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Abstract

:

The vulnerable population of kidney transplant recipients (KTRs) are low responders to COVID-19 vaccines, so specific immune surveillance is needed. The interferon-gamma (IFN-γ) release assay (IGRA) is effective in assessing T cell-mediated immunity. We assessed SARS-CoV-2-directed T cell responses in KTRs with absent antibody production after a third dose of the mRNA-1273 vaccine, using two different IGRAs. A cohort of 57 KTRs, who were actively followed up, received a third dose of the mRNA-1273 vaccine. After the evaluation of humoral immunity to SARS-CoV-2, 14 seronegative patients were tested with two commercial IGRAs (SD Biosensor and Euroimmun). Out of 14 patients, one and three samples were positive by IGRAs with Euroimmun and SD Biosensor, respectively. The overall agreement between the two assays was 85.7% (κ = 0.444). In addition, multivariate linear regression analysis showed no statistically significant association between the IFN-γ concentration, and the independent variables analyzed (age, gender, years since transplant, total lymphocytes cells/mcl, CD3+ cells/mcl, CD3+ CD4+ cells/mcl, CD3+ CD8+ cells/mcl, CD19+ cells/mcl, CD3-CD16+CD56+ cells/mcl) (p > 0.01). In a vulnerable setting, assessing cellular immune response to complement the humoral response may be advantageous. Since the two commercial IGRAs showed a good agreement on negative samples, the three discordant samples highlight the need for further investigations.






Keywords:


interferon-gamma release assay; COVID-19; kidney transplantation; T cells












1. Introduction


Since December 2019, the Severe Acute Respiratory Syndrome CoronaVirus-2 (SARS-CoV-2) has spread worldwide, causing coronavirus disease-2019 (COVID-19) [1]. Some comorbidities, such as cardiovascular disease, diabetes, and chronic kidney disease (CKD), have been shown to be predictors of mortality [2,3]. In addition, solid organ transplant recipients (SOTRs) have been at greater risk of severe disease and mortality compared to immunocompetent individuals. In particular, the impact of COVID-19 in the pre-vaccination period of the pandemic has been significant on kidney transplant recipients (KTRs), mainly in the early post-transplant period, with inpatient mortality rates ranging from 18% to 46% [4,5,6,7].



Starting in 2020, clinical trials have shown that mRNA vaccines are efficacious in preventing COVID-19 with no safety issues ascertained in immunocompetent individuals. SOTRs have been prioritized for vaccination despite their absence from the two large trials of Pfizer/BioNTech (BNT162b2) and Moderna (mRNA-1273) mRNA vaccines; therefore, safety and efficacy data are lacking in this population [8,9]. It is acknowledged that SOTRs, depending on the type of immunosuppressive regimen, evoke reduced immunogenicity towards other vaccines due to the repression of lymphocyte activation, interplay with antigen-presenting cells, and reduced B-cell memory responses [10,11,12,13,14]. Accordingly, during the pandemic, measuring the immune response of the SOTRs population to SARS-CoV-2 vaccines has been a major topic and has led to the investigation of both humoral and, to a minor extent, cellular responses after vaccination [15].



Vaccines, as well as natural infections, cause an early immune response [16,17] and stimulate long-lasting B- and T-cell memory responses in immunocompetent individuals [18,19]. Although the significance of the T-cell immune response in SARS-CoV-2 infection is not fully elucidated [20], evidence from animal models suggests that CD4+ and CD8+ T cells, as well as the production of interferon-gamma (IFN-), may play a key role in SARS-CoV-2 protection [21]. For this purpose, today, several tests to characterize the SARS-CoV-2-specific T cell response have been developed using different techniques. Notably, these include the enzyme-linked immune SPOT (ELISpot), flow cytometry, and enzyme-linked immunosorbent assay (ELISA) [22,23].



Cellular immune responses to SARS-CoV-2 in SOTRs have been described in two studies [24,25]. In particular, Candon et al. [24] showed how, after a reduction in immunosuppressive therapy, there were similar populations of SARS-CoV-2–reactive T cells in KTRs and non-transplant patients on hemodialysis with confirmed COVID-19. Moreover, Hartzell et al. [25] showed that KTRs with COVID-19, like non-transplant patients, had T lymphopenia, with a preference for CD8+ T lymphopenia, and that there was no emergence of exhausted, anergic, or senescent T cell populations. In addition, the authors were unable to discriminate between transplant patients with mild, moderate, or severe COVID-19 disease in terms of CD4+ or CD8+ T cell responses. Furthermore, according to the existing evidence on humoral responses to SARS-CoV-2, SOTRs may mount SARS-CoV-2–specific antibodies within 1–2 weeks of the onset of COVID-19 symptoms, and these antibodies can last for at least 2-months and possibly up to 4–6 months after infection, regardless of the severity of sickness [25,26,27,28]. Based on these data, SOTRs seem to induce humoral and cellular responses in a comparable scale to non-transplant patients. However, a body of evidence suggests a suboptimal humoral and cellular response, compared to immunocompetent individuals, after two doses and an additional booster dose of mRNA-based SARS-CoV-2 vaccine in SOTRs, including KTRs [15,29]. This is of concern among the transplant physician’s community, especially in the presence of viral variants with spike mutations, possibly associated with immune escape.



The aim of our study was to assess the SARS-CoV-2 directed T-cell response using two different interferon-gamma release assays (IGRAs) by ELISA in a cohort of KTRs with absent antibody production after the third dose of the mRNA-1273 vaccine. Moreover, we correlated the obtained IFN-γ results with independent variables obtained from the patients.




2. Results


All 14 samples that were tested for the two commercial IGRAs to detect T cell immune responses were classified as positive or negative based on the manufacturer’s cutoff values for IGRA Euroimmun and SD Biosensor.



Comparing the two IGRAs showed that one sample was positive by IGRA Euroimmun and three were positive by SD Biosensor.



In particular, the analysis showed eight double negative samples and one double positive. Three samples showed an invalid result with the Euroimmun assay due to a low mitogen value and a negative result with the SD Biosensor assay. Finally, two samples were positive by the SD Biosensor and negative by the Euroimmun assay (Table 1). However, when assimilating the invalid result to a negative one for the IGRA Euroimmun, the overall agreement between the two assays was 85.7% (12/14; κ = 0.444), the positive agreement 50%, and the negative agreement 91.7%.



Finally, we performed a multivariate linear regression analysis with all variables under investigation (age, gender, years since transplant, total lymphocyte cells, CD3+ cells/mcl, CD3+ CD4+ cells/mcl, CD3+ CD8+ cells/mcl, CD19+ cells/mcl, CD3-CD16+CD56+ cells/mcl). No statistically significant association was observed between the INF-γ concentration and the independent variables (p > 0.01).




3. Discussion


In our KTRs cohort, the rate of seroconversion after the third dose of the mRNA-1273 vaccine was lower (70.2%) than that of the general population [30]. This result is consistent with the data available in the literature, ranging from 40% to 70% [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45]. KTRs are generally considered low responders to vaccines due to immunosuppressive therapy [46,47,48,49] and for this reason, the Italian National Institute of Health suggested specific COVID-19 surveillance for them, including both humoral and cellular immune response assessments [50].



Observations from case series studies in SOTRs show that some seronegative individuals develop at least a cellular response that could provide some protection against SARS-CoV-2 [35,42,51,52,53]. In fact, a robust T-cell response is typically one of the effects of COVID-19, and it seems to take an active role in terms of long-term immunological memory [54]. Actually, information on T-cell responses should be included to have a complete immunological examination and, in addition, should be part of a customized management approach in a population with lower post-vaccine antibody response.



On these premises, our study considered the evaluation of SARS-CoV-2-directed T cell responses in KTRs with an absence of antibody production after the third dose of the mRNA1273 vaccine. We used two commercial IGRAs, both ELISA-based, to evaluate the production of IFN-γ from T cells following vaccination. Our comparison analysis, given the small and not well distributed cohort of patients in terms of positive and negative samples, has a low statistical value and so few robust considerations can be drawn. However, the study highlighted how some differences between the two assays exist in relation to the validation rules (for example, in the definition of low mitogen, which determines an “invalid result”), the antigenic composition of the spike protein and the cutoff used. Although the Euroimmun manufacturer’s cutoff is 100 mIU/mL, some recent studies suggested the use of a lower cutoff based on their Receiver-Operating Characteristic (ROC) analysis [55,56]. Moreover, the SD Bionsensor assay may detect not only cell-mediated immune responses to SARS-CoV-2 (both to spike and nucleocapsid proteins ((N Protein)) but also its specific variants. Because in this study the vaccine immunogenicity of subjects was evaluated with no history of COVID-19 infection, possible differences regarding the antigenic composition of the assays should be of modest relevance. Interestingly, we detected one asymptomatic patient who was positive for the N protein. This outcome raises the question of whether this patient was immunized by direct contact/infection with the virus without presenting symptoms, or regardless of the vaccination process and the potential S protein immunization that was developed after the vaccination or not. Another interpretation of the positive response to the N protein may be attributed to the presence of cross-reactivity phenomenons with N proteins from other coronavirus members.



Furthermore, in our study, the evaluation of cellular responses through the IGRA showed a low percentage among seronegative patients after the third dose, with only one and three positive patients out of the 14 total patients, considering Euorimmun or SD Biosensor IGRAs, respectively. Currently, little data are available about T cell responses to SARS-CoV-2 vaccines in KTRs. It was observed that, in a study of 39 KTRs, the antibody response to mRNA vaccination was weak, but >80–90 percent of KTRs mounted CD4+ and CD8+ T cell responses [52], which were accompanied by a widespread impairment in effector cytokine production, memory differentiation, and activation-related characteristics. Importantly, studies from individuals with moderate COVID-19 also demonstrate that an early activation of IFN-T cells plays an important role in viral clearance [52].



Moreover, after the third dose of BNT162b2 vaccination, Bertrand et al. examined a large cohort of 80 KTRs for both humoral and T-cell responses, finding that 61% of KTRs had anti–spike IgG antibodies, and 70% had a significant number of IFN-producing spike-reactive T cells [35]. Although we did not evaluate IGRAs in all KTRs of our cohort, these data are comparable with our results in seronegative patients.



To what extent cellular immunity is able to prevent severe infection or death from SARS-CoV-2 in the absence of detectable antibodies is yet to be established, and only the clinical follow-up of these patients will indicate an exhaustive response. This is especially important for elderly KTRs with immune senescence related to thymus involution and, therefore, alterations in the number and proportion of the lymphocyte populations, and for KTRs in the early post-transplant period, especially in those with an anti-thymocyte globulin induction therapy [57]. A recent large study showed that the risk of COVID-19-related deaths in KTRs was 78% higher than in hemodialysis patients, particularly during the first post-transplant year [58].



Another interesting finding in our cohort is represented by the three cases of invalid results by Euroimmun IGRA. A recent study showed that an indeterminate test result (no measurable IFN-γ in the mitogen tube) was associated with severely ill COVID-19 patients compared to the control patients [59]. This defect of IFN-γ production was unrelated to absolute lymphocyte counts [59]. Indeed, the SARS-CoV-2 infection seems to disrupt the ability of peripheral T cells to generate IFN-γ via direct or indirect mechanisms. In the case of our KTRs, however, with no previous SARS-CoV-2 infection, the negative and invalid results had to be traced exclusively to their particular immunologic status.



In another recent study by Coppock et al., [60] indeterminate results suggested T cell exhaustion if IGRA data were taken as a surrogate for T cell functions because of the low-mitogen response. A negative test, given the typical mitogenic response, may imply a less- or non-impaired T-cell activity. The mitogen response in IGRA has been suggested as a surrogate for T cell functions and as a disease severity marker in COVID-19 [61]. Although evidence has shown suboptimal humoral and cellular immune responses to COVID-19 vaccinations in immunocompromised individuals [62,63], there is a lack of information concerning the over-time evaluation of both T- and B-cell responses in KRTs. Correlates of protection (COP) against SARS-CoV-2 infection have yet to be identified, and we have only determined B- and T-cell parameters so far [64,65,66]. As a result, based on the global detailed B- and T-cell responses, patients can be classified as full responders (both humoral and cellular), not responders, or partial responders (with only a humoral or T-cell response), similar to what has currently been suggested for rheumatoid arthritis (RA) patients [67,68]. Patients with a “not responder” or “partial responder” profile could use anti-SARS-CoV-2 monoclonal antibodies for prophylaxis, defined immunogenic peptide epitopes [69], or a tailored approach to risk management. This indication is anticipated to be supported by unpublished results from the “prevent” research, which confirms significant efficacy and long-term prevention [70].



Finally, in a vulnerable setting with lower seroconversion rates than the general non-immunocompromised population, assessing the cellular immune response may be extremely advantageous and noteworthy. As such, while many viral variants of concerns (VOCs) can escape humoral immunity, vaccine-induced cellular responses show a strong cross-protection against VOCs. This finding lends support to the idea that cellular responses play a major role in disease regulation by supporting tissue damage control [71]. The capacity of KTRs to mount a protective antiviral response, despite immunosuppression, would be critical during SARSCoV-2 infection. Despite complete immunization, partial and/or non-responders are very likely to be at higher risk for COVID-19, underscoring the significance of a targeted strategy.



However, our study presents some limitations. First, we restricted our investigation to KRTs and did not include healthy controls for a reference, as we were aware that there are a huge amount of data on the general population’s response to the SARS-CoV-2 infection. Secondly, we studied the T cell immunity only in seronegative patients rather than in the entire KTRs population. Lastly, this is a single center study with a low number of recruited patients and only a small number of positive IGRA results, which may limit the impact of the comparison investigation.



In conclusion, the two IGRAs showed a T cell response only in a poor rate of KTR subjects without any significant association between the INF-γ concentrations and demographic, anamnestic, and cytometic variables evaluated. However, future studies are needed to further assess their diagnostic performances, especially for screening applications in vulnerable populations at risk.




4. Methods and Materials


4.1. Patients


An observational study was conducted on a cohort of 57 KTRs who were actively followed up in the outpatient clinic of the Nephrology Division, Santa Maria Annunziata Hospital, Florence, Italy, with no history of COVID-19 infection. They received a 3rd mRNA-1273 vaccine dose six months after the 2nd dose, as suggested by local policy.



After the evaluation of humoral immunity to COVID-19, 3–4 weeks after the 3rd dose, 17 KTRs patients who tested negative for anti-S1 IgG antibodies underwent an evaluation for lymphocyte subpopulations. Fourteen out of the seventeen seronegative patients were subsequently tested with two commercial INF γ-release assays to detect T-cell immune response. The main demographic, laboratory and clinical characteristics of the studied population are reported in Table 2.




4.2. Anti-SARS-CoV-2 Antibody Detection


Anti-SARS-CoV-2 antibodies, directed to spike protein, were tested using the EliA SARS-CoV-2-Sp1 IgG (Thermo Fisher, Uppsala, Sweden). It is a fluoroenzyme-immunoassay (FEIA) for the quantitative detection of IgG antibodies in serums toward the SARS-CoV-2 spike 1 protein on the Phadia 250 instrument.



The EliA SARS-CoV-2-Sp1 IgG well is coated with a recombinant SARS-CoV-2 S1 protein. The cut-off value is 28 BAU/mL, as declared by the manufacturer.




4.3. Peripheral Blood Immunophenotyping


Immunophenotyping was performed using a BD Multitest 6-color TBNK reagent on the multicolor flow cytometer FACS CANTO II (BD Biosciences, San Jose, CA, USA).




4.4. First IGRA Assay (Euroimmun)


The Quant-T-Cell SARS-CoV-2 is a commercially available blood test system to determine quantitatively the IFN-γ released by SARS-CoV-2-specific T Cells (Euroimmun, Lübeck, Germany) [72,73].



Five hundred microliters of whole blood (in a lithium heparin tube) were transferred and gently mixed into one of a set of stimulation tubes: (1) CoV-2 IGRA TUBE, a stimulation tube coated with the S1 domain of the SARS-CoV-2 spike protein; (2) CoV-2 IGRA STIM, coated with mitogen as an unspecific control; and (3) CoV-2 IGRA BLANK, with no activating components for the immune system to determinate the patient background.



After 24 h of stimulation at 37 °C, all tubes were centrifuged at 12,000× g for ten minutes. The IFN-γ was measured in the supernatant plasma of all three aliquots using the Quant-T-Cell ELISA plate according to the manufacturer’s instructions (Euroimmun, Lübeck, Germany).



The microplate wells were coated with monoclonal anti-IFN-γ antibodies. In the first step calibrators, the controls, and plasma samples were diluted in sample buffer and added to the microplate to bind IFN-γ. In the second step, a biotin-labeled anti-IFN-γ antibody was added to detect the concentration of the IFN-γ antigen in the sample, expressed as milli-international units per milliliter (mIU/mL). The limit of the BLANK was 8.76 mIU/mL.



The results above the concentration of the highest calibrator were reported as >5 * calibrator 6 mIU/mL, as no further dilutions were performed.



A patient result was considered valid after checking for the validity of BLANK and STIM conditions. The IFN-γ concentration in the retrieved plasma of the BLANK had to be below the validity threshold of BLANK ≤ 400 mIU/mL.



Therefore, the IFN-γ concentrations of plasmas obtained from the tubes of the stimulation control STIM had to be above the validity threshold of STIM ≥ 400 mIU/mL, after BLANK subtraction.



After checking for the validity of BLANK and STIM conditions, the SARS-CoV-2-specific TUBE value condition could be evaluated. BLANK represents the individual IFN-γ background. Therefore, this value was subtracted from the IFN-γ concentration of the plasma retrieved from the other stimulation conditions. Values > 200 mIU/mL (after BLANK subtraction) were considered positive, values between 100 and 200 mIU/mL borderline and values < 100 mIU/mL negative.



However, invalid measurements can occur due to specific conditions e.g., immunosuppressive disease or immunosuppressive therapy that can lead to a reduced number and functional capacity of lymphocytes. On the other hand, other conditions may lead to the spontaneous release of IFN-γ-inducing and increased IFN-γ levels in the BLANK tube. In these cases, another test in 2–4 weeks is recommended.




4.5. Second IGRA Assay (SD Biosensor)


For all patients, 1 mL of whole blood was collected in 5 separate tubes (Covi-FERON Tubes, SD Biosensor, Inc., Gyeonggi-do, Korea): (1) nil tube, used to adjust for background noise and IFN-γ as a negative control; (2) original SP antigen tube, used to evaluate IFN-γ response to specific SARS-CoV-2 spike proteins (SP) from the 20I/501Y.V1 variant; (3) variant SP antigen tube, used to evaluate IFN-γ response to specific SARS-CoV-2 spike protein (SP) from 20H/501.V2 and 20J/501Y.V3 variants; (4) NP antigen tube, used to evaluate IFN-γ response to specific SARS-CoV-2 nucleocapsid proteins (NP); (5) mitogen tube, used as a positive control to check the patient’s immune status.



Following an incubation period from 16 to 24 h at 37 °C, the tubes were centrifuged, the plasma was collected, and the amount of IFN-γ (IU/mL) was measured by an enzyme-linked immunosorbent assay (STANDARD E Covi-FERON ELISA, SD Biosensor, Inc., Republic of Korea) according to the manufacturer’s instructions. IFN-γ concentrations were expressed as international units per milliliter (IU/mL). The accuracy of the test, which depends on the generation of an accurate standard curve, was examined before the interpretation of the samples’ outcome. Test results were interpreted qualitatively as reactive, non-reactive, or indeterminate according to the manufacturer’s instructions. Results of the STANDARD E Covi-FERON ELISA were determined according to the released cut-off and criteria. A “Reactive” result indicates that the sample contains an effector T-cell-mediated immune response to SARS-CoV-2, while a “Non-Reactive” result indicates that no effector T-cell-mediated response to SARS-CoV-2 was identified.



The results were reported as reactive when the IFN-γ value of the SP antigen (either the original SP or variant SP) tube or NP antigen tube minus that of the nil tube (nil value) was at least 0.25 IU/mL and 25% of the nil value. Moreover, the results were reported as indeterminate if the nil value was higher than 8.0 IU/mL or the value of the mitogen tube (mitogen value) minus the nil value was lower than 0.50 IU/mL and the IFN-γ value of the SP antigen (either the original SP or variant SP) tube and NP antigen tube minus the nil value were lower than 0.25 IU/mL or at least 0.25 IU/mL and lower than 25% of the nil value.



Table 3 illustrates the main features of each IGRA related to the manufacturer’s instructions.




4.6. Statistical Analysis


The agreement among methods was calculated by computing for each sample and the overall agreement score was set at the manufacturers’ cut-off value. In addition, we performed a multivariate linear regression to assess the relationship between the IFN-γ concentration and the variables under study (sex, age, total lymphocytes cells/mcL CD3+ cells/mcL, CD3+ CD4+ cells/mcL, CD3+ CD8+ cells/mcL, CD19+ cells/ mcL, CD3-CD16+CD56+ cells/ mcL, years since transplantation); an alpha level of 0.05 was considered to be statistically significant.








Author Contributions


Conceptualization, M.I., A.T., and M.M.; Methodology, V.G., S.L., B.L.; Formal Analysis, L.S.; Investigation, M.B., S.L., A.T., P.C.D.; Data Curation, L.S.; Writing—Original Draft Preparation, M.I., A.T., E.R.; Writing—Review and Editing, M.I., E.R., A.T., M.M., S.L., V.G., B.L., M.B., L.S., A.A., P.C., D.V., P.C.D.; Supervision, M.I., P.C.D., M.M.; Project Administration, P.C.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The studies involving human participants were reviewed and approved by the Careggi University Hospital (N.13725).




Informed Consent Statement


The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any data included in this article.




Data Availability Statement


The data that support the findings of this study are available under reasonable request to the corresponding author MI.




Acknowledgments


The authors thank Euroimmun and Eurospital for kindly providing the kits free of costs, and Simone Orsini (Euroimmun Italia) and Alessia De Caneva (Eurospital) for the technical assistance. SD Biosensor is distributed in Italy by Eurospital.




Conflicts of Interest


The authors have declared no conflicts of interest.




References


	



Rothan, H.A.; Byrareddy, S.N. The epidemiology and pathogenesis of coronavirus disease (COVID-19) outbreak. J. Autoimmun. 2020, 109, 102433. [Google Scholar] [CrossRef]

	



Martins-Filho, P.R.; Tavares, C.S.S.; Santos, V.S. Factors associated with mortality in patients with COVID-19. A quantitative evidence synthesis of clinical and laboratory data. Eur. J. Intern. Med. 2020, 76, 97–99. [Google Scholar] [CrossRef] [PubMed]

	



Arentz, M.; Yim, E.; Klaff, L.; Lokhandwala, S.; Riedo, F.X.; Chong, M.; Lee, M. Characteristics and Outcomes of 21 Critically Ill Patients With COVID-19 in Washington State. JAMA 2020, 323, 1612–1614. [Google Scholar] [CrossRef]

	



Mahalingasivam, V.; Craik, A.; Tomlinson, L.A.; Ge, L.; Hou, L.; Wang, Q.; Yang, K.; Fogarty, D.G.; Keenan, C. A Systematic Review of COVID-19 and Kidney Transplantation. Kidney Int. Rep. 2021, 6, 24–45. [Google Scholar] [CrossRef]

	



Phanish, M.; Ster, I.C.; Ghazanfar, A.; Cole, N.; Quan, V.; Hull, R.; Banerjee, D. Systematic Review and Meta-analysis of COVID-19 and Kidney Transplant Recipients, the South West London Kidney Transplant Network Experience. Kidney Int. Rep. 2021, 6, 574–585. [Google Scholar] [CrossRef]

	



Azzi, Y.; Bartash, R.; Scalea, J.; Loarte-Campos, P.; Akalin, E. COVID-19 and Solid Organ Transplantation: A Review Article. Transplantation 2021, 105, 37–55. [Google Scholar] [CrossRef] [PubMed]

	



Raja, M.A.; Mendoza, M.A.; Villavicencio, A.; Anjan, S.; Reynolds, J.M.; Kittipibul, V.; Fernandez, A.; Guerra, G.; Camargo, J.F.; Simkins, J.; et al. COVID-19 in solid organ transplant recipients: A systematic review and meta-analysis of current literature. Transpl. Rev. 2021, 35, 100588. [Google Scholar] [CrossRef]

	



Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.; Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [Google Scholar] [CrossRef] [PubMed]

	



Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [Google Scholar] [CrossRef] [PubMed]

	



Eckerle, I.; Rosenberger, K.D.; Zwahlen, M.; Junghanss, T. Serologic vaccination response after solid organ transplantation: A systematic review. PLoS ONE 2013, 8, e56974. [Google Scholar] [CrossRef]

	



L’Huillier, A.G.; Ferreira, V.H.; Hirzel, C.; Nellimarla, S.; Ku, T.; Natori, Y.; Humar, A.; Kumar, D. T-cell responses following Natural Influenza Infection or Vaccination in Solid Organ Transplant Recipients. Sci. Rep. 2020, 10, 10104. [Google Scholar] [CrossRef] [PubMed]

	



Mombelli, M.; Rettby, N.; Perreau, M.; Pascual, M.; Pantaleo, G.; Manuel, O. Immunogenicity and safety of double versus standard dose of the seasonal influenza vaccine in solid-organ transplant recipients: A randomized controlled trial. Vaccine 2018, 36, 6163–6169. [Google Scholar] [CrossRef] [PubMed]

	



Cordero, E.; Roca-Oporto, C.; Bulnes-Ramos, A.; Aydillo, T.; Gavalda, J.; Moreno, A.; Torre-Cisneros, J.; Montejo, J.M.; Fortun, J.; Munoz, P.; et al. Two Doses of Inactivated Influenza Vaccine Improve Immune Response in Solid Organ Transplant Recipients: Results of TRANSGRIPE 1–2, a Randomized Controlled Clinical Trial. Clin. Infect. Dis. 2017, 64, 829–838. [Google Scholar] [CrossRef] [PubMed]

	



Hequet, D.; Pascual, M.; Lartey, S.; Pathirana, R.D.; Bredholt, G.; Hoschler, K.; Hullin, R.; Meylan, P.; Cox, R.J.; Manuel, O. Humoral, T-cell and B-cell immune responses to seasonal influenza vaccine in solid organ transplant recipients receiving anti-T cell therapies. Vaccine 2016, 34, 3576–3583. [Google Scholar] [CrossRef] [PubMed]

	



Giannella, M.; Pierrotti, L.C.; Helantera, I.; Manuel, O. SARS-CoV-2 vaccination in solid-organ transplant recipients: What the clinician needs to know. Transpl. Int. 2021, 34, 1776–1788. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Schmidt, F.; Weisblum, Y.; Muecksch, F.; Barnes, C.O.; Finkin, S.; Schaefer-Babajew, D.; Cipolla, M.; Gaebler, C.; Lieberman, J.A.; et al. mRNA vaccine-elicited antibodies to SARS-CoV-2 and circulating variants. Nature 2021, 592, 616–622. [Google Scholar] [CrossRef]

	



Wisnewski, A.V.; Campillo Luna, J.; Redlich, C.A. Human IgG and IgA responses to COVID-19 mRNA vaccines. PLoS ONE 2021, 16, e0249499. [Google Scholar] [CrossRef] [PubMed]

	



Barouch, D.H.; Stephenson, K.E.; Sadoff, J.; Yu, J.; Chang, A.; Gebre, M.; McMahan, K.; Liu, J.; Chandrashekar, A.; Patel, S.; et al. Durable Humoral and Cellular Immune Responses 8 Months after Ad26.COV2.S Vaccination. N. Engl. J. Med. 2021, 385, 951–953. [Google Scholar] [CrossRef] [PubMed]

	



Goel, R.R.; Apostolidis, S.A.; Painter, M.M.; Mathew, D.; Pattekar, A.; Kuthuru, O.; Gouma, S.; Hicks, P.; Meng, W.; Rosenfeld, A.M.; et al. Distinct antibody and memory B cell responses in SARS-CoV-2 naive and recovered individuals following mRNA vaccination. Sci. Immunol. 2021, 6, eabi6950. [Google Scholar] [CrossRef]

	



Shahgolzari, M.; Yavari, A.; Arjeini, Y.; Miri, S.M.; Darabi, A.; Mozaffari Nejad, A.S.; Keshavarz, M. Immunopathology and Immunopathogenesis of COVID-19, what we know and what we should learn. Gene Rep. 2021, 25, 101417. [Google Scholar] [CrossRef]

	



McMahan, K.; Yu, J.; Mercado, N.B.; Loos, C.; Tostanoski, L.H.; Chandrashekar, A.; Liu, J.; Peter, L.; Atyeo, C.; Zhu, A.; et al. Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature 2021, 590, 630–634. [Google Scholar] [CrossRef] [PubMed]

	



Woldemeskel, B.A.; Kwaa, A.K.; Garliss, C.C.; Laeyendecker, O.; Ray, S.C.; Blankson, J.N. Healthy donor T cell responses to common cold coronaviruses and SARS-CoV-2. J. Clin. Investig. 2020, 130, 6631–6638. [Google Scholar] [CrossRef]

	



Bergamini, B.M.; Losi, M.; Vaienti, F.; D’Amico, R.; Meccugni, B.; Meacci, M.; De Giovanni, D.; Rumpianesi, F.; Fabbri, L.M.; Balli, F.; et al. Performance of commercial blood tests for the diagnosis of latent tuberculosis infection in children and adolescents. Pediatrics 2009, 123, e419–e424. [Google Scholar] [CrossRef] [PubMed]

	



Candon, S.; Guerrot, D.; Drouot, L.; Lemoine, M.; Lebourg, L.; Hanoy, M.; Boyer, O.; Bertrand, D. T cell and antibody responses to SARS-CoV-2: Experience from a French transplantation and hemodialysis center during the COVID-19 pandemic. Am. J. Transpl. 2021, 21, 854–863. [Google Scholar] [CrossRef] [PubMed]

	



Hartzell, S.; Bin, S.; Benedetti, C.; Haverly, M.; Gallon, L.; Zaza, G.; Riella, L.V.; Menon, M.C.; Florman, S.; Rahman, A.H.; et al. Evidence of potent humoral immune activity in COVID-19-infected kidney transplant recipients. Am. J. Transpl. 2020, 20, 3149–3161. [Google Scholar] [CrossRef]

	



Benotmane, I.; Gautier-Vargas, G.; Wendling, M.J.; Perrin, P.; Velay, A.; Bassand, X.; Bedo, D.; Baldacini, C.; Sagnard, M.; Bozman, D.F.; et al. In-depth virological assessment of kidney transplant recipients with COVID-19. Am. J. Transpl. 2020, 20, 3162–3172. [Google Scholar] [CrossRef] [PubMed]

	



Fung, M.; Chiu, C.Y.; DeVoe, C.; Doernberg, S.B.; Schwartz, B.S.; Langelier, C.; Henrich, T.J.; Yokoe, D.; Davis, J.; Hays, S.R.; et al. Clinical outcomes and serologic response in solid organ transplant recipients with COVID-19: A case series from the United States. Am. J. Transpl. 2020, 20, 3225–3233. [Google Scholar] [CrossRef]

	



Benotmane, I.; Gautier Vargas, G.; Velay, A.; Wendling, M.J.; Perrin, P.; Fafi-Kremer, S.; Caillard, S. Persistence of SARS-CoV-2 antibodies in kidney transplant recipients. Am. J. Transpl. 2021, 21, 2307–2310. [Google Scholar] [CrossRef] [PubMed]

	



Stumpf, J.; Siepmann, T.; Lindner, T.; Karger, C.; Schwobel, J.; Anders, L.; Faulhaber-Walter, R.; Schewe, J.; Martin, H.; Schirutschke, H.; et al. Humoral and cellular immunity to SARS-CoV-2 vaccination in renal transplant versus dialysis patients: A prospective, multicenter observational study using mRNA-1273 or BNT162b2 mRNA vaccine. Lancet Reg. Health Eur. 2021, 9, 100178. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, L.A.; Anderson, E.J.; Rouphael, N.G.; Roberts, P.C.; Makhene, M.; Coler, R.N.; McCullough, M.P.; Chappell, J.D.; Denison, M.R.; Stevens, L.J.; et al. An mRNA Vaccine against SARS-CoV-2—Preliminary Report. N. Engl. J. Med. 2020, 383, 1920–1931. [Google Scholar] [CrossRef] [PubMed]

	



Petrelli, F.; Luciani, A.; Borgonovo, K.; Ghilardi, M.; Parati, M.C.; Petro, D.; Lonati, V.; Pesenti, A.; Cabiddu, M. Third dose of SARS-CoV-2 vaccine: A systematic review of 30 published studies. J. Med. Virol. 2022, 94, 2837–2844. [Google Scholar] [CrossRef] [PubMed]

	



Werbel, W.A.; Boyarsky, B.J.; Ou, M.T.; Massie, A.B.; Tobian, A.A.R.; Garonzik-Wang, J.M.; Segev, D.L. Safety and Immunogenicity of a Third Dose of SARS-CoV-2 Vaccine in Solid Organ Transplant Recipients: A Case Series. Ann. Intern. Med. 2021, 174, 1330–1332. [Google Scholar] [CrossRef] [PubMed]

	



Benotmane, I.; Gautier, G.; Perrin, P.; Olagne, J.; Cognard, N.; Fafi-Kremer, S.; Caillard, S. Antibody Response After a Third Dose of the mRNA-1273 SARS-CoV-2 Vaccine in Kidney Transplant Recipients With Minimal Serologic Response to 2 Doses. JAMA 2021, 326, 1063–1065. [Google Scholar] [CrossRef] [PubMed]

	



Reindl-Schwaighofer, R.; Heinzel, A.; Mayrdorfer, M.; Jabbour, R.; Hofbauer, T.M.; Merrelaar, A.; Eder, M.; Regele, F.; Doberer, K.; Spechtl, P.; et al. Comparison of SARS-CoV-2 Antibody Response 4 Weeks After Homologous vs Heterologous Third Vaccine Dose in Kidney Transplant Recipients: A Randomized Clinical Trial. JAMA Intern. Med. 2022, 182, 165–171. [Google Scholar] [CrossRef]

	



Bertrand, D.; Hamzaoui, M.; Lemee, V.; Lamulle, J.; Laurent, C.; Etienne, I.; Lemoine, M.; Lebourg, L.; Hanoy, M.; Le Roy, F.; et al. Antibody and T-cell response to a third dose of SARS-CoV-2 mRNA BNT162b2 vaccine in kidney transplant recipients. Kidney Int. 2021, 100, 1337–1340. [Google Scholar] [CrossRef] [PubMed]

	



Kamar, N.; Abravanel, F.; Marion, O.; Couat, C.; Izopet, J.; Del Bello, A. Three Doses of an mRNA Covid-19 Vaccine in Solid-Organ Transplant Recipients. N. Engl. J. Med. 2021, 385, 661–662. [Google Scholar] [CrossRef]

	



Westhoff, T.H.; Seibert, F.S.; Anft, M.; Blazquez-Navarro, A.; Skrzypczyk, S.; Zgoura, P.; Meister, T.L.; Pfaender, S.; Stumpf, J.; Hugo, C.; et al. A third vaccine dose substantially improves humoral and cellular SARS-CoV-2 immunity in renal transplant recipients with primary humoral nonresponse. Kidney Int. 2021, 100, 1135–1136. [Google Scholar] [CrossRef] [PubMed]

	



Massa, F.; Cremoni, M.; Gerard, A.; Grabsi, H.; Rogier, L.; Blois, M.; Couzin, C.; Hassen, N.B.; Rouleau, M.; Barbosa, S.; et al. Safety and cross-variant immunogenicity of a three-dose COVID-19 mRNA vaccine regimen in kidney transplant recipients. EBioMedicine 2021, 73, 103679. [Google Scholar] [CrossRef] [PubMed]

	



Boyarsky, B.J.; Werbel, W.A.; Avery, R.K.; Tobian, A.A.R.; Massie, A.B.; Segev, D.L.; Garonzik-Wang, J.M. Antibody Response to 2-Dose SARS-CoV-2 mRNA Vaccine Series in Solid Organ Transplant Recipients. JAMA 2021, 325, 2204–2206. [Google Scholar] [CrossRef] [PubMed]

	



Grupper, A.; Rabinowich, L.; Schwartz, D.; Schwartz, I.F.; Ben-Yehoyada, M.; Shashar, M.; Katchman, E.; Halperin, T.; Turner, D.; Goykhman, Y.; et al. Reduced humoral response to mRNA SARS-CoV-2 BNT162b2 vaccine in kidney transplant recipients without prior exposure to the virus. Am. J. Transpl. 2021, 21, 2719–2726. [Google Scholar] [CrossRef] [PubMed]

	



Marinaki, S.; Adamopoulos, S.; Degiannis, D.; Roussos, S.; Pavlopoulou, I.D.; Hatzakis, A.; Boletis, I.N. Immunogenicity of SARS-CoV-2 BNT162b2 vaccine in solid organ transplant recipients. Am. J. Transpl. 2021, 21, 2913–2915. [Google Scholar] [CrossRef]

	



Cucchiari, D.; Egri, N.; Bodro, M.; Herrera, S.; Del Risco-Zevallos, J.; Casals-Urquiza, J.; Cofan, F.; Moreno, A.; Rovira, J.; Banon-Maneus, E.; et al. Cellular and humoral response after MRNA-1273 SARS-CoV-2 vaccine in kidney transplant recipients. Am. J. Transpl. 2021, 21, 2727–2739. [Google Scholar] [CrossRef] [PubMed]

	



Boyarsky, B.J.; Werbel, W.A.; Avery, R.K.; Tobian, A.A.R.; Massie, A.B.; Segev, D.L.; Garonzik-Wang, J.M. Immunogenicity of a Single Dose of SARS-CoV-2 Messenger RNA Vaccine in Solid Organ Transplant Recipients. JAMA 2021, 325, 1784–1786. [Google Scholar] [CrossRef]

	



Hall, V.G.; Ferreira, V.H.; Ku, T.; Ierullo, M.; Majchrzak-Kita, B.; Chaparro, C.; Selzner, N.; Schiff, J.; McDonald, M.; Tomlinson, G.; et al. Randomized Trial of a Third Dose of mRNA-1273 Vaccine in Transplant Recipients. N. Engl. J. Med. 2021, 385, 1244–1246. [Google Scholar] [CrossRef] [PubMed]

	



Schrezenmeier, E.; Rincon-Arevalo, H.; Stefanski, A.L.; Potekhin, A.; Straub-Hohenbleicher, H.; Choi, M.; Bachmann, F.; Pross, V.; Hammett, C.; Schrezenmeier, H.; et al. B and T Cell Responses after a Third Dose of SARS-CoV-2 Vaccine in Kidney Transplant Recipients. J. Am. Soc. Nephrol. 2021, 32, 3027–3033. [Google Scholar] [CrossRef] [PubMed]

	



Krueger, K.M.; Ison, M.G.; Ghossein, C. Practical Guide to Vaccination in All Stages of CKD, Including Patients Treated by Dialysis or Kidney Transplantation. Am. J. Kidney Dis. 2020, 75, 417–425. [Google Scholar] [CrossRef] [PubMed]

	



Friedrich, P.; Sattler, A.; Muller, K.; Nienen, M.; Reinke, P.; Babel, N. Comparing Humoral and Cellular Immune Response Against HBV Vaccine in Kidney Transplant Patients. Am. J. Transpl. 2015, 15, 3157–3165. [Google Scholar] [CrossRef]

	



Roch, T.; Giesecke-Thiel, C.; Blazquez-Navarro, A.; Wehler, P.; Thieme, C.J.; Juelke, K.; Grutz, G.; Horstrup, J.; Witzke, O.; Dittmer, U.; et al. Generation of HBsAg-reactive T- and B-cells following HBV vaccination in serological non-responders under hemodialysis treatment. Eur. J. Immunol. 2021, 51, 1278–1281. [Google Scholar] [CrossRef]

	



Hirzel, C.; Kumar, D. Influenza vaccine strategies for solid organ transplant recipients. Curr. Opin. Infect. Dis. 2018, 31, 309–315. [Google Scholar] [CrossRef]

	



Available online: https://www.trapianti.salute.gov.it/trapianti/archivioSorveglianzaCnt.jsp?lingua=italiano&tp=Coronavirus&anno=2021&btnCerca=cerca29 (accessed on 20 June 2021).

	



Miele, M.; Busa, R.; Russelli, G.; Sorrentino, M.C.; Di Bella, M.; Timoneri, F.; Mularoni, A.; Panarello, G.; Vitulo, P.; Conaldi, P.G.; et al. Impaired anti-SARS-CoV-2 humoral and cellular immune response induced by Pfizer-BioNTech BNT162b2 mRNA vaccine in solid organ transplanted patients. Am. J. Transpl. 2021, 21, 2919–2921. [Google Scholar] [CrossRef]

	



Sattler, A.; Schrezenmeier, E.; Weber, U.A.; Potekhin, A.; Bachmann, F.; Straub-Hohenbleicher, H.; Budde, K.; Storz, E.; Pross, V.; Bergmann, Y.; et al. Impaired humoral and cellular immunity after SARS-CoV-2 BNT162b2 (tozinameran) prime-boost vaccination in kidney transplant recipients. J. Clin. Investig. 2021, 131, e150175. [Google Scholar] [CrossRef] [PubMed]

	



Chavarot, N.; Ouedrani, A.; Marion, O.; Leruez-Ville, M.; Vilain, E.; Baaziz, M.; Del Bello, A.; Burger, C.; Sberro-Soussan, R.; Martinez, F.; et al. Poor Anti-SARS-CoV-2 Humoral and T-cell Responses After 2 Injections of mRNA Vaccine in Kidney Transplant Recipients Treated With Belatacept. Transplantation 2021, 105, e94–e95. [Google Scholar] [CrossRef] [PubMed]

	



Le Bert, N.; Tan, A.T.; Kunasegaran, K.; Tham, C.Y.L.; Hafezi, M.; Chia, A.; Chng, M.H.Y.; Lin, M.; Tan, N.; Linster, M.; et al. SARS-CoV-2-specific T cell immunity in cases of COVID-19 and SARS, and uninfected controls. Nature 2020, 584, 457–462. [Google Scholar] [CrossRef] [PubMed]

	



Malipiero, G.; Moratto, A.; Infantino, M.; D’Agaro, P.; Piscianz, E.; Manfredi, M.; Grossi, V.; Benvenuti, E.; Bulgaresi, M.; Benucci, M.; et al. Assessment of humoral and cellular immunity induced by the BNT162b2 SARS-CoV-2 vaccine in healthcare workers, elderly people, and immunosuppressed patients with autoimmune disease. Immunol. Res. 2021, 69, 576–583. [Google Scholar] [CrossRef] [PubMed]

	



Kaminska, D.; Augustyniak-Bartosik, H.; Koscielska-Kasprzak, K.; Zabinska, M.; Bartoszek, D.; Poznanski, P.; Kuriata-Kordek, M.; Kusztal, M.; Mazanowska, O.; Krajewska, M. Comparing Humoral and Cellular Adaptive Immunity during Convalescent Phase of COVID-19 in Hemodialysis Patients and Kidney Transplant Recipients. J. Clin. Med. 2021, 10, 4833. [Google Scholar] [CrossRef]

	



Crespo, M.; Perez-Saez, M.J.; Redondo-Pachon, D.; Llinas-Mallol, L.; Montero, M.M.; Villar-Garcia, J.; Arias-Cabrales, C.; Buxeda, A.; Burballa, C.; Vazquez, S.; et al. COVID-19 in elderly kidney transplant recipients. Am. J. Transpl. 2020, 20, 2883–2889. [Google Scholar] [CrossRef]

	



Goffin, E.; Candellier, A.; Vart, P.; Noordzij, M.; Arnol, M.; Covic, A.; Lentini, P.; Malik, S.; Reichert, L.J.; Sever, M.S.; et al. COVID-19-related mortality in kidney transplant and haemodialysis patients: A comparative, prospective registry-based study. Nephrol. Dial. Transpl. 2021, 36, 2094–2105. [Google Scholar] [CrossRef]

	



Ward, J.D.; Cornaby, C.; Schmitz, J.L. Indeterminate QuantiFERON Gold Plus Results Reveal Deficient Interferon Gamma Responses in Severely Ill COVID-19 Patients. J. Clin. Microbiol. 2021, 59, e0081121. [Google Scholar] [CrossRef]

	



Coppock, D.; Zurlo, C.E.; Meloni, J.M.; Goss, S.L.; Zurlo, J.J.; Pettengill, M.A. Interferon Gamma Release Assay Mitogen Responses in COVID-19. Infect. Dis. Clin. Pract. 2022, 30, e1085. [Google Scholar] [CrossRef]

	



Borekci, S.; Karakas, F.G.; Sirekbasan, S.; Kubat, B.; Karaali, R.; Can, G.; Kocazeybek, B.S.; Gemicioglu, B. The Relationship between Pre-Pandemic Interferon Gamma Release Assay Test Results and COVID-19 Infection: Potential Prognostic Value of Indeterminate IFN-gamma Release Assay Results. Can. J. Infect. Dis. Med. Microbiol. 2021, 2021, 1989277. [Google Scholar] [CrossRef]

	



Jena, A.; Mishra, S.; Deepak, P.; Kumar, M.P.; Sharma, A.; Patel, Y.I.; Kennedy, N.A.; Kim, A.H.J.; Sharma, V.; Sebastian, S. Response to SARS-CoV-2 vaccination in immune mediated inflammatory diseases: Systematic review and meta-analysis. Autoimmun. Rev. 2022, 21, 102927. [Google Scholar] [CrossRef] [PubMed]

	



Haberman, R.H.; Herati, R.; Simon, D.; Samanovic, M.; Blank, R.B.; Tuen, M.; Koralov, S.B.; Atreya, R.; Tascilar, K.; Allen, J.R.; et al. Methotrexate hampers immunogenicity to BNT162b2 mRNA COVID-19 vaccine in immune-mediated inflammatory disease. Ann. Rheum. Dis. 2021, 80, 1339–1344. [Google Scholar] [CrossRef] [PubMed]

	



Dan, J.M.; Mateus, J.; Kato, Y.; Hastie, K.M.; Yu, E.D.; Faliti, C.E.; Grifoni, A.; Ramirez, S.I.; Haupt, S.; Frazier, A.; et al. Immunological memory to SARS-CoV-2 assessed for up to 8 months after infection. Science 2021, 371, eabf4063. [Google Scholar] [CrossRef] [PubMed]

	



Goletti, D.; Petrone, L.; Manissero, D.; Bertoletti, A.; Rao, S.; Ndunda, N.; Sette, A.; Nikolayevskyy, V. The potential clinical utility of measuring severe acute respiratory syndrome coronavirus 2-specific T-cell responses. Clin. Microbiol. Infect. 2021, 27, 1784–1789. [Google Scholar] [CrossRef] [PubMed]

	



Ferraccioli, G.; Gremese, E.; Goletti, D.; Petrone, L.; Cantini, F.; Ugel, S.; Cane, S.; Bronte, V. Immune-guided therapy of COVID-19. Cancer Immunol. Res. 2022, 10, 384–402. [Google Scholar] [CrossRef]

	



Picchianti-Diamanti, A.; Aiello, A.; Lagana, B.; Agrati, C.; Castilletti, C.; Meschi, S.; Farroni, C.; Lapa, D.; Najafi Fard, S.; Cuzzi, G.; et al. ImmunosuppressiveTherapies Differently Modulate Humoral- and T-Cell-Specific Responses to COVID-19 mRNA Vaccine in Rheumatoid Arthritis Patients. Front. Immunol. 2021, 12, 740249. [Google Scholar] [CrossRef]

	



Farroni, C.; Picchianti-Diamanti, A.; Aiello, A.; Nicastri, E.; Lagana, B.; Agrati, C.; Castilletti, C.; Meschi, S.; Colavita, F.; Cuzzi, G.; et al. Kinetics of the B- and T-Cell Immune Responses After 6 Months From SARS-CoV-2 mRNA Vaccination in Patients With Rheumatoid Arthritis. Front. Immunol. 2022, 13, 846753. [Google Scholar] [CrossRef]

	



Nathan, A.; Rossin, E.J.; Kaseke, C.; Park, R.J.; Khatri, A.; Koundakjian, D.; Urbach, J.M.; Singh, N.K.; Bashirova, A.; Tano-Menka, R.; et al. Structure-guided T cell vaccine design for SARS-CoV-2 variants and sarbecoviruses. Cell 2021, 184, 4401–4413. [Google Scholar] [CrossRef]

	



New Analyses of Two AZD7442 COVID-19 Phase III Trials in High-Risk Populations Confirm Robust Efficacy and Long-Term Prevention. Available online: https://www.astrazeneca.com/media-centre/press-releases/2021/newanalyses-of-two-azd7442-covid-19-phase-iii-trials-in-high-risk-populationsconfirm-robust-efficacy-and-long-term-prevention.html (accessed on 30 December 2021).

	



Skelly, D.T.; Harding, A.C.; Gilbert-Jaramillo, J.; Knight, M.L.; Longet, S.; Brown, A.; Adele, S.; Adland, E.; Brown, H.; Medawar Laboratory, T.; et al. Two doses of SARS-CoV-2 vaccination induce robust immune responses to emerging SARS-CoV-2 variants of concern. Nat. Commun. 2021, 12, 5061. [Google Scholar] [CrossRef]

	



Hillus, D.; Schwarz, T.; Tober-Lau, P.; Vanshylla, K.; Hastor, H.; Thibeault, C.; Jentzsch, S.; Helbig, E.T.; Lippert, L.J.; Tscheak, P.; et al. Safety, reactogenicity, and immunogenicity of homologous and heterologous prime-boost immunisation with ChAdOx1 nCoV-19 and BNT162b2: A prospective cohort study. Lancet Respir. Med. 2021, 9, 1255–1265. [Google Scholar] [CrossRef]

	



Frey, S.; Chowdhury, R.; Connolly, C.M.; Werbel, W.A.; Segev, D.L.; Parian, A.M.; Ibd, G. Antibody Response Six Months after SARS-CoV-2 mRNA Vaccination in Patients with Inflammatory Bowel Disease. Clin. Gastroenterol. Hepatol. 2022, 20, 1609–1612. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Comparison of results (raw data, quantitative and qualitative) of the two IGRAs.






Table 1. Comparison of results (raw data, quantitative and qualitative) of the two IGRAs.





	
Sample ID

	
Patient

Initials

	
Test

	
BLANK

	
S Tube

	
Stim Tube

	
S Variant Tube

	
NC Tube

	
QuantitativeResult (mIU/mL)

	
QualitativeResult






	
1

	
SO

	
EUROIMMUN

	
19.67

	
82.76

	
>max

	
-

	
-

	
63

	
Negative




	
SD BIOSENSOR

	
0.111

	
0.126

	
>10

	
0.071

	
0.008

	
-

	
Non-reactive




	
2

	
LL

	
EUROIMMUN

	
25

	
23.74

	
>max

	
-

	
-

	
0

	
Negative




	
SD BIOSENSOR

	
0.099

	
0.088

	
>10

	
0.033

	
−0.011

	
-

	
Non-reactive




	
3

	
BLT

	
EUROIMMUN

	
14.27

	
72.04

	
689.32

	
-

	
-

	
57.8

	
Negative




	
SD BIOSENSOR

	
0.069

	
0.418

	
>10

	
0.371

	
0.021

	
-

	
Reactive




	
4

	
SM

	
EUROIMMUN

	
26.49

	
61.23

	
>max

	
-

	
-

	
35

	
Negative




	
SD BIOSENSOR

	
0.058

	
−0.005

	
>10

	
0.018

	
X

	
-

	
Non-reactive




	
5

	
LT

	
EUROIMMUN

	
44.04

	
43.19

	
94.8

	
-

	
-

	
Invalid

	
Invalid




	
SD BIOSENSOR

	
0.232

	
−0.139

	
1.267

	
−0.111

	
−0.146

	
-

	
Non-reactive




	
6

	
VD

	
EUROIMMUN

	
22.47

	
102.76

	
1662.49

	
-

	
-

	
80

	
Negative




	
SD BIOSENSOR

	
0.109

	
0.091

	
>10

	
−0.025

	
−0.04

	
-

	
Non-reactive




	
7

	
IC

	
EUROIMMUN

	
34.13

	
42.72

	
145.67

	
-

	
-

	
Invalid

	
Invalid




	
SD BIOSENSOR

	
0.298

	
−0.166

	
1.039

	
−0.16

	
−0.222

	
-

	
Non-reactive




	
8

	
CF

	
EUROIMMUN

	
73.42

	
99.27

	
>max

	
-

	
-

	
26

	
Negative




	
SD BIOSENSOR

	
0.173

	
−0.033

	
>10

	
−0.026

	
−0.048

	
-

	
Non-reactive




	
9

	
SG

	
EUROIMMUN

	
51.2

	
142.15

	
>max

	
-

	
-

	
91

	
Negative




	
SD BIOSENSOR

	
0.115

	
0.142

	
>10

	
0.065

	
0.023

	
-

	
Non-reactive




	
10

	
MG

	
EUROIMMUN

	
22.34

	
26.72

	
>max

	
-

	
-

	
4

	
Negative




	
SD BIOSENSOR

	
0.055

	
−0.003

	
>10

	
0.011

	
0.132

	
-

	
Non-reactive




	
11

	
TM

	
EUROIMMUN

	
3.99

	
26.93

	
>max

	
-

	
-

	
22.9

	
Negative




	
SD BIOSENSOR

	
0.107

	
0.465

	
>10

	
0.029

	
−0.035

	
-

	
Reactive




	
12

	
PO

	
EUROIMMUN

	
13.07

	
56.52

	
>max

	
-

	
-

	
43

	
Negative




	
SD BIOSENSOR

	
0.105

	
−0.029

	
>10

	
−0.036

	
−0.053

	
-

	
Non-reactive




	
13

	
PM

	
EUROIMMUN

	
<min

	
3.99

	
104.82

	
-

	
-

	
Invalid

	
Invalid




	
SD BIOSENSOR

	
0.077

	
−0.022

	
>10

	
−0.022

	
−0.024

	
-

	
Non-reactive




	
14

	
MB

	
EUROIMMUN

	
36.53

	
351.76

	
>max

	
-

	
-

	
315

	
Positive




	
SD BIOSENSOR

	
0.138

	
0.302

	
>10

	
0.125

	
0.263

	
-

	
Reactive








Euroimmun data are expressed in mIU/mL adjusted to international reference material (NIBSC, 82/587). S, S VARIANT and NC tubes values are blank subtracted. S: S1 domain of the spike protein for Euroimmun and spike derived from SARS-CoV-2 and 20I/501Y.V1 variant (originator) for SD Biosensor; STIM: stimulation (mytogen); S VARIANT: spike protein antigen derived from 20H/501.V2 and 20J/501Y.V3 variants; NC: Nucleocapsid.
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Table 2. Demographic, clinical and laboratory characteristics of 14 kidney transplant recipients.
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	N.
	
	Age
	Gender
	Total Lymphocytes Cells/mcL
	CD3+ Cells/mcL (%)
	CD3+ CD4+ Cells/mcL (%)
	CD3+ CD8+ Cells/mcL (%)
	CD19+ Cells/mcL (%)
	CD3-CD16+CD56+ Cells/mcL (%)
	Transplant (YEARS)
	Immunosoppressive Therapy
	Comorbidity





	1
	SO
	54
	M
	2249
	1214 (53.9%)
	608 (27%)
	574 (25.5%)
	92 (4.1%)
	943 (42%)
	1
	TAC/MMF/CCS
	hypertension, diabetes



	2
	LL
	31
	M
	1779
	1496 (83%)
	521 (29%)
	856 (47%)
	4 (0.2%)
	279 (15%)
	14
	TAC/CCS
	MGUS, hypertension



	3
	BLT
	43
	F
	1573
	1079 (68%)
	538 (34%)
	530 (33%)
	205 (13%)
	289 (18%)
	2
	TAC/MMF/CCS
	



	4
	SM
	54
	F
	2720
	2054 (74.8%)
	1098 (40%)
	893 (32%)
	308 (11%)
	358 (13%)
	1
	TAC/MMF/CCS
	hypertension, diabetes, cardiovascular disease



	5
	LT
	67
	F
	1353
	1235 (91%)
	908 (67%)
	313 (23%)
	28 (2.1%)
	93 (7%)
	11
	TAC/MMF/CCS
	



	6
	VD
	78
	M
	1381
	872 (62%)
	692 (49%)
	170 (12%)
	173 (12%)
	336 (24%)
	16
	TAC/CCS
	hypertension, diabetes, COVID-19 history



	7
	IC
	59
	M
	2007
	1891 (94%)
	706 (35%)
	1101 (55%)
	74 (3.7%)
	42 (2.1%)
	10
	TAC/CCS
	hypertension, diabetes



	8
	CF
	48
	M
	1257
	1041 (82%)
	604 (48%)
	347 (27%)
	55 (4.4%)
	161 (13%)
	1
	TAC/MMF/CCS
	hypertension, cardiovascular disease



	9
	SG
	64
	M
	2188
	1667 (76%)
	538 (24%)
	1047 (47%)
	286 (13%)
	235 (11%)
	1
	TAC/MMF/CCS
	HIV +



	10
	MG
	48
	F
	1233
	1001 (81%)
	660 (53%)
	300 (24%)
	23 (1.8%)
	209 (17%)
	3
	TAC/MMF/CCS
	MGUS, hypertension, diabetes, cardiovascular disease



	11
	TM
	47
	F
	1450
	1115 (76%)
	681 (47%)
	406 (28%)
	150 (10%)
	185 (12%)
	4
	TAC/MMF/CCS
	Hypertension, autoimmune thyroiditis



	12
	PO
	72
	M
	1853
	1339 (72%)
	260 (14%)
	911 (49%)
	66 (3.6%)
	448 (24%)
	2
	TAC/m-TORi/CCS
	hypertension, diabetes



	13
	PM
	66
	M
	2446
	2198 (89%)
	481 (19%)
	1581 (64%)
	110 (4%)
	138 (5%)
	4
	TAC/MMF/CCS
	BPCO, hypertension



	14
	MB
	56
	M
	2652
	1895 871%)
	1304 (49%)
	552 (21%)
	179 (7%)
	578 (22%)
	2
	TAC/MMF/CCS
	MGUS, hypertension, diabetes







tacrolimus (TAC)/mycophenolate mofetil (MMF)/corticosteroids (CCS)/inhibitors of Mammalian Target of Rapamycin (mTORi).













[image: Table] 





Table 3. Characteristics of IGRAs.






Table 3. Characteristics of IGRAs.





	Manufacturer
	Kit Assay
	Method
	Antigen (Stimulation Tube)
	Coating Plate
	Assay Time
	Calibrators No.
	Dynamic Range
	Positivity Criteria
	Validity Criteria





	Euroimmun
	Quan-T-Cell ELISA
	ELISA
	S1 domain
	monoclonal anti-interferon-γ antibody
	3 h 20′
	6
	0.5–2000 mIU/mL *
	negative: <100 mIU/mL

borderline: 100–200 mIU/mL

positive: >200 mIU/mL
	BLANK

≤ 400 mIU/mL

STIM minus BLANK ≥ 400 mIU/mL



	SD Bionsensor
	STANDARD E Covi-FERON ELISA
	ELISA
	spike protein antigen derived from SARS-CoV-2 and

20I/501Y.V1 variant

(original SP antigen tube),

spike protein antigen derived from

20H/501.V2 and

20J/501Y.V3 variants

(variant SP antigen tube),

nucleocapsid protein antigen

(NP Antigen tube)
	monoclonal anti-interferon-γ antibody
	Approx. 1 h 40′
	4
	0.125~10 IU/mL
	Reactive: ≥0.250 IU/mL and ≥25% of Nil value
	Nil ≤ 8.0 IU/mL

Mitogen ≥ 0.5 IU/mL







* Dynamic range could vary between batch numbers.
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