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Background. Within a year of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic, vaccines 
inducing a robust humoral and cellular immune response were implemented worldwide. However, emergence of novel variants 
and waning vaccine-induced immunity led to implementation of additional vaccine boosters.

Methods. This prospective study evaluated the temporal profile of cellular and serological responses in a cohort of 639 SARS-CoV- 
2–vaccinated participants, of whom a large proportion experienced a SARS-CoV-2 infection. All participants were infection naïve at the 
time of their first vaccine dose. Proportions of SARS-CoV-2 spike–specific T cells were determined after each vaccine dose using the 
activation-induced marker assay, while levels of circulating SARS-CoV-2 antibodies were determined by the Meso Scale serology assay.

Results. We found a significant increase in SARS-CoV-2 spike–specific CD4+ and CD8+ T-cell responses following the third dose of 
a SARS-CoV-2 messenger RNA vaccine as well as enhanced CD8+ T-cell responses after the fourth dose. Furthermore, increased age 
was associated with a poorer response. Finally, we observed that SARS-CoV-2 infection boosts both the cellular and humoral immune 
response, relative to vaccine-induced immunity alone.

Conclusions. Our findings highlight the boosting effect on T-cell immunity of repeated vaccine administration. The combination of 
multiple vaccine doses and SARS-CoV-2 infections maintains population T-cell immunity, although with reduced levels in the elderly.
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During the coronavirus disease 2019 (COVID-19) pandemic, se
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
vaccines were rapidly developed and implemented worldwide 
[1–3]. The approved vaccines induce robust humoral and 

cellular immune responses and are therefore a highly effective 
means to reduce disease severity [4–6]. Neutralizing antibodies 
are the first line of defense against development of disease [6, 
7]. However, viral antibody escape variants and the relatively 
fast waning of circulating antibodies have prompted enhanced 
focus on cellular immune memory and its role in limiting severe 
disease [8–11].

Variants of concern (VOCs) have evolved throughout the 
pandemic, and B.1.1.529 (Omicron), in particular, has resulted 
in high transmissibility with its multitude of mutations [12– 
15]. Subvariants of Omicron have continuously emerged, 
which led to recommendations for administering a third vac
cine dose and, subsequently, updating of vaccine antigens in 
fourth and fifth doses [16–20]. Although mutations in the spike 
(S) protein of the Omicron variants have resulted in a decreased 
effect of neutralizing antibodies, T-cell epitopes are highly pre
served from the wild-type Wuhan strain across VOCs [21–23]. 
T-cell immunity in vaccinated and convalescent individuals is 
believed to play an important role in protection against hospi
talization and severe disease. However, the trajectory of cellular 
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immunity following booster vaccinations has not been investi
gated to the same extent as neutralizing antibodies [9, 24]. 
Furthermore, the combined effect of SARS-CoV-2 infection 
and vaccine booster doses on T-cell immunity remains poorly 
characterized [25, 26].

In the current prospective study, we evaluated the temporal 
profile of cellular and serological responses in a study cohort of 
639 participants over the course of 2 years. Induction of T-cell 
hybrid immunity was assessed in relation to a breakthrough in
fection by evaluating the impact on the circulating levels of 
SARS-CoV-2 S–specific T cells.

METHODS

Study Design and Data Selection

The design of the National Cohort Study of Effectiveness and 
Safety of SARS-CoV-2 vaccines (ENFORCE) and data selection 
have been previously described [4].

Study Visits and Sample Collection

The 639 participants enrolled in the study were followed for 9 
study visits on days 0 (baseline), 30, 90, 190, 255, 365, 540, 570, 
and 730 (Supplementary Figure 1 and Supplementary Table 1). 
At each study visit, blood samples were collected for isolation of 
plasma and peripheral blood mononuclear cells (PBMCs). 
PBMCs were isolated from sodium citrate/Ficoll blood collec
tion tubes from BD Vacutainer (BD CPT, catalog number: 
BDAM362782), as previously described [4], and stored at 
−150°C until analysis.

SARS-CoV-2 S–Specific T Cells

Proportions of S-specific T cells were quantified using the 
activation-induced marker (AIM) assay as previously described 
[4]. PBMCs were stimulated with PepMix SARS-CoV-2 (JPT 
peptides #PM-WCPV-S-2, Wuhan- Hu-1 lineage) at 2 μg/mL 
or negative control (dimethyl sulfoxide). The cells were stained 
for flow cytometry with markers enabling gating of CD4+ and 
CD8+ T cells and the AIMs CD69, 41BB, and OX40. Based on 
the flow cytometry acquisition, we performed a critical evalua
tion and had the following data exclusion criteria: (1) cell via
bility <70%, (2) total gated CD4+ or CD8+ T-cell count 
<10 000, and (3) percentage of CD69+CD4+ T cells >15% or 
percentage of CD69+CD8+ T cells >12% in negative control 
samples. The first 2 criteria were set to ensure adequate sample 
quality and a sufficient number of events in the final gate of 
AIM positivity. The third criterion was set to exclude samples 
with high background activation.

SARS-CoV-2 Antibody Profiling and Seroconversion

Serum levels of Wuhan-Hu-1 lineage SARS-CoV-2 S and nucle
ocapsid (N) antibodies were measured using the multiantigen se
rology assay (Meso Scale Diagnostics LLC, Rockville, Maryland) 
as previously described [6]. SARS-CoV-2 N seroconversion was 

defined as a level of N antibodies ≥3000 AU/mL and a fold chan
ge ≥2 from baseline.

Infection Stratification

Participants were divided into 2 groups based on whether they 
had been infected with SARS-CoV-2 before their 1-year study 
visit (day 365). This period was selected because Denmark ex
perienced a surge in Omicron infections as society opened with 
continued high-capacity (polymerase chain reaction [PCR] 
based) infection monitoring. Infection stratification was done 
using SARS-CoV-2 PCR test results and N seroconversion at 
day 365 (Supplementary Figure 2).

Statistical Analysis

Participant demographics were tabulated showing number (%) 
and median (min-max). Fisher exact test was used for categorical 
variables, and Mann-Whitney U test for continuous variables.

Violin plots showed the kernel density estimation of the distri
bution of the data and were limited within the range of the ob
served data. Boxplots showed the quartiles of the dataset with 
whiskers extending to show the rest of the distribution within 
1.5 × interquartile range (IQR). Outliers beyond 1.5 × IQR 
were not shown but still used in statistical testing. Line plots 
showed the median and bands the 95% confidence interval of 
the dataset.

Paired data were compared using paired, nonparametric 
Wilcoxon signed-rank test (2-tailed) with Bonferroni correc
tion. Unpaired data were compared using unpaired, nonpara
metric Mann-Whitney U test (2-tailed) with Bonferroni 
correction.

All data analysis was done in Python version 3.9 and R ver
sion 4.2.2 with associated packages without modifications.

RESULTS

The study cohort consisted of 639 participants. All participants 
were SARS-CoV-2 infection naive at the time of study enroll
ment. All participants received 2 doses of a SARS-CoV-2 vac
cine: 300 (46.9%) received 2 doses of BTN162b2 (Pfizer/ 
BioNTech), 240 (37.6%) received 2 doses of mRNA-1273 
(Moderna), and 99 (15.5%) received 1 dose of ChadOx1 
(AstraZeneca) followed by 1 dose of either of the 2 mRNA vac
cines (Table 1). The majority of the participants, 619 (96.9%), 
received a third vaccine dose, while 486 (76.1%) received a fourth 
vaccine dose (Supplementary Table 2). The median age in the 
cohort was 63 years. About a fourth, 144 (22.4%), were ≥75 years 
of age and 156 participants (24.2%) were between 65 and 74 years 
of age. Males constituted 43.6% of the study participants and 
were typically older than females (Table 1).

Vaccine-Induced Cellular Immunity Increases With Each Dose

Participants were followed up to 2 years after their first vacci
nation (Figure 1A and 1B). As we previously reported [4], the 
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proportion of S-specific CD4+ and CD8+ T cells increased fol
lowing each dose of primary vaccination, reaching a peak re
sponse of 0.43% (IQR, 0.23%–0.71%) and 0.16% (IQR, 
0.07%–0.31%), respectively. Importantly, at a median of 29 
days after the third vaccine dose (day 255), the proportion of 
S-specific CD4+ and CD8+ T cells increased significantly to 
0.57% (IQR, 0.29%–0.95%) and 0.21% (IQR, 0.10%–0.40%), 
respectively, which is approximately 1.3 times higher than 
the peak response observed after primary vaccination. 
Approximately 4.5 months after the third vaccine dose (day 
365), the levels of S-specific CD4+ and CD8+ T cells had de
creased, though not to the level observed prior to the third vac
cine dose (day 190). However, T-cell responses continued to 
decrease between the third and fourth booster to levels ob
served at day 90 (after the primary vaccination). A fourth vac
cine dose was administered, resulting in a slight increase in the 
levels of S-specific CD4+ and CD8+ T cells to 0.53% (IQR, 
0.28%–0.89%) and 0.21% (IQR, 0.10%–0.43%), respectively 
(day 570). The level of S-specific CD8+ T cells remained stable 
up to the final study visit at 2 years of follow-up (day 730). 
Conversely, the level of S-specific CD4+ T cells decreased slight
ly to levels comparable to those of day 90 and day 540.

Proportions of SARS-CoV-2 S–Specific CD4+ and CD8+ T Cells Significantly 
Increase Following the Third Vaccine Dose

To evaluate the effect of a third and fourth vaccine dose on 
vaccine-induced T-cell immunity, the proportion of S-specific 
CD4+ and CD8+ T cells were determined before and after 
each vaccine dose. The proportion of S-specific CD4+ T cells 

increased significantly from 0.39% (IQR, 0.21%–0.71%) at 
day 190 to 0.57% (IQR, 029%–0.96%) after the third dose 
(day 255) (Figure 2A). Correspondingly, a significant increase 
was also observed for CD8+ T cells from 0.14% (IQR, 0.07%– 
0.29%) to 0.23% (IQR, 0.10%–0.43%) (Figure 2B). The propor
tion of S-specific CD4+ T cells did not increase after the fourth 
vaccine dose (Figure 2C). However, a significant increase was 
observed for CD8+ T cells from 0.16% (IQR, 0.07%–0.34%) 
to 0.24% (IQR, 0.12%–0.45%) (Figure 2D).

Increased Age Is Associated With Limited Induction of T-Cell Immunity 
Following Booster Doses

Increased age has previously been shown to negatively impact 
the response to primary vaccination [4, 27]. Therefore, partic
ipants were stratified by age group to evaluate the impact of age 
on T-cell immunity following a third and fourth vaccine dose 
(Figure 3).

Following a third vaccine dose, there was a significant in
crease in the proportion of both S-specific CD4+ and CD8+ T 
cells in the youngest age group (<65 years): from 0.47% 
(IQR, 0.23%–0.78%) to 0.64% (IQR, 0.36%–0.99%) for CD4+ 

T cells (n = 196) and from 0.15% (IQR, 0.08%–0.32%) to 
0.24% (IQR, 0.12%–0.43%) for CD8+ T cells (n = 195). A signif
icant increase was also evident for S-specific CD4+ and CD8+ T 
cells in the middle age group (65–74 years): from 0.39% (IQR, 
0.21%–0.76%) to 0.63% (IQR, 0.30%–1.16%) for CD4+ T cells 
(n = 105) and from 0.15% (IQR, 0.07%–0.27%) to 0.27% 
(IQR, 0.11%–0.47%) for CD8+ T cells (n = 104). However, in 
the oldest age group (≥75 years), the proportion of S-specific 

Table 1. Participant Demographics by Age Group

Characteristic

Age Group

P Value
Total 

(n = 639)
<65 y 

(n = 341)
65–74 y 
(n = 154)

≥75 y 
(n = 144)

Age, y, median (min–max) 63 (20–84) 52 (20–64) 69 (65–73) 78 (74–84)

Sex, No. (%) <.0001

Male 280 (44) 114 (33) 82 (53) 84 (58)

Female 359 (56) 227 (67) 72 (47) 60 (42)

Vaccine type, No. (%) <.0001

BNT162b2 300 (47) 101 (30) 73 (47) 126 (88)

mRNA-1273 240 (38) 141 (41) 81 (53) 18 (12)

ChAdOx1 + mRNA 99 (15) 99 (29) 0 (0) 0 (0)

Vaccine priority group, No. (%) <.0001

General population 323 (51) 141 (41) 82 (53) 100 (69)

Healthcare workers 119 (19) 114 (33) 5 (3) 0 (0)

Individuals at increased risk 191 (30) 82 (24) 66 (43) 43 (30)

Missing 6 (1) 4 (1) 1 (1) 1 (1)

CCI score, No. (%) <.0001

0 481 (75) 284 (83) 96 (62) 101 (70)

1–2 126 (20) 44 (13) 49 (32) 33 (23)

>2 32 (5) 13 (4) 9 (6) 10 (7)

Data are presented as No. (%) unless otherwise indicated.  

Abbreviations: CCI, Charlson Comorbidity Index; mRNA, messenger RNA.
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CD4+ T cells (n = 90) did not change significantly after a third 
vaccine dose: from 0.27% (IQR, 0.16%–0.47%) to 0.31% (IQR, 
0.18%–0.62%). Notably, there was a significant increase in the 
proportion of S-specific CD8+ T cells following a third vaccine 
dose in the oldest age group (n = 86), from 0.11% (IQR, 0.04%– 
0.22%) to 0.13% (IQR, 0.05%–0.32%), though less pronounced 
than in the 2 younger age groups.

Following a fourth vaccine dose, no significant change in 
the proportion of S-specific CD4+ T cells in any of the 3 age 
groups was observed. In contrast, the proportion of 
S-specific CD8+ T cells increased significantly in all 3 age 
groups: In the youngest age group (n = 76), from 0.22% 
(IQR, 0.09%–0.41%) to 0.29% (IQR, 0.16%–0.50%); in the 
middle age group (n = 60), from 0.14% (IQR, 0.08%–0.28%) 
to 0.26% (IQR, 0.11%–0.44%); and in the oldest age group 
(n = 45), from 0.08% (IQR, 0.04%–0.21%) to 0.16% (IQR, 
0.05%–0.35%).

SARS-CoV-2 Infection Significantly Increases Vaccine-Induced Cellular 
and Serological Immune Response

Given the rapid spread of Omicron-fueled infections in the 
spring of 2022, participants were divided into 2 groups 
based on whether they experienced a SARS-CoV-2 infection 

before day 365. Of 514 participants, 270 (52.5%) partici
pants were infected. Of the 270 infected participants, 202 
(74.8%) had a positive PCR test while 68 (25.2%) had no 
data on positive PCR test but had seroconverted on N anti
bodies at their 1-year study visit (Supplementary Figure 2). 
The 202 positive PCR tests occurred between November 
2021 and August 2022, with a median of 316 days after first 
vaccination.

Participants in the infected group were generally younger 
with a median age of 60 years compared to 68 years in the non
infected group (Supplementary Table 3). No differences in the 
proportion of S-specific CD4+ T cells were observed between 
infected and noninfected participants from baseline to day 
255 (Figure 4A). However, at day 365, the proportion of 
S-specific CD4+ T cells was significantly increased in the infect
ed group (0.64% [IQR, 0.41%–1.03%]) compared to the nonin
fected group (0.49% [IQR, 0.27%–0.82%]) (Figure 5A). 
Interestingly, the proportion of S-specific CD8+ T cells did 
not differ between the 2 groups at any of the study visits, al
though the group not experiencing an infection had slightly 
higher (nonsignificant) median levels at most visits (Figures 
4B and 5B). Serum levels of S antibodies followed a similar tra
jectory as S-specific CD4+ T cells; no difference was observed 

Figure 1. Trajectory of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S)–specific CD4+ and CD8+ T cells from baseline to 2 years after first vaccine 
dose. S-specific CD4+ (A) and CD8+ (B) T cells from baseline to day 730 after first vaccine dose. Where no baseline visit was available, the percentage of S-specific T cells was 
set to zero. SARS-CoV-2 vaccination is shown by syringes from BioRender.com. The solid line represents the median value and bands the 95% confidence interval. The y-axis 
scale differs between panels.
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between infected and noninfected participants from baseline to 
day 255 (Figure 4C). However, at day 365, serum levels of S an
tibodies were significantly increased in the infected group 

(5.49 × 105 AU [IQR, 5.10–5.92 × 105]) compared to the nonin
fected group (4.46 × 105 [IQR, 2.38–5.20 × 105]) (Figures 4C
and 5C).

Figure 2. Proportion of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S)–specific CD4+ and CD8+ T cells before and after third and fourth vaccine 
dose. S-specific CD4+ (n = 391; A) and CD8+ (n = 385; B) T cells before and after a third vaccine dose (days 190 and 255, respectively). S-specific CD4+ (n = 184; C ) and CD8+ 

(n = 181; D) T cells before and after a fourth vaccine dose (days 540 and 570, respectively). Violin plots show the kernel density estimation of the underlying distribution. 
Boxplots show median, and whiskers extend to show 1.5 × interquartile range. Data are compared using the Wilcoxon signed-rank test. Not significant (ns), 5.00 × 10-2 < P; 
****P ≤ 1.00 × 10-4. The y-axis scale differs between panels.
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Figure 3. Proportion of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S)–specific CD4+ and CD8+ T cells before and after third and fourth vaccine 
dose, stratified by age group. S-specific CD4+ (age <65 y: n = 196, 65–74 y: n = 105, ≥75 y: n = 90) (A) and CD8+ (<65 y: n = 195, 65–74 y: n = 104, ≥75 y: n = 86) (B) T cells 
before and after a third dose (days 190 and 255, respectively). S-specific CD4+ (<65 y: n = 76, 65–74 y: n = 61, ≥75 y: n = 47) (C ) and CD8+ (<65 y: n = 76, 65–74 y: n = 60, 
≥75 y: n = 45) (D) T cells before and after a fourth dose (days 540 and 570, respectively). Boxplots show median, and whiskers extend to show 1.5 × interquartile range. Data 
are compared using the Wilcoxon signed-rank test. Not significant (ns): 5.00 × 10-2 < P; **1.00 × 10-3 < P ≤ 1.00 × 10-2; ***1.00 × 10-4 < P ≤ 1.00 × 10-3; ****P ≤ 1.00 ×  
10-4. The y-axis scale differs between panels.
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Serum levels of SARS-CoV-2 N antibodies were constant 
from baseline to day 255 in both groups and increased signifi
cantly in the infected group compared to the noninfected group 
at day 365 (Supplementary Figure 3).

DISCUSSION

In this prospective study, we assessed the temporal profile of 
S-specific cellular and humoral immune responses in a study 
cohort of 639 COVID-19 vaccine recipients over the course 
of 2 years from first vaccine dose. The study specifically focused 
on the T-cell immunity trajectories following vaccine dose ad
ministration beyond the primary vaccination series. We also 
evaluated the impact of hybrid immunity on proportions of 
S-specific T cells and serum S antibody levels.

We previously reported an increased T-cell immune response 
following each vaccine dose of primary vaccination irrespective of 
vaccine type [4]. In the current study, we found that 255 days after 
the first vaccine dose, the proportion of S-specific T cells had de
creased significantly from peak levels observed after the primary 
vaccination series. Importantly, following administration of a 
third vaccine dose, proportions of both S-specific CD4+ and 
CD8+ T cells increased significantly.

We analyzed the hybrid immunity induced by 3 vaccine 
doses and a SARS-CoV-2 infection and found a significant 
increase in the proportion of S-specific CD4+ T cells. 
Moreover, there was a significant increase in the levels of 
circulating antibodies in infected participants. To our sur
prise, this effect was not observed for S-specific CD8+ T 
cells, although numerous reports have identified strong 
and durable CD8+ T-cell responses following exposure to 
SARS-CoV-2 [28–30]. Our findings showed that additional 
exposure to SARS-CoV-2 antigen (ie, infection) further 
boosted humoral and CD4+ T cellular immunity to S anti
gen. This is in accordance with recent results by Ruhl L 
et al [31], who found that, compared to vaccine-only immu
nity, breakthrough infection enhanced humoral and cellular 
responses, as well as eliciting broader and more potent neu
tralizing antibodies. The limited boosting of CD8+ S-specific 
T-cell immunity following SARS-CoV-2 infection observed 
in our study may be explained by the fact that we determine 
only responses targeting the S antigen, while natural infec
tion has been shown to include numerous non-S epitopes 
[28, 30, 32]. In contrast, we observed significant boosting 
of CD4+ T-cell responses following infection, which may 
be more in line with S being the dominant antibody target, 

Figure 4. Trajectory of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S)–specific T cells and anti-S serum antibodies from baseline to day 365, 
stratified by infection. A, CD4+ T cells. B, CD8+ T cells. C, S serum antibodies. SARS-CoV-2 vaccination is shown by syringes. Where no baseline visit was available, the 
percentage of S-specific T cells was set to zero. SARS-CoV-2 vaccination is shown by syringes from BioRender.com. Data are unpaired; the solid line represents the median 
value and bands the 95% CI. The y-axis scale differs between panels.
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where CD4+ T-cell help is required for further antibody di
versification and maturation.

The significant boosting of CD4+ T-cell immunity observed 
in this study will be important in averting detrimental effects 
from future waves of SARS-CoV-2. With estimates that more 
than 80% of the adult population in Denmark have experienced 
a SARS-CoV-2 infection on top of a vaccination series, it is ex
pected to limit the pressure on healthcare systems from 
SARS-CoV-2 [33].

In this study, the majority of the positive PCR tests oc
curred between February 2022 and April 2022 (68.8%), where 
B.1.1.529 (Omicron; BA.1 and BA.2) was the predominant 
circulating strain in Denmark [16, 34]. Multiple studies 
have suggested that T-cell epitope responses to Omicron are 
preserved [21, 35, 36]. Hence, the AIM assay used in the cur
rent study was expected to capture T-cell responses to both 
original Wuhan-Hu-1 as well as later sublineages, including 
Omicron. There is a risk of underestimating the number of in
fected participants, due to a lower production of N antibodies 
in individuals recently receiving a vaccine (within 2 months) 
[37]. However, because COVID-19 infection in Danish socie
ty was monitored closely by large-scale population PCR test
ing during the pandemic, the underestimation should be 
minimal.

The participants in this study represent an older segment of 
the general population; thus, the data are likely an underrepre
sentation of cellular immunity in a complete population. We 

observed that booster vaccine doses had limited effect on cel
lular immunity in the oldest age group (≥75 years), especially 
in the CD4+ T-cell compartment. Generally, vaccines have a 
decreased efficacy with increasing age, leading to a higher fre
quency of elderly persons displaying vaccine hyporesponsive
ness [38]. The deficits in the aging immune system are due to 
limitations in both the innate and the adaptive immune sys
tem. While the number of T cells do not decline with increas
ing age, studies suggest that dendritic cells are impaired in both 
activating and priming T cells in the aged immune system [39, 
40]. Considering the limited cellular immune response ob
served in the oldest age group following the third vaccine 
dose, it would be of great interest to investigate immune re
sponses using a broader T-cell profile. However, the AIM assay 
was limited to assessing the bulk proportion of activated CD4+ 

and CD8+ T cells following stimulation with SARS-CoV-2 S 
protein, without the additional profiling of specific cytokine 
secretions or T-cell immune phenotypes.

In conclusion, this study reports a significant increase in 
T-cell immune response following consecutive booster doses 
of SARS-CoV-2 mRNA vaccines. However, as our study found 
that increased age was associated with a poorer response, con
tinued vaccine and immune monitoring is particularly needed 
in older individuals. Last, we observe that SARS-CoV-2 
infection boosts both the cellular (CD4+ T-cell) and humoral 
compartment of the immune system to levels higher than vac
cination alone. Thus, the combination of multiple vaccine 

Figure 5. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S)–specific T cells and anti-S serum antibodies at days 255 and 365, stratified by infection. 
A, S-specific CD4+ T cells. B, S-specific CD8+ T cells. C, Anti-S serum antibodies. Data were compared using the Mann-Whitney U test. Not significant (ns): 5.00 × 10-2 < P; 
****P ≤ 1.00 × 10-4. The y-axis scale differs between panels.

e612 • JID 2024:230 (15 September) • Juhl et al



doses and widespread hybrid immunity results in substantial 
immunity in the population.
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