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Abstract 
Reliable immunoassays are essential to early predict and monitor vaccine efficacy against SARS-CoV-2. The performance 
of an Interferon Gamma Release Assay (IGRA, QuantiFERON® SARS-CoV-2), and a current anti-spike serological test, 
compared to a plaque reduction neutralization test (PRNT) taken as gold standard were compared. Eighty vaccinated indi-
viduals, whose 16% had a previous history of COVID-19, were included in a longitudinal prospective study and sampled 
before and two to four weeks after each dose of vaccine. In non-infected patients, 2 doses were required for obtaining both 
positive IGRA and PRNT assays, while serology was positive after one dose. Each dose of vaccine significantly increased 
the humoral and cellular response. By contrast, convalescent subjects needed a single dose of vaccine to be positive on all 3 
tests. Both IGRA and current serology assay were found predictive of a positive titer of neutralizing antibodies that is cor-
related with vaccine protection. Patients over 65 or 80 years old had a significantly reduced response. The response tended 
to be better with the heterologous scheme (vs. homologous) and with the mRNA-1273 vaccine (vs. BNT162b2) in the 
homologous group, in patients under 55 and under 65 years old, respectively. Finally, decrease intensity or absence of IGRA 
response and to a less extent of anti-spike serology were also correlated to reinfection which has occurred during the follow 
up. In conclusion, both IGRA and current anti-spike serology assays could be used at defined thresholds to monitor the vac-
cine response against SARS-CoV-2 and to simply identify non-responding individuals after a complete vaccination scheme.
Capsule summary Two available specific tests (IGRA and anti-spike antibodies) could early assess the vaccine-induced 
immunity against SARS-CoV-2 at the individual scale, to potentially adapt the vaccination scheme in non-responder patients.
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Introduction

The coronavirus disease 2019 (COVID-19) caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
is responsible for more than 6.2 million deaths reported 
to the World Health Organization (WHO) until the end of 
May 2022. Several vaccines were rapidly developed and 
approved for the prevention of COVID-19. More than 11 
billion vaccine doses have been administered according to 
the WHO [1]. Three of these vaccines are currently admin-
istered worldwide and target the surface spike (S) protein. 
Two mRNA vaccines, BNT162b2 (trade name Comirnaty®, 
by Pfizer-BioNTech) and mRNA-1273 (trade name COVID-
19 vaccine Moderna®, then Spikevax®, by Moderna) use 
the modified sequence of the S protein [2]. The short-term 
efficacy of the primary vaccination (median follow-up of 
2 months) observed in phase 3 clinical trials was 95.0% 
7 days after two doses of BNT162b2 (30 µg administered 
21 days apart) and 94.1% 14 days after two doses of mRNA-
1273 (100 µg administered 28 days apart), to prevent infec-
tion (homologous vaccination scheme). Second doses for 
both vaccines are extendable to 6  weeks [3, 4]. Long-
term efficacy of the primary vaccination with BNT162b2 
(6 months of follow-up) was 91.3% in preventing COVID-
19 illness starting at 7 days after the second dose, and 96.7% 
against severe COVID-19 [5]. It was 93.2% for mRNA-1273 
(median follow-up of 5.3 months) in preventing COVID-19 
illness 14 days after the second dose, 98.2% in prevent-
ing severe disease, and 63.0% in preventing asymptomatic 
infection [6]. The third vaccine is based on recombinant 
chimpanzee adenovirus expressing the full-length S protein, 
ChAdOx1 nCoV-19 (AZD1222, trade name Vaxzevria®, by 
Oxford-AstraZeneca) [7]. Clinical trial showed an overall 
efficacy of the primary vaccination using a standard dose 
of 5 ×  1010 viral particles after variable intervals (two doses 
administered at intervals of 4–12 weeks) of 70.4%, which 
increased to 90.0% after the first dose was halved [8]. In 
France, ChAdOx1 nCoV-19 was first recommended for peo-
ple under 55 years old (because of initially unclear efficacy 
at higher ages), and then indicated for people over 55 years 
old in March 2021 (due to a potentially higher risk of throm-
boembolic events in younger population, but the anti-PF4 
antibody hypothesis was not sufficient to provoke clinically 
evident thrombosis) [9, 10]. For this population aged under 
55 who received a first dose of ChAdOx1 nCoV-19, the 
French High Authority of Health (HAS) then recommended 
to complete the vaccination scheme with a mRNA vaccine 
within 12 weeks after the first injection (heterologous vac-
cination scheme) [11]. Later, at the end of 2021, the HAS 
recommended the administration of a third dose of vac-
cine (corresponding to a booster dose of mRNA vaccine), 
with a delay of 6 months after the primary vaccination, 

subsequently shortened to 3 months, in people over the age 
of 18, due to the increase in the number of cases of infection 
linked to the delta variant and the expansion of the omicron 
variant [12].

To early predict and monitor the effectiveness of a vac-
cination scheme against COVID-19 on an individual scale, 
reliable high-throughput immunoassays measuring the spe-
cific adaptive immune response are of high interest. Neutral-
izing antibodies (NAb) are currently the best correlate of 
protection (CoP) against SARS-CoV-2 infection [13–18]. 
Previous studies showed a significant correlation between 
anti-spike immunoglobulins G (IgG) antibodies (measured 
by routine commercial tests) and neutralizing titers, sug-
gesting that IgG antibodies might serve as a correlate of 
neutralization [17, 19]. Vaccination induces a combined 
adaptive humoral and cellular immune responses with both 
high titers of NAb beyond the levels observed in convales-
cent patients, and substantial T cell responses with T helper 
type 1  (TH1)  CD4+ T cells and  CD8+ T cells, both secreting 
predominantly IFNγ [2, 15, 17, 20]. However, vaccines were 
designed against the initial SARS-CoV-2 virus that emerged 
in 2019. With the rapid spread of SARS-CoV-2 variants of 
concern (VOC), including 19A (B.38), alpha (B.1.1.7), 
beta (B.1.351), delta (B.1.617), and omicron (B.1.1.529) 
variants, numerous studies have evaluated the impact of key 
mutations in the spike protein on the neutralizing activity 
with plaque reduction neutralization tests (PRNT) or pseu-
dovirus-based assays [21–45].

In this context, the performance of the QuantiFERON 
SARS-CoV-2 Starter Set® for Research Use Only (QFN 
SARS-CoV-2, Qiagen) which is an Interferon Gamma 
(IFNγ) Release Assay (IGRA), and a serological assay 
(Architect SARS-CoV-2 IgG II Quant®, Abbott) were 
evaluated, in comparison with a PRNT as the gold stand-
ard method. We aimed to assess the ability of QFN SARS-
CoV-2 and anti-spike serology to predict effective neutrali-
zation on the 19A, alpha, beta, delta, and omicron VOC. In 
a second time, we compared the results obtained by the 3 
immunological assays between different patient cohorts, to 
show the differences in vaccine responses according to sta-
tus of convalescent for COVID-19, age, vaccination scheme 
(homologous vs. heterologous), and type of mRNA vaccine 
(BNT162b2 vs. mRNA-1273) in the homologous group.

Methods

Cohort Description

Eighty individuals with complete vaccination scheme 
were included in a prospective, single-center, longitudi-
nal cohort study conducted in the University Hospital of 
Saint-Etienne (France). Individuals included were either 
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healthcare workers (HCWs) belonging to the COVIMMU-
NITY cohort, or elderly patients belonging to the PROOF 
cohort. Sixty-seven participants were included as COVID-
19 negative (never infected) if they were asymptomatic, 
with a history of negative virological or serological testing, 
a 2-dose vaccination scheme, and at least the post-second 
dose sample collected (corresponding to a complete primary 
vaccination scheme). Thirteen individuals were included as 
COVID-19 positive (convalescent) if they had COVID-19 
infection confirmed by a positive SARS-CoV-2 RT-PCR test 
between March and November 2020, a single-dose vaccina-
tion scheme between 3 and 6 months after their infection, 
and at least the post-vaccination sample collected (corre-
sponding to a complete primary vaccination scheme).

Three vaccines were used in non-infected subjects, 
BNT162b2 (Pfizer-BioNTech), mRNA-1273 (Moderna), and 
AZD1222 (Oxford-AstraZeneca) with different immunization 
schemes: homologous BNT/BNT, homologous mRNA-1273/
mRNA-1273, and heterologous scheme; in addition, one patient 
received a homologous AZD1222/AZD1222 combination. 
Twenty-seven of them had a third dose of vaccine (booster dose 
of BNT162b2) more than 6 months after their second dose. 
Convalescent subjects received a single BNT or mRNA-1273 
dose between 3 and 6 months after their infection.

In non-infected patients, four blood samples were drawn for 
immunological assays: prior vaccination (T0), prior second 
dose (T1, 2–4 weeks after the first dose of mRNA-1273 or BNT 
and 4–12 weeks after the first dose of AZD1222), 2–4 weeks 
after the second dose (T2), and 2–4 weeks after the third dose 
(T3). In convalescent subjects, blood samples were drawn prior 
vaccination (T0) and then 2–10 weeks after the single dose 
(T1). The study protocol is illustrated in Supplementary Fig. 1.

All the patients were informed of the study and its pro-
tocol and voluntarily agreed to participate by providing 
written consent. Ethics approval was obtained from the 
national review board and the study was registered on Clin-
icalTrials.gov (COVIMMUNITY NCT04648709; PROOF 
NCT00759304).

IGRA Immunoassay

IGRA (QFN, QuantiFERON SARS-CoV-2 Starter Set® for 
Research Use Only, Qiagen) was used according to manufac-
turer’s recommendations. Venous blood was collected, and 
1 ml (1 ml) was added in each of the 4 tubes of the kit and 
incubated with antigens. Two antigen tubes, SARS-CoV-2 
Ag1 and Ag2, used a combination of epitopes specific to 
SARS-CoV-2 S protein to stimulate  CD4+ cells [receptor 
binding domain (RBD) and S1 epitopes] and both  CD4+ 
and  CD8+ cells (RBD, S1 and S2 epitopes), respectively. 
A negative control tube (Nil tube) and a positive control 
tube (Mitogen tube) were tested at the same time for each 
test to validate the interpretation. After stimulation, plasma 

samples were used for the determination of IFNγ level in 
international units per ml (IU/ml) using QuantiFERON 
enzyme-linked immunosorbent assay (ELISA), according 
to manufacturer’s recommendations. Positive response was 
defined according to initial data from the manufacturer as 
a value of IFNγ level at least 0.15 IU/ml greater than the 
background value from the Nil tube, for Ag1 or Ag2 tube. 
We also chose to use the sum of IFNγ levels of Ag1 and Ag2 
with a positive threshold at 0.25 IU/ml (according to receiver 
operating characteristic (ROC) analysis) to have a unique 
interpretation of the test and which combines the 2 results.

Anti‑spike Serology

S-specific IgG (directed against the RBD of the S1 subunit 
of the S protein) concentrations in serum specimens were 
measured using the Architect SARS-CoV-2 IgG II Quant® 
assay, which is a chemiluminescent microparticle immuno-
assay, according to manufacturer’s recommendations. A con-
centration greater than or equal to 60 arbitrary units (AU)/
ml or 8.5 binding antibody units (BAU)/ml was defined as 
positive (supplier’s threshold).

PRNT Neutralization Assay

A plaque reduction neutralization test (PRNT) was used for 
the detection and titration of neutralizing antibodies. A ten-
fold dilution of each serum specimen in culture medium was 
first heated for 30 min at 56 °C to avoid complement-linked 
reduction of viral activity. Serial twofold dilutions (tested in 
duplicate) of the serum specimens in culture medium were 
mixed in equal volume with the live SARS-CoV-2 virus. 
After gentle shaking and a contact of 30 min at room tem-
perature in plastic microplates, 150 µl of the mix was trans-
ferred into 96-well microplates covered with Vero E6 cells 
(American Type Culture Collection (ATCC), CRL-1586, not 
authenticated but regularly tested for mycoplasma contami-
nation). The plates were incubated at 37 °C in a 5% CO2 
atmosphere. Infection efficiency was evaluated by micros-
copy 5 days later when the cytopathic effect of the virus 
control reached 100–500 TCID50 (median culture infectious 
dose) per 150 µl. Neutralization was recorded if more than 
50% of the cells present in the well were preserved. The 
neutralizing titer was expressed as the inverse of the higher 
serum dilution that exhibited neutralizing activity; a thresh-
old of 20 was used (PRNT50 titer ≥ 20). All experiments 
were performed in a biosafety level 3 laboratory. The differ-
ent viral strains that were used were sequenced and deposited 
at GISAID (https:// www. gisaid. org/) (accession numbers 
EPI_ISL_1707038 19A (B.38 lineage); EPI_ISL_1707039 
Alpha (B.1.1.7 lineage); EPI_ISL_768828 Beta (B.1.351 
lineage); EPI_ ISL_1904989 Delta (B.1.617.2 lineage); and 
EPI_ISL_7608613 Omicron (B.1.1.529 lineage)).

https://www.gisaid.org/
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Statistical Analysis

GraphPad Prism version 8 was used for statistical analysis, 
with a significance level (alpha) of 0.05, and curve fitting. A 
two-tailed Mann–Whitney U test was used to calculate p-val-
ues for continuous, non-parametric variables. For compar-
ing more than one population, Kruskal–Wallis test was used 
with Dunn’s multiple comparisons test. Fisher’s exact test was 
used for contingency. XLSTAT 2021 was used for receiver 
operating characteristic (ROC) analysis. It consisted of cal-
culating the area under the curve (AUC), and the sensitivity 
(Se), specificity (Sp), positive predictive value (PPV), and 
negative predictive value (NPV) for each threshold value of 
the QuantiFERON test and serology to predict a neutralizing 
titer greater than or equal to 20. A GraphPad calculator was 
used to quantify the degree of agreement by Cohen’s kappa.

Results

Characteristics of Study Population

Among the participants, 67 (84%) were naive for COVID-19 
(non-infected) and 13 (16%) had a history of COVID-19 (con-
valescent) in 2020 between March and November (Table 1). The 
mean (± SD) age in both groups was 57 (± 23) and 51 (± 17) 
respectively, and about 84% of participants were women in both 
groups. Our study contained a large proportion (39%, n = 26) of 
patients aged over 65 among non-infected people, with a major-
ity being at least 80 years old (92%, n = 24). In the non-infected 
population, nearly 84% of patients received a homologous BNT/
BNT or mRNA-1273/mRNA-1273 combination. The other 
patients followed a heterologous scheme (a first AZD1222 dose 
followed by an mRNA-1273 or a BNT boost). Twenty-seven 
subjects aged under 65 had a third dose of vaccine (booster dose 
of BNT162b2) more than 6 months after their second dose. Four 
patients who did not respond after their second dose had their 
third dose earlier than other patients: a 50-year-old woman with 
an autoimmune disease (2 and a half months later the second 
dose) and 3 elderly patients (1 month later the second dose). 
Convalescent subjects received a single BNT or mRNA-1273 
dose. Between Jan 15, 2021, and Apr 22, 2022, 160 blood sam-
ples from the 67 non-infected participants, and 23 blood samples 
from the 13 convalescent participants were collected.

Significant Increase in Vaccine Response After Each 
Dose Measured by the 3 Tests

Comparison of the three immunoassays was done at each 
sample time (T0, T1, T2) during the primary vaccination 
(Fig. 1). For IGRA, IFNγ release in Ag1 tube (IFNγ Ag1) 
stimulating  CD4+ cells was significantly correlated with that in 

Ag2 tube (IFNγ Ag2) stimulating both  CD4+ and  CD8+ cells 
(Spearman r = 0.97; 0.96–0.98; p < 0.0001, Supplementary 
Fig. 2). Figure 1A shows that IFNγ Ag2 level (mean ± SD: 
1.50 ± 2.09 IU/ml) was not significantly different than IFNγ 
Ag1 level (1.20 ± 1.84 IU/ml) (Mann Whitney test, p = 0.10, 
n = 154). QFN test could therefore be interpreted with the 
result of IFNγ Ag1 as well as IFNγ Ag2 or the IFNγ Ag1 + 2 
sum which combines the 2 results to have a unique interpre-
tation of the test. Cellular response measured by QFN test 
(Fig. 1B–D) and humoral response measured by serological 
assay (Fig. 1E) increased significantly 2–4 weeks after the first 
dose of vaccine (T1) in non-infected people (Kruskal–Wal-
lis test, p < 0.05 and p < 0.01, respectively). However, QFN 
Ag1 + 2 test remained negative (IFNγ < 0.25 IU/ml) for 40% 
of the patients at this time, while serological assay was positive 
(IgG ≥ 8.5 BAU/ml) for 87% of the patients (Supplementary 
Table 1). Two to four weeks after the second dose (T2), 83.5% 
and 100% of the patients had a positive QFN Ag1 + 2 and a 
positive serology, respectively, with significantly higher levels 
(p < 0.0001). Two doses were required to measure a positive 
response with a NAb titer  (PRNT50) greater than or equal to 20 

Table 1  Baseline characteristics of the study population

Type of vaccine: BNT162b2 (Pfizer-BioNTech), mRNA-1273 (Mod-
erna), AZD1222 (Oxford-AstraZeneca); sampling time: T0, before 
vaccination; T1, 2–4 weeks after the first dose; T2, 2–4 weeks after 
the second dose; T3, 2–4 weeks after the third dose.

Total population: n = 80 subjects Non-infected
n = 67 
(83.8%)

Convales-
cent
n = 13 
(16.2%)

Sex
  Female n(%) 56 (83.6) 11 (84.6)
  Male n(%) 11 (16.4) 2 (15.4)

Age (years)
   ≤ 45 n(%) 26 (38.8) 6 (46.2)
  46–65 n(%) 15 (22.4) 5 (38.4)
   ≥ 66 n(%) 26 (38.8) 2 (15.4)
  Median [IQR] 52 [34–84] 54 [36–60]

Type of primary vaccination
  Homologous BNT162b2 n(%) 38 (56.7) 6 (46.2)
  Homologous mRNA-1273 n(%) 18 (26.9) 7 (53.8)
  Homologous AZD1222 n(%) 1 (1.5) / /
  Heterologous AZD1222/BNT162b2 

n(%)
1 (1.5) / /

  Heterologous AZD1222/mRNA-
1273 n(%)

9 (13.4) / /

Sampling time
  T0 n(%) 16 (23.9) 10 (76.9)
  T1 n(%) 46 (68.7) 13 (100.0)
  T2 n(%) 67 (100.0) / /
  T3 n(%) 31 (46.2) / /
  Total 160 23
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(Fig. 1F) in more than 80% of patients for the 19A strain and 
the alpha VOC. The NAb titer was not significantly different 
between these two strains. A positive NAb titer was obtained 
only in 56% and 76% for the beta and delta VOC, respectively, 
and it was reduced compared to 19A and alpha strains.

In convalescent individuals before vaccination (T0), QFN 
Ag1 + 2 and serology assay were positive for 66.7% and 
87.5% of the patients, respectively, in the same way as in non-
infected patients at T1. The response increased significantly 
2–10 weeks after vaccination at T1 for both QFN Ag1 + 2 
and serology assay (p < 0.01 and p < 0.001, respectively), 
with 100% of positive results. These levels were significantly 
higher than those in non-infected patients at T2 (p < 0.01 and 
p < 0.001, respectively). These results were consistent with 
those of the neutralization for the four viral strains, with NAb 
titers significantly higher than those in non-infected patients 
at T2 (p < 0.0001). In convalescent individuals, the NAb titer 
was also not significantly different between 19A and alpha 
strains, but reduced for the beta and delta VOC.

Validation of Analytical Performance of QFN 
and Serology to Predict Neutralizing Activity

Performance of QFN test and serological assay (at the sup-
pliers’ thresholds) has been assessed in comparison to neu-
tralization (positive threshold:  PRNT50 ≥ 20) to predict vac-
cine effectiveness on the 19A, alpha, beta, and delta strains, 
after the second dose (Table 2). Results in non-infected indi-
viduals (n = 67) show that QFN Ag1, Ag2, and Ag1 + 2 tests’ 
performances were equivalent, with an average Se > 98% for 
the 4 strains and an average Sp of 55% for 19A (n = 12 nega-
tive  PRNT50), 52% for alpha VOC (n = 11 negative  PRNT50), 
24% for beta VOC (n = 29 negative  PRNT50), and 30% for 
delta VOC (n = 16 negative  PRNT50). All the serological 
results (n = 63) were positive; therefore Se was 100%. By 
contrast, since serology did not detect any negative  PRNT50, 
Sp was 0% and NPV could not be calculated. Globally, QFN 
and serology had the same Se, but QFN had better Sp and 
PPV compared to serology (at the supplier’s threshold of 8.5 

Fig. 1  Humoral and cellular immunity monitoring in non-infected 
and convalescent individuals. The median of each subgroup is repre-
sented by a black line with the specified value. Positive threshold of 
each test is represented by a dotted line. The different sample times 
are: T0, before vaccination; T1, 2–4  weeks after the first dose; T2, 
2–4  weeks after the second dose. A All plasmas samples (n = 154) 
were assayed for QuantiFERON SARS-CoV-2 Starter Set® (QFN) 
with both tubes separately (Ag1 and Ag2). Data show the concentra-
tion of IFNγ (IU/ml) measured by QFN ELISA, and are expressed 
as dot plots, one dot corresponding to one patient (ns: no statistical 
significance, p > 0.05), with a positive threshold at 0.15  IU/ml (sup-
plier’s threshold). B, C, D Plasmas samples were assayed for QFN 
Ag1, QFN Ag2, and QFN Ag1 + 2, respectively. Data show the con-

centration of IFNγ (IU/ml), and are expressed as dot plots, one dot 
corresponding to one patient. Positive threshold for QFN Ag1 + 2 
is 0.25  IU/ml (determined by ROC analysis). E Sera were assayed 
for S (RBD)-specific IgG. Data show the concentration (BAU/ml) 
of immunoglobulins, and are expressed as dot plots, one dot cor-
responding to one patient. Positive threshold is 8.5 BAU/ml (sup-
plier’s threshold). F Sera were assayed for their capacity to neutral-
ize the infection of Vero E6 cells by different SARS-CoV-2 strains, 
as indicated. Data show the  PRNT50 titer and are expressed as dot 
plots, one dot corresponding to one patient. Positive threshold corre-
sponds to the limit of detection at 20. Statistical significance is shown 
(Kruskal–Wallis’s test, ****p < 0.0001, ***p < 0.001, **p < 0.01, 
*p < 0.05)
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BAU/ml). Agreement and Cohen’s kappa were also higher 
with QFN (Table 2). After the third dose, PRNT was per-
formed on the 19A, delta, and omicron strains. All the 27 
subjects were positive for QFN, serology, PRNT for 19A and 
delta strains, and 23/27 (85%) for the omicron strain.

Then, ROC analysis was performed to evaluate overall 
performance and to find more specific thresholds for QFN 
and serology in non-infected patients after the second dose. 
The ROC curves are presented in Supplementary Fig. 3. 
Table 3 shows that a first threshold at 0.25 IU/ml for IFNγ 
Ag1 + 2 and at 150 BAU/ml for S-specific IgG could be used 
to screen for non-responder patients for 19A strain with a 
Se of 100% and a NPV of 100%, respectively. Threshold 2 

at 1.20 IU/ml for IFNγ Ag1 + 2 and 850 BAU/ml for IgG 
could be used to better predict a  PRNT50 titer ≥ 20 for 19A 
and alpha strains, with a Sp of 92% and a PPV of 98% for 
both. Threshold 3 was proposed to increase Sp and PPV for 
the beta and delta VOC. The ROC curves obtained after 
the third dose are presented in Supplementary Fig. 4. These 
could only be obtained for the omicron variant since the neu-
tralizing titers were all positive for the 19A and delta strains. 
Thereby, after the third dose, the first threshold calculated 
after the second dose (0.25 IU/ml for IFNγ Ag1 + 2 and 150 
BAU/ml for S-specific IgG) could be also used to predict a 
 PRNT50 titer ≥ 20 for 19A and delta strains. For the omicron 
strain, the AUC obtained for QFN was low, so its predictive 

Table 2  Performance of QFN and serology assay at the suppliers’ thresholds compared to neutralization in non-infected individuals after the 
second dose

QFN QuantiFERON SARS-CoV-2 Starter Set®, IgG G-immunoglobulins, PPV positive predictive value, NPV negative predictive value, / data 
not available.

Neutralization  (PRNT50 ≥ 20)

19A Alpha Beta Delta

Sensitivity (95% CI)
  QFN Ag1 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag2 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag1 + 2 (IFNγ ≥ 0.25 IU/ml)
  Serology (IgG ≥ 8.5 BAU/ml)

1.00 (0.93–1.00)
0.98 (0.90–1.00)
1.00 (0.93–1.00)
1.00 (0.93–1.00)

0.98 (0.90–1.00)
0.96 (0.88–0.99)
0.98 (0.90–1.00)
1.00 (0.93–1.00)

1.00 (0.91–1.00)
1.00 (0.91–1.00)
1.00 (0.91–1.00)
1.00 (0.90–1.00)

0.96 (0.87–0.99)
0.94 (0.84–0.98)
0.96 (0.87–0.99)
1.00 (0.93–1.00)

Specificity (95% CI)
  QFN Ag1 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag2 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag1 + 2 (IFNγ ≥ 0.25 IU/ml)
  Serology (IgG ≥ 8.5 BAU/ml)

0.58 (0.32–0.81)
0.50 (0.25–0.75)
0.58 (0.32–0.81)
0.00 (0.00–0.24)

0.55 (0.28–0.79)
0.45 (0.21–0.72)
0.55 (0.28–0.79)
0.00 (0.00–0.26)

0.24 (0.12–0.42)
0.25 (0.13–0.43)
0.24 (0.12–0.42)
0.00 (0.00–0.12)

0.33 (0.15–0.58)
0.25 (0.10–0.50)
0.31 (0.14–0.56)
0.00 (0.00–0.20)

PPV (95% CI)
  QFN Ag1 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag2 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag1 + 2 (IFNγ ≥ 0.25 IU/ml)
  Serology (IgG ≥ 8.5 BAU/ml)

0.92 (0.82–0.96)
0.90 (0.80–0.95)
0.92 (0.82–0.96)
0.81 (0.70–0.89)

0.92 (0.82–0.96)
0.90 (0.80–0.95)
0.92 (0.82–0.96)
0.83 (0.71–0.90)

0.63 (0.50–0.74)
0.64 (0.52–0.75)
0.63 (0.50–0.74)
0.56 (0.43–0.67)

0.83 (0.72–0.91)
0.80 (0.68–0.88)
0.81 (0.70–0.89)
0.76 (0.64–0.85)

NPV (95% CI)
  QFN Ag1 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag2 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag1 + 2 (IFNγ ≥ 0.25 IU/ml)
  Serology (IgG ≥ 8.5 BAU/ml)

1.00 (0.65–1.00)
0.86 (0.49–0.99)
1.00 (0.65–1.00)
/

0.86 (0.49–0.99)
0.71 (0.36–0.95)
0.86 (0.49–0.99)
/

1.00 (0.65––1.00)
1.00 (0.65–1.00)
1.00 (0.65–1.00)
/

0.71 (0.36–0.95)
0.57 (0.25–0.84)
0.71 (0.36–0.95)
/

Fisher’s exact test
  QFN Ag1 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag2 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag1 + 2 (IFNγ ≥ 0.25 IU/ml)
  Serology (IgG ≥ 8.5 BAU/ml)

p < 0.0001 (****)
p < 0.0001 (****)
p < 0.0001 (****)
p > 0.9999 (ns)

p < 0.0001 (****)
p < 0.0009 (***)
p < 0.0001 (****)
p > 0.9999 (ns)

p = 0.0020 (**)
p = 0.0015 (**)
p = 0.0020 (**)
p > 0.9999 (ns)

p = 0.0053 (**)
p = 0.0532 (ns)
p = 0.0074 (**)
p > 0.9999 (ns)

Agreement
  QFN Ag1 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag2 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag1 + 2 (IFNγ ≥ 0.25 IU/ml)
  Serology (IgG ≥ 8.5 BAU/ml)

92.4%
89.4%
92.4%
81.0%

90.9%
87.9%
90.9%
82.5%

66.7%
68.2%
66.7%
55.6%

81.8%
77.3%
80.3%
76.2%

Cohen’s kappa (95% CI)
  QFN Ag1 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag2 (IFNγ ≥ 0.15 IU/ml)
  QFN Ag1 + 2 (IFNγ ≥ 0.25 IU/ml)
  Serology (IgG ≥ 8.5 BAU/ml)

0.70 (0.45–0.94)
0.58 (0.30–0.85)
0.70 (0.45–0.94)
0.00 (0.00–0.00)

0.62 (0.34–0.89)
0.49 (0.19–0.79)
0.62 (0.34–0.89)
0.00 (0.00–0.00)

0.26 (0.09–0.43)
0.28 (0.10–0.45)
0.26 (0.09–0.43)
0.00 (0.00–0.00)

0.36 (0.09–0.64)
0.24 (0.00–0.48)
0.34 (0.07–0.60)
0.00 (0.00–0.00)
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ability was weak, and its corresponding cut-off could not 
be calculated. However, anti-spike serology could be used 
to screen for responder patients with a positive threshold at 
500 BAU/ml (Se of 100% and VPP of 85%).

Comparison of NAb titers with QFN and serology results 
after the second dose is presented in Fig. 2. The levels of 
IFNγ Ag1 + 2 and IgG corresponding to a positive NAb titer 
(≥ 20) were significantly higher than those corresponding 
to a negative titer (p < 0.0001 for both). The positive cor-
relations were significant (p < 0.0001), but the intensity was 
low for QFN (Spearman r = 0.48 for 19A strain) and moder-
ate for serological assay (Spearman r = 0.63 for 19A strain) 
(Supplementary Fig. 5). After the third dose, comparison of 
NAb titers with QFN and serology is presented in Fig. 3 and 
correlations between assays are presented in Supplementary 
Fig. 6. The 4 subjects with a negative  PRNT50 for omicron 
had a significantly lower S-specific IgG level, whereas the 
level of IFNγ Ag1 + 2 is not significantly different compared 
to patients with a positive  PRNT50. Significant IgG anti-S 
antibody levels (> 150 BAU/ml) were also associated with 
stronger IGRA responses after the second and third dose 
(Supplementary Fig. 7).

Reduced Immunogenicity of Vaccination in Elderly

After the second dose, patients ≥ 66 years of age had sig-
nificantly lower IFNγ Ag1 + 2 levels, IgG levels and 
NAb titers on 19A, alpha, and beta strains compared to 
patients ≤ 45 years (p < 0.0001, p < 0.05, p < 0.05, respec-
tively) (Fig. 4A–C). No significant difference was observed 
between ≤ 45 and 46–65  years old (p = 0.64, p = 0.78, 
p > 1.00, respectively). A total of 100% of patients ≤ 65 years 
of age were positive for all the 3 assays, with IFNγ 
Ag1 + 2 ≥ 0.25 IU/ml, IgG ≥ 150 BAU/ml, and  PRNT50 ≥ 20 
(for 19A and alpha strains) (Supplementary Table 2). The 
first threshold for each test was sufficient to predict a positive 
NAb titer (on 19A and alpha strains) in patients ≤ 65 years 
of age, with a PPV of 100% and a Se of 100% at this age 
(Table 3). Only 50 to 60% of patients ≥ 66 years of age were 
positive for QFN and  PRNT50 and 100% were positive for 
serology (Supplementary Table 2). All negative patients 
were ≥ 80 years old. Thresholds 2 and 3 were calculated 
from the results of these patients aged ≥ 80 to better predict 
a positive NAb titer at this age (Table 3).

Evolution of the response after each dose of BNT162b2 
vaccine in elderly patients aged ≥ 80 is shown in Fig. 4D–F. 
After the first dose, only 5 in 14 patients (35.7%) responded 

Fig. 2  Comparison of neutralization, QFN, and anti-spike IgG in 
non-infected individuals after the second dose. The median of each 
subgroup is represented by a black line with the specified value. Posi-
tive threshold of each test is represented by a dotted line. A–D Plas-
mas samples were assayed for QuantiFERON SARS-CoV-2 Starter 
Set® (QFN) Ag1 + 2. Data show the concentration of IFNγ (IU/ml), 
and are expressed as dot plots, one dot corresponding to one patient, 
with a positive threshold at 0.25  IU/ml. E–H Sera were assayed 

for S (RBD)-specific IgG. Data show the concentration (BAU/ml) 
of immunoglobulins, and are expressed as dot plots, one dot corre-
sponding to one patient. Positive threshold is 8.5 BAU/ml (supplier’s 
threshold). A–H All results are divided into 2 groups of correspond-
ing neutralization titers  (PRNT50), and according to each strain of 
virus tested, as indicated. Statistical significance is shown (Kruskal–
Wallis’s test, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05)
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to the QFN and 11 (78.6%) had a positive serology. After 
the second dose, all had a positive serology, while 70.8% 
and 50% responded to the QFN and to the neutralization 
test (19A and alpha strains), respectively. Of these non-
responder patients, 3 had a third dose approximately 1 month 
after their second dose.

We then compared those assays between the homolo-
gous and heterologous schemes in patients < 55  years 
(Fig. 5A–C) and between BNT162b2 and mRNA-1273 in 
patients ≤ 65 years (Fig. 5D–F). No significant difference 
was observed between the homologous and heterologous 
schemes in response to either QFN (p = 0.96) or anti-S IgG 
concentration (p = 0.99). By contrast, higher NAb titers were 
observed with the heterologous scheme (p < 0.05). QFN and 
serology did not correlate with the higher neutralizing activ-
ity. A positive NAb titer on the beta and delta VOCs was 
obtained in 100% of patients with the heterologous scheme 
(Supplementary Table 2). In the homologous group, a trend 

of a higher QFN response was observed with Moderna vs 
Pfizer. A significant difference in anti-S IgG concentration 
was shown (p < 0.05). Slightly higher NAb titers were also 
observed with the mRNA-1273 vaccine on the alpha, beta, 
and delta VOCs, but not significantly.

In our cohort of 67 non-infected patients, two of them 
were infected with the delta VOC more than 5 months after 
their second dose (Fig. 6). Patient 1 was an 87-year-old man 
who received 3 doses of BNT162b2 given 1 month apart. 
His QFN remained negative even after 3 doses. His anti-S 
IgG decreased over the 5 months after his third dose and 
fell below the screening threshold 1 about 20 days before 
his infection. Patient 2 was a 46-year-old woman who had 
2 doses of BNT162b2 and became infected more than 
7 months after her second dose.

In summary, QFN and serology could be used at the 
thresholds describe above to predict a positive NAb titer, 
according to age in non-previously infected patients (Fig. 7).

Fig. 3  Comparison of neutralization, QFN and anti-spike IgG in 
non-infected individuals after the third dose. The median of each 
subgroup is represented by a black line with the specified value. 
Positive threshold of each test is represented by a dotted line. A-C 
Plasmas samples were assayed for QuantiFERON SARS-CoV-2 
Starter Set® (QFN) Ag1 + 2. Data show the concentration of IFNγ 
(IU/ml), and are expressed as dot plots, one dot corresponding to 
one patient, with a positive threshold at 0.25 IU/ml. D–F Sera were 

assayed for S (RBD)-specific IgG. Data show the concentration 
(BAU/ml) of immunoglobulins, and are expressed as dot plots, one 
dot corresponding to one patient. Positive threshold is 8.5 BAU/ml 
(supplier’s threshold). A-F All results are divided into 2 groups of 
corresponding neutralization titers  (PRNT50), and according to each 
strain of virus tested, as indicated. No statistical significance (ns, 
p > 0.05) and statistical significance are shown (Kruskal–Wallis’s test, 
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05)
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Discussion

Emerging evidence suggests that both humoral and cellular 
responses to COVID-19 infection and vaccination should be 
considered complementary and mounting of both types of 
responses could be associated with the effective immunity 
against SARS-CoV-2. In our study, we demonstrated for the 
first time that QFN and anti-spike IgG above our cut-off 
values strongly correlate with NAb responses potentially 
associated with protection against breakthrough infection. 
Indeed, the induction of NAb response, as measured by 
PRNT, is currently the better correlate of protection (CoP) 
[13–17]. Overall vaccine response in non-infected patients 
was significantly higher after two doses than that observed 
after a single dose, as previously described [46]. Convales-
cent individuals were all positive for all 3 tests after their 
single dose of vaccine and had significantly higher results 
than those of non-infected patients after two doses, as previ-
ously described [47, 48]. Our thresholds were very predic-
tive of an effective vaccination in convalescent individuals, 
reflected by the high titers of NAb. In non-infected subjects, 

all patients < 80 years old were positive for all three tests 
(except for certain patients without NAb on the beta and 
delta VOCs) and patients aged ≥ 80 had a significantly lower 
vaccine response. Lustig et al. showed that lower Ab lev-
els and NAb titers were consistently associated with older 
age (≥ 66 years), with high IgG levels but less neutralizing 
or taking longer to become neutralizing [17]. Only higher 
NAb titers were observed with heterologous vaccination. For 
homologous vaccination, in people ≤ 65 years of age, higher 
QFN levels and NAb titers on alpha, beta, and delta VOCs 
were observed with the mRNA-1273 vaccine compared 
to BNT162b2, with significantly higher concentrations of 
IgG, as previously described [49]. Heterologous vaccination 
induced significantly higher serum neutralization activity 
and increased the cellular immune response [16, 19, 50]. 
However, the enhancer effect of the second dose has been 
described with homologous mRNA vaccination. Further-
more, the shorter interval between the two mRNA doses 
than between ChAdOx1-prime and mRNA-boost vaccina-
tion might have contributed to the higher immunogenicity 
of the heterologous regimen [19, 50].

Fig. 4  Elderly patients have a significantly lower vaccine response. 
The median of each subgroup is represented by a black line with 
the specified value. Positive threshold of each test is represented by 
a dotted line. A Plasmas samples were assayed for QuantiFERON 
SARS-CoV-2 Starter Set® (QFN) Ag1 + 2. Data show the concentra-
tion of IFNγ (IU/ml), and are expressed as dot plots, one dot corre-
sponding to one patient, with a positive threshold at 0.25  IU/ml. B 
Sera were assayed for S (RBD)-specific IgG. Data show the concen-
tration (BAU/ml) of immunoglobulins, and are expressed as dot plots, 
one dot corresponding to one patient. Positive threshold is 8.5 BAU/
ml (supplier’s threshold). C Sera were assayed for their capacity to 

neutralize the infection of Vero E6 cells by different SARS-CoV-2 
strains, as indicated. Data show the  PRNT50 titer and are expressed 
as dot plots, one dot corresponding to one patient. Positive thresh-
old corresponds to the limit of detection at 20. All results obtained 
2–4 weeks after the second dose are divided into 3 groups of corre-
sponding age, as indicated. D-F Evolution of the results of each test 
in elderly patients aged over 80 (n = 24) according to the number of 
doses received (T0, before vaccination; T1/T2/T3, 2–4  weeks after 
the first/second/third dose). Three patients had a third dose. Statisti-
cal significance is shown (Kruskal–Wallis’s test, ****p < 0.0001, 
***p < 0.001, **p < 0.01, *p < 0.05)
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Individuals with low QFN (< 0.25 IU/ml) and low anti-
spike IgG (< 150 BAU/ml) have no NAb (< 20) and required 
a supplementary dose rapidly. Individuals with high QFN 
(≥ 1.20 IU/ml) and high anti-spike IgG (≥ 850 BAU/ml) 
after their second dose are good responders. However, 
several studies have shown a persistent but a significant 
declining humoral immunity at 3 months, with a significant 
decrease in the titer of NAb during the 8 months’ post-vac-
cination or post-infection. It predicts a significant decrease 
in protection against infection, but which remains preserved 
against severe infection [16, 51–53]. Combination of assays 
measuring both humoral and cellular responses is comple-
mentary since each component of SARS-CoV-2 immune 
memory exhibited distinct kinetics [16, 54–56]. To predict 
efficacy on the beta and delta VOCs, the threshold should be 
increased to 4.60 IU/ml and 2500 BAU/ml after the second 
dose in non-infected patients. Previous studies have indeed 
shown that the efficacy of NAb against the alpha VOC was 

unchanged regardless of the vaccine considered, while it 
was reduced on the beta and delta VOCs, both in sera from 
convalescent patients and from vaccinated patients [21–26, 
29–31, 34, 36, 53, 57]. The need for a dose of mRNA vac-
cine in convalescent patients to obtain neutralizing activity 
against the beta VOC, by stimulating memory B cells has 
been also described [28, 38]. Sera from individuals vacci-
nated with mRNA vaccines still had a neutralizing activity 
on the delta VOC, with a predictive efficacy higher than that 
of ChAdOx1 [22, 23, 34, 53]. Concerning the omicron vari-
ant, our study showed that few patients had no neutralizing 
response against this variant after the third dose in a small 
group of individuals, while they all had a response against 
the delta variant. Indeed, several studies showed that vaccine 
efficacy against the omicron variant was lower, with the lack 
of humoral response after two doses and a reduced and time-
limited response after the booster dose [40–43, 45, 58]. T 
cell response seemed to be preserved, as we also observed in 

Fig. 5  Variation in response according to vaccination scheme in non-
infected individuals after 2 doses in the same age group. The median 
of each subgroup is represented by a black line with the speci-
fied value. Positive threshold of each test is represented by a dotted 
line. A, D Plasmas samples were assayed for QuantiFERON SARS-
CoV-2 Starter Set® (QFN) Ag1 + 2. Data show the concentration of 
IFNγ (IU/ml), and are expressed as dot plots, one dot correspond-
ing to one patient, with a positive threshold at 0.25 IU/ml. B, E Sera 
were assayed for S (RBD)-specific IgG. Data show the concentra-
tion (BAU/ml) of immunoglobulins, and are expressed as dot plots, 
one dot corresponding to one patient. Positive threshold is 8.5 BAU/
ml (supplier’s threshold). C, F Sera were assayed for their capacity 
to neutralize the infection of Vero E6 cells by different SARS-CoV-2 
strains, as indicated. Data show the  PRNT50 titer and are expressed 

as dot plots, one dot corresponding to one patient. Positive threshold 
corresponds to the limit of detection at 20. A–C All results obtained 
2–4 weeks after the second dose in non-infected patients aged under 
55  years are divided into 2 groups of corresponding vaccination 
scheme, as indicated. Homologous scheme includes patients with 
identical prime and boost dose of BNT162b2 or mRNA-1273 vac-
cine. Heterologous scheme includes patients with a prime dose of 
AZD1222 followed by an mRNA boost. D–F All results obtained 
2–4 weeks after the second dose in non-infected patients aged under 
65 years are divided into 2 groups of corresponding mRNA vaccine 
type in the homologous scheme, as indicated. No statistical signifi-
cance (ns, p > 0.05) and statistical significance are shown (Kruskal–
Wallis’s test, *p < 0.05)
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our study with 100% positivity of QFN [40, 59]. Moreover, 
a recent study showed that the vaccine effectiveness against 
symptomatic disease caused by the BA.2 sub-lineage seemed 
to be preserved [60].

Few studies demonstrated that the NAb titers and the anti-
S and anti-RBD IgG levels were strongly correlated with 
COVID-19 risk and vaccine efficacy, and therefore proposed 
the use of post-immunization Ab levels as the basis for a CoP 

[13, 16, 18, 61, 62]. Khoury et al. estimated the NAb titer 
for 50% protection against infection to be 20.2% of the mean 
convalescent level and that it was significantly lower (3% of 
the mean convalescent level) against severe infection [16]. 
Corbett et al. confirmed in nonhuman primates that mRNA-
1273 vaccine-induced Ab responses are a mechanistic CoP 
against infection and protection [13]. Feng et al. demonstrated 
that increasing ChAdOx1 vaccine-induced Ab responses were 

Fig. 6  Examples of follow-up and infection in two patients after vac-
cination. Time is represented in days with each occurrence (injection 
of a dose of vaccine or infection) indicated by an arrow. On the left 
y-axis, plasmas samples were assayed for QuantiFERON SARS-
CoV-2 Starter Set® (QFN) Ag1 + 2. Data show the concentration of 
IFNγ (IU/ml), and are expressed as dot plots, one dot corresponding 
to one sample with its indicated result, for the same patient. Posi-
tive threshold is 0.25  IU/ml (dotted line). On the right x-axis, sera 

were assayed for S (RBD)-specific IgG. Data show the concentra-
tion (BAU/ml) of immunoglobulins, and are expressed as dot plots, 
one dot corresponding to one sample with its indicated result, for 
the same patient. Positive threshold is 150 BAU/ml (dotted line). A 
Results for patient 1, an 87-year-old man who received 3 doses of 
BNT162b2 given 1 month apart. B Results for patient 2, a 46-year-
old woman who had 2 doses of BNT162b2 given 1 month apart

Fig. 7  Adaptation of the vac-
cine strategy according to the 
age and the results of QFN and 
serology. This decision tree 
shows a possible interpreta-
tion of the results of QFN 
(IFNγ Ag1 + 2) and serology (S 
(RBD)-specific IgG) accord-
ing to the proposed thresholds. 
After the third dose, threshold 
of QFN for omicron could 
not be calculated due to its 
poor predictive ability in the 
population tested (tbd = to be 
determined)
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strongly associated with lower risk of symptomatic infection 
(mild disease) in humans 28 days after the second dose. They 
estimated that 80% efficacy against symptomatic infection was 
achieved with 264 BAU/ml for anti-S IgG and 506 BAU/ml for 
anti-RBD [18]. The anti-RBD level obtained in this study is 
between the two thresholds calculated in our study, at 150 and 
850 BAU/ml to predict a  PRNT50 ≥ 20 in patients aged < 80 
and ≥ 80 years, respectively. However, in this study, elderly 
patients represented a very small proportion, neutralization 
was only performed on the alpha VOC, and only the homolo-
gous scheme by ChAdOx1 was studied. Thus, CoP may vari-
ate according to age profile, disease severity (symptomatic or 
asymptomatic infection, mild or severe disease), type of virus 
variant, type of vaccine scheme, and measurement method. 
Further studies are needed to establish a CoP for each of these 
determinants of vaccine response, comparing them against the 
risk of having symptomatic infection in real life.

Protection may require low levels of NAb and might 
involve other immune effector mechanisms including non-
NAb, T cells and innate immune mechanisms [63–65]. Indeed, 
in our study, the lower Sp and PPV of QFN compared to the 
PRNT on the beta and delta VOC could also indicate the need 
to monitor both humoral and cellular immunity. McMahan 
et al. showed that the depletion of  CD8+ T cells in conva-
lescent macaques partially abrogated the protective efficacy 
of natural immunity against challenge with SARS-CoV-2, 
which suggests a role for cellular immunity in the context 
of waning or subprotective antibody titers [65]. Moreover, 
a negligible impact of the mutations found on the variants 
B.1.1.7, B.1.351, and P.1 on the  CD4+ and  CD8+ responses in 
convalescent- or mRNA-vaccinated subjects has been reported 
[66]. Furthermore, measuring the cellular response could bet-
ter predict the vaccine efficacy in some immunocompromised 
patients. Indeed, studies have shown that patients who did not 
have B cells (and therefore did not produce Ab) produced a 
positive IFNγ response after vaccination [67, 68]. Due to the 
ability of QFN to predict a neutralizing activity, it could be 
considered as a useful and user-friendly tool for monitoring 
vaccine responses and COVID-19 management of various 
(including high risk) populations including decision making 
regarding booster vaccine doses. The main limitation of our 
study is the small cohort with a lack of representation of the 
population aged over 80 to assess the vaccine response against 
the omicron variant after the third dose. Another technical 
limitation is the use of VeroE6 cells for our PRNT assay, 
which could lead to mutations or deletions in the multibasic 
cleavage site in the S protein as previously described [69].

Our study is the first to have shown the possible interest 
of QFN in addition to anti-S serology in the prediction of the 
neutralizing activity of Ab on different viral strains and in 
the adaptation of the vaccine strategy at the individual level. 
With the actual emergence of the Omicron VOC, a combi-
nation of Ab and T cell response will be probably strongly 

required to evaluate vaccine protection in the population. A 
proper design to establish new cutoffs for these assays would 
also need at least one validation cohort, to test that the pro-
posed cutoffs are generalizable beyond this study.
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