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Abstract

:

Some studies have found increased coronavirus disease-19 (COVID-19)-related morbidity and mortality in patients with primary antibody deficiencies. Immunization against COVID-19 may, therefore, be particularly important in these patients. However, the durability of the immune response remains unclear in such patients. In this study, we evaluated the cellular and humoral response to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antigens in a cross-sectional study of 32 patients with primary antibody deficiency (n = 17 with common variable immunodeficiency (CVID) and n = 15 with selective IgA deficiency) and 15 healthy controls. Serological and cellular responses were determined using enzyme-linked immunosorbent assay and interferon-gamma release assays. The subsets of B and T lymphocytes were measured using flow cytometry. Of the 32 patients, 28 had completed the vaccination regimen with a median time after vaccination of 173 days (IQR = 142): 27 patients showed a positive spike-peptide-specific antibody response, and 26 patients showed a positive spike-peptide-specific T-cell response. The median level of antibody response in CVID patients (5.47 ratio (IQR = 4.08)) was lower compared to healthy controls (9.43 ratio (IQR = 2.13)). No difference in anti-spike T-cell response was found between the groups. The results of this study indicate that markers of the sustained SARS-CoV-2 spike-specific immune response are detectable several months after vaccination in patients with primary antibody deficiencies comparable to controls.
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1. Introduction


Primary antibody deficiencies (PAD) are a group of rare diseases that account for about 55% of all inborn errors of immunity (IEI) [1]. Selective immunoglobulin A (IgA) deficiency (sIgAD) is the most common PAD. It is characterized by diminished serum IgA levels with normal IgM and IgG levels and is often asymptomatic but may present with recurrent infections or immune dysregulation-related symptoms such as autoimmunity or atopic diseases [2]. The most common symptomatic IEI is common variable immunodeficiency (CVID), characterized by reduced serum IgG and IgA and/or IgM levels and poor vaccination responses. CVID is manifested by severe and recurrent infections, and up to 66% present with various non-infectious complications, such as autoimmunity, enteropathy, and malignancy [3].



In late 2019, a new coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was identified [4], causing a pandemic of acute respiratory syndrome known as coronavirus disease-19 (COVID-19) with significant morbidity and mortality in the general population [5]. Early reports showed an increased risk of severe COVID-19 disease in subjects with immunosuppression [6]. Therefore, patients with inborn errors of immunity were of special interest, as a defect in the immune system may predispose them to severe infections, including severe COVID-19, especially in patients with defects in type I interferon signaling pathways [7]. On the other hand, immunosuppression could reduce immune responses, cytokine storms, and inflammatory processes, constituting a protective factor against COVID-19 [8]. Although some studies concluded that for the majority of patients, the underlying IEI was not an independent risk factor for severe COVID-19 [9,10,11,12], some studies found increased morbidity and/or mortality, including in patients with common variable immunodeficiency [13,14,15]. SIgAD has also been identified as a risk factor for a more severe COVID-19 course [16,17]. Therefore, vaccination against COVID-19 may be particularly important in IEI patients. The European Society for Immunodeficiencies (ESID) recommends that patients with IEI receive any of the available COVID-19 vaccines according to the national vaccination schedule that includes a primary vaccination course and booster doses [18].



Overall, the long-term durability of the antibody response is poorly understood, with several studies showing a trend toward decreasing antibody levels over time in immunocompetent individuals [19,20,21,22] while the receptor-binding domain (RBD) of the spike protein-specific memory B-cell fraction persists [23]. This trend of decrease in antibody levels has also been observed 6 months after the vaccination in primary antibody deficiency patients [24]. Furthermore, a limited neutralizing capacity of anti-spike SARS-CoV-2 antibodies has been reported in these patients [25,26]. Therefore, since the mechanisms of somatic mutation and selection in germinal centers that lead to differentiation of mature class-switched memory B cells and antibody response may be altered in patients with specific antibody deficiencies [27], several studies have highlighted the importance of assessing cellular responses specific for the SARS-CoV-2 antigen, when evaluating vaccine-induced immunity in patients with IEI [28]. Even in cases where the patient does not develop a humoral immune response to COVID-19 at a protective level, the vaccine could still be highly effective, as the presence of memory T cells can help control the infection. The role of T cells in COVID-19 protection is supported by reports of a lack of SARS-CoV-2 responsive CD4+ T cells in severely infected patients, as well as a milder disease in patients with early induction of functional SARS-CoV-2-specific T cells, or the presence of T-cell responses without a humoral response in asymptomatic individuals [29,30,31]. The durability of SARS-CoV-2 specific T-cell responses could also be higher than the durability of humoral responses [32]; however, the long-term SARS-CoV-2-specific T-cell memory in patients with antibody deficiency remains unclear. In addition, no study to date has investigated the humoral and cellular immune response to SARS-CoV-2 vaccination, specifically in sIgAD patients. In addition, only a few studies have explored immunological correlations and predictive markers associated with higher immune responses after SARS-CoV-2 vaccination, most of them evaluating early immune responses [28,33,34,35,36].



The primary objective of this study was to evaluate a long-term SARS-CoV-2 spike-specific humoral and cellular immune response in adult patients with the most common types of primary antibody deficiency (sIgAD and CVID) compared to healthy controls of the same age. The secondary objective was to identify predictive markers that are associated with a better immune response after COVID-19 vaccination in the patient group.




2. Materials and Methods


2.1. Subjects


Patients with CVID and symptomatic sIgAD who were treated at a tertiary immunology center (Pauls Stradins Clinical University Hospital, Riga, Latvia) were invited to participate in the study from April to July 2022. A total of 47 subjects were recruited for the study, including 17 patients with CVID, 15 patients with symptomatic sIgAD, and 15 healthy controls. The diagnosis was based on diagnostic criteria of the European Society for Immunodeficiencies (ESID) clinical diagnostic criteria [37]. All patients were re-evaluated to meet the diagnostic criteria of CVID. Relevant clinical data on CVID and sIgAD patients were obtained from patient electronic health records, including data on patient age, sex, family history of inborn error of immunity, treatment, history of SARS-CoV-2 vaccination and infection, confirmed by a positive polymerase chain reaction (PCR), clinical characteristics, including prior infections, infectious complications, such as conductive hearing loss and bronchiectasis and non-infectious complications, such as autoimmunity, polyclonal benign lymphoproliferation, granulomatous disease, enteropathy, and malignancy. A SARS-CoV-2 vaccination course was considered complete if the patient received one dose after recovery from COVID-19 or two doses if not previously infected with SARS-CoV-2. The severity of COVID-19 in the personal history was assessed using the World Health Organization (WHO) clinical progression scale [38]. Patients who were unvaccinated were excluded from association analyses. Blood samples were obtained from patients and controls. All subjects provided written consent to participate in this study. This study was performed 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. Antibody Response to SARS-CoV-2


Serum separator tubes were used to separate serum by centrifugation. Serum samples were tested using the commercial, semi-quantitative enzyme-linked immunosorbent assay (ELISA) that detects specific SARS-CoV-2- IgG antibodies against the S1 domain of the spike protein (Euroimmun Anti-SARS-CoV-2 IgG assay, Euroimmun, Lübeck, Germany), following the manufacturer’s recommendations. An IgGAM ratio (optical density compared with calibrator) > 1.1 was considered a positive response.




2.3. T-Cell Response to SARS-CoV-2


To detect the response of SARS-CoV-2 spike protein-reactive T cells, an interferon-gamma release assay (IGRA) QuantiFERON SARS-CoV-2 (Qiagen, Hilden, Germany) was used. The SARS-CoV-2 spike (S) protein consists of a signal peptide, an N-terminal S1 protease fragment (also containing receptor-binding domain (RBD)), and a C-terminal S2 protease fragment [29]. Specialized QuantiFERON starter set blood collection tubes were used to collect blood: Ag1 tube, containing T-cell epitopes within the receptor-binding domain of S1 (measures CD4+ T-cell responses); Ag2 tube, containing T-cell epitopes within S1 and S2 (measures CD4+ and CD8+ T-cell responses), as well as positive and negative control tubes. The tubes were incubated at 37 °C for 20 h, then centrifuged for plasma separation and froze at −20 °C for further analysis of interferon-gamma (IFN-γ) production using an ELISA, as previously reported [39], according to the manufacturer’s protocol. A value >0.15 IU/mL was considered a positive response.




2.4. Lymphocyte Isolation and Flow Cytometry


Fresh blood samples were collected in tubes containing lithium heparin. Briefly, heparinized whole blood samples were diluted and transferred to SepMate peripheral blood mononuclear cell (PBMC) isolation tubes (STEMCELL Technologies, Vancouver, Canada) containing Histopaque-1077 density gradient cell separation medium (Sigma-Aldrich, Saint Louis, MO, USA) and isolated following the manufacturer’s instructions. The viability of PBMCs was detected by trypan blue staining.



After washing with phosphate-buffered saline (Thermo Fisher Scientific, Waltham, MA, USA) with 2% fetal bovine serum (Sigma Aldrich, Saint Louis, MO, USA), isolated PBMCs were incubated in 96-well plates with a fragment crystallizable region (Fc) blocking reagent (Miltenyi Biotec, Bergisch Gladbach, Germany). The PBMCs were then stained with a mixture of the following antibodies at optimal concentrations: anti-21 fluorescein isothiocyanate (FITC), anti-CD27 phycoerythrin (PE)/Dazzle594, anti-CD268 peridinin chlorophyll protein (PerCP)/Cyanine5.5 (Cy5.5), IgD-PE/Cyanine7 (Cy7), anti-IgM allophycocyanin (APC) (all from BioLegend, San Diego, CA, USA), anti-CD19 Alexa Fluor 700 (A700) (from BD Biosciences, San Jose, CA, USA) anti-CD38 PE (from Beckman Coulter, Brea, CA, USA) for B-cell panel; anti-CD45RA electron-coupled dye (ECD), anti-CD45RO PE/Cy5.5, anti-CD8 APC/A700 (all from Beckman Coulter, Brea, CA, USA), anti-CD27 PE/Cyanine7, anti-CD4 APC, anti-CD3 APC/Cy7 (all from BioLegend, San Diego, CA, USA) for T-cell panel; anti-CD25 PE, anti-CD127 PE/Cy7, anti-CD4 APC, anti-CD8 APC/A700, anti-CD3 APC/Cy7 (all from BioLegend, San Diego, CA, USA) for T regulatory cell panel. The PBMCs were washed and then fixed with formaldehyde. For the staining of the nuclear FOXP3 antigen, anti-FOXP3-Alexa Fluor 488 (A488) (BioLegend, San Diego, CA, USA) and the Transcription Factor Staining Buffer Set (BD Biosciences, San Jose, CA, USA) were used according to the manufacturer’s instructions, adjusted for 96-well staining. Data were obtained as LMD files using a Beckman Coulter Navios Ex flow cytometer and analyzed using Kaluza 2.1 software (Beckman Coulter, Brea, CA, USA). Manual gating was applied, as shown in Supplementary Material S1.



B cells were subdivided into the following subpopulations: naïve B cells (CD19+CD27−IgM+IgD+), marginal zone 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−), 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 were identified based on the following parameters: CD3+CD4+CD25+FOXP3+CD127dim.




2.5. Clinical and Immunologic Phenotyping of CVID Patients


Clinical phenotyping was based on the classification suggested by Chapel et al. [40] and included patients with infection-only, autoimmunity, enteropathy, polyclonal lymphocytic infiltration, malignancy, and overlapped phenotype (if the patient had more than one non-infectious complication). The severity of CVID was assessed using CVID Severity Score proposed by Ameratunga [41]. Immunological phenotyping was based on the most commonly used classifications of B-cell subtypes in CVID patients: Paris [42], Freiburg [43], EUROclass [44], and B-cell pattern classifications [45].




2.6. Data Analysis


The normality of the data was assessed using the Shapiro–Wilk test. The results indicated that the data were not normally distributed; therefore, nonparametric statistical methods were used in subsequent analysis. Differences in categorical variables were examined by using chi-square and Fisher exact tests. The Mann–Whitney U or Kruskal–Wallis tests were used to compare continuous variables by two or more groups, respectively. Spearman’s rank test was used to assess the correlation between continuous variables. A p-value < 0.05 was considered statistically significant. Statistical analysis was performed using IBM SPSS Statistics Version 23 (IBM, New York, NY, USA). Graphs were generated using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Subjects


A total of 32 patients with primary antibody deficiencies (aged 38.5 (IQR = 21) years) and 15 healthy vaccinated controls (aged 37 (IQR = 19) years) were enrolled in the study. Table 1 summarizes the demographic and clinical data of patients and controls.



Regarding treatment, in the CVID group, all patients except two received regular immunoglobulin replacement therapy (subcutaneously 100 mg/kg/week). A patient with sIgAD with rheumatoid arthritis was on regular immunosuppressive treatment with corticosteroids (methylprednisolone 8 mg/day), methotrexate 15 mg/week, and biological therapy with JAK inhibitor (upadacitinibum 15 mg/day). Two patients had previously received chemotherapy for neoplasia, and one patient was treated with rituximab (the last dose was administered 6 months prior to vaccination).




3.2. Vaccination Status and Previous SARS-CoV-2 Infection


Of the 32 patients enrolled in this study, 28 had completed the SARS-CoV-2 immunization schedule with the messenger ribonucleic acid (mRNA) vaccine (27 patients) or the adenovirus vector vaccine (1 patient) before enrollment in a study with a median time of 173 days (IQR = 142) after the last vaccine dose, ranging from 25 to 345 days (see Table 2). All healthy controls were vaccinated with mRNA vaccines, with days after the last dose ranging from 96 to 511 (median 215, IQR = 201).



Four patients refused the vaccination but had previously had COVID-19 in their personal medical history. None of these four patients showed a positive T-cell response to the SARS-CoV-2 S1/S2 pool antigens. Two of these patients had CVID, and two—sIgAD. Two patients with the most recent SARS-CoV-2 infection—a CVID patient 58 days after positive SARS-CoV-2 PCR and a selective IgA patient 108 days after positive PCR—showed a positive anti-spike humoral response (anti-spike IgG antibody ratio 9.91 and 2.2, respectively). The remaining two unvaccinated patients had a positive SARS-CoV-2 PCR test about a year ago, and their serum antibody levels were undetectable. We further analyzed vaccinated individuals only.




3.3. Humoral and Cellular Response to SARS-CoV-2 Vaccine


Overall, all vaccinated patients with sIgAD had anti-spike IgG antibody levels >1.1 ratios (see Table 2). Of the 15 vaccinated patients with CVID, 14 tested positive for anti-spike IgG antibodies (including the patient on rituximab), showing a wide range of antibody levels, from undetectable levels to normal or high titers. However, as can be seen in Figure 1a, the median level of antibody response in CVID patients was lower compared to the healthy controls. Overall, there was a significant but weak negative correlation between antibody levels and days after vaccination (rs = −0.302; p = 0.049; see Figure 1b). This correlation was also observed in the sIgAD subgroup (rs = −0.247, p = 0.038) but was not present in the CVID subgroup (rs = −0.247; p = 0.376) and in healthy controls (rs = −0.182; p = 0.515).



Of the 15 CVID-vaccinated patients, 14 showed a positive anti-spike T-cell response (see Table 2). The only non-responsive CVID patient had three autoimmune diseases (type 1 diabetes, celiac disease, chronic autoimmune thyroiditis) and a baseline serum INF-γ level of 3.06 IU/mL and exhibited high anti-spike IgG antibody titers (11.2 ratio). All patients with sIgAD, except for the patient on immunosuppressive therapy, had positive anti-spike T-cell response. Evaluation of T-cell responses showed no significant differences in spike-specific IFN-γ production between the study groups, as well as no correlation with days after vaccination (see Figure 2).



Interestingly, regarding healthy controls, three healthy controls did not exhibit an anti-spike T-cell response (on days 215; 363; 511 after the last vaccine dose) but showed a positive humoral response (anti-spike IgG antibody ratio 9.23, 6.18, and 6.69, respectively). Furthermore, we observed a positive correlation between anti-spike IgG antibody levels and T-cell response (INF-y synthesis to the S1 and S2 pools) in the control group (S1 pool (rs = 0.571; p = 0.026) and to the S1/S2 pool (rs = 0.721; p = 0.02)), but we did not observe this trend in the sIgAD or CVID groups.




3.4. Immunological Memory to SARS-CoV-2 and Demographic/Clinical/Immunologic Phenotyping Markers


Age did not significantly influence the extent of humoral or cell response in any of the groups. We did not observe any differences in humoral or T-cell anti-spike responses between COVID-19-convalescent individuals and subjects naïve to infection in any of the groups.



No differences in humoral or T-cell immune responses were associated with the patient’s clinical parameters, except in the sIgAD group, patients with recurrent otitis had a statistically significantly lower median T-cell response to S1/S2 antigen compared to patients without this infection (p = 0.038; median 0.5 (IQR = 0.8) and 0.13, respectively). In CVID patients, no correlation was found between humoral or T-cell response and the Ameratunga CVID severity score. We did not observe any difference in humoral or T-cell response between different groups of CVID Chapel phenotypes.



A significant correlation was found between the anti-spike antibody response and central memory CD8+ cell percentages (rs = 0.385; p = 0.047), and in the selective IgA patient group also, central memory CD4+ cell percentages (rs = 0.635; p = 0.020). We found no significant relationship between the anti-spike cellular response and the subsets of B cells. No significant correlation was observed between anti-spike IgG antibody or T-cell response and total IgG, IgM, or IgA levels.



In CVID patients, immunological classification of the patients did not reveal a difference in anti-spike humoral or T-cell response between different immunological classifications according to Paris, Freiburg, EUROclass, or B-cell pattern classifications. The only B-cell-negative CVID patient (group B- according to EUROclass classification) also exhibited a positive anti-spike IgG antibody level (11.2 ratio) and anti-spike T-cell response (0.25 IU/mL) 139 days after concluding the primary vaccination regimen with the mRNA-1273 vaccine.





4. Discussion


In this study, we evaluated a long-term SARS-CoV-2 spike-specific humoral and cellular immune response in a cohort of 32 adult patients with CVID (which represents 85% of patients diagnosed with CVID in Latvia [46]) or symptomatic sIgAD and 15 healthy controls. Our data suggest that CVID and sIgAD patients show a humoral and cellular immune response to the SARS-CoV-2 vaccine that is present several months after vaccination, but the detectable anti-spike IgG antibody levels in CVID patients are lower than in healthy controls, and selective IgA patients.



A previous report examining the early response to vaccination had revealed positive anti-spike antibodies with a wide variation in seropositivity rates after vaccination, ranging between 20.6% and 90.9% [25,26,28,33,34,35,47,48] and cellular response in up to 85% of patients tested with IEI [35]. In our cohort, we observed comparable rates of detectable anti-spike antibodies (93% in CVID patients) and anti-spike T-cell responses (93% in CVID patients). However, almost all CVID patients received subcutaneous immunoglobulin (SCIG) replacement therapy, and this should be taken into consideration when evaluating humoral responses, as it is likely that the pool of immunoglobulin preparations contains specific antibodies to SARS-CoV-2 [49,50]. In contrast, earlier findings of Pham suggested that intravenous immune globulin (IVIG) preparations received in September 2021 did not significantly alter patient levels of SARS-CoV-2 antibodies [25]. In addition, we did not observe a correlation between total IgG and spike-specific IgG antibody levels.



We demonstrated that patients with CVID and sIgAD are capable of generating an anti-spike T-cell response at least up to almost a year (up to 345 days) after the completion of the vaccination schedule, consistent with the relatively sparing T-cell immunity of these patients. The results are in line with previously described that contrary to protein vaccines, mRNA vaccine formulations also trigger robust CD4+ T-cell responses and strong CD8+ T-cell responses, perhaps as a result of the effective presentation of endogenously generated antigens on major histocompatibility complex (MHC) class I molecules [51]. Similar to our findings, other studies that measured early vaccine responses also found no statistically significant differences in anti-spike T-cell response between healthy vaccinated controls and patients with CVID or sIgAD [33]. On the contrary, in IEI patients, a significantly higher subset of SARS-CoV-2 antigen-specific CD4 + CD40L + T cells have been described a month after vaccination, suggesting T-cell compensatory function in patients with primary B-cell impairment [28]. However, these different outcomes could be explained by differences in the methodology, as it is uncertain how much the various assays (cytokine production, antigen-induced proliferative responses, or the overexpression of certain activation markers) accurately represent the same characteristics of a T-cell response, and there is no clear consensus on methods of how to identify vaccine-specific T-cell responses [52].



Studies with healthy donors have found a positive correlation between the magnitude of anti-spike CD4+ T cells with anti-spike IgG antibody responses early after the vaccination and, consistent with the concept of intramolecular help, also anti-spike CD8+ T-cell responses, suggesting the concurrent development of adaptive humoral and cellular immunity [29]. However, studies on long-term immunological memory in healthy individuals have also found antibody titers not to be predictive of T-cell memory [53]. We found a relationship between anti-spike humoral and cellular responses in the control group; however, this link was not observed in the CVID group and, interestingly, in the selective IgA patient group who did not receive immunoglobulin replacement therapy.



Older people have been reported to be at increased risk of severe COVID-19 infection. Although there are several factors related to the increased risk, one of these risk factors could be a reduced T-cell response, partly due to a more limited repertoire of naïve T cells [31]. It has been described that the immune response to vaccination is often also weaker, with a limited duration of protection in elderly individuals [54]. This trend has also been documented by Hagin et al. in CVID patients [33]. However, we did not observe an association between the humoral or cellular immune response to vaccination and age in our cohort of primary antibody patients, similar to other reports [25,26,28].



Although it has previously been described that the humoral and T-cell response of patients with previous SARS-CoV-2 infections was significantly greater than that of patients with infection-naïve individuals after vaccination [26,34], we did not observe this in our cohort. However, these differences have been suggested to arise from constituents of the peptide pool in interferon-gamma release assays (IGRA) tests [26].



Primary antibody deficiency patients with a history of autoimmunity have previously been reported to have a poorer response to vaccination [36]. In this study, we were not able to identify an association between the magnitude of the immune response and clinical manifestations. Regarding immunological correlates with vaccine responsiveness, we found a significant correlation between the anti-spike humoral response and central memory CD8+ cell percentages and in the selective IgA patient group—also with central memory CD4+ cell percentages. The results are consistent with a previously reported expansion of the T-cell memory subsets in patients with IEI and healthy controls 28 days after vaccination with the BNT162b2 mRNA vaccine [28]. However, a recent study examining immunological predictors of impaired immune response to SARS-CoV-2 vaccination found no association to central memory CD4+ or CD8+ T cells, but a significantly higher frequency of effector memory CD8+ T cells in those of impaired humoral immune response [36], and a similar trend has also been observed with humoral response to influenzae vaccination in CVID patients [55]. We found no significant relationship between long-term anti-spike humoral response and B-cell subsets, consistent with reports on early vaccination responses in IEI patients where there was no variation in the B-cell compartment a month after vaccination was reported [28]. However, in PAD patients, lower levels of baseline IgG, IgA, total B cells, and switched memory B cells were related to poor SARS-CoV-2 vaccine anti-spike antibody response [36]. In addition, following influenza vaccination, in patients with CVID, numbers of circulating switched memory B lymphocytes (EUROClass B+ smB+) were directly correlated with a superior humoral immune response [56].



Several major limitations of this study should be considered. First, the small sample size. Second, the observational design of the study and the broad time frame within the measurements after completion of the immunization schedule does not allow us to conclude if the presence of anti-spike antibodies or anti-spike T-cell responses can confer protection against different SARS-CoV-2 or to evaluate the dynamics of the immune responses. Third, we did not include the evaluation of SARS-CoV-2-specific memory B cells in our study. Regarding long-term immunological memory in healthy patients, a trend of increased SARS-CoV-2-specific memory B cells several months after infection in healthy individuals reconvalescent from SARS-CoV-2 [53]. In patients with antibody deficiencies, Salinas et al. found an impaired spike-specific memory B-cell compartment in CVID patients, compared to healthy controls after vaccination with Pfizer/BioNTech. They also found a higher frequency of spike-specific atypical memory B-cell subsets in CVID patients compared to healthy controls after vaccination, suggesting that they retreated from extrafollicular reactions rather than germinal center reactions [34].



In conclusion, this study provides information on long-term immunological memory in patients with CVID and sIgAD. Our findings confirm that markers of the sustained SARS-CoV-2 spike-specific humoral and cellular immune response are detectable several months after vaccination. Despite the significantly lower median levels of anti-spike IgG response in CVID patients than in healthy controls, the T-cell response in CVID and sIgAD patients was comparable to that of healthy controls; therefore, vaccination should be recommended in these patients.
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Figure 1. (a) Levels of anti-spike IgG antibody levels in different groups; (b) correlation between anti-spike IgG antibody levels and days after vaccination. 
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Figure 2. (a) CD4+ cell response (levels of INF-y) to S1 pool-specific protein in different groups; (b) CD4+ and CD8+ cell response (levels of INF-y) to S1/S2 pool-specific protein in different groups; (c) Correlation between anti-spike CD4+ and CD8+ cell response and days after vaccination. 






Figure 2. (a) CD4+ cell response (levels of INF-y) to S1 pool-specific protein in different groups; (b) CD4+ and CD8+ cell response (levels of INF-y) to S1/S2 pool-specific protein in different groups; (c) Correlation between anti-spike CD4+ and CD8+ cell response and days after vaccination.
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Table 1. Demographic and clinical parameters of the patients and controls.
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	Parameters
	CVID
	sIgAD
	Healthy Controls
	p





	Number
	17
	15
	15
	-



	Sex
	
	
	
	



	  Female, n (%)
	10 (58.8%)
	12 (80%)
	10 (66.6%)
	0.460



	  Male, n (%)
	7 (41.2%)
	3 (20%)
	5 (33.4%)
	



	Age, median (IQR)
	40 (24)
	37 (21)
	37 (19)
	0.467



	Ethnicity, Caucasian, n
	17 (100%)
	15 (100%)
	15 (100%)
	-



	Age at diagnosis, median (IQR)
	34 (28)
	33 (45)
	
	0.664



	Positive family history, n (%)
	1 (5.8%)
	1 (6.6%)
	
	0.755



	Clinical characteristics
	
	
	
	



	Recurrent infections, n (%)
	17 (100%)
	13 (86.6%)
	
	



	Recurrent pneumonia, n (%)
	15 (88.2%)
	1 (6.6%)
	
	



	Recurrent otitis media, n (%)
	8 (47%)
	2 (13.3%)
	
	



	Recurrent sinusitis, n (%)
	12 (70.5%)
	3 (20%)
	
	



	Recurrent urinary tract infections, n (%)
	2 (11.7%)
	3 (20%)
	
	



	Sepsis in personal medical history, n (%)
	0 (0%)
	1 (6.6%)
	
	



	Bronchiectasis, n (%)
	6 (35.3%)
	0 (0%)
	
	



	Conductive hearing impairment, n (%)
	3 (17.6%)
	0 (0%)
	
	



	Autoimmunity, n (%)
	6 (35.3%)
	8 (53.3%)
	
	0.784



	Splenomegaly, n (%)
	5 (29.4%)
	1 (6.7%)
	
	0.178



	Hepatomegaly, n (%)
	3 (17.6%)
	1 (6.7%)
	
	0.603



	Enteropathy, n (%)
	4 (23.5%)
	3 (20.0%)
	
	0.576



	Malignancy, n (%)
	2 (11.8%)
	1 (6.7%)
	
	0.548



	Allergy or atopy, n (%)
	10 (58.8%)
	8 (53.3%)
	
	0.517



	CVID severity score, median
	15 points (IQR = 19)
	
	
	



	Positive SARS-CoV-2 PCR in personal medical history, n (%)
	10 (58.8%)
	9 (60.0%)
	8 (53.8%)
	0.918



	Severity of COVID-19 according to WHO clinical progression scale *
	
	
	
	



	Asymptomatic (score 1), n
	1
	0
	0
	



	Mild (not hospitalized 2–3), n
	6
	8
	8
	



	Moderate (hospitalized 4–5), n
	2
	1
	0
	



	Severe (hospitalized 6 + ), n
	1
	0
	0
	







Abbreviation: CVID—common variable immunodeficiency; sIgAD—selective IgA deficiency; n—number; IQR—interquartile range; SARS-CoV-2—severe acute respiratory syndrome coronavirus 2; PCR—polymerase chain reaction; COVID-19—coronavirus disease 2019; WHO—World Health Organization. p-values of less than 0.05 were regarded as significant. * 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.
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Table 2. Vaccination-related parameters in patients and controls.
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	Parameter
	CVID
	sIgAD
	Healthy Controls
	p





	  Number of vaccinated individuals
	15
	13
	15
	



	   Vaccination
	
	
	
	0.711



	   Pfizer BioNTechBNT162b2, n
	9
	9
	12
	



	   Spikevax mRNA-1273, n
	5
	4
	3
	



	   Jcovden Ad26.COV2, n
	1
	0
	0
	



	   Booster dose (3rd dose) received, n
	10
	4
	8
	0.118



	   Days after vaccination, median (IQR)
	167 (77)
	148 (300)
	215 (201)
	0.156



	   Positive humoral response, n (%)
	14 (93.3%)
	13 (100%)
	15 (100%)
	1.000



	   Positive T-cell response n/yes
	14 (93.3%)
	12 (92.3%)
	12 (80%)
	0.596



	   Level of anti-S IgG, ratio, median (IQR)
	5.4720 (4.08)
	8.6260 (5.12)
	9.4350 (2.13)
	0.035



	   CD4+ cell response (INF-y) to S1 pool-specific protein, IU/mL, median (IQR)
	0.4662 (0.86)
	0.5845 (0.62)
	0.2949 (0.70)
	0.765



	   CD4+ and CD8+ cell response (INF-y) to S1 and S2 pool-specific proteins, IU/mL, median (IQR)
	0.6451 (1.28)
	0.5052 (0.92)
	0.5503 (0.68)
	0.966







Abbreviation: CVID—common variable immunodeficiency; sIgAD—selective IgA deficiency; n—number; IQR—interquartile range; mRNA—messenger ribonucleic acid; anti-S IgG—anti-spike mmunoglobulin G; INF-y—interferon-gamma; S1—S1 region of the severe acute respiratory syndrome coronavirus 2 spike glycoprotein; S2—S2 region of the severe acute respiratory syndrome coronavirus 2 spike glycoprotein. p-values of less than 0.05 were regarded as significant.
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