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ARTICLE INFO ABSTRACT

Keywords: Our understanding of cellular immunity in response to COVID-19 infection or vaccination is
COVID-19 vaccination limited because of less commonly used techniques. We investigated both the cellular and humoral
SARS-CoV-2

immune responses before and after the administration of a third dose of the SARS-CoV-2 vaccine
among a group of healthcare workers. Cellular immunity was evaluated using the VIDAS
interferon-gamma (IFNy) RUO test, which enables automated measurement of IFNy levels after
stimulating peripheral blood lymphocytes.

Booster doses significantly enhanced both cellular and humoral immunity. Concerning cellular
response, the booster dose increased the percentage of positive IFNy release assay (IGRA) results
but no difference in IFNy release was found. The cellular response was not associated with pro-
tection against SARS-CoV-2 infection. Interestingly, vaccinated and infected healthcare workers
exhibited the highest levels of anti-spike and neutralizing antibodies.

In conclusion, the IGRA is a simple method for measuring cellular immune responses after
vaccination. However, its usefulness as a complement to the study of humoral responses is yet to
be demonstrated in future research.

Cellular immunity
Humoral immunity
Interferon gamma release assay

1. Introduction

The COVID-19 pandemic caused by the SARS-CoV-2 virus had a profound impact on global health, with millions of cases and deaths
reported worldwide. Vaccination against COVID-19 is a crucial strategy for controlling the spread of the virus and reducing its burden.
Currently available vaccines are highly effective in preventing severe disease, hospitalization, and death.

Vaccination is based on the induction of humoral and cellular immune responses involving B and T cells. B cells participate in the
development of the humoral immune response, which involves the production of antibodies specifically directed against the infectious
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agent in response to viral infection or vaccination. Among these antibodies, we distinguished neutralizing antibodies (NAbs) that bind
to the surface of the virus and block its entry into the target cell. The anti-SARS-CoV-2 antibody titer was measured to assess the
effectiveness of the humoral immunity acquired after vaccination and/or infection [1]. The cellular immune response is mediated by
cytotoxic CD8" and CD4™" T cells, which cooperate with other immune cells. Interferon gamma produced by these cells is an essential
cytokine in the immune response. Its measurement after stimulation with specific antigens enables the measurement of cellular im-
mune responses [2,3].

In France, two mRNA vaccines Moderna mRNA-1273 [4] and Pfizer/BioNTech BNT162b2 [5,6], are widely used. Several studies
have demonstrated that spike-specific antibody and NAD responses are detected 7-14 days after vaccination and peak approximately 4
weeks later [7,8]. Antibodies, more specifically NAbs, are correlated with protection against SARS-CoV-2 infection and COVID-19 in
the first month post-vaccination [9,10]. However, studies have shown that the neutralizing titer and receptor-binding domain (RBD)
immunoglobulin G (IgG) declined 6 months after vaccination [11,12], in addition to the emergence of variants of concern (VOCs)
which escape to antibodies induced by vaccination [11,13]. For those reasons, a 3-dose mRNA vaccine regimen is recommended.
COVID-19 vaccines can also induce strong T cell responses [14]. After two doses of mMRNA COVID-19 vaccines, spike specific CD4" and
CD8™ T cell responses were detected in almost 100% and 70-90% of cases, respectively, and were detectable 6 months later [14-17].

Unlike humoral responses, studies have shown that the cellular response to SARS-CoV-2 variants is preserved in vaccinated pa-
tients. Indeed, SARS-CoV-2-specific T cells recognize preserved spike protein epitopes that are found not only among variants of in-
terest, but also among common cold coronaviruses [18,19]. The capacity of T cells to recognize Omicron [16,20,21] and all other VOCs
[22,23] may explain the high level of protection against severe illness and hospitalization [24,25] observed during the Omicron wave
of the COVID-19 pandemic. Although cellular immunity appears to play an important role in vaccine immunity, its assessment focuses
on humoral immunity. It is also necessary to develop similar techniques to evaluate anti-SARS-CoV-2 cellular immunity. Currently, the
SARS-CoV-2 specific cellular immune response is mainly evaluated after lymphocyte stimulation through the measurement of IFNy
levels by ELISPOT [26], intracellular cytokine staining (ICS) [26], and activation-induced markers (AIMs) [26], which are complex
techniques not suitable for routine use. In contrast, the IFNy release assay is already routinely used to evaluate the cell-mediated
immune response to Mycobacterium tuberculosis [27] or cytomegalovirus [2]. Various studies indicate that the IGRA test is a sen-
sitive and specific method for detecting cell-mediated immune response by measuring the release of IFNy after stimulation of pe-
ripheral blood-specific T cells using SARS-CoV-2 peptides [3,28,29].

In this prospective study, we analyzed humoral and cellular responses on the day of and one month after a third dose of mRNA
vaccine in healthcare workers (HCWs). Cellular responses in whole blood samples were assessed using the IGRA. The results of this
study may help better understand the efficacy of the third dose of the vaccine in preventing COVID-19.

2. Methods
2.1. Participants and sample collection

We analyzed the antibody responses of 40 vaccinated HCWs with no history of SARS-CoV-2 infection, as identified by negative
antinucleocapsid serology. Blood samples were collected on the day of the third vaccine dose (20 January 2021-18 February 2022) and
one month later (18 February 2022-15 March 2022). For individuals under 30 years old, the booster dose consisted of 30 pg of
BNT162b2, Comirnaty® (Pfizer/BioNTech), while health care workers aged 30 years and older received 100 pg of mRNA-1273
(Moderna). Cellular responses were analyzed before the third dose for 24/40 (60%) HCWs and for all of HCWs one month later.
Questionnaires regarding the vaccination, infection, and drug status of individuals were collected at both sampling times (Supple-
mentary Data). The reporting of SARS-CoV-2 infection was confirmed by nasopharyngeal swab samples collected at Toulouse Uni-
versity Hospital from individuals with symptoms or in contact with an infected person, which was tested using a PCR assay. Biological
materials and clinical data were obtained only for standard virological monitoring. The data were analyzed using an anonymized
database. This protocol does not require written informed consent according to French Public Health Law (CSP Art L. 1121-1.1).

2.2. Whole blood IGRA

Whole blood samples were collected in heparinized lithium tubes. Whole blood (300 pL) was stimulated using stimulation reagents
(300 pL) (VIDAS COVID STIMULATION RUO) within 8 h after blood collection. Peptides from the wild-type SARS-CoV-2 spike protein
(genome reference sequence: NC_045512.2) were used to stimulate SARS-CoV-2 specific lymphocytes. Whole blood samples were
stimulated with mitogen as a positive control and IGRA solution as a negative control. After a 22-24 h incubation at 35/39 °C under 5%
of COy, the separated plasma was used to determine IFNy concentration by enzyme linked fluorescent assay (ELFA) using the VIDAS
automated platform (VIDAS IFNy RUO, bioMérieux). The analytical measurement interval of the VIDAS IFNy RUO assay was
0.10-8.00 IU/mL with a detection limit of 0.08 IU/mL. Whole blood IGRA positivity thresholds were defined as 0.13 IU/mL according
to the manufacturer’s recommendations. The response was defined as positive when the IFNy concentration of the test was above or
equal to the threshold and the negative control was below 0.08 IU/mL [3,30].

2.3. Neutralization assay

Neutralizing antibody titers were assessed by endpoint dilution using Vero cells (ATCC CCL-81™) and a clinical Omicron BA.1
strain (EPI_ISL_10316329) [31-33]. Briefly, 10* Vero cells in 96-well plates were mixed with a virus suspension (100 TCIDsy) and
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2-fold serial dilutions (1:2 to 1:1024) of the test serum and incubated for 6 d at 37 °C. The plates were examined to identify wells
showing cytopathic effects (CPEs) [34]. NAD titer was defined as the reciprocal of the highest serum dilution that protected cells from
CPEs.

2.4. Antibodies against SARS-CoV-2 spike and nucleocapsid protein

Anti-spike IgG concentrations were measured using a chemiluminescent microparticle immunoassay (IgG II Quant, Alinity, Abbott,
Sligo, Ireland). The concentrations expressed as AU/mL were converted to BAU/mL using the conversion factor (0.142), as recom-
mended by the manufacturer [32,33]. Anti-nucleocapsid antibodies were detected using the SARS-CoV-2 IgG assay (Alinity, Abbott,
Sligo, Ireland). An index (S/C) of >1.4 was considered positive.

2.5. Statistical analysis

We used GraphPad Prism 7 software (version 7.03 for Windows, GraphPad Software, Inc.) and RStudio (version April 1, 1717) for
statistical analyses. Mann-Whitney U-tests were used to compare two independent groups. The Wilcoxon signed-rank test was used to
compare two paired groups. McNemar’s test with continuity correction was used to determine whether the paired proportions were
different. Values are expressed as medians and interquartile ranges [Q1-Q3] for quantitative variables and N (%) for qualitative
variables. Correlations were identified using the Spearman’s test. Regarding the measurement of IFNy, the statistical tests were per-
formed on the concentrations within analytical measurement interval. P-values of <0.05 were considered statistically significant.

3. Results
3.1. Population characteristics

Among the 40 HCWs included, the median age was 38.5 [IQR: 33-43.7] and 31 (77.5%) were women. Six HCWs (15%) had been
infected with SARS-CoV-2 during the study (identified by positive PCR or the presence of antinucleocapsid antibodies 4 weeks after the
3rd dose). The breakthrough infection occurs 7 days [IQR: 3.5-12] after the third dose. Most of them (5/6, 83.3%) received a mRNA-
1273 third dose (i.e., a booster) (Table 1). Similarly, most of the 34 vaccinated uninfected HCWs (28/34, 82.3%) received a mRNA-
1273 third dose. Third doses of COVID-19 vaccine were given 160.5 days [IQR: 147.5-184.8] after the last dose of vaccine. The
humoral immune response was assessed in every HCWs on the day of the third dose and one month later (28 days [IQR: 28-34]).
Cellular immune response was assessed in 3/6 (50%) of the vaccinated infected HCWs and 21/34 (61.8%) of the vaccinated uninfected
HCWs the day of the third dose, and in every HCW one month later.

3.2. Cellular response

Before the third dose, a concentration of IFNy above the limit of quantification (0.1 IU/mL) was observed for 42.9% (9/21) of
vaccinated uninfected HCWs and for 100% (3/3) of vaccinated infected HCWs (Fig. 1). After the third dose, 85.3% (29/34) of
vaccinated uninfected HCWs and 100% (6/6) of vaccinated infected HCWs had a concentration of IFNy above the limit of quantifi-
cation. No difference was found between IFNy release before and after the third dose in vaccinated uninfected HCWs (0.29 [IQR:
0.13-0.46] vs. 0.42 [IQR: 0.19-1.38], p > 0.05, N = 9) and in vaccinated infected HCWs (0.28 [IQR: 0.16-0.37] vs. 1.37 [IQR:
0.20-3.49], p > 0.05, N = 3) (Fig. 1). The proportion of positive IGRA increased with the third dose in vaccinated uninfected HCWs
(33.3% vs. 76.2%, p < 0.001, N = 21) (Fig. 1). All vaccinated infected HCWs showed positive IGRA results before and after the third
dose (Fig. 1). No difference in concentration of IFNy was found between vaccinated uninfected and infected HCWs after the third dose
(0.31 [IQR: 0.19-0.69], N = 29 vs 0.395 [IQR: 0.25-1.90], p > 0.05, N = 6).

3.3. Humoral response

The median total anti-SARS-CoV-2 antibody concentration of the 34 vaccinated uninfected HCWs increased after the third dose
(203 BAU/mL [IQR: 107-343] vs. 2941 BAU/mL [IQR: 1562-3900], p < 0.0001) (Fig. 2). The median total anti-SARS-CoV-2 antibody

Table 1

Patient characteristics.
HCWs (N = 40) Vaccinated uninfected Vaccinated infected
n (%) 34 (85) 6 (15)
Age: median (IQR) 38 (32.5-43) 46.5 (32.7-54.2)
Female: n (%) 27 (79.4) 4 (66.7)
Immunosuppressive therapy: n (%) 1(2.9 1(16.7)
Vaccines: n (%) 6 (17.6) 1(16.7)

BNT162b/BNT162b/BNT162b

BNT162b/BNT162b/mRNA-1273 27 (79.4) 5(83.3)
mRNA-1273/mRNA-1273/mRNA-1273 13 0
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Fig. 1. Concentration of interferon gamma.
Comparison of cellular response, expressed as IFNy (IU/mL), in vaccinated uninfected (V) (N = 21) and infected HCWs (V + I) (N = 3) before and
one month after the third dose vaccine. Horizontal bars indicate the median.

concentration of the 6 vaccinated infected HCWs increased with the third dose (114 BAU/mL [IQR: 81-236] vs. 7114 BAU/mL [IQR:
2991-11,833], p < 0.05) and was higher in comparison with the vaccinated uninfected HCWs one month after the third dose vaccine
(7114 BAU/mL [IQR: 2991-11,833] vs 2941 BAU/mL [IQR: 1562-3900]1, p < 0.05) (Fig. 2). Before the third dose, no difference was
found between the total anti-SARS-CoV-2 antibody concentrations in vaccinated uninfected and infected HCWs (203 BAU/mL [IQR:
107-343] vs. 114 BAU/mL [IQR: 81-235.5], p > 0.05).

Neutralizing antibodies were detected in 55.9% (19/34) and in 100% (34/34) of vaccinated uninfected HCWs before and one
month after the third dose respectively. Neutralizing antibodies were detected in 16.7 % (1/6) and 100% (6/6) of vaccinated infected
HCWs before and after the third dose. The NAD titer increased with the third dose in vaccinated uninfected HCWs (2 [IQR: 0-2] vs. 16
[IQR: 14-32], p < 0.0001) and vaccinated infected HCWs (0 [IQR: 0-1] vs. 48 [IQR: 28-100], p < 0.05) (Fig. 3). No difference was
found between the NAD titer before the third dose in the vaccinated uninfected and infected HCWs (2 [IQR: 0-2] vs. 0 (IQR: 0-1),p >
0.05). One month after the third dose, the NAD titer of the vaccinated infected HCWs was higher than that of the vaccinated uninfected
HCWs (48 [IQR: 28-160] vs. 16 [IQR: 14-32], p = 0.01) (Fig. 3).

The Spearman correlation between the titers of NAb and total anti-SARS-CoV-2 antibodies in vaccinated uninfected HCWs was
0.638 ([95% CI: 0.37-0.81], p < 0.001) (Fig. 4A) and 0.782 ([95% CI: 0.60-0.89], p < 0.001) (Fig. 4B) before and after the third dose
of vaccine. However, no monotonic correlation was found among vaccinated infected HCWs. No Spearman correlations were found
between total binding antibodies or NAb and IFNy release before and after the third dose in vaccinated uninfected HCWs (Supple-
mentary Data).

4. Discussion

This study focused on examining the immune response of HCWs who received a third dose of the mRNA vaccine. We analyzed both
cellular and humoral immune responses using whole blood IGRA to measure cellular responses and by determining the levels of anti-
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Fig. 2. Total anti-SARS-CoV-2 antibody concentrations.

Comparison of total anti-SARS-CoV-2 IgG serum antibody levels in vaccinated uninfected (V) (N = 34) and infected (V + I) (N = 6) HCWs before and
after the third dose of the vaccine. Bars indicate median values, box boundaries represent IQRs, and whiskers indicate the maximum and mini-
mum values.
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Fig. 3. Neutralizing antibody titers.
Comparison of NAb titers in vaccinated uninfected (V) (N = 34) and infected (V + I) (N = 6) HCWs before and after the third dose of the vaccine.
Bars indicate median values, box boundaries represent IQRs, and whiskers indicate the maximum and minimum values.
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Fig. 4. Neutralizing antibody titers and total anti-SARS-Cov-2 antibody concentrations.

(A) Binding antibody concentrations according to NAb titers among vaccinated uninfected HCWs before the third dose and trend curve (red line).
(B) Binding antibody concentrations according to NAb titers among vaccinated uninfected HCWs one month after the third dose and the trend curve
(blue line). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

spike antibodies and NAD to assess humoral responses. Our findings indicated that the third dose of the mRNA vaccine significantly
enhanced both the cellular and humoral immune responses. The main results of our study showed that total SARS-CoV-2 specific
antibodies and NAD levels in vaccinated infected HCWs were higher than those in uninfected HCWs. The cellular immune response,
objectified by a positive IGRA result, was not associated with protection against SARS-CoV-2 infection.

Although immunity against SARS-CoV-2 has decreased over time, the most effective method to fight the pandemic is COVID-19
vaccination. Research has documented a decline in antibodies 3-6 months after two doses of the mRNA vaccine in both infected
[14,35] and uninfected subjects [12,14,35]. As expected, our subjects exhibited low but detectable levels of anti-SARS-CoV-2 anti-
bodies six months after their second dose. Among the six HCWs infected during the study five did not have NAbs against the Omicron
variant prior to the infection. The omicron variant is known for its ability to evade NAb which could explain why the patient was
infected despite receiving a two-dose regimen. Our results show that the booster increased the humoral response. Specifically, the
administration of the third-dose vaccine substantially enhanced the NAb response to the Omicron variant. The presence of neutralizing
antibodies produced by vaccination is crucial because of their protective role against SARS-CoV-2 [35-37]. However, the total and
neutralizing antibody levels observed in uninfected HCWs were lower than those observed in infected HCWs. Consistent with the
literature [35,38,39], this finding suggests that hybrid immunity generates a stronger immune response than vaccination alone.

Multiple pieces of evidence indicates that cellular responses are crucial for overcoming SARS-CoV-2 infection and COVID-19 [40].
Cellular responses regulate disease severity in humans [35] and lower viral loads in non-human primates [41,42]. After experiencing
COVID-19 [43,44] or receiving mRNA vaccines [14], strong and durable memories of CD4" and CD8" T cells are generated. Previous
studies on long-term immune responses during infection with severe acute respiratory syndrome (SARS) and Middle East respiratory
syndrome (MERS) have demonstrated a detectable memory response of T cells at 17 years post-infection, whereas memory B cells have
shown shorter lifespans [45,46]. Primorac et al. demonstrated a long-lasting cellular response, observed up to 20 months after the last
contact with the SARS-CoV-2 spike antigen, either through infection or vaccination [47]. We found that six months after completing
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the full vaccination schedule, 42.9% of uninfected HCWs had a detectable cellular response. Studies that also used IGRA to assess
cellular immunity demonstrated that 19% of individuals produced IFNy 9 months after receiving two doses [37] and 50% of in-
dividuals 6-10.5 months after three doses of BN162b2 vaccine [48]. Our results indicated that the booster dose enhanced the cellular
immune response in uninfected HCWs, as evidenced by the increased proportion of positive IGRA results (76.2%). However, we do not
show changes in IFNy concentration among uninfected and infected HCWs, while other studies have shown a stronger cellular response
in individuals infected and vaccinated [35,47,49]. The infected HCWs exhibited positive IGRA test results both before and after the
third vaccine dose. Despite the small sample size, our results indicated that the cellular immune response does not provide protection
against SARS-CoV-2 infection. Furthermore, our observations indicate the heterogeneity of cellular responses. This heterogeneity of
responses in infected HCWs could be influenced by the severity of SARS-CoV-2 infection, as studies have shown an association between
disease severity and the cellular immune response [50,51].

Consistent with the literature [14,38,52,53], we demonstrated a correlation between NAbs and total anti-SARS-CoV-2 antibody
level. However, we did not observe a relationship between the cellular and humoral responses before and after the third vaccine dose.
In contrast, Primorac et al. demonstrated a positive correlation between these two elements, regardless of whether the subjects were
infected/or vaccinated [47]. Campagna et al. also showed that median antibody levels were higher in the IGRA-positive group than in
the IGRA-negative group [54]. These differences could be explained by variations in the sample size, tools used to measure cellular
immunity, or vaccination regimens.

Our study had some limitations, including a small sample size and a cohort composed of young HCWs with a median age of 38.5
years, which prevented the generalization of our results to other populations. A larger sample size would provide more robust results
and increase the statistical power. Additionally, stimulating T cells from the peripheral circulating blood does not provide insight into
the T cell response at the site of infection. Similarly, the IFNy release assay is a simple measure of cellular immunity but does not
distinguish between subgroups of T cells and other IFNy-producing cells. There is significant variability in the methods used, and direct
comparisons of the results of these methods have rarely been performed. It is also impossible to determine whether HCWs who did not
show an IFNy response had a response below the detection limits of the test used or if they truly did not have a cellular immune
response. Furthermore, long-term studies are required to estimate the kinetics of the cellular responses to IGRA.

5. Conclusion

This study demonstrated that the third dose of vaccine reinforce both humoral and cellular immune responses. Our results showed
that, unlike humoral immunity, the cellular response did not increase in the case of infection. The cellular response was not associated
with protection against SARS-CoV-2 infection. The highest levels of anti-spike antibodies and NAbs were found in vaccinated and
infected HCWs. Measuring cellular immunity through an IGRA is a simple and suitable routine method to document the cellular
response to vaccination. However, harmonization of cellular immune measurement techniques is necessary to compare results across
different studies, as well as to establish a threshold that demonstrates that the cellular immune response is adequately elicited to
provide protection against the virus. Furthermore, future studies on cellular immunity in other populations, such as immunocom-
promised patients, are needed to understand the immunity against SARS-CoV-2 and other potential epidemics. In addition, studies on
the long-term immune response to a third vaccine dose are necessary. This knowledge is crucial for the development of targeted
vaccination strategies, monitoring the effectiveness of vaccines against emerging variants, and controlling the COVID-19 pandemic.
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