human
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monoclonal antibodies (mAbs) can be developed in the shortest
time frame. In fact, the extensive clinical experience with the
safety of more than 50 commercially available mAbs approved
to treat cancer, inflammatory, and autoimmune disorders provides high confidence of their safety (Wellcome and IAVI,
2020). These advantages, combined with the urgency of the
SARS-CoV-2 pandemic, support and justify an accelerated regulatory pathway. In addition, the long industrial experience in
developing and manufacturing mAbs decreases risks usually
associated with technical development of investigational products. Finally, the incredible technical progress in this field allows
shortening of conventional timelines and enables a path from
discovery to proof-of-concept trials within 5–6 months (Kelley,
2020). A key example is the Ebola case, where mAbs were developed faster than vaccines or other drugs (Kupferschmidt, 2019),
becoming the first therapeutic intervention recommended by the
World Health Organization (WHO) and approved by the FDA
(Mullard, 2020).
During the first months of this pandemic, many groups have
been active in isolating and characterizing human monoclonal
antibodies from COVID-19 convalescent patients or from humanized mice, and some of them have been progressing
quickly to clinical trials for the prevention and cure of SARSCoV-2 infection (Shi et al., 2020; Hansen et al., 2020; Hsieh
et al., 2020; Pinto et al., 2020; Zost et al., 2020a, 2020b; Rogers
et al., 2020, Alsoussi et al., 2020). Few of them are already in
phase III clinical trials and reported promising preliminary results. Two of them received the EUA from the FDA (Lilly,
2020; Regeneron, 2020).
All these antibodies neutralize SARS-CoV-2 infection by binding to the spike glycoprotein (S protein), a trimeric class I viral
fusion protein that mediates virus entry into host cells by
engaging with the human angiotensin-converting enzyme 2
(hACE2) and cellular heparan sulfate as receptors (Clausen
et al., 2020). The S protein exists in a metastable pre-fusion
conformation and in a stable post-fusion form (Wang et al.,
2020; Walls et al., 2020; Schäfer et al., 2020). Each S protein
monomer is composed of two distinct regions, the S1 and S2
subunits. The S1 subunit contains the receptor-binding domain
(RBD), which is responsible for the interaction with hACE2 and
heparan sulfate on host cell membranes triggering the destabilization of the prefusion state of the S protein and consequent
transition into the post-fusion conformation. This event results
in the entry of the virus particle into the host cell and the onset
of infection (Wrapp et al., 2020; Walls et al., 2020; Tay et al.,
2020; Zou et al., 2020).
As for other mAbs in the field of infectious diseases (Hooft
van Huijsduijnen et al., 2020; Sparrow et al., 2017), the dose
of mAbs so far used in clinical trials against SARS-CoV-2 is
high, ranging from 500 to 8,000 mgs (NCT04411628;
NCT04427501; NCT04441918; NCT04425629; NCT04426695;
NCT04452318). The high dose poses two important limits to
the application of mAbs in the infectious diseases field. First,
the high dosage has cost-associated implications, and it only
allows for intravenous delivery, making this therapeutic intervention extremely costly and therefore available almost exclusively in high-income countries. Indeed, the high price of this
intervention has been a barrier to the global access of mAbs
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and their use to other fields such as infectious diseases. A solution would be the development of extremely potent mAbs that
can be used at lower dosages leading to cost reductions and
that can be delivered via intramuscular or subcutaneous injections. A first example is the respiratory syncytial virus (RSV)
case, where a potent mAb has recently shown its therapeutic
effect in premature infants after only one intramuscular injection
of 50 mg (Griffin et al., 2020).
The second limit of mAbs in the field of infectious diseases is
the risk of antibody-dependent enhancement (ADE) of disease,
which is usually mediated by the binding of the fragment crystallizable (Fc) region portion of the antibody to Fc gamma receptors
(FcgRs) expressed by immune cells (Lee et al., 2020). ADE has
been clearly demonstrated in the case of SARS-CoV, RSV, and
dengue viruses, and the theoretical risk has been raised in the
case of SARS-CoV-2 (Lee et al., 2020; Katzelnick et al., 2017; Arvin et al., 2020).
In this work, we pushed the limits of mAb application to fight
infectious diseases by selecting extremely potent antibodies
with the aim of using them at low dosage to make them affordable and conveniently delivered by intramuscular injection. In
addition, we mitigated the risk of ADE by engineering their Fc region. Despite complete lack of Fc-receptor-binding and Fcmediated cellular activities, engineered mAbs were able to prevent and treat SARS-CoV-2 infection in golden Syrian hamster
at a concentration of 0.25 and 4 mg/kg respectively. These antibodies have the potential to globally extend the access and
affordability of this important medical tool.
RESULTS
Isolation and characterization of S protein-specific
antibodies from SARS-CoV-2 convalescent patients
To retrieve mAbs specific for SARS-CoV-2 S protein, peripheral
blood mononuclear cells (PBMCs) from fourteen COVID-19
convalescent patients enrolled in this study were collected
and stained with fluorescently labeled S protein trimer to identify antigen-specific memory B cells (MBCs). Figure 1 summarizes the overall experimental strategy. The gating strategy
described in Figure S1A was used to single-cell sort, into
384-well plates, IgG+ and IgA+ MBCs binding to the SARSCoV-2 S protein trimer in its prefusion conformation. The sorting strategy aimed to specifically identify class-switched MBCs
(CD19+CD27+IgDIgM) to identify only memory B lymphocytes that underwent maturation processes. A total of
4,277 S protein-binding MBCs were successfully retrieved
with frequencies ranging from 0.17% to 1.41% (Table S1).
Following the sorting procedure, S protein+ MBCs were incubated over a layer of 3T3-CD40L feeder cells in the presence
of IL-2 and IL-21 stimuli for 2 weeks to allow natural production
of immunoglobulins (Huang et al., 2013). Subsequently, MBC
supernatants containing IgG or IgA were tested for their ability
to bind either the SARS-CoV-2 S protein trimer in its prefusion
conformation or the S protein S1 + S2 subunits (Figure 2A; Figure S2B) by enzyme linked immunosorbent assay (ELISA). A
panel of 1,731 mAbs specific for the SARS-CoV-2 S protein
were identified showing a broad range of signal intensities (Figure 2A; Table S1).
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Figure 1. Workflow and timeline for SARS-CoV-2 neutralizing antibodies identification
The overall scheme shows three different phases for the identification of SARS-CoV-2 neutralizing antibodies (nAbs). Phase 1 consisted in the enrolment of COVID19 patients (n = 14) from which PBMCs were isolated. Memory B cells were single-cell sorted (n = 4,277), and after 2 weeks of incubation, antibodies were screened
for their binding specificity against the S protein trimer and S1/S2 domains. Once S protein-specific monoclonal antibodies (mAbs) were identified (n = 1,731) phase
2 started. All specific mAbs were tested in vitro to evaluate their neutralization activity against the authentic SARS-CoV-2 virus, and 453 nAbs were identified. nAbs
showing different binding profiles on the S protein surface were selected for further functional characterization and to identify different neutralizing regions on the
antigen. Phase 3 starts with the characterization of the heavy and light chain sequences of selected mAbs (n = 14) and the engineering of the Fc portion of three most
promising candidates. The latter were also selected for structural analyses that allowed the identification of the neutralizing epitopes on the S protein. Finally, the
most potent antibody was tested for its prophylactic and therapeutic effect in a golden Syrian hamster model of SARS-CoV-2 infection.

Identification of S protein-specific mAbs able to
neutralize SARS-CoV-2
The 1,731 supernatants containing S protein-specific mAbs,
were screened in vitro for their ability to block the binding of
the streptavidin-labeled S protein to Vero E6 cell receptors and
for their ability to neutralize authentic SARS-CoV-2 virus by
in vitro microneutralization assay. In the neutralization of binding
(NoB) assay, 339 of the 1,731 tested (19.6%) S protein-specific
mAbs were able to neutralize the antigen/receptor binding,
showing a broad array of neutralization potency ranging from
50% to 100% (Figure S2C; Table S1).
As for the authentic virus neutralization assay, supernatants
containing naturally produced IgG or IgA were tested for their ability to protect the layer of Vero E6 cells from the cytopathic effect
triggered by SARS-CoV-2 infection. To increase the throughput
of our approach, supernatants were tested at a single-point dilution, and to increase the sensitivity of our first screening, a viral titer
of 25 50% tissue culture infectious dose (TCID50) was used. For
this screening, mAbs were classified as neutralizing, partially
neutralizing, and non-neutralizing based on their complete, partial,

or absent ability to prevent the infection of Vero E6 cells, respectively. Out of 1,731 mAbs tested in this study, a panel of 453
(26.2%) mAbs neutralized the authentic virus and prevented infection of Vero E6 cells (Table S1). The percentage of partially neutralizing antibodies and neutralizing antibodies (nAbs) identified in
each donor was extremely variable ranging from 2.6%–29.7%
and 2.8%–26.4% respectively (Figure 2B; Table S2). The majority
of nAbs were able to specifically recognize the S protein S1 domain
(57.5%; n = 244), while 7.3% (n = 53) of nAbs were specific for the
S2 domain, and 35.2% (n = 156) did not recognize single domains
but only the S protein in its trimeric conformation (Figure S2A; Table
S3). From the panel of 453 nAbs, we recovered the heavy chain
(HC) and light chain (LC) variable regions of 220 nAbs, which
were expressed as full-length immunoglobulin G1 (IgG1) using
the transcriptionally active PCR (TAP) approach to characterize
their neutralization potency against the live virus at 100 TCID50.
The vast majority of nAbs identified (65.9%; n = 145) had a low
neutralizing potency and required more than 500 ng/mL to achieve
100% inhibitory concentration (IC100). A smaller fraction of the antibodies had an intermediate neutralizing potency (23.6%; n = 52)
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Figure 2. Identification of SARS-CoV-2 S protein-specific nAbs
(A) The graph shows supernatants tested for binding to the SARS-CoV-2 S-protein stabilized in its prefusion conformation. Threshold of positivity has been set as
two times the value of the blank (dotted line). Red dots represent mAbs that bind to the S protein, while pink dots represent mAbs that do not bind.
(B) The bar graph shows the percentage of non-neutralizing (gray), partially neutralizing (pale yellow), and neutralizing antibodies (dark red) identified per each
donor. The total number (n) of antibodies tested per individual is shown on top of each bar.
(C) The graph shows the neutralization potency of each nAb tested once expressed as recombinant full-length IgG1. Dashed lines show different ranges of
neutralization potency (500, 100, and 10 ng/mL). Dots were colored based on their neutralization potency and were classified as weakly neutralizing (>500 ng/mL;
pale orange), medium neutralizing (100–500 ng/mL; orange), highly neutralizing (10–100 ng/mL; dark orange), and extremely neutralizing (1–10 ng/mL; dark red).
The total number (n) of antibodies tested per individual is shown on top of each graph. A COVID-19 convalescent plasma and an unrelated plasma were used as
positive and negative control, respectively, in all the assays.

requiring between 100 and 500 ng/mL to achieve the IC100, while
9.1% (n = 20) required between 10 and 100 ng/mL. Finally, only
1.4% (n = 3) of the expressed nAbs were classified as extremely
potent nAbs, showing an IC100 lower than 10 ng/mL (Figure 2C;
Figure S2B; Table S4).
SARS-CoV-2 neutralizing antibodies can be classified
into four groups
Based on the first round of screening, 14 nAbs were selected for
further characterization. All nAbs were able to bind the SARS-
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CoV-2 S protein in its trimeric conformation (Figure 3A). The
mAbs named J08, I14, F05, G12, C14, B07, I21, J13, and D14
were also able to specifically bind the S1 domain (Figure 3B).
The nAbs named H20, I15, F10, and F20 were not able to bind
single S1 or S2 domains but only the Sprotein in its trimeric state,
while the nAb L19 bound only the S2 subunit (Figures 3B and 3C).
Among the group of S1-specific nAbs, only J08, I14, F05, G12,
C14, and B07 were able to bind the S1 RBD and to strongly
inhibit the interaction between the S protein and Vero E6 receptors, showing a half maximal effective concentration (EC50) at the
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Figure 3. Functional characterization of potent SARS-CoV-2 S protein-specific nAbs
(A–C) Graphs show binding curves to the S protein in its trimeric conformation, S1 domain, and S2 domain. Mean ± SD of technical triplicates are shown. Dashed
lines represent the threshold of positivity.
(D–F) Neutralization curves for selected antibodies were shown as percentage of viral neutralization against the authentic SARS-CoV-2 wild type (D), D614G
variant (E), and the emerging variant B.1.1.7 (F). Data are representative of technical triplicates. A neutralizing COVID-19 convalescent plasma and an unrelated
plasma were used as positive and negative control, respectively.
(G–I) Neutralization potency of 14 selected antibodies against the authentic SARS-CoV-2 wild type (G), D614G variant (H), and the emerging variant B.1.1.7 (I).
Dashed lines show different ranges of neutralization potency (500, 100, and 10 ng/mL). In all graphs, selected antibodies are shown in dark red, pink, gray, and
light blue based on their ability to recognize the SARS-CoV-2 S1 RBD, S1 domain, S protein trimer only, and S2 domain, respectively.

NoB assay of 78.6, 15.6, and 68.5 ng/mL for J08-MUT, I14-MUT,
and F05-MUT, respectively (Figures S3A and S3B). On the other
hand, I21, J13, and D14, despite showing S1 binding specificity,
did not show any binding to the RBD and NoB activity (Figure S3A). Based on this description, four different groups of
nAbs against SARS-CoV-2 were identified. The first group
(Group I) is composed of S1 RBD-specific nAbs (J08, I14, F05,

G12, C14, and B07), which showed neutralization potency
against the authentic wild type (WT), the D614G variant, and
the emerging variant recently isolated in the UK B.1.1.7. S1
RBD-specific nAbs showing a neutralizing potency ranging
from 3.9 to 157.5 ng/mL (Figures 3D–3I; Table S5) and picomolar
affinity to the S protein with an equilibrium dissociation constant
(KD) ranging from 0.2 to 4.6 E10M (Figure S4). In addition to the
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D614G and the B.1.1.7 variants, the S1 RBD-specific nAb J08
showed also to neutralize SARS-CoV-2 variants containing the
E484K mutation (Andreano et al., 2020). The second group
(Group II) included S1-specific nAbs that did not bind the RBD
(I21, J13, and D14). These antibodies also showed good neutralization potency ranging from 99.2 to 500.0 ng/mL (Figures 3D–3I;
Table S5) but inferior to that of S1 RBD-directed nAbs. One antibody from this group was not able to neutralize the B.1.1.7
variant (I21). The third group (Group III) is composed of antibodies able to bind the S-protein only in its whole trimeric conformation (H20, I15, F10, and F20). Antibodies belonging to this
group showed lower affinity to the S protein trimer (KD 64.0
E10M–757.0 E10M) compared to Group I nAbs and medium
neutralization potencies ranging from 155.0 to 492.2 ng/mL
against the authentic WT and D614G (Figures 3D–3I; Figure S4;
Table S5). On the other hand, only one S protein-specific nAb
(D21) showed moderate neutralization activity against the
B.1.1.7 with an IC100 of 500.0 ng/mL. Three S protein-specific
nAbs (I15, F10, and F20) did not show any functional activity
against this latter variant (Figures 3D–3I; Table S5). The fourth
and final group (Group IV) is composed of antibodies that exclusively recognized the S2 domain. Different antibodies with
similar properties were identified for Group IV, but only the nAb
L19 is shown. The Group IV nAb L19 shows the lowest neutralization potency with 19.8 mg/mL for the authentic WT, 12.5 mg/mL
against the D614G, and 9.9 mg/mL against the B.1.1.7 variant
(Figures 3D–3I; Table S5).
All the antibodies described above were also tested for their
ability to cross-neutralize other human coronavirus strains.
nAbs were tested against lentiviral pseudotypes expressing the
SARS-CoV-2, SARS-CoV-2 D614G, SARS-CoV, and Middle
East respiratory syndrome (MERS)-CoV S protein on their viral
membrane surface. Neutralization activity was shown against
SARS-CoV-2 and D614G pseudotypes, therefore confirming
previous data. None of the antibodies reported here were able
to cross-neutralize other coronavirus species (Figure S5).
Different pathogen vulnerability regions identified on
the S protein
The fourteen selected nAbs were further characterized by a
competition assay that allowed speculation on the S protein regions recognized by these antibodies. Briefly, beads were
coated with SARS-CoV-2 trimeric S protein and incubated with
a primary unlabeled antibody in order to saturate the binding
site on the antigen surface. Following the first incubation step,
a secondary Alexa-647-labeled antibody was incubated with
the antigen/unlabeled-mAb complex. If the secondary labeled
antibody did not recognize the same epitope as the primary unlabeled mAb, a fluorescent signal would be detected when
tested by flow cytometry. Through this assay, we observed
that all Group I nAbs competed among themselves for binding
to the S protein RBD, indicating that these antibodies possibly
clash against each other and recognize a similar epitope region.
All Group II nAbs showed different competition profiles and
competed with Group II and Group III nAbs. These results
confirmed that Group III antibodies can recognize various regions on the S protein surface as they compete with themselves
as well as with antibodies belonging to Group II. Interestingly,
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nAbs belonging to Group II also competed with the B07 RBDdirected antibody, thereby suggesting that this latter nAb may
have a different binding orientation compared to other nAbs
included in the Group I. Finally, the Group IV nAb L19 did not
compete with any of the other groups identified in this study,
suggesting that this class of nAbs recognizes a distant epitope
region as compared to Group I, II, and III nAbs (Figures 4A
and 4B)
Genetic characterization of SARS-CoV-2 nAbs
The genes encoding the HCs and LCs of the 14 selected nAbs
were sequenced, and their IGHV and IGKV genes were
compared with publicly available SARS-CoV-2 neutralizing antibody sequences (Figures 5A and 5B). Four nAbs used one of the
most predominant HC V genes for SARS-CoV-2 nAbs (IGHV169), while three nAbs used one of the least representative HCV
genes (IGHV1-24). Two other nAbs employed the most common
germline observed for SARS-CoV-2 nAbs, which is IGHV3-53
(Figure 5A) (Yuan et al., 2020). Interestingly, while IGHV1-69
and IGHV1-24 accommodate IGHJ diversity, nAbs belonging
to the IGHV3-53 gene family only showed recombination with
the IGHJ6 gene (Table S6). The HC V genes somatic hypermutation level and complementary determining region 3 (H-CDR3)
length were also evaluated. Our selected nAbs displayed a low
level of somatic mutations when compared to the inferred germlines with sequence identities ranging from 95.6% to 99.3% (Figure 5C left panel; Table S6), confirming what was observed in
previous publications (Pinto et al., 2020; Zost et al., 2020b;
Rogers et al., 2020; Griffin et al., 2020). The H-CDR3 length
spanned from 7 to 21 amino acids (aa) with the majority of the antibodies (n = 6; 42.0%) having a length of 14 to 16 aa that is
slightly bigger than previously observed (Figure 5C right panel;
Table S6). All of our nAbs used the k chain, and the majority of
them used the common genes IGKV1-9 and IGKV3-11 (n = 6;
42.0%) (Figure 5B; Table S6). The level of IGKV somatic hypermutation was extremely low for LCs showing a percentage of
sequence identities ranging from 94.3% to 98.9% (Figure 5D
left panel; Table S6). The LC CDR3 (L-CDR3) lengths were
ranging from 5 to 10 aa, which is in line with what was previously
observed for SARS-CoV-2 nAbs (Figure 5D right panel; Table
S6). When paired HC and LC gene analysis was performed,
IGHV1-69-derived nAbs were found to rearrange exclusively
with IGKV3 gene family, whereas IGHV1-24-derived nAbs
accommodate LC diversity (Table S6). Of note, some of our candidates showed unique HC and LC pairing when compared to
the public SARS-CoV-2 nAb repertoire. Particularly, five different
HC and LC rearrangements not previously described for nAbs
against SARS-CoV-2 were identified. These included the
IGHV1-24;IGKV1-9, IGHV1-24;IGKV3-15, IGHV1-46;IGKV1-16,
IGHV3-30;IGKV1-9, and IGHV3-53;IGKV1-17 (Figure 5E).
Fc engineering of candidate nAbs to abrogate Fc
receptor binding and extend half-life
ADE of disease is a potential clinical risk following coronavirus
infection (Lee et al., 2020). Therefore, to optimize the suitability
for clinical development and reduce the risk of ADE, five different
point mutations were introduced in the constant region (Fc) of the
three most potent nAbs (J08, I14, and F05), which were renamed
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Figure 4. Identification of four different sites of pathogen vulnerability on the S protein surface
(A) Representative cytometer peaks per each of the four antibody groups are shown. Positive (beads conjugated with only primary labeled antibody) and negative
(un-conjugated beads) controls are shown as green and red peaks, respectively. Competing and not-competing nAbs are shown in blue and gray peaks,
respectively.
(B) The heatmap shows the competition matrix observed among the 14 nAbs tested. Threshold of competition was set at 50% of fluorescent signal reduction. A
speculative representation of the vulnerability sites is shown on the S protein surface.

J08-MUT, I14-MUT, and F05-MUT. The first two point mutations
(M428L and N434S) were introduced to enhance antibody
half-life and to increase tissue distribution and persistence (Za-

levsky et al., 2010; Gaudinski et al., 2018; Pegu et al., 2017).
The remaining three point mutations (L234A, L235A, and
P329G) were introduced to reduce antibody dependent
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Figure 5. Heavy and light chain analyses of
selected nAbs
(A and B) Bar graphs show the heavy and light
chains usage for neutralizing antibodies against
SARS-CoV-2 in the public repertoire compared to
the antibodies identified in this study. Our and
public antibodies are shown in dark and light
colors, respectively.
(C and D) The heavy and light chain percentage of
identity to the inferred germline and amino acidic
CDR3 length are shown as violin and distribution
plot, respectively.
(E) The heatmap shows the frequency of heavy
and light chain pairing for SARS-CoV-2 neutralizing human mAbs already published. The number
within the heatmap cells represent the amount of
nAbs described in this manuscript showing
already published (colored cells) or novel heavy
and light chain rearrangements (blank cells).

functions such as binding to FcgRs and cell-based activities
(Schlothauer et al., 2016).
To confirm the lack of FcgR binding as well as the extended
half-life, a beads-based Luminex assay was performed. Briefly
the beads were coated with SARS-CoV-2 S protein RBD. Antibodies were tested at eight-point dilutions, and the binding
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was detected with FcgR2A and neonatal
Fc receptor (FcRn) at pH6.2 and 7.4.
The FcgR2A was selected as it is predominantly expressed on the surface of
phagocytic cells (such as monocytes,
macrophages, and neutrophils) and is
associated with phagocytosis of immune
complexes and antibody-opsonized targets (Ackerman et al., 2013). On the other
hand, FcRn, which is highly expressed on
endothelial cells and circulating monocytes, was selected as it is responsible
for the recycling and serum half-life of
IgG in the circulation (Mackness et al.,
2019). This latter receptor was shown to
possess a tighter binding at lower pH
(e.g., pH 6.2) compared to a physiological
pH (e.g., pH 7.4) (Booth et al., 2018). Results shown in Figure S6 demonstrate
that binding to the FcgR2A was
completely abrogated for the mutated
version of candidate nAbs (J08-MUT,
I14-MUT, and F05-MUT) compared to
their respective WT versions (J08, I14,
and F05) and controls (CR3022 and unrelated protein) (Figure S6A). Furthermore,
Fc-engineered
antibodies
showed
increased binding activity to the FcRn at
both pH 6.2 and 7.4 compared to their
WT counterpart (Figures S6B and S6C).
Finally, to evaluate the lack of Fc-mediated cellular activities by our three candidate nAbs, the antibody-dependent neutrophil phagocytosis
(ADNP) and antibody-dependent natural killer (ADNK) cell activations were evaluated (Butler et al., 2019; Ackerman et al., 2016;
Karsten et al., 2019; Boudreau et al., 2020). For the ADNP assay,
primary human neutrophils were used to detect antibody binding
to SARS-CoV-2 S protein RBD-coated beads, while ADNK
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activity was evaluated by using primary human NK cells and detecting the release of the proinflammatory cytokine interferon
gamma (IFN-g). Complete abrogation of both ADNP and ADNK
was observed for all three Fc-engineered candidate nAbs
compared to their WT versions and control antibody (CR3022),
thus confirming the lack of Fc-mediated cellular activities (Figures S6D and S6E).
Potency and autoreactivity evaluation of Fc-engineered
candidates
The three engineered antibodies were tested to confirm their
binding specificity and neutralization potency against both the
WT, the widespread SARS-CoV-2 D614G mutant and the
emerging variant B.1.1.7 (Korber et al., 2020, CDC, 2021) to evaluate their cross-neutralization ability. The three engineered nAbs
maintained their S1 domain binding specificity and extremely
high neutralization potency with J08-MUT and F05-MUT being
able to neutralize both the WT and the D614G variant with an
IC100 lower than 10 ng/mL (both at 3.9 ng/mL for the WT and
the D614G strains) (Figure S6F – K; Table S5). The antibody
J08-MUT also showed extreme neutralization potency against
emerging variants as it was able to neutralize the B.1.1.7 with
an identical IC100 compared to the WT virus (Figure S6K; Table
S5) and has also showed to neutralize variants that include the
E484K mutation (Andreano et al., 2020).
Since it has been reported that SARS-CoV-2 elicited antibodies that can cross-react with human tissues, cytokines,
phospholipids, and phospholipid-binding proteins (Zuo et al.,
2020; Bastard et al., 2020; Kreer et al., 2020), the three candidate
mAbs in both their WT and MUT versions were tested through an
indirect immunofluorescent assay against human epithelial type
2 (HEp-2) cells, which expose clinically relevant proteins to
detect autoantibody activities (Figure S7A). As reported in Figure S7B, the positive control presents a different range of detectable signals based on the initial dilution steps (from bright green
at 1:1 to very dim green at 1:100). Among all samples tested, only
F05 showed moderate level of autoreactivity to human cells,
while no signal could be measured for the other antibodies
(Figure S7B).
Structural analyses of candidate nAbs
Single-particle negative-stain electron microscopy (nsEM) was
used to visualize a stabilized SARS-2-CoV-6P-Mut7 S protein
in complex with three separate Fabs: J08, I14, and F05. This recombinant, soluble S protein primarily exhibits 3 RBD’s ‘‘down’’
but can switch to RBD ‘‘up’’ conformation with antibody bound.
Inspection of the 2D class averages revealed a mixed stoichiometry of unbound S protein, one Fab bound, and two Fab bound
classes, which allowed for 3D refinements of each (Figure 6A).
The three different Fabs bind to the RBD in the ‘‘up’’ conformation, although at different angles and rotations, likely due to the
flexibility of the RBD. Model docking of PDB 7BYR (one RBD
‘‘up’’ bound to antibody) shows that the fabs overlap with the receptor-binding motif (RBM) and therefore are positioned to sterically block receptor hACE2 engagement (Figure 6B). To determine the epitope, HC and LC sequences of Fabs J08, I14, and
F05 were used to create synthetic models for docking into the
nsEM maps. Based on the docking, we predicted that a loop

ll
containing residues 477 to 489 (STPCNGVEGFNCY) appeared
to be involved in the binding specifically with residue F486 extending into a cavity that is in the middle of the HC and LC of
each antibody.
J08-MUT prevents SARS-CoV-2 infection in the golden
Syrian hamster
The golden Syrian hamster model has been widely used to
assess monoclonal antibody prophylactic and therapeutic activities against SARS-CoV-2 infection. This model has shown to
manifest severe forms of SARS-CoV-2 infection mimicking
more closely the clinical disease observed in humans (Baum
et al., 2020; Imai et al., 2020; Rogers et al., 2020; Sia et al.,
2020). We designed a prophylactic study in golden Syrian hamster to evaluate the efficacy of J08-MUT in preventing SARSCoV-2 infection. For this study, 30 hamsters were divided into
five arms (six animals each), which received, J08-MUT at 4, 1,
and 0.25 mg/kg via intraperitoneal injection. Placebo and IgG1
isotype control groups were included in the study, which
received a saline solution and an anti-influenza antibody at the
concentration of 4 mg/kg, respectively. The J08-MUT at 4 mg/
kg group and the 1 and 0.25 mg/kg groups were tested in two independent experiments. The IgG1 isotype control group was
tested in parallel with the J08-MUT 4 mg/kg group, whereas
the placebo is an average of the two experiments. Animals
were challenged with 100 mL of SARS-CoV-2 solution (5 3 105
plaque-forming units [PFU]) via intranasal distillation 24 h postadministration of the antibody. Three hamsters per group were
sacrificed at 3 days post infection, while the remaining animals
were culled at day 8 (Figure 7A). Body weight change was evaluated daily and considered as a proxy for disease severity. Animals in the control group and those that received the IgG1 isotype antibody lost more than 5% of their original body weight
from day 1 to day 6 and then stabilized. These data are in line
with previously published data of SARS-CoV-2 infection in a
golden Syrian hamster model (Kreye et al., 2020; Liu et al.,
2020). In marked contrast, in the prophylactic study, all animals
that received J08-MUT were significantly protected from weight
loss. Protection was present at all J08-MUT concentrations and
was dose dependent (Figure 7B). When J08-MUT was administered at 4 mg/kg, we observed protection from SARS-CoV-2
infection and only a minimal weight loss (average 1.8% of
body weight) was noticed 1 day post viral challenge. A higher
body weight loss was observed 1 day post infection in hamsters
that received J08-MUT at 1 mg/kg (from 1.8% to 3.3%) and
0.25 mg/kg (from 1.8% to 4.7%). In the J08-MUT 4 mg/kg
group, all animals quickly recovered and reached their initial
weight by day 3. From day 4 on all hamsters gained weight
increasing up to 5% from their initial body weight. Hamsters
that received the 1 and 0.25 mg/kg dosages completely recovered their initial body weight at day 6 and 8, respectively. Hamsters in the control groups did not recover their initial body
weight and at day 8, still showed around 5% of weight loss (Figure 7B). The prophylactic activity of J08-MUT was also reflected
in the complete absence of viral titer in the lung tissue at 3 days
post infection in all hamsters that received J08-MUT at 4 and
1 mg/kg and also in two out of three hamsters that received
J08-MUT at 0.25 mg/kg. On the other hand, hamsters that
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Figure 6. EM epitope mapping of RBD mAbs
(A) Negative stain for J08, I14, and F05 in complex with the S protein. 200 nm scale bar is shown.
(B) Figures show the binding of J08 (blue), I14 (green), and F05 (red) to the SARS-CoV-2 S protein RBD.

received the IgG1 isotype control or in the placebo group
showed a significantly higher viral titer (Figure 7D).
Finally, we performed an ELISA assay to detect the presence
of human IgG in hamster sera. All samples that received J08MUT or the IgG1 isotype control showed detectable human
IgGs in the sera in a dose-dependent fashion, while no human
IgGs were detected in the placebo group (Figures 7E and 7F).
Human IgGs were detected at 3 and up to 7 days post infection
(Figures 7E and 7F).
J08-MUT therapy of SARS-CoV-2 infection in the golden
Syrian hamster
For the therapeutic study, three groups of six animals each were
used to evaluate the ability of J08-MUT to treat SARS-CoV-2
infection in the golden Syrian hamster model. One group
received J08-MUT via intraperitoneal injection at 4 mg/kg, and
the other two groups received placebo and 4mg/kg IgG1 isotype
control, respectively. The experiment was performed in parallel
with the initial prophylactic study where J08-MUT was administered at 4 mg/kg and the two control groups. Animals were challenged with 100 mL of SARS-CoV-2 solution (5 3 105 PFU) via
intranasal distillation 24 h prior to the administration of the antibody. Three hamsters per group were sacrificed at 3 days post
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infection while the remaining animals were culled at day 12 (Figure 7A). Despite J08-MUT and control groups showed a similar
trend in weight loss in the first 4 days post infection, the treatment group showed a significantly quicker weight recovery (Figure 7C). At day 12, only hamsters that received J08-MUT recovered the initial body weight (Figure 7C). When we analyzed the
viral titer in lung tissues, we observed complete absence of the
virus at day 3 in all the hamsters treated with J08-MUT at
4 mg/kg, while animals that received the IgG1 isotype control
or in the placebo group showed a significantly higher viral titer
(Figure 7G). To evaluate the presence of human antibodies in
hamster sera, we performed an ELISA assay. All samples that
received J08-MUT or the IgG1 isotype control showed detectable human IgGs in the sera in a dose-dependent fashion, while
no human IgGs were detected in the placebo group (Figures 7H
and 7I). Human IgGs were detected at 3 and up to 11 days post
infection (Figures 7H and 7I).
DISCUSSION
This work describes a systematic screening of memory B cells
from SARS-CoV-2 convalescent patients to identify extremely
potent mAbs against SARS-CoV-2 and their engineering to
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Figure 7. Prophylactic and therapeutic efficacy of J08-MUT in the golden Syrian hamster model of SARS-CoV-2 infection
(A) Schematic representation and timelines of prophylactic and therapeutic studies performed in golden Syrian hamster.
(B and C) The figure shows the prophylactic impact of J08-MUT at three different concentrations (4, 1, and 0.25 mg/kg) (B) on body weight loss change (C). The
figure shows the therapeutic impact of J08-MUT at 4 mg/kg on body weight loss change. Mean ± SD are denoted in the graphs.
(D–F) The figures show the lung viral titer at day 3 (D) and the detection of human antibodies in hamster sera at day 3 (E) and day 8 (F) in the prophylactic study.
Mean ± SD of technical triplicates are shown.
(G–I) The figures show the lung viral titer at day 3 (G) and the detection of human antibodies in hamster sera at day 3 (H) and day 12 (I) in the therapeutic study.
Mean ± SD of technical triplicates are shown. Statistical differences were calculated with two-way analysis of variance (ANOVA) for body weight change and with
a nonparametric Mann–Whitney t test for the lung viral titer. Significances are shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

extend half-life and eliminate the potential risk of ADE. The best
antibody neutralized the authentic WT virus and emerging variants at pico molar concentration in vitro and showed prophylactic and therapeutic efficacy in a SARS-CoV-2 hamsters model of
infection when used at 0.25 and 4 mg/kg, respectively. The anti-

body described is a promising candidate for the development of
a broadly affordable tool for prevention and therapy of
COVID-19.
In the search for potent antibodies, we found that approximately 10% of the total B cells against the S protein isolated
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produce neutralizing antibodies, and these can be divided into
four different groups recognizing the S1 RBD, S1 domain, S2
domain, and the S protein trimer. Most potently neutralizing antibodies are extremely rare and recognize the RBD, followed in
potency by antibodies recognizing the S1 domain, the trimeric
structure and the S2 subunit. From these data we can conclude
that in COVID-19 convalescent patients, most of the observed
neutralization titers are likely mediated by antibodies with medium-high neutralizing potency. Indeed, the extremely potent
antibodies and the antibodies against the S2 subunit are unlikely
to contribute to the overall neutralizing titers because they are
respectively too rare and too poor neutralizers to be able to
make a difference. We and others found that the antibody repertoire of convalescent patients is mostly germline-like. This may
be a consequence of the loss of Bcl-6-expressing follicular helper T cells and the loss of germinal centers in COVID-19 patients,
which may limit and constrain the B cell affinity maturation (Kaneko et al., 2020). It will be therefore important to perform similar
studies following vaccination as it is likely that the repertoire of
neutralizing antibodies induced by vaccination may be different
from the one described here.
Out of the 453 neutralizing antibodies that were tested and
characterized, one antibody (J08) showed extremely high
neutralization potency against both the WT SARS-CoV-2 virus
isolated in Wuhan and emerging variants containing the
D614G, E484K, and N501Y variants. During the last few months,
several groups reported the identification, 3D structure and passive protection in animal models of neutralizing antibodies
against SARS-CoV-2. Most of these studies, with few exceptions, reported antibodies that require from 20 to several hundred ng/mL to neutralize 50% of the virus in vitro. While these antibodies are potentially good for therapy, they will require a high
dosage, which is associated with elevated cost of goods, low
production capacity, and delivery by intravenous infusion.
The extremely potent mAb described in our study is likely to
allow the use of lower quantities of antibodies to reach prophylactic and therapeutic efficacy and as a consequence, decrease
the cost of goods and enable sustainable development and manufacturability. This solution may increase the number of doses
produced annually and therefore increase antibodies availability
in high-income countries as well as low-and middle-income
countries. Therefore, our antibodies have the potential to meet
the expectations of the call to action to expand access to
mAb-based products, recently published by the Wellcome Trust
and supported by the WHO and the Coalition for Epidemic Preparedness Innovations (Wellcome and IAVI, 2020).
A potential issue associated with the use of human mAbs
against viral pathogens is the potential selection of escape mutants. This is usually addressed by using a combination of antibodies directed against non-overlapping epitopes. While this is
an ultimate clear solution, it increases the complexity of development, costs of production, drug availability, and affordability. In
our case, we believe that selection of escape mutants upon
treatment with a single mAb may be quite difficult as the
SARS-CoV-2 RNA-dependent polymerase possesses a proofreading machinery (Romano et al., 2020), and the epitope recognized by the antibodies herein described overlaps with the region
necessary to bind the hACE2 receptor. In this regard, it took
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more than 70 days of continuous co-culture of the virus in presence of the antibodies before we were able to detect the first
emergence of escape mutants of the WT SARS-CoV-2 (data
not shown).
Finally, a peculiar part of our approach consisted in depleting
possible antibody Fc-mediated functions of the antibodies to
avoid the risk of ADE. While there is no evidence of ADE in
SARS-CoV-2, and most vaccines and mAbs tested so far
seem to be safe, it is too early to make definitive conclusions.
In addition, two recently published reports suggested that we
need to continue to monitor the potential risk of ADE. The first
report showed that severe SARS-CoV-2 patients are characterized by an increased proinflammatory signature mediated by the
Fcg receptors triggered by afucosylated IgG1 antibodies (Chakraborty et al., 2020). The second report described that one antibody was associated with worse clinical outcomes when administered to hospitalized patients requiring high-flow oxygen or
mechanical ventilation (Lilly, 2020). Therefore, we believe it is
important to develop and test antibodies where Fc-mediated
functions have been eliminated in the clinical practice. Since
the Fc portion contributes significantly to the in vivo potency of
the antibodies (Schäfer et al., 2020), removing Fc functions
may be a problem for mAbs with low neutralization potency
because they may no longer be effective when tested in clinical
settings, as already described in other contexts (DiLillo et al.,
2014). The extremely high potency shown by our antibodies allowed us to remove Fc functions while maintaining in vivo potency at minimal dosage.
Limitations of the study
While we believe that our antibodies are extremely potent when
compared to most of those described in literature, we acknowledge that in most cases, direct comparison was not performed,
and we rely on published data.
The second limitation of the study is that in vitro neutralization
and in vivo protection in the SARS-CoV-2 hamster model of
infection cannot be fully predictive of the behavior of the same
antibody in humans, and therefore the real benefit of described
antibodies can only be assessed in clinical studies.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rino Rappuoli (rino.r.rappuoli@gsk.com).
Materials availability
Reasonable amounts of antibodies will be made available by the Lead Contact upon request under a Material Transfer Agreement
(MTA) for non-commercial usage.
Data and code availability
Nucleotide and amino acidic sequences of all SARS-CoV-2-neutralizing antibodies were deposited in the Italian patent applications
n. 102020000015754 filed on June 30th 2020 and 102020000018955 filed on August 3rd 2020. The accession number for the nucleotide sequences of all SARS-CoV-2-neutralizing antibodies reported in this paper is GenBank: MW_598287 - MW_598314.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Enrollment of SARS-COV-2 convalescent donors and human sample collection
This work results from a collaboration with the National Institute for Infectious Diseases, IRCCS – Lazzaro Spallanzani Rome (IT) and
Azienda Ospedaliera Universitaria Senese, Siena (IT) that provided samples from SARS-CoV-2 convalescent donors, of both sexes,
who gave their written consent. The study was approved by local ethics committees (Parere 18_2020 in Rome and Parere 17065 in
Siena) and conducted according to good clinical practice in accordance with the declaration of Helsinki (European Council 2001, US
Code of Federal Regulations, ICH 1997). This study was unblinded and not randomized.
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METHOD DETAILS
Single cell sorting of SARS-CoV-2 S-protein+ memory B cells from COVID-19 convalescent donors
Blood samples were screened for SARS-CoV-2 RNA and for antibodies against HIV, HBV and HCV. Peripheral blood mononuclear
cells (PBMCs) were isolated from heparin-treated whole blood by density gradient centrifugation (Ficoll-Paque PREMIUM, SigmaAldrich). After separation, PBMC were stained with Live/Dead Fixable Aqua (Invitrogen; Thermo Scientific) in 100 mL final volume
diluted 1:500 at room temperature RT. After 20 min incubation cells were washed with PBS and unspecific bindings were saturated
with 50 mL of 20% normal rabbit serum (Life technologies) in PBS . Following 20 min incubation at 4 C cells were washed with PBS
and stained with SARS-CoV-2 S-protein labeled with Strep-TactinXT DY-488 (iba-lifesciences cat# 2-1562-050) for 30 min at 4 C.
After incubation the following staining mix was used CD19 V421 (BD cat# 562440), IgM PerCP-Cy5.5 (BD cat# 561285), CD27 PE (BD
cat# 340425), IgD-A700 (BD cat# 561302), CD3 PE-Cy7 (BioLegend cat# 300420), CD14 PE-Cy7 (BioLegend cat# 301814), CD56 PECy7 (BioLegend cat# 318318) and cells were incubated at 4 C for additional 30 min. Stained MBCs were single cell-sorted with a BD
FACS Aria III (BD Biosciences) into 384-well plates containing 3T3-CD40L feeder cells and were incubated with IL-2 and IL-21 for
14 days as previously described (Huang et al., 2013).
Expression and purification of SARS-CoV-2 S-protein prefusion trimer and receptor binding domain
Plasmid encoding SARS-CoV-2 S-2P construct (Wrapp et al., 2020) and S-protein RBD (generously provided by Jason S. McLellan)
were transiently transfected at 1 mg/mL culture into Expi293F cells (Thermo Fisher) using ExpiFectamine 293 Reagent. Cells were
grown for six days at 37 C with 8% CO2 shaking 125 rpm according to the manufacturer’s protocol (Thermo Fisher); ExpiFectamine
293 Transfection Enhancers 1 and 2 were added 16 to 18 h post-transfection to boost transfection, cell viability, and protein expression. Cell cultures were harvested three and six days after transfection. Cells were separated from the medium by centrifugation
(1,100 g for 10 min at 24 C). Collected supernatants were then pooled and clarified by centrifugation (3,000 g for 15 min at 4 C) followed by filtration through a 0.45 mm filter. Chromatography was conducted at room temperature using the ÄKTA go purification system from GE Healthcare Life Sciences. Expressed proteins were purified by using an immobilized metal affinity chromatography (FF
Crude) followed by dialysis into final buffer. Specifically, the filtrated culture supernatant was purified with a 5 mL HisTrap FF Crude
column (GE Healthcare Life Sciences) previously equilibrated in Buffer A (20 mM NaH2PO4, 500 mM NaCl + 30 mM imidazol pH 7.4).
The flow rate for all steps of the HisTrap FF Crude column was 5 mL/min. The culture supernatant of spike and RBD cell culture was
applied to a single 5 mL HisTrap FF Crude column. The column was washed in Buffer A for 4 column volumes (CV) with the all 4 CV
collected as the column wash. Recombinant proteins were eluted from the column applying a first step elution of 4 CV of 50% Buffer
B (20 mM NaH2PO4, 500 mM NaCl + 500 mM imidazol pH 7.4) and a second step elution of 2 CV of 100% Buffer B. Elution steps were
collected in 1 fractions of 1 mL each. Eluted fractions were analyzed by SDS-PAGE and appropriate fractions containing recombinant
proteins were pooled. Final pools were dialyzed against phosphate buffered saline (PBS) pH 7.4 using Slide-A-Lyzer G2 Dialysis
Cassette 3.5K (Thermo Scientific) overnight at 4 C. The dialysis buffer used was at least 200 times the volume of the sample.
The final protein concentration was determined by measuring the A520 using the Pierce BCA protein assay kit (Thermo Scientific).
Final protein was dispensed in aliquots of 0.5 mL each and stored at 80 C.
ELISA assay with S1 and S2 subunits of SARS-CoV-2 S-protein
The presence of S1- and S2-binding antibodies in culture supernatants of monoclonal S-protein-specific memory B cells was assessed by means of an ELISA implemented with the use of a commercial kit (ELISA Starter Accessory Kit, Catalogue No. E101; Bethyl
Laboratories). Briefly, 384-well flat-bottom microtiter plates (384 well plates, Microplate Clear, Greiner Bio-one) were coated with
25 mL/well of antigen (1:1 mix of S1 and S2 subunits, 1 mg/mL each; The Native Antigen Company, Oxford, United Kingdom) diluted
in coating buffer (0.05 M carbonate-bicarbonate solution, pH 9.6), and incubated overnight at 4 C. The plates were then washed three
times with 100 mL/well washing buffer (50 mM Tris Buffered Saline (TBS) pH 8.0, 0.05% Tween-20) and saturated with 50 mL/well
blocking buffer containing Bovine Serum Albumin (BSA) (50 mM TBS pH 8.0, 1% BSA, 0.05% Tween-20) for 1 h (h) at 37 C. After
further washing, samples diluted 1:5 in blocking buffer were added to the plate. Blocking buffer was used as a blank. After an incubation of 1 h at 37 C, plates were washed and incubated with 25 mL/well secondary antibody (horseradish peroxidase (HRP)-conjugated goat anti-human IgG-Fc Fragment polyclonal antibody, diluted 1:10,000 in blocking buffer, Catalogue No. A80-104P; (Bethyl
Laboratories) for 1 h at 37 C. After three washes, 25 mL/well TMB One Component HRP Microwell Substrate (Bethyl Laboratories)
was added and incubated 10–15 min at RT in the dark. Color development was terminated by addition of 25 mL/well 0.2 M
H2SO4. Absorbance was measured at 450 nm in a Varioskan Lux microplate reader (Thermo Fisher Scientific). Plasma from
COVID-19 convalescent donors (Andreano et al., 2020) and unrelated plasma were used as positive and negative control respectively. The threshold for sample positivity was set at twice the optical density (OD) of the blank.
ELISA assay with SARS-CoV-2 S-protein prefusion trimer and S1 – S2 subunits
ELISA assay was used to detect SARS-CoV-2 S-protein specific mAbs and to screen plasma from SARS-CoV-2 convalescent donors. 384-well plates (384 well plates, microplate clear; Greiner Bio-one) were coated with 3 mg/mL of streptavidin (Thermo Fisher)
diluted in coating buffer (0.05 M carbonate-bicarbonate solution, pH 9.6) and incubated at RT overnight. Plates were then coated with
SARS-CoV-2 S-protein, S1 or S2 domains at 3 mg/mL and incubated for 1 h at RT. 50 mL/well of saturation buffer (PBS/BSA 1%) was
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used to saturate unspecific binding and plates were incubated at 37 C for 1 h without CO2. For the first round of screening, supernatants were diluted 1:5 in PBS/BSA 1%/Tween20 0.05% in 25 mL/well final volume and incubated for 1 h at 37 C without CO2. For
purified antibodies, and to assess EC50, mAbs were tested at a starting concentration of 5 mg/mL and diluted step 1:2 in PBS/BSA
1%/Tween20 0.05% in 25 mL/well final volume for 1 h at 37 C without CO2. 25 mL/well of alkaline phosphatase-conjugated goat antihuman IgG (Sigma-Aldrich) and IgA (Southern Biotech) were used as secondary antibodies. Wells were washed three times between
each step with PBS/BSA 1%/Tween20 0.05%. pNPP (p-nitrophenyl phosphate) (Sigma-Aldrich) was used as soluble substrate to
detect SARS-CoV-2 S-protein, S1 or S2 specific mAbs and the final reaction was measured by using the Varioskan Lux Reader
(Thermo Fisher Scientific) at a wavelength of 405 nm. Plasma from COVID-19 convalescent donors (Andreano et al., 2020) and unrelated plasma were used as positive and negative control respectively. Samples were considered as positive if OD at 405 nm (OD405)
was twice the blank.
SARS-CoV-2 virus and cell infection
African green monkey kidney cell line Vero E6 cells (American Type Culture Collection [ATCC] #CRL-1586) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) - high glucose (Euroclone, Pero, Italy) supplemented with 2 mM L- Glutamine (Lonza,
Milano, Italy), penicillin (100 U/mL) - streptomycin (100 mg/mL) mixture (Lonza, Milano, Italy) and 10% Foetal Bovine Serum (FBS)
(Euroclone, Pero, Italy). Cells were maintained at 37 C, in a 5% CO2 humidified environment and passaged every 3-4 days.
Wild type SARS-CoV-2 (SARS-CoV-2/INMI1-Isolate/2020/Italy: MT066156), D614G (SARS-CoV-2/human/ITA/INMI4/2020, clade
GR, D614G (S): MT527178) and B.1.1.7 (INMI-118 GISAID accession number EPI_ISL_736997) viruses were purchased from the
European Virus Archive goes Global (EVAg, Spallanzani Institute, Rome)or received from the Spallanzani Institute, Rome. For virus
propagation, sub-confluent Vero E6 cell monolayers were prepared in T175 flasks (Sarstedt) containing supplemented D-MEM high
glucose medium. For titration and neutralization tests of SARS-CoV-2, Vero E6 were seeded in 96-well plates (Sarstedt) at a density of
1.5 3 104 cells/well the day before the assay.
Neutralization of Binding (NoB) Assay
To study the binding of the SARS-CoV-2 S-protein to cell-surface receptor(s) we developed an assay to assess recombinant S-protein specific binding to target cells and neutralization thereof. To this aim the stabilized S-protein was coupled to Streptavidin-PE
(eBioscience # 12-4317-87, Thermo Fisher) for 1 h at RT and then incubated with Vero E6 cells. Binding was assessed by flow cytometry. The stabilized S-protein bound Vero E6 cells with high affinity (data not shown). To assess the content of neutralizing antibodies in sera or in B cell culture supernatants, two microliters of SARS-CoV-2 Spike-Streptavidin-PE at 5 - 10 mg/mL in PBS-5%FCS
were mixed with two microliters of various dilutions of sera or B cell culture supernatants in U bottom 96-well plates. After incubation
at 37 C for 1 h, 30 3 103 Vero E6 cells suspended in two microliters of PBS 5% FCS were added and incubated for additional 45 min
at 4 C. Non-bound protein and antibodies were removed and cell-bound PE-fluorescence was analyzed with a FACS Canto II flow
cytometer (Becton Dickinson). Data were analyzed using the FlowJo data analysis software package (TreeStar, USA). The specific
neutralization was calculated as follows: NoB (%) = 1 – (Sample MFI value – background MFI value) / (Negative Control MFI value –
background MFI value). Plasma from COVID-19 convalescent donors (Andreano et al., 2020) and unrelated plasma were used as
positive and negative control respectively.
Single cell RT-PCR and Ig gene amplification
From the original 384-well sorting plate, 5 mL of cell lysate was used to perform RT-PCR. Total RNA from single cells was reverse
transcribed in 25 mL of reaction volume composed by 1 mL of random hexamer primers (50 ng/mL), 1 mL of dNTP-Mix (10 mM),
2 mL 0.1 M DTT, 40 U/mL RNase OUT, MgCl2 (25 mM), 5x FS buffer and Superscript IV reverse transcriptase (Invitrogen). Final volume
was reached by adding nuclease-free water (DEPC). Reverse transcription (RT) reaction was performed at 42 C/10’, 25 C/10’, 50 C/
60’ and 94 /5¿. Heavy (VH) and light (VL) chain amplicons were obtained via two rounds of PCR. All PCR reactions were performed in
a nuclease-free water (DEPC) in a total volume of 25 mL/well. Briefly, 4 mL of cDNA were used for the first round of PCR (PCRI). PCRImaster mix contained 10 mM of VH and 10 mM VL primer-mix, 10mM dNTP mix, 0.125 mL of Kapa Long Range Polymerase (Sigma),
1.5 mL MgCl2 and 5 mL of 5x Kapa Long Range Buffer. PCRI reaction was performed at 95 /3¿, 5 cycles at 95 C/30’’, 57 C/30’’, 72 C/
30’’ and 30 cycles at 95 C/30’’, 60 C/30’’, 72 C/30’’ and a final extension of 72 /2’. All nested PCR reactions (PCRII) were performed
using 3.5 mL of unpurified PCRI product using the same cycle conditions. PCRII products were then purified by Millipore
MultiScreen PCRm96 plate according to manufacture instructions. Samples were eluted with 30 mL nuclease-free water (DEPC)
into 96-well plates and quantify by.
Cloning of variable region genes and recombinant antibody expression in transcriptionally active PCR
Vector digestions were carried out with the respective restriction enzymes AgeI, SalI and Xho as previously described (Tiller et al.,
2008, Wardemann and Busse, 2019). Briefly, 75 ng of IgH, Igl and Igk purified PCRII products were ligated by using the Gibson
Assembly NEB into 25 ng of respective human Igg1, Igk and Igl expression vectors. The reaction was performed into 5 mL of total
volume. Ligation product was 10-fold diluted in nuclease-free water (DEPC) and used as template for transcriptionally active PCR
(TAP) reaction which allowed the direct use of linear DNA fragments for in vitro expression. The entire process consists of one
PCR amplification step, using primers to attach functional promoter (human CMV) and terminator sequences (SV40) onto the
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fragment PCRII products. TAP reaction was performed in a total volume of 25 mL using 5 mL of Q5 polymerase (NEB), 5 mL of GC
Enhancer (NEB), 5 mL of 5X buffer,10 mM dNTPs, 0.125 mL of forward/reverse primers and 3 mL of ligation product. TAP reaction
was performed by using the following cycles: 98 /2’, 35 cycles 98 /10’’, 61 /20’’, 72 /1’ and 72 /5¿ as final extention step. TAP products were purified under the same PCRII conditions, quantified by Qubit Fluorometric Quantitation assay (Invitrogen) and used for
transient transfection in Expi293F cell line using manufacturing instructions.
Flask expression and purification of human monoclonal antibodies
Expi293F cells (Thermo Fisher) were transiently transfected with plasmids carrying the antibody heavy chain and the light chains with
a 1:2 ratio. Cells were grown for six days at 37 C with 8% CO2 shaking at 125 rpm according to the manufacturer’s protocol (Thermo
Fisher); ExpiFectamine 293 transfection enhancers 1 and 2 were added 16 to 18 h post-transfection to boost cell viability and protein
expression. Cell cultures were harvested three and six days after transfection. Cells were separated from the medium by centrifugation (1,100 g for 10 min at 24 C). Supernatants collected were then pooled and clarified by centrifugation (3000 g for 15 min, 4 C)
followed by filtration through a 0.45 mm filter. Chromatography was conducted at room temperature using the ÄKTA go purification
system from GE Healthcare Life Sciences. Affinity chromatography was used to purify expressed monoclonal antibodies using an
immobilized protein G column able to bind to Fc region. Specifically, filtrated culture supernatants were purified with a 1 mL HiTrap
Protein G HP column (GE Healthcare Life Sciences) previously equilibrated in Buffer A (0.02 M NaH2PO4 pH 7). The flow rate for all
steps of the HiTrap Protein G HP column was 1 mL/min. The culture supernatant for every monoclonal antibody cell culture was
applied to a single 1 mL HiTrap Protein G HP column. The column was equilibrated in Buffer A for at least 6 column volumes (CV)
which was collected as column wash. Each monoclonal antibody was eluted from the column applying a step elution of 6 CV of Buffer
B (0.1 M glycine-HCl, pH 2.7). Elution steps were collected in 1 fractions of 1 mL each. Eluted fractions were analyzed by nonreducing SDS-PAGE and fractions showing the presence of IgG were pooled together. Final pools was dialyzed in PBS buffer pH
7.4 using Slide-A-Lyzer G2 Dialysis Cassette 3.5K (Thermo Scientific) overnight at 4 C. The dialysis buffer used was at least 200 times
the volume of the sample. For each antibody purified the concentration was determined by measuring the A520 using Pierce BCA
Protein Assay Kit (Thermo Scientific). All the purified antibodies were aliquoted and stored at 80 C.
Viral propagation and titration
The SARS-CoV-2 virus was propagated in Vero E6 cells cultured in DMEM high Glucose supplemented with 2% FBS, 100 U/mL
penicillin, 100 mg/mL streptomycin. Cells were seeded at a density of 1x106 cells/mL in T175 flasks and incubated at 37 C, 5%
CO2 for 18 - 20 h. The sub-confluent cell monolayer was then washed twice with sterile Dulbecco’s PBS (DPBS). Cells were inoculated with 3,5 mL of the virus properly diluted in DMEM 2% FBS at a multiplicity of infection (MOI) of 0.001, and incubated for 1 h
at 37 C in a humidified environment with 5% CO2. At the end of the incubation, 50 mL of DMEM 2% FBS were added to the flasks.
The infected cultures were incubated at 37 C, 5% CO2 and monitored daily until approximately 80%–90% of the cells exhibited
cytopathic effect (CPE). Culture supernatants were then collected, centrifuged at 4 C at 1,600 rpm for 8 min to allow removal of
cell debris, aliquoted and stored at 80 C as the harvested viral stock. Viral titers were determined in confluent monolayers of
Vero E6 cells seeded in 96-well plates using a 50% tissue culture infectious dose assay (TCID50). Cells were infected with serial
1:10 dilutions (from 101 to 1011) of the virus and incubated at 37 C, in a humidified atmosphere with 5% CO2. Plates were monitored daily for the presence of SARS-CoV-2 induced CPE for 4 days using an inverted optical microscope. The virus titer was
estimated according to Spearman-Karber formula (Kundi, 1999) and defined as the reciprocal of the highest viral dilution leading
to at least 50% CPE in inoculated wells.
SARS-CoV-2 authentic virus neutralization assay
All SARS-CoV-2 authentic virus neutralization assays were performed in the biosafety level 3 (BSL3) laboratories at Toscana Life
Sciences in Siena (Italy) and Vismederi Srl, Siena (Italy). BSL3 laboratories are approved by a Certified Biosafety Professional and
are inspected every year by local authorities. The neutralization activity of culture supernatants from monoclonal was evaluated
using a CPE-based assay as previously described (Manenti et al., 2020). S-protein-specific memory B cells produced antibodies
were initially evaluated by means of a qualitative live-virus based neutralization assay against a one-point dilution of the samples.
Supernatants were mixed in a 1:3 ratio with a SARS-CoV-2 viral solution containing 25 TCID50 of virus (final volume: 30 mL). After
1 h incubation at 37 C, 5% CO2, 25 mL of each virus-supernatant mixture was added to the wells of a 96-well plate containing a
sub-confluent Vero E6 cell monolayer. Following a 2 h incubation at 37 C, the virus-serum mixture was removed and 100 ml of
DMEM 2% FBS were added to each well. Plates were incubated for 3 days at 37 C in a humidified environment with 5% CO2,
then examined for CPE by means of an inverted optical microscope. Absence or presence of CPE was defined by comparison
of each well with the positive control (plasma sample showing high neutralizing activity of SARS-CoV-2 in infected Vero E6 cells
(Andreano et al., 2020) and negative control (human serum sample negative for SARS-CoV-2 in ELISA and neutralization assays).
Following expression as full-length IgG1 recombinant antibodies were quantitatively tested for their neutralization potency against
both the wild type, D614G variant and the B.1.1.7 emerging variants. The assay was performed as previously described but using
a viral titer of 100 TCID50. Antibodies were prepared at a starting concentration of 20 mg/mL and diluted step 1:2. Technical triplicates were performed for each experiment.
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Production and titration of SARS-CoV-2 pseudotyped lentiviral reporter particles
Pseudotype stocks were prepared by FuGENE-HD (Promega) co-transfection of HEK293T/17 with SARS-CoV-2 spike pcDNA3.1 +
expression plasmid, HIV gag-pol p8.91 plasmid and firefly luciferase expressing plasmid pCSFLW in a 1:0.8:1.2 ratio. 2 3 106 cells/
cm2 were plated 24 h prior to transfection in 10cm cell culture dishes. 48 and 72 h post transfection, pseudotype-containing culture
medium was harvested and filtered thought a 0.45um syringe filter to clear cell debris. Aliquots were stored at 80 C. Titration assays
were performed by transduction of HEK293T/17 cells pre-transfected with ACE2 and TMPRRS2 plasmids to calculate the viral titer
and infectious dose (PV input) for neutralization assays. SARS-CoV-2 D614G pseudotype was produced using the same procedure
as described above. SARS-1 pseudotype was produced in a 1:0.5:0.8 ratio. MERS-pseudotype was produced as previously
described (Grehan et al., 2015).
SARS-CoV-2 pseudotyped lentivirus neutralization assay
The potency of the neutralizing mAbs was assessed using lentiviral particles expressing SARS-CoV-2 spike protein on their surface
and containing firefly luciferase as marker gene for detection of infection. Briefly, 2 3 106 HEK293T cells were pre-transfected in a
10 cm dish the day before the neutralization assay with ACE2 and TMPRSS2 plasmids in order to be used as optimal target cells for
SARS-CoV-2 PV entry. In a 96-well plate mAbs were 2-fold serially diluted in duplicate in culture medium (DMEM supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin) starting at 20 mg/mL in a total volume of 100 mL. 1x106 RLU of SARS-CoV-2
pseudotyped lentiviral particles were added to each well and incubated at 37 C for 1 h. Each plate included PV plus cell only (virus
control) and cells only (background control). 1 3 104 pre-transfected HEK293T cells suspended in 50 mL complete media were added
per well and incubated for 48 h at 37 C and 5% CO2. Firefly luciferase activity (luminescence) was measured using the Bright-Glo
assay system with a GloMax luminometer (Promega, UK). The raw Relative Luminescence Unit (RLU) data points were converted to a
percentage neutralization value, whereby 100% neutralization equals the mean cell only RLU value control and 0% neutralization
equals the mean PV only RLU value control. The normalized data was then plotted using Prism 8 (GraphPad) on a neutralization percentage scale and a NT50 value calculated, using the non-linear regression analysis. Plasma from COVID-19 convalescent donors
showing neutralization activity against SARS-CoV-2 (Andreano et al., 2020) were also assessed in this assay.
Characterization of SARS-CoV-2 RBD-Antibodies binding by Flow cytometry
Flow cytometry analysis was performed to define antibodies interaction with S-protein-receptor-binding domain (RBD). Briefly, APEX
Antibody Labeling Kits (Invitrogen) was used to conjugate 20 mg of selected antibodies to Alexa fluor 647, according to the manufacturer instructions. To assess the ability of each antibody to bind the RBD domain, 1 mg of magnetic beads (Dynabeads HisTag, Invitrogen) were coated with 70 mg of histidine tagged RBD, and then 20 mg/mL of each labeled antibody were incubated
with 40 mg/mL of beads-bound RBD for 1 h on ice. Then, samples were washed with 200 mL of Phosphate-buffered saline (PBS),
resuspended in 150 mL of PBS and assessed with a FACS Canto II flow cytometer (Becton Dickinson). Results were analyzed by
FlowJo (version 10).
Flow Cytometry-Based S-protein Competition assay
Antibodies specificity to bind SARS-CoV-2 S-protein and their possible competition was analyzed performing a Flow cytometerbased assay. To this aim, 200 mg of stabilized histidine tagged S-protein were coated with 1 mg of magnetic beads (Dynabeads
His-Tag, Invitrogen). 20 mg of each antibody were labeled with Alexa fluor 647 working with the APEX Antibody Labeling Kits (Invitrogen). To test competitive binding profiles of the antibody panel selected, beads-bound S-protein (40 mg/mL) were pre-incubated
with unlabeled antibodies (40 mg/mL) for 1 h on ice. Then, each set of the beads-antibody complexes were washed with PBS and
separately incubated with each labeled antibody (20 mg/mL) for 1 h on ice. After incubation, the mix Beads-antibodies was washed,
resuspended in 150 mL of PBS and analyzed using FACS Canto II flow cytometer (Becton Dickinson). Beads-bound and non-bound
S-protein incubated with labeled antibodies were used as positive and negative control, respectively. Population gating and analysis
was carried out using FlowJo (version 10).
Antigen-specific FcgR binding
Fluorescently coded microspheres were used to profile the ability of selected antibodies to interact with Fc receptors (Boudreau
et al., 2020). The antigen of interest (SARS –CoV-2 S-protein RBD) was covalently coupled to different bead sets via primary amine
conjugation. The beads were incubated with diluted antibody (diluted in PBS), allowing ‘‘on bead’’ affinity purification of antigen-specific antibodies. The bound antibodies were subsequently probed with tetramerized recombinant human FcgR2A and FcRN and
analyzed using Luminex. The data is reported as the median fluorescence intensity of PE for a specific bead channel.
Antibody-dependent neutrophil phagocytosis
Antibody-dependent neutrophil phagocytosis (ADNP) assesses the ability of antibodies to induce the phagocytosis of antigencoated targets by primary neutrophils. The assay was performed as previously described (Karsten et al., 2019, Boudreau et al.,
2020). Briefly, fluorescent streptavidin-conjugated polystyrene beads were coupled to biotinylated SARS-CoV-2 Spike trimer.
Diluted antibody (diluted in PBS) was added, and unbound antibodies were washed away. The antibody:bead complexes are added
to primary neutrophils isolated from healthy blood donors using negative selection (StemCell EasySep Direct Human Neutrophil
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Isolation Kit), and phagocytosis was allowed to proceed for 1 h. The cells were then washed and fixed, and the extent of phagocytosis
was measured by flow cytometry. The data is reported as a phagocytic score, which considers the proportion of effector cells that
phagocytosed and the degree of phagocytosis. Each sample is run in biological duplicate using neutrophils isolated from two distinct
donors. The mAb were tested for ADNP activity at a range of 30 mg/mL to 137.17 ng/mL.
Antibody-dependent NK cell activation
Antibody-dependent NK cell activation (ADNKA) assesses antigen-specific antibody-mediated NK cell activation against proteincoated plates. This assay was performed as previously described (Boudreau et al., 2020). Stabilized SARS-CoV-2 Spike trimer
was used to coat ELISA plates, which were then washed and blocked. Diluted antibody (diluted in PBS) was added to the antigen
coated plates, and unbound antibodies were washed away. NK cells, purified from healthy blood donor leukopaks using commercially available negative selection kits (StemCell EasySep Human NK Cell Isolation Kit) were added, and the levels of IFN-g was
measured after 5 h using flow cytometry. The data is reported as the percent of cells positive for IFN-g. Each sample is tested
with at least two different NK cell donors, with all samples tested with each donor. The monoclonal antibodies were tested for ADNKA
activity at a range of 20 mg/mL to 9.1449 ng/mL.
Affinity evaluation of SARS-CoV-2 neutralizing antibodies
Anti-Human IgG Polyclonal Antibody (Southern Biotech 2040-01) was immobilized via amine group on two flow cells of a CM5 sensor
chip. For the immobilization, anti-human IgG Ab diluted in 10mM Na acetate pH 5.0 at the concentration of 25 mg/mL was injected for
360 s over the dextran matrix, which had been previously activated with a mixture of 0.1M 1-ethyl-3(3-dimethylaminopropyl)-carbodiimide (EDC) and 0.4 M N-hydroxyl succinimide (NHS) for 420 s. After injection of the antibody, Ethanolamine 1M was injected to
neutralize activated group. 10 mL/min flow rate was used during the whole procedure. Anti-SPIKE protein human mAbs were diluted
in HBS-EP+ (HEPES 10 mM, NaCl 150 mM, EDTA 3.4 mM, 0.05% p20, pH 7.4) and injected for 120 s at 10 mL/min flow rate over one
of the two flow cells containing the immobilized Anti-Human IgG Antibody, while running buffer (HBS-EP+) was injected over the other
flow cell to be taken as blank. Dilution of each mAb was adjusted in order to have comparable levels of RU for each capture mAb.
Following the capture of each mAb by the immobilized anti-human IgG antibody, different concentrations of SPIKE protein (20 mg/mL,
10 mg/mL, 5 mg/mL, 2.5 mg/mL and 1 mg/mL in HBS-EP+) were injected over both the blank flow cell and the flow cell containing the
captured mAb for 180 s at a flow rate of 80 mL/min. Dissociation was followed for 800 s, regeneration was achieved with a pulse (60 s)
of Glycine pH 1.5. Kinetic rates and affinity constant of SPIKE protein binding to each mAb were calculated applying a 1:1 binding as
fitting model using the Bia T200 evaluation software 3.1.
Autoreactivity screening test on HEp-2 Cells
The NOVA Lite HEp-2 ANA Kit (Inova Diagnostics) was used in accordance to the manufacturer’s instructions to test antibodies the
autoreactivity of selected antibodies which were tested at a concentration of 100 mg/mL. Kit positive and negative controls were used
at three different dilutions (1:1, 1:10 and 1:100). Images were acquired using a DMI3000 B microscope (Leica) and an exposure time
of 300 ms, channel intensity of 2000 and a gamma of 2.
Genetic Analyses of SARS-CoV-2 S-protein specific nAbs
A custom pipeline was developed for the analyses of antibody sequences and the characterization of the immunoglobulin genes.
Raw sequences were stored as ab1 file and transformed into fastaq using Biopython. The reads were then quality checked using
FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and a report was generated using MultiQC (https://multiqc.
info/). The antibody leader sequence and the terminal part of the constant region were removed by trimming using Trimmomatic
(http://www.usadellab.org/cms/?page=trimmomatic). This latter program was also used to scan and remove low-quality reads using
a sliding-window parameter. Once sequences were recovered, germline gene assignment and annotation were perfromed with
MiXCR (https://mixcr.readthedocs.io/en/master/index.html), using the single-read alignment parameters, and a CSV-formatted
output was generated. Finally, the sequences retrieved from the antibodies described in this manuscript were compared to published
neutralizing antibodies against SARS-CoV-2. For this purpose, the Coronavirus Antibody Database, CoV-AbDab (http://opig.stats.
ox.ac.uk/webapps/covabdab/) was downloaded and the antibodies with reported neutralization activity against SARS-CoV-2 were
extracted. Comparison analysis were performed in Python using NumPy (https://numpy.org/) and, Pandas (https://pandas.pydata.
org/) while figures were produced using the Matplotlib tool (https://matplotlib.org/) and Seaborn (https://seaborn.pydata.org/).
Negative-stain electron microscopy
Complexes were formed by incubating SARS-2 CoV-GSAS-6P-Mut7 and respective fabs at a 1:3 (trimer to fab) molar ratio for 30 min
at room temperature. After diluting to 0.03 mg/mL in 1X TBS pH 7.4, the samples were deposited on plasma-cleaned copper mesh
grids and stained with 2% uranyl formate for 55 s. Automated data collection was made possible through the Leginon software (Suloway et al., 2005) and a FEI Tecnai Spirit (120keV, 56,000x mag) paired with a FEI Eagle (4k by 4k) CCD camera. Other details include a
defocus value of 1.5 mm, a pixel size of 2.06 Å per pixel, and a dose of 25 e/Å2. Raw micrographs were stored in the Appion
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database (Lander et al., 2009), particles were picked with DoGPicker (Voss et al., 2009), and 2D and 3D classification and refinements
were performed in RELION 3.0 (Scheres, 2012). Map segmentation and model docking was done in UCSF Chimera (Pettersen
et al., 2004).
Prophylactic and therapeutic passive transfer studies in golden Syrian hamsters
Six- to eight-month-old female Syrian hamsters were purchased from Charles River Laboratories and housed in microisolator units,
allowed free access to food and water and cared for under U.S. Department of Agriculture (USDA) guidelines for laboratory animals.
For the passive transfer prophylactic experiments, the day prior to SARS-CoV-2 infection six hamsters per group were intraperitoneally administered with 500 mL of a 4, 1 or 0.25 mg/kg dose of J08-MUT mAb. For the passive transfer therapeutic experiments, the
day after SARS-CoV-2 infection six hamsters per group were intraperitoneally administered with 500 mL of a 4 mg/kg dose of J08MUT mAb. Another two groups (n = 6/each) were administered with 500 mL of 4 mg/kg of the anti-influenza virus #1664 human mAb
(manuscript in preparation) or PBS only to serve as human IgG1 isotype and mock control groups, respectively. The day after, hamsters were anesthetized using 5% isoflurane, and inoculated with 5 3 105 PFU of SARS-CoV-2 (2019-nCoV/USA-WA1/2020) via the
intranasal route, in a final volume of 100 mL. Baseline body weights were measured before infection as well as monitored daily for 7
and 11 days post infection in the prophylactic and therapeutic studies respectively. All experiments with the hamsters were performed in accordance with the NRC Guide for Care and Use of Laboratory Animals, the Animal Welfare act, and the CDC/NIH
Biosafety and Microbiological and Biomedical Laboratories as well as the guidelines set by the Institutional Animal Care and Use
Committee (IACUC) of the University of Georgia who also approved the animal experimental protocol. All animal studies infection
with SARS-CoV-2 were conducted in the Animal Health Research Center (AHRC) Biosafety Level 3 (BSL-3) laboratories of the University of Georgia.
Determination of viral load by TCID50 assay
Lung tissues were homogenized in 1 mL of DMEM containing 1% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The lung
homogenate supernatant was diluted 10-fold (10 to 106) and used to determine median tissue culture infection dose (TCID50) in Vero
E6 cells as previously described (Jang and Ross, 2020).
Human IgG detection in hamster sera
ELISA assay was used to detect the human IgG J08-MUT in hamster sera. 384-well plates (384 well plates, Microplate Clear; Greiner
Bio-one) were coated with 2 mg/mL of unlabled goat anti-human IgG (SouthernBiotech) diluted in sterile PBS and incubated at 4 C
overnight. 50 mL/well of saturation buffer (PBS/BSA 1%) was used to saturate unspecific binding and plates were incubated at 37 C
for 1 h without CO2. Hamster sera were diluted in PBS/BSA 1%/Tween20 0.05% at a starting dilution of 1:10. Fourteen reciprocal
dilutions were performed. Alkaline phosphatase-conjugated goat anti-human IgG (Sigma-Aldrich) was used as secondary antibody
and pNPP (p-nitrophenyl phosphate) (Sigma-Aldrich) was used as soluble substrate. Wells were washed three times between each
step with PBS/BSA 1%/Tween20 0.05%. The final reaction was measured by using the Varioskan Lux Reader (Thermo Fisher Scientific) at a wavelength of 405 nm. Samples were considered as positive if OD at 405 nm (OD405) was twice the blank.
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Supplemental figures

Figure S1. Gating strategy for single-cell sorting and monoclonal antibodies screening for S protein S1 + S2 subunits binding and
neutralization of binding (NoB) activity, related to Figure 2
(A) Starting from top left to the right panel, the gating strategy shows: Live/Dead; Morphology; CD19+ B cells; CD19+CD27+IgD-; CD19+CD27+IgD-IgM-;
CD19+CD27+IgD-IgM-S-protein+ B cells.
(B) The graph shows supernatants tested for binding to the SARS-CoV-2 S-protein S1 + S2 subunits. Threshold of positivity has been set as two times the value of
the blank (dotted line). Darker dots represent mAbs which bind to the S1 + S2 while light yellow dots represent mAbs which do not bind. (B) The graph shows
supernatants tested by NoB assay. Threshold of positivity has been set as 50% of binding neutralization (dotted line). Dark blue dots represent mAbs able to
neutralize the binding between SARS-CoV-2 and receptors on Vero E6 cells, while light blue dots represent non-neutralizing mAbs.
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Figure S2. Characterization and distribution of SARS-CoV-2 S protein-specific nAbs, related to Figure 2
(A) The bar graph shows the distribution of nAbs binding to different S-protein domains. In dark red, light blue and gray are shown antibodies binding to the S1domain, S2-domain and S-protein trimer respectively. The total number (n) of antibodies tested per individual is shown on top of each bar.
(B) The bar graph shows the distribution of nAbs with different neutralization potencies. nAbs were classified as weakly neutralizing (> 500 ng/mL; pale orange),
medium neutralizing (100 – 500 ng/mL; orange), highly neutralizing (10 – 100 ng/mL; dark orange) and extremely neutralizing (1 – 10 ng/mL; dark red). The total
number (n) of antibodies tested per individual is shown on top of each bar.
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Figure S3. Binding to S protein receptor binding domain (RBD) and NoB activity of S1-RBD antibodies, related to Figure 3
(A) Histograms show the ability of selected antibodies to bind the S-protein RBD. Gray histograms represent the negative control while colored histograms show
tested antibodies. Percentage of positive and negative populations are denoted on each graph.
(B) Neutralization of binding (NoB) curves for S1-RBD specific antibodies are shown as percentage of reduction of signal emitted by a fluorescently labled Sprotein incubated with Vero E6 cells. Mean ± SD of technical duplicates are shown. Dashed lines represent the threshold of positivity; A neutralizing COVID-19
convalescent plasma and an unrelated plasma were used as positive and negative control, respectively.
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Figure S4. Binding kinetics of SARS-CoV-2 nAbs to the S protein antigen, related to Figure 3
Representative binding curves of selected antibodies to SARS-CoV-2 S-protein trimer. Different curve colors define the spike concentration used in the
experiment. Kon, Koff and KD are denoted on each graph.
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Figure S5. Neutralization activity of selected nAbs against SARS-CoV-2, SARS-CoV, and MERS-CoV pseudotypes, related to Figure 3
(A–D) Graphs show the neutralizing activities of 14 selected nAbs with different SARS-CoV-2 S-protein binding profiles against SARS-CoV-2, SARS-CoV-2
D614G, SARS-CoV and MERS-CoV pseudotypes respectively. Dashed lines represent the threshold of positivity. Mean ± SD of technical duplicates are shown.
In all graphs selected antibodies are shown in dark red, pink, gray and light blue based on their ability to recognize the SARS-CoV-2 S1-RBD, S1-domain, Sprotein trimer only and S2-domain respectively.
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Figure S6. Characterization of Fc-engineered candidate nAbs, related to Figure 7
(A) the graph shows binding curves of J08, I14 and F05 MUT and WT to the FcgR2A.
(B and C) graphs show binding curves of J08, I14 and F05 MUT and WT to the FcRn at pH 6.2 (B) and 7.4 (C).
(D and E) Graphs show the ADNP and ADNK induced by J08, I14 and F05 MUT and WT versions; all the experiments were run as technical duplicates. In every
experiment a control antibody (CR3022) and an unrelated protein were used as positive and negative control respectively.
(F–H) Graphs show binding curves to the S-protein in its trimeric conformation, S1-domain and S2-domain. Mean of technical triplicates are shown.
(I–K) Neutralization curves against the authentic SARS-CoV-2 wild type, the D614G variant and the B.1.1.7 emerging variant for J08-MUT, I14-MUT and F05-MUT
shown in blue, green and red respectively. Data are representative of technical triplicates.
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Figure S7. Autoreactivity assessment of selected SARS-CoV-2 candidate nAbs, related to Figure 7
(A) Schematic representation of the indirect immunofluorescent assay for the screening of autoreactive nAb.
(B) Single figures show the fluorescent signal detected per each sample tested in this assay. Positive and negative controls were used at three different dilutions
(1:1, 1:10 and 1:100). Three candidate nAbs were incubated on HEp-2 cells at a concentration of 100 mg/mL. Representative pictures of the scoring system are
shown. Autoreactive samples are highlighted in pink. 250 nm scale bar is shown.
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A newly identified coronavirus, named SARS-CoV-2, emerged in December 2019 in Hubei Province, China, and
quickly spread throughout the world; so far, it has caused more than 49.7 million cases of disease and 1,2 million
deaths. The diagnosis of SARS-CoV-2 infection is currently based on the detection of viral RNA in nasopharyngeal
swabs by means of molecular-based assays, such as real-time RT-PCR. Furthermore, serological assays detecting
different classes of antibodies constitute an excellent surveillance strategy for gathering information on the
humoral immune response to infection and the spread of the virus through the population. In addition, it can
contribute to evaluate the immunogenicity of novel future vaccines and medicines for the treatment and prevention of COVID-19 disease.
The aim of this study was to determine SARS-CoV-2-specific antibodies in human serum samples by means of
different commercial and in-house ELISA kits, in order to evaluate and compare their results first with one
another and then with those yielded by functional assays using wild-type virus. It is important to identify the
level of SARS-CoV-2-specific IgM, IgG and IgA antibodies in order to predict human population immunity,
possible cross-reactivity with other coronaviruses and to identify potentially infectious subjects.
In addition, in a small sub-group of samples, a subtyping IgG ELISA has been performed. Our findings showed
a notable statistical correlation between the neutralization titers and the IgG, IgM and IgA ELISA responses
against the receptor-binding domain of the spike protein. Thus confirming that antibodies against this portion of
the virus spike protein are highly neutralizing and that the ELISA Receptor-Binding Domain-based assay can be
used as a valid surrogate for the neutralization assay in laboratories that do not have biosecurity level-3 facilities.

1. Introduction
Coronaviruses (CoVs) are enveloped, positive single-stranded RNA
viruses belonging to the Coronaviridae subfamily. The Coronavirus
subfamily comprises 4 Genera: Alpha-coronavirus which contains the
human coronavirus (HCoV)-229E and HCoV-NL63; Beta-coronavirus
which includes HCoV-OC43, Severe Acute Respiratory Syndrome human
coronavirus (SARS-CoV-1), Middle Eastern respiratory syndrome coronavirus (MERS-CoV) and the newly emerged Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2).
Several members of this family, such as HCoV OC43, NL63 and 229E,
cause mild common colds every year in the human population (Corman

et al., 2019). Three highly pathogenic novel CoVs have appeared in the
last 18 years; SARS-CoV-1 virus emerged in November 2002 in Guangdong province, causing more than 8,000 confirmed cases and 774 deaths
(de Wit et al., 2016; Gorbalenya et al., 2020), MERS-CoV virus was
discovered in June 2012 (Zaki et al., 2012) causing 2494 laboratory
confirmed cases including 858 associated deaths, and SARS-CoV-2 virus
emerged in Wuhan, Hubei province, China, in December 2019; this last
was declared a pandemic on March 11th 2020 by the World Health
Organization (WHO). The global impact of the SARS-CoV-2 outbreak,
with over 49,7 million COVID-19 cases and 1,2 million deaths reported
to WHO (as of 10th November 2020) (WHO, n.d.-a), is unprecedented.
Several data have confirmed that the infection initially arose from
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contact with animals in the Wuhan seafood market. Subsequently,
human-to-human transmission occurred, leading to a very high rate of
laboratory-confirmed infections in China (Chan et al., 2020; WHO,
2020). Precise diagnosis of Coronavirus disease (COVID-19) is essential
in order to promptly identify infected individuals, to limit the spread of
the virus and to allow those who have been infected to be treated in the
early phases of the infection. To date, real-time polymerase chain reaction (RT-PCR) is the most widely employed method of diagnosing
COVID-19. However, rapid, large-scale testing has been prevented by
the high volume of demand and the shortage of the materials needed for
mucosal sampling (Zou et al., 2020). Standardized serological assays
able to measure antibody responses may help to overcome these issues
and may support a significant number of relevant applications. Indeed,
serological assays are the basis on which to establish the rate of infection
(severe, mild and asymptomatic) in a given area, to calculate the percentage of the population susceptible to the virus and to determine the
fatality rate of the disease. It has been demonstrated in a non-human
primate model (Bao et al., 2020) that, once the antibody response has
been established, re-infection and, consequently, viral shedding, is unlikely. Furthermore, serological assays can help to identify subjects with
strong antibody responses, who could serve as donors for the generation
of monoclonal antibody therapeutics (Andreano et al., 2020).
The spike glycoprotein (S-protein), a large transmembrane homotrimer of approximately 140 kDa, has a pivotal role in viral pathogenesis, mediating binding to target cells through the interaction between
its receptor-binding domain (RBD) (Wrapp et al., 2020) and the human
angiotensin converting enzyme 2 (ACE2) receptor. The S-protein has
been found to be highly immunogenic, and the RBD is possibly considered the main target in the effort to elicit potent neutralizing antibodies
(Tay et al., 2020; Berry et al., 2010). Two subunits constitutes the Sprotein: S1, which mediates attachment, and the S2, which mediates
membrane fusion. The CoV S-protein is a class I fusion protein, and
protease cleavage is required for activation of the fusion process (Ou
et al., 2016).
To date, the complexity of the systemic immunoglobulin G (IgG)
together with IgG subclasses and IgM and IgA, in terms of responses
against SARS-CoV-2, have not been elucidated yet. Moreover, data
comparing the differences between these responses and the neutralizing
responses detected by functional assays such as Micro-Neutralization
test (MN), are still not well defined.
Undoubtedly, it is well recognized that the IgG levels have a crucial
role for protection from viral disease (Murin et al., 2019). In humans, the
four IgG subclasses (IgG1, IgG2, IgG3, IgG4) differ in function
(Schroeder and Cavacini, 2010) and IgG1 and IgG3 play a key role in
many fundamental immunological functions, including virus neutralization, opsonization and complement fixation (Frasca et al., 2013).
Therefore, we conducted a comparative study for two purposes: the first
aim was to investigate the sensitivity and specificity, in terms of
detection, of different ELISA kits compared with MN results; the second
objective was to investigate the difference relatively to the spike-RBDspecific IgG, IgM and IgA antibody responses in human serum samples.

19) human monoclonal antibody (eEnzyme, Gaithersburg, USA) were
used as positive controls in ELISA. Human serum minus (IgA/IgM/IgG)
(Cod. S5393, Sigma, St. Louis, USA) was also used as a negative control
in MN assay and ELISA.
Three human serum samples containing heterologous neutralizing
antibodies, provided by NIBSC (WHO 1st International Standard for
Pertussis antiserum (lot. 06/140); WHO 2nd International Standard for
antibody to influenza H1N1pdm virus (lot. 10/202); WHO 1st International Standard for Diphtheria Antitoxin (lot: 10/262)), plus a panel of
commercial human serum samples (n = 26, provided by BioIVT company (West Sussex, United Kingdom), with confirmed non SARS-CoV-2
virus cross reactivity (positive towards different HCoVs), were used to
verify the specificity of the ELISA test.
2.2. Cell culture
Vero E6 cells, acquired from the American Type Culture Collection
(ATCC - CRL 1586), were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) - High Glucose (Euroclone, Pero, Italy) supplemented
with 2 mM L-Glutamine (Lonza, Milan, Italy), 100 units/mL penicillinstreptomycin mixture (Lonza, Milan, Italy) and 10% of Fetal Bovine
Serum (FBS), at 37 ◦ C, in a 5% CO2 humidified incubator.
VERO E6 cells were seeded in a 96-well plate using D-MEM high
glucose 2% FBS at a density of 1.5 × 106 cells per well, in order to obtain
a 70–80% sub-confluent cell monolayer after 24 h.
2.3. SARS-CoV-2 purified antigen, live virus and titration
Five different purified recombinant S proteins (S1 and RBD domain)
were tested for their ability to detect specific human antibodies: S1SARS-CoV-2 (HEK293) Cod. REC31806-500, (Native Antigen, Oxford,
UK); S1-SARS-CoV-2 (HEK293) Cod. SCV2-S1-150P (eEnzyme, Gaithersburg, MD, USA); S1-SARS-CoV-2 (HEK293) Cod. S1N-C52H3
(ACROBiosystems, Newark, DE, USA); Spike RBD-SARS-CoV-2 (Baculovirus-Insect cells) Cod. 40592-V08B and (HEK293) Cod. 40592-V08H
(Sino Biological, Beijing, China).
SARS CoV-2 - strain 2019-nCov/Italy-INMI1 – wild-type virus was
purchased from the European Virus Archive Global (EVAg, Spallanzani
Institute, Via Portuense, 292, 00148-00153, Rome). The virus was
titrated in Biosecurity Level 3 laboratories (BSL) in serial 1-log dilutions
to obtain a 50% tissue culture infective dose (TCID50) on 96-well culture
plates of VERO E6 cells. The plates have been observed daily for the
presence of cytopathic effect (CPE) by means of an inverted optical
microscope for a total of 4 days. The end-point titers were calculated
according to the Spearman-Karber formula (Kundi, 1999).
2.4. Micro-neutralization assay
The MN assay was performed as previously reported by Manenti
et al. (Manenti et al., 2020). Briefly, 2-fold serial dilutions of heatinactivated serum samples were mixed with an equal volume of viral
solution containing 100 TCID50 of SARS-CoV-2. The serum-virus
mixture was incubated for 1 h at 37 ◦ C in a humidified atmosphere
with 5% CO2. After incubation, 100 μL of the mixture at each dilution
was passed to a 96-well cell plate containing a 70–80% confluent VERO
E6 monolayer. The plates were incubated for 3 days at 37 ◦ C in a humidified atmosphere with 5% CO2. After the incubation time, each well
was inspected by means of an inverted optical microscope to evaluate
the percentage of CPE. The highest serum dilution that protected more
than 50% of cells from CPE was taken as the neutralization titer.

2. Materials and methods
2.1. Serum samples
In March/April 2020, 181 human serum samples were collected by
the laboratory of Molecular Epidemiology of the University of Siena,
Italy. The samples were anonymously collected in compliance with
Italian ethics law.
Three human serum samples from confirmed cases of COVID-19
were kindly provided by Prof. Valentina Bollati from the University of
Milan, Italy. Human IgG1 anti-SARS-CoV-2 Spike (S1) antibody CR3022
(Native Antigen,21 Drydock Avenue, 7th Floor Boston, MA 02210,
USA), Human IgM anti-SARS-CoV-2 Spike (S1) Antibody CR3022
(Native Antigen, Oxford, UK) and anti-Spike RBD (SARS-CoV-2/COVID

2.5. Commercial Enzyme-Linked Immunosorbent Assay (ELISA)
Specific anti-SARS-CoV-2 IgG antibodies were detected by means of
the Euroimmun commercial ELISA kit.
Euroimmun-ELISA plates were coated with recombinant structural
2
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protein (S1 domain) of SARS-CoV-2. The assay provides semiquantitative results by calculating the ratio of the optical density (OD)
of the serum sample over the OD of the calibrator. According to the
manufacturer’s instructions, positive samples have a ratio ≥ 1.1,
borderline samples a ratio between 0.8 and 1.1 and negative samples a
ratio < 0.8.

relationship between the MN and the in-house ELISAs. We defined the
MN as the target variable and recoded its results by assigning the label
“0” to values of 5, and the label “1” otherwise. We implemented an
elastic net (EN) to classify the Micro-neutralization titers (MNT). The EN
is a rather sophisticated generalized linear model (GLM), which addresses the issues caused by multi-collinearity among predictors. We set
the binomial family for the GLM after dichotomizing the variable MNT;
therefore, we followed a logistic-like model approach in the implementation of the EN. The EN produces a selection of the variables based
on a convex penalty function, which is a combination of the ridge
regression and the LASSO (Least Absolute Shrinkage and Selection
Operator) penalties, say l1 and l2 respectively, controlled by the hyperparameter alpha = l2/(l1 + l2). The hyper-parameter, lambda, by
contrast, regulates the level of penalization in the model (Zou and
Hastie, 2005). To improve the generalization capability of the EN, we
trained the model over a randomly selected subset of data (121/181)
and verified its robustness over an independent subset of the residual
data (60/181), which did not enter the model during the training stage.
The cross-validation technique prevented the occurrence of over-fitting
problems in the estimates. On the base of the values of the predictors of
the test set, X, and their estimated EN coefficients, b, we built a score
function, S, as follows:

2.5.1. In-House S1 and RBD Enzyme-Linked Immunosorbent Assay
(ELISA) IgG, IgM and IgA
ELISA plates were coated with 1 μg/mL of purified recombinant
Spike S1 Protein (aa 18–676) (eEnzyme, Gaithersburg, MD, USA) or
with 1 μg/mL Spike-RBD (Arg319-Phe541) (Sino Biological, China),
both expressed and purified from HEK 293 cells. After overnight incubation at +4 ◦ C, coated plates were washed three times with 300 μL/well
of ELISA washing solution containing Tris Buffered Saline (TBS)-0.05%
Tween 20, then blocked for 1 h at 37 ◦ C with a solution of TBS containing 5% of Non-Fat Dry Milk (NFDM; Euroclone, Pero, Italy). Serum
samples were heat-inactivated at 56 ◦ C for 1 h in order to reduce the risk
of the presence of live virus in the sample. Subsequently, 3-fold serial
dilutions, starting from 1:100 in TBS-0.05% Tween 20 5% NFDM, were
performed up to 1:2700. Plates were washed three times, as previously;
then 100 μL of each serial dilution was added to the coated plates by
means of a multichannel pipette and incubated for 1 h at 37 ◦ C. Next,
after the washing step, 100 μL/well of Goat anti-Human IgG-Fc Horse
Radish Peroxidase (HRP)-conjugated antibody or IgM (μ-chain) and IgA
(α- chain) diluted 1:100,000 or 1:100,000 and 1:75,000, respectively,
(Bethyl Laboratories, Montgomery USA) were added. Plates were incubated at 37 ◦ C for 30 min. Following incubation, plates were washed and
100 μL/well of 3,3′ ,5,5′ -Tetramethylbenzidine (TMB) substrate (Bethyl
Laboratories, Montgomery, USA) was added and incubated in the dark
at room temperature for 20 min. The reaction was stopped by adding
100 μL of ELISA stop solution (Bethyl Laboratories, Montgomery, USA)
and read within 20 min at 450 nm. To evaluate the OD a SpectraMax
ELISA plate (Medical Device) reader was used.
A cut-off value was defined as 3 times the average of OD values from
blank wells (background: no addition of analyte). Samples with the ODs
under the cut off value at the first 1:100 dilution were assigned as
negative, samples where the ODs at 1:100 dilution were above the cutoff value were assigned as positive. Borderline samples were defined
where one replicate was under the cut-off and the other was above.

S(X, b) = eX∙b

The probability of a positive MNT assignment for the predicted results was then expressed as:
P(MNT = Positive ) =

S(X, b)
(1 + S(X, b) )

We calculated the performance of the EN in terms of sensitivity, i.e.,
the percentage of positive MNT correctly predicted, and specificity, i.e.,
the percentage of negative MNT correctly predicted, and represented
their related Receiver Operating Characteristic (ROC) curve. The
optimal combination of sensitivity and specificity enabled us to detect
the cut-off in the score function; test samples were classified as positive if
their score was above this cut-off value and as negative if the score was
below it, with the minimum error probability.
3. Results
3.1. Set-up and standardization of in-house ELISAs

2.5.2. In-house RBD Enzyme-Linked Immunosorbent Assay (ELISA) IgG1,
IgG2, IgG3 and IgG4
An indirect ELISA was performed in order to determine the RBDspecific IgG1, IgG2, IgG3 and IgG4 antibody concentration in serum
samples (Manenti et al., 2017). 96-well plates were coated with 1 μg/mL
of purified Spike-RBD (Sino Biologicals). Serum samples were diluted
from 1:50 to 1:400. Mouse anti-human IgG1, IgG2, IgG3 and IgG4 FcHRP (Southern Biotech, USA) secondary antibodies were used at
1:8000 dilution. The cut-off values were established as reported above
(paragraph 1.5.1).

Several purified recombinant S-proteins (S1 and RBD domain) were
tested for their ability to detect specific human antibodies: S1-SARSCoV-2 (HEK293) (from Native Antigen); S1-SARS-CoV-2 (HEK293)
(from eEnzyme); S1-SARS-CoV-2 (HEK293) (from ACROBiosystems);
Spike RBD-SARS-CoV-2 (Baculovirus-Insect cells) and (HEK293) (from
Sino Biological). Each protein was evaluated using three coating concentrations (1, 2 and 3 μg/mL) and four different dilutions of the secondary HRP conjugate anti-human IgG, IgM and IgA antibodies. The
optimal concentration chosen for antigen coating was 1 microgram/mL
while the optimal dilution for the secondary HRP conjugate anti-human
IgG, IgM was 1:100,000 and 1: 75,000 for anti-Human IgA. We also
evaluated the impact of the incubation time of the HRP by incubating
the plates for 1 h or 30 min, and concluded that the best and clearest
signal was always seen after the shortest incubation. To set the assays,
three human serum samples derived from convalescent donors, along
with a pool of MN and ELISA (commercial Kit)-negative human serum
samples, were used as positive and negative controls, respectively. As a
test control, human IgG1 monoclonal antibody (mAb) anti-SARS-CoV-2
spike (S1) (CR3022 Native antigen), human IgM mAb anti-SARS-CoV-2
spike (S1) (CR3022 Absolute antibody) and human IgG1 anti-Spike RBD
(SCV2-RBD eEnzyme) were used. Additionally, several human sera
hyper-immune to various infectious diseases (influenza, diphtheria and
pertussis) were used to assess the specificity of the assay in detecting

2.6. Generation of depleted-IgA serum
ELISA plates were coated with 10 μg/mL of high affinity purified
goat anti-human IgA antibodies (Bethyl Laboratories) than blocked for 1
h at 37 ◦ C. 10 μL of each heat inactivated serum sample (positive for MN
and IgA ELISA) were then seeded in an ELISA coated plate and incubated
for 2 h at 37 ◦ C. After the incubation time the serum samples were
harvested and stored at +4 ◦ C until the MN assay.
2.7. Statistical analysis
Spearman’s rank correlation analysis enabled us to determine
whether, and to what extent, the MN assay was associated with the
ELISAs. A classification analysis gave further insight into the
3
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Table 1
Comparative table showing the results obtained when human sera were tested by different ELISA kits and by micro neutralization test (MN).
ID Sample

Elisa Euroimmun

MNT titer

ELISA_VM_IgG_S1

ELISA_VM_IgG_RBD

ELISA_VM_IgM_S1

ELISA_VM_IgM_RBD

ELISA_VM_IgA_RBD

From 1 to 8
9
10–11
12
13
14
15
16
From 17 to 21
22
From 23 to 31
32
From 33 to 36
37
38–39
40
41
42
43
44–45
46
From 47 TO 49
50
51–52
53
From 54 to 60
61
62
63–64
65
66–67
68
69
From 70 to 72
73
From74 to 76
77
78
79
80
81
From 82 to 91
92
93
94–95
96
97–98
99
From 100 to 107
108
109

Negative
Negative
Negative
Negative
Negative
Borderline
Negative
Negative
Negative
Borderline
Negative
Negative
Negative
Positive
Negative
Positive
Negative
Borderline
Positive
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Borderline
Negative
Positive
Positive
Negative
Borderline
Negative
Positive
Borderline
Borderline
Positive
Borderline
Negative
Positive
Borderline
Negative
Negative
Negative
Positive
Negative
Negative
Negative

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Positive
Positive
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Positive
Positive
Negative
Negative
Negative
Positive
Negative
Negative
Negative

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Positive

Negative
Positive
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Positive
Negative
Negative
Negative
Positive
Negative

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative

110
111
112
113
From 114 to 117
118
119–120
121
From 122 to 127
128
129
130
131–132
133
From 134 to 142
143
from 144 to 146
147
148
149
150
151

Negative
Negative
Negative
Positive
Negative
Negative
Negative
Positive
Negative
Positive
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Negative
Negative
Negative
Positive
Negative
Negative
Negative
Positive
Negative
Positive
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative

Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative

Positive
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative

Positive
Positive
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Negative

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

4
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Table 1 (continued )
ID Sample

Elisa Euroimmun

MNT titer

ELISA_VM_IgG_S1

ELISA_VM_IgG_RBD

ELISA_VM_IgM_S1

ELISA_VM_IgM_RBD

ELISA_VM_IgA_RBD

152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175–176
177
178–179
180–181

Positive
Negative
Negative
Positive
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Borderline
Negative
Negative
Positive
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Positive

5
5
10
1280
10
10
20
20
20
20
20
40
40
40
80
80
80
80
80
160
160
160
320
640
640
640
1280

Positive
Negative
Negative
Positive
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Positive
Negative
Positive
Negative
Positive
Positive
Negative
Positive
Positive
Positive
Positive

Negative
Negative
Negative
Positive
Positive
Negative
Positive
Positive
Negative
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Negative
Negative
Negative
Positive
Negative
Positive
Negative
Negative
Negative
Positive
Positive
Positive
Negative
Negative
Negative
Positive
Negative
Negative
Positive
Negative
Negative
Positive
Positive
Positive
Negative
Positive
Positive

Negative
Negative
Positive
Positive
Negative
Negative
Positive
Positive
Negative
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Negative
Negative
Negative
Positive
Negative
Negative
Positive
Positive
Positive
Negative
Positive
Positive
Negative
Positive
Positive
Negative
Positive
Positive
Positive
Positive
Positive
Negative
Positive
Positive
Positive
Positive
Positive

Fig. 1. The correlation plot associated to the
measured coefficients of Spearman’s rank correlation. The magnitude of the coefficient is represented
by circles and a color gradient: the larger the area of
the circle and the more intense the tone of the color,
the greater the correlation. The direction of the correlation is indicated by the color scale: blue tones for
positive correlations and red tones for negative correlations. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)

only antibodies against SARS-CoV-2 S1 or the RBD protein. Alternative
blocking/diluent solutions containing 1% Bovine Serum Albumin (BSA),
2.5% milk and 5% milk were tested. The specificity of the test increased
significantly on using the 5% milk blocking solution in comparison with
BSA, which occasionally yielded non-specific results and displayed a
generally higher background. Finally, the two proteins that yielded the

best results in terms of sensitivity and specificity were chosen as candidates for the tests: the purified S1-protein (HEK derived) from eEnzyme and the Purified RBD protein (HEK derived) from Sino Biological.
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Interestingly, in 9 MNT-positive samples, we found a complete
absence of S1 signal on using Euroimmun, VM_IgG_S1 and VM_IgM_S1
ELISA kits but, on the other hand, high and detectable IgG and IgM RBDspecific signals.
To confirm the analytical specificity of the in-house RBD of the inhouse RBD-ELISA test, commercial human serum samples with
confirmed non-SARS-COV-2 Coronavirus cross-reactivity (positives towards different HCoVs) were tested and the selectivity of this test to
discriminate between IgG/IgM and IgG only responses in COVID-19
positive samples was evaluated. Among these samples 5 were
confirmed positives for IgG and IgM, while 3 samples were confirmed
IgG positives and IgM negatives. For all the remaining 18 samples,
positives towards different HCoV strains, (from n.9 to n.26) no crossreactivity was confirmed and these panel of sera were tested by Inhouse RBD ELISA (Table 2).

Table 2
Specificity of in House ELISA test for IgG and IgM responses against SARS-CoV-2
RBD.
Sample ID

ELISA In house RBD IgG

ELISA In house RBD IgM

368424 SR1 COVID-19 IgG/IgM
368424 SR1 COVID-19+ IgG/IgM
368424 SR1 COVID-19+ IgG/IgM
368424 SR1 COVID-19+ IgG/IgM
373,647-SR1 COVID-19+ IgG
373647-SR1 COVID-19+ IgG
373647-SR1 COVID-19+ IgG
373647-SR1 COVID-19+ IgG
HMN406906 229Eþ
HMN406954 OC43/229Eþ
HMN406901 OC43/229Eþ
HMN406939 229Eþ
HMN406903 HKU/OC43/229Eþ
HMN406909 HKU/OC43/229Eþ
HMN406913 HKU/OC43/229Eþ
HMN406910 HKU/OC43/229E/
NL63þ
HMN406927 HKU/OC43/229Eþ
HMN406944 OC43/229Eþ
HMN406945 OC43/229Eþ
HMN406919 OC43/229E/
NL63þ
HMN406924 229E/NL63þ
HMN406929 HKU/OC43/229Eþ
HMN406920 HKU/OC43/229E/
NL63þ
HMN406922 HKU/OC43/229Eþ
HMN406933 HKU/OC43/229E/
NL63þ
HMN406938 HKU/OC43/229Eþ

POS
POS
POS
POS
POS
POS
POS
POS
NEG
NEG
NEG
NEG
NEG
NEG
NEG
NEG

POS
POS
POS
POS
POS
NEG
NEG
NEG
NEG
NEG
NEG
NEG
NEG
NEG
NEG
NEG

NEG
NEG
NEG
NEG

NEG
NEG
NEG
NEG

NEG
NEG
NEG

NEG
NEG
NEG

NEG
NEG

NEG
NEG

NEG

NEG

3.3. Classification analysis: elastic net
Over a training set of data, the optimal hyper-parameters estimated
for the Elastic Net (EN) model were lambda = 0.0136 and alpha = 0.76,
which minimized the error of cross-validation (=0.3809). The EN model
selected three significant predictors of the MN results, namely VM-IgGRBD, VM-IgM-RBD, and VM-IgA-RBD; the estimates of their coefficients
were 0.0035, 0.0060 and 0.0013, respectively, while the intercept of the
model was �2.9741. These results were entered into the score function,
whereby we predicted the MNTs. From the ROC curve (Fig. 2A), we
evaluated the performance of the predictions in terms of sensitivity and
specificity. On balancing sensitivity and specificity, we obtained the
optimal cut-off of 0.092, with sensitivity = 85.7% (95% CI = [42.1%–
99.6%]) and specificity = 98.1% (95% CI = [89.9%–99.6%]) (Fig. 2B).
Overall, these findings indicated that the in-house RBD-based ELISA
methods were highly accurate and, particularly, presented the features
of a highly specific diagnostic test when jointly considered.
The samples, which yielded a score below the identified cut-off, were
classified as “negative”, and the remaining samples as “positive”. We
then compared these predictions with the known results of the test-set
(Fig. 2C).
Analysis of the error matrix indicated an overall Accuracy (ACC) of
96.7% (95% CI = [88.5%–99.6%]), and a No Information Rate (NIR) of
88.3% (95% CI = [77.4%–95.2%]). Since the ACC was significantly
higher than the NIR (p = 0.02), we may claim that the model built with
the In-house (VM) RBD-based ELISAs conveyed effective information.
The extremely high value of the odds ratio (OR) = 312.0, (95% CI =
[17.2–5657.7]) revealed the strong association between the MN results
and the model predictions. Specifically, the positive predictions were
312 times more likely to occur in association with positive MNT than the
negative predictions.

3.2. Correlation between ELISAs and Neutralization
Each serum sample was tested by means of in-house ELISA S1 and
RBD-specific IgG, IgM and IgA (VM_IgG_S1, VM_IgG_RBD, VM_IgM_S1,
VM_IgM_RBD, VM_IgA_RBD) and by means of the Euroimmun S1 Commercial ELISA kit, along with the functional MN assay (Table 1). The
distribution of the micro-neutralization titers (MNTs) was strongly
asymmetric, with most of the values (153/181) being equal to 5 (i.e.
negative). The other values observed (from 10 to 1280 in a 2-fold
dilution series) were uniformly distributed. Concerning the ELISA S1,
we performed two different tests: one by means of a commercial
(Euroimmun) kit and the other an in-house ELISA. According to Spearman’s rank correlation coefficients and statistical significance (Tables 3
and 4), we registered the highest agreement between the ELISA
VM_IgG_RBD and MNT, and between the VM_IgA_RBD and MNT, with
coefficients of 0.83 and 0.85, respectively. The lowest correlations were
found for ELISA Euroimmun vs MNT, and for VM_IgG_S1 vs MNT, with
coefficients of 0.49 and 0.45, respectively. As can be seen from the
correlation plot (Fig. 1), the IgA response was closely linked with a
positive MN response. Moreover, on dissecting all the results for each
serum sample (data not shown), we noted that, in those subjects in
whom we registered a high neutralization titer, we always observed a
positive IgA signal.

3.4. IgG subtyping of serum samples
We also evaluated the ELISA IgG subtyping response (IgG1, IgG2,
IgG3, and IgG4) in a small subgroup (14) of MN-positive samples. ELISA
plates were coated with RBD purified antigen. Our results, although
derived from a small group of subjects, are in line with previous findings
by Amanat and colleagues (Amanat et al., 2020). Strong reactivity for

Table 3
Spearman’s rank correlation coefficients.
MNT
EUROIMMUN
VM_IgG_S1
VM_IgG_RBD
VM_IgM_S1
VM_IgM_RBD
VM_IgA_RBD

MNT

EUROIMMUN

VM_IgG_S1

VM_IgG_RBD

VM_IgM_S1

VM_IgM_RBD

VM_IgA_RBD

1.00
0.49
0.45
0.83
0.52
0.73
0.85

0.49
1.00
0.77
0.59
0.50
0.54
0.51

0.45
0.77
1.00
0.59
0.43
0.44
0.53

0.83
0.59
0.59
1.00
0.49
0.73
0.84

0.52
0.50
0.43
0.49
1.00
0.50
0.45

0.73
0.54
0.44
0.73
0.50
1.00
0.69

0.85
0.51
0.53
0.84
0.45
0.69
1.00
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Table 4
Statistical significance of Spearman’s rank correlation coefficients.
MNT
EUROIMMUN
VM_IgG_S1
VM_IgG_RBD
VM_IgM_S1
VM_IgM_RBD
VM_IgA_RBD

MNT

EUROIMMUN

VM_IgG_S1

VM_IgG_RBD

VM_IgM_S1

VM_IgM_RBD

VM_IgA_RBD

0.0E+00
3.8E-07
3.3E-10
8.1E-47
3.5E-14
1.5E-31
7.0E-53

3.8E-07
0.0E+00
2.8E-20
1.9E-10
1.8E-07
1.5E-08
1.3E-07

3.3E-10
2.8E-20
0.0E+00
3.4E-18
2.1E-09
5.8E-10
2.1E-14

8.1E-47
1.9E-10
3.4E-18
0.0E+00
1.5E-12
3.1E-31
2.5E-50

3.5E-14
1.8E-07
2.1E-09
1.5E-12
0.0E+00
5.5E-13
3.1E-10

1.5E-31
1.5E-08
5.8E-10
3.1E-31
5.5E-13
0.0E+00
2.9E-27

7.0E-53
1.3E-07
2.1E-14
2.5E-50
3.1E-10
2.9E-27
0.0E+00

Table 5
Comparative table showing the results obtained when human sera were tested by IgA ELISA kits and by micro neutralization test to assess the contribution of the IgA
antibodies on the neutralizing potency of the serum samples.
ID sample

Elisa
Euroimmun

ELISA_VM_
IgG_S1

ELISA_VM_
IgG_RBD

ELISA_VM_
IgM_S1

ELISA_VM_
IgM_RBD

ELISA_VM_
IgA_RBD

MN Titres before IgA treatment

MN Titres after IgA treatment

158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175–176
177
178–179
180–181

Positive
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Borderline
Negative
Negative
Positive
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Positive
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Positive
Negative
Positive
Negative
Positive
Positive
Negative
Positive
Positive
Positive
Positive

Positive
Positive
Negative
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Negative
Negative
Negative
Positive
Positive
Positive
Negative
Negative
Negative
Positive
Negative
Negative
Positive
Negative
Negative
Positive
Positive
Positive
Negative
Positive
Positive

Positive
Positive
Negative
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Positive
Positive
Positive
Negative
Positive
Positive
Negative
Positive
Positive
Negative
Positive
Positive
Positive
Positive
Positive
Negative
Positive
Positive
Positive
Positive
Positive

20
20
20
n.a.
n.a.
40
n.a.
80
80
80
80
80
80
160
160
160
320
640
640
640
1280

20
20
20
n.a.
n.a.
40
n.a.
40
40
80
80
40
80
160
80
160
80
640
640
320
640

Fig. 2. A) Analysis of the ROC curve referred to the test set proved that the results of the EN model attained high accuracy in predicting the MNT values. Measurement of the area under the curve, AUC = 90.7%, supported this conclusion; B) Summary table of ROC analysis; C) Error matrix.

IgG1 and IgG3 was found in almost all samples, with the IgG3 subclass
showing the highest percentage of detection. Low and very low reactivity was found for IgG4 and IgG3, respectively (Fig. 3).

3.5. IgA antibodies increase the neutralization potency of the serum
Due to the high correlation observed between the IgA ELISA and MN
results we tried to assess the real contribution of the IgA antibodies on
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reliable as possible ELISA tests in order to detect different classes of
immunoglobulins, and b) to broaden the data-set of information on
comparisons between the results of different serological tests, which
could be precious for future evaluation of serological diagnoses and
vaccine assessments (Madore et al., 2010). Specifically, in this study,
ELISA results were always compared with those obtained by the functional assay (MN), which is commonly assumed as a benchmark and the
gold standard.
Since its first isolation and characterization, this new HCoV strain
has been classified, according to the WHO guidelines, as BSL3 pathogen.
This has placed some limits on the implementation of neutralization
tests, as relatively few laboratories have level-3 biocontainment facilities. The ELISAs are a good surrogate for the MN assay in terms of
sensitivity, safety and throughput (Dessy et al., 2008; Gonda et al., 2012;
Ivanov et al., 2019). However, it is very important to evaluate and estimate the best antigen/s to use in these platforms in order to obtain a
reliable and similar response to that of the neutralization test, which
indicates the functional response. This is why we compared all our results with those of the MNT. As in the case of influenza hemagglutinin
(Clements et al., 1986), antibodies specific to the RBD domain of the Sprotein seem to strongly contribute to viral neutralization. In this study,
together with the IgG, IgM and IgA analyses, we also evaluated the responses of IgG subclasses in those subjects who showed both a high RBD
ELISA signal and proven neutralization activity. Our results are in line
with previous findings (Amanat et al., 2020) and confirm IgG1 and IgG3
as the subtypes with the strongest reactivity in all samples (Seow et al.,
2020). Only in a small number of subjects did we find IgG2 and IgG4
responses. IgG1 and IgG3 are involved in critical immunologic functions, such as neutralization, opsonization, complement fixation and
antibody-dependent cellular cytotoxicity (ADCC). On the other hand,
IgG2 plays an important role in protecting against infection by encapsulated microorganisms (Ferrante et al., 1990); IgG4 is generally a minor
component of the total immunoglobulin response and is induced in
response to continuous antigenic stimulation (Aalberse et al., 1983).
Regarding the ELISA IgG, IgM and IgA, the main results can be
summarized as follows: a) all the proposed statistical analyses indicated
a close relationship between the results of MN and in-house RBD-based
ELISAs, namely VM-IgG-RBD, VM-IgM-RBD and VM-IgA-RBD (results
are in line with previous reports by Amanat and colleagues (Amanat
et al., 2020; Okba et al., 2020)); b) the cross-validation technique
applied to the EN model allowed us to obtain robust results.
In the out-of-sample data (i.e., the randomly chosen test-data) highly
accurate, and, particularly, highly specific performance was observed; c)
in large-scale screening operations, it is very important to have a highly
specific test, as this guards against the risk of misclassification of truenegative samples with a wide margin of certainty. A highly specific
test is particularly useful in order to confirm a diagnosis already made by
means of other methods, and when a false-positive result would have a
great impact. Indeed, a highly specific test is of most help to the clinician
when it provides a positive result.
An overview of all the results yielded by ELISA and MN (data not
shown), along with those obtained by treating the sample with antihuman IgA, reveals that the highest neutralization activity against
SARS-CoV-2 is achieved when all three immunoglobulins, IgG, IgM and
IgA are detected, as if to indicate the presence of a synergistic or additive
effect between different classes of antibodies. This observation can be
explained by the fact that the human population is completely naïve for
SARS-CoV-2 and that IgG or IgM alone is not able to mount an ideal
neutralizing immune response. Indeed, one of the most important features of adaptive immunity is the generation of immunological memory
and the ability of the immune system to learn from its experiences of
encounters with the same pathogen, thereby becoming more effective
over time (Bonilla and Oettgen, 2010).
Interestingly, in nine samples, neither in-house nor commercial kits
detected any IgG and IgM signal for the S1 protein, while a noticeable
signal for RBD-specific IgG, IgM and IgA was detected.

Fig. 3. Percentage of detection of IgG1, IgG2, IgG3 and IgG4 in all 14 human
samples positive on MN assay. Each column represents the contribution, in
terms of percentage, each IgG subclasses versus SARS- CoV- 2 RBD. Error bars
showing the variance of sample proportion.

Fig. 4. Log transformed MNTs before and after the treatment with the goat
anti-human IgA antibodies; t-Test shows a significant decrease in the MN titers
for those samples with high neutralizing titers.

the neutralizing potency of the serum samples. As is possible to observe
in Fig. 4 and Table 5, after the sample treatment we registered an
evident decrease in the neutralizing titers. Interesting is the fact that the
decrease is showed only in those sera that showed high starting
neutralizing titers. Samples with medium/low MNTs did not show any
decrease.
4. Discussion
Like most of the emerging infectious diseases that affect humans, this
new HCoV also originated from animals (WHO, n.d.-b; Andersen et al.,
2020). Owing to the rapid increase in some human practices, such as
deforestation, urbanization and the husbandry of wild animal species,
over the years the emergence of new pathogens has become an
extremely serious problem. The rapid global spread of the novel SARSCoV-2 is posing a serious health threat to the entire world. There is
now an urgent need for well-standardized serological assays that can
detect different classes of antibodies against the novel coronavirus, and
which can be used alongside the classical diagnostic molecular methods
such as RT-PCR. Indeed, due to the huge demand in the recent months,
the availability of the reagents and equipment needed to promptly carry
out analyses is still inadequate.
Moreover, if sample collection and storage are improperly conducted,molecular tests may yield false-negative results in subjects who carry
the virus (Liu et al., 2020). Previous studies on SARS-CoV-1 have shown
that virus-specific IgG and IgM levels can be valid surrogate for serological diagnosis (Guan et al., 2004; Hsueh et al., 2004). Indeed, the
present study had two major goals: a) to standardize and make as
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As all nine samples displayed exactly same trend, it seems that these
results could be due to the folding of the three-dimensional S1 protein
structure after the production in HEK293 cells, which could have
masked some epitopes recognized by the antibodies expressed in these
nine subjects. By contrast, these epitopes may be well exposed in the
RBD protein and can be bound by antibodies, which would explain the
differences in signals.
To conclude, these results confirm what has already been reported
(Robbiani et al., 2020), i.e. that the immune response to SARS-CoV-2 is
very variable, but that antibodies targeting the RBD domain of Spike
protein have an important role relatively to their neutralization activity.
However, it is unclear whether neutralizing antibodies to S protein are
the major contributor to a protective immune response as evidenced by a
recent study (Hachim et al., 2020). So, the present study constitutes
preliminary research into the development of an ELISA that can semiquantify anti-SARS-CoV-2 human antibodies in a specific and repeatable way. The next step will be to completely validate these ELISAs
according to the criteria established by the International Council for
Harmonization of Technical Requirements for Pharmaceuticals for
Human Use (Q 2 (R1), 2006), and to analyze the performance and
specificity of these tests with a panel human serum samples that are
highly positive towards different HCoVs.
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Abstract
The micro‐neutralization assay is a fundamental test in virology, immunology, vaccine assessment, and epidemiology studies. Since the SARS‐CoV‐2 outbreak at the
end of December 2019 in China, it has become extremely important to have well‐
established and validated diagnostic and serological assays for this new emerging
virus. Here, we present a micro‐neutralization assay with the use of SARS‐CoV‐2
wild type virus with two different methods of read‐out. We evaluated the
performance of this assay using human serum samples taken from an Italian seroepidemiological study being performed at the University of Siena, along with the
human monoclonal antibody CR3022 and some iper‐immune animal serum samples
against Influenza and Adenovirus strains. The same panel of human samples have
been previously tested in enzyme‐linked immunosorbent assay (ELISA) as a
pre‐screening. Positive, borderline, and negative ELISA samples were evaluated in
neutralization assay using two different methods of read‐out: subjective (by means
of an inverted optical microscope) and objective (by means of a spectrophotometer).
Our findings suggest that at least 50% of positive ELISA samples are positive in
neutralization as well, and that method is able to quantify different antibody concentrations in a specific manner. Taken together, our results confirm that the colorimetric cytopathic effect‐based microneutralization assay could be used as a valid
clinical test method for epidemiological and vaccine studies.
KEYWORDS

epidemiology, humoral immunity, neutralization, pandemic, SARS coronavirus

1 | I N T R O D UC T I O N

Gammacoronavirus, and Deltacoronavirus.1,2 To date, seven CoV strains
are known to infect humans, affecting the lower respiratory tract,

Coronavirus (CoV), along with Influenza virus, is a major public health

gastrointestinal system, heart, liver, kidney, and central nervous

concern. CoVs are enveloped, positive single‐stranded RNA viruses

system.3,4 Over the past 23 years, outbreaks in humans, including

belonging to the Coronaviridae family; they contain a single genome of

Severe Acute Respiratory Syndrome (SARS) and Middle‐East Re-

30 Kbp, and consist of four groups: Alphacoronavirus, Betacoronavirus,

spiratory Syndrome (MERS),5 have heightened the daunting possibility
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that a future pandemic may be caused by one of these agents, under-

of Molecular Epidemiology of the University of Siena, Italy. Serum

lining the urgent need to prepare for such an eventuality, since no

samples were anonymously collected in compliance with Italian

vaccines or approved therapies, are as yet available.6 At the end of

ethics law. The human monoclonal antibody IgG1‐CR3022 (absolute

December 2019 in Wuhan, Hubei Province, China, a novel CoV strain,

antibody) was tested along with the serum samples in the MN assay

called SARS‐CoV‐2 by the International Committee on Taxonomy of

and ELISA. Hyperimmune sheep antisera against Influenza A/H1N1/

Viruses (ICTV), caused 27 cases of pneumonia of unidentified etiology.7

California/7/2009 (10/218), B/Brisbane/60/2008 (13/312), and A/Anhui/

Due to the rapid and uncontrollable spread of the virus in almost every

1/2013 (15/248) strains were purchased from the National Institute for

country in the world, the World Health Organization (WHO) officially

Biological Standard and Controls (NIBSC, UK). Hyperimmune rabbit

declared the pandemic status in March 2020. The disease caused by

serum samples against Adenovirus Type 4 (V204‐502‐565) were pro-

SARS‐CoV‐2, named COVID‐19, is considered a self‐limiting infectious

vided by the National Institute of Allergy and Infectious Diseases (NIH,

disease with five different possible outcomes: asymptomatic cases

Bethesda). Human serum minus IgA/IgM/IgG (S5393‐1VL) (Sigma,

(1.2%), mild cases (80.9%), severe cases (13.8%), critical cases (4.7%),

St. Louis, MO) was used as a negative control.

and deaths (2.3%).7,8 However, some authors reported a higher percentage of asymptomatic infections in children under the age of 10
(15.8%).9 Because of the lack of specific antiviral drugs or vaccines,

2.2 | Cell culture

several thousands of serious cases and deaths occur every day all over
the world, and strict quarantine measures have been imposed either

VERO cells, an African Green monkey kidney cell line, were pur-

nationally or internationally. Since the antibody response of the serum,

chased from the European Collection of Authenticated Cell Cultures

10

after a natural CoV infection remains detectable for a long time,

(ECACC ‐ Code 84121903). VERO cells were cultured in Eagle's

medical authorities in many countries are trying to calculate the

minimum essential medium (EMEM) (Lonza, Milano, Italy) supple-

percentage of the population that may be protected against the

mented with 2 mM L‐ Glutamine (Lonza, Milano, Italy), 100 units/mL

new circulating strain through the assessment of anti‐SARS‐CoV‐2

penicillin‐streptomycin mixture (Lonza, Milano, Italy) and fetal bovine

Immunoglobulin G (IgG) and M (IgM) levels in serum samples. Principal

serum (FBS) (Euroclone, Pero, Italy) to a final concentration of 5%, at

serological tests used in these studies are ELISA‐based assays. Most of

37°C, in a 5% CO2 humidified incubator.

these tests focus on different combinations of coatings on the viral spike

VEROE6 cells, an epithelial cell line from the kidney of a normal

(S) protein (S1; S1+S2; S1‐S2 extracellular domain‐ECD, receptor binding

monkey (Cercopithecus aethiops), were acquired from the American

domain‐RBD), due to the fact that the CoV's ability to attach and con-

Type Culture Collection (ATCC ‐ CRL 1586).

11

Enzyme‐

Huh‐7 cells, an epithelial cell line from Human hepatocellular

linked immunosorbent assays (ELISAs) certainly have advantages, such

carcinoma, were kindly provided by the University of Siena (ECACC‐

sequently enter the cell is mainly mediated by this protein.

as high throughput, speed of testing, and the possibility of avoiding the

Code 01042712). Both VEROE6 and Huh‐7 cells were cultured in

requirement for a high containment laboratory, as BSL 3. However,

Dulbecco's

most of these assays present some limitations, such as low specificity

(Euroclone, Pero, Italy) supplemented with 2 mM L‐Glutamine (Lonza,

Modified

Eagle's

Medium

(DMEM)‐high

glucose

and sensitivity, and use of alternative purified proteins that can be

Milano, Italy), 100 units/mL penicillin‐streptomycin mixture (Lonza,

produced in different hosts (human‐derived cells vs insect cells). In

Milano, Italy) and 10% of FBS, at 37°C, in a 5% CO2 humidified

addition, the mismatch between results obtained from the same sam-

incubator.

ples, using different ELISA reagents and coatings (eg, source of antigen),

Adherent sub‐confluent cell monolayers of VERO, VERO E6, and

may lead to confusion.12 To date, the Micro‐Neutralization assay (MN),

Huh‐7 were prepared in growth medium, E‐MEM or D‐MEM high

currently considered the gold‐standard is the most specific and sensitive

glucose containing 2% FBS in T175 flasks or 96‐well plates for pro-

serological assay capable of evaluating and detecting, functional neu-

pagation or titration and neutralization tests of SARS‐CoV‐2,

tralizing antibodies (nAbs). In this paper, a live virus‐based MN assay is

respectively.

presented for the quantification of SARS‐CoV‐2‐specific nAbs in human
serum samples by two different methods of detection: a classical read‐
out by checking the percentage of cytopathic effect (CPE) in the cell

2.3 | Virus and titration

monolayer, and a colorimetric read‐out by a spectrophotometer.
SARS CoV‐2 2019‐2019‐nCoV strain 2019‐nCov/Italy‐INMI1‐wild type
virus was purchased from the European Virus Archive goes Global

2 | MAT E R I A L S A N D M E TH O DS

(EVAg, Spallanzani Institute, Rome). The virus was titrated in serial 1
log dilutions (from 1 log to 11 log) to obtain a 50% tissue culture

2.1 | Serum samples and human monoclonal
antibody IgG1

infective dose (TCID50) on 96‐well culture plates of VERO and VERO
E6 cells. The plates were observed daily for a total of 4 days for the
presence of CPE by means of an inverted optical microscope. The

A total of 83 human serum samples were collected as part of a

end‐point titres were calculated according to the Reed & Muench

seroepidemiological study that is being performed in the laboratory

method13 based on eight replicates for titration.
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2.4 | Viral growth in cell culture

3

optical density (OD) value greater than the cut‐off value, was considered as the neutralization titre. The cut‐off value is calculated as

The SARS‐CoV‐2 virus was seeded and propagated in VERO, VERO

the average of the OD values of the cell control wells divided by two.

E6, and Huh‐7 cells by using EMEM (for VERO and Huh‐7) and
DMEM high glucose (for VERO E6) both supplemented with 2% FBS

2.6 | Enzyme‐linked immunosorbent assay

and 100 IU/mL penicillin‐streptomycin.
6

Cells were seeded in T175 flasks at a density of 1 × 10 cells/mL.
After 18 to 20 hours, the sub‐confluent cell monolayer was washed

Specific anti‐SARS‐CoV‐2 IgG antibodies were detected through a

twice with sterile Dulbeccos's phosphate buffered saline (DPBS).

commercial ELISA kit (Euroimmun, Lübeck, Germany). ELISA plates are

After removal of the DPBS, the cells were infected with 3.5 mL of

coated with recombinant structural protein (S1 domain) of SARS‐CoV‐2.

EMEM/DMEM 2% FBS containing the virus at a multiplicity of in-

According to the manufacturer, cross‐reactions may occur with anti‐

fection of 0.001 and 0.01. After 1 hour of incubation at 37°C in a

SARS‐CoV(‐1) IgG antibodies, due to the close relationship between

humidified atmosphere with 5% CO2, 50 mL of EMEM/DMEM con-

SARS‐CoV(‐1) and SARS‐CoV‐2, while cross‐reactions with other human

taining 2% FBS was added for VERO‐Huh7/VERO E6. The flasks

pathogenic CoVs (MERS‐CoV, HCoV‐229E, HCoV‐NL63, HCoV‐HKU1,

were daily observed and the virus was harvested when 80%‐90% of

and HCoV‐OC43) are excluded. The assay provides semi‐quantitative

the cells manifested CPE. The culture medium was centrifuged at

results by calculating the ratio of the OD of the serum sample over the

+4°C 1600 rpm for 8 minutes, to remove the cell debris, then they

OD of the calibrator. According to the manufacturer's instructions,

aliquoted and stored at −80°C.

positive samples have a ratio ≥1.1, borderline samples a ratio between
0.8 and 1.1 and negative samples a ratio <0.8.

2.5 | Micro‐neutralization assay
2.7 | Statistics analysis
Serum samples were heat‐inactivated for 30 minutes at 56°C; two‐fold
serial dilutions, starting from 1:10, were then mixed with an equal

Data analysis was performed using GraphPad Prism Version 5 and

volume of viral solution containing 100 TCID50 of SARS‐CoV‐2.

Microsoft Excel 2019. Friedman test was used to compare viral titres

The serum‐virus mixture was incubated for 1 hour at 37°C in a

obtained at different time points during viral growth in cell culture.

humidified atmosphere with 5% CO2. After incubation, 100 µL of the

A P value <.05 was considered statistically significant.

mixture at each dilution was added in duplicate to a cell plate containing
a semi‐confluent VERO E6 monolayer. The plates were incubated for
4 days at 37°C in a humidified atmosphere with 5% CO2.

3 | RE SU LTS

2.5.1 | CPE‐read out

3.1 | High viral load for VERO and VERO E6, no
propagation for Huh‐7

After 4 days of incubation, the plates were inspected by an inverted

SARS‐CoV‐2 has been propagated for three times in three in-

optical microscope. The highest serum dilution that protected more

dependent experiments in VERO, VERO E6, and Huh‐7 cells. We

than the 50% of cells from CPE was taken as the neutralization titre.

decided to investigate the viral growth in these specific cell lines
because of, as reported in literature, they are the preferred lines for
SARS‐CoV isolation and replication.14,15 Different harvest time‐

2.5.2 | Colorimetric read‐out

points were evaluated to obtain the infection curve for each cell line:
36, 48 to 52 and 72 to 76 hours postinfection. A high viral titre was

After 3 days of incubation, the supernatant of each plate was care-

obtained for VERO and VERO E6 cells. In both cell lines we tried

fully discarded and 100 µl of a sterile DPBS solution containing

two different multiplicity of infection (MOI) (0.001 and 0.01), starting

0.02% neutral red (Sigma, St. Louis, MO) was added to each well of

from a viral stock containing 107.25 TCID50/mL (only results for

the MN plates. After 1 hour of incubation at room temperature, the

MOI = 0.001 are reported in this study). After 24 hours postinfection,

neutral red solution was discarded and the cell monolayer was wa-

no CPE or infection plaques were observed in the cell monolayer in

shed twice with sterile DPBS containing 0.05% Tween 20. After the

any of the three cell lines. After 36 hours, VERO E6 and VERO

second incubation, the DPBS was carefully removed from each well;

T‐Flasks proved to have detectable CPE of 30%‐40% (103.63

then, 100 µL of a lysis solution made up of 50 parts of absolute

TCID50/mL ± 0.14 SD) and 15%‐20% (103.78 TCID50/mL ± 0.2 SD),

ethanol (Sigma, St. Louis, MO), 49 parts of MilliQ and 1 part of glacial

respectively. Between 48 and 52 hours after infection, both cell

acetic acid (Sigma) was added to each well. Plates were incubated for

lines reached 80% of CPE (Figure 1) recording a significant increase

15 minutes at room temperature and then read by a spectro-

of the viral titre according to Friedman test with a mean equal

photometer at 540 nm. The highest serum dilution, showing an

to 107,63 TCID50/mL ± 0.38 SD for VERO E6 cells, and 107.17
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F I G U R E 1 Vero E6 cells at different stage of infection. A, Not infected VERO E6 cell monolayer after 72 hours, complete absence of CPE. B,
SARS‐CoV‐2 infected VERO E6 cell monolayer after 36 hours postinfection, 20%‐30% of CPE recovered. C, SARS‐CoV‐2 infected VERO E6 after
52 hours postinfection, 80% of CPE recovered. CPE, cytopathic effect; SARS‐CoV‐2, Severe Acute Respiratory Syndrome‐Coronavirus‐2

TCID50/mL ± 0.1 SD for VERO cells. Lower titres were registered in

(25 TCID50) were in line with those obtained with the standard

flasks 72 to 76 hours postinfection for VERO (106.5 TCID50/mL ± 0.2

infective dose; in some cases, however, we detected a titre that was

SD) and VERO E6 (106.4 TCID50/mL ± 0.13 SD), with flasks showing

one dilution step higher, which maintained all negative sample

100% of CPE (Figure 2). No detectable CPE was observed for

negative (Table 1). All animal samples tested against Influenza and

Huh‐7 cells up to the 7th day after infection.

Adenovirus type 4 proved completely negative, confirming the specificity

To check the viral production in Huh‐7 cells, we passed the super-

of the MN assay in the detection of anti‐SARS‐CoV‐2 nAbs.

natant in VERO E6 cells but no CPE was detected in this cell line. This
confirms that Huh‐7 cells are not able to support the viral replication of
this CoV strain, as already showed by Harcourt et al.16 The supernatants
derived from VERO, VERO E6 and Huh‐7 were titrated in 96‐well plates,

3.3 | Absence of neutralizing activity for human
IgG1 monoclonal antibody CR3022

which were read after 72 hours; titres reached ranged from 106.2 to 107.8
TCID50/mL either for VERO and VERO E6‐derived virus; no titre has

As reported17 that the CR3022 monoclonal antibody (mAb) has a high

been detected for Huh‐7‐derived virus (data not shown).

capability of neutralizing the SARS‐CoV strain, we included this mAb
(IgG1) within the human serum samples in our neutralization assay. The
CR3022 antibody targets a highly conserved epitope on the RBD of

3.2 | Comparison between ELISA and MN assays

SARS‐CoV. The concentrations tested in MN ranged from 10 µg down
to 0.009 µg. The monoclonal antibody was pre‐incubated for 1 hour

A total of 83 serum samples were tested for the presence of anti‐

with 100 TCID50 of live SARS‐CoV‐2 virus before being passed on the

SARS‐CoV‐2 antibodies by ELISA and MN assay. On ELISA, 42

VERO E6 monolayer. After 72 hours of incubation, no neutralizing ac-

samples proved positive, 20 borderline and the remaining 21 nega-

tivity was obtained at any of the concentrations tested. By contrast,

tive. Along with the human serum samples, to evaluate the specificity

very high ELISA titres were detected (data not shown). As reported by

of the MN assay, we tested several animal sera that were highly

Tian et al,18 CR3022, unlike other SARS‐CoV monoclonal antibodies,

immunized against different viral diseases, such as Influenza (seaso-

recognizes a different epitope from that one recognized on the RBD

nal and pandemic) and Adenovirus type 4. These sera proved to have

by the ACE2 receptor. Moreover, the C‐terminal RBD residue of

high nAb titres against the homologous strain in the MN assay (data

SARS‐CoV‐2 virus has been found to be quite different from that

not shown). In the MN assay, we assessed the serum response by

of SARS‐CoV, which may have a critical impact on the cross‐reactivity of

using two different viral infective doses: a standard dose of 100

neutralizing antibodies. Also, as already reported by Tian et al,19 some

TCID50/well and a lower dose of 25 TCID50/well. Neutralization test

antibodies with a high capability of neutralizing SARS‐CoV, were found

results confirmed the complete absence (100%) of nAbs in samples

to be unable to bind the S protein of the new SARS‐CoV‐2 strain; this

already negative on ELISA. Of the 42 samples positive on ELISA, 22

requires new dedicated monoclonal antibodies.

(52.3%) confirmed the presence of CPE‐inhibiting nAbs in the cell
monolayer, with titres ranging between 10 and 1280/2560. Of 20
borderline ELISA samples, only 3 (15%) confirmed the capability of
neutralizing the virus on MN assay. Each sample was tested in du-

3.4 | Neutralization assay read‐out: subjective vs
objective methods

plicate by two different operators, to confirm and validate the results
obtained. Each sample was also evaluated by the colorimetric read‐

The results obtained in the MN assay in all serum samples were

out. The results yielded by MN on using the lower infective dose

evaluated through two methods of read‐out: by inspecting the
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5

F I G U R E 2 Viral titres reached for VERO and VERO E6 in three different viral infection experiments in T‐175 flasks. A, Titres registered in
triplicate (n = 3) for VERO cells after 36, 48 to 52 and 72 to 76 hours post infection. A significant increase in the viral titre has been registered
after 48 to 52 hours according to Friedman test (P < .05), error bars indicate the standard deviation among the three independent measures. B,
Titres registered (n = 3) for VERO E6 cells after 36, 48 to 52 and 72 to 76 hours post infection. A significant increase in the viral titre has been
registered after 48 to 52 hours according to Friedman test (P < .05), error bars indicate the standard deviation among the three independent
measures. C.1, Infection curves for VERO cells for three independent experiments of viral growth. C.2, Polynomial infection curve derived from
the average of the three experimental curves for VERO cells. D.1, Infection curves for VERO E6 for three independent experiments of viral
growth. D.2, Polynomial infection curve derived from the average of the three experimental curves for VERO E6 cells

inhibition of the CPE at each serum dilution (subjective method) by

indicates the titre of each sample tested. Results of the comparison

an inverted optical microscope, and by applying a colorimetric

between ELISA and MN (Table 1) suggest that a well‐trained op-

method in which the healthy cell monolayer is stained with a neutral

erator is able to read the CPE, thereby providing the same results as

red solution. As can be seen in Figure 3, the 12th and the 11th

the spectrophotometer in terms of titre with no differences between

columns of each plate were set up as a virus control (CV) and a cell

the results provided by the two different operators and the spec-

control (CC), respectively. Serum samples were progressively diluted

trophotometric evaluation of the ODs.

from column 1 to column 10. The cut‐off value, calculated mathe-

One of the advantages of the colorimetric read‐out is that, being

matically as the average of all cell control ODs divided by two,

a completely automated method, it offers a higher throughput, while
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T A B L E 1 ELISA and neutralization results for all 83 human serum
samples

Sample ID ELISA

MN CPE
titre
analyst
1 100
TCID50

MN CPE
titre
analyst Colorimetric
MN 100
2 100
TCID50
TCID50

MN
CPE
titre 25
TCID50

TABLE 1

ET AL.

(Continued)

Sample ID ELISA

MN CPE
titre
analyst
1 100
TCID50

MN CPE
titre
Colorimetric
analyst
MN 100
2 100
TCID50
TCID50

MN
CPE
titre 25
TCID50

58

Positive

10

10

10

20

59

Positive

80

80

80

80

60

Positive

640

640

640

640

61

Positive

10

10

10

10

62

Positive

40

40

40

40

63

Positive

40

40

40

40

64

Positive

5

5

5

5

65

Positive

5

5

5

5

66

Positive

5

5

5

5

67

Positive

5

5

5

5

68

Positive

5

5

5

5

69

Positive

5

5

5

5

70

Positive

5

5

5

5

71

Positive

5

5

5

5

72

Positive

5

5

5

5

73

Positive

5

5

5

5

74

Positive

5

5

5

5

75

Positive

5

5

5

5

76

Positive

5

5

5

5

77

Positive

5

5

5

5

78

Positive

5

5

5

5

79

Positive

5

5

5

5

80

Positive

5

5

5

5

81

Positive

5

5

5

5

82

Positive

5

5

5

5

83

Positive

5

5

5

5

From 1
to 21

Negative

5

5

5

5

22

Borderline

5

5

5

5

23

Borderline

5

5

5

5

24

Borderline

5

5

5

5

25

Borderline

5

5

5

5

26

Borderline

5

5

5

5

27

Borderline

5

5

5

5

28

Borderline

5

5

5

5

29

Borderline

5

5

5

5

30

Borderline

5

5

5

5

31

Borderline

5

5

5

5

32

Borderline

5

5

5

5

33

Borderline

5

5

5

5

34

Borderline

5

5

5

5

35

Borderline

5

5

5

5

36

Borderline

5

5

5

5

37

Borderline

5

5

5

5

38

Borderline

5

5

5

5

22

Borderline

20

20

20

40

23

Borderline

80

40

80

80

24

Borderline

20

20

20

20

42

Positive

640

640

640

640

43

Positive

20

20

20

40

44

Positive

320

320

320

320

45

Positive

640

320

320

640

46

Positive

40

40

40

40

47

Positive

640

640

640

640

48

Positive

20

20

20

20

49

Positive

10

20

10

20

inspection of each dilution well by means of the optical microscope

50

Positive

160

320

320

320

slows down the process.

51

Positive

40

40

40

40

52

Positive

160

160

160

320

53

Positive

640

640

640

640

54

Positive

80

80

80

80

The availability of a specific serological assay capable of providing the

55

Positive

1280

2560

1280

1280

most reliable and accurate antibody response in a given sample is a

56

Positive

160

160

160

320

57

Positive

80

80

80

80

Note: Negative samples are indicated in the first row of the table.
Neutralizing titres, obtained with CPE (100 and 25 TCID50 infective
dose) and colorimetric read‐out methods, are indicated for each sample.

4 | D IS C U S S I O N

crucial factor in all epidemiological studies. This is particularly important in an emergency situation, such as during a sudden epidemic
or, even worse, a pandemic. Indeed, knowing which percentage of the
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7

F I G U R E 3 Schematic overview of the colorimetric MN read‐out. A, SARS‐CoV‐2 virus titration. B, Titration of the working viral solution.
C, Neutralization plate with a serum sample tested in quadruplicate. In each plate, the column highlighted in blue is the cell control (highest OD
value), while the column highlighted in red is the virus control (no OD values). The cut‐off value is evaluated for each plate, and is equal to the
average of the cell control ODs divided by two. Wells that show OD values lower than the cut‐off are considered virus‐positive, and hence
infected. The viral titres in both the stock solution (A) and the working viral solution (B) are calculated by means of the Reed and Muench
method. The titre of the serum sample (C) was calculated as the reciprocal of the highest dilution at which the OD value was higher than or
equal to the cut‐off value. OD, optical density; ARS‐CoV‐2, Severe Acute Respiratory Syndrome‐Coronavirus‐2

population has already come in contact with the virus, and conse-

binding antibodies without a prediction of their functionality.20,21 It is

quently developed a specific immune response, can drive the type

interesting to note that the ELISA kit used in the present study has

and timing of prevention and containment measures. Virus nAbs can

been validated for sensitivity and specificity for SARS‐CoV‐2 by Okba

be induced by natural infection or vaccination, and they have a

et al in a previous work,22 and it has been found to have 96% of

crucial role in controlling and limiting viral infection and transmission

specificity and 65% of sensitivity compared to other 8 commercial

among people. In this paper, we present a possible approach to

ELISA kits for SARS‐CoV‐2.23 The fact that we detected fairly

evaluate anti‐SARS‐CoV‐2 neutralizing antibodies in human and an-

low neutralizing titres in samples and that only half of those assessed

imal samples using the wild‐type virus. We evaluated the perfor-

positive on ELISA may be due to different factors: (a) at this stage the

mance of the MN assay on a subset of samples that are being tested

human population is completely naïve about this CoV strain, and

by ELISA in a seroepidemiological study currently underway at the

several waves of exposure to the pathogen may be necessary to

University of Siena. We also tested four animal antisera against In-

stimulate a strong neutralizing response; (b) as it has already proved

fluenza and Adenovirus and human CR3022 mAb. Since SARS‐CoV‐2

for other viruses, such as Lassa,24 neutralizing antibodies are not

18

it

always elicited after vaccination or natural infection; in fact, other

is possible that SARS‐CoV nAbs may elicit cross‐neutralization ac-

mechanisms of the immune system may be involved in the protection,

tivity against SARS‐CoV‐2. Unfortunately, our preliminary neu-

such as the complement‐fixation reaction mediated by IgG1 and IgG3,

and SARS‐CoV display a high sequence identity of the S protein,

tralization results showed no ability of the CR3022 mAb to prevent

antigen‐dependent cellular cytotoxicity and T‐cell responses. Sam-

viral attachment and entry into cell monolayer, which developed CPE

ples that are not able to show a high signal on ELISA (borderline

in less than 48 hours postinfection. On the other hand, the high signal

samples) may, instead, have neutralizing capabilities, as it was con-

registered on ELISA confirmed the potential of the CR3022 mAb to

firmed by three of our samples. In this study, we show a possible and

bind with high affinity an epitope on the RBD of the SARS‐CoV‐2 S

objective method of read‐out using spectrophotometry and a solu-

protein.19 For human serum samples, the MN assay confirmed that at

tion containing 0.02% of neutral red able to stain lysosomes and

least 50% of the samples, tested positive on ELISA assay, presented

other cell organelles.25 Moreover, the aforementioned method in-

antibodies with neutralizing ability. This finding is broadly in line with

creases throughput by enabling more samples to be processed per

previous Influenza studies, in which that assay was able to detect all

run. The difference between the titres registered by the two analysts
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in evaluation of CPE may be attributed to those wells where the ratio

Siena; EM supervised the study. All authors have approved the final

between the percentage of infected and uninfected cells is quite

version of the manuscript.

difficult to estimate under the microscope. The colorimetric method,
on the other hand, based on a numerical value of optical density,

ORCI D

obviates this problem. However, the present study has limitations. At

Alessandro Manenti

http://orcid.org/0000-0002-4027-7296

this stage, the major difficulty lies in the lack of a standardized positive control that would enable the proper standardization of the
assays. Furthermore, the number of samples analyzed in this preliminary assessment was small. The next step in this study will be to
fully validate the colorimetric MN assay according to the criteria
established by the International Council for Harmonization of
Technical Requirements for Pharmaceuticals for Human Use.26 This
will involve the inclusion of samples from individuals with confirmed
SARS‐CoV‐2 diagnosis and the use of additional positive sera from
other alpha or beta CoVs to investigate possible serological cross‐
reactions. Finally, another aspect to examine is the optimal infective
dose to be use in the MN assay (100 TCID50 or lower) for this viral
strain, to have a more reliable and accurate response based on the
actual immunological status.

5 | C O NC LUSION S
To conclude, the method of viral growth, titration and neutralization of SARS‐CoV‐2 presented in this study results suitable
for the quantification of the neutralizing antibody titre in serum
samples. Together with ELISA assay, this test should always be
included in seroepidemiological and immunogenicity studies of
vaccines. The necessity for a BSL 3 laboratory could certainly be a
limiting factor for neutralizing antibodies studies using wild type
viruses, but it is currently the most reliable method in terms of
results provided.
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Abstract: The recent outbreak of a novel Coronavirus (SARS-CoV-2) and its rapid spread across the
continents has generated an urgent need for assays to detect the neutralising activity of human sera
or human monoclonal antibodies against SARS-CoV-2 spike protein and to evaluate the serological
immunity in humans. Since the accessibility of live virus microneutralisation (MN) assays with
SARS-CoV-2 is limited and requires enhanced bio-containment, the approach based on “pseudotyping”
can be considered a useful complement to other serological assays. After fully characterising lentiviral
pseudotypes bearing the SARS-CoV-2 spike protein, we employed them in pseudotype-based
neutralisation assays in order to profile the neutralising activity of human serum samples from an
Italian sero-epidemiological study. The results obtained with pseudotype-based neutralisation assays
mirrored those obtained when the same panel of sera was tested against the wild type virus, showing
an evident convergence of the pseudotype-based neutralisation and MN results. The overall results
lead to the conclusion that the pseudotype-based neutralisation assay is a valid alternative to using
the wild-type strain, and although this system needs to be optimised and standardised, it can not only
complement the classical serological methods, but also allows serological assessments to be made
when other methods cannot be employed, especially in a human pandemic context.
Keywords: SARS-CoV-2; wild type virus; lentiviral pseudotypes; biosafety; microneutralisation;
serological assays

1. Introduction
In early December 2019, cases of severe pneumonia of unknown aetiology were reported by
the China Health Authority. In January 2020, a novel coronavirus was identified as 2019-nCoV
(subsequently renamed as SARS-CoV-2).
An initial site of infections was the Huanan seafood market, where live animals are sold.
Progressively, human-to-human transmission occurred [1], causing a disease named coronavirus
disease 2019 (COVID-19). On 20th July 2020, the World Health Organization (WHO) estimated the
global incidence of COVID-19 as 14,348,858 cases and the number of the deaths as 603,691 [2].
Viruses 2020, 12, 1011; doi:10.3390/v12091011
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SARS-CoV-2 is a member of the Coronaviridae family, which comprises two subfamilies of
enveloped, positive-stranded RNA viruses. The subfamilies of Coronavirinae are classified in four
genera: alpha-CoV, beta-CoV, gamma-CoV and delta-CoV [3].
Genome sequence analysis has shown that SARS-CoV-2 belongs to the Betacoronavirus genus,
which includes Bat SARS-like coronavirus, Severe Acute Respiratory Syndrome coronavirus (SARS-CoV)
and Middle Eastern Respiratory Syndrome coronavirus (MERS-CoV) [4].
The SARS-CoV-2 genome contains four main structural proteins: the spike (S), membrane (M),
envelope (E) and nucleocapsid (N) protein [5,6].
The spike (S) protein of coronaviruses, a type I membrane glycoprotein expressed on the
viral surface, mediates the attachment of SARS-CoV-2 to the target cells and its subsequently
entry. As previously shown in the case of SARS-CoV [7,8], the SARS-CoV-2 S protein engages
angiotensin-converting enzyme 2 (ACE2) as its host target receptor. ACE2 is the main host cell receptor
of SARS-CoV-2 and plays a crucial role in the entry of the virus into the cells [9].
In addition, viral entry requires S protein priming by cellular proteases, such as the serine protease
TMPRSS2, which allows the fusion of viral and cellular membranes to fuse [10,11]. As a result, the spike
is cleaved into two subunits: the N-terminal domain, called S1, which is responsible for receptor
binding [12–15], and a C-terminal S2 domain, which is responsible for fusion [14,15].
As the coronavirus S glycoprotein is surface-exposed and mediates entry into host cells, it is the
main target of neutralising antibodies (Abs) [16] upon infection, and therefore, the focus of therapeutic
strategies and vaccine design.
However, since SARS-CoV-2 displays marked pathogenicity (COVID-19) [17], working with the
live virus (LV) implies the need for high biosafety levels laboratories (BSL3). By contrast, the lentiviral
pseudotypes system, which has already been successfully adopted in the fight against emerging and
re-emerging viruses, constitutes a useful, safe and versatile tool for studies on potential vaccines and
therapies. Indeed, the lentiviral pseudotype platform can be efficiently used in conventional biosafety
conditions to study cell type susceptibility on the bases of the cell’s expression of ACE2 and protease
priming [18–20]. Moreover, pseudotypes bearing the spike S-protein of the novel SARS-CoV-2 could
prove essential for antibody detection and for the evaluation of neutralisation activity in association
with the well-characterised serological methods, such as the Enzyme-linked immunoassay (ELISA)
and Micro-Neutralisation assay (MN) [21–23].
In the present study, we described the production and characterisation of lentiviral pseudotype
particles bearing the SARS-CoV-2 S protein and used these to study S-protein-mediated cell entry.
Subsequently, SARS-CoV-2 pseudotypes were also used to measure neutralising antibody responses
in serum samples derived from a subset of subjects involved in a sero-epidemiological study in the
Tuscany region of Italy during the 2019 outbreak and a panel of negative confirmed sera.
The results were compared with the data obtained when the SARS-CoV-2 live virus was tested in
the MN assay.
2. Materials and Methods
2.1. Cell Line Cultures
HEK 293 T/17 cells (Human embryonic kidney 293 cells) (ATCC–CRL 1573), MDCK cells
(Madin-Darby Canine Kidney cells) (ATCC® CCL-34), Vero E6 cells (Epithelial cell line from the kidney
of a normal monkey Cercopithecus aethiops) (ATCC–CRL 1586) and Caco2 cells (epithelial cell line
from Human Colorectal Adenocarcinoma) (ATCC HTB37) were acquired from the American Type
Culture Collection.
Huh-7 cells (Epithelial cell line from Human hepatocellular carcinoma) (ECACC—Code 01042712)
and Hep G2 cells (Human Caucasian hepatocyte carcinoma) were provided by the University of
Siena, Italy.
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Hep G2 cells were cultured in RPMI 1640 (Gibco) supplemented with 2 mM L-Glutamine (Lonza,
Milan, Italy), 100 units/mL penicillin-streptomycin (Lonza, Milano, Italy) and 10% foetal bovine serum
(FBS) (Euroclone, Pero, Italy).
HEK293 T/17, MDCK and Huh-7 cell lines were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) High Glucose (Euroclone, Pero, Italy) supplemented with 2 mM L-Glutamine (Lonza, Milan,
Italy), 100 units/mL penicillin-streptomycin (Lonza, Milan, Italy) and 10% of FBS (FBS Euroclone, Pero,
Italy).
Vero E6 and Caco2 cells were cultured in Eagle’s Minimum Essential Medium (EMEM)
(Lonza, Milan, Italy) supplemented with 2 mM L-Glutamine (Lonza, Milan, Italy), 100 units/mL
penicillin-streptomycin (Lonza, Milan, Italy) and FBS (Euroclone, Pero, Italy) to a final concentration of
10% for Vero E6 and 20% for Caco2.
All the cell lines used were incubated at 37 ◦ C, 5% CO2 in humidified atmosphere and were
sub-cultured twice a week until passage 20.
2.2. Serum Samples
A total of 65 samples from an Italian sero-epidemiological study, anonymously collected in
compliance with Italian ethics law, were provided by the laboratory of Molecular Epidemiology of the
University of Siena, Italy. The human sera, derived from a sero-epidemiological study, had previously
been tested in an ELISA assay as pre-screening, and positive, borderline and negative ELISA samples
were tested in a micro-neutralisation assay, as previously described [24]. This panel of sera was
subsequently tested with SARS-CoV-2 pseudotypes in order to compare the neutralisation profiles
when they were tested against the live virus and the surrogate virus. As an internal positive control, a
panel of samples collected from health care workers (confirmed positive for SARS-CoV-2 by Reverse
Real-Time PCR) were kindly provided by Prof. Valentina Bollati, University of Milan.
In addition, three monoclonal antibodies (mAbs) were included in the serological assay: Human
IgG1 anti-S1 CR3022 (Native Antigen, Oxford, UK), Human IgG1 Anti-RBD (eEnzyme, Gaithersburg,
MD, USA) and Human Anti-IgM SARS-CoV-2 spike S1 CR3022 (Absolute Antibody, 21 Drydock
Avenue, 7th Floor Boston, MA 02210, USA (1:100 starting dilutions).
2.3. Production, Quantification and Characterisation of Lentiviral Pseudotypes with S Protein from
SARS-CoV-2
2.3.1. Plasmids
The full-length S protein (GenBank accession number: YP_009724390.1) was codon-optimised
and synthesised (GenScript, Cina), and the S fragment was cloned into the expression vector as
described previously [25]. The HIV gag-pol plasmid (p8.91) [26], the firefly luciferase-expressing
plasmid (PCSFLW) [27], the pCAGGS-TMPRSS2 plasmid and the plasmid encoding for the spike’s
human ACE2 receptor were kindly provided by Dr. Nigel Temperton and have previously been
described [28–30].
As a control, a vesicular stomatitis virus (VSV-G) plasmid was used (pCMV-VSV-G) (Addgene
plasmid 8454; http://n2t.net/addgene:8454) [31]. The day before transfection, confluent plates of HEK
293T/17 cells were split 1:4 and seeded into 10 cm2 plates in DMEM 10% FBS.
Cells (at the 60% of confluence) were co-transfected with the S plasmid from SARS-CoV-2 (2 ug/uL),
HIV gag-pol (1 ug/uL) and the pCSFLW (1.5 ug/uL) using EndoFectin™ Lenti transfection reagent
(Tebu Bio—217EF002, Via Pretorio 4—C.P. 70. I-20013 Magenta, Milano) in accordance with the
manufacturer’s instructions.
The following day, the supernatants were replaced with DMEM without phenol red (Thermo
Fisher Scientific, 168 3rd Ave, Waltham, MA 02451, United States containing 10% FBS, and the plates
were incubated for 48 h at 37 ◦ C in an atmosphere of 5% CO2 . After 48 h, the supernatants of transfected
cells were harvested and filtered by Millex-HA 0.45 um filter.
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Concurrently, HEK 293T/17 cells were also transfected with VSV-G plasmid (1 µg/µL), and a
no-spike control (∆ envelope) was generated by co-transfection with HIV gag-pol and pCSFLW
plasmids only.
2.3.2. SARS-CoV-2 Pseudotypes Titration
For SARS-CoV-2 titration, a further transfection is required in order to allow pseudotypes to enter
target cells.
The day before titration, HEK 293T/17 cells were co-transfected with two plasmids encoding for
the ACE2 receptor gene and TMPRSS2, by means of EndoFectin™ Lenti transfection reagent; after
overnight incubation at 37 ◦ C, the supernatant was replaced by DMEM containing 10% FBS.
The following day, supernatants were serially two-fold diluted in a fresh cell culture medium in
96-well, flat-bottomed culture plates, and 1 × 104 HEK 293T/17 target cells were added to each well.
As controls, VSV-G and ∆-envelope pseudotypes were also included. After 72 h, the luminescence of
cell cultures (in Relative Luminescence Units or RLUs) was evaluated by luminometry (Tecan Infinite
M1000 Pro Multi-Detection Plate Reader) using the Bright-Glo assay system (Bright-Glo™ Luciferase
Assay System, Promega, Viale Piero e Alberto Pirelli, 6, 20126 Milano MI).
2.4. p24 Capsid ELISA
Serial dilutions of SARS-CoV-2 pseudotype-containing media were tested by means of the Lenti-X
p24 Rapid titre kit (Cat. No. 632200) (Takara, Japan) in accordance with the manufacturer’s instructions.
2.5. Western Blotting
In order to verify the incorporation of the S glycoprotein of SARS-CoV-2, the S protein expressed
on the lentiviral pseudotypes was detected by Western blot analysis.
Western blot analysis of spike protein was performed on the supernatant from sub-confluent
HEK 293T/17 cells co-transfected with HIV gag-pol plasmid, CSFLW plasmid and the S plasmid from
SARS-CoV-2. Western blot analysis was also performed on LV in a BSL3 facility.
∆-envelope (no-spike control) pseudotypes prepared with the same procedure were run as a
negative control. SARS-CoV-2 pseudotypes, SARS-CoV-2 live virus and ∆-envelope pseudotypes were
mixed with SDS sample buffer. The mixture was heated for 10 min at 75 ◦ C and electrophoresis (50 µg
of protein/sample) was carried out in 4–12% Bis-Tris Gels (Life Technologies, Carlsbad, CA, USA).
Proteins were then blotted onto nitrocellulose membranes and incubated overnight with 500-fold
diluted sera from convalescent SARS-CoV-2 patients. A Goat Anti-human IgG (Bethyl, 25043 FM
1097, Montgomery, TX 77356, United States) was used as a secondary antibody (1:5000 dilution).
The chemiluminescent signals from the nitrocellulose membranes were captured by a camera system
(ImageQuant LAS 400 instrument).
2.6. SARS-CoV-2 Pseudotypes Tropism Study
In this study, different cell lines have been tested in order to study their susceptibility to SARS-CoV-2
S protein driven entry, the role of the ACE2 receptor and TMPSSRS2 for S protein priming.
One day before pseudotypes titration, MDCK, Vero E6, Caco2, Hep G2 and Huh7 cells were
transfected with the pCAGGS-TMPRSS2 plasmid, while HEK 293T/17 cells were co-transfected with
ACE2 and pCAGGS-TMPRSS2 plasmids. After 24 h, the cells were removed by trypsinisation, counted
and used for the subsequent titration.
In parallel with SARS-CoV-2 pseudotypes, VSV-G and ∆-envelope pseudotypes were titrated
as controls. Plates were incubated for 48–72 h with the pseudotypes, at 37 ◦ C in an atmosphere of
5% CO2, and the efficiency of pseudotypes entry was characterised on the basis of luciferase activity
(Relative Luminescence Units or RLUs).
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2.7. Pseudotype-Based Neutralisation Assays
To measure the neutralisation activity of this panel of sera, neutralising antibody titres were
defined as endpoint two-fold seral dilutions of test samples, and the 50% inhibitory concentration
(IC50 ) was determined as the serum dilution resulting in a 50% reduction of a single round of infection
(reporter gene-mediated signal). Values were expressed as a percentage in comparison with the signal
from the cell-only control (equivalent to 100% neutralisation and/or no infection) and the signal from a
pseudotype-only control (equivalent to 0% neutralisation or 100% infection).
In brief, two-fold serial dilution of serum samples, starting from 1:10, was performed in a culture
medium (DMEM, 5% FBS, 1% PEN-STREP, 1% L-Glutamine). The serum was mixed with SARS-CoV-2
pseudotypes in a 1:1 vol/vol ratio in a 96-well culture plate. The virus input used was 1 × 106 RLU/well
(based on the previous titration).
The serum-pseudotypes mixture was then incubated for 1 h at 37 ◦ C in a humidified atmosphere
with 5% CO2. After 1 h, HEK 293/ACE2 transfected cell suspensions (1.5 × 104 cell/mL) were seeded
into each well of flat-bottomed tissue culture plates. The plates were incubated at 37 ◦ C for 48–72 h,
and the neutralising antibodies were characterised on the basis of luciferase activity.
2.8. Live Virus, Titration and Microneutralisation Assay
The SARS-CoV-2 strain 2019-nCov/Italy-INMI1-wild-type virus was purchased from the European
Virus Archive Goes Global (EVAg, Spallanzani Institute, Via Portuense, 292, 00148–00153, Rome) and
propagated in Vero E6 cells. The virus was titrated in a Tissue Culture Infective Dose 50% assay
(TCID50) on 96-well culture plates with 1-log serial dilution. The plates were observed daily for a total
of four days for the presence of cytopathic effect (CPE). The end-point titre was calculated according to
the Spearman–Karber formula [32].
The MN assay was performed as previously reported by Manenti et al. [24]. Briefly, two-fold serial
dilutions of serum samples were mixed with an equal volume of viral solution containing 100 TCID50
of SARS-CoV-2. The serum-virus mixture was incubated for 1 h at 37 ◦ C in a humidified atmosphere
with 5% CO2 , then passed to a VERO E6 culture plate. The plates were incubated for four days at 37 ◦ C
in a humidified atmosphere with 5% CO2 . After the incubation time, each well of a 96-well plate was
inspected by means of an inverted optical microscope to evaluate the percentage of CPE.
2.9. Statistical Analyses
2.9.1. Calculation of SARS-CoV-2 Pseudotype Titres
Pseudotype transduction titres were estimated by means of ExcelTM software; the pseudotype
titres obtained at each point in a range of dilution points were expressed as RLU/mL, and the arithmetic
mean was calculated. For the analyses of pseudotype-based neutralisation assays, titres were firstly
normalised, and IC50 values were calculated by a non-linear regression model (log (inhibitor) vs.
normalised response-variable slope) analysis. Titres were subsequently expressed as the range of
dilution in which the IC50 value lay. In order to evaluate cell infectivity, two-way analysis of variance
(ANOVA) with Dunnett posttest was used to test for statistical significance (p > 0.05 (ns, not significant),
p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), and p ≤ 0.0001 (****)). For all statistical analyses, the GraphPad
Prism version 8.4 package was used (GraphPad Software, GraphPad, 2365 Northside Dr., Suite 560,
San Diego, CA 92108, USA).
2.9.2. Comparison between Live Virus Microneutralisation Titres (MNT) and Pseudotype Neutralising
Titres (PNT)
The statistical analyses have been undertaken with the R software (version 3.6.2). Different
approaches drove our statistical analyses, as shown in Figure 1.
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Figure 1. Flowchart of the statistical methods. Comparison between pseudotype neutralising titres
Figure 1. Flowchart of the statistical methods. Comparison between pseudotype neutralising titres
(PNT) and live virus micro-neutralisation titres (MNT) was conducted via different approaches,
(PNT) and live virus micro-neutralisation titres (MNT) was conducted via different approaches,
which enabled us to elucidate the overall convergence of the PNT and MNT results.
which enabled us to elucidate the overall convergence of the PNT and MNT results.

All the titres underwent preliminary base-2 logarithmic transformation. In accordance with the
All the titres underwent preliminary base-2 logarithmic transformation. In accordance with the
classification approach, the titres greater than log2 (5) were labelled as “Positive,” and otherwise as
classification approach, the titres greater than log2 (5) were labelled as “Positive,” and otherwise as
“Negative.” With MNT taken as the reference (“true”) results, the misclassifications were counted and
“Negative.” With MNT taken as the reference (“true”) results, the misclassifications were counted
displayed in an error matrix table.
and displayed in an error matrix table.
A linear regression model provided a measure of the strength of the relationship between PNT
A linear regression model provided a measure of the strength of the relationship between PNT
and MNT. As the dependent variable, we considered the log2 of PNT, and as the independent variable,
and MNT. As the dependent variable, we considered the log2 of PNT, and as the independent
the log2 of MNT.
variable, the log2 of MNT.
For the evaluation of the agreement between PNT and MNT, we used the intra-class correlation
For the evaluation of the agreement between PNT and MNT, we used the intra-class correlation
coefficient (ICC). In addition, the Bland–Altman method (BA) enabled us to search for possible
coefficient (ICC). In addition, the Bland–Altman method (BA) enabled us to search for possible
systematic difference (bias) between the PNT and MNT, as well as to identify the presence of outliers.
systematic difference (bias) between the PNT and MNT, as well as to identify the presence of outliers.
The BA evaluation mainly consists in a scatter plot of the differences between the measurements vs.
The BA evaluation mainly consists in a scatter plot of the differences between the measurements vs.
their means. The 95% limits of agreement (LOAs) were calculated around the mean of the differences.
their means. The 95% limits of agreement (LOAs) were calculated around the mean of the differences.
We set a maximum acceptable difference (MAD) of 0.5 times the MNT, below which the observed
We set a maximum acceptable difference (MAD) of 0.5 times the MNT, below which the observed
PNT-MNT differences were considered as not having a significant biological effect. We interpreted the
PNT-MNT differences were considered as not having a significant biological effect. We interpreted
differences below the MAD and within the 95% limits of agreement as interchangeable. By comparing
the differences below the MAD and within the 95% limits of agreement as interchangeable. By
the distributions of PNT and MNT, we got further insight into their similarity degree. Thus, we applied
comparing the distributions of PNT and MNT, we got further insight into their similarity degree.
the Kolmogorov–Smirnov test and measured the Kullbac–Leibler divergence (KLD). The former
Thus, we applied the Kolmogorov–Smirnov test and measured the Kullbac–Leibler divergence
considers the largest difference between the empirical distribution functions of the PNT and MNT
(KLD). The former considers the largest difference between the empirical distribution functions of
tests, and the latter is an information theoretic-based value, which indicates how much information is
the PNT and MNT tests, and the latter is an information theoretic-based value, which indicates how
lost when taking PNT as an approximation of MNT. The KLD was calculated as the “true” reference
much information is lost when taking PNT as an approximation of MNT. The KLD was calculated as
the MNT distribution, and normalised as follows:
the “true” reference the MNT distribution, and normalised as follows:
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3. Results
3. Results
3.1. SARS-CoV-2 Spike Protein Expression Evaluated by Western Blotting and p24 Quantification
3.1. SARS-CoV-2 Spike Protein Expression Evaluated by Western Blotting and p24 Quantification
SARS-CoV-2 S glycoprotein and gag-p24 in pseudotypes were characterised by immunoblot
SARS-CoV-2 S glycoprotein and gag-p24 in pseudotypes were characterised by immunoblot
analysis and p24 ELISA, respectively.
analysis and p24 ELISA, respectively.
To verify the expression of the spike protein in the SARS-CoV-2 pseudotypes, the spike was
To verify the expression of the spike protein in the SARS-CoV-2 pseudotypes, the spike was
detected by Western blot; sera from convalescent SARS-CoV-2 patients, which have been shown to
detected by Western blot; sera from convalescent SARS-CoV-2 patients, which have been shown to have
have a high neutralising titre in microneutralisation with a live virus, were used as the primary
a high neutralising titre in microneutralisation with a live virus, were used as the primary antibody,
antibody, and goat anti-Human IgG as the secondary antibody.
and goat anti-Human IgG as the secondary antibody.
SARS CoV-2 strain 2019-nCov/Italy wild-type virus (LV), which was handled in a level 3 bioSARS CoV-2 strain 2019-nCov/Italy wild-type virus (LV), which was handled in a level 3
containment facility (BSL 3), was used as positive control in order to evaluate the spike glycoprotein
bio-containment facility (BSL 3), was used as positive control in order to evaluate the spike glycoprotein
expression, while a Δ-envelope pseudotype, prepared with the same procedure, was used as a
expression, while a ∆-envelope pseudotype, prepared with the same procedure, was used as a
negative control.
negative control.
Three different batches of pseudotypes were tested; specific bands were found for SARS-CoV-2
Three different batches of pseudotypes were tested; specific bands were found for SARS-CoV-2
pseudotypes and for SARS-CoV-2 live virus, but not for the Δ-envelope control (Figure 2).
pseudotypes and for SARS-CoV-2 live virus, but not for the ∆-envelope control (Figure 2).
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pseudotypes were also compared for the HIV-1 viral core protein p24 amount (directly correlating to
the number of particles) by ELISA (values reported as pg of p24 for mL).
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3.2. Susceptibility of Cell Lines Panel to SARS-CoV-2 for Pseudotype-Based Neutralisation Assays
3.2. Susceptibility of Cell Lines Panel to SARS-CoV-2 for Pseudotype-Based Neutralisation Assays
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Figure 4. Susceptibility of cell lines to SARS-COV-2 driven entry. Cell lines of human and animal origin
Figure 4. Susceptibility of cell lines to SARS-COV-2 driven entry. Cell lines of human and animal
infected with ∆-envelope pseudotypes, SARS-COV-2 pseudotypes and VSV-G pseudotypes. At 72 h
origin infected with Δ-envelope pseudotypes, SARS-COV-2 pseudotypes and VSV-G pseudotypes.
post-infection, pseudotype entry was analysed by determining luciferase activity in cell lysates. Cell
At 72 h post-infection, pseudotype entry was analysed by determining luciferase activity in cell
background without pseudotypes infection was used for normalisation. Values are expressed as the
lysates. Cell background without pseudotypes infection was used for normalisation. Values are
means of independent results ± SD (n = 3). Two-way analysis of variance (ANOVA) test was used for
expressed as the means of independent results ± SD (n = 3). Two-way analysis of variance (ANOVA)
statistical analysis.
test was used for statistical analysis.

As expected, when cell lines were tested with ∆-envelope control (particles without envelope
3.3. Correlation between Live Virus MN and Pseudotype-Based Neutralisation Assays
proteins) the transduction activity dropped drastically (4-log), corresponding to 103 –104 RLUs/mL
(Figure
As4).
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Table 2. Panel of human sera tested by live virus MN and pseudotype-based neutralisation assays.
Responses against SARS-CoV-2 are expressed as antibody titres for both assays (end-point dilution).
ID Samples

Live Virus Micro
Neutralisation Titres (MNT)

Pseudotype Neutralisation
Titres (PNT)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

5
5
5
5
5
5
5
5
5
5
10
10
10
20
20
20
20
20
40
40
40
80
80
80
80
80
160
160
160
320
640
640
640
640
640
1280
1280
1280
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
10–20
<10
<10
40–80
40–80
<10
<10
160–320
160–320
160–320
80–160
160–320
160–320
320–640
160–320
160–320
160–320
160–320
>1280
640–1280
>1280
20–40
320–640
>1280
>1280
>1280
>1280
640–1280
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
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5
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5 5
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5
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63 61
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(Figure
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significant,
F
(1,
63)
=
344.6,
p
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with
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0.84. The PNT increased 1.09 for each log2 of the MNT.
2
R = 0.84. The PNT increased 1.09 for each log2 of the MNT.
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presented
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pattern.
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agreement
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and we
MNT,
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(ICC).
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one-way
random
single
score
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(Table
3)
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between
the
neutralisation
titres PNT
coefficient (ICC). The one-way random single score ICC (Table 3) calculated between
the
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MNT
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This
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[38].
neutralisation titres PNT and MNT was 0.872 (95% CI (0.799–0.92)), p < 0.0001. This indicated

excellent agreement [38].
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Table 3. Summary of the intra-class correlation analysis. The one-way random single score ICC
calculated between the neutralisation titres PNT and MNT was 0.872 (95% CI (0.799–0.92)), p < 0.0001.
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Raters
2
ICC(1)
0.872
Table 3. Summary of the intra-classCI
correlation
analysis.
The one-way random single score ICC
95%
[0.799–0.92]
calculated between the neutralisation titres
PNT and MNT
was 0.872 (95% CI (0.799–0.92)), p < 0.0001.
F-test
14.7
p
<0.0001

Model
one-way
Type
agreement
The Bland–Altman (BA) analysis
(Figure 6) revealed the65presence of a significant relationship
Subjects
Ratersmade applying a regression
2
between differences and means, which
approach consistent [39].
ICC(1)
0.872
We found that most of the data-points were within the 95% Limit of Agreements (LOAs), while
CI 95%
[0.799–0.92]
one outlier, corresponding to a means of titres equal to 6.56 (log2-units), was detected. These findings
F-test
14.7
suggested that there was substantial pagreement and interchangeability
between PNT and MNT.
<0.0001

In addition, the BA method enabled us to search for possible systematic difference (bias)
between the PNT and MNT, and to identify the presence of outliers.
The Bland–Altman (BA) analysis (Figure 6) revealed the presence of a significant relationship
between differences and means, which made applying a regression approach consistent [39].

Figure 6. Bland–Altman plot. The Bland–Altman plot evaluating PNT-MNT agreement. The maximum
Figure 6. differences
Bland–Altman
Bland–Altman
plotlines),
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(blue plot.
lines)The
embrace
the LOAs (red
which PNT-MNT
makes the interpretation
of
maximum
acceptable
differences
(blue
lines)
embrace
the
LOAs
(red
lines),
which
makes the
the
the statistical results biologically plausible. We found a significant linear relationship between
interpretation
the
statistical
results
plausible.
linear relationship
differences
andof
the
means
of the
titres.biologically
Moreover, except
for We
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outlier,a significant
all the differences
were both
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the
differences
and
the
means
of
the
titres.
Moreover,
except
for
one
the
biologically and statistically acceptable. In other words, there was substantial agreementoutlier,
betweenallPNT
differences
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both
biologically
and
statistically
acceptable.
In
other
words,
there
was
substantial
and MNT.
agreement between PNT and MNT.

We found that most of the data-points were within the 95% Limit of Agreements (LOAs), while one
We
also concluded,
the basis
of the
Kolmogorov–Smirnov
there was
notfindings
enough
outlier,
corresponding
to aonmeans
of titres
equal
to 6.56 (log2-units),test,
wasthat
detected.
These
evidence
to
reject
the
null
hypothesis
of
equal
distributions
of
PNT
and
MNT,
(KS
test
=
0.17,
p
suggested that there was substantial agreement and interchangeability between PNT and MNT.= 0.31).
The In
normalised
Kullback–Leibler
divergences
(nKLD)
originaldifference
PNT and (bias)
MNT between
data was
addition, the
BA method enabled
us to search
forbetween
possible the
systematic
equal
toand
−0.0098.
of thethe
bootstrap
evidenced that the hypothesis of a zero nKLD
the
PNT
MNT,The
andresult
to identify
presencetesting
of outliers.
between
PNT
and
MNT
was
consistent
with
the
data,
p = 0.44 (Figure
7).that there was not enough
We also concluded, on the basis of the Kolmogorov–Smirnov
test,
evidence to reject the null hypothesis of equal distributions of PNT and MNT, (KS test = 0.17, p = 0.31).
The normalised Kullback–Leibler divergences (nKLD) between the original PNT and MNT data was
equal to −0.0098. The result of the bootstrap testing evidenced that the hypothesis of a zero nKLD
between PNT and MNT was consistent with the data, p = 0.44 (Figure 7).
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Figure 7. Bootstrap distribution of the Kullback–Leibler divergence. The histogram shows the
Figure 7. Bootstrap distribution of the Kullback–Leibler divergence. The histogram shows the
distribution of the normalised Kullback–Leibler divergences evaluated via the bootstrap method.
distribution of the normalised Kullback–Leibler divergences evaluated via the bootstrap method. The
The nKLD between the original MNT and PNT was −0.0098 (blue dotted line). The MNT and PNT
nKLD between the original MNT and PNT was −0.0098 (blue dotted line). The MNT and PNT data
data were re-sampled with replacement 100,000 times. The red dotted line shows the 5% lower-tail
were re-sampled with replacement 100,000 times. The red dotted line shows the 5% lower-tail quantile
quantile (−0.0125) of the bootstrap distribution. Since the observed nKLD was lower (in absolute value)
(−0.0125) of the bootstrap distribution. Since the observed nKLD was lower (in absolute value) than
than the 5% lower-tail quantile, we concluded that the divergence was not significantly different from
the 5% lower-tail quantile, we concluded that the divergence was not significantly different from zero
zero (p-value = 0.44).
(p-value = 0.44).
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bio-containment facilities, as the pseudotype is devoid of virulent viral components and it is involved
in a single round of replication [46].
The production of pseudotypes harbouring novel glycoproteins could permit elucidation of viral
biological characteristics and a better understanding if they have potential to cause pandemics by the
generation of mutants (via mutation of glycoprotein) without the risk of creating potentially dangerous
viruses. It can also reflect key aspects of host cell entry and receptor binding specificity [10,33].
However, the need of additional reagents seems a requirement due to cellular receptor
specificity and TMPRSS2 priming for SARS-CoV-2 pseudotypes; thus, necessitating us to optimise the
batch-to-batch variations in order to reduce the variability in terms of pseudotype titres and stability.
Since previous studies have evidenced that most amino acid residues for ACE2 binding by
SARS-CoV were also conserved in SARS-CoV-2 [47], we have studied different cell susceptibility to
SARS-CoV-2 pseudotype entry. Understanding the entry mechanisms determined by the S glycoprotein
and the susceptibility of different cells (based on specific cellular receptor expression) can also provide
important information to study critical process in which the S spike protein of SARS- CoV-2 is involved.
Moreover, the use of multiple target cell lines is particularly valid since one of the advantages of the
pseudotype-based assays is that they are deployable across different stakeholder laboratories who
have access to different cell lines.
It also represents a determinant for the development and optimisation of cell-based assays and for
the screening of potential entry inhibitors.
Once the SARS-CoV-2 pseudotypes have been efficiently produced, we have also developed a
lentiviral pseudotype-based assay that facilitates the accurate determination of neutralising antibody
responses to SARS-CoV-2 that can be paired to the more intensive and laborious MN.
Although it is unclear as to how the display of S protein on heterologous virus impacts viral entry,
antibody recognition and antibody neutralisation [48], our results suggest that pseudotype-based
neutralisation assays correlate well with the MN assays when testing human sera, and our findings
show significant accuracy, sensitivity and specificity when both assays are compared.
When employed in the screening of vaccinated human sera and other influenza serological
studies [49–52], pseudotype-based neutralisation assays have been described to be more sensitive than
classical MN. The sensitivity of pseudotypes can also detect particularly low antibody responses or
facilitate the antibody’s recognition that cannot always be determined by conventional assays, possibly
due to lower density/quantity of glycoprotein expressed on the pseudotypes [53,54]. This could explain
the ability of human mAB IgM to recognise certain epitopes of S1 protein, as it has been seen for
pseudotype-based neutralisation but not for live virus MN.
Although the model (PNT instead of MNT) returned a relatively high percentage of false-negatives,
in large-scale serological testing, having a highly specific test is advantageous when a false-positive
result has a great clinical impact. Indeed, it guarantees against the risk of misclassification of the
true-negative samples.
Undoubtedly, for a wider use of pseudotypes, it will be necessary to take into consideration
additional aspects required for standardisation such as comparison between viral vectors/expression
plasmids used, optimisation of particle titres and establishment of adequate positive, negative controls
and reference standards (making it more difficult to evaluate the reproducibility of different serological
assays).
Moreover, as in all the cell-based assays, cell input [55,56] is an important aspect in standardisation:
the use of an automatic cell counter, cell viability and requirement of different proteases should be
taken into account and it could be important for the consistency of the assay during different analytical
sessions. Undoubtedly, a permanent cell line could be a valid alternative [18] (it would require only
TMPRSS2 priming), and the generation of a cell line expressing proteases as a pseudotype producer
could be investigated.
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5. Conclusions
Our findings suggest that SARS-CoV-2 pseudotype-based assays and the live-virus
microneutralisation correlate well when employed in testing antibody responses against the novel
SARS-CoV-2 virus. Undoubtedly, they would help to dissect out these diversities of immunological
responses, and they can, additionally, have an important role in evaluating the neutralising
antibody potency (but not necessarily predicting protection), and in testing the efficacy of potential
SARS-CoV-2 vaccines.
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