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elicits long-lasting immunological memory in recovered
individuals. In this work, we aimed to assess the maintenance of
immunological memory to SARS-CoV-2. Methods. We evaluated
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experienced a cluster of COVID-19 in March 2020, which was
doi: 10.1002/cti2.1281 strictly evaluated in the following months. Results. Our results

highlight a heterogeneous magnitude of immunological memory
at 5 months after infection. Indeed, 20% of the subjects displayed
a weak cellular and humoral memory to SARS-CoV-2, suggesting
that they may be at higher risk of reinfection. In addition, a
history of symptomatic COVID-19 was associated with higher levels
of SARS-CoV-2-reactive CD4" T cells and specific antibody levels
than in asymptomatic individuals. Conclusion. Collectively, these
data demonstrate that immunity to SARS-CoV-2 is maintained five
months postinfection even if the magnitude of response is
heterogeneous among individuals. This finding suggests that some
COVID-19-recovered subjects may benefit from vaccination.

Clinical & Translational Immunology
2021; 10: e1281

Keywords: immunoglobulins, immunological memory, SARS-CoV-2,
T cells

INTRODUCTION than 2.8 million deaths." It is still poorly
As of 1 April 2021, SARS-CoV-2 has infected more understood whether COVID-19-recovered
than 128 million people worldwide, with more individuals are protected from reinfection, and
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how long the protection is maintained.
Immunological memory plays a primary role in
host protection from secondary infections. Indeed,
long-lived memory T and B cells are crucial to
provide a fast response in case of pathogen re-
encounter, favoring its rapid elimination.?
Regarding SARS-CoV-2 infection, several data sets
have shown that the virus-specific adaptive
immune response develops in the acute phase of
the disease. Indeed, it has been demonstrated
that CD4" and CD8" SARS-CoV-2-specific T cells are
present in the circulation of recovered
individuals,>* and within 19 days after symptom
onset, all COVID-19 patients test positive for
antivirus IgG.> Moreover, a significant correlation
between the frequency of SARS-CoV-2-specific T
cells and the levels of specific antibody titres has
been demonstrated,® suggesting a coordinated
activity of both branches of adaptive immunity.
The strength of SARS-CoV-2-specific immune
response is strictly correlated with clinical disease
manifestations. Subjects with asymptomatic SARS-
CoV-2 infection display lower levels of both
humoral and cellular adaptive responses than
those with symptomatic infection.®’ Moreover, a
dysregulated immune response has been observed
in critically ill COVID-19 patients.>® While some
data are now available regarding the
characterisation of virus-specific immune response
in the acute or early convalescent phase of the
disease, there are instead a few studies
investigating long-term immunity, because of the
recent emergence of this infectious disease. Data
available on human endemic coronaviruses show
that these pathogens elicit a short-lasting
memory, thus leading to possible reinfections.'
This is a matter of concern, highlighting the
possibility that reinfections by SARS-CoV-2 may
also occur. Therefore, the characterisation of
long-term immunological memory to SARS-CoV-2
is urgently need. This is of importance also
because vaccines against SARS-CoV-2 are now
available, and mass immunisation strategies have
begun worldwide. Since we are now facing
vaccine shortage and it will require several
months to complete the immunisation process, it
will be important to wunderstand whether
vaccination of COVID-19-recovered individuals can
be postponed because of the protection given by
their natural antiviral immunity.

For these reasons, we evaluated the
immunological memory to SARS-CoV-2 in a group
of players and staff members of an Italian Serie A
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football team, 5 months after the occurrence of a
cluster of COVID-19. Our results show that,
although the majority of previously infected
subjects maintain elevated levels of circulating
specific CD4" T cells and antibodies, a significant
fraction displays reduced immunity. This raises the
possibility that some individuals may be at higher
risk of reinfection, thus needing vaccination.

RESULTS AND DISCUSSION

We investigated the transmission of SARS-CoV-2 in
a football team of the Italian Serie A from March
to August 2020. On 8 March 2020, the team
played the last official match before the Italian
Football Association (FIGC) decided to stop the
Serie A to contain COVID-19 diffusion. On 13
March, the team reported the first case of a SARS-
CoV-2-infected player. Within few days, 15
additional cases of SARS-CoV-2 infection were
diagnosed among members of the team group. At
the beginning of May 2020, individual workouts
for professional athletes, including football
players, were resumed under strict health
monitoring rules. For this reason, all team group
members were tested for SARS-CoV-2 infection by
nasopharyngeal swab PCR and serologic
evaluation on 6 May 2020. All the 16 subjects who
had tested positive by PCR analysis of
nasopharyngeal swabs in March (exposed group
1) displayed serum SARS-CoV-2-specific 1gG
(Figure 1). Of note, 19 additional individuals
showed the presence of SARS-CoV-2-specific 1gG,
while resulted negative to nasopharyngeal swab
PCR, indicating a prior exposure to the virus
(exposed group 2) (Figure 1). Indeed, 8 subjects in
this group referred non-specific clinical symptoms
compatible with COVID-19 in March 2020,
although they had not been tested, but making
probable the disease onset at that time. 19
additional team group members had negative
SARS-CoV-2-specific I9G, had negative
nasopharyngeal swab and did not report any

symptom; thus, they were included in the
uninfected group (Figure 1). Team group
members were routinely screened until the

beginning of August 2020 to confirm the absence
of any new cases of infection, thus allowing the
conclusion of the sport season. On 25 August
2020, at the beginning of the new sport season,
all team members were enrolled with the
exclusion of 1 individual from the uninfected
group whose nasopharyngeal swab tested positive
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March 2020 —

16 football team members
SARS-CoV-2 infected

confirmed by nasopharyngeal swab
(NPS) PCR

\

NPS PCR
on March 2020
Exposed group 1 Positive
Exposed group 2 Not evaluated
Uninfected group Not evaluated
Figure 1. Characterisation of the study cohort.
for SARS-CoV-2 on enrolment date. 10 other

subjects were not included because they were
transferred to other teams before the enrolment
date. In total, the study included 44 subjects: 15 in
exposed group 1 (mean age, 42 + 14; range, 20-
66 years), 15 in exposed group 2 (mean age,
30 + 11; range, 21-55years) and 14 in the
uninfected group (mean age, 41 + 14; range, 21—
66 years). Main clinical features are summarised in
Supplementary table 1. 2a, both exposed group 1
and exposed group 2 displayed significantly
higher levels of IgG specific for a virion extract
than in the uninfected group. Similar findings
were obtained when evaluating the levels of spike
(S)-specific IgG or nucleoprotein (N)-specific total
Ig (Figure 2b, ¢). SARS-CoV-2-specific IgM and IgA
for a virion extract were not detected in all
groups of individuals (data not shown). We also
evaluated CD4" T-cell reactivity to S, membrane
(M) and N viral antigens. As shown in Figure 2d,
group 1- and group 2-exposed individuals showed
a higher frequency of virus-specific CD4" T cells,
defined by CD154 expression and production of at
least one cytokine among IFN-y, IL-2 and TNF-o,
than that of the uninfected group. When
considering single cytokine production, we
observed an increased percentage of CD4" T cells
producing IFN-y (Figure 2e), IL-2 (Figure 2f) and
TNF-oo (Figure 2g) in both groups of exposed
subjects compared to uninfected individuals. The
gating strategy for the identification of SARS-
CoV-2-specific CD4" T cells is reported in
Supplementary figure 1. Of note, we did not
observe any differences in humoral and cellular
adaptive immune responses between exposed
group 1 and exposed group 2. Collectively, these
data suggest that immunological memory to
SARS-CoV-2 is maintained for at least 5 months
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o——— August 2020

Study enroliment and
cohort sampling

} }

SARS-CoV-2 IgG

on May 2020 Total cases
Positive 15
Positive 15
Negative 14

after infection. Moreover, total virion-specific IgG
and S-specific IgG serum levels were positively
correlated with the frequency of specific CD4" T
cells (Figure 2h, i), suggesting a similar strength of
humoral and cellular adaptive immunity.
Although both groups of exposed individuals
collectively displayed a higher magnitude of
humoral and cellular immune responses than in
unexposed subjects, it should be noted that
within the two exposed groups some individuals
showed antibody levels and/or specific CD4" T-cell
frequencies below reference ranges. For this
reason, we deeply investigated the variability
sources affecting our data set, performing a
principal component analysis (PCA) and then
visualising the data in a 2D space through the
uniform manifold approximation and projection
(UMAP) algorithm. As shown in Figure 2I, a cluster
of exposed individuals could be clearly separated
from unexposed subjects. However, 6 exposed
subjects clustered in proximity to, although
separated from, the unexposed group. This
finding suggests that in some individuals a weak
immune response is present at 5 months
postinfection. In agreement, these 6 individuals
displayed reduced levels of both humoral
(Figure 3a-c) and cellular (Figure 3d-g) immune
responses as compared to all other exposed
subjects. It has been previously shown that
COVID-19 patients with moderate disease display
higher specific antibody titres and frequency of
SARS-CoV-2-reactive ~ CD4"™ T cells than
asymptomatic cases.®’ These data were obtained
in the early convalescence phase; thus, we
decided to evaluate whether this difference is
maintained also in the memory phase.
Consequently, we divided exposed individuals into
two groups, asymptomatic (n=10) and
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Figure 2. Characterisation of the immunological memory to SARS-CoV-2 in exposed individuals. Evaluation of IgG specific for a total virion
extract (a) or spike protein (b) in uninfected individuals (n = 14), exposed group 1 (n = 15) and exposed group 2 (n = 15). (c) Evaluation of
nucleoprotein-specific total Ig in uninfected individuals (n = 14), exposed group 1 (n = 15) and exposed group 2 (n = 15). (d) Frequency of CD4"
T cells reactive to SARS-CoV-2, defined by the expression of CD154 and at least one cytokine among IFN-y, IL-2 and TNF-o
(CD4"CD154"cytokine™) in uninfected individuals (n = 14), exposed group 1 (n = 15) and exposed group 2 (n = 15). Frequency of SARS-CoV-2-
specific CD4" T cells expressing CD154 and IFN-y (e), IL-2 (f) or TNF-a (g) in uninfected individuals (n = 14), exposed group 1 (n = 15) and
exposed group 2 (n = 15). Data in d-g are presented as percentages of CD4" T cells, subtracted of background unstimulated negative control.
Horizontal lines in a—g represent mean values. Grey area represents the cut-off value. Correlation between total virion-specific IgG (h) or spike-
specific IgG levels (i) with the frequency of SARS-CoV-2-reactive CD4"CD154 cytokine™ T cells. (I) Uniform manifold approximation projection
(UMAP) visualisation of uninfected (orange) and exposed (blue) individuals. Arrows indicate the three subjects hospitalised for COVID-19.
**p < 0.01;, ***P < 0.001.

symptomatic (n = 20), based on the absence or (Figure 4b) than in asymptomatic ones. No
presence, respectively, of clinical symptoms differences were observed regarding the levels of
compatible with COVID-19 in March 2020. total Ig specific for the viral nucleoprotein
Subjects with a history of symptomatic COVID-19 (Figure 4c). Regarding the cellular immune
displayed higher levels of serum IgG specific for a response, symptomatic subjects showed
total virion extract (Figure 4a) and spike protein significantly higher frequencies of CD4" T cells
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Figure 3. Different strength of immunological memory to SARS-CoV-2 in exposed individuals. Evaluation of IgG specific for a total virion extract
(a) or spike protein (b) in individuals with a strong (n = 24) or weak (n = 6) signature of immunological memory to SARS-CoV-2. (c) Evaluation
of nucleoprotein-specific total Ig in individuals with a strong (n = 24) or weak (n = 6) signature of immunological memory to SARS-CoV-2. (d)
Frequency of CD4" T cells reactive to SARS-CoV-2, defined by the expression of CD154 and at least one cytokine among IFN-y, IL-2 and TNF-o
(CD4*CD154*cytokine™) in individuals with a strong (n = 24) or weak (n = 6) signature of immunological memory to SARS-CoV-2. Frequency of
SARS-CoV-2-specific CD4" T cells expressing CD154 and IFN-y (e), IL.-2 (f) or TNF-o (g) in individuals with a strong (n = 24) or weak (n = 6)
signature of immunological memory to SARS-CoV-2. Data in d-g are presented as percentages of CD4" T cells, subtracted of background
unstimulated negative control. Horizontal lines in a—g represent mean values. *P < 0.05; ***P < 0.001.

expressing CD154 and producing at least one
cytokine among IFN-y, IL-2 and TNF-o upon
in vitro stimulation with viral antigens (Figure 4d).
Similar  differences were observed when
evaluating the frequency of CD4" T cells
expressing CD154 and secreting only IFN-y
(Figure 4e), IL-2 (Figure 4f) or TNF-a (Figure 4q).
Of note, among the 24 subjects with a strong
immunological memory to SARS-CoV-2, 18 (75%)
had a history of symptomatic infection. On the
contrary, among the 6 subjects with a low
magnitude of SARS-CoV-2-specific immunological
memory, 2 (33%) had a previous symptomatic
COVID-19 (Figure 4h). Finally, we evaluated the
polyfunctional properties of SARS-CoV-2-reactive
CD4" T cells, given that it has been demonstrated
that T cells secreting more than one cytokine are
functionally superior in host protection against
viral pathogens.' Although the percentages of
CD4" T cells producing all the three cytokines
were comparable, subjects with a history of
symptomatic COVID-19 exhibited an increased
frequency of cells producing 2 cytokines in all
possible combinations, when compared with
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asymptomatic individuals (Figure 4i).
Contemporarily, a decrease in cells expressing only
one cytokine was observed in symptomatic
compared to asymptomatic subjects (Figure 4i).
Several groups have demonstrated that an
effective adaptive immune response to SARS-CoV-
2 generates in recovered subjects. However, it is
still unclear whether immunological memory to
this virus is long-lasting. Differently from other
viruses, endemic coronaviruses induce a short-
lasting immunological memory, exposing
individuals to  possible  reinfections.’® In
agreement, few cases of reinfection by SARS-CoV-
2 have been demonstrated so far.'?
Contradicting reports have been produced
regarding the stability of serum-specific antibody
levels,”™'® while regarding T cells it has been
shown that they persist for at least 3 months after
infection in a group of individuals with a history
of mild COVID-19." More recently, Dan et al.
described the dynamics of SARS-CoV-2 memory B
cells, CD8" T cells and CD4" T cells for more than
6 months after infection and found a high degree
of heterogeneity in the magnitude of response in
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Figure 4. Immunological memory to SARS-CoV-2 in subjects with a history of symptomatic or asymptomatic COVID-19. Evaluation of IgG
specific for a total virion extract (a) or spike protein (b) in exposed individuals with a history of symptomatic (n = 20) or asymptomatic (n = 10)
COVID-19. (c) Evaluation of nucleoprotein-specific total Ig in exposed individuals with a history of symptomatic (n = 20) or asymptomatic (n = 10)
COVID-19. (d) Frequency of CD4" T cells reactive to SARS-CoV-2, defined by the expression of CD154 and at least one cytokine among IFN-y, IL-
2 and TNF-o (CD4"CD154"cytokine®) in individuals with a history of symptomatic (n = 20) or asymptomatic (n = 10) COVID-19. Frequency of
SARS-CoV-2-specific CD4" T cells expressing CD154 and IFN-y (e), IL-2 (f) or TNF-a (g) in individuals with a history of symptomatic (n = 20) or
asymptomatic (n = 10) COVID-19. Data in d—g are presented as percentages of CD4" T cells, subtracted of background unstimulated negative
control. Horizontal lines in a-g represent mean values. (h) Uniform manifold approximation projection (UMAP) visualisation of uninfected
(orange), symptomatic (blue) and asymptomatic (green) individuals. (i) Characterisation of SARS-CoV-2-specific CD4" T-cell polyfunctionality in
individuals with a history of symptomatic (n = 20) or asymptomatic (n = 10) COVID-19. **P < 0.01.

the immune memory phase to the virus, although
most individuals showed durable immunity 5-
8 months post symptom onset.’° Our findings
show that at 5 months after infection, 80% (24 of
30 exposed individuals) of the subjects show an
immunological  signature = compatible  with
persistent immunity to SARS-CoV-2. Moreover, a
history of symptomatic COVID-19 is associated
with the maintenance of a higher magnitude of
specific adaptive response. In our study, subjects
with a history of symptomatic COVID-19 exhibited
an increased frequency of cells producing 2
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cytokines in all possible combinations as compared
with asymptomatic individuals. However, Le Bert
et al. have also shown that asymptomatic
individuals mount a highly functional virus-specific
cellular immune response.?’

Nevertheless, 20% of the subjects seem to
display a weak immunological memory, but we do
not know whether this feature will lead to an
increased chance of reinfection. Thus, additional
studies on bigger cohorts are urgently needed.
Understanding the heterogeneity of the
immunological memory against SARS-CoV-2 is
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crucial to define the real need for vaccinating
people who recovered from COVID-19. This is of
importance to design optimal vaccination
strategies, given that vaccine doses are currently
limited.

METHODS

Patients

A total of 44 team group members (players and staff
members) of a football team of the Italian Serie A were
enrolled in this study (Figure 1). Sera were obtained from
peripheral blood collected in tubes containing clot
activators. For PBMNC recovery, blood was collected using
EDTA as anticoagulant.

Evaluation of SARS-CoV-2-reactive T cells

PBMNCs were obtained following density gradient
centrifugation of blood samples using Lymphoprep (Axis
Shield Poc As™; Dundee, Scotland). For cell stimulation
in vitro, 1.5 millions of freshly isolated PBMNCs were
cultured in 96-well flat-bottom plates in the presence of
medium alone (background, negative control) or a mixture
of nucleoprotein, membrane and spike SARS-CoV-2
peptide pools (0.6 uM per peptide, according to the
manufacturer’s instructions; Miltenyi Biotec, Bergisch
Gladbach, Germany). The peptide pools for N and M
proteins cover the entire sequence of the proteins, while
the S peptide pool contains the sequence domains aa 304—
338, 421-475, 492-519, 683-707, 741-770, 785-802 and
885-1273. After 2 h of incubation at 37°C, 5% CO,,
Brefeldin A (Sigma-Aldrich, Darmstadt, Germany) (5 ng mL
") was added, followed by an additional 4-h incubation.
Finally, cells were fixed for 15 min with 2% formaldehyde
and stained using fluorochrome-conjugated antibodies
listed in Supplementary table 2. All samples were acquired
on a BD LSR Il Flow Cytometer (BD Biosciences, San Jose).
The gating strategy is reported in Supplementary figure 1.
Cut-off values were calculated as mean values of the
unexposed group +2SD. Outliers were removed for this
calculation.

Evaluation of SARS-CoV-2-specific IgM, IgA
and IgG

Serum levels of anti-SARS-CoV-2-specific antibodies were
evaluated by three commercial kits: an enzyme-linked
immunosorbent assay (ELISA) using inactivated native viral
proteins (Enzywell SARS-CoV-2; Diesse, Siena, Italy); a
chemiluminescent immunoassay (CLIA) (LIAISON® SARS-
CoV-2 S1/S2 1gG; DiaSorin, Saluggia, Italy), detecting IgG
antibodies against recombinant S1 and S2 SARS-CoV-2
proteins; and an electrochemiluminescence immunoassay
(ECLIA) (Roche Elecsys Anti-SARS-CoV-2; Roche Diagnostics,
Monza, ltaly), using a recombinant protein representing the
nucleocapsid (N) antigen. All the tests were performed
according to the manufacturer’s instructions.

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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Bioinformatic analysis

Flow cytometry data and immunoglobulin levels were used
to investigate the relations among samples. To this aim, we
scaled the different data sets to make them comparable
and to build a matrix, later dimensionally reduced through
a principal component analysis (PCA). The first 2 principal
components (PCs) were used to construct a neighbourhood
graph of observations embedded in a bidimensional space
through the wuniform manifold approximation and
projection (UMAP) algorithm.

Statistics

All data were analysed with the non-parametric Mann-
Whitney U-test for unpaired samples. In all cases, P-
values <0.05 were considered significant. Pearson’s
correlation coefficients were used to calculate the
correlations.

Study approval

The procedures followed in the study were approved by the
Careggi University Hospital Ethical Committee (Protocol
16859). Written informed consent was obtained from
recruited patients.
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