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ABSTRACT 
Background: SARS-CoV-2, which causes COVID-19, has killed more than 7 million people worldwide. Understanding 
the development of postinfectious and postvaccination immune responses is necessary for effective treatment and the 
introduction of appropriate antipandemic measures.
Objectives: We analysed humoral and cell-mediated anti-SARS-CoV-2 immune responses to spike (S), nucleocapsid (N), 
membrane (M), and open reading frame (O) proteins in individuals collected up to 1.5 years after COVID-19 onset and 
evaluated immune memory.
Methods: Peripheral blood mononuclear cells and serum were collected from patients after COVID-19. Sampling was 
performed in two rounds: 3-6 months after infection and after another year. Most of the patients were vaccinated 
between samplings. SARS-CoV-2-seronegative donors served as controls. ELISpot assays were used to detect SARS-CoV- 
2-specific T and B cells using peptide pools (S, NMO) or recombinant proteins (rS, rN), respectively. A CEF peptide pool 
consisting of selected viral epitopes was applied to assess the antiviral T-cell response. SARS-CoV-2-specific antibodies 
were detected via ELISA and a surrogate virus neutralisation assay.
Results: We confirmed that SARS-CoV-2 infection induces the establishment of long-term memory IgGþ B cells and 
memory T cells. We also found that vaccination enhanced the levels of anti-S memory B and T cells. Multivariate com-
parison also revealed the benefit of repeated vaccination. Interestingly, the T-cell response to CEF was lower in patients 
than in controls.
Conclusion: This study supports the importance of repeated vaccination for enhancing immunity and suggests a 
possible long-term perturbation of the overall antiviral immune response caused by SARS-CoV-2 infection.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2), which causes coronavirus disease 2019 (COVID- 
19), was discovered at the end of 2019 [1]. The virus has 
spread rapidly around the world, and the pandemic was 
declared by the World Health Organisation in March 
2020 [2]. More than 772 million people were infected by 
December 2023 [3]. SARS-CoV-2, a member of the 
Coronaviridae family, is a virus with an envelope contain-
ing membrane (M), envelope (E), and spike (S) proteins. 
The nucleocapsid inside the virion is composed of 
nucleoprotein (N) in complex with a positive single- 
stranded RNA genome (reviewed in [4]).

The innate immune system recognises the virus early 
in infection, leading to the production of interferons 
(IFNs) and subsequent activation of the adaptive 
immune response. As SARS-CoV-2 has adapted to its 
host, mechanisms for evading immune recognition have 
emerged. SARS-CoV-2 can inhibit IFNs production, 
thereby prolonging the time necessary for activation of 
the adaptive immune response [5]. Nevertheless, most 
patients with COVID-19 can manage the infection effect-
ively, resulting in mild [6] or asymptomatic disease [7]. 
Successful infection control is accompanied by the dif-
ferentiation and massive proliferation of antigen-specific 
B cells and the activation of CD4þ and CD8þ T cells. 
These cells are fundamental for the development of 
immune memory, a crucial process for effective virus 
clearance upon repeated virus exposure [8, 9].

Antiviral T-cell levels correlate with the expression lev-
els of viral proteins, mainly S, M, and N, which can be 
considered the most immunodominant antigens [10]. 
Approximately 80% of the newly identified epitopes 
were SARS-CoV-2 specific [10]. Thus, naive SARS-CoV-2- 
specific T cells (CD62Lþ CD45RO−) are activated mainly 
during primary SARS-CoV-2 infection. After viral clear-
ance, the contraction phase of the immune response 
begins, when most effector T cells (Teff; CD62L− 

CD45RO−) undergo apoptosis [9, 11]. A subset of Teffs 
survive and differentiate into memory T cells, which are 
characterised by the expression of CD45RO [12]. During 
the secondary anti-SARS-CoV-2 immune response, anti-
viral CD8þ and CD4þ memory T cells retain the capacity 
to produce IFN-c [13]. CD4þ memory T lymphocytes spe-
cific for SARS-CoV-2 are more abundant than CD8þ

memory T cells and have a predominantly Th1 pheno-
type [13]. Both CD4þ and CD8þ virus-specific memory T 
lymphocytes differentiate into two subsets: central mem-
ory (Tcm) and effector memory (Tem) cells. In addition, 

CD4þ T cells can also differentiate into follicular helper T 
cells (Tfh) and regulatory T cells (Treg; reviewed in [11]).

Tfh cells are required for the differentiation of SARS- 
CoV-2-specific B cells [13–15]. Upon activation, virus- 
specific B cells undergo clonal expansion, leading to the 
development of antibody-secreting cells (ASCs). 
Differentiation and further affinity maturation, character-
ised by genetic alterations of the variable parts of the 
B-cell receptor, are necessary for the development of 
high-affinity B-cell receptors [14]. After viral clearance, 
affinity maturation also continues with the differenti-
ation of a subset of activated ASCs into memory B cells 
in long-lived germinal centres [13, 16]. With further som-
atic hypermutation, B cells have greater affinity and neu-
tralisation capacity for the S antigen and its receptor 
binding domain (RBD; [17]). In addition to resting mem-
ory B cells, antibodies are also present in the circulation. 
They are secreted by long-lived plasma cells located in 
the bone marrow. Circulating antibody levels are rela-
tively high after infection but decrease over time [18].

At the end of 2020, vaccines against the SARS-CoV-2 S 
protein were introduced to the market. After immunisa-
tion (2 vaccine doses), the adjusted mRNA vaccine effi-
cacy was estimated to be approximately 90% [19]. One 
dose of an mRNA vaccine has been shown to induce 
the development of a strong and diverse memory T-cell 
pool comparable to that produced by the response to 
the S antigen after natural infection and to reduce the 
risk of long COVID [20, 21]. Due to the relatively easy 
spread of SARS-CoV-2 in the population, many people 
were infected before they had the opportunity to be 
vaccinated. The combination of infection and vaccin-
ation leads to the development of so-called hybrid 
immunity. There is increasing evidence that hybrid 
immunity provides a more robust immune response 
with a greater degree of protection against hospitalisa-
tion or severe disease than does immunity from vaccin-
ation or infection alone [22]. Many studies have 
analysed the acute immune response, but fewer studies 
have analysed the longevity and mechanisms of immune 
memory, focusing on all branches of immune memory 
in individuals with hybrid immunity.

In our study, we monitored the memory immune 
response of patients with hybrid immunity developed 
by overcoming COVID-19 and vaccination against SARS- 
CoV-2. This study revealed both the specificity and com-
mon characteristics of the anti-SARS-CoV-2 response and 
immune memory response in different individuals. Our 
findings also suggested a possible long-lasting 

852 L. VRÁNOVÁ ET AL.



perturbation of the general antiviral immune response 
caused by SARS-CoV-2 infection.

Materials and methods

Study population

During 2020 and 2021, 108 unvaccinated individuals 
(patients) who previously had COVID-19 with disease 
severity from G1 to G6 (Table 1) were enrolled in this 
study. The mean age of the patients was 54.5 years (age 
range 22-99). Of the enrolled patients, 63.9% were men 
(69/108) with a mean age of 58.8 years (age range 26- 
99), and 36.1% were women (39/108) with a mean age 
of 46.9 years (age range 22-78). In addition, 55 anti-N 
SARS-CoV-2-negative blood donors tested with ElecsysVR 

Anti-SARS-CoV-2 (Roche, Basel, Switzerland) were 
enrolled as controls between 2020 and 2021. The con-
trols were not vaccinated against SARS-CoV-2. The mean 
age of the controls was 43.1 years (age range 24-63). 
Among the controls, 58.2% (32/55) were men with a 
mean age of 43.1 years (age range 24-62), and 41.8% 
(23/55) were women with a mean age of 43.2 years (age 
range 26-63). All study participants signed an informed 
consent form, and the study was approved by the Ethics 
Committee of the Military University Hospital on 3 June 
2020, with reference number 108/15-20/2020. Sampling 
at the first time point (T1; n¼ 108) was performed 3 to 
6 months after the PCR test was positive (median 
4 months). Sampling at the second time point (T2; 
n¼ 63) was performed approximately 1 year later 
(median 11 months after T1). The majority of patients 
who returned for the second sampling were vaccinated 
(82.5%, 52/63). Most patients (74.6%, 47/63) were vacci-
nated with the Comirnaty vaccine (Pfizer/BioNTech). Of 
those vaccinated by Comirnaty, 2.1% (1/47) received one 
dose, 59.6% (28/47) received two doses, and 40.4% (19/ 
47) received three doses. The remainder patients were 
vaccinated with three doses of Spikevax (Moderna; 1.6%, 
1/63), one dose of Janssen (Johnson & Johnson; 4.8%, 3/ 
63), or two doses of Comirnaty followed by the third 
dose of Spikevax (1.6%, 1/63). The study population is 

described in detail in Supplementary Table S1. Only indi-
viduals with sufficient isolated peripheral blood mono-
nuclear cells (PBMCs; 7� 106) were further examined by 
the methods described below. To avoid possible bias, 
comparisons of the distributions of S, NMO, CEF, rS, and 
rN at time T1 between people who came for sampling 
at T2 and those who did not were conducted. An 
unpaired t test showed no statistically significant differ-
ence in any of the analysed parameters.

PBMCs and serum preparation

Blood was collected at the Military University Hospital in 
Prague to BD VacutainerVR tubes (BD Biosciences, Franklin 
Lakes, New Jersey, USA) for serum preparation or in tubes 
with sodium heparin for isolation of peripheral blood 
mononuclear cells (PBMCs). For serum preparation, the 
tubes were centrifuged at 3000� g for 10 min at 10 �C, 
and the serum was aliquoted into microtubes and stored 
at −80 �C. Noncoagulable blood in sodium heparin tubes 
was processed according to the ImmunoSpotVR protocol 
(ImmunoSpotVR , Shaker Heights, Cleveland, USA) with modi-
fications to the use of SepMateTM PBMC isolation tubes 
(StemCellVR Technologies, Vancouver, British Columbia, 
Canada) with Ficoll-Paque Plus (GE Healthcare, Chicago, 
Illinois, USA). Isolated PBMCs were counted using the CTL- 
LDCTM Live/Dead Cell Counting Kit (ImmunoSpotVR ) and the 
ImmunoSpotVR Analyser S6 Ultimate M2 (ImmunoSpotVR ) 
according to the manufacturer’s instructions. The cells were 
frozen in aliquots at −80 �C using the CTL-CryoTM ABC 
Media Kit (ImmunoSpotVR ) according to the ImmunoSpotVR 

protocol and stored in liquid nitrogen.

Reconstitution of peptides and recombinant proteins

The lyophilised peptide pools, the SARS-CoV-2 S-defined 
peptide pool (MabTech, Nacka Strand, Sweden), the 
SARS-CoV-2 NMO-defined peptide pool (MabTech), and 
the PepMix CEF Pool (extended) (JPT Peptide 
Technologies, Berlin, Germany) were used. The S peptide 
pool consists of immunodominant epitopes of the SARS- 
CoV-2 spike protein; the NMO peptide pool contains 

Table 1. Description of the COVID-19 severity.
Grade Course of the disease Symptoms n

G1 asymptomatic no symptoms 16
G2 mild flu-like symptoms without pneumonia 22
G3 moderate COVID pneumonia without oxygen therapy 25
G4 severe COVID pneumonia with conventional oxygen therapy 34
G5 critical COVID pneumonia with high flow nasal oxygen therapy, 

non-invasive pulmonary ventilation
7

G6 critical COVID pneumonia requiring ALV / ECMO 4

ALV - artificial lung ventilation; ECMO - extracorporeal membrane oxygenation.
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peptides derived from nucleoprotein (N), membrane 
protein (M) and open reading frame proteins (O; ORF1, 
nsp3, ORF-3a, ORF-7a, and ORF-8); and the CEF peptide 
pool consists of immunodominant epitopes from influ-
enza A virus (IAV), human cytomegalovirus (HCMV), and 
Epstein–Barr virus (EBV), which are highly prevalent in 
the human population [23–25]. Peptide pools were 
reconstituted according to the manufacturer’s instruc-
tions, aliquoted into Protein LoBindVR tubes (Eppendorf, 
Barkhausenweg, Hamburg, Germany) and stored at 
−80 �C. The recombinant SARS-CoV-2 Nucleocapsid 
(R203K, G204R) His-tag Protein (rN; R&D Systems, 
Minneapolis, Canada) and Spike His-tag Protein (rS; R&D 
Systems) were reconstituted according to the manufac-
turer’s instructions, aliquoted, and stored at −80 �C.

T-ELISpot

Analysis of the T-cell response was performed with a 
Human IFN-c Single-Colour ELISPOT (ImmunoSpotVR ) 
according to the manufacturer’s instructions. Briefly, the 
plate was activated with 70% ethanol, coated with the 
anti-IFN-c capture antibody (cAb) and incubated over-
night at 4 �C in a wet chamber. After incubation, the fro-
zen PBMCs were thawed using 20� CTL-Anti-Aggregate 
WashTM Supplement (ImmunoSpotVR ) according to the 
ImmunoSpotVR protocol. The cells were counted and 
resuspended in CTL-TestTM Medium (ImmunoSpotVR ) sup-
plemented with 2 mM L-glutamine (Biosera, Cholet, 
France), 100 U/mL penicillin, and 100 lg/mL strepto-
mycin (Sigma–Aldrich, St. Louis, Missouri, USA) at a con-
centration of 2� 106 live PBMCs/mL. Aliquots of the S, 
NMO, and CEF peptide pools were tempered. The S and 
NMO peptide pools were diluted at a 1:3 ratio in CTL- 
TestTM medium to obtain diluted triplicates with concen-
trations of 2 lg/mL, 0.5 lg/mL, and 0.12 lg/mL, as 
described previously [26]. The CEF peptide pool was pre-
pared at a concentration of 2 lg/ml only (in duplicates). 
Media-only wells with PBMCs in triplicate were used as 
negative controls. PBMCs (2� 105 in 100 ll) were added 
to the wells containing peptide pool solutions. Mixing 
PBMCs and peptide solutions at a 1:1 ratio resulted in 
final peptide concentrations of 1 lg/mL, 0.25 lg/mL, and 
0.06 lg/mL. The PBMCs were stimulated in an incubator 
with 7% CO2 at 37 �C for 20 h. Visualisation of the T-cell 
response in the form of spot-forming units (SFUs) was 
performed. The number of SFUs was counted with 
ImmunoSpotVR Analyser S6 Ultimate M2 (ImmunoSpotVR ) 
and ImmunoSpotVR ELISPOT Enzymatic Software 
(ImmunoSpotVR ).

Flow cytometry

PBMCs from 6 patients were thawed as described above 
for T-ELISpot but were resuspended at a concentration 
of 20� 106 cells/mL in RPMI 1640 containing HEPES, 2- 
b-mercaptoethanol and 10% FBS. For cell stimulation, 
the same diluted peptide pools as those used for T- 
ELISpot were used but only at the highest final concen-
tration of 1 lg/mL. PBMCs incubated with an anti-CD3 
antibody (mouse IgG2a isotype; MabTech) served as a 
positive control, and unstimulated cells were used as a 
negative control. The solutions of the peptide pools, 
anti-CD3 antibody or medium were pipetted onto a U- 
bottom 96-well plate and incubated at 37 �C for 10 min. 
A total of 2� 106 live PBMCs were added to each well, 
incubated for 20 h in an incubator with 7% CO2 at 37 �C, 
and stained with previously titrated antibodies (Table 2). 
Briefly, PBMCs were washed with FACS buffer (1% BSA, 
0.1% sodium aside, 200 lg/mL human IgG [KIOVIG, 
Baxalta Belgium Manufacturing SA, Lessines, Belgium] 
and 1 mM EDTA in PBS) and incubated for 30 min with 
an antibody cocktail for surface marker staining. After 
washing with PBS, the cells were incubated with the 
LIVE/DEADTM Fixable Blue Dead Cell Stain Kit 
(Invitrogen) for 20 min and then permeabilized with the 
eBioscienceTM Foxp3/Transcription Factor Staining Buffer 
Set (Thermo Fisher, Waltham, Massachusetts, USA) 
according to the manufacturer’s instructions. Then, the 
cells were incubated with FoxP3 antibody for 30 min 
and washed. The stained PBMCs were resuspended in 
200 ll of BDVR CellWASH (BD Biosciences). Flow cytome-
try was performed using a CyTEKTM Aurora (Cytek 
Biosciences, Fremont, California, USA) instrument 
equipped with 5 lasers, and the results were analysed 
using FlowJo software v10.8.1 (BD Biosciences). T cells 
were gated on live cells after debris and cell doublet 
exclusion. CD4þ and CD8þ cells were gated on CD3þ

Table 2. Antibodies used for flow cytometry.
Marker Fluorophore Clone Isotype Manufacturer

CD62L BUV496 DREG-56 Mouse IgG1, j BD Biosciences
CCR10 BB515 1B5 Mouse IgG2a, j BD Biosciences
CCR4 BUV737 1G1 Mouse IgG1, j BD Biosciences
CCR6 BV650 11A9  Mouse IgG1, j BD Biosciences
CD134 PE-CF594 ACT35 Mouse IgG1, j BD Biosciences
CD137 PE 4B4-1 Mouse IgG1, j BioLegend
CD183 BB700 1C6/CXCR3 Mouse IgG1, j BD Biosciences
CD185 BUV661 RF8B2 Rat IgG2b, j BD Biosciences
CD25 APC-Fire 810 M-A251 Mouse IgG1, j BioLegend
CD3 Spark NIR SK7 Mouse IgG1, j BioLegend
CD4 SB436 SK3 Mouse IgG1, j Thermo Fisher
CD45RO BV786 UCHL1 Mouse IgG2a, j BD Biosciences
CD56 APC-Fire 750 5.1H11 Mouse IgG1, j BioLegend
CD69 BV480 FN50 Mouse IgG1, j BD Biosciences
CD8 BV570 RPA-T8 Mouse IgG1, j BioLegend
FoxP3 Pe-Cy5.5 PCH101 Rat IgG2a, j Thermo Fisher
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CD56− cells. Before defining the CD4þ subpopulations, T 
regulatory cells (Tregs) were gated out. The final pheno-
types of the T cells were defined as shown in Table 3. 
Differences in the response of PBMCs to peptide pools 
were analysed according to the percentage of activation 
of these cells. The combination of the CD69, CD134, and 
CD137 markers was used to determine the activation 
status of CD4þ T cells, and CD137þ cells represented 
activated CD8þ cells. Differences between each analysed 
T-cell population and changes between T1 and T2 were 
estimated by two-way ANOVA (Prism software, version 
8; GraphPad Software, San Diego, CA, USA).

B-ELISpot

For the B-cell response analysis, the Human IgA/IgG 
Double-Colour ELISpot Kit (ImmunoSpotVR ) was used 
according to the manufacturer’s instructions. Briefly, the 
PBMCs were thawed, and the cell pellets were resus-
pended in medium (RPMI 1640 supplemented with 10% 
FCS, 8 mM HEPES, 50 lM 2-mercaptoethanol, 2 mM L-glu-
tamine, 100 U/mL penicillin and 100 lg/mL strepto-
mycin). The PBMCs from each sample were divided into 
2 groups, unstimulated cells and cells stimulated with 
the B-Poly-STM polyclonal B-cell stimulator 
(ImmunoSpotVR ), and incubated for 5 days in an incuba-
tor with 7% CO2 at 37 �C. A 48-well plate was seeded 
with 0.7� 106 to 1.5� 106 cells in 400 lL per well. One 
day before the experiment, the plates with PVDF mem-
branes were coated with a capture antibody (cAb) 
against a constant region of human antibodies and 
recombinant SARS-CoV-2 spike or nucleocapsid proteins 
(R&D Systems) at a concentration of 10 lg/mL. The 
plates were incubated overnight in a wet chamber at 
4 �C. After 5 days of stimulation, the PBMCs were diluted 
at a 1:2 ratio and seeded onto the coated plate at a 
density of 200,000 PBMCs/well, 66,667 PBMCs/well and 
22,222 PBMCs/well [27]. Unstimulated cells served as a 
negative control and were seeded at 200,000 PBMCs/ 
well in duplicate for each antigen. For the wells coated 

with cAb, further dilution was performed, and 7,407 
PBMCs/well were added. The PBMCs were incubated in 
an incubator with 7% CO2 at 37 �C for 6 h. After the 
incubation, the PBMCs were discarded, and the B-cell 
response was visualised as SFUs according to the manu-
facturer’s instructions. SFUs were counted using 
ImmunoSpotVR Analyser S6 Ultimate M2 (ImmunoSpotVR ) 
and ImmunoSpotVR Double-Colour ELISPOT Enzymatic 
Software (ImmunoSpotVR ).

ELISpot data processing

The mean of the SFU count for the negative control for 
each sample and antigen was subtracted from each 
well. The cut-off point for positivity/negativity determin-
ation was calculated separately for each sample by add-
ing 3 standard deviations (SDs) to the mean SFU count 
of the negative control wells. Samples were considered 
positive if there were two or more positive wells with 
different cell or peptide dilutions for B- or T-cell ELISpot, 
respectively. Samples with SFU counts below the cut-off 
point for both antigens (S and NMO or rS and rN) and 
control CEF or cAb were excluded from the analysis due 
to uncertainty in PBMC functionality. The statistical ana-
lysis of the different antigen dilutions and comparisons 
of the anti-CEF responses shown in Figure 1F were per-
formed via one-way ANOVA (Prism software, version 8). 
An unpaired t test (Prism software, version 8) was used 
to compare the responses between patients and con-
trols. Multiplicative differences between patients and 
controls were calculated as the ratio of the mean value 
of patients/controls. A paired t test (Prism software, ver-
sion 8) was used to test differences between samples at 
T1 and T2. To assess multiplicative changes between T1 
and T2, the median of T2/T1 ratio (computed from indi-
vidual samples) was evaluated.

ELISA

Serum samples obtained from patients attending both 
sampling events were examined for the presence of 
anti-N IgG, anti-S1 IgA and anti-S1 IgG antibodies using 
Anti-SARS-CoV-2 NCP ELISA (IgG), Anti-SARS-CoV-2 ELISA 
(IgA) and Anti-SARS-CoV-2 ELISA (IgG) kits (EUROIMMUN, 
L€ubeck, Germany), respectively. All procedures were per-
formed according to the manufacturer’s instructions 
using calibrators (cut-off sample). Optical density (OD) 
was measured by an ELISA reader (iMarkTM Microplate 
reader; Bio-Rad, Hercules, California, USA). The results 
are expressed as the ratio of the OD of the standardly 

Table 3. Markers for the definition of the T-cell phenotype.
Cell phenotype Defining markers

Th1 CXCR5− CCR4− CCR10− CXCR3þ

Th2 CXCR5− CCR4þ CCR10− CCR6−

Th9 CXCR5− CCR4− CCR10− CXCR3− CCR6þ

Th17 CXCR5− CCR4þ CCR10− CCR6þ

Th22 CXCR5− CCR4þ CCR10þ CCR6þ

Tfh CXCR5þ CD45ROþ

Tn CD62Lþ CD45RO−

Teff CD62L− CD45RO−

Tem CD62L− CD45ROþ

Tcm CD62Lþ CD45ROþ
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Figure 1. Memory T-cell response after SARS-CoV-2 infection and vaccination. Peripheral blood mononuclear cells (PBMCs) from 62 previ-
ously infected individuals (patients) isolated 3 to 6 months after a positive PCR test (T1) and 1 year apart (T2) and 47 controls (A) were ana-
lysed via the IFN-c ELISPOT assay. PBMCs were incubated with SARS-CoV-2-specific peptide pools (S and NMO) at concentrations 
of 0.06 lg/mL, 0.25 lg/mL, or 1 lg/mL or with 1 lg/mL of the control CEF peptide pool. The results are expressed as the number of spot- 
forming units (SFUs) per 1� 106 PBMCs and are shown as medians (lines in the boxes), 25-75% percentiles (dotted boxes), 5-95% 
percentiles (whiskers), and outliers for all peptide dilutions (B, C). Comparisons between the different antigen dilutions were performed by 
one-way ANOVA, with no statistically significant results. Samples were considered positive if there were two or more positive wells with 
peptide dilutions (according to the used algorithm; D). A further comparison of the SARS-CoV-2-specific response was performed only as a 
response to 1 mg/mL of the peptide pools (E, F). These data were analysed by an unpaired t test. A comparison of the response to CEF 
between controls and patients at T1 and T2 was also performed (G). The dotted bars express the means with individual values and SEMs 
(E-G). Sample positivity and response level to the S, NMO, and CEF pools were individually compared between the two time points (H) in 
vaccinated (I-L) and unvaccinated patients (M-P). The gray bars express the median values (J-l, N-P). These data were statistically analysed 
using paired t tests. SEM – standard error of the mean; �p< 0.05, ��p< 0.01, ���p< 0.001, ����p< 0.0001.
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diluted (1:100) sample to the OD of the cut-off sample 
(OD/ODCO). Samples with high ratios (> 3.5) were fur-
ther diluted 1:500 and retested. The resulting ratio was 
then multiplied by a factor of 5. If the ratio of OD was 
still > 3.5, it was considered to be 3.5. According to OD/ 
ODCO, samples were defined as positive (OD/ODCO �

1.1), negative (OD/ODCO � 0.8) or borderline (0.8<OD/ 
ODCO < 1.1). Given the normal distribution of the data, 
the statistical significance of the difference between the 
measurements at T1 and T2 was evaluated using paired 
t tests (Prism software, version 8). Multiplicative changes 
between T1 and T2 were computed as the median of 
T2/T1 ratio of each sample.

Neutralising antibody detection

Neutralising anti-RBD antibodies were detected using 
the wild-type (Wuhan-Hu-1) SARS-CoV-2 Surrogate Virus 
Neutralisation Test Kit (sVNT; GenScript, Piscataway, New 
Jersey, USA) and the SARS-CoV-2 Neutralising Antibody 
Calibrator (GenScript) in diluted serum samples accord-
ing to the manufacturer’s instructions. Only the samples 
from patients who participated in both samplings were 
analysed. The OD was measured by an ELISA reader 
(iMarkTM Microplate Reader, Bio-Rad). Antibody concen-
trations were calculated by second-order polynomial 
interpolation of the sample absorbances from the stand-
ard curve. To obtain final results, values were multiplied 
by dilution factors. For each plate, the cut-off value (set 
as the concentration of neutralising antibodies required 
for 30% inhibition) was calculated from the function 
equation. The data were normalised by dividing the final 
concentration by the cut-off value (c/cCO). Samples were 
considered positive if c/cCO � 1 and negative if c/cCO <

1). The difference between samples collected at T1 and 
T2 was estimated by paired t tests (Prism software, ver-
sion 8). Changes between T1 and T2 were computed as 
the median of the T2/T1 ratios computed separately for 
each sample.

Multivariate analysis and data comparison

Multivariate analyses of patient samples with available 
data for all methods used (except flow cytometry ana-
lysis) were performed using R: A language and environ-
ment for statistical computing (R Foundation for 
Statistical Computing, Vienna, Austria. URL: https://www. 
R-project.org/). The strength of the relationship between 
each pair of variables was evaluated in a correlation 
matrix with the Spearman correlation coefficient using 

the R package Corrplot [28]. The multivariate analysis of 
all the data were visualised using the R package 
ComplexHeatmap [29], which produces heatmaps in 
which the values of the measured variables are 
expressed on a colour scale. For the sake of comparabil-
ity, the individual variables were first winsorized and 
then standardised by robust position (median) and vari-
ability (MAD) characteristics. For comparability of the 
first (T1) and second (T2) time points, the same outlier 
limits and numerical characteristic values as for the first 
measurement were used in the winsorization and stand-
ardisation of the second measurement. Individuals were 
then arranged according to the similarity of the meas-
urements and divided into 3 clusters. A complete hier-
archical linkage method using Euclidean distance was 
used for clustering.

Results

Memory T-cell response

PBMCs from 62 patients were sampled 3 to 6 months 
after positive PCR (T1), and 47 SARS-CoV-2 anti-N sero-
negative controls (Figure 1A) were used for the detection 
of virus-specific memory T cells by the IFN-c ELISPOT 
assay and the SARS-CoV-2 S and NMO peptide pools at 
concentrations of 1 mg/mL, 0.25 mg/mL, and 0.06 mg/mL. 
There were no statistically significant differences in the 
response of T cells to the different antigen dilutions in 
the control group (p¼ 0.4394 for S and p¼ 0.9196 for 
NMO) or in the patient group (p¼ 0.5686 for S and 
p¼ 0.6756 for NMO; Figure 1B and C). Therefore, the fol-
lowing data were presented only for the 1 mg/mL peptide 
concentration, which was also used for the CEF peptide 
pool and had the lowest 25-75% percentile range when 
considering both the S and NMO antigens in the patient 
group.

T lymphocytes that produced IFN-c in response to 
stimulation with the S-derived peptides were detected 
in 80.6% (50/62) of the patients and 19.1% (9/47) of the 
controls. A positive response against NMO peptides was 
detected in 87.1% (54/62) of the patients and 12.8% (6/ 
47) of the controls. A response to the CEF peptide pool 
was observed in 88.7% (55/62) of patients and 100% 
(47/47) of controls (Figure 1D). The mean SFU count was 
almost 16-times greater for the S (p¼ 0.0006) and 30- 
times greater for the NMO (p< 0.0001) peptide pools for 
patients than for the controls (Figure 1E). Interestingly, 
the mean SFU count for CEF was almost 2 times greater 
in the controls (p¼ 0.0061) than in the patients in T1, 
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and the reactivity to CEF was even lower at T2 
(p¼ 0.0001 compared to controls) (Figure 1G).

PBMCs from 46 patients were also obtained approxi-
mately one year after T1 (T2), and changes in the T-cell 
response between T1 and T2 were examined and are 
expressed as the median of T2/T1 ratio. Vaccinated 
patients (38/46) were divided according to the number 
of months from the last vaccine dose to T2, regardless 
of the vaccine type or number of doses (Figure 1H). At 
T1, a positive T-cell response specific for the S and NMO 
antigens was detected in 84.2% (32/38) and 89.5% (34/ 
38) of patients, respectively (Figure 1I). The response to 
the S-peptide pool increased 4.48-times at T2 
(p¼ 0.0004; Figure 1J), and the percentage of positive 
individuals increased to 97.4% (37/38) of the vaccinated 
patients (Figure 1I). The magnitude of the response to 
the NMO peptide pool (Figure 1K) changed 0.64 times 
(p¼ 0.0733), but the positivity of the vaccinated patients 
was relatively stable and decreased only from 89.5% 
(34/38) to 78.9% (30/38; Figure 1I). Positivity of unvaccin-
ated patients against S peptide pool decreased between 
T1 and T2 from 87.5% (7/8) to 25% (2/8; Figure 1M). The 
magnitude of the response of the unvaccinated patients 
(8/46) to S (p¼ 0.5280) and NMO (p¼ 0.8894) antigens 
decreased in most patients between T1 and T2 (Figure 
1N and O), except for 1 highly positive individual at T2, 
which also increased the positivity of patients from 75% 
(6/8) at T1 to 87.5% (7/8) at T2 (Figure 1M). The 
response to CEF changed in most vaccinated patients, 
and the T2/T1 ratio changed 0.84-times (p¼ 0.2491; 
Figure 1L). In the unvaccinated group, there was no sig-
nificant difference in the magnitude of the anti-CEF 
response (p¼ 0.9341; Figure 1P).

These results showed that the T-cell response to 
SARS-CoV-2 was effectively induced after infection, and 
the activation of memory T cells was further supported 
by vaccination. The overall antiviral response, repre-
sented by the anti-CEF response, indicated that in 
patients after SARS-CoV-2 infection, the antiviral 
response was reduced in comparison to that in controls.

Phenotype of T cells

PBMCs from 6 vaccinated patients who underwent both 
sampling procedures were used for analysis of the T-cell 
phenotype by flow cytometry. PBMCs were stained to 
determine how the numbers of activated CD4þ (CD69þ

CD134þ CD137þ) and CD8þ (CD137þ) T cells differed 
after stimulation with the S, NMO or CEF peptide pools 
between T1 and T2. The frequencies of the activated 

CD4þ Th subpopulations were slightly greater at T2 after 
stimulation with S or NMO than at T1 (Supplementary 
Figure S1A and B); however, due to the small sample 
size (n¼ 6), this difference was not statistically signifi-
cant. The most visible activation was observed in the 
Th17 subpopulation at T2 for the S (p¼ 0.3916) and 
NMO (p¼ 0.9776) antigens. However, our main interest 
was memory T cells, mainly Tcm and Tem cells. The S- 
and NMO-specific responses of Tcm (p¼ 0.8129 and 
p> 0.9999) and Tem (p¼ 0.2662 for S and p¼ 0.9884 for 
NMO) cells seemed to increase at T2 compared to T1, 
but these differences were not statistically significant 
due to the small sample size (Supplementary Figure S1C 
and D). Analysis of CD8þ memory populations did not 
reveal statistically significant differences between subpo-
pulations of T cells. A noticeable increase occurred only 
in the case of Teff cells (p¼ 0.8207) and only slightly in 
the Tem cell (p¼ 0.7659) subpopulation when compar-
ing T1 and T2; moreover, a noticeable increase occurred 
only in response to the S-peptide pool (Supplementary 
Figure S1E and F). We also analysed the phenotypes of 
the Tcm and Tem memory populations, but due to low 
cell frequencies, the data are not shown. SARS-CoV-2- 
specific activated CD8þ cells were detected at higher 
frequencies than CD4þ cells in all the samples.

The flow cytometry results did not show clear activa-
tion of T cells with a specific phenotype after infection 
or subsequent vaccination. An increased response of 
specific memory T cells was observed after vaccination, 
but due to the small sample size, these results were not 
statistically significant.

Memory B-cell response

PBMCs from controls and patients were restimulated, 
diluted, and examined for SARS-CoV-2-specific memory 
IgGþ (Figure 2A) or IgAþ (Supplementary Figure S2A) 
ASCs using the IgA/IgG double-colour ELISpot assay. We 
found no statistically significant differences in the num-
ber of SFUs among the different dilutions of IgGþ ASCs 
in either the control group for both antigens (p¼ 0.9980 
for recombinant S (rS) protein and p¼ 0.8489 for recom-
binant N (rN) protein)or in the patient group (p¼ 0.4742 
for rS and p¼ 0.8609 for rN). Therefore, we chose data 
from wells containing 66,667 PBMCs, which had the low-
est 25-75% percentile range for both the rS and the rN 
(Figure 2B and C). Memory B cells responding to the rS 
and rN antigens were present in 90.9% (40/44) and 
81.8% (36/44) of patients, respectively (Figure 2D). The 
B-cell memory response appears highest in patients with 
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severe to critical disease (severity grade 4 and 5; data 
not shown). IgGþ ASCs responding to the rS and rN anti-
gens were also detected in 4.5% (2/43) and 18.2% (8/43) 
of the controls (Figure 2D), respectively. Although a 

response was detected in some SARS-CoV-2-seronega-
tive blood donors who served as controls, the mean 
number of SFUs was more than 80-times greater 
(p< 0.0001) for IgGþ ASCs directed against the rS 
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protein when comparing patients with controls (Figure 
2E). The response to the rN protein was 20-times greater 
(p< 0.0001) in patients than in controls (Figure 2F). The 
numbers of IgAþ ASCs directed against either the rS or 
rN antigen were very low in both groups 
(Supplementary Figure S2B and C), and there was no 
statistically significant difference between patients and 
controls for the rS (p¼ 0.3113) or rN (p¼ 0.5715) anti-
gens. To examine the polyclonally stimulated ASC 
response, a capture antibody (cAb) directed against a 
constant part of the human antibodies was also used 
(Supplementary Figure S3). Similarly, the percentages of 
overall IgGþ ASCs in the patient group and the control 
group were similar (p¼ 0.2408; Supplementary Figure 
S3A and B). However, the overall IgAþ ASC population 
was lower in the patient group than in the control 
group (p< 0.0001; Supplementary Figure S3C and D).

PBMCs from 43 patients who underwent sampling at 
T2 were analysed to obtain information on the postin-
fection or postvaccination memory ASC response and its 
changes between T1 and T2, which are expressed as the 
medians of the T2/T1 ratios. Vaccinated patients (35/43) 
were divided according to the number of months from 
the last vaccine dose to T2, regardless of the vaccine 
type or number of doses (Figure 2G). The percentage of 
vaccinated patients who were positive for anti-rS IgGþ

ASCs increased from 91.4% (32/35) to 100.0% (35/35) 
between the first (T1) and second (T2) sampling (Figure 
2H). The number of IgGþ ASCs increased 5-times 
(p¼ 0.0002; Figure 2I). The percentage of patients who 
were positive for the rN protein decreased slightly from 
77.1% (27/35) to 71.4% (25/35; Figure 2H), while the 
magnitude of the IgGþ ASC response was unchanged 
(with a median T2/T1 ratio equal to 1.00; p¼ 0.3112; 
Figure 2J). The percentage of unvaccinated patients (8/ 
35) positive for anti-rS protein IgGþ ASCs increased from 
75.0% (6/8) at T1 to 100.0% (8/8) at T2. However, the 
percentage of patients who were positive for the rN 

protein decreased from 75.0% (6/8) at T1 to 50.0% (4/8) 
at T2 (Figure 2K). The magnitude of the response of 
anti-SARS-CoV-2 IgGþ ASCs in the unvaccinated group 
decreased between samplings, with median T2/T1 ratios 
equal to 0.38 (p¼ 0.0749) and 0.10 (p¼ 0.2093) for the 
rS and rN antigens, respectively (Figure 2L and M). In 
general, the percentage of IgAþ ASCs was very low 
(Figure 3E–H), and there was no statistically significant 
difference between T1 and T2 for either antigen in vacci-
nated or unvaccinated patients. In addition, there was 
no statistically significant difference in the cAb response 
between T1 and T2 (Supplementary Figure S3F–I).

The results showed that the memory ASC IgGþ

response was effectively established 3 to 6 months after 
SARS-CoV-2 infection with further induction of the IgGþ

ASC response to the S antigen after vaccination; how-
ever, circulating IgAþ ASCs directed against SARS-CoV-2 
were rare, and vaccination tended not to increase their 
numbers.

Antibody detection

Sera from 62 patients who underwent both T1 and T2 
blood draws were analysed via SARS-CoV-2 ELISAs and a 
surrogate virus neutralisation test. Changes between T1 
and T2 are expressed as the median of T2/T1 ratios. 
Vaccinated patients (51/62) were divided according to 
the number of months from the last vaccine dose to T2, 
regardless of the number of doses and vaccine type 
(Figure 3A). In the first sampling, 90.2% (46/51) of the 
subsequently vaccinated patients were IgG positive for 
the S1 antigen. An IgA antibody response was found in 
fewer patients (78.4%; 40/51; Figure 3B). Vaccination 
between T1 and T2 markedly enhanced the magnitude 
of the response for both analysed isotypes of circulating 
anti-S1 antibodies—3.47-times for IgG (p< 0.0001; 
Figure 3C) and 5.49-times for IgA (p< 0.0001; Figure 3D). 
There was a correlation between anti-S1 IgG levels 

3  

Figure 2. Response of IgGþ memory antibody-secreting cells (ASCs) after SARS-CoV-2 infection and vaccination. Peripheral blood mono-
nuclear cells (PBMCs) from previously infected individuals (patients), isolated 3 to 6 months after a positive PCR test (T1) and one year apart 
(T2), and 43 controls (A) were analysed for IgGþ or IgAþ memory ASCs using the double-colour ELISpot assay (see Supplementary Figure 
S2 for IgA). Recombinant SARS-CoV-2 S (rS) and N (rN) proteins were used for antibody detection. The results are expressed as the number 
of spot-forming units (SFUs) per 1� 106 PBMCs and are shown as medians (lines in the boxes), 25-75% percentiles (dotted boxes), 5-95% 
percentiles (whiskers), and outliers for all cell dilutions (B, C). Differences between dilutions were analysed by one-way ANOVA, and the 
results were not statistically significant. Samples were considered positive if there were two or more positive wells with cell dilutions 
(according to the used algorithm; D). For further comparison, only the data from wells containing 66,667 PBMCs were used to express sin-
gle values and means with SEM (E, F). These data were analysed by an unpaired t test. Sample positivity and response level to the rS and 
rN antigens were analysed between T1 and T2 (G) in vaccinated (H-J) and unvaccinated people (K-M). The gray bars represent median val-
ues (I, J, L, M). These data were statistically analysed using paired t tests. SEM – standard error of the mean; �p< 0.05, ��p< 0.01, 
���p< 0.001, ����p< 0.0001.
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(Figure 3C) and the number of months since vaccination 
(rs ¼ −0.3624; p¼ 0.0090), indicating anti-S1 IgG levels 
decreased with time since the last vaccine dose. The 
positivity increased from 90.2% to 98.0% (50/51) for IgG 
and from 78.4% to 96.1% (49/51) for IgA antibodies. An 
IgG response to the N antigen was detected in 86.3% 
(44/51) of patients at T1 (Figure 3B). At T2, the response 
decreased, with a median T2/T1 ratio equal to 0.26 
(p< 0.0001; Figure 3E), and sample positivity decreased 
to 47.1% (24/51; Figure 3B). Among the unvaccinated 
patients (11/62), 90.9% (10/11) and 72.7% (8/11) were 
positive for anti-S1 IgG and IgA at T1, respectively 
(Figure 3G). At T2, 81.8% (9/11) of the unvaccinated 
patients were positive for both antibody isotypes. The 
T2/T1 ratio of the anti-S1 response changed 0.83-times 
(p¼ 0.4977) for IgG and 1.08- times (p¼ 0.5249) for IgA 
(Figure 3H and 1). The response of circulating IgG anti-
bodies against the N antigen was not stable in the 
unvaccinated group and decreased from 72.7% (8/11) of 

the positive patients to 36.4% (4/11; Figure 3G). The 
level of anti-N IgG antibody changed 0.29-times 
(p¼ 0.0060; Figure 3J).

Anti-RBD neutralising antibodies (nAbs) were analysed 
in the same groups. Among the vaccinated patients, 
90.2% (46/51) were considered positive for nAbs at T1, 
while at T2, 98.0% (50/51) were positive (Figure 3B). The 
magnitude of the response increased 4.61- times 
(p< 0.0001) between T1 and T2 (Figure 3F). There was a 
correlation between nAb levels and disease severity in 
both time points T1 (rs ¼ 0.6150; p< 0.0001) and T2 (rs 

¼ 0.3284; p¼ 0.0186). Among the unvaccinated patients, 
81.8% (9/11) were positive for nAbs at T1, whereas 
72.7% (8/11) were positive at T2 (Figure 3G). The magni-
tude of the T2/T1 ratio of the nAb response changed 
0.79-times (p¼ 0.2367; Figure 3K).

The detection of serum antibodies showed that the 
levels of circulating anti-S1 IgG and IgA antibodies 
increased after vaccination. The response to the rN 

Figure 3. Detection of circulating IgG and IgA antibodies specific for SARS-CoV-2 antigens after SARS-CoV-2 infection and vaccination. Sera 
from 62 previously infected individuals (patients) were collected 3 to 6 months after a positive PCR test (T1) and after another year (T2) (A) 
and were tested via ELISA and the SARS-CoV-2 surrogate virus neutralisation test (sVNT). The results were expressed as the ratio between 
the optical density (OD) of the sample and the OD of the cut-off sample (CO) for ELISA or the concentration of the anti-RBD nAb (c) of the 
sample and the concentration of the cut-off (CO), which describes the concentration of neutralising antibodies required for 30% inhibition. 
For ELISA, samples were considered positive (OD/ODCO � 1.1), negative (OD/ODCO � 0.8), or borderline (0.8<OD/ODCO < 1.1), and for 
sVNT samples were considered positive (c/cCO � 1) or negative (c/cCO < 1). Response level and sample positivity were analysed for anti-S1 
IgG antibodies (B, C, G, H), anti-S1 IgA antibodies (B, D, G, I), anti-N IgG antibodies (B, E, G, J), and neutralising anti-RBD antibodies (anti- 
RBD nAb; B, F, G, K) in T1 and T2 for vaccinated (B-F) and unvaccinated patients (G-K). The gray bars represent median values (C-F, H-K). 
The data were statistically analysed using paired t tests. �p< 0.05, ��p< 0.01, ���p< 0.001, ����p< 0.0001.
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protein decreased between the samplings, but most 
patients were still considered positive. Positive nAb lev-
els were detected in more patients than antibody iso-
types detected by ELISA and were also detected at 
relatively high levels in unvaccinated patients.

Interplay between components of the adaptive 
immune system

Results of serum and PBMC analyses of 41 patients for 
whom the data from all assays were available for both 
blood draws were compared using multivariate analysis. 
The immune response was compared separately for T1 
(Figure 4A) and T2 (Figure 4B). A comparison of the 
samples obtained at T1 revealed the strongest positive 
correlation between anti-S1 IgG and anti-RBD nAbs (rs ¼

0.95; Figure 4C). The presence of antibodies correlated 
with the level of memory IgGþ ASCs (Figure 4C). The 
responses of T cells to S and NMO antigens were also 
significantly correlated with each other (rs ¼ 0.71). 
Interestingly, the magnitude of the T-cell response did 
not correlate positively with the B-cell response. At T2 
(Figure 4D), there was a positive correlation between 
anti-S IgGþ ASCs and SARS-CoV-2-specific T cells that 
produced IFN-c against the S (rs ¼ 0.48) and NMO (rs ¼

0.43) peptide pools. In general, a significant positive cor-
relation between B-cell and T-cell responses after vaccin-
ation was found in most comparisons (Figure 4D).

Owing to the combination of different groupings of 
patients used in the multivariate correlation (Figure 4A 
and B), we proceeded to perform a deeper and more 
individual comparison of the obtained data (Figure 5). A 
heatmap for T1 (Figure 5A) was generated to summarise 
the immune status of patients 3-6 months after SARS- 
CoV-2 infection according to the similarity of the meas-
ured parameters. Older people with greater disease 
severity tended to have a stronger response of memory 
IgGþ ASCs (cluster 1), which may or may not be sup-
ported by memory T cells. Patients in cluster 2 had 
higher levels of anti-RBD nAbs and a lower response of 
memory IgGþ ASCs than patients in cluster 1. Patients in 
cluster 2 still tended to have more severe COVID-19 
than did those in cluster 3, which included younger 
patients with milder disease (mostly G1-3, with some 
exceptions). In summary, the T1 data show that the 
response to SARS-CoV-2 infection is highly individual 
and that immune memory is influenced by disease 
severity, which is associated with age.

After assessing the changes at T2 compared to T1 
(Figure 5B), the same outlier limits and numerical 

characteristic values were used as for the T1 data. 
Clustering was strongly influenced by vaccination. With 
one exception, all unvaccinated patients in cluster 1 had 
a lower overall anti-SARS-CoV-2 response than did the 
vaccinated patients. Clusters 2 and 3 revealed that vac-
cination further improved blood levels of anti-S IgG and 
the anti-RBD nAbs. Interestingly, cluster 2 differed from 
cluster 3 in its greater response of anti-S and anti-N 
memory IgGþ ASCs, linking patients who received more 
vaccine doses. The mean number of vaccine doses was 
approximately 2.6 for cluster 2 and 2.1 for cluster 3. 
Vaccination also induced anti-S memory T cells - all 
patients with 3 doses had a strong anti-S memory T-cell 
response in both clusters 2 and 3 (Figure 5B).

In summary, our data reveal the individuality of the 
anti-SARS-CoV-2 response after COVID-19 (at T1) and fur-
ther support the benefit of repeated vaccination due to 
the increased induction of memory B-cell and T-cell 
responses against the S antigen. People receiving more 
vaccine doses appear to have higher levels of IgGþ

ASCs.

Discussion

Due to the easy spread of SARS-CoV-2 and the early and 
high vaccination coverage, the number of people with 
hybrid immunity is relatively high. To understand the 
secondary immune response against SARS-CoV-2, it is 
necessary to know the relationship between the 
branches of immune memory compartments. In this 
study, we analysed all the branches related to immune 
memory: T cells, B cells and circulating antibodies, in 
patients after COVID-19 compared to SARS-CoV-2-nega-
tive blood donors. The immune response of the patients 
was analysed at two time points: 3 to 6 months after the 
positive PCR test (T1) and 1 year after the first sampling 
(T2). Since most patients were vaccinated against SARS- 
CoV-2 between T1 and T2, they developed hybrid 
immunity.

The T-cell response was evaluated using an ELISpot 
assay in which cells producing IFN-c were detected after 
stimulation with SARS-CoV-2-specific peptide pools or 
the control CEF peptide pool. The results showed the 
effective development of an anti-SARS-CoV-2 response 
against S and NMO antigens in most patients, which is 
consistent with the findings of other studies [13, 18]. In 
natural infection, the response to the S antigen has 
been demonstrated to be stronger than that to other 
viral antigens [30, 31]. The results for the NMO peptides 
reflect the response only after infection or possible 
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Figure 4. Correlations of all branches of the adaptive immune response after SARS-CoV-2 infection and vaccination. The data from samples 
with available results (A, B) for all previously analysed parameters were correlated in matrix plots showing the Spearman correlation 
between all parameters with significance levels: �p< 0.05, ��p< 0.01. The size and colour intensity of the circle represent the absolute 
value of the Spearman rank correlation coefficient noted on the left side. Red represents positive correlations, and blue represents negative 
correlations. Matrix plots show the correlation of the data for T1 (C) and T2 (D) separately.
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reinfection because none of the NMO epitopes were 
included in the vaccines used. Our data suggest that the 
response to the NMO epitopes was almost twice as 
strong as the response to the S epitopes. As similar 
numbers of peptides were used in the S and NMO pep-
tide pools, this difference may be caused by differences 
in the immunodominance of individual epitopes. Most 
of the immune epitopes have been detected within the 
S antigen but also within the ORF1a sequence [30]; 
these are epitopes included in the NMO peptide pool. 
On the other hand, a response to SARS-CoV-2-specific 
antigens was also found in several control samples. 
However, since approximately 80% of SARS-CoV-2 epito-
pes are unique and have never been exposed to the 
immune system before the COVID-19 pandemic [10], the 
presence of a response in the control group may indi-
cate cross-reactive T cells primed against human corona-
viruses, as has been shown previously [10, 32, 33].

Our data support the efficacy of vaccination in indi-
viduals, who were previously symptomatically infected 
and its ability to boost the anti-S response, which 
increased almost 5-times in T2. This boosting effect has 
also been observed by others [34, 35]. The magnitude of 

the response to the NMO antigens decreased in most 
patients at T2, but the positivity of the samples against 
NMO remained almost the same, suggesting the pos-
sible maintenance of the immune memory response for 
a longer period of time. It has been shown that the 
anti-N memory T-cell response can be maintained for at 
least 15 months [18], including individuals in whom neu-
tralising antibodies have disappeared [36]. In addition, 
the memory T-cell response directed against the SARS- 
CoV-1 N protein has been shown to be detectable even 
17 years after SARS-CoV-1 infection [37]. Individual 
patients with an increased response to NMO peptides at 
T2 suggested the possibility of undetected SARS-CoV-2 
reinfection.

The magnitude of the mean response to CEF was 
almost twice as high in the control group as in the 
patient group. These findings suggest a possible perturb-
ation in the antiviral immune response caused by SARS- 
CoV-2. Gao et al. (2023) reported that patients with a 
COVID-19 convalescent status had a lower response to 
vaccination against SARS-CoV-2 than patients after vaccin-
ation alone. They also reported reduced activation of 
CD8þ T cells after prior SARS-CoV-2 infection. Interestingly, 

Figure 5. Multiparametric analysis of branches of adaptive immunity after SARS-CoV-2 infection and vaccination. Data from samples with 
available results for all previously analysed parameters (see Figure 5A and B) are presented in a heatmap with a dendrogram and patient 
IDs (P1-P41) showing measured variables expressed by a colour scale (std. value) clustered in 3 groups (clusters) separately at T1 (A) and 
T2 (B). Sex (male – M or female – F), age (26-77 years), and severity of COVID-19 (G1 – asymptomatic, G2 – mild, G3 – moderate, G4 – 
severe, G5 – critical and G6 – critical, requiring artificial lung ventilation and/or extracorporeal membrane oxygenation) were observed for 
patients at T1. Moreover, the number of vaccine doses (0-3) and the interval of months after vaccination (0-1; 2-3; 4-9; - refers to unvaccin-
ated) were observed for patients at T2.
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the response to HCMV was reduced only in the group of 
hospitalised COVID-19 patients compared to that in non-
hospitalized patients [38]. These findings may suggest 
that the immunosuppressive effect of SARS-CoV-2 infec-
tion may occur only in patients with severe COVID-19, 
which is consistent with our patient’s data (the majority 
of patients were hospitalised and had more severe 
COVID-19). Since severe COVID-19 can be defined as 
severe sepsis [39–41], which can lead to the apoptosis of 
dendritic cells [42] and T cells [39], including memory T- 
cell subsets [43]; this mechanism might explain the 
reduced anti-CEF response observed in the patients in 
this study. On the other hand, other studies comparing 
the immune response to CEF in controls and convales-
cents have not shown any differences [44, 45] or have 
shown greater positivity for CEF in convalescents after 
SARS-CoV-2 infection [46]. However, no statistically signifi-
cant differences have been found between patients and 
controls in studies that enrolled proportionally more 
patients with mild than severe COVID-19 [44] or enrolled 
patients sampled within only 2 weeks from COVID-19 
diagnosis [45]. Moreover, a study showing a greater anti- 
CEF response in the SARS-CoV-2 convalescent group 
enrolled only mild patients [46], suggesting that a 
reduced anti-CEF response after SARS-CoV-2 infection 
may be observed only in memory IFN-c-producing T-cell 
populations and/or be associated with more severe dis-
ease. Since a reduced response to CEF was also observed 
at T2, the immunosuppressive effect of SARS-CoV-2 infec-
tion could be long lasting. This implies that infection may 
affect long-lived memory T-cell populations, as has been 
shown, for example, for measles virus and its negative 
effect on long-lived plasma cells [47]. It should be noted 
that the reduced anti-CEF response may also be the 
effect of the difference in age range between patients 
and controls [48, 49] in this study.

The phenotype of T lymphocytes was analysed by 
flow cytometry in 6 patients. Although we noted some 
interesting observations, due to the small sample size, 
our data did not reveal any statistically significant T-cell 
phenotype characteristics specific for SARS-CoV-2 infec-
tion. Data on the detection of activated CD4þ and CD8þ

subpopulations outline that after vaccination (at T2), the 
frequencies of S- or NMO-specific CD4þ Th populations 
increased, but overall, we found low frequencies of 
SARS-CoV-2-specific T cells. Minervina et al. showed that 
individuals after contracting COVID-19 (61-110 days post 
infection) had a reduced total number of CD4þ memory 
T cells compared to those vaccinated only [50]. Similar 
results have been shown for CD8þ lymphocytes (21- 

42 days post infection) [34]; therefore, the limited num-
ber of SARS-CoV-2-specific T cells detected in our study 
might be due to the enrolment of COVID-19 patients 
with more severe disease. The frequencies of CD8þ and 
CD4þ Tcm and Tem cells stimulated by the S-peptide 
pool seemed to increase between T1 and T2, suggesting 
a boosting effect of vaccination, as shown by others 
[50, 51].

Analysis of SARS-CoV-2-specific B-cell memory subpo-
pulations was performed using a double-colour enzym-
atic ELISpot assay. Most patients developed B-cell 
memory against both antigens (rS and rN). Since the 
number of memory B cells increases rapidly in the first 
3 months after infection, gradually stabilises after 
4 months [13], and can increase up to 6 months after 
infection depending on the specific SARS-CoV-2 antigen 
targeted [13, 52], our data (at T1) on ASCs were indica-
tive of the formation of a stabilised memory B-cell popu-
lation. Although a positive response was found in some 
controls, the mean number of anti-S IgGþ ASCs was 
more than 80 times greater in patients than in controls, 
confirming the establishment of robust B-cell memory 
against the S antigen after SARS-CoV-2 infection. The 
detection of a positive response in the control group 
may suggest cross-reactivity and/or unrecognised 
asymptomatic infection [53]. Interestingly, we found a 
reduction in the overall level of IgAþ ASCs in the patient 
group compared to that in the control group. These 
data suggest a possible negative effect of SARS-CoV-2 
infection on IgAþ ASCs, but this possibility should be 
further investigated due to the non-specific detection of 
ASCs by the capture antibody. In most patients, SARS- 
CoV-2-specific IgAþ ASCs were not found, or their level 
was low. This may reflect the kinetics of circulating anti- 
S IgA antibodies, which have a half-life of only 55 days 
[18], and the rarity of circulating IgAþ memory B cells, 
which have been found to be undetectable in most 
COVID-19 patients approximately 5 months after infec-
tion [17]. After vaccination at T2, the anti-S response of 
IgGþ ASCs increased 5-times in all vaccinated patients, 
whereas vaccination did not support the anti-S IgAþ

ASC response. We also observed an increased number 
of positive samples at T2 in the unvaccinated group, 
although the magnitude of the response decreased. An 
increased number of positive samples at T2 may be 
caused by undetected asymptomatic infection or may 
reflect long-lasting generation of memory B cells [17] 
due to long-term germinal centres present in some 
patients even 7 months after confirmation of SARS-CoV-2 
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infection [16] and continual affinity maturation of SARS- 
CoV-2-specific memory B cells [17].

Circulating memory B cells, either IgGþ or IgAþ, may 
not correspond to circulating antibody levels due to the 
presence of long-lived plasma B cells in the bone marrow 
that produce high levels of both antibody isotypes. 
Therefore, we also analysed the levels of SARS-CoV-2-spe-
cific anti-S1 and anti-N IgG and anti-S1 IgA antibodies in 
the patient group by ELISA. We showed that both IgG 
and IgA anti-S1 antibody levels increased significantly in 
vaccinated patients. Since we detected only a low num-
ber of memory IgAþ ASCs by the B-ELISpot, these results 
may indicate that the main producers of SARS-CoV-2-spe-
cific IgA in the blood circulation could be long-lived IgAþ

plasma cells in the bone marrow [54] or memory IgAþ

cells in the lymph nodes [55] rather than circulating 
memory IgAþ ASCs. We also showed that vaccination 
markedly enhanced the level of nAbs, as reported by 
others [18, 56, 57]. On the other hand, the nAb levels in 
unvaccinated patients decreased over time, demonstrat-
ing the benefit of vaccination also after infection. Positive 
nAb responses were found in more patients than IgG 
and IgA antibodies detected by ELISA, most likely due to 
the high sensitivity of the sVNT test [58].

Finally, we performed a multivariate analysis on all 
the results obtained to identify common patterns that 
might characterise the memory immune response to 
SARS-CoV-2. We found that in patients at T1, there was 
a strong correlation between the branches of the B-cell 
response (IgGþ ASCs, anti-S1 IgG, anti-N IgG and anti- 
RBD nAbs), but there was no correlation or only a weak 
correlation between the B-cell response and the T-cell 
response. Since milder COVID-19 has been shown to 
lead to a stronger correlation between the SARS-CoV-2- 
directed CD4þ T-cell response and antibody levels [59], 
our results may be affected by a high proportion of 
patients with severe to critical COVID-19. This difference 
may be due to CD4þ Tfh cell impairment because ele-
vated antibody levels are associated with increased 
numbers of activated Tfh cells over time [59]. On the 
other hand, others have also shown that the antibody 
response does not correlate with the T-cell response 
(cells producing IFN-c, IL-2 or both cytokines in response 
to S1 or SNMO peptide pools) [18] in patients who are 
not vaccinated. However, after vaccination, the SARS- 
CoV-2-specific T-cell response significantly correlated 
with the anti-SARS-CoV-2 antibody and memory IgGþ

ASC levels, indicating the supportive effect of vaccin-
ation on the development of both branches of the 
immune response in patients with hybrid immunity [22]. 

Interestingly, we found a correlation between the num-
ber of anti-S IgGþ ASCs and the number of T cells pro-
ducing IFN-c after stimulation with the NMO peptide 
pool. This might suggest that vaccination may also lead 
to non-specific activation of the T-cell response [60]; 
more likely, this may be the effect of unrevealed SARS- 
CoV-2 reinfection [61].

To assess the complexity and variability of immune 
responses to SARS-CoV-2 infection, a multivariate ana-
lysis also included clustering of individual parameters, 
which revealed 3 clusters for T1 and T2. Clustering at T1 
was mainly based on the B-cell response (both circulat-
ing antibodies and ASCs) and was affected by COVID-19 
severity, which was associated with age. In agreement 
with our data, others have shown that a higher antibody 
response is usually correlated with more severe out-
comes and/or hospitalisation [38, 59]. After vaccination 
at T2, the induction of IgGþ memory ASCs was a critical 
factor in clustering. Patients in Cluster 2 exhibited a 
strong response of anti-S IgGþ ASCs and S-specific T 
cells and high levels of anti-RBD nAbs, which was associ-
ated with more vaccine doses than was observed in 
Cluster 3. In our study, the importance of repeated vac-
cination for the activation of immune memory was par-
ticularly evident in the stimulation of T cells, as all 
patients who received 3 doses had high levels of T-cell 
immunity.

This study has several limitations. First, we were con-
fronted with low compliance of the study population 
regarding the second sampling despite the prediction of 
the attending physicians in the process of study plan-
ning. Second, we did not expect such rapid develop-
ment of vaccines and therefore did not design the study 
with the inclusion criterion of not being vaccinated 
before the second sampling. Obviously, this approach 
would not have been possible for ethical reasons. Third, 
due to the enrolment of seronegative blood donors as 
controls, it was unfortunately not possible to fully match 
patients and controls by age (blood donation is possible 
from 18 to 65 years).

Nevertheless, the study demonstrated a long-term 
memory response of both B cells and T cells in patients 
with hybrid immunity for up to 15 months after a posi-
tive SARS-CoV-2 PCR test, a large beneficial effect of vac-
cination on further induction of these memory cells, and 
the need for repeated vaccinations to enhance and 
maintain immune memory. In addition to concerns 
about vaccine safety, vaccine efficacy and effectiveness 
concerns have been described as the main reasons for 
vaccine hesitancy [62, 63]. Interestingly, most of the 
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patients in our study who came for the second sampling 
have been vaccinated but the coverage by the primary 
vaccination (two vaccine doses) in the Czech Republic 
did not exceed 65% [64]. Therefore, our results support 
the importance of vaccination even in the infected indi-
viduals and also the need for boosters for sustained pro-
tection from severe disease and death. Our findings also 
suggested a possible long-term negative effect of severe 
SARS-CoV-2 infection on the overall antiviral immune 
memory response that warrants further investigation.
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