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ABSTRACT
Background: We studied humoral and cellular responses against SARS-CoV-2 longitudinally in a homogeneous population
of healthy young/middle-aged men of South Asian ethnicity with mild COVID-19. Methods: In total, we recruited 994 men
(median age: 34 years) post-COVID-19 diagnosis. Repeated cross-sectional surveys were conducted betweenMay 2020 and
January 2021 at six time points – day 28 (n = 327), day 80 (n = 202), day 105 (n = 294), day 140 (n = 172), day 180 (n = 758),
and day 280 (n = 311). Three commercial assays were used to detect anti-nucleoprotein (NP) and neutralizing antibodies.
T cell response specific for Spike, Membrane and NP SARS-CoV-2 proteins was tested in 85 patients at day 105, 180, and
280. Results: All serological tests displayed different kinetics of progressive antibody reduction while the frequency of
T cells specific for different structural SARS-CoV-2 proteins was stable over time. Both showed a marked heterogeneity
of magnitude among the studied cohort. Comparatively, cellular responses lasted longer than humoral responses and
were still detectable nine months after infection in the individuals who lost antibody detection. Correlation between
T cell frequencies and all antibodies was lost over time. Conclusion: Humoral and cellular immunity against SARS-CoV-2
is induced with differing kinetics of persistence in those with mild disease. The magnitude of T cells and antibodies is
highly heterogeneous in a homogeneous study population. These observations have implications for COVID-19
surveillance, vaccination strategies, and post-pandemic planning.
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Key points

In a homogeneous cohort of healthy young men with
mild COVID-19, humoral and cellular immunity against
SARS-CoV-2 displayed marked heterogeneity in kin-
etics, magnitude, and duration. SARS-CoV-2-specific
T cells persisted beyond nine months post-infection
while antibody levels decreased progressively over time.

Introduction

The coronavirus disease 2019 (COVID-19) began in
Wuhan, China, in December 2019 and has since spread
to virtually all countries worldwide, leading to a

pandemic that mass vaccinations are trying to resolve.
Although the death toll has exceeded more than 3.7
million as of 8th June 2021 [1], most infected individ-
uals are either asymptomatic or have a mild disease
not requiring hospitalization [2–4]. The median infec-
tion fatality rate is estimated to be 0.27% [5], consider-
ably lower than (severe acute respiratory syndrome
coronavirus) SARS-CoV or (Middle East respiratory
syndrome coronavirus) MERS-CoV but far higher
than influenza [6] or the common cold caused by sea-
sonal human coronaviruses.

One critical question is the duration of immune
protection to SARS-CoV-2 infection, which may
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provide insights into the risk of reinfection, pandemic
dynamics, and the long-term effectiveness of COVID-
19 vaccines [7]. We know that SARS-CoV-2 infection
induces an adaptive memory immune response.
SARS-CoV-2-specific B and T cells can be demon-
strated in the circulation of convalescent patients at
variable frequencies at least 6–8 months after virus
clearance [8–11]. Furthermore, the demonstration of
long-lived bone marrow SARS-CoV-2 plasma cells
[12] and of SARS-CoV-specific T cells presence 17
years after infection [13] in SARS patients strongly
suggests that a sustained memory immune response
is induced after SARS-CoV-2 infection. The immuno-
logical protection sustained by such memory immu-
nity is indirectly supported by the observation that
symptomatic reinfection by the original virus is very
rare at least 1 year after infection [14]. However, the
minimal quantitative levels of antibodies and T cells
that might confer protection from infection or disease
severity are only starting to be hypothesized [15].

In addition to a lack of understanding which quan-
tity of humoral and cellular immunity is able to confer
protection, we still have very little information about
the kinetics of decay of SARS-CoV-2 immunity after
infection. Indeed, many studies that have started to
analyze such immunological parameters have shown
that different convalescent individuals are character-
ized by different initial magnitude and overall decay
of antibody titres [16] and SARS-CoV-2-specific T
cells [9]. Such heterogeneity of the immune response
has been suggested to be mainly dependent on the
severity of disease, age, ethnicity, and sex of the
infected individuals or the presence of concomitant
pathologies. These variables play a role – for example,
patients with milder disease have a shorter duration of
antibody persistence than patients with severe disease
[16,17]. On the other hand, we have recently demon-
strated that SARS-CoV-2 infected asymptomatic indi-
viduals mount a more functional SARS-CoV-2-
specific T cell response than symptomatic ones [18].

Therefore, we measured the magnitude and rate of
disappearance of humoral and cellular virus-specific
immunity in a homogeneous cohort of young/
middle-aged COVID-19 convalescent men mainly of
South Asian origin with no pre-existing comorbidities
who were characterized by mild disease. They all con-
tracted the infection over a narrow period (2nd–24th
of April 2020) while living in a crowded dormitory
(12,983 migrant workers) [19] last year in Singapore.
While the outbreak in the dormitories has been
brought under control, these workers’ living and
work conditions continue to render this population
particularly vulnerable to the infection and spread of
respiratory viruses.

Knowledge about the nature and duration of
immune responses for the workers post-infection is
critical to inform policies on whether vaccination

is necessary in this cohort, and when should be
initiated. It will also inform policies on when sur-
veillance testing should be initiated and whether
prior-infected persons should be quarantined if
exposed again to SARS-CoV-2. It is also important
to evaluate if the magnitude and disappearance
rate of humoral and cellular immunity are similar
in convalescent individuals of identical sex (male)
and similar ethnicity, age and symptoms (mild,
non-hospitalized) post-infection. The advent of new
SARS-CoV-2 variants such as the Delta variant
does not diminish the significance of this work,
given the potentially stronger protection provided
by prior infection compared to vaccination [20].

Methods

Study design

Repeated cross-sectional surveys were performed
between May 2020 and January 2021 at six approxi-
mate timepoints from RT–PCR confirmation of
COVID-19 diagnosis: 28, 80, 105, 140, 180, and 280
days post PCR positivity (Table 1). This study design
was preferred over a cohort design because of the
possibility of high lost-to-follow-up over time in
view of the risk of migrant worker repatriation as
jobs were lost due to the pandemic. It would also mini-
mize the amount of venesection and inconvenience for
the participants, who had been effectively isolated in
their dormitory for 4 months prior to returning to
work.

Study site and participants

The study site was a large purpose-built dormitory
housing 12,983 migrant workers at the start of the out-
break. Study participants were randomly recruited
from 2650 RT–PCR-confirmed COVID-19 cases
who were diagnosed between the 2nd and 24th of
April 2020. We performed antibody testing at 6 differ-
ent time points post PCR positivity. While 377 donors
were tested only once, 617 were followed longitudin-
ally and tested at 2–5 different time points. Total num-
ber of individuals tested at each timepoint: day 28 (n =
327), day 80 (n = 202), day 105 (n = 294); day 140 (n =
172), day 180 (n = 758), day 280 (n = 311).

Serology testing

Serology testing was performed at each of the above-
mentioned timepoints. Sera were tested using 3 com-
mercial platforms:

. Anti-NP IgG antibodies (Abbott Laboratories)
based on chemiluminescent microparticle immu-
noassay (CMIA) on an Architect i2000SR
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automated instrument, with a cut-off index of ≥1.4
defined as a positive result following the manufac-
turer’s recommendation.

. Total anti-NP antibodies using Elecsys® Anti-SARS-
CoV-2 (Roche) based on electrochemiluminescence
immunoassay (ECLIA) on a cobas analyzer. A cut-
off index of ≥1.0 was defined as a positive result fol-
lowing the manufacturer’s recommendation.

. Surrogate virus neutralization test (sVNT) that
detects isotype-independent neutralizing anti-
bodies (NAbs; cPass, GenScript), which measures
the percentage to which the sera can inhibit the
interaction of the viral receptor-binding protein
(RBD) with the host cell’s membrane receptor
protein (ACE2). We acknowledge that the manu-
facturer has revised the signal inhibition positive
threshold to 30% on 1st February 2021 [21]. As
this study was conducted among persons with natu-
ral infections prior to the change in the cut-off, we
considered the previous official virus inhibition
threshold of ≥20% [16] as a positive result. Concor-
dance rates for positive/negative test calls between
pairs among the 3 serology tests were calculated
for each timepoint. Samples with data available
for all three tests were included in the analysis.

Analysis of SARS-CoV-2-specific T cells

SARS-CoV-2-specific T cells were analyzed in a subset
of the 994 study participants on three time points: day
105 (n = 68), day 180 (n = 48), and day 280 (n = 30).
Participants that had never sero-converted or low
antibody levels were preferentially selected for testing.

Peripheral blood mononuclear cells (PBMC) were iso-
lated, and the presence of SARS-CoV-2-specific T cells
was determined via IFN-γ-ELISpot for reactivity to 4
distinct SARS-CoV-2 peptide pools of 15-mers over-
lapping by 10 amino acids covering nucleoprotein
(NP-1, NP-2) and membrane (M), and one pool of
55 peptides covering the most immunogenic regions
of the spike protein, respectively, as previously
described [18]. We also tested the T cell response of
individuals unexposed to SARS-CoV-2 (n = 51). The
samples from unexposed persons were collected and
archived before June 2019, and relevant data have
been previously published [18].

Statistics

We described and presented the data using frequen-
cies/percentages and median/interquartile range for
categorical and continuous variables, respectively.
We assessed the correlations of SARS-CoV-2 specific
T-cells with levels of anti-NP IgG, total anti-NP, and
sVNT-NAbs using Spearman’s correlation coeffi-
cients. We estimated the longevity of neutralizing anti-
bodies using an algorithm that we had previously
developed and fully described elsewhere [16]. All
data were analyzed using STATA 13.1 (StataCorp,
Texas, USA), R (R Foundation for Statistical Comput-
ing, Vienna, Austria), and Graphpad Prism (Graph-
Pad Software, San Diego, USA).

Ethics

This study was approved by the Director of Medical
Services, Ministry of Health, under Singapore’s

Table 1. Participant and survey characteristics.
Characteristic Result

Median age (interquartile range), years 34 (29.6–39.9)
Male gender (%) 994 (100)
Origin (%)
• South Asian 931 (93.7)
• Chinese 40 (4.0)
• Others 23 (2.3)
Median (interquartile range) days post-COVID-19 diagnosis at each timepoint:
1. D28 28 (27–30)
2. D80 79 (79–80)
3. D105 107 (106–109)
4. D140 141 (140–143)
5. D180 182 (177–190)
6. D280 282 (281–287)
Number of participants (% out of a total of 994) tested at each timepoint:
1. D28 327 (32.9)
2. D80 202 (20.3)
3. D105 294 (29.6)
4. D140 172 (17.3)
5. D180 758 (76.3)
6. D280 311 (31.3)
Number of subjects (%) tested:
• Once 377 (37.9)
• Twice 340 (34.2)
• Thrice 165 (16.6)
• Four times 84 (8.5)
• Five times 28 (2.8)

D; days, COVID-19; coronavirus disease 2019.
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Infectious Disease Act [22]. All participants gave ver-
bal consent to participate after the study was
explained, and all methods were performed in accord-
ance with Singapore guidelines and regulations for
biomedical research.

Results

Study population

We studied 994 migrant workers living in a densely
populated dormitory in Singapore who tested PCR
positive for SARS-CoV-2 infection. Participant and
survey characteristics are shown in Table 1. All are
male, mainly South Asian (<93%), and relatively
young (median age = 34 years, interquartile range =
29.6–39.9), with only a quarter aged 40 years and
above at the time of recruitment. All participants
had mild COVID-19 disease, with most presenting
just with fever, and none were hospitalized. They
were tested for antibodies against SARS-CoV-2 with
three different antibody tests. In total, 617 (62%) par-
ticipants underwent serological testing at least twice.
SARS-CoV-2-specific T cell testing was performed
on 68, 48, and 30 of them at day 105, day 180, and
day 280, respectively, with 43 participants tested at
least twice.

Serology results

Results of serology testing are shown in Table 2 and
Figure 1. The serology tests performed markedly
differently (Table S1). The highest seropositive rates
were seen with the total anti-NP test, which appeared
to peak at 80 days post-infection and remained well
above 90% positive even at day 180 (Figure 1(a)).
The anti-NP IgG test had the lowest seropositive
rates, with a significant decline of detectable anti-
bodies after the initial day 28 timepoint (Figure 1
(b)), whereas sVNT-NAbs also appeared to peak at
80 days post-infection, with a more gradual sub-
sequent decline (Figure 1(c)). Similar antibody kin-
etics were also obtained in the subgroup of
individuals that was tested at 5 consecutive timepoints
(Figure S1). In total, >60% of study participants tested
positive for all 3 antibody tests on days 28 and 80, and
the proportion declined steadily through day 280 post
PCR positivity (Figure 1(d)). Out of all participants
that were tested at least twice, 30 (5.4%), 249
(45.0%), and 106 (19.1%) remained seronegative for
total anti-NP, anti-NP IgG, and sVNT-NAbs, respect-
ively. There were 43 participants who were seronega-
tive on all tests throughout the period of testing.

A wide heterogeneity of magnitude and decay of
antibodies specific for RBD of spike protein was
clearly visible. The heterogeneity was broadly categor-
ized into five groups (Figure 2(a,b)): (1) Negative,

whereby participants never developed detectable levels
of NAbs throughout the entire follow-up period; (2)
Borderline, whereby participants fluctuated between
20% and 30% NAbs but remained at a relatively flat
trajectory throughout the entire follow-up period;
3. Seroreverters, whereby participants started at a
range between 30% and 90% but dropped over time
to be less than 20%; 4. Persistent, whereby participants
started at the range between 30% and >90% and never
dropped below 20% over the course of follow-up; and
5. Delayed, whereby participants showed increasing
NAbs from 28 to 140 days post-PCR positive detection
(Figure 2(c)), suggestive of a delayed immune
response. The number and percentage of people in
each group is as follows (Figure 2(b)): Negative =
231 (29.4%), Borderline = 43 (5.5%), Seroreverter =
110 (14.0%), Persistent = 381 (48.5%) and Delayed =
20 (2.5%). For the three groups with waning antibody
kinetics (Borderline, Seroreverter, and Persistent
groups), we estimated the longevity of NAbs (Figure
2(d)) and found that the median antibody-positive
days ranged from 204 days in the Seroreverter group
to 247 days in the Borderline group and 440 days in
the Persistent group; yet there was a wide heterogen-
eity among the individuals in all three groups.

SARS-CoV-2-specific T cell analysis

The frequency of T cells specific for spike (S), mem-
brane (M), and nucleoprotein (NP; divided into two
pools) were tested at days 105, 180, and 280 post-
infection. Similar median frequencies of T cells reac-
tive to the different peptide pools were detected,
with the responses to membrane being the strongest
(Figure 3(a)). This pattern of T cell responses to the
different structural proteins was maintained over
time. Figure 3(b) shows that all previously infected
patients have T cells specific to at least 1 peptide
pool, with the majority reacting to 2–4 peptide
pools. In unexposed controls, cross-reactive T cells
are found in about 40%, however, they react mostly
only to a single peptide pool [18], thus unexposed
donors can be distinguished from SARS-CoV-2
infected individuals, who instead mount a multi-
specific T cell response directed towards different
SARS-CoV-2 proteins (Figure 3(c)). Importantly,
this multi-specific T cell response was maintained
over time, and about 90% of all convalescents tested
responded to at least 2 peptide pools at all three
time points (Figure 3(c)). The overall median fre-
quency of SARS-CoV-2 specific T cells was mostly
stable over time (85.5 SFC/106 PBMC at day 105;
57.5 SFC/106 PBMC at day 180; 67.5 SFC/106 PBMC
at day 280) (Figure 3(d)). Importantly, however,
there was at least a log difference in the quantity of
spots among different individuals (Figure 3(e); 22%
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patients 20–50 SFU/106 PBMC; 15% patients >200
SFU/106 PBMC).

We then correlated the frequency of SARS-CoV-2
specific T cells with the different antibody titres
(Figure 4, S2). Although there was a significant corre-
lation between the T cell frequency and all antibodies
tested at the early day 105 time point, this correlation
was lost over time (>180 days). Furthermore, all indi-
viduals who became serological negative over time

maintained a detectable SARS-CoV-2-specific T cell
response (>15 SFU/106 PBMC) 9 months after
infection.

Discussion

Coordinated activation of humoral and cellular virus-
specific T cell responses is necessary for the efficient
control of SARS-CoV-2 [23,24]. Our longitudinal

Table 2. Serology results.

Tests
D28 positive
resultsa (%)

D80 positive
resultsa (%)

D105 positive
resultsa (%)

D140 positive
resultsa (%)

D180 positive
resultsa (%)

D280 positive
resultsa (%)

Total anti-NP (Elecsys® Anti-
SARS-CoV-2, Roche)

261 (89.7) 133 (97.1) 159 (94.1) 151 (89.4) 704 (93.1) 263 (84.6)

Anti-NP IgG (Abbott
Laboratories)

227 (78.0) 91 (66.4) 61 (36.1) 51 (30.2) 137 (18.1) 34 (10.9)

Surrogate virus neutralization
test (cPass, GenScript)

223 (76.6) 123 (89.8) 129 (76.3) 125 (74.0) 494 (65.2) 189 (60.8)

D; days; SARS-CoV-2; severe acute respiratory syndrome coronavirus 2, NP; nucleoprotein, IgG; Immunoglobulin G.
aExcluding donors without all three serology tests at any timepoint (n = 53).

Figure 1. Kinetics and decline of antibody responses to SARS-CoV-2 over nine months. Total anti-NP antibody titres were analysed
using the Roche Elecsys test (a), anti-NP IgG antibody titres with the Abbott Architect (b), and virus neutralizing antibodies (sVNT)
using the GenScript cPass test (c). All tested samples are shown as dots, the lines connect the samples of donors who were tested
longitudinally. The red line indicates the median antibody titre index at the different timepoints post infection. The grey area
shows the assay detection limit. The pie charts below the graph indicate the percentage of donors who tested positive for the
antibody test at the different time points. (D) Summary of the percentage of donors who tested positive for none, 1, 2 or all 3
antibody tests performed at each timepoint post infection.
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analysis of virus-specific humoral and cellular immu-
nity in individuals who controlled the infection with
minimal symptoms supports this hypothesis. More
than 95% of all the SARS-CoV-2 PCR+ individuals
demonstrated positivity of at least one serological
test performed 2 months after infection, and a similar
level of SARS-CoV-2 cellular immunity (89%) was
detected at 3 months post-infection.

Longitudinal analysis of humoral and cellular immu-
nity in parallel revealed a different kinetic of decline
among different antibodies and T cells. First, we
observed a marked reduction in the ability of the
Abbott CMIA assay to detect anti-NP IgG antibodies
beyond 3 months after infection. Less than 40% of
infected subjects were positive at day 105 and only
10% at 9 months. Total anti-NP antibody measurement
with the Roche ECLIA assay and neutralizing antibody
analysis with the sVNT cPass assay were more stable
even though a progressive decrease of antibody titres
was observed. T cells specific for different SARS-CoV-
2 structural proteins were instead stable over time
with the persistence of T cells able to recognize at
least two different antigenic sites 9 months after infec-
tion in more than 90% of the tested individuals.

Interestingly, by selecting individuals preferentially
with low/negative antibody titres, we could

demonstrate that subjects with negative antibody
tests conserved a detectable level of SARS-CoV-2-
specific T cell response. These data confirm that the
different components of the adaptive immune system
during the memory phase are largely independently
regulated [9]. Furthermore, the ability of SARS-
CoV-2-specific T cells to persist longer than anti-
bodies indicates that tests of cellular immune
responses against different SARS-CoV-2 antigens
might be a more robust predictor of previous exposure
to SARS-CoV-2. A limitation of our T cell analysis was
the inability, due to the use of a single ELISpot test, to
differentiate between CD4 or CD8 T cell-mediated
responses. Future analysis of T cell phenotype utilizing
flow cytometry-based tests should be performed to
understand whether individuals with low/negative
antibody levels possess a preferential CD4 or CD8 T
cell response.

One other interesting observation of this present
study was the detection, in our studied population,
of a marked heterogeneity of the magnitude of
humoral and cellular immunity. This quantitative
variation was observed despite the substantial simi-
larity in age, genetic background, and symptoms
after infection of the different individuals. Such levels
of heterogeneity in immunity have been previously

Figure 2. Different SARS-CoV-2 neutralizing antibody profiles over nine months post infection. (a) Neutralizing antibody levels
measured by percentage inhibition compared to negative control sample using cPass. Antibody levels were classified into five
groups based on their kinetics and linear regression model for each group was applied. (b) The percentage of study participants
in each group is as shown. (c) Group mean of the neutralizing antibody percentage is connected at days 28, 80, 105, 140, 180 and
280. Each point represents a single study participant. (d) Superimposed violin and box plots showing median, interquartile range,
lowest and highest range of neutralizing antibody positive days in Borderline, Seroreverter and Persistent groups. p-value was
calculated by Wilcoxon signed-rank test using the Persistent group as the reference group.
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reported, but the population demographics was more
heterogeneous in that cohort [16].

In this study, we observed a wide quantitative range
of neutralization ability of the samples of the different
individuals that also showed distinct kinetics of per-
sistence or decay. Unlike previous observations that
have linked differences in antibody titres with disease
severity or sex [16,17,25], these variables cannot
explain the heterogeneous patterns of neutralizing
antibody response found in this study. Interestingly,
we could not demonstrate any persistent correlations
between the magnitude of humoral and cellular
immunity, which was also detected over a wide
range of T cell frequencies.

Due to the observational nature of this study, we
did not further analyze the possible causes of the
wide heterogeneity of humoral and cellular immunity
in our cohort. Given that the migrant workers
remained segregated from the rest of the community
during the course of the study, and were routinely
tested via PCR every two weeks, reinfection with
SARS-CoV-2 is unlikely to account for the heterogen-
eity observed. The more plausible explanation is that
the differences in virus-specific antibody and T cell

magnitude detected in our homogeneous cohort are
caused by the initial infectious viral load level possibly
triggering a proportional activation of innate immune
response. Unfortunately, we are unable to confirm this
hypothesis as the confirmatory PCR tests in our cohort
were performed in a number of different laboratories,
and RT–PCR Ct values were not retained.

New data generated by detailed longitudinal analy-
sis at single cell levels of immune reactions during
mild SARS-CoV-2 infections have shown that the
level of type I interferon (IFN) genes activation was
directly proportional to the level of activated plasma
cells and type II IFN-production [26]. One other
possibility is that the different responses detected in
different individuals might be caused by their preced-
ing levels of cross-reactive immunity towards other
coronaviruses. Immunity towards other coronavirus
infections has been shown to modulate the immune
response towards SARS-CoV-2 [27]. In Singapore,
the incidence of individuals with pre-existing SARS-
CoV-2 specific T cells that were reactive to spike and
other SARS-CoV-2 proteins (NP, ORF-7) was also
reported to be high (∼30% of unexposed donors)
[13,18]. Recently, we have also shown that individuals

Figure 3. Kinetics of SARS-CoV-2-specific T cells over nine months post infection. (a) The frequencies of IFN-γ-spot forming cells
(SFC) reactive to the peptide pools of Spike (S), Membrane (M) and Nucleoprotein (NP1 and NP2) are shown for donors tested at
105 (n = 67), 180 (n = 48) and 280 (n = 30) days post infection. Circles below represent the frequency of a positive (IFN-γ-SFC ≥10/
106 PBMC) response (red) to the individual peptide pools. (b) Bar graphs show the percentage of donors reacting to the number of
peptide pools tested. (c) Summary of the percentage of donors who tested positive for none, 1, 2, 3 or all 4 peptide pools tested at
each timepoint post infection. Individuals who tested positive for at least 2 pools are were considered positive and the percentage
of positive donors is indicated on the top of the graph. Cross-reactive T cell responses in unexposed donors (n = 51) are shown for
comparison [18]. (d) The frequency of IFN-γ-SFC reactive to the peptide pools S, M and NP2 are shown. All tested samples are
shown as dots, the lines connect the samples of donors who were tested longitudinally. The red line indicates the median T
cell frequency at the different timepoints post infection. (e) The frequencies of donors with low (10–50 SFC/106 PBMC), medium
(50–100 SFC/106 PBMC), high (100–200 SFC/106 PBMC), and very high (>200 SFC/106 PBMC) T cell responses are shown for the
three timepoints post infection.
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who recovered from SARS-CoV-1 infection 17 years
ago generated higher level of neutralizing antibodies
with a much broader spectrum of neutralizing activi-
ties after receiving just one dose of vaccine against
SARS-CoV-2 [28]. It can be speculated that such
boosting can happen to any individual who had
prior exposure to any of the sarbecoviruses which
are antigenically related to SARS-CoV-2.

Irrespective of the underlying causes, the marked
quantitative difference in virus-specific antibodies
and T cells detected in our homogeneous cohort
have implications for COVID-19 surveillance, vacci-
nation strategies, and post-pandemic planning. The
level of neutralizing antibodies and T cells is certainly
an important immunological parameter of protection.
Studies in animal models demonstrated that high neu-
tralizing antibodies protect the animals from infection
[29]. The demonstration that the decay of neutralizing

antibodies titres is highly variable among different
individuals suggests that longitudinal measurements
should be performed over time to define the individ-
uals who should receive vaccines to boost their neutra-
lizing antibodies titres. On the other hand, the
observation that T cells can persist over time despite
the disappearance of antibodies is reassuring in
terms of disease severity after reinfection. Even though
T cells cannot protect from infection, their pivotal role
in the protection from disease severity has been shown
in natural infection of normal patients [30], oncologi-
cal patients [31], and in vaccination [32]. Finally, the
demonstration that serological analysis of SARS-
CoV-2 infected individuals cannot be used to predict
the level of virus-specific cellular immunity indicates
that a proper profile of SARS-CoV-2 immunity
necessitates a direct quantification of both arms of
adaptive immunity.

Figure 4. Correlation of SARS-CoV-2-specific T cells with levels of total anti-NP IgG, anti-NP IgG and sVNT-nAb. The frequency of
SARS-CoV-2-specific T cells, as quantified by IFN-γ ELISpot, reactive to all (Spike, M, NP) proteins tested were correlated with levels
of total anti-NP (upper panels), levels of anti-NP-IgG (middle panels) and levels of sVNT-nAb (lower panels) at 105, 180 and 280
days post infection. Spearman correlations.
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