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A B S T R A C T

Cellular immunity after SARS-CoV-2 infection or immunization may be important for long-lasting protection
against severe COVID-19 disease. We investigated cellular immune responses after SARS-CoV-2 infection
and/or vaccination with an interferon-g release assay (QuantiFERON, QFN), in parallel, with humoral immu-
nity assessment. We recruited 41 participants: unvaccinated convalescent children and adults and vacci-
nated uninfected or vaccinated convalescent adults. All vaccinated adults had received three doses of the
BNT162b2 COVID-19 vaccine at 6.2 to 10.9 months prior to their inclusion to the study. All the unvaccinated
participants were tested negative with QFN. Regarding the vaccinated population, 50% (8/16) of the vacci-
nated uninfected adults and 57.1% (8/14) of the vaccinated convalescent adults were tested positive. QFN did
not detect T cell responses in unvaccinated individuals and in a significant number of vaccinated individuals.
Further comparative studies with different immunoassays are required to elucidate whether this is the result
of waning immunity or low sensitivity of the assay.

© 2023 Elsevier Inc. All rights reserved.
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1. Introduction

Immunity after severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection or immunization is still under investigation [1].
SARS-CoV-2 infection induces B cell mediated humoral response and a
CD4+ and CD8+ T cell response [2−5]. In patients with coronavirus disease
2019 (COVID-19), early and functional SARS-CoV-2 specific T cell response
is associated withmild disease and accelerated viral clearance, whereas T
cell lymphocytopenia is associated with severe clinical outcome [5−8].
Virus-specific T cell-mediated immunity was detected in SARS-CoV-2
exposed individuals, in the absence of seroconversion [9]. In addition,
regarding the older coronavirus, SARS-CoV, it has been reported that a
memory T cell responsewas detected up to 11 years after infection [8,10].

In parallel, it has been shown that the efficacy of a vaccine against
SARS-CoV-2, is not only basedon antibodyproductionbut also on a robust
B and T cell response [11,12]. Also, synergy betweenmemory B cells and T
cells possibly plays a crucial role in protection against reinfection [11].

Various methods can be used to assess T cell-mediated immunity
against SARS-CoV-2 [4]. Flow cytometry assay for intracellular cyto-
kine staining (FC-ICS) and interferon-g (IFN-g) release assays (IGRA)
are the most widespread [13]. QuantiFERON (QFN) SARS-CoV-2 assay
is a commercially available IGRA, approved for research use for the
assessment of cellular immunity after SARS-CoV-2 immunization.
The QFN assay is less complex and time-consuming than other T cell
assesment techniques, such as flow cytometry [14]. This method has
also been used for the assessment of cellular immunity of other infec-
tious diseases, such as cytomegalovirus (CMV) infection in immuno-
compromised patients and tuberculosis [15−17].

Limited data on the long-term duration of cell-mediated immu-
nity have been reported after the third dose of the BNT162b2 mRNA
vaccine [18]. Furthermore, the performance of IGRA in unvaccinated
children and adults with SARS-CoV-2 infection is still under investi-
gation, especially with the advent of new SARS-CoV-2 variants. The
aim of this study is to investigate cellular immune responses elicited
by infection and/or vaccination in adults and children, using a com-
mercially available IGRA.

2. Materials and methods

2.1. Study design and participants

This was a prospective cohort study that was conducted at “Aghia
Sophia” Children’s Hospital, Athens, Greece. Healthcare workers
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(HCWs) and children aged 5 to 16 years, who were admitted to the
hospital between July 2022 to September 2022 were recruited. The
study included participants with history of SARS-CoV-2 infection
and/or vaccination with three doses of the BNT162b2 mRNA COVID-
19 vaccine.

Specifically, the study included the following categories of partici-
pants: SARS-CoV-2 convalescent unvaccinated children or adults, at
least one month after acute infection, uninfected vaccinated adults,
and adults with hybrid immunity (immunization and breakthrough
infection). Participants were classified as uninfected or convalescent
from past infection based on the detection of SARS-CoV-2 nucleocap-
sid antibodies, which are produced only after SARS-CoV-2 natural
infection. All vaccinated participants had received three doses of the
COVID-19 BNT162b2 mRNA vaccine at least 6 months prior to their
inclusion to the study. Participants were excluded from the study if
they had a history of inborn/acquired immunodeficiency or blood
transfusion.

From each participant, two samples of peripheral blood were col-
lected. Heparinized whole blood sample was obtained, and the
assessment of cellular immunity was performed the same day of
blood collection. Additionally, a blood sample with clotting activator
was obtained and, after centrifugation at 2000 x g for 10 minutes,
serum was stored in -80 °C until humoral immunity measurement.
Demographic and medical data, SARS-CoV-2 infection history, and
vaccination status information were collected using a questionnaire.

All the laboratory assays were performed in the Infectious Dis-
eases Laboratory of the Choremeion Research facility, First Depart-
ment of Pediatrics, Medical School, National and Kapodistrian
University of Athens, “Aghia Sophia” Children’s Hospital.
2.2. SARS-CoV-2 antibody detection assay

Antibodies against SARS-CoV-2 spike (Abs-S) and nucleocapsid
antigens (Abs-N) were measured from serum samples using Elecsys@

Abs-SARS-CoV-2 S and Elecsys@ Abs-SARS-CoV-2 (Roche Diagnostics;
Switzerland) reagents, respectively. The antibody detection was per-
formed with an electrochemiluminescence immunoassay (ECLIA),
which is based on sandwich enzyme-linked immunosorbent assay
(ELISA). Values ≥ 0.8 IU/mL are positive for antibodies against spike
protein and values ≥1 COI (cut-off index) are positive for antibodies
against nucleocapsid protein. These assays detects total antibodies
(IgG, IgM, IgA) against both SARS-CoV-2 antigens.
2.3. SARS-CoV-2 neutralizing antibodies

SARS-CoV-2 neutralizing antibodies inhibit the binding between
angiotensin converting enzyme 2 host receptor (ACE2) and SARS-
CoV-2 Spike receptor binding domain (RBD). The blocking ELISA
immunoassay, cPassTM SARS-CoV-2 Neutralization Antibody Detec-
tion Kit (GenScrip Biotech Corporation, Piscataway, New Jersey, USA),
was used to assess the neutralizing capacity of antibodies against
wild type and B.1.1.529 (Omicron) SARS-CoV-2 variant, according to
the manufacturer’s instructions. In this method horseradish recombi-
nant SARS-CoV-2 receptor binding domain (HRP-RBD) fragment spe-
cific for wild type virus and Omicron variant is used. In this assay, the
wells of the ELISA plate are coated with ACE2 and a substrate of puri-
fied HRP-RBD from the viral Spike protein is added. The test mimics
the virus-host interaction in a way that if the serum sample does not
include neutralizing antibodies, HRP-RBD will bind to the ACE2 and
the solution will acquire yellow color, otherwise if the sample con-
tains neutralizing antibodies the HRP-RBD and ACE2 binding is inhib-
ited and the solution will remain colorless. The Labtech LT 4500
microtiter plate reader was used to estimate the absorbance of the
final solution at 450 nm. The percentage of inhibition was calculated
with the type: (%) = (1- OD value of sample/OD value of negative
control) *100. Inhibition ≥30% is considered as positive result and is
indicative of the presence of SARS-CoV-2 neutralizing antibodies.

2.4. SARS-CoV-2 T cell response

QuantiFERON SARS-CoV-2 (Qiagen, Hilden, Germany) assay,
which is an Interferon-g release assay (IGRA), was used to detect
IFN-g production from T cells after stimulation with SARS-CoV-2
spike subunits antigens (Ag1 and Ag2), according to manufacturer’s
instructions.

Heparinized whole blood samples were transferred to Quanti-
FERON blood collection tubes, which include the Nil tube (negative
control), Ag1 tube, the Ag2 tube, and Mitogen tube (positive control).
In Ag1 tube, IFN-g was produced from stimulated CD4+ T cells, while
in Ag2 tube IFN-g produced was from stimulated CD4+ and CD8+ T
cells. The blood collection tubes were then incubated for 18 hours at
37 °C and centrifuged at 2000 rpm for 15 minutes. Plasma was har-
vested from the centrifuged tubes. Upon QFN SARS-CoV-2 ELISA
Immunoassay was performed, the optical density was estimated at
450 nm using the microtiter plate reader Labtech LT 4500. The Nil
tube value, which adjusts for background, was subtracted from the
Ag1 and Ag2 values to estimate the final IFN-g result. According to
the manufacturer, a value of IFN-g (Ag1-Nil or Ag2-Nil) ≥ 0.15 IU/mL
is considered a positive response to the antigens. For the interpreta-
tion of the IFN-g results, Qiagen QFN SARS-CoV-2 analysis software
v.1.1.0.0 was used.

2.5. Statistical analysis

Statistical analysis was performed using SPSS v. 28 software (IBM
SPSS Statistics for Windows; Version 28.0. Armonk, NY: IBM Corp)
and a P value below 0.05 was considered statistically significant. Cat-
egorical variables were expressed as relative frequencies and percen-
tages. Categorical variables were analyzed with Fisher’s exact test
and Fisher-Freeman-Halton Exact Test. The normal distribution of
continuous variables was evaluated with the Kolmogorov-Smirnov
test, the Shapiro-Wilk test and kurtosis and skewness. Continuous
variables were described as median value (Mdn) and interquartile
range (IQR: 75th, 25th percentile). Continuous variables were ana-
lyzed with the t test or Analysis of Variance (ANOVA) with the Bon-
ferroni post hoc test if they were normally distributed and with
Mann-Whitney or Kruskal-Wallis if they were not. Correlations
between continuous variables were performed with the Spearman
correlation coefficient.

2.6. Ethical issues

The study was carried out according to the Declaration of Helsinki
and the study protocol was approved by the scientific and bioethics
committee of “Aghia Sophia” Children’s Hospital” (No 19546/2022).
Written informed consent was obtained from each participant or the
guardians of the children.

3. Results

3.1. Study population

A total of 41 participants were included in this study. Participants
were divided into 4 groups depending on their immune status (vacci-
nation and disease): 14.63% (6/41) convalescent unvaccinated chil-
dren, 12.20% (5/41) convalescent unvaccinated adults, 39.02% (16/41)
vaccinated uninfected adults, 34.14% (14/41) vaccinated convalescent
adults.

The median age of the study population was 41.00
(IQR = 28.00−53.00) years and most of the participants were female
(70.73%, 29/41). In vaccinated uninfected adults, the median time
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between vaccination and measurement was 8.08 months (IQR=6.97
−8.97), while in the hybrid immunity group the median time was
9.55 months (IQR=7.93−10.14) (Table 1).

3.2. Humoral response to SARS-CoV-2 infection and/or vaccination

The levels of Abs-N, Abs-S, NAbs against the wild type and Omi-
cron variants and the P-values are presented in Table 1.

All vaccinated uninfected adults were negative for Abs-N (range:
0.04−0.09 IU/mL). All vaccinated adults had a detectable Abs-S
humoral response. Vaccinated convalescent adults had higher levels
of Abs-S [Mdn = 17,336.50, (IQR =13,042.25−25,000)] compared to
vaccinated uninfected adults [Mdn = 3185, (IQR = 1521.75
−12,991.5)], but the difference was not statistically significant
(Table 1). Vaccinated convalescent adults had higher levels of Abs-S
compared to convalescent unvaccinated adults and children (P <
0.001) (Table 1).

Neutralizing antibodies (NAbs) levels against wild type were higher
in vaccinated uninfected adults than in convalescent unvaccinated
adults and children (P = 0.031). Adults with hybrid immunity also
demonstrated higher levels of NAbs [Mdn = 97.16,
(IQR = 96.13−97.47)] against wild type than convalescent unvacci-
nated adults [Mdn = 58.44, (IQR = 7.13−96.75)] (P = 0.031). Higher
NAbs levels against Omicron variant were observed in the hybrid
immunity group [Mdn = 92.11, (IQR = 67.32−94.75)] compared to vac-
cinated uninfected adults [Mdn = 25.60, (IQR = 0.00−67.08)],
(P = 0.008).

Among the 41 participants, Abs-S levels correlated with neutraliz-
ing capacity against wild type and Omicron variant (rs = 0.579, P <
0.001 and rs = 0.517, P < 0.001, respectively). Similarly, a statistically
significant correlation was observed between Abs-N and NAbs
against Omicron variant (rs = 0.456, P = 0.003), whereas Abs-N did
not statistically significantly correlate with NAbs against wild type
(rs = -0.224, P = 0.160).

3.3. Cellular SARS-CoV-2 immunity

Cellular immune responses that were evaluated with the QFN
assay after the measurement of IFN-g production after stimulation
with SARS-CoV-2 Ag1 and Ag2 spike protein peptide mixes are pre-
sented in each separate group in Table 1 and Fig. 1.

In the total study population, IFN-g Ag1-Nil (Ag1) and IFN-g Ag2-
Nil (Ag2) values were positively correlated (rs = 0.84, P < 0.001).

Vaccinated convalescent adults had higher Ag1 values compared
to convalescent unvaccinated children and adults (P = 0.001).
Although, participants with hybrid immunity had higher Ag1 and
Ag2 values than the vaccinated ones, this difference was not statisti-
cally significant (Table 1).

In the total sample, Abs-S values were positively correlated with
Ag1 (rs = 0.52, P < 0.001) and Ag2 (rs = 0.40, P = 0.009) IFN-g values.
Additionally, a statistically significant correlation was detected
between Ag1 and NAbs against wild type (rs = 0.324, P = 0.039), but
not with NAbs against Omicron variant (rs = 0.269, P = 0.09). These
correlations were not statistically significant regarding to Ag2 and in
the separate group analysis.

All the convalescent unvaccinated participants were tested nega-
tive with the QFN immunoassay (Table 2). Regarding the COVID-19
vaccinated population, 50% (8/16) of the vaccinated and 57.1% (8/14)
of the hybrid immunity group were reactively tested (QFN (+))
(P = 0.018). The positivity of the QFN assay was statistically related to
COVID-19 vaccination (P = 0.003), while SARS-CoV-2 infection (either
in convalescent unvaccinated participants or in participants with
hybrid immunity) was not statistically significant (P = 0.33).

Both in total sample population (n = 41) and in vaccinated adults
(vaccinated uninfected and hybrid immunity), the age, time of vacci-
nation, Abs-N, Abs-S, neutralizing capacity against wild type and



Fig. 1. Interferon-g levels after stimulation of T cells with antigen 1 (Ag1) and antigen 2 (Ag2) of SARS-CoV-2 QuantiFERON immunoassay in SARS-CoV-2 convalescent children and
adults, mRNA BNT162b2 immunized adults and adults with hybrid immunity (immunization and breakthrough infection).
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Omicron did not correlate with the result of QFN. In vaccinated and
convalescent unvaccinated participants, time from infection was not
significantly associated with the result of the assay.

In QFN (+) individuals, the median value (IQR) for Ag1 was
0.25 IU/mL (IQR = 0.11−0.54) and for Ag2 was 0.36 IU/mL
(IQR = 0.20−0.91), while in the QFN (-) group median value for Ag1
was 0.02 (IQR = 0.00−0.04) and for Ag2 was 0.01 (IQR = 0.00−0.07).

Among the QFN (+) individuals a reactive response to Ag1 (CD4+

epitopes) and to Ag2 (CD4+ and CD8+ epitopes), was detected in
68.8% (11/16) and 87.5% (14/16) respectively, while 56.3% (9/16) had
a reactive response to both antigens (Ag1 and Ag2).

Among the COVID-19 vaccinated uninfected and hybrid immunity
groups, SARS-CoV-2 infection status was not statistically important
for the QFN result (P = 0.730).

4. Discussion

T cell immunity might play a crucial role in long-term protection
from severe COVID-19, even in the context of emerging variants of
convern (VOCs) [14]. Therefore, it is essential to access cellular immu-
nity with reliable and scalable assays, so that we can monitor more
accurately the duration of cell-mediated immune protection against
SARS-CoV-2 [14]. In the present study, we evaluated T cell responses
Table 2
SARS-CoV-2 QuantiFERON (QFN) immunoassay results in SARS-CoV-2 convalescent childr
(immunization and breakthrough infection).

SARS-CoV-2 infection Children (n = 6)

Adults (n = 5)

Vaccinated uninfected adults (n = 16)

Hybrid immunity adults (n = 14)
8 to 9 months after the immunization with 3 doses of BN162b2
mRNA vaccine with or without SARS-CoV-2 infection.

In the study population, SARS-CoV-2 infection in convalescent
unvaccinated children and adults did not stimulate IFN-g production
above the cut-off level of the assay. In accordance with these results,
in a small pilot study, 4 out of 5 unvaccinated convalescent adults had
negative QFN prior to vaccination [19]. In a small feasibility study, ele-
vated IFN-g responses in three out of four convalescent uninfected
subjects were detected using QFN [8]. However, the above studies
were conducted before the emergence of the Omicron variant.

Omicron variant has a high number of mutations in the Spike gene
[20]. T cell epitopes are minimally affected, and the cell-mediated
response is more resistant to VOCs than antibody response [20−22].
However, QFN may need validation in patients infected with other
SARS-CoV-2 variants, such as Omicron, as it has been only validated
against variant B.1.1.7 (Alpha) variant [22]. A test with a different
group of peptides would probably be more appropriate for the detec-
tion of cellular immunity induced by the Omicron variant. A key
question is if the cut-off of QFN that is set at 0.15 IU/mL can detect
the cellular response after SARS-CoV-2 infection or if a lower cut-off
could be proposed.

Using QFN, only 50% of COVID-19 naive vaccinated participants,
were detected positive for IFN-g 6-10.5 months after immunization
en and adults, mRNA BNT162b2 immunized and participants with hybrid immunity

QFN Frequency n (%)

POSITIVE 0 (0)
NEGATIVE 6 (100)
POSITIVE 0 (0)
NEGATIVE 5 (100)
POSITIVE 8 (50)
NEGATIVE 8 (50)
POSITIVE 8 (57.1)
NEGATIVE 6 (42.9)
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with three doses of BN162b2 vaccine. In contrast, previous studies
have shown a higher positivity of the method in vaccinated (with
two doses of mRNA vaccines) uninfected individuals than in our
study [8,19,23]. However, it is worth noting that these studies were
conducted in a shorter time interval (1−2 months) after vaccination
with two doses of mRNA vaccines than our study. In a recent study,
72.7% (8/11) participants were tested positive 6.6 to 9.4 months after
immunization with two doses of BN162b2 vaccine [24]. This study
used in addition to Ag1 and Ag2 QFN tubes, Ag3 QFN tube that con-
tains CD4+ and CD8+ epitopes derived from S1 and S2 Spike subunits
and immunodominant CD8+ epitopes from the whole genome [24].

QFN results were positive in 56% of individuals with hybrid immu-
nity. Interestingly, the percentage of QFN(+) results was not statisti-
cally significantly higher in the hybrid immunity versus the
vaccinated group (50%) and there was no association between dis-
tance from vaccination or infection with QFN result in this group. On
the contrary, higher IFN-g levels, measured by QFN, have been
observed in infected participants (with or without breakthrough
infection) in other studies comparing the cellular response to vacci-
nation (BNT162b2 mRNA vaccine) between uninfected and infected
individuals [4,25]. Interestingly, breakthrough infections with Omi-
cron and Delta variants resulted in similar levels of IFN-g as mea-
sured by QFN, indicating conservation of T cell immunity [26].

In the present study, in almost half of the vaccinated (infected and
uninfected) adults, the IFN-g levels measured by QFN were not
detectable 6 to 10.5 months after the third dose. All vaccinated par-
ticipants had an adequate humoral response to vaccination. This
could be attributed to the waning of the cellular immune response
against SARS-CoV-2 after a substantial postvaccination time interval
and could underscore the importance of a booster dose.

A possible pathophysiological explanation for these results is the
fact that IFN-g secreted from specific T cells was not detected due to
migration of SARS-CoV-2 specific memory T cells to lymphoid tissues,
after a certain period of time [23,27]. After their encounter with
SARS-CoV-2 antigens, T cells circulate in the blood secreting IFN-g
[23]. Over time, specific T cells are located in lymph nodes, and regu-
larly some of them circulate in the blood [23]. In the absence of anti-
genic stimuli, there is a possibility that QFN cannot detect IFN-g
secreted from these specific T cells [23]. Thus, re-evaluating the
threshold of the assay at a certain time point after vaccination should
be considered.

A decline in cellular responses measured with QFN 6 to 7 months
postvaccination with two doses of BN162b2 mRNA vaccine has been
observed in several studies [28−31]. Bonnet et al. [30] found that spe-
cific cell mediated responces, measured by QFN, 6 months after vacci-
nation, decreased by 42% in 91 participants and increased by 33% in
17 others. In a cohort of HCWs, an increasing time interval between
vaccination and time of measurement was associated with declining
cellular response as measured by QFN [28].

There are studies indicating that QFN may be less sensitive than
other laboratory methods for T cell measurements. Tormo et al. [13]
reported that Flow Cytometry-Intracellular Staining assay (FC-ICS)
demonstrated greater sensitivity in detecting T cell responses in vac-
cinated individuals with two doses of BN162b2 mRNA vaccine than
the QFN assay. These differences may be attributed partially to the
different nature of the Spike antigens used in the assays [13]. Further-
more, Bus�a et al. [11] observed that even though half of the partici-
pants did not develop a detectable with IGRAs (ELISpot, QFN) T cell
effector response 3 weeks after the third dose with BN162b2 mRNA
vaccine, all had specific Activated-Induced Marker (AIM) memory T
cells, indicating the existence of memory T cells.

A limitation of our study is the limited number of participants
included, especially in the convalescent unvaccinated group and the
absence of vaccinated children. Another limitation of the study is that
the used method for antibody detection does not discriminate
between IgA, IgM, IgG response. However, most participants were
immunized several months prior to their inclusion in the study,
therefore the measurements were probably indicative of IgG humoral
response. Furthermore, our study does not estimate the kinetics of T
cell and humoral responses at different time points. However, to our
knowledge, there are no previous published data with the QFN assay
6 months after vaccination, with three doses of the BNT162b2 mRNA
vaccine.

5. Conclusion

In conclusion, SARS-CoV-2 QFN assay did not detect cellular
immune responses in unvaccinated and a significant number of vacci-
nated or hybrid immunity individuals. The results of this assay, espe-
cially several months after immunization, must be interpreted with
caution, as the clinical implications are not clear. More comparative
studies with different immunological assays are required to elucidate
whether this is the result of low sensitivity of the assay or waning
immunity to SARS-CoV-2.
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