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Abstract

:

Predominantly antibody deficiencies (PADs) are inborn disorders characterized by immune dysregulation and increased susceptibility to infections. Response to vaccination, including severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), may be impaired in these patients, and studies on responsiveness correlates, including cytokine signatures to antigen stimulation, are sparse. In this study, we aimed to describe the spike-specific cytokine response following whole-blood stimulation with SARS-CoV-2 spike peptides in patients with PAD (n = 16 with common variable immunodeficiency and n = 15 with selective IgA deficiency) and its relationship with the occurrence of coronavirus disease 2019 (COVID-19) during up to 10-month follow-up period. Spike-induced antibody and cytokine production was measured using ELISA (anti-spike IgG, IFN-γ) and xMAP technology (interleukin-1β (IL-1β), IL-4, IL-6, IL-10, IL-15, IL-17A, IL-21, TNF-α, TGF-β1). No difference was found in the production of cytokines between patients with PAD and controls. Anti-spike IgG and cytokine levels did not predict contraction of COVID-19. The only cytokine that distinguished between vaccinated and naturally infected unvaccinated PAD patients was IFN-γ (median 0.64 (IQR = 1.08) in vaccinated vs. 0.10 (IQR = 0.28) in unvaccinated). This study describes the spike-specific cytokine response to SARS-CoV-2 antigens, which is not predictive of contracting COVID-19 during the follow-up.
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1. Introduction


Predominantly antibody deficiencies (PADs) are a group of disorders characterized by impaired B cell differentiation and decreased synthesis of immunoglobulins, resulting in recurrent sinopulmonary infections and, in some cases, poor vaccine response [1]. The most common diagnoses include selective IgA deficiency (SIgAD) and common variable immunodeficiency (CVID). Patients with SIgAD have reduced serum immunoglobulin A (IgA) levels below 0.07 g/L, with normal levels of other immunoglobulins. They are often asymptomatic and do not usually have an impaired response to vaccination. Symptomatic patients may experience recurrent respiratory and gastrointestinal infections and have a higher risk of atopic or autoimmune diseases compared to the general population [2]. CVID is the most common symptomatic antibody deficiency. The European Society for Immunodeficiencies Registry working definition for CVID is decreased levels of immunoglobulins (IgG, IgA, and/or IgM) and low switched memory B cells or poor vaccine response in individuals older than 4 years of age with no other identifiable cause or severe T cell defects [3]. Recurrent bacterial infections are the hallmark of the disease; however, the majority of patients also experience immune dysregulation-related non-infectious complications, including autoimmune diseases and malignancy [4]. Immune dysregulation, including dysregulated cytokine response, has been long known to be a part of the immunopathogenesis of predominantly antibody deficiencies, such as CVID and SIgAD [4,5,6,7].



When the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic broke out in late 2019 [8], initial reports indicated increased disease-related morbidity and mortality in immunocompromised patients [9,10,11,12,13], including those with PAD [14,15,16]. After vaccines became available, several studies have investigated both the reactogenicity and immunogenicity of SARS-CoV-2 vaccines in PAD patients, and most studies concluded that the immune response in PAD patients was inferior to that in healthy vaccine recipients [17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32].



The main SARS-CoV-2 antigen is thought to be the spike (S) protein, which binds to the human angiotensin-converting enzyme 2 receptor via the receptor-binding domain of the virus and thus enters the cell. This protein consists of three parts: a signal peptide, an N-terminal S1 protease fragment containing the receptor-binding domain, and a C-terminal S2 protease fragment [33,34]. Coordinated cellular immunity is essential for disease control in viral infections, including SARS-CoV-2, while dysregulated and exacerbated inflammatory responses play a pivotal role in the development of severe coronavirus disease-19 (COVID-19) infection [35,36,37]. During natural infection with SARS-CoV-2, it has been observed that along with traditional markers of inflammation, such as C-reactive protein (CRP) and serum amyloid A, there are higher levels of specific pro-inflammatory cytokines, including interleukin 6 (IL-6), IL-1β, IL-8, IL-10, interferon gamma (IFN-γ), and tumor necrosis factor alpha (TNF-α) [38]. In addition, several other cytokines and chemokines have been shown to have altered expression in COVID-19, and the levels of some of these cytokines have been linked to the prognosis of COVID-19 [39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59]. However, some have speculated that in patients with inborn errors of immunity, immunodeficiency might act as a protective factor against the cytokine storm, which is the main trigger for the severe course of COVID-19 [60]. Therefore, the interplay between cytokine dysregulation in patients with PAD is intriguing; on the one hand, these patients may fail to mount an efficient immune response to vaccination, which could lead to a more severe course of the disease [61]. In contrast, a reduced inflammatory response could be related to a decreased risk of cytokine storms that lead to multi-organ failure [60].



In addition, attempts have been made to identify biomarkers related to efficient vaccine responses, and several associations between cytokine levels and SARS-CoV-2-specific humoral immune responses have been observed. Several studies with immunocompetent individuals have examined the correlates of SARS-CoV-2-specific humoral response and found changes in levels of M-CSF, IL-1α, IFN-γ, IL-1β, IL-10, IL-12p70, IL-6, IL-17A, IL-15, and IFN signaling-related cytokines (CXCL10, MCP-1, MCP-2, and MCP-3) to be correlated with SARS-CoV-2-specific antibody response in healthy volunteers [45,62,63,64,65]. Regarding PAD patients, several studies have examined the T cell response role in protection against SARS-CoV-2, showing IL-2 and/or IFN-γ secretion in response to pooled SARS-CoV-2 antigens [18,24,25,26,27,28]. Nonetheless, the understanding of the wider range of cytokines produced following SARS-CoV-2 antigen stimulation in individuals with predominantly antibody deficiencies is currently limited.



In this study, we aimed to describe the cytokine signatures following whole-blood stimulation with SARS-CoV-2 antigen in SARS-CoV-2 naturally infected and vaccinated PAD patients and compare these results with those of healthy controls. We also assessed whether cytokine profile or other immunological parameters were related to vaccine effectiveness for preventing coronavirus disease 2019 (COVID-19) during the follow-up period and cytokine signature relatedness with patients’ clinical parameters and anti-spike antibody levels.




2. Materials and Methods


2.1. Study Population


Patients with CVID and symptomatic SIgAD who were treated at a tertiary immunology center (Pauls Stradins Clinical University Hospital, Riga, Latvia) were enrolled in the study from April to July 2022. In total, 38 adult individuals were included in the study: 31 predominantly antibody deficiency patients (16 with CVID and 15 with SIgAD) and 7 healthy controls. All 31 patients were diagnosed according to the European Society for Immunodeficiencies diagnostic criteria [3]. To gather data on the demographic and clinical characteristics of patients, a thorough medical history of the patients was compiled, and their medical records were assessed. At the onset of the study, patient medical history was collected for several clinical parameters, including the frequency and type of infections (including SARS-CoV-2 infection and SARS-CoV-2 vaccination status), autoimmune diseases, levels of autoantibodies (rheumatoid factor, anti-nuclear antibody (ANA) and extractable nuclear antigen antibody (ENA) screening, antineutrophil cytoplasmic antibodies (p-ANCA, c-ANCA, atypical ANCA), antibodies against cardiolipins and phospholipids, lupus anticoagulant, anti-double-stranded DNA, anti-histone, anti-thyroid peroxidase, anti-tissue transglutaminase, anti-gliadin, and anti-gastric parietal cell antibodies), benign polyclonal lymphoproliferation (lymphadenopathy, splenomegaly, and hepatomegaly), granulomatous disease, enteropathy, atopy, or allergy (asthma, allergic rhinitis, food allergy, and atopic dermatitis), and malignant diseases. Data regarding patient immunoglobulin levels (IgG, IgM, and IgA) and lymphocyte subpopulations on the day of blood collection were also retrieved from the patients’ medical records. Lymphocytes were divided into the following subpopulations: B cells (CD19+), T cells (CD3+), T helper cells (CD3+CD4+), T cytotoxic cells (CD3+CD8+), T natural killer cells (CD3+CD56+), and activated T cells (CD3+HLADR+). The SARS-CoV-2 vaccination course was considered to be completed if the individual had received two doses if naïve to SARS-CoV-2 infection, or one dose if previously infected. The severity of COVID-19 in personal history was assessed using the World Health Organization Clinical Progress scale [66]. Immunological phenotyping was based on the EUROclass classifications [67]. CVID severity was assessed using the CVID severity score proposed by Ameratunga [68]. Following written consent to participate in this study, blood samples were obtained from patients and control participants. Four to ten months (122–317 days) after blood sample collection, the patient’s medical documentation (SARS-CoV-2 PCR test results, booster vaccination status) was reviewed again, and participants were contacted to determine if they had a positive SARS-CoV-2 rapid antigen test result during this time. In cases where a patient received an additional dose of the vaccine as a booster during the follow-up period, the duration of their follow-up time was modified to account for the period leading up to the date on which they received the booster dose. This study was conducted in accordance with the principles of the Declaration of Helsinki. The study protocol was reviewed and approved by the Central Board of the Ethics Committee of the Health Ministry of the Republic of Latvia (No. 01-29.1/2878).




2.2. Blood Collection


Peripheral venous blood samples were collected from all the participants. A peripheral blood sample for SARS-CoV-2 anti-spike IgG was collected in a serum collection tube, centrifuged after 30 min, and frozen at −20 °C until the day of measurement. A sample for peripheral blood mononuclear cell (PBMC) isolation and phenotyping of B and T lymphocyte subsets was collected in a lithium heparin-coated tube, and PBMCs were isolated as described previously [25]. Samples for the assessment of CD4+ and CD8+ cell cytokine responses to SARS-CoV-2 peptide stimulation and cytokine determination before/after SARS-CoV-2 peptide stimulation were collected in heparinized whole-blood QuantiFERON SARS-CoV-2 blood collection tubes (Qiagen, Hilden, Germany), incubated at 37 °C for 20 h, centrifuged according to the manufacturer’s protocol, and frozen at −20 °C for subsequent analysis. QuantiFERON SARS-CoV-2 blood collection starter kit contains four types of blood collection tubes: negative control, Ag1 tube (contains epitopes from the S1 fragment of the SARS-CoV-2 spike protein, measures response mediated by CD4+ cell response), Ag2 tube (contains epitopes from the S1 and S2 fragments of the SARS-CoV-2 spike protein, measures response mediated by both CD4+ and CD8+ cells), and positive control (mitogen control) [34,69]. Negative control was used to measure cytokine baseline levels and non-specific cytokine release during the incubation, while the Ag2 tube was used to measure cytokine levels after antigen stimulation.




2.3. Humoral Response to SARS-CoV-2


The humoral response to SARS-CoV-2 (IgG class antibodies to SARS-CoV-2 S1 domain of the spike protein) was assessed using the semi-quantitative enzyme-linked immunosorbent assay (ELISA) from Euroimmun (Anti-SARS-CoV-2 IgG assay, Euroimmun, Lübeck, Germany), following the manufacturer’s recommendations and as described previously. An IgGAM ratio (optical density compared with the calibrator) > 1.1 was considered a positive response. SARS-CoV-2 anti-spike response was considered low if the levels were <1.1, moderate if the anti-spike IgG levels were between 1.1 and 10, and high if levels were >10.




2.4. Cytokine Detection


Cytokine levels before and after SARS-CoV-2 S1 and S2 pool peptide stimulation were determined by Luminex xMAP technology using Luminex 200 equipment (A DiaSorin Company, Austin, TX, USA) and a multiplex assay (MILLIPLEX MAP Human TH17 Magnetic Bead Panel, Cat#: HTH17MAG-14 K and MILLIPLEX MAP TGF-ß1 Magnetic Bead Single Plex Kit, Cat#: TGFBMAG-64K-01, both from Merck Millipore, Darmstadt, Germany), following the manufacturer’s protocol. Levels of the following cytokines were measured: transforming growth factor beta 1 (TGF-ß1), IL-1β, IL-4, IL-6, IL-10, IL-15, IL-17A, IL-21, and TNF-α. Antigen-specific responses were quantified as the increase or decrease in cytokine levels in SARS-CoV-2 S1 and S2 pool peptide-stimulated samples compared with paired unstimulated negative controls. For the analysis, cytokines falling below the lowest detection limit were adjusted to 0.5, and absent values were removed.



Levels of interferon gamma (IFN-γ) production before and after SARS-CoV-2 S1 and S2 pool peptide stimulation were assessed using QuantiFERON SARS-CoV-2 ELISA assay (Qiagen, Hilden, Germany), as previously reported [69], according to the manufacturer’s protocol.




2.5. T and B Cell Subset Phenotyping


T and B cell subpopulations from freshly isolated PBMCs were determined by flow cytometry as described previously [25]. B cells were subdivided into the following subpopulations: naïve B cells (CD19+CD27−IgM+IgD+), marginal zone-like B cells (CD19+CD27+IgM++IgD+), switched memory B cells (CD19+CD27+IgM−IgD−), IgM-only memory B cells (CD19+CD27+IgM++IgD−), transitional B cells (CD19+IgD+CD27-IgM++CD38++), CD21low B cell (CD19+ IgM+,CD21-CD38-), plasmablasts (CD19+CD21+CD38+++IgM−), and atypical memory B cells (CD19+CD21−CD27−IgD−). T cells were subdivided as follows: naïve T helper cells (CD3+CD4+CD27+CD45RA+), central/transitory memory T helper cells (CD3+CD4+CD27+CD45RA−, effector memory T helper cells (CD3+CD4+CD27−CD45RA−), terminally differentiated T helper cells (CD3+CD4+CD27−CD45RA+), recent thymic emigrant T cells (CD3+CD4+CD31+CD45RO−), naïve T cytotoxic cells (CD3+CD8+CD27+CD45RA+), central/transitory memory T cytotoxic cells (CD3+CD8+CD27+CD45RA−), effector memory T cytotoxic cells (CD3+CD8+CD27−CD45RA−), terminally differentiated T cytotoxic cells (CD3+CD8+CD27−CD45RA+), T regulatory cells (CD3+CD4+CD25+FOXP3+CD127dim).




2.6. Statistical Analysis


The Shapiro–Wilk test was used to determine whether continuous variables were normally distributed. The results indicated that the data were not normally distributed; therefore, medians and interquartile ranges (IQRs) were used in data presentation, and nonparametric statistical methods were used in subsequent analysis. The differences in categorical variables were examined using the chi-square and Fisher exact tests. The Mann–Whitney U or Kruskal–Wallis test was used to compare continuous variables between two or more groups, respectively. The Wilcoxon signed-rank test was used to compare two dependent samples. Spearman’s rank test was used to assess the correlation between continuous variables. A binominal regression analysis was used to predict the occurrence of COVID-19. In binominal regression analysis, the dependent variable was whether COVID-19 was present during the follow-up period, while the independent variables were measured at the beginning of this period as follows: levels of anti-spike IgG, changes in cytokine levels (IFN-γ, TGF-β, IL-1β, IL-4, IL-6, IL-10, IL-15, IL-17A, IL-21, TNF-α) following whole-blood stimulation with SARS-CoV-2 S1 and S2 pool antigens, as well as levels of total IgG, IgA, and IgM, and different lymphocyte subpopulations as previously noted. Statistical significance was set at p value < 0.05. Statistical analysis was performed using IBM SPSS Statistics version 23 (IBM, New York, NY, USA). Graphs were generated using GraphPad Prism version 8 (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Study Population


Overall, 38 individuals were enrolled in the study: 31 patients with predominantly antibody deficiency (29.0% male, median age 40 years, IQR = 22) and seven control subjects (28.5% male, median age 50 years, IQR = 21). In the patient group, 16 and 15 patients were diagnosed with CVID and SIgAD, respectively. The clinical characteristics of the participants are presented in Table 1.




3.2. Prior Exposure to SARS-CoV-2 Antigen and COVID-19 during the Follow-Up Period in the Study Population


All patients and control group subjects had been previously exposed to the SARS-CoV-2 antigen at the time of blood sample collection via natural infection (4 patients, 0 controls), vaccination (12 patients, 3 controls), or both (15 patients, 4 controls). Of all vaccinated individuals (27 patients and 7 controls), the median time to completion of the vaccination regimen was 164 (IQR = 114) days: median 153 (IQR = 90) days in patients and 203 (IQR = 169) days in the healthy vaccine recipient group. The median duration between positive SARS-CoV-2 PCR test results and the date of evaluation for unvaccinated patients was 106 days (IQR = 144). Seven patients and two controls developed COVID-19 during the follow-up period, all of whom had mild disease according to the WHO classification (up to a score of 3) and were treated in an out-patient setting.




3.3. Changes in Cytokine Production Following SARS-CoV-2 Antigen Stimulation


To examine the changes in cytokine levels in response to SARS-CoV-2 antigen stimulation, we initially assessed the overall differences in cytokine production by comparing the baseline levels with those after stimulation in all study participants. Subsequently, we performed a similar analysis after excluding individuals who had not been vaccinated. Furthermore, we compared cytokine levels between the patient and control groups to determine whether significant differences existed in both baseline levels and changes in cytokine levels following antigen stimulation. Additionally, we examined the potential differences in cytokine levels and changes between patients diagnosed with common variable immunodeficiency (CVID) and selective IgA deficiency (SIgAD). All relevant statistical data are presented in Supplementary Table S1, which provides a detailed display of all pertinent statistical analyses.



Overall, we found a statistically significant increase in the levels of IFN-γ, IL-10, IL-15, IL-17A, IL-1β, and TNF-α, but not IL-21, IL-4, and IL-6, and a decrease in TGF-β1 following SARS-CoV-2 antigen stimulation (see Figure 1 and Supplementary Table S1a). After excluding patients who had not been vaccinated, changes were observed in the levels of the cytokines mentioned previously, except for changes in IL-15, which were not statistically significant (see Supplementary Table S1a). However, in the Mann–Whitney U test, we did not observe a significant difference between the patient and control groups regarding the increase in cytokine levels after SARS-CoV-2 antigen stimulation (see Supplementary Table S1b). In contrast, such differences were observed in the baseline cytokine levels; patients were characterized by significantly elevated baseline levels of IL-10 and IL-4 compared with the control group (see Supplementary Table S1b).



In addition, when categorizing patients based on diagnosis, we observed significant changes in IFN-γ, IL-10, IL-15, and IL-4 levels in the SIgAD subgroup, whereas only changes in the levels of IFN-γ and TGF-β1 were observed in the CVID subgroup (see Supplementary Table S1a). We also found a statistically significant difference in the increase in IL-4 synthesis following SARS-CoV-2 antigen stimulation between different diagnosis groups: IL-4 did not increase in the CVID group (median 0 ng/mL), but we found a median 1.2 ng/mL increase in the SIgAD group (see Supplementary Table S1b).




3.4. Predictors of COVID-19 during the Follow-Up Period in PAD Patients


To determine potential clinical parameters that may be associated with the occurrence of COVID-19 during the follow-up period, we conducted a binomial logistic regression analysis and employed the Mann–Whitney U test. All the relevant statistical data are presented in Supplementary Table S2.



Binomial logistic regression analysis indicated that variables such as anti-spike IgG levels, cytokine levels following SARS-CoV-2 antigen stimulation, total IgG, IgM, and IgA levels, and lymphocyte subpopulations cannot be used to predict the likelihood of contracting COVID-19 (see Supplementary Table S2a). However, the Mann–Whitney U test demonstrated significant differences in cytotoxic T and NK cell subpopulations between patients who contracted COVID-19 during the follow-up period and those who did not (see Figure 2 and Supplementary Table S2b). However, the effect size of this test was moderate. After excluding patients who had not been vaccinated, significant differences in cytotoxic T cells, but not NK cells, were observed (see Supplementary Table S2b).



When categorizing patients based on their diagnosis, a consistent observation of differences in cytotoxic T cells, but not NK cells, was found in the CVID group, while in the SIgAD group, we did not find a statistically significant difference in lymphocyte subpopulations between the patients who contracted COVID-19 and those who did not.



We did not find a statistically significant relationship between the occurrence of COVID-19 during the follow-up period and anti-spike IgG or cytokine levels after the SARS-CoV-2 antigen stimulation (see Supplementary Table S2b).




3.5. Associations between the Cytokine Levels and Previous SARS-CoV-2 Vaccination


To ascertain potential differences in cytokine levels between vaccinated and unvaccinated patients and controls, the Kruskal–Wallis test was conducted. Furthermore, we assessed whether the cytokine response was correlated with the type of vaccination received within the patient group. All the relevant statistical data are presented in Supplementary Tables S3 and S6.



The Kruskal–Wallis test indicated a significant difference in the median increase in IFN-γ levels in the vaccinated, unvaccinated, and control groups (see Figure 3a and Supplementary Table S3a). When categorizing patients based on their diagnosis, a consistent observation of a difference between vaccinated and unvaccinated individuals was found in the CVID group, but not in the SIgAD group (see Supplementary Table S3b). No other significant differences were found in the increase in cytokine levels after SARS-CoV-2 antigen stimulation between the vaccinated and unvaccinated patients or vaccinated controls.



Furthermore, there was no significant correlation between the type of vaccine administered and changes in cytokine levels (see Supplementary Table S3c).



Regarding the cytokine response correlation with time after the last vaccine dose, the only cytokine whose level changed after antigen stimulation correlated with time after vaccination was TGF-β1 (in the patient group) (Figure 3b and Supplementary Table S6c).




3.6. Associations between the Cytokine Levels and SARS-CoV-2 Humoral Response


We also assessed whether the cytokine response to SARS-CoV-2 antigen stimulation was related to the anti-spike IgG antibody levels. All the relevant statistical data are presented in Supplementary Tables S4 and S6.



No significant correlation was observed between the levels of anti-spike IgG and the increase in cytokine levels following SARS-CoV-2 antigen stimulation in patients with PAD (see Supplementary Table S6c). However, when categorizing patients based on low, moderate, or high anti-spike antibody response, patients with low antibody response exhibited a higher median decrease in TGF-β1 levels after stimulation with SARS-CoV-2 antigen and compared to patients with a moderate or high humoral response or control group individuals (see Figure 4 and Supplementary Table S4a).




3.7. Associations between the Cytokine Levels and Patient’s Demographic and Clinical Characteristics


We also assessed whether there were any correlations between age and cytokine responses to SARS-CoV-2 antigen stimulation as well as any differences in cytokine responses in relation to various clinical manifestations. All relevant statistical data are presented in Supplementary Tables S5 and S6.



In the patient group, age was significantly correlated with changes in the levels of TGF-β1 and IL-1β following SARS-CoV-2 antigen stimulation (see Supplementary Table S6a).



Distinct variations were observed in the cytokine profiles when comparing various complications and comorbidities. The Kruskal–Wallis test indicated that there was a significant difference in the median increase in the level of IL-4 and the frequency of detected autoantibodies in personal medical history, while in the control group or patients without autoantibodies, no increase was observed; in patients who had detected autoantibodies in their personal medical history, we found a median 1.26 ng/mL increase in the levels of IL-4 following SARS-CoV-2 antigen stimulation (see Figure 5a and Supplementary Table S5a). Additionally, baseline IL-4 and TNF-α levels were higher in patients with autoantibodies. We found no association between increased cytokine levels, including IL-4, after SARS-CoV-2 antigen stimulation and clinically detectable autoimmune diseases (see Supplementary Table S5a). However, when categorizing patients according to diagnosis, in the CVID group, TGF-β1 levels were related to the presence of autoimmune disease (see Supplementary Table S5c). An increase in the level of IL-4 following SARS-CoV-2 antigen stimulation, but not the baseline IL-4 level, was also correlated with the levels of total IgG and total IgM (see Figure 6 and Supplementary Table S6c).



Changes in IL-10 levels after SARS-CoV-2 antigen stimulation were found to be significantly associated with lymphadenopathy, splenomegaly, and hepatomegaly. IL-10 levels decreased after SARS-CoV-2 antigen stimulation in patients with lymphadenopathy, whereas an increase was observed in those without the condition and in the control group. A similar trend was observed for splenomegaly and hepatomegaly, as well as for changes in IL-15 levels and splenomegaly (see Figure 5b–d and Supplementary Table S5a). When categorizing patients based on their diagnosis, a consistent observation of changes in IL-10 levels was found in the CVID group, but not in the SIgAD group, since only one patient with each of these conditions was present in the SIgAD subgroup (see Supplementary Table S5c,d).



In the CVID patient subgroup, we also assessed the association with the EUROclass classification groups and found a statistically significant difference between the increase in levels of TNF-α after SARS-CoV-2 stimulation; patients with low switched memory B cell percentages (EUROclass group B+SmB-) had a higher increase in TNF-α levels compared to patients with normal switched memory B cell percentages or the control group subjects (see Figure 5e and Supplementary Table S5b). There was only one patient with B- and one patient with CD21low high phenotype and two with transitional cell high phenotype; therefore, the median values for these patients have not been reported.



In the CVID patient subgroup, we assessed a correlation with the CVID severity score, and only spike-induced IL-21 response correlated with the severity of CVID (rs = 0.809, p = 0.009, n = 9).




3.8. Correlation between the Cytokine Levels and Lymphocyte Subsets


Correlations between changes in cytokine levels following SARS-CoV-2 antigen stimulation and immunological parameters are shown in Figure 6 and Supplementary Table S6.



Overall, we found a significant correlation between the increase in the levels of Th17 cytokines (IL-17A and IL-21) after SARS-CoV-2 antigen stimulation, as well as TGF-β with the pro-inflammatory cytokines IL-1β and TNF-α (see Supplementary Table S6b). We also observed a correlation between the baseline levels of pro-inflammatory cytokines: IL-1β correlated with the levels of IL-6 and TNF-α, and IL-6 with TNF-α and IL-10 correlated with IL-4 and IL-15 (see Supplementary Table S6a).



Regarding correlations with lymphocyte subsets, several B cell subsets were correlated with changes in cytokine levels after SARS-CoV-2 antigen stimulation: marginal zone-like B cells and IgM-only memory B cells correlated with changes in IFN-γ and IL-10 levels, while IFN-γ was also correlated with CD21low B cells. Changes in IL-4 levels also correlated with IgM-only memory B cells, CD21low B cells, and T helper cells. Changes in IL-1β levels were related to total and atypical B cells, whereas changes in IL-6 levels were related to naïve B cells. Natural killer T cells correlated with changes in IL-10, IL-17A, and IL-21 levels. Changes in IL-17A levels also correlated with total T cells and terminally differentiated T cells. Natural killer cells were correlated with changes in IL-17A and TNF-α levels (see Figure 6 and Supplementary Table S6c).





4. Discussion


In this study, we present the spike-specific cytokine response observed after whole-blood stimulation with the SARS-CoV-2 antigen in naturally infected unvaccinated and vaccinated PAD patients and explore the cytokine profile and other immunological parameters as markers for predicting the contraction of COVID-19 infection during the up to 10-month follow-up period.



Overall, we were not able to predict the occurrence of COVID-19 based on the anti-spike humoral response, baseline cytokine levels, changes in cytokine levels following whole-blood SARS-CoV-2 antigen stimulation, or other immunological parameters in patients with PAD. However, patients with higher percentages of cytotoxic T and NK cells showed a lower incidence of COVID-19 during the follow-up period. This finding is consistent with the current understanding that these specific cell types play a crucial role in the antiviral immune response, including that against SARS-CoV-2 [70]. Functional exhaustion of cytotoxic lymphocytes (such as CD8+ cytotoxic T cells and NK cells) has been associated with poor COVID-19 prognosis [33,44], whereas substantial CD8+ T cell responses have been associated with mild COVID-19 disease [71]. Cytokine levels after SARS-CoV-2 antigen stimulation did not prove to be predictive of COVID-19. To the best of our knowledge, there have been no prior studies examining the potential of cytokine levels as predictive markers of occurrence of COVID-19 in patients with PAD; however, previous research conducted on healthy individuals during an 8-month follow-up period following CoronaVac vaccination found that those who exhibited lower levels of IFN-γ in the IFN-γ release assay were at a higher risk of contracting COVID-19 [72]. Similarly, we were unable to predict the likelihood of being infected with SARS-CoV-2 through anti-spike antibody levels, which is consistent with the findings of the COV-AD study [72].



Cytokines that have previously exhibited alterations in their levels following vaccination in immunocompetent individuals include IFN-γ, IL-10, IL-15, IL-17A, IL-1 β, TNF-α, IP-10/CXCL10, IL-6, IFN-α2, IL-12p70, IL-18, IL-23, and IL-33 [73,74,75,76,77,78]. Interestingly, in addition to several of the mentioned cytokines, we also observed a decrease in the level of TGF-β1 following whole-blood stimulation with the SARS-CoV-2 antigen, and this decrease was more prominent in patients who showed a low anti-spike IgG response as well as in CVID patients with an autoimmune disease. The main source of TGF-β1 is epithelial cells, but it can be produced by most immune cells in response to infection, and it mainly acts as a regulator of multiple types of immune cells, including T regulatory (Treg) cells, NK cells, and macrophages [79]. The TGF-β1 role in antibody synthesis is mainly induced by the induction of T regulatory cells to suppress B cells [80,81] and the induction of an isotype switch to mainly IgA1 and IgA2 class antibodies [82]. In a study on the dynamics of adaptive immune response in severe COVID-19 examining the plasmablast transcriptome changes over the course of eight weeks, plasmablasts showed a continuous immune reaction; during the first week, plasmablasts showed an immune response directed against SARS-CoV-2, characterized by the synthesis of IgG antibodies against the spike and nucleocapsid proteins, but later response switched to IgA-expressing plasmablasts, which were are not specific to SARS-CoV-2 proteins and reflected continued instruction of the B lymphocytes by TGF-β1 [82]. In addition, in the upper airways of immunocompetent patients, TGF-β1 transcript level expression was lower in SARS-CoV-2-infected patients than in controls, and in asymptomatic individuals, TGF-β1 correlated negatively with IFN-γ, suggesting its role in the regulation of early antiviral inflammatory response [83]. In our cohort, changes in the levels of TGF-β1 were significantly correlated with the levels of IL-1β and TNF-α. Indeed, TGF-β1 can activate nuclear factor-kappa-light-chain-enhancer of activated B cells (NF-kB), which can further upregulate various cytokines, including IFN-γ, TNF-α, and IL-1 β [84,85]. Further research is warranted to determine the function of TGF-β1 in the adaptive immune reactions related to COVID-19 in patients with PAD.



This report confirms a higher IFN-γ response to SARS-CoV-2 antigen stimulation in vaccinated PAD patients than in unvaccinated patients who were exposed to the SARS-CoV-2 virus via natural COVID-19, similar to that previously reported in individuals in the general population [74,86], although conflicting evidence exists [87]. In our cohort, we found no difference in the changes in other cytokine levels after SARS-CoV-2 antigen stimulation when comparing vaccinated and unvaccinated patients, although previously in a study with healthy individuals, TNF-α levels in response to stimulation with peptide pools corresponding to the SARS-CoV-2 spike, nucleocapsid, or membrane protein were significantly higher in individuals who had completed a vaccination regimen than in unvaccinated individuals [74]. These differences could be because we only examined cytokine responses to S1 and S2 pools in this study.



We also examined whether the spike-specific cytokine response was associated with any specific non-infectious complications. In this study, we found an association between the magnitude of the increase in IL-4 and the presence of autoantibodies in patients’ serum, as well as an increase in IL-4 correlated with total IgG and IgM levels, but not with anti-spike IgG. This finding is in line with a study of COVID-19 patients where excessive plasmablast expansion was correlated with autoantibody production, and these plasmablasts developed according to IL-4− and BAFF-driven developmental trajectories. Although they were not enriched in autoreactive B cells, two distinct memory populations (CD80+/ISG15+ and CD11c+/SOX5+/T-bet+/−) with signs of autoreactivity were identified, which were considered to be the source of COVID-19 autoantibodies [88]. Indeed, the evidence of the development of autoimmune conditions following COVID-19 has accumulated during the past few years [44,89,90,91,92,93,94,95]. In addition, we found a correlation between IL-21 and CVID severity score in patients with CVID. Within secondary lymphoid organs, T follicular helper (Tfh) cells are primarily engaged in ensuring B cell survival, proliferation, and differentiation by producing significant quantities of IL-21 and IL-4 [96], and the majority of inborn errors of immunity patients exhibit spike-specific circulating Tfh cells [28]. Regarding CVID and SIgAD patients, association studies suggest that defective IL-4 and IL-21 signaling has been linked to an increased prevalence of non-infectious complications, including autoimmunity [4,97,98,99,100].



IL-10 was identified as another cytokine whose increase was associated with a specific patient phenotype. IL-10 is an anti-inflammatory cytokine that is capable of inhibiting the synthesis of pro-inflammatory cytokines and is produced mainly by T cells, especially Treg and Tfh cells, as well as monocytes and B regulatory cells [7]. In our study, the extent of the spike-specific IL-10 response was significantly lower in patients with benign polyclonal lymphoproliferation, manifested as hepatomegaly, splenomegaly, and lymphadenopathy. In the EUROclass trial, splenomegaly was associated with dysregulation of B cell homeostasis, including reduced switched-low memory B cells, which could indicate dysregulated germinal center development [67]. We also observed that the level of the pro-inflammatory cytokine TNF-α was significantly higher in patients with low switched memory B cell counts (EUROclass B+SmB−). Although the cytokine response to SARS-CoV-2 antigen has not been examined previously in the context of non-infectious complications of PAD, the response of circulating Tfh isolated from CVID patients to submitogenic PHA+IL-2 stimulation, as indicated by the intracellular expression of Tfh cytokines (IL-4, IL-10, IL-21), with non-infectious complications (autoimmunity and/or granulomatous disease) was lower than that in patients without these complications. In contrast, the IL-4 response was higher in patients with autoimmunity and/or granulomatous disease [101]. Studies of IL-10 levels without antigen stimulation suggest that low IL-10 production in patients with CVID-like disorders with homozygous deletion of the inducible T cell co-stimulator (ICOS), a key receptor of Tfh help to germinal center B cells, may contribute to the disturbed germinal center reaction in secondary lymphoid organs, and patients with this genetic defect can be associated with splenomegaly [102]. In addition, CVID patients have been shown to have a decreased frequency of naïve regulatory T cells, one of the major sources of IL-10, in CVID patients with splenomegaly [103].



Several major limitations should be considered. First, the sample size was limited due to the rarity of these conditions, which reduced the statistical power and limited the ability to detect significant associations; therefore, the utility of predicting factors should be studied in larger cohorts. Second, the timeframe within the measurements after completion of the immunization schedule was broad in this cohort. Third, whole-blood stimulation has limitations that should be considered: T cell responses are complex, and natural or vaccine-induced T cell stimulation can activate different cell subpopulations and molecular pathways, resulting in distinct functional cytokine expression profiles and clinical outcomes. In addition, we examined only the spike-induced cytokine response, and other SARS-CoV-2 proteins, such as the nucleocapsid or membrane proteins, were not included. The cytokine IL-2 was not included in the analysis due to technical reasons. Therefore, it is possible that predicting vaccine-induced or natural protection may be more accurate if we consider the activation of T cells that express different cytokines or activation markers in addition to those currently being examined. In addition, there is a limitation in comparing our results with those of other studies, because the methods of investigation vary significantly between studies.




5. Conclusions


No significant association was observed between spike-specific cytokine response, anti-spike IgG levels, or other relevant factors and the likelihood of contracting COVID-19. Similar to the healthy control groups, the most distinct difference between vaccinated and naturally infected unvaccinated patients with PAD was the higher increase in IFN-γ levels in the vaccinated patients.
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Figure 1. Wilcoxon test results for changes in cytokine levels following whole-blood SARS-CoV-2 antigen stimulation in patients and controls. (a) Levels of IFN-γ before and after SARS-CoV-2 antigen stimulation; n = 38. (b) Levels of IL-10 before and after SARS-CoV-2 antigen stimulation; n = 38. (c) Levels of IL-15 before and after SARS-CoV-2 antigen stimulation; n = 34. (d) Levels of IL-β before and after SARS-CoV-2 antigen stimulation; n = 20. (e) Levels of TNF-α before and after SARS-CoV-2 antigen stimulation; n = 36. (f) Levels of TGF-β1 before and after SARS-CoV-2 antigen stimulation; n = 38. 
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Figure 2. Associations of cytotoxic T cell and NK cell percentages with occurrence of COVID-19 in follow-up. (a) Mann–Whitney U test results for associations between cytotoxic T (CD8+) cells and occurrence of COVID-19 in follow-up in patients who did (n = 7) or did not (n = 24) have COVID-19 during the follow-up period. (b) Mann–Whitney U test results for associations between NK (CD3−CD56+) cells and occurrence of COVID-19 in follow-up in patients who did (n = 7) or did not (n = 24) have COVID-19 during the follow-up period. 
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Figure 3. Associations between the cytokine levels and previous SARS-CoV-2 vaccination. (a) Mann–Whitney U test results for associations between the IFN-γ level changes after SARS-CoV-2 antigen stimulation in vaccinated patient group (n = 28), unvaccinated patient group (n = 4), and control group (n = 7). (b) Spearman’s correlation between the increase in levels of TGF-β1 after whole-blood stimulation with SARS-CoV-2 spike protein S1 and S2 pool peptides in vaccinated patients (n = 27) and control group individuals (n = 7). ns—non-significant. 
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Figure 4. Kruskal–Wallis test results for associations between the levels of TGF-β1 after SARS-CoV-2 antigen stimulation and SARS-CoV-2 humoral response. Median decrease in levels of TGF-β1 after SARS-CoV-2 antigen stimulation in patients with low (n = 3), moderate, or high anti-spike IgG response (n = 28) and controls (n = 7). ns—non-significant. 
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Figure 5. Associations between the IL-4, IL-10, TNF-α, and IL-21 levels and patient’s clinical characteristics. (a) Mann–Whitney U test results for associations between IL-4 level changes after SARS-CoV-2 antigen stimulation in patients with detected autoantibodies (n = 8), patients without the condition (n = 8), and control group (n = 2). (b) Mann–Whitney U test results for associations between IL-10 level changes following SARS-CoV-2 antigen stimulation in patients with hepatomegaly (n = 4), patients without the condition (n = 27), and control group (n = 7). (c) Mann–Whitney U test results for associations between IL-10 level changes following SARS-CoV-2 antigen stimulation in patients with splenomegaly (n = 5), patients without the condition (n = 26), and control group (n = 7). (d) Mann–Whitney U test results for associations between the changes in IL-10 level following SARS-CoV-2 antigen stimulation in patients with lymphadenopathy (n = 7), patients without the condition (n = 24), and control group (n = 7). (e) Mann–Whitney U test results for associations between the changes in TNF-α following SARS-CoV-2 antigen stimulation in patients with B+SmB- (n = 4), B+SmB+ phenotype (n = 9), and control group individuals (n = 7). (f) Spearman’s correlation between the CVID patients’ severity score and increase in levels of IL-21 after whole-blood stimulation with SARS-CoV-2 antigen in CVID patients (n = 9). ns—non-significant. 
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Figure 6. Correlation matrix of the changes in levels of cytokines following SARS-CoV-2 antigen stimulation and immunological parameters. Spearman r values are shown from red (−1.0) to blue (1.0). The absence of an r value in certain blank cells signifies that the corresponding Spearman’s correlation coefficient (r) value is 0. 
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Table 1. Demographic and clinical parameters of the predominantly antibody deficiency patients.
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	Diagnosis
	Sex
	Age
	Vaccination to SARS-CoV-2
	Days after Vaccination
	COVID-19 in Personal Medical History Prior to Blood Collection
	COVID-19 during Follow-Up Period
	Clinical Manifestations and Non-Infectious Complications
	Infection-Related Complications





	CVID
	Female
	30
	Pfizer BioNTechBNT162b2
	153
	Yes, 118 days after COVID-19, WHO score * 2
	No
	Recurrent pneumonia, otitis media, tonsillitis
	Bronchiectasis



	CVID
	Female
	50
	Spikevax mRNA-1273
	139
	No
	No
	Recurrent pneumonia, otitis media, skin infections; viral warts; allergic rhinitis; lymphadenopathy, splenomegaly
	Bronchiectasis



	CVID
	Female
	27
	Spikevax mRNA-1273
	126
	Yes, 55 days after COVID-19, WHO score 2
	No
	Recurrent pneumonia, sinusitis, osteomyelitis; allergic rhinitis; celiac disease; Hashimoto thyroiditis; type I diabetes mellitus
	No



	CVID
	Female
	28
	Pfizer BioNTechBNT162b2
	151
	No
	No
	Recurrent pneumonia, sinusitis, tonsillitis, skin infections; atopic dermatitis; psoriasis; lymphadenopathy, hepatosplenomegaly
	No



	CVID
	Female
	35
	Jcovden Ad26.CoV2
	146
	Yes, 387 days after COVID-19, WHO score 2
	No
	Recurrent pneumonia, sinusitis, urinary tract infections; viral warts; atopic dermatitis; Hashimoto thyroiditis; lymphadenopathy
	Bronchiectasis, hearing impairment due to recurrent otitis media



	CVID
	Male
	40
	Pfizer BioNTechBNT162b2
	128
	No
	No
	Recurrent pneumonia, sinusitis, meningitis; atopic dermatitis; splenomegaly
	No



	CVID
	Male
	37
	Spikevax mRNA-1273
	345
	Yes, 100 days after COVID-19, WHO score 2
	No
	Recurrent pneumonia, otitis media, sinusitis
	Bronchiectasis



	CVID
	Male
	28
	Pfizer BioNTechBNT162b2
	173
	No
	Yes
	Recurrent pneumonia, otitis media, sinusitis, skin infections; severe EBV infection in anamnesis; lymphadenopathy
	No



	CVID
	Female
	58
	Spikevax mRNA-1273
	123
	Yes, 41 days after COVID-19, WHO score 2
	No
	Recurrent pneumonia, otitis media; asthma; primary biliary cholangitis; lymphadenopathy, hepatosplenomegaly; non-infectious diarrhea
	Hearing impairment due to recurrent otitis media



	CVID
	Female
	61
	Pfizer BioNTechBNT162b2
	171
	Yes, 453 days after COVID-19, WHO score 6
	No
	Recurrent pneumonia, otitis media, tonsilitis; asthma; lymphadenopathy, hepatosplenomegaly
	Bronchiectasis



	CVID
	Female
	55
	Pfizer BioNTechBNT162b2
	167
	No
	Yes
	Recurrent pneumonia, sinusitis, tonsillitis; allergic rhinitis; non-infectious diarrhea; meningioma
	No



	CVID
	Male
	37
	Pfizer BioNTechBNT162b2
	321
	Yes, 86 days after COVID-19, WHO score 5
	No
	Recurrent pneumonia; non-infectious diarrhea
	Bronchiectasis



	CVID
	Female
	63
	Spikevax mRNA-1273
	189
	No
	No
	Recurrent pneumonia, otitis media, sinusitis, tonsillitis, skin infections, meningitis
	Bronchiectasis, hearing impairment due to recurrent otitis media



	CVID
	Male
	69
	Pfizer BioNTechBNT162b2
	216
	Yes, 98 days after COVID-19, WHO score 5
	Yes
	Recurrent pneumonia, tonsillitis; asthma; chronic lymphocytic leukemia of B cell type
	Bronchiectasis



	CVID
	Female
	48
	No vaccination
	N/A
	Yes, 73 days after COVID-19, WHO score 4
	No
	Recurrent pneumonia; enteropathy
	No



	CVID
	Male
	45
	No vaccination
	N/A
	Yes, 358 days after COVID-19, WHO score 1
	No
	Recurrent pneumonia, otitis media, sinusitis, osteomyelitis, recurrent Herpes Zoster; vitiligo
	Bronchiectasis



	SIgAD
	Female
	37
	Spikevax mRNA-1273
	325
	Yes, 95 days after COVID-19, WHO score 2
	No
	Angioedema; Hashimoto thyroiditis
	No



	SIgAD
	Female
	19
	Pfizer BioNTechBNT162b2
	277
	No
	No
	Recurrent pneumonia, otitis media, urinary tract infections, tonsillitis, sepsis in anamnesis; allergic rhinitis; type 1 diabetes
	No



	SIgAD
	Female
	53
	Pfizer BioNTechBNT162b2
	94
	Yes, 526 days after COVID-19, WHO score 4
	No
	Recurrent skin infections; rheumatoid arthritis, drug-induced osteoporosis with pathological fractures
	No



	SIgAD
	Female
	30
	Pfizer BioNTechBNT162b2
	47
	No
	No
	Recurrent sinusitis, tonsillitis; atopic dermatitis asthma; lymphadenopathy, splenomegaly; non-infectious diarrhea
	No



	SIgAD
	Female
	51
	No vaccination
	N/A
	Yes, 105 days after COVID-19, WHO score 2
	No
	Lichen ruber planus in oral cavity mucosa
	No



	SIgAD
	Male
	21
	Pfizer BioNTechBNT162b2
	195
	No
	No
	Atopic dermatitis; psoriasis; non-infectious diarrhea
	No



	SIgAD
	Female
	52
	Pfizer BioNTechBNT162b2
	135
	No
	No
	Recurrent tonsillitis; allergic rhinitis; idiopathic urticaria
	No



	SIgAD
	Female
	68
	Spikevax mRNA-1273
	73
	No
	Yes
	Recurrent urinary tract infections; rheumatoid arthritis; gastric cancer in anamnesis
	No



	SIgAD
	Female
	25
	Pfizer BioNTechBNT162b2
	291
	Yes, 345 days after COVID-19, WHO score 2
	No
	Recurrent urinary tract infections, tonsillitis; viral warts; atopic dermatitis; non-infectious diarrhea
	No



	SIgAD
	Male
	44
	Spikevax mRNA-1273
	304
	Yes, 77 days after COVID-19, WHO score 2
	No
	Recurrent skin infections; atopic dermatitis, eosinophilic esophagitis; celiac disease, Hashimoto thyroiditis
	No



	SIgAD
	Female
	42
	Pfizer BioNTechBNT162b2
	126
	Yes, 59 days after COVID-19, WHO score 2
	No
	Recurrent tonsillitis
	No



	SIgAD
	Female
	34
	Spikevax mRNA-1273
	148
	Yes, 35 days after COVID-19, WHO score 2
	No
	Recurrent tonsillitis, meningitis in anamnesis, recurrent Herpes Zoster; allergic rhinitis
	No



	SIgAD
	Female
	36
	No vaccination
	N/A
	Yes, 108 days after COVID-19, WHO score 2
	Yes
	Recurrent otitis media, sinusitis
	No



	SIgAD
	Female
	41
	Pfizer BioNTechBNT162b2
	25
	Yes, 244 days after COVID-19, WHO score 2
	Yes
	Recurrent tonsillitis; hepatomegaly
	No



	SIgAD
	Male
	32
	Pfizer BioNTechBNT162b2
	204
	No
	Yes
	Recurrent sinusitis, tonsillitis; atopic dermatitis
	No



	Control
	Female
	52
	Pfizer BioNTechBNT162b2
	487
	No
	No
	N/A
	N/A



	Control
	Male
	37
	Pfizer BioNTechBNT162b2
	316
	Yes, 140 days after COVID-19, WHO score 2
	No
	N/A
	N/A



	Control
	Male
	50
	Spikevax mRNA-1273
	147
	Yes, 140 days after COVID-19, WHO score 2
	No
	N/A
	N/A



	Control
	Female
	50
	Pfizer BioNTechBNT162b2
	96
	No
	No
	N/A
	N/A



	Control
	Female
	31
	Spikevax mRNA-1273
	162
	Yes, 774 days after COVID-19, WHO score 2
	No
	N/A
	N/A



	Control
	Female
	30
	Pfizer BioNTechBNT162b2
	203
	No
	Yes
	N/A
	N/A



	Control
	Female
	60
	Pfizer BioNTechBNT162b2
	229
	Yes, 113 days after COVID-19, WHO score 2
	Yes
	N/A
	N/A







Abbreviations: CVID—common variable immunodeficiency; SIgAD—selective IgA deficiency; SARS-CoV-2—severe acute respiratory syndrome coronavirus 2; COVID-19—coronavirus disease 2019; WHO—World Health Organization. * Ambulatory mild disease: score 1—asymptomatic, viral ribonucleic acid (RNA) detected; score 2—symptomatic, independent; score 3—symptomatic, assistance needed; Hospitalized: moderate disease: score 4—hospitalized, no oxygen therapy required; score 5—hospitalized, oxygen by mask or nasal prongs; Hospitalized: severe disease: score 6—hospitalized with non-invasive ventilation or high flow oxygen; score 7—intubation and mechanic ventilation partial pressure of oxygen/fraction of inspired oxygen ratio (pO2/FiO2) ≥ 150 or oxygen saturation/fraction of inspired oxygen ratio (SpO2/FiO2) ≥ 200; score 8—mechanic ventilation pO2/FiO2 < 150 or SpO2/ FiO2 < 200 or vasopressors; score 9—mechanic ventilation pO2/FiO2 < 150 or SpO2/FiO2 < 200 and vasopressors, dialysis, or extracorporeal membrane oxygenation (ECMO); Dead: score 10—dead.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
2000- IP<O-O1I ®\/accinated patients

1500+ ®V/accinated patients ® Unvaccinated patients
® Unvaccinated patients Control group
Control group -1 1500-
£ E
2 o : 1000-
- .
3 LL
LL O
500- = -
E 500
0 0
o
i 4

(e) (f)





nav.xhtml


  viruses-15-01146


  
    		
      viruses-15-01146
    


  




  





media/file16.png
Increase of IL-1j3
Increase of IL-6
Increase of IL-15

NK cells

T cells

T helper cells

Naive T helper cells
Central/lefector memory T helper cells
Increase of IL-4
Increase of IL-21

T regulatory cells
Increase of TGF-3
Increase of IL-10
Increase of IL-17A
Increase of TNF .
Increase of INF-y

T cytotoxic cells

Naive T cytotoxic cells
Central/efector memory T cytotoxic cells
NK T cells

B cells

BAFF (% of CD19+ cells)
CD27- memory B cells

Naive B cells

Marginal zone-like B cells
Switched memory B cells
IgM only memory B cells
Plasmablasts
Transitional B cells
CD21low B cells

Atypical memory B cells
IgG

igM

IgA

Anti-spike I1gG

Days after vaccination
Days after SARS-CoV-2 infection
SARS-CoV-2 during follow-up

Increase of IL-1p

-0.34

Increase of IL-15

NK cells

T cells

Naive T helper cells

T helper cells

Increase of IL-4
Increase of IL-21
T regulatory cells

Increase of TGF-3

Increase of IL-17A

Increase of TNF -,

Increase of INF-,

T cytotoxic cells

Central/efector memory T cytotoxic cells

NK T cells
BAFF (% of CD19+ cells)

Naive T cytotoxic cells

CD27- memory B cells

Naive B cells

Marginal zone-like B cells

Switched memory B cells

Plasmablasts

Transitional B cells
CD21low B cells

Atypical memory B cells

IgG
igM

IgA

Anti-spike 1gG

Days after SARS-CoV-2 infection
SARS-CoV-2 during follow-up

Days after vaccination

§ Increase of IL-6

-0.25

°
(=)
e

e
w
o

e}
=
o
©
N
o

2 Central/efector memory T helper cells
(3]

o©
)
N
o
)
(]
[<)
o
R

°
IS
[{o]

§ Increase of IL-10

o

=4
=
=

o
w
N

©
w
IS

o
)
(3]
T
o
[=)
=
o
[=)
Q

0.04

0.25

-0.25

0.16

0.25

0.08

o
-
N
o
-
o

0.07

o
o
~
o°
o
G

0.29

0.13

0.02

0.24

0.30

-0.19

-0.19

-
w
@
&
o
&
7
o
w
@

0.30

0.08

-0.07

0.16

0.20

-0.07

0.18(0.27

0.35|0.360.05

-0.12

0.24

0.32

0.08

-0.13

-0.07

0.15]-0.11 0.19

-0.15

S
= §1gM only memory B cells

S
(@)
N

S
N
00

o
o
U1

o
w
=

-0.08|-0.09

0.11

S
N
N

o
w
©

0.21

o
-
w

-0.03

0.35

e
w
=]

0.34(0.46

0.24

=4
=
]

0.42

0.28

0.07

0.29

-0.08

0.15

0.32

0.35(0.33

-0.18

-0.24

-0.13|0.19

S
o
(%]

o

0.20

0.16

0.14

0.18

0.23

0.44

0.23(0.10

0.21

-0.04|0.14(-0.18

-0.12

0.32

0.11

0.31

0.10

-0.02

0.21]0.13|0.1210.45(0.37

0.17

0.31

-0.01

0.17

0.06

0.13(0.08

-0.06

-0.18

0.24(-0.32

0.44(0.12

0.25

0.18

0.27

0.10

0.12

0.15

0.07

0.21

0.45

0.81 [ek<is

0.07

0.35

-0.04

0.06

0.48(0.48

0.45

0.37

0.27

0.06(0.15(-0.13

0.10

0.06

-0.09

-0.17

-0.10

e

0.33

0.03

-0.10

0.05

0.28

-0.03

-0.15

-0.34

-0.24

0.05(-0.15

-0.09

-0.06

0.15(-0.22

-0.20

0.481-0.06|-0.10

0.08

0.32

-0.22

-0.20

0.01

-0.30

0.17]0.18|0.120.14(0.26

0.03

0.02

0.39

[os2]oas

-0.21

-0.20

0.07

0.50(0.41

0.48|0.05|0.14

0.25

0.23

-0.23

0.03

-0.05

-0.41

0.31|-0.10}-0.09|-0.02(0.08

0.11

0.04

0.34

0.41

0.44

-0.13

-0.02

0.17

0.07 [(eHzE]

0.27|0.28(-0.28

-0.04

0.25

-0.10

-0.31

0.09

-0.25

0.02]0.43|0.040.26(0.23

0.11

0.07

0.28

0.47

0.30

-0.14

-0.25

0.08

0.34

Vi)-0.23|0.15

-0.01

0.34

-0.12

0.09

-0.05

-0.33

0.10]0.14]0.27 |-0.19(0.42

-0.41

0.06

0.29

0.11

B

0.05

0.42

-0.09

0.29

0.36

0.14

0.15

-0.06|0.05

0.28

-0.23 Mool 0.31

0.05

0.05

-0.18

-0.13

-0.10|0.14

-0.28

0.15|0.31 [gMele

0.13

-0.12

-0.12

0.10

0.08(0.25

-0.04

-0.01]0.27 (-0.04

0.27

-0.07

0.85

0.24

-0.18

-0.08

0.18]0.17 0.01

loaos

Beos

0.04

0.03

-0.01

0.03

0.08

0.47

0.47(0.02|0.21

-0.42

0.04(-0.10

-0.0§

-0.34

0.08

0.04(0.19

-0.08

-0.25

0.22

-0.10|-0.35

-0.0§

0.27

-0.34|0.21

0.38

0.02

0.24

0.32

0.06

0.32(0.23

0.25

0.34|-0.07

-0.04

-0.12

0.14

-0.05

-0.04

0.01]-0.31|0.01|-0.09(-0.44

0.06

-0.17

-0.23

0.12

0.27

0.09

0.14

0.06(0.34|0.21

-0.14

-0.23|0.17

3 =

-0.15

0.23

0.32

0.11

-0.09

-0.22(-0.23

-0.10

-0.12[0k:50-0.12

0.31

0.11

-0.21

0.31

0.35

0.15

0.02

0.05|-0.01}-0.07|-0.11{-0.12

0.07

-0.29

0.12

0.09

0.09

-0.28

-0.14

-0.01|-0.08(-0.02

0.39(0.25

-0.13

0.30

0.08

0.31

-0.17

-0.20|0.03

-0.31

0.09|0.24|0.14

0.35

-0.05

-0.21

0.12

-0.05

-0.16

-0.05

0.03]0.2110.37|0.05(0.22

-0.23

0.03

0.31

0.19

0.42

-0.05

-0.09

0.27

-0.21|0.2710.29

0.03

0.06(-0.21

-0.19

-0.13

0.10

-0.10

0.01(-0.05

0.09

-0.05]-0.18{-0.05

0.15

-0.16

-0.18

0.12

0.13

-0.18

-0.12

-0.13]-0.08-0.42(0.06 [-0.01

0.36

-0.12

0.11

-0.12

-0.11

-0.03

-0.12

0.05

0.26-0.25]-0.17

0.07

-0.01

0.10)0.05

-0.08

-0.19

-0.07

-0.02

-

-0.41

-0.25

-0.33|-0.08(-0.04

0.02

-0.05

-0.12

-0.07

0.13

-0.15

-0.07

0.26 |-0.15|-0.26/-0.02(0.10

0.11

0.13

-0.05

-0.25

-0.13

-0.06

-0.11

-0.05

-0.12|-0.05|0.04

0.09

-0.03

0.26(0.18

0.13

-0.15

0.33

0.15

0.21

0.38

0.17(0.31

0.02

0.10|0.18|0.01

0.05

0.03

-0.13

0.26

-0.11

0.43

-0.11}-0.18]-0.13|-0.08(-0.06

0.06

-0.11

0.13

0.33

0.18(-0.10

0.43

0.14]0.17|-0.31

-0.01

0.21

-0.08

-0.15

-0.18

0.20

-0.33

0.12(-0.09

0.04

0.27 0.01

-0.07

0.37

-0.42

-0.26

-0.13

-0.05

-0.22

-0.33

-0.18

-0.38

0.09

-0.17

-0.43

-0.11]-0.05(-0.22

0.07

0.07

0.22(-0.02

0.43]0.20 0.04(-0.11

0.05

-0.11

-0.17

-0.26

0.08

-0.20

-0.27

0.06 (-0.27|-0.49

0.13

-0.32

0.27(0.07

-0.12]

0.10]0.09(0.32|0.14

0.32

0.39

0.30

0.27

0.08

0.02

-0.05

0.09

0.27(0.20(0.13

-0.04

-0.15

0.25(-0.19

0.10 [loel 0.050.27 [ 0.25

0.18

0.11

0.26

0.31

0.30

0.19

-0.12

0.22

0.18(-0.26|-0.17

0.27

0.13

-0.14

0.09]0.05 [EMe[N-0.13(0.10

0.26

0.41

0.15

0.12

0.14(-0.02

0.26

-0.19]0.33(-0.09

-0.11

0.05

0.06

-0.02

-0.08

0.04

0.32]0.27 |-0.13 jgRelell 0.40

0.12

0.26(0.08

0.23

0.42(0.01|-0.44

-0.12

0.22

-0.01

0.10

-0.06

-0.11

0.14]0.25|0.10|0.40 Rel¢

0.24

0.03

0.03(0.11

0.11

-0.41

B

0.07

-0.23

0.36

0.11

-0.05

0.05

0.32|0.18|-0.34|0.47 (-0.34

0.22

-0.10

0.02(0.04

0.07

0.06(0.35(-0.17

-0.29

0.03

-0.12

0.13

-0.22

-0.11

0.39]0.11|-0.21 (o8¢

0.17

0.05

0.39(0.34

0.28

0.29(0.04[-0.23

0.12

0.31

0.11

-0.05

-0.33

-0.17

0.30|0.26|-0.07 0.46

-0.34

0.47

-0.34

0.20

0.08

-0.21

0.20

0.40

-0.07

0.46

0.11

0.30

0.06

-0.11

-0.10

-0.13

-0.06/0.22 (-0.09

-0.14

-0.30

0.15

0.31

0.42

0.37

0.40

-0.11|-0.10

-0.17

-0.25

0.34

0.28

0.15

-0.18|0.19]0.14

0.15

-0.48

-0.24

0.08

0.25

-0.11

0.28

0.15

0.21

0.07

0.31

0.28

e

0.47

0.11(0.03

0.19

-0.12

-0.25

-0.18

0.27]0.31]0.11

0.25

0.15

0.17

0.13

0.29

-0.01

-0.03

0.44(0.44

0.30

0.12

m

0.09

0.42

-0.11

-0.13

-0.38

-0.26

0.08]0.300.060.31(0.28

-0.11

0.18

-0.02

-0.03

-0.08

0.17

-0.15

-0.21|-0.13

-0.14

-0.19|0.03]0.27

-0.05

-0.03

-0.06

0.09

0.08

0.02]0.19]-0.11]0.42

0.28

0.02

0.40

0.18

0.15

0.46

0.18

0.20

0.02

0.17

0.12

0 -0.25|-0.22

-0.14

-0.36

-0.04

-0.04|0.07

-0.13

-0.05

0.15(0.23

-0.02

0.02

0.32(-0.02

-0.27]

0.06

0.27

0.32(0.26

-0.24

-0.08

0.08(-0.16

-0.0§

0.28

0.35

0.15

0.06

-0.34

-0.20|-0.02

-0.25

0.05(0.080.09

-0.28

-0.09

-0.12

-0.11

-0.17

-0.20

-0.05|-0.12]-0.10{0.37|0.38

-0.04

0.05

0.30

0.32

-0.24

0.07(0.17

0.08

0.42 0.14

-0.14

0.27

0.05

-0.05

-0.43

-0.27

0.09]0.22-0.13/0.40(0.15

0.31

0.01

0.11

0.17

0.20

0.13

0.07

-0.08

0.34

0.35

0.13

0.05

0.50 [(eHzE]

-0.09

0.46

0.33

0.08

-0.15

0.41

0.11

0.24

-0.18

-0.06

-0.09

-0.42|-0.34

0.34

-0.25

0.06

-0.09

-0.01

-0.21

0.26

-0.12

-0.11

0.06

0.27|0.18|-0.06 -0.18

-0.08

0.27

-0.25

-0.05

-0.05

-0.27

0.20|-0.26/0.22 |-0.11(0.19

0.12

-0.25

0.44

0.29

0.17

0.09

0.06

0.27

0.36

0.15

0.03

0.17

0.15

0.22

0.33

0.08

0.21

0.39(0.46

-0.15

0.01

0.12(0.01

0.17(-0.10[-0.21

0.06

-0.34

-0.05|0.02

0.05

0.33

0.30

0.08(0.04|0.04

-0.02

-0.19

0.06 -0.33

-0.25

-0.04

0.15

0.32

0.39

-0.10

0.04

0.18

0.30(0.180.45

-0.09

-0.17

0.03(-0.22

Vill-0.16]-0.05

-0.16

-0.02

0.29

-0.17

0.04

-0.22

-0.49

0.13]-0.17]-0.09|-0.10(0.14

-0.22

0.07

0.23

0.26

0.46

-0.21

0.04

0.45

-0.05)0, 00

-0.09 -0.14

0.21

0.03

0.07

0.09

0.07

0.13

-0.04|0.27 |-0.14{-0.17

-0.14

-0.13

-0.02

-0.24

-0.15

0.06

-0.02

-0.09

-0.19]-0.25(-0.06

0.22

0.17

-0.24

-0.18

-0.06

0.14(0.08

0.22

0.27 -0.22

0.06

0.07

-0.01

-0.03

0.07

-0.32

-0.15|0.13 |-0.30{-0.25|0.23

-0.36

-0.05

0.02

-0.08

0.01

-0.34

-0.19

-0.17

-0.40/0.11]0.27

-0.19

-0.40

-0.03|-0.16

-0.08

-0.25

0.11

-0.03|0.05

0.19

-0.06

0.42

0.27

-0.20|-0.08

0.42

0.09] 0

-0.13

0.24

0.15

0.04(0.04

-0.10

-0.34| 0 [-0.23

0.39

0.06

0.10

0.26

0.22

0.27

0.25

-0.14

0.15(0.34|0.15

0.19

-0.32

-0.22

-0.10|0.19

-0.35

0.21 0.17

0.25

-0.21

0.05

0.18

-0.02

0.07

0.11

0.32

0.08

0.12

-0.05

0.06

0.03

-0.03|-0.03(-0.20

-0.05

0.42

-0.36

-0.05|-0.19

-0.08

-0.04

-0.02

-0.16

0.01

0.02

-0.33

-0.22

-0.16/0.05(-0.08

-0.19

-0.12

-0.36|-0.12

-0.09

Voll-0.06

-0.06 e

-0.14

0.25

-0.20

-0.06|-0.08

-0.06

-0.15|-0.23|0.23

-0.13

0.16

-0.08

0.13

-0.12

-0.24|-0.05]|0.04 |-0.03-0.25

0.06 |-0.25(-0.27

-0.06

-0.25

0.06

-0.08|0.19]0.12

-0.08

-0.09

0.08(-0.04

0.08

-0.04

0.5





media/file13.png
ns

|
N}

1 | |
o o o o
o (T
-— 1

qw/bd ‘gL-TI

B |

I
9

I | | | J
0 oO 6 4 2
1

w/bu p-|

-2

(a)

T f [
- o” .\0..\
o
cls Foob Y. %
g ” e,
Qe o o ° og ° - AW «\@0
- . Y& é
I | | | | 1 (7 7
© ©O © © o o o S 7.
] 2 2 ° v S %,
. o,
wybd ‘- &A\o
v
Y QM - O,
m”_” : oo.&,
— . Ve,
& o o* E - \\.\00, O.A\O
= m %,
Vv ® o oo ° - 7, %
> 6 \&w %,
I ] 1 1 1 | ««\o §
o (- o Q o Q Q ¢
o o) o Tel Yol o (S
N - - ' A \Ofm/
uwyBd ‘oL K

(c)





media/file5.jpg
[SVacinated paterts
o Unvacciated patens

COVID-19 during fllow-up period

()

[SVacanaied pavers
[ounvaccinated patens

COVID:19 during ollow-up period

(b)






media/file12.jpg
p<0.05

uBd 'z

qwy/Bd “o-4NL

s
e
L

CVID severity score

f)

(e)





media/file1.jpg
150

IFNey.

001
]

[SVacnated paterts
s Unvaccinatsd atens
Contol group

@

[SVaccnated patints
o Unvaccinated patiens|
[+ Control group.

©

[eVacanated patients
Unvaccinated patents|
Control group

®

g

w0y peoos

20
1500

1000,

1L1p, poimL

s00:

@

[@Vacainated patents
< Unvacciated patints
= Contol group






media/file7.jpg
Days st vaccinaion

(b)






media/file10.png
®\accinated patients
® Unvaccinated patients
Control group

1000- Ip<0.01 ns I
1
500 L
- [ )
& Y
g_) 0_* ........
. Y
Gos004 . %
) o
- _——
1000
\QQ \QQ o°Q
NV )
Y)Y ) BN
X &
> & P
& &
v
\0
&
60





media/file3.png
IFN-y
®\/accinated patients

p<0.01 200+
4- | I ®\/accinated patients ® Unvaccinated patients
® Unvaccinated patients Control group

Control group _y 150+
£
o)
2 100+
—
—
— 50+

0
P
(a) (b)
IL-15 IL-1B

®\/accinated patients
®\/accinated patients

IL-15, pg/mL

1907 p<0.05 ® Unvaccinated patients 0.05
— 2500+ <0.
Control group |p—| ® Unvaccinated patients
_ Control grou
100- / _, 2000 il
£
S 1500-
o
= 1000+
=
500
0 I I
4
N O
&
Q R
&
Q@

(c) (d)





media/file9.jpg
TGF-B, pg/mL

1000

500

o

&
3
S

-1000

®Vaccinated patients
®Unvaccinated patientg
@ Control group






media/file0.png





media/file14.png
p<0.05

ns

|
I

60-
£ 40-
20-

quybd ‘Lz-T]

8007 ©<0.05

I | |
o Q o
= o
< N

Jw/6d ‘O-4N1

|
o
o
{e

CVID severity score

(f)

(e)





media/file8.png
ns

p<0.01

31 o p<0.05

TGF-B, pg/mL

1000

500

-500-

-1000-

-1500-

®\/accinated patients
Control group

200 400 600
Days after vaccination

(b)





media/file11.jpg
1504 o =
2w -
RN
g o

5

100

@
20
200 <0007 a5

[ s

wf L e 4
2 1o - £
% 2

g 5 g
< I

3o s






media/file6.png
p<0.05 p<0.05
80 | l, ®\/accinated patients 200 | .I ®\/accinated patients
® Unvaccinated patients 2 ° . ® Unvaccinated patients
2 60- oo @151
- eo® —_
L) . 3
?, LY J + e
O 40- .o © 10- oo
+ ° Lo o
0 (] °
8 o ® .00:0 L? ° °
20 Sewe 3o 3 %] 2 %
(&) ®e0®
o®o
0 | | 0 | * : -
< ¢ < ¢
ISR > >
04\0 4\0 04\0 \4
@) (,0 O 00
COVID-19 during follow-up period COVID-19 during follow-up period

(a) (b)





media/file15.jpg





media/file2.jpg
TNF-a, pg/mL.

1500-

H

TNFa

[oVacinated paterts.
[oUnvaccinated patints|
[+ Contol group

©

TGF-p, pgimL.

(@Vaccinated paterts.
»Unvacciated patients|
= Control group.

®






