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Background. Emerging data support detectable
immune responses for months after severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection and vaccination, but it is not yet estab-
lished to what degree and for how long protection
against reinfection lasts.

Methods. We investigated SARS-CoV-2-specific
humoral and cellular immune responses more
than 8 months post-asymptomatic, mild and
severe infection in a cohort of 1884 healthcare
workers (HCW) and 51 hospitalized COVID-19
patients. Possible protection against SARS-CoV-
2 reinfection was analyzed by a weekly 3-month
polymerase chain reaction (PCR) screening of 252
HCW that had seroconverted 7 months prior to
start of screening and 48 HCW that had remained
seronegative at multiple time points.

Results. All COVID-19 patients and 96% (355/370)
of HCW who were anti-spike IgG positive at
inclusion remained anti-spike IgG positive at
the 8-month follow-up. Circulating SARS-CoV-2-
specific memory T cell responses were detected in
88% (45/51) of COVID-19 patients and in 63%
(233/370) of seropositive HCW. The cumulative
incidence of PCR-confirmed SARS-CoV-2 infection
was 1% (3/252) among anti-spike IgG positive
HCW (0.13 cases per 100 weeks at risk) com-
pared to 23% (11/48) among anti-spike IgG nega-
tive HCW (2.78 cases per 100 weeks at risk), result-
ing in a protective effect of 95.2% (95% CI 81.9%–
99.1%).

Conclusions. The vast majority of anti-spike IgG pos-
itive individuals remain anti-spike IgG positive for
at least 8 months regardless of initial COVID-
19 disease severity. The presence of anti-spike
IgG antibodies is associated with a substantially
reduced risk of reinfection up to 9 months follow-
ing asymptomatic to mild COVID-19.
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Introduction

Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has infected millions of people
worldwide and has caused a global crisis. As new
waves of the pandemic cause significant morbidity
and mortality around the globe, the extent to which
previously infected individuals are protected from
reinfection becomes increasingly pivotal.

Long-term adaptive immunity likely relies on both
humoral and cellular contributions. It is now well-
established that the majority of COVID-19 cases
seroconvert [1,2], but immunoglobulin G (IgG)
antibody kinetics clearly depend on the antigen
used in the assays which has resulted in dis-
crepancies between studies [2–5]. The spike gly-
coprotein and the nucleocapsid protein are the
most commonly used antigens in currently avail-
able serology assays. The spike glycoprotein con-
tains the receptor-binding domain, rendering it the
main target for neutralizing antibodies and vac-
cine development. Anti-spike IgG antibodies have
been shown to remain relatively stable for at least
5 months [4] and correlate well with neutralization
of authentic SARS-CoV-2 [4].

Although T cells do not prevent infections on their
own, CD4+ T cells, and in particular T follicular
helper (Tfh) cells, are crucial for the generation
of neutralizing antibodies while antigen-specific
memory CD8+ T cells are key players in clearing
virus-infected cells upon infection and reinfection.
SARS-CoV-2-specific CD4+ and CD8+ T cells have
been identified in the peripheral blood of approx-
imately 100% and 70% of COVID-19 patients
shortly after recovery, respectively [6]. Further,
a recent longitudinal study investigating both
humoral and cellular immune memory found that
themajority of 36 COVID-19 cases followed up for 6
months remained positive for anti-spike IgG as well
as circulating CD4+ T cells, including Tfh cells,
whereas the percentage of cases with measurable
circulating memory CD8 T cells declined over time
[5]. These findings, although based on relatively
small cohorts, support a robust immunological
memory lasting for at least 6 months. Analyses
of cellular immune responses are, however, more
complicated than antibody analyses and therefore
less investigated. Assessments of SARS-CoV-
2-specific T cell memory responses are further
hampered by the presence of cross-reactive mem-
ory T cells stemming from prior encounters with
endemic human coronaviruses, and SARS-CoV-2

cross-reactive memory T cells are detectable in up
to 50% of individuals not exposed to SARS-CoV-2
[6–9]. The functional role, if any, of cross-reactive
T cells in COVID-19 disease progression and herd
immunity, however, remains under debate [10].

The COMMUNITY study is an ongoing longitudi-
nal cohort study investigating long-term immuno-
logical responses after SARS-CoV-2 infection in
2149 healthcare workers (HCW) and 118 hospi-
talized COVID-19 patients [11,12]. Blood samples
were first obtained at study inclusion in April-June
2020 and are from then on collected prospectively
every 4 months. Here, we investigated SARS-CoV-
2-specific humoral and cellular immune responses
at least 8 months post-infection. In addition, we
assessed the extent to which previously infected
individuals are protected from reinfection through
a 3-month weekly polymerase chain reaction (PCR)
screening of HCW that had seroconverted 7months
prior to the start of the 3-month screening with
seronegative HCW serving as controls.

Results

All 51 convalescent COVID-19 patients and 96% of
the 370 HCW who had been anti-spike-IgG positive
at study inclusion remained anti-spike IgG posi-
tive at the 3-month follow-up. Anti-spike IgG lev-
els were two-fold higher in convalescent COVID-19
patients (n = 51) than in HCW ≥ 8 months post-
infection (n = 370) (medians [IQR] 0.90 [0.76–0.98]
and 0.48 [0.28–0.72], respectively; p = 5×10–16),
in line with a disease severity-dependent humoral
response. The levels of anti-spike IgG were also
significantly higher in the group of HCW ≤ 4
months post-infection (n = 259) than in HCW ≥
8 months post-infection (n = 370) (medians [IQR]
0.58 [0.37–0.76] and 0.48 [0.28–0.72], respectively;
p = 0.002), although the differences were mod-
est, implying relatively stable levels over time after
asymptomatic to mild disease. The levels were sim-
ilar in HCW 5–8 months post-infection (n = 116)
and HCW ≥ 8 months post-infection (n = 370)
(medians [IQR] 0.57 [0.30–0.74] and 0.48 [0.28–
0.72], respectively; p = 0.4), and in HCW ≤ 4
months post-infection (n = 259) and HCW 5–8
months post-infection (n = 116) (medians [IQR]
0.58 [0.37–0.76] and 0.57 [0.30–0.74], respectively;
p = 0.2) Fig. 1a.

The presence and magnitude of SARS-CoV-2 T cell
memory responses were assessed in all study par-
ticipants based on IFN-γ levels after stimulation of

© 2021 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2022, 291; 72–80

73



Immune responses eight months following COVID-19 / S. Havervall et al.

Fig. 1 Long-term humoral and cellular immune responses in healthcare workers (HCW) and COVID-19 patients. Normalized
anti-spike IgG levels (a) and concentration of background-adjusted interferon-gamma (IFN-γ ) levels after SARS-CoV-2-specific
peptide stimulation of whole blood (b) in HCW less than or equal to 4 months post-infection (HCW≤ 4 MPI), n= 259, HCW 5–8
months post-infection (HCW 5–8 MPI), n = 116, HCW at least 8 months post-infection (HCW ≥ 8 MPI), n = 370, hospitalized
COVID-19 patients at least 8 months post-infection (Cov19 Pat ≥ 8 MPI), n = 51, and anti-spike IgG negative HCW at all
sampling time points, n = 1076. Purple and orange: Anti-Spike IgG seropositive and seronegative, respectively. Blue and
green: Positive and negative IFN-γ response to the SARS-CoV-2-specific peptide pool, respectively. p-values are shown with
brackets

fresh whole blood using two different SARS-CoV-2
peptide pools. To assess a specific SARS-CoV-2
T cell memory response, we generated a SARS-
CoV-2-specific peptide pool with no more than five
amino acid stretches aligning with endemic coron-
aviruses (Table S1) and an estimated HLA-coverage
of 97%. Samples were stimulated with this peptide
pool alongside a commercially available SARS-
CoV-2 peptide pool with an immunodominant
peptide region present in the majority of endemic
coronaviruses [13] (own unpublished data). Based
on the set binary scoring, T cell responses (IFN-γ +)
were detected in response to the SARS-CoV-2-
specific peptide pool in 88% (45/51) of convales-
cent COVID-19 patients and in 63% (234/370) of
HCW ≥ 8 months post-infection. The levels of IFN-
γ -responses were three-fold higher in COVID-19
patients (n = 51) than in HCW ≥ 8 months post-
infection (n = 370) (medians [IQR] 39 [24–130]
and 13 [3.2–38] pg/ml, respectively; p = 3*10–8),
indicating a disease severity-dependent immune
memory. The levels were also significantly higher
in HCW ≤ 4 months post-infection (n = 258) than
in HCW 5–8 months post-infection (n = 116),
(medians [IQR] 25 [7–72] and 15 [4.2–34] pg/ml;
p = 8×10–4) and in HCW ≥ 8 months post-infection
(n = 370) (median [IQR] 13 [3.2–38] pg/ml, p =
6×10–7). No significant difference was, however,
found between HCW 5–8 months post-infection
and HCW ≥ 8 months post-infection (n = 370) (p =

0.6), suggesting that the cellular immune memory
wanes over the first few months after infection
and then stabilizes (Fig. 1b). Notably, only 1.5%
(16/1076) of seronegative HCW responded to the
SARS-CoV-2-specific peptide pool, arguing against
the generation of a SARS-CoV-2-specific T cell
immunity in the absence of seroconversion. All
(n = 51) convalescent patients and 96% (357/370)
of HCW ≥ 8 months post-infection responded
to the broader SARS-CoV-2 peptide pool, har-
boring an immunodominant epitope overlapping
with endemic coronaviruses. However, also 43%
(462/1076) of HCW who had been seronegative at
all sample time points responded to this peptide
pool (Fig. S1), possibly due to previous exposure
to endemic coronaviruses.

There were no significant differences in anti-spike
IgG levels or in specific SARS-CoV-2 T cell memory
responses ≥ 8months post-infection between HCW
with and without COVID-19 patient contact during
the study period (median [IQR] 0.50 [0.29–0.72]
and 0.46 [0.30–0.68]; p = 0.7 and 14.0 [3.0–41]
and 9.0 [2.3–20] pg/ml; p = 0.2, respectively).

There were no differences in age (median [IQR]
age 43 [33–52] in HCW ≤ 4 months post-infection,
42.5 [32–50] in HCW 5–8 months post-infection,
and 44 [34–53] in HCW ≥ 8 months post-infection
[p = 0.6, 0.8 and 0.5]) or gender (odds ratios [95%
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Fig. 2 Incidence of three-month weekly qPCR screening.
The cumulative incidence of qPCR-confirmed SARS-CoV-2
infection in healthcare workers who had seroconverted
(anti-spike IgG; red line) 7 months prior to initiation of the
qPCR screening, and in anti-spike IgG negative healthcare
workers (blue line)

confidence intervals] 0.84 [0.65–1.6] for HCW ≤ 4
months post-infection vs. HCW 5–8 months post-
infection [p = 0.7], 0.97 [0.62–1.5] for HCW ≤ 4
months post-infection vs. HCW ≥ 8 months post-
infection [p = 0.9] and 1.1 [0.63–2.2] for HCW 5–8
months post-infection vs. ≥ HCW 8 months post-
infection [p = 0.8]) between the seropositive HCW
groups.

To address the capacity of post-infection immune
responses to protect against reinfection, a weekly
SARS-CoV-2 qPCR screening was performed on
252 HCW who had seroconverted at study inclu-
sion (7 months prior to initiation of the qPCR
screening) and 48 SARS-CoV-2 seronegative HCW.
Adherence to screening test was high with a sam-
pling median at 11 of 12 weeks in both groups. The
cumulative incidence of qPCR-confirmed SARS-
CoV-2 infection was 1% (3/252) among anti-spike
IgG positive HCW (0.13 per 100 weeks at risk) com-
pared to 23% (11/48) among anti-spike IgG neg-
ative HCW (2.78 per 100 weeks at risk) (Fig. 2);
rendering an incident rate ratio of 0.05 (95% CI
0.01–0.18) and a protective effect of 95.2% (95% CI
81.9%–99.1%) for HCWs that had seroconverted.
These findings imply a substantially reduced risk
of SARS-CoV-2 reinfection for up to 9 months fol-
lowing mild COVID-19. Notably, this period was
marked by high risk for viral exposure as shown
by the high rate of SARS-CoV-2 infection in the
SARS-CoV-2 seronegative HCW group working in
the same environment.

Discussion

Our findings support a robust immune mem-
ory for at least 8 months following asymptomatic
to mild COVID-19. Although the magnitudes of
both humoral and cellular immune responses were
found to be dependent on disease severity, our
results show that asymptomatic to mild COVID-19
is associated with a substantially reduced risk of
reinfection for up to at least 9 months.

Neutralizing antibodies have earlier been shown to
persist for up to 5 months following mild COVID-19
[4]. Here, we measured both detectable anti-spike
IgG antibodies and T cell memory at least 8 months
post-infection as well as the risk of reinfection in
seropositive participants up to 9 months following
asymptomatic to mild COVID-19. Although reports
of reinfection have been relatively few considering
the global spread of the virus, the magnitude of
immune responses required to confer protection
against reinfection is not well known. A recent
study investigated the relationship between anti-
spike IgG antibodies and the risk of SARS-CoV-2
reinfection in a large cohort of 1265 anti-spike IgG
positive HCW and found substantially lower risk of
reinfection among HCW with anti-spike IgG anti-
bodies, including titers below the positive thresh-
old [14]. Test frequency was, however, relatively
low, on average once every 10–13 weeks. Another
large retrospective cohort study using deidentified
longitudinally linked commercial laboratory data
found that the presence of SARS-CoV-2 antibodies
was associated with a reduced risk of having a
positive diagnostic nucleic acid amplification test
[15]. Both these large studies, although providing
important insights into post-infection immunity,
are however hampered by low rates of testing [14]
as well as selection bias [15], and asymptomatic
infections may thus have gone undetected. The
high compliance with weekly test frequency and
the notably high risk for viral exposure as shown by
the high rate of SARS-CoV-2 infection in seroneg-
ative HCW working in the same environment in
our study strengthen these prior findings and
extend the data to up to 9 months post-infection.
We found that the presence of anti-spike IgG not
only protected against symptomatic COVID-19,
but also asymptomatic infection, which is crucial
considering that asymptomatic cases likely act
as silent drivers of the pandemic [16]. Notably,
protection level in the group of anti-spike IgG pos-
itive HCW up to 9 months following detected sero-
conversion was similar to demonstrated vaccine
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efficacy of mRNA immunization [17,18]. These
findings may contribute to the scientific ground in
vaccine prioritization, such as directing vaccines
towards seronegative individuals in countries with
vaccine shortage and low vaccine coverage [19].

Although T cells do not protect against infection
on their own, robust adaptive long-term immu-
nity relies on the interplay between humoral and
cellular immune memory compartments. Assess-
ments of SARS-CoV-2-specific T cell memory
responses are challenging due to the presence of
cross-reactive memory T cells stemming from prior
encounters with endemic human coronaviruses.
All convalescent COVID-19 patients and the vast
majority of anti-spike IgG positive HCW (96%)
were found to retain a T cell memory response
towards the SARS-CoV-2 peptide pool entailing
an immunodominant epitope overlapping with
endemic coronaviruses. Notably, however, a large
portion of seronegative HCW (43%, 462/1076) also
responded to this peptide pool, likely due to pre-
vious exposure to endemic coronaviruses. In con-
trast, only 1.5% (16/1076) of the seronegative HCW
responded to the in-house generated SARS-CoV-
2-specific peptide pool with a predicted 97% HLA
class I and II combined coverage. The in-house pep-
tide pool encompasses peptides generated by the
genomic variants of the P13L as well as the D614G
mutation. Using this peptide pool, the major-
ity, albeit a smaller proportion, of convalescent
COVID-19 patients (88%, 45/51) and anti-spike
IgG positive HCW (63%, 234/370) still responded.
Whether a portion of SARS-CoV-2 infected indi-
viduals mount a cellular immune response in
the absence of seroconversion, and whether a
pre-existing cross-reactive T cell immunity stem-
ming from prior exposure to other coronaviruses
may influence the trajectory of the pandemic
has been under extensive debate [7,10,20].
Although the exclusion of immunodominant
epitopes overlapping with endemic coronaviruses
may underestimate the SARS-CoV-2 cellular
immune response, our results argue against a
significant portion of COVID-19 cases in whom
the infection is cleared solely by a T cell mediated
immune response without seroconversion. This is
further supported by the large cohort studies from
Iceland [2] and the United States [1] showing that
the vast majority of qPCR-confirmed COVID-19
cases undergo seroconversion. These findings sup-
port that anti-spike IgG seroprevalence surveys
reflect the majority of COVID-19 convalescents.
The functional role of a pre-existing immune mem-

ory towards endemic coronaviruses in COVID-19
disease progression, however, remains to be
investigated [10].

This study is strengthened by the large sample size,
frequent blood, nasal/oropharyngeal swabs and
saliva samplings along with the high rate of follow-
up. Limitations include the fact that the cohort of
individuals with asymptomatic to mild COVID-19
is entirely composed of HCW. Considering the high
viral exposure and transmission in hospital set-
tings [11], the durable immune memory seen in
this cohort may thus in part reflect repeated viral
encounters boosting the immune memory. Impor-
tantly, the magnitude of immune response did not,
however, differ between HCW with and without
COVID-19 patient contact, implying that the cohort
is representative of an age-matched community
population. The HCW cohort is furthermore com-
posed of a majority of women, and possible gender-
driven differences are not encompassed in these
analyses. The frequencies of a measurable circu-
lating T cell response over time will depend on the
individual peptide pool to capture the cytotoxic as
well as the helper T cell response. The in-house-
generated peptide pool in this study may be slightly
skewed to a class I epitope coverage (88%) com-
pared to a class II coverage (77%), possibly favor-
ing a CD8 T cell response readout, which has been
reported to decline over time in circulation more
rapidly than CD4 responses [5]. The study was
further conducted during a time period without
known prevalence of emerging variants of SARS-
CoV-2, and the risk of reinfection caused by these
is not encompassed in these analyses.

Taken together, our findings support a broad
immune memory for at least 8 months following
asymptomatic to mild COVID-19. We furthermore
show that the presence of anti-spike IgG is asso-
ciated with a substantially reduced risk of reinfec-
tion up to 9months following asymptomatic to mild
COVID-19. In an era of limited vaccine supplies,
taking serostatus into consideration in COVID-19
vaccine prioritization strategies may extend the
benefits of vaccination.

Methods

Study population and study design

The COMMUNITY study enrolled 2149 HCW and
118 hospitalized COVID-19 patients at Danderyd
Hospital, Stockholm, Sweden, between 9 April and
8 June 2020. Blood samples were first obtained
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Fig. 3 Study timeline. Flow chart depicting number of healthcare workers (HCW) and COVID-19 patients at each follow-up
and qPCR screening sub-study. Patients indicate COVID-19 patients

at study inclusion and are from then on collected
prospectively approximately every 4 months (mean
[SD] 125 [8] and 121 [15] days until first follow-up
of HCW and patients respectively, and mean [SD]
263 [8] and 260 [15] days until second follow-up
of HCW and patients, respectively). Detailed symp-
tomatology is obtained through a smartphone app
system using standardized questionnaires prior to
each blood sampling. Clinical, demographic and
serological data at study inclusion have been pre-
sented elsewhere [11,12]. At the 8-month follow-
up, a total of 1884 HCW and 51 COVID-19 patients
remained in the study, rendering an 88% follow-
up rate of HCW and 43% follow-up for patients
(Fig. 3). COVID-19 patients who did not come for
the follow-ups were either diseased (n = 14) or
did not answer repeated invitations (n = 53). HCW
who did not come for follow-up did not answer on
repeated invitations (n= 265). The majority of HCW
were women (85%, 1606/1884), and the median
age was 46 (IQR 35–54) years. A total of 1669/1884
HCW (89%) worked with patients, of which 1344 of
1669 HCW (81%) had COVID-19 patient contact.
HCW were stratified into four groups depending on
serostatus; seropositive at study inclusion (i.e., ≥
8 months post-infection, n = 370), seroconversion
between study inclusion and the 4-month follow-
up (i.e., 5–8 months post-infection, n = 116), sero-
conversion between the 4-month follow-up and the
8-month follow-up (i.e., ≤ 4 months post-infection,
n = 259), and seronegative at all timepoints (n =
1076). HCW who were seronegative at study inclu-
sion and did not attend the 4-month follow-up

(n = 63) were excluded from the current analy-
ses. Among the 370 HCW who were seropositive at
study inclusion, 9% (33/370) reported to have had
no symptoms, 78% (286/370) reported to have had
mild symptoms and 13% (47/370) reported to have
had moderate symptoms. The COVID-19 patient
group was predominantly male (67%, 34/51), and
the median age was 60 (IQR 50–66) years. The
study was approved by the Swedish Ethical Review
Authority (dnr 2020-01653), and informed consent
was obtained from all study participants.

Serological assays

The serological assay was performed utilizing
a bead-based high-throughput multiplex assay
based on the FlexMap3D (Luminex Corp.) platform
[11,21]. Anti-Spike IgG was measured using beads
with immobilized in-house produced spike trimers
containing the prefusion-stabilized glycoprotein
ectodomain [22]. To account for inter-assay vari-
ability, raw serological data (median fluorescence
intensity, arbitrary units) were normalized to the
mean of 12 negative and four positive controls
included in every assay. Seropositivity was defined
as six times the standard deviation above the
mean of the 12 negative control samples that
were included for inter-assay normalization. The
12 negative controls were thoroughly selected
from 2090 pre-pandemic samples to represent the
general distribution of background signals. Based
on a separate method validation using 331 positive
control samples collected at least 17 days after
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symptom onset or positive qPCR-test and 2090
negative control samples collected before 2020,
the sensitivity and specificity were determined to
be 99.7% (330 of 331 positive, 98.3–100.0, 95%
CI) and 98.1% (2050 of 2090 negative, 97.4–98.6,
95% CI), respectively, for the anti-Spike IgG clas-
sification [21]. All samples were analyzed at a
dilution of 1:50, utilizing a broad dynamic range
of 104 arbitrary units.

Whole blood interferon-gamma (IFN-γ ) release assay
(IGRA)

The detection of SARS-CoV-2 T cell responses was
performed using two SARS-CoV-2 peptide pools.
A SARS-CoV-2-specific peptide pool was generated
comprising a selection of 16 SARS-CoV-2-specific
peptides covering the SARS-CoV-2 spike, nucleo-
capsid protein, membrane protein, and open read-
ing frame 3 and 7 with peptide stretches containing
no more than 5-mer length overlap with endemic
coronaviruses (Table S1). The peptides were syn-
thesized and delivered with a purity of >95% and
with an estimated HLA-coverage of 97% (class I and
II combined). A second SARS-CoV-2 peptide pool
(Mabtech, Sweden) containing 47 peptides covering
multiple SARS-CoV-2 antigens with a mean purity
of 80% (60%–99%) was used in parallel on all sam-
ples. This peptide pool contains a reported immun-
odominant epitope in the nucleocapsid protein
region overlapping with endemic coronaviruses
within the sequence LSPRWYFYYLGTGPEAGL [13].
Peripheral blood was collected in lithium heparin
tubes and 500 μl was added to tubes contain-
ing glucose (2 mg/ml whole blood) and 0.9% NaCl
with and without the stimulant (in-house gener-
ated peptide pool 1 μg/ml whole blood, Mabtech
SARS-CoV-2 peptide pool 0.5 μg/ml whole blood
or Mabtech monoclonal anti-CD3 clone CD3-2 0.1
μg/ml whole blood) within 6 h. Samples were sub-
sequently incubated for 20 h at 37°C with 5%
CO2, after which plasma was collected and IFN-γ ,
and IL-2 levels were analyzed using Mesoscale Dis-
covery V-plex kit (Meso Scale Diagnostics, Mary-
land, USA). A positive control stimulation (anti-
CD3) was included for 59 seropositive and 88
seronegative samples to assess for cell viability and
assay robustness, showing significantly elevated
IFN-γ and IL-2 responses to the two peptide pools
and anti-CD3 stimulation compared to the negative
control (unstimulated) in seropositive samples (Fig.
S2). To further confirm that the IFN-γ secretion
in response to the SARS-CoV-2 peptide mix stems
from T cells, a peptide stimulation in the presence

of brefeldin was performed followed by intracellu-
lar flow cytometry analysis. We noted a clear IFN-γ
response in CD3+ cells, while the CD3-gated cells
showed no IFN-γ secretion (n = 2, data not shown).
The whole cohort was run with a negative control
sample (unstimulated) and the peptide pool stimu-
lations. Results are plotted with background sam-
ple deducted (Figs. 1B and S2). For a binary T cell
response scoring, a sample was scored positive if
the IFN-γ level was above the mean average of vehi-
cle stimulated blood of the whole cohort (HCW and
patient cohort respectively) and if ≥ two-fold above
its own vehicle stimulated level. IFN-γ levels are
displayed on a pseudo-logarithmic scale.

Three-month weekly qPCR screening

Weekly SARS-CoV-2 qPCR screening was con-
ducted in self-collected nasal and oropharyngeal
swabs and saliva on a sub-cohort of 300 HCW. Two
hundred and fifty-two HCW had seroconverted at
study inclusion 7 months prior to initiation of the
qPCR screening, and 48 HCW were anti-spike IgG
negative at sampling 3 months prior and served
as control group. qPCR screening continued for 12
consecutive weeks between 7 December and 26
February 2021. Participants were considered to
be at risk for infection to the end of the 12-week
screening period or until a positive qPCR test result
or until COVID-19 vaccination whichever occurred
first. SARS-CoV-2 RT-PCR was performed on all
collected samples. Participants collected nasal and
oropharyngeal swabs and saliva in a 1-ml tube
with storage buffer. Samples were mixed with Tri-
zol; RNA was extracted using PSS magLEAD 12gC,
after which RT-qPCR was performed. Primers
(CATGTGTGGCGGTTCACTATATGT and TGT-
TAAARACACTATTAGCATAWGCAGT) and probe
(FAM-CAGGTGGAACCTCATCAGGAGATGC-QSY)
targeting the RNA dependent RNA polymerase
region were used.

Statistical analyses

Group comparisons were performed using the
Wilcoxon rank-sum test. T cell activation levels
are displayed on a pseudo-logarithmic scale (R
package scales version 1.1.1). Group comparisons
on repeated measures data were performed using
the Friedman test with post-hoc pairwise Wilcoxon
signed-rank tests (R package rstatix version 0.6.0).
The post-hoc tests were FDR corrected using the
Benjamini-Hochberg method. Data visualization
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and statistical analyses were performed in R [23].
Incidence-rate comparison was made in STATA
version 16.1 (StataCorp, LP) using the STATA com-
mand iri.
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