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ABSTRACT Immunity following infection and vaccination with the SARS-CoV-2 Omicron 
variant is poorly understood. The aim was to investigate immunity assessed with 
antibody response, neutralizing antibodies (NAbs), and IFN-γ release under different 
scenarios: in vaccinated and unvaccinated individuals with and without SARS-CoV-2 
infection with the Omicron variant. This nationwide single-center study was conducted 
between January and March 2022, where all convalescent individuals were infected with 
the Omicron variant and included six study groups: unvaccinated-naïve, unvaccinated 
convalescent, vaccinated-naïve (second dose), vaccinated-naïve (third dose), vaccina­
ted convalescent (second dose), and vaccinated convalescent (third dose). Antibody 
responses were assessed by determining receptor binding domain-specific antibodies 
and NAbs levels in serum, and IgG in saliva. T-cell responses in whole blood were 
measured as IFN-γ levels released after stimulation with spike peptides. We found that 
the humoral response against the spike protein was higher among vaccinated-naïve than 
unvaccinated convalescent. Unvaccinated with and without infection had comparable 
low humoral responses, while those vaccinated with a second or third dose, independ­
ent of infection status, had increasingly higher levels. Only 22% of the unvaccinated 
convalescent individuals mounted consistent detectable humoral responses following 
Omicron infection. However, 98% had spike peptide T-cell responses assessed by IFN-γ 
release. In conclusion, primary Omicron infection mounts a low humoral immune 
response, significantly enhanced by prior vaccination. Omicron infection induced a 
robust T-cell response in both unvaccinated and vaccinated, demonstrating that the 
evasive immune potential of primary Omicron infection affects humoral immunity more 
significantly than T-cell immunity.

IMPORTANCE The immunity following infection and vaccination with the SARS-CoV-2 
Omicron variant is poorly understood. We investigated immunity assessed with antibody 
and T-cell responses under different scenarios in vaccinated and unvaccinated individ­
uals with and without Omicron infection. We found that the humoral response was 
higher among vaccinated-naïve than unvaccinated convalescent. Unvaccinated with and 
without infection had comparable low humoral responses, whereas vaccinated with a 
second or third dose, independent of infection status, had increasingly higher levels. 
Only a minor fraction of unvaccinated individuals had detectable humoral responses 
following Omicron infection, while almost all had positive T-cell responses. In conclusion, 
primary Omicron infection mounts a low humoral immune response, enhanced by prior 
vaccination. Omicron infection induced a robust T-cell response in both unvaccinated 
and vaccinated, demonstrating that immune evasion of primary Omicron infection 
affects humoral immunity more than T-cell immunity.
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T he continuing evolution of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) has given rise to several novel variants (https://covid19.who.int/) 

characterized by sets of mutations, raising concerns about possible immune evasion 
and increased transmissibility (1). Omicron BA.1 lineage of SARS-CoV-2 emerged in late 
2021 and quickly became dominant, in part because of a large number of mutations 
that allowed escape from existing antibodies. The Omicron variant includes different 
sub-lineages that have been shown to transmit more readily due to the extensive 
mutations found in its spike protein which raised concerns that the efficacy of current 
COVID-19 vaccines and antibody therapies might be compromised (2, 3).

Progress has been made in understanding immune responses to SARS-CoV-2 
infection and COVID-19 vaccination. Robust and broad immune responses precede 
individuals’ recovery (4). While antibodies produced by B-cells, especially neutralizing 
antibodies (NAbs), generate immunity and prevent SARS-CoV-2 infection by blocking 
infection and clearing pathogens, T-cells appear to limit disease severity, reduce its 
duration, and drive rapid recovery (4, 5). Many studies, including ours (6), have reported 
long-lasting but decreasing circulating antibodies over time in convalescent individuals. 
Still, recent studies point to a robust and durable T-cell immunity, suggesting that this 
may be a more reliable marker of prior infection than the humoral response (7–9). 
Therefore, measuring antibody production and T-cell responses may be necessary to 
better characterize the immunity against SARS-CoV-2.

There is increasing evidence that individuals who previously recovered from 
COVID-19 have enhanced immune responses after vaccination (hybrid immunity) 
compared to naïve-vaccinated individuals (10, 11). However, Omicron seems less 
sensitive to NAb responses induced by vaccination and prior infection than previous 
variants (3, 12–14). It is, however, not entirely clear how different combinations of 
infection with Omicron and/or infection shape the immune response. The aim of this 
nationwide single-center study was to investigate the influence on humoral recep­
tor binding domain (RBD)-specific antibodies and cellular T-cell anti-spike immunity 
in vaccinated and unvaccinated individuals with and without Omicron SARS-CoV-2 
infection.

RESULTS

A total of 493 individuals participated in this study and were divided into six groups 
based on SARS‐CoV‐2 infection and/or vaccination: (i) unvaccinated SARS-CoV-2-
naïve individuals (n = 88); (ii) unvaccinated SARS-CoV-2 convalescent individuals (n 
= 82); (iii) vaccinated SARS-CoV-2-naïve individuals (second dose; n = 11); (iv) vaccina­
ted SARS-CoV-2-naïve individuals (third dose; n = 103); (v) vaccinated convalescent 
individuals (second dose; n = 102); and (vi) vaccinated convalescent individuals (third 
dose; n = 107). Table 1 depicts the characteristics of the six study groups.

For each sample, we quantitatively measured Wildtype-RBD-specific IgG, IgA, and IgM 
levels using an enzyme-linked immunosorbent assay (ELISA)-based assay in serum and 
IgG in saliva with a Luminex-based assay, virus-NAbs with an ELISA-based pseudo-neu­
tralizing, and IFN-γ release after stimulating T-cells against Wildtype spike peptides using 
S-ELISA. Finally, in a subgroup, we measured serum IgG levels and NAb capacity using 
BA.1 and BA.2 RBD for correlation with Wildtype-RBD.

Regardless of SARS‐CoV‐2 infection status, almost all vaccinated individuals had 
detectable serum and saliva IgG antibodies, NAbs and IFN-γ released from T-cells (Fig. 
1). As expected, the majority of unvaccinated SARS-CoV-2-naïve individuals (group 1) did 
not have a detectable immune response (Fig. 1). In this group, some individuals who 
were thought not to have been infected with SARS-CoV-2 had detectable IgG levels 
indicating that they probably had been infected previously, most likely asymptomatic. 
Among vaccinated naïve individuals (third dose; group 4), all individuals had detecta­
ble IgG and NAbs, while IFN-γ release was below the threshold for seven individuals. 
However, only 46% of unvaccinated convalescent individuals (group 2) had detectable 
IgG antibodies, and only 27% had NAbs, whereas 98% had detectable IFN-γ levels.
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FIG 1 Detected humoral antibody and cellular responses in study groups (represented as percentage) 

divided into negative or positive responses. Serum RBD-IgG antibodies (A), saliva RBD-IgG antibodies 

(B), NAbs (C), and IFN-γ release after stimulating T-cells against spike protein (D). The participants 

are divided into six groups based on SARS‐CoV‐2 infection and/or vaccination: (i) unvaccinated 

SARS-CoV-2-naïve individuals (n = 88); (ii) unvaccinated SARS-CoV-2 convalescent individuals (n = 82); 

(iii) vaccinated SARS-CoV-2-naïve individuals (second dose; n = 11); (iv) vaccinated SARS-CoV-2-naïve 

individuals (third dose; n = 103); (v) vaccinated convalescent individuals (second dose; n = 102); and (vi) 

vaccinated convalescent individuals (third dose; n = 107). Experimental analyses were performed using 

Wildtype-RBD.
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FIG 2 Immune response in study groups. Scatter plots display the median values and 95% CI (red line 

and bars): Serum RBD-IgG antibodies (A), saliva RBD-IgG antibodies (B), NAbs (C), and IFN-γ release after 

stimulating - cells against spike protein (D). The participants are divided into six groups based on

(Continued on next page)
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All groups had a significant overall difference regarding the serum and saliva IgG 
antibody levels, NAbs, and IFN-γ levels (Kruskal–Wallis test, P < 0.0001; Fig. 2). Levels of 
antibodies and IFN-γ release in each group are presented in Table S1.

Serum IgG antibodies differed significantly in all groups (Kruskal-Wallis test, P < 
0.0001, Fig. 2A), where the highest values were observed in the vaccinated convalescent 
individuals (third dose) group (group 6) and the lowest in the unvaccinated naïve 
individual’s group (group 1; Fig. 2A). Unvaccinated convalescent individuals (group 2) 
had significantly higher IFN-γ levels than unvaccinated naïve individuals (group 1; P < 
0.0001) but not regarding serum IgG, saliva IgG, and NAbs levels. On the other hand, 
unvaccinated convalescent individuals (group 2) had significantly lower serum IgG, saliva 
IgG, and NAbs levels than vaccinated naïve individuals (third dose; group 4; P < 0.0001 
for all) and vaccinated convalescent individuals (both two and third dose; groups 5 and 
6; P < 0.0001 for all). IFN-γ levels were significantly higher in groups 5 and 6 compared 
to group 2 (P < 0.0001). However, similar IFN-γ levels were observed for unvaccinated 
convalescent individuals (group 2) and vaccinated naïve individuals (second and third 
dose; groups 3 and 4), suggesting a similar cellular response in unvaccinated individuals 
infected with Omicron and vaccinated naïve individuals.

The correlation between IgG and NAbs was high in the vaccinated groups (groups 
3–6) (Spearman’s correlation, rho > 0.76), regardless of infection status, while it was 
lower in unvaccinated convalescent individuals (group 2; rho = 0.38; Fig. S1). Yet, the 
correlation between saliva and serum IgG was similar in all groups (rho ~0.50) (Fig. 
S1). However, there was no correlation between IFN-γ levels and IgG and NAbs in the 
convalescent groups (groups 2, 5, and 6; rho <0.26) but only in the group with vaccinated 
SARS-CoV-2-naïve individuals (third dose; group 4; rho >0.43; Fig. S1).

Among the unvaccinated SARS-CoV-2 convalescent individuals (group 2), all but two 
individuals had detectable IFN-γ levels (97%), while only 46% had detectable serum IgG 
levels. Of those with detectable IgG, only 14 also had NAbs, while four others had both 
detectable NAbs and IFN-γ release but not IgG. Overall, consistency in humoral immune 
response was only 22% in this group. This is also evident looking at correlations where 
much less correlation is observed in this group compared to the other groups, e.g., the 
correlation between IgG and NAbs was rho ~0.8 in groups with vaccinated individuals 
(groups 4, 5, and 6) and only rho ~0.38 among unvaccinated SARS-CoV-2 convalescent 
individuals (group 2; Fig. S1).

Samples were collected over a period of 2 months for the majority of participants, 
also in the group of unvaccinated SARS-CoV-2 convalescent individuals (group 2). To 
examine whether the lack of positive humoral responses in the group of unvaccinated 
convalescent individuals (group 2) resulted from a too-early sample collection follow­
ing infection onset, we modeled the humoral and cellular responses in convalescent 
individuals (groups 2, 5, and 6) to evaluate if the dynamics changed over time. Fig. 
3 shows the serum IgG, saliva IgG, NAbs, and IFN-γ levels over time since the day of 
RT-PCR positive result (Fig. 3A, B, C and D, respectively), where, as mentioned above, the 
vaccinated individuals presented significantly higher levels (P < 0.0001 for all antibod­
ies and IFN-γ levels). However, no significant differences in dynamics over time were 
observed between the groups in relation to serum IgG, saliva IgG, NAbs, and IFN-γ 
indicating that the trends for the convalescent groups are similar regardless of vaccina­
tion status. Nevertheless, the IFN-γ decreases over time for all three convalescent groups. 

FIG 2 (Continued)

SARS‐CoV‐2 infection and/or vaccination: (i) unvaccinated SARS-CoV-2-naïve individuals (n = 88); (ii) 

unvaccinated SARS-CoV-2 convalescent individuals (n = 82); (iii) vaccinated SARS-CoV-2-naïve individuals 

(second dose; n = 11); (iv) vaccinated SARS-CoV-2-naïve individuals (third dose; n = 103); (v) vaccinated 

convalescent individuals (second dose; n = 102); and (vi) vaccinated convalescent individuals (third dose; 

n = 107). The horizontal line represents the threshold for assay positivity (225 AU/mL for IgG, 132 FI for 

saliva IgG, 420 IU/mL for NAbs, and 200 mIU/mL for IFN-γ). P < 0.05 was considered statistically significant. 

Experimental analyses were performed using Wildtype-RBD.
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Zero observations for NAbs in group 2 were excluded to allow model fit. Thus, the 
waning of antibody responses does not seem to be a likely explanation to the observed 
lack of IgG response in the unvaccinated convalescent individuals.

To further elucidate a potential explanation for the high proportion of non-detecta­
ble antibodies among unvaccinated SARS-CoV-2 convalescent individuals (group 2), we 
explored a slightly altered assay using BA.1 and BA.2 RBD to assess if with the current 
method used, Wildtype-RBD, the antibody levels were underestimated after Omicron 
infection. Thus, we ran 162 samples using BA.1 and BA.2 RBD, including the group 2 
samples (unvaccinated SARS-CoV-2 convalescent) and randomly selected samples from 

FIG 3 Antibody levels and IFN-γ levels dynamics over time in convalescent individuals using mixed models. Distribution of (A) serum IgG levels, represented in 

log10(AU/mL), (B) saliva IgG levels, represented in log10(FI), (C) NAbs levels, represented in log10(IU/mL); and (D) IFN-γ levels, represented in log10(mIU/mL) over 

time (days from positive RT-PCR result). Circles represent observed levels for (A) serum IgG, (B) saliva IgG, (C) NAbs, and (D) IFN-γ. Solid lines represent predicted 

levels for (A) serum IgG levels, (B) saliva IgG levels, (C) NAbs levels, and (D) IFN-γ levels. Black, yellow, and blue colors represent unvaccinated convalescent 

individuals (group 2), vaccinated convalescent individuals (second dose; group 5), and vaccinated convalescent individuals (third dose; group 6), respectively. 

The horizontal dotted line represents the assay positivity threshold. The confidence interval (95%) is represented by the shadowed areas. The center for the 

confidence interval is the predicted (mean) values.
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the other groups. We observed a high correlation between the three RBD tested (Fig. 
4A through F). Based on these results, we can conclude that we do not gain further 
information by including the variant assays, as most individuals have similar antibody 
results in all assays. In addition, in a subset of samples matched on age, sex, and time 
after infection or vaccination, we studied the neutralization capacity against Wildtype, 
BA.1, and BA.2 RBD (Fig. S2). We found no significant difference between the three 

FIG 4 Correlation between Wildtype RBD and BA.1 and BA.2 RBD. (A, C, and E) Spearman correlation between Wildtype RBD and BA.2 and BA.1 RBD for all 

samples in all study groups. (B, D, and F) Spearman correlation between Wildtype RBD and BA.2 and BA.1 RBD for all samples for only group 2 (unvaccinated 

convalescent individuals). P < 0.05 was considered statistically significant. Optical densities are compared.
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RBD variants in the unvaccinated Omicron-convalescent group (Friedman test, Fig. S3A). 
However, the neutralization capacity was significantly higher when using Wildtype-RBD 
compared to both BA.1 and BA.2 RBD in the unvaccinated Wildtype-convalescent group 
(Fig. S2). Moreover, we found a significant correlation between IgG levels and neutraliza­
tion capacity among the three RBD variants tested (rho >0.55, Fig. S3B through D).

Additionally, since the sample collection was performed shortly after infection onset, 
we have compared IgG dynamics after Omicron infection with Wildtype infection over 
time using generalized linear mixed models to further elucidate whether an increase 
in IgG levels after Omicron infection could occur (Fig. S4). Wildtype-infected individuals 
have been previously described (6), and demographic characteristics can be found in 
Table S2. Based on the IgG dynamics after Wildtype infection and the significantly lower 
antibody IgG response mounted after Omicron infection (P < 0.0001), it is rather unlikely 
that an increase in IgG levels occurred after 60 days from Omicron infection onset.

Regarding the other antibody isotypes quantified, we observed a significant 
difference between the study groups in serum IgA levels (Kruskal-Wallis test, P < 0.0001) 
but not serum IgM levels (Kruskal-Wallis test, P = 0.06; Fig. 5). Of particular interest, 
only individuals vaccinated and infected (hybrid immunity) mounted a significant IgA 
response (Kruskal-Wallis test, P < 0.0001, Fig. 5).

FIG 5 Immune response in study groups. Scatter plots display the median values and 95% confidence interval (CI; red line and bar) of serum IgM antibodies 

(A) and serum IgA antibodies (B). The participants are divided into six groups based on SARS‐CoV‐2 infection and/or vaccination: (i) unvaccinated naïve 

individuals (n = 88); (ii) unvaccinated convalescent individuals (n = 87); (iii) vaccinated naïve individuals (third dose; n = 11); (iv) vaccinated naïve individuals (third 

dose; n = 103); (v) vaccinated convalescent individuals (second dose; n = 104); and (vi) vaccinated convalescent individuals (third dose; n = 107). P < 0.05 was 

considered statistically significant by Kruskal–Wallis test followed by multiple comparisons with Dunn’s correction. The horizontal line represents the threshold 

for assay positivity (200 AU/mL for IgM and 100 AU/mL for IgA).
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DISCUSSION

In this study of the immune response following infection with the SARS-CoV-2 Omicron 
variant and vaccination in the Faroe Islands, serum and saliva IgG antibody levels, NAbs, 
and T-cell activity showed a significant difference between all groups studied.

We found that only half of the unvaccinated SARS-CoV-2 convalescent individu­
als mounted detectable but low IgG levels compared to both vaccinated naïve and 
vaccinated convalescent individuals. Less than 23% of these individuals had measurable 
NAbs and saliva antibodies, whereas the vast majority had T-cell activity assessed by 
IFN-γ release. The Omicron variant exhibits over 30 mutations in the spike protein, 
including at least 15 mutations in the RBD (11). We speculated if the lack of antibodies 
in a high proportion of unvaccinated convalescent individuals was due to the antibody 
assays based on the original Wuhan-Hu-1 strain (Wildtype) and, therefore, might not 
accurately capture infections with Omicron variant. However, our exploratory analyses 
with BA.1 and BA.2 RBD, i.e., adjusted to detect antibodies against Omicron, showed 
similar results, both for serum IgG and NAb capacity. This indicates that the method used 
in this study (Wildtype RBD) is comparable to measure Omicron immune responses in 
this cohort and thus cannot explain the observed low frequency of IgG seropositivity. 
However, some studies do report reduced sensitivity of commercial antibodies assays 
contrary to our results (15, 16). The lack of NAbs and saliva IgG levels in the same 
individuals further supports the observation. Another potential explanation that we 
explored was if the samples were taken too soon after infection, and the antibody 
production had not been initiated. However, our time analyses, including only individu­
als infected in 2022, showed no significant differences in serum/saliva IgG levels, NAbs 
levels, and IFN-γ levels investigated from the time of positive RT-PCR result to the 
time of sampling both in unvaccinated convalescent individuals and the vaccinated 
convalescent individuals. Moreover, similar IgG dynamics trends were observed between 
Omicron- and Wildtype-infected unvaccinated individuals, and others reported a high 
IgG seroconversion but weak in unvaccinated Omicron-infected individuals (17). Thus, 
our results indicate that the Omicron variant does not mount a robust humoral response 
in unvaccinated individuals, but robust cellular responses are indeed mounted. Other 
studies report similar findings. One study reported 73.3% of samples exhibiting no 
measurable neutralizing activity for Omicron, which agrees with our study (18). Another 
study (19) found that Omicron infection in non-vaccinated individuals did not result in 
any significant NAbs production within a time window of 2 weeks, suggesting that the 
initial exposure to Omicron spike proteins does not elicit a substantial immune response. 
Additionally, despite discrepancies described between different studies (20), we found a 
correlation between IgG levels and NAbs in unvaccinated convalescent individuals. This 
underscores the necessity to further investigate Omicron-specific immune responses to 
evaluate correlates of protection in the Omicron era.

We find that Omicron infection in vaccinated individuals elicits NAbs titers as 
previously described (21, 22). Higher NAbs titers were observed among those with hybrid 
immunity (i.e., immunity conferred by the combination of infection and vaccination), 
especially those with a third dose of vaccine. This is in line with a Korean study where 
Omicron infection following three-dose vaccination induced robust NAbs that were 
broadly reactive and more potently protective (23). Their findings also suggest that these 
antibodies may neutralize both former and novel SARS-CoV-2 variants (23). The level 
and strength of SARS-CoV-2 NAbs in naïve vaccinated individuals were lower than in 
convalescent vaccinated individuals, which others also have reported (24). IgG levels 
were significantly different in all groups, with similar higher levels among those with 
hybrid immunity, more pronounced after third dose vaccinations in line with a recent 
finding by Karachaliou et al. (25).

We found that NAbs against Omicron are weakest in unvaccinated convalescent and 
vaccinated SARS-CoV-2-naïve individuals compared to hybrid immune individuals, as 
also observed and reported by Carreño et al. (18). IgG antibody responses and NAbs were 
higher among vaccinated SARS-CoV-2-naïve than unvaccinated convalescent individuals. 
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This is in line with a study that concludes that vaccination is superior to prior infec­
tion in eliciting innate and humoral immune responses in Omicron-infected patients. 
Unvaccinated individuals with and without previous infection had comparable low 
NAbs levels, while vaccinated individuals, independent of infection status, all produced 
robust responses even though they were significantly different. By contrast, this was 
not observed for IFN-γ release, where the levels among unvaccinated convalescent and 
vaccinated SARS-CoV-2-naïve individuals were similar.

The T-cell activity was assessed as IFN-γ release, which has been shown to be 
a reliable method of quantifying the T-cell response after SARS-CoV-2 infection or 
vaccination. However, a study from Spain showed that in convalescent patients, the 
sensitivity is largely dependent on disease severity and time since primary infection (26). 
We observed a decline in IFN-γ levels depending on the days between infection and 
blood sampling. Nevertheless, we observed that almost all vaccinated infection-naïve 
had a robust response. Thus, we assume that the time frame in our study was not a 
problem.

IgA is the most abundant immunoglobulin isotype on mucosal surfaces. Thus, 
experimental work has shown that to achieve protection against transmission of 
SARS-CoV-2, locally applied vaccines in the airways might be superior to current 
intramuscular vaccines (27). Consistent with this notion, we have shown that the serum 
IgA response was substantially increased in vaccinated healthcare employees infected 
with previous SARS-CoV-2 strains (28, 29). Here, we show that only hybrid immune 
individuals mount a positive systemic IgA response. This is surprising since we had 
expected to observe IgA responses after natural Omicron infection. Nevertheless, despite 
the lack of detectable IgA antibodies after natural Omicron infection, significant priming 
is necessary to induce a systemic IgA response after vaccination. Based on this observa­
tion, it might be suggested that a combination strategy including mucosal and centrally 
administrated vaccines could be optimal for sterilizing protection against SARS-CoV-2.

One strength of this study is the inclusion of non-vaccinated individuals. The vast 
majority of cases have RT-PCR-confirmed SARS-CoV-2 caused by the Omicron variant, 
and all have received the same vaccination scheme (Pfizer/BioNTech, BNT162b2). This 
assumption is reasonable as partial sequencing of a representative subset of samples 
during January 2022 showed that almost all cases in the Faroe Islands were infected 
with the BA.1 or BA.2 variants of Omicron (30). Another strength is the use of standar­
dized antibody and IFN-γ releases serological platforms to accurately measure antibody 
and T-cell responses in diverse groups assessing immunity under different scenarios in 
vaccinated and unvaccinated, infection-naïve, and convalescent individuals. However, it 
is pertinent to mention several limitations of the study. We did not have access to disease 
severity information. As a cross-sectional study design, this did not allow us to evaluate 
long-term immunological memory after SARS-CoV-2 Omicron infection or vaccination. 
Therefore, as unvaccinated Omicron-infected samples were collected up to 60 days from 
infection onset, we cannot accurately determine whether these individuals develop a 
higher immune response after this date. It is important to remark on the limited power 
in the IFN-γ, serum IgM, and serum IgA results in group 3 due to the sample size. The 
high acceptance of the vaccine booster combined with the high viral transmission of 
the Omicron variant made it difficult to identify and recruit to the study uninfected 
individuals who received only two vaccine doses. In addition, the methods we used 
measured antibody levels against Wildtype-RBD, which could underestimate immune 
responses mounted after Omicron infection. However, we assessed the difference in 
assay performance using BA.1 and BA.2 RBD instead of Wildtype-RBD in a subset of 
samples and observed a high correlation between the three RBD variants tested.

In conclusion, primary Omicron infection mounted only a negligible humoral immune 
response but was significantly enhanced by prior vaccination. By contrast, primary 
Omicron infection induced a robust T-cell response in both unvaccinated and vaccinated, 
demonstrating that the evasive immune potential of Omicron affects humoral immunity 
more than cellular immunity. Only hybrid immunity mounted a significant systemic 
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IgA response, suggesting that local mucosal immune priming might be important to 
consider for further vaccine development.

MATERIALS AND METHODS

Study groups

In this cross-sectional, nationwide study from the Faroe Islands, participants were 
recruited from 26 January to 15 March 2022 into six different groups: (i) unvaccinated 
SARS-CoV-2-naïve individuals; (ii) unvaccinated SARS-CoV-2 convalescent individuals; 
(iii) vaccinated SARS-CoV-2-naïve individuals (second dose); (iv) vaccinated SARS-CoV-2-
naïve individuals (third dose); (v) vaccinated SARS-CoV-2 convalescent individuals 
(second dose); and (vi) vaccinated SARS-CoV-2 convalescent individuals (third dose). 
The participants were infected and confirmed with RT-PCR, between 1 January and 7 
March 2022; partial sequencing of representative samples in January 2022 in the Faroe 
Islands showed that more than 95% of all SARS-CoV-2 cases in the Faroe Islands were of 
the BA.1 and BA.2 Omicron variant, indicating that convalescent individuals included in 
this study have been infected primarily with the Omicron variant (30). Pfizer-BioNTech 
vaccine (BNT162b2) was the only vaccine administered in the Faroe Islands, and thus, 
all vaccinated participants received this vaccine. Individuals receiving less than two 
vaccination doses were excluded (n = 1).

Recruitment was performed in different ways. Participants with SARS-CoV-2 RT-PCR-
confirmed infection in January 2022 or onward were mainly recruited through the Chief 
Medical Officer’s office, which was in contact with all infected cases in the Faroe Islands 
(31). The Chief Medical Officer’s office sent an email to individuals infected in January 
and February 2022 on our behalf with an invitation to participate in this study and 
asking them to contact us if they wanted to participate. Recruiting vaccinated individuals 
with a second or third dose and unvaccinated SARS-CoV-2-naïve subjects was more 
challenging. To reach these individuals, we used social media and participated in local 
radio to inform about the project and ask eligible people to contact the research team if 
they volunteered to participate.

Participants in the study delivered a blood sample and a saliva sample for assess­
ment of humoral antibody and cellular T-cell anti-spike immunity. They answered a 
short background questionnaire providing information about SARS-CoV-2 infection, 
vaccination status, education, employment, smoking habits, height, weight, and selected 
chronic diseases (asthma, heart disease, carnitine transporter deficiency, inflammatory 
bowel disease, hypertension, hypercholesterolemia, chronic obstructive pulmonary 
disease, and type 2 diabetes mellitus), medication use, and self-assessed health.

The Faroese Ethics Committee approved the study; all participants voluntarily 
participated and provided written informed consent.

Determination of antibody levels in serum

Quantitative determination of circulating IgG, IgM, and IgA against SARS-CoV-2 Wildtype 
spike (S) protein RBD (Wildtype-RBD) was performed using an in-house ELISA-based 
assay as described previously (32). The threshold for assay positivity was defined as 225 
arbitrary units (AU)/mL, 200 AU/mL, and 100 AU/mL for IgG, IgM, and IgA, respectively.

Additionally, we determined circulating IgG levels as described above using BA.1 
and BA.2 RBD (both from Acrobiosystems, USA) instead of Wildtype-RBD in a subset 
of samples (81 individuals from group 2 and 19–21 individuals from each of the other 
groups) to assess the difference in assay performance, if any, due to solely infection with 
the Omicron variant.

Determination of antibody levels in saliva

Saliva samples were collected using Oracol-tubes (Malvern Medical Developments, Great 
Britain) according to the manufacturer’s instructions, followed by centrifugation at 1500 
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G for 10 min. The supernatant was collected and stored at −20°C until its analysis. IgG 
quantification was performed using the Luminex 200 platform to be described elsewhere 
(33). In brief, Wildtype-RBD-coupled beads in Bio-Plex plates (BIO-RAD, USA) were mixed 
with saliva samples and negative controls diluted 1:10 in PBS + 1% BSA + 10% skim 
milk, as well as the standards [(1:500 dilution factor IgG, 1:100 dilution factor IgM and 
IgA, all of them diluted in phosphate-buffered saline (PBS) + 1% bovine serum albumin 
(BSA)] and incubated for 1 hour. Wildtype-RBD-bound antibodies were detected using 
phycoerythrin (PE)-coupled goat anti-human IgG, IgA, and IgM antibodies (2 µg/mL, 
204,009, 205,009, and 202,009, all from BIO-RAD) diluted in PBS + 1% BSA and incuba­
ted for 15 min. Finally, samples were analyzed using the Luminex 200 platform (R&D 
Systems, USA). All incubations were done at room temperature, on an orbital shaker, and 
protected from light. The plates were washed three times with PBS + 1% BSA between 
incubations. The final volume/well in incubations was 50 µL and, in the analysis, was 
150 µL. The cutoff values were calculated using a receiver operating characteristic (ROC) 
curve where the specificity was prioritized. The threshold for assay positivity was defined 
using a ROC curve, prioritizing the specificity and set to 132 Fluorescence Intensity (FI).

NAb measurement

As a proxy for measuring virus-NAbs, we used an in-house produced ELISA-based 
pseudo-neutralizing assay. This assay measures the interaction between the ACE-2 host 
receptor and Wildtype-RBD to estimate the degree of inhibition of virus-NAbs against 
Wildtype-RBD, as described previously (34). The threshold for virus-NAbs assay positivity 
was defined as 25% for NAb capacity and 420 international units (IU)/mL for NAbs levels 
using a ROC curve where the specificity was prioritized. To evaluate whether Omicron-
infected individuals developed lower NAbs, we performed a variant-specific neutraliza­
tion assay using BA.1 and BA.2 RBDs on randomly selected samples matched by sex, age, 
and time from infection or time from vaccination, accordingly. A total of 12 ng/mL and 
18 ng/mL of BA.1 and BA.2 RBD were used. Of note, the correlation between the gold 
standard plaque reduction neutralization assay and the pseudo-neutralization assay has 
previously been found to be r = 0.9231 (34).

IFN-γ release from T-cells and quantification

Cellular immune responses can easily be determined with an interferon-gamma (IFN-γ) 
release assay (IGRA), an in vitro blood diagnostics used to measure IFN-γ released by 
antigen-specific T-cells after stimulation with pathogen peptides. IFN-γ release is a 
reliable method of quantifying T-cell response after SARS-CoV-2 infection or vaccination 
(26, 35).

The SARS-CoV-2 IGRA stimulation tube set (ET 2606–3003, EUROIMMUN) was used 
according to the manufacturer’s instructions to stimulate T-cells against Wildtype-S1 
protein peptides as previously described. Briefly, lithium heparin plasma was collected 
and stimulated overnight. Then, samples were aliquoted and stored at −80°C until IFN-γ 
determination. IFN-γ ELISA kit (ET 6841–9601, EUROIMMUN) was used to quantitatively 
determine IFN-γ levels released after stimulating T-cells against Wildtype-S1 protein 
following the manufacturer’s instructions as previously described (29). The threshold for 
assay positivity was set to 200 mIU/mL, according to the manufacturer.

Statistics

Differences between groups in categorical variables were assessed using χ2 test. 
Statistical differences between groups from a categorical variable and immunological 
parameters were analyzed using Kruskal–Wallis test and multiple comparisons with 
Dunn’s correction. Statistical analyses between matched groups were performed using 
the Friedman test. IFN-γ correlation with IgG levels, NAbs, and days since the infection 
(positive RT-PCR) was analyzed using the Spearman’s rank correlation test. Analyses were 
stratified according to groups.
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Modeling of serum IgG dynamics and NAbs dynamics was performed using 
generalized linear mixed models with two natural splines from the time from positive 
RT-PCR (in convalescent individuals). Modeling of saliva IgG and IFN- γ levels dynam­
ics was performed using linear mixed models from the time from positive RT-PCR 
(in convalescent individuals). The interaction analyzed was between days from the 
time from positive RT-PCR (in convalescent individuals) and the study groups (conva­
lescent cohort: group 2—unvaccinated SARS-CoV-2 convalescent individuals, group 5—
vaccinated SARS-CoV-2 convalescent individuals (second dose), and group 6—vaccina­
ted SARS-CoV-2 convalescent individuals (third dose). For all analyses, serum IgG, saliva 
IgG, NAbs, and IFN-γ levels were log10 transformed. P-values reported from mixed 
models were calculated using Type II Wald χ2 test.

The modeling was performed using R (version 4.1.0 for Windows, R Foundation for 
Statistical, Computing). The rest of the statistical analyses were performed using IBM 
SPSS Statistics for Windows v25 (IBM Corp., Armonk, NY) and GraphPad Prism version 
9.0.0 (GraphPad Software, CA, USA). Significance levels are as follows: *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001; P < 0.05 was considered statistically significant. All 
statistical test performed were two-sided.
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