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Abstract

:

Convalescent plasma (CP) has been in use for the treatment of numerous infectious diseases for more than a century, recently also for coronavirus disease 2019 (COVID-19). A major challenge for this treatment is identifying suitable donors with sufficient levels of functional antibodies and to determine the optimal time span for CP donation. In this retrospective study, we analyzed 189 CP donations of 66 donors regarding anti-SARS-CoV-2 anti-S IgG antibody levels. We found a significant correlation between the semi-quantitative SARS-CoV-2 IgG ratio values and in vitro antibody functionality. A time-to-event analysis allowed us to predict the optimal time span of COVID-19 CP donor suitability. We found that high IgG ratio values, which significantly correlate with high in vitro antibody functionality, were suitable for CP donation for a median of 134 days after the first CP donation. Donors with lower IgG ratios were suitable for a median of 53 days. Our data support plasma collection centers to determine optimal points in time for CP donation by means of widely used semi-quantitative laboratory IgG ratio values.






Keywords:


plasmapheresis; convalescent plasma; COVID-19; SARS-CoV-2 antibodies












1. Introduction


Since 2019, COVID-19, caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), is endangering global health and the economy. Despite astonishing achievements regarding diagnostics [1,2] and vaccination [3,4,5] within a very short time period, efficient and safe treatment options particularly for critically ill COVID-19 patients are still rare. Frequently corticosteroids such as dexamethasone are applied, which are used to treat COVID-19- and non-COVID-19-induced acute respiratory distress syndrome (ARDS) because of its anti-inflammatory and immunosuppressive effects [6,7]. Since the end of 2021, the combination of the antiviral protease inhibitors ritonavir and nirmatrelvir, which allow for impeding viral replication, is applied for the treatment of severely affected COVID-19 patients [8,9,10]. This seemed to be a very promising strategy to fight severe health damage. However, there are reports about cases of COVID-19 relapse after the end of the antiviral treatment [11,12]. In addition, further studies recently report resistance mutations in SARS-CoV-2’s protease against these antiviral drugs [13,14].



Another therapeutic strategy to treat COVID-19 patients is the administration of convalescent plasma (CP). Convalescent plasma therapy, which passively immunizes patients by the transfer of specific, neutralizing antibodies from recovered individuals, has been in use for more than 100 years to treat different infectious diseases such as Spanish influenza, poliomyelitis, measles, mumps, hepatitis A and B and, more recently, SARS, Ebola virus disease and influenza A [15,16]. Despite contradictory results concerning the efficacy of this therapy form when treating severely affected COVID-19 patients [17,18,19,20,21], many countries collect and administer CP, as there are data indicating that CP is a safe and efficient therapy, providing that plasma with sufficient anti-SARS-CoV-2 antibody levels is administered early in the disease course [22,23].



Identifying potential SARS-CoV-2 CP donors is still difficult due to varying specific antibody levels among recovered and/or vaccinated individuals. Furthermore, different laboratories use various test systems and methods to determine the levels of different types of anti-SARS-CoV-2 antibodies. However, the traditional and commonly applied enzyme-linked immunosorbent assays (ELISA) or electrochemiluminescence immunoassays (ECLIA) detect antibodies without functional correlation to antiviral efficacy. Thus, to be able to provide CP for efficient therapeutic applications, multiple analytical approaches are required to detect antibody titers and determine their neutralizing potential before plasma donations are conducted. However, the identification of suitable CP donors does not automatically allow for determining the time span of donor suitability.



In the present retrospective study, we analyzed 189 CP donations of 66 different CP donors (2–12 sequential donations) from two independent Austrian plasma-collecting institutions. CP was collected during the pre-vaccination era (April 2020–February 2021) and was analyzed for anti-SARS-CoV-2 anti-S IgG levels with respect to the factors sex, age, ABO blood group and severity of the COVID-19 disease course. The main objective of this study was to determine the optimal CP donation time span and thus donor suitability using the first IgG ratio value of a putative CP donor measured. Furthermore, we investigated whether the widely applied semi-quantitative IgG ratio value correlates with in vitro neutralizing antibody activity.




2. Materials and Methods


2.1. Ethical Statement


Human plasma collection was done according to the standards of the Association for the Advancement of Blood & Biotherapies’ guide Apheresis: Principles and practice [24] and the Guide to the preparation, use and quality assurance of blood components from the European Directorate for the Quality of Medicines and HealthCare [25]. All donors signed informed consent on the use of plasma donation intended to be applied as a therapeutic application for COVID-19 patients and on the use of leftover material for research purposes. The work described has been carried out in accordance with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. COVID-19 CP and samples thereof were processed anonymously to protect the privacy of each donor.




2.2. Plasma Donor Selection


COVID-19 CP was collected between April 2020 and February 2021 by two independent institutions: by the Blood Services of the Austrian Red Cross Vienna, Lower Austria and Burgenland, Austria and the Transfusion Department of the University Hospital Salzburg, Austria. All CP-donors were aged between 18 and 68 and fully recovered of RT-qPCR and SARS-CoV-2 anti-N antibody screening-confirmed COVID-19 for at least 4 weeks. No COVID19-related sequelae were reported at the time of CP donation. Female donors with a history of previous pregnancies were tested for HNA and HLA antibodies using Luminex microbeads technology according to manufacturer’s instructions (Luminex Corporation, Austin, TX, USA). Furthermore, CP donors were selected according to their ABO-blood group, which had to match with the blood groups of the patients treated. A pre-donation examination and clinical evaluation was performed at least one day prior to the first plasma donation to exclude potential contraindications. In the course of this health screening, blood samples were screened serologically and molecular biologically for HIV1/2, HAV, HBV, HCV, PB19 and syphilis as a part of the routine work-up of each plasma donation. Furthermore, a full blood count was done and levels of the inflammatory markers neopterin or C-reactive protein (CRP) were determined. In addition, plasma protein, immunoglobulins and creatinine were measured. Providing negative screening for the infectious disease parameters tested, results within the normal range for inflammatory markers, plasma protein, immunoglobulins, creatinine and full blood count and a SARS-CoV-2 anti-S IgG ratio of ≥2, donors were admitted to COVID-19 CP donation.




2.3. Plasma Collection


Using the Trima Accel cell separator (Terumo BCT, Lakewood, CO, USA), a maximum volume of 650 mL of COVID-19 CP was collected in the course of a donation event. Plasma pathogen reduction was performed applying the INTERCEPT blood system (Cerus Corporation Europe BV, Amersfoort, The Netherlands) according to manufacturer’s instructions. The collected CP was stored at ≤−25 °C until further usage.




2.4. Anti-SARS-CoV-2 Serological Screening


For SARS-CoV-2 anti-N donor screening, the Elecsys Anti-SARS-CoV-2 total antibody electrochemiluminiscence immunoassay (ECLIA, Roche Diagnostics, Basel, Switzerland) was applied using a cobas8000-e801 device (Roche Diagnostics) according to manufacturer’s instructions.



The SARS-CoV-2 testing of collected CP was performed with the semi-quantitative Euroimmun SARS-CoV-2 IgG ELISA (Euroimmun, Lübeck, Germany) (EI IgG ELISA) using an Euroimmun Analyzer I as described in Hoepler et al. [26]. In brief, this assay uses a recombinant spike protein as target, and testing was conducted according to the manufacturer’s instructions and with serial dilutions of donor plasma. Results were expressed as IgG ratio values. Ratios were automatically calculated by the Euroimmun Analyzer I platform according to manufacturer’s instructions by dividing the optical densities of the sample by those of an internal calibrator, which is provided with the test kit.



To determine in vitro functionality of SARS-CoV-2 anti-S antibodies detected, a SARS-CoV-2 Surrogate Virus Neutralization Test (sVNT) (GenScript, Piscataway Township, NJ, USA) was conducted. In brief, this ELISA-based assay screens for antibodies against SARS-CoV-2 being able to inhibit the protein-protein interaction between a horseradish-peroxidase-conjugated recombinant viral receptor binding domain (RBD) protein and the human angiotensin converted enzyme 2 (ACE-2). Results are expressed as percent signal inhibition (= net OD450 sample value/OD value of negative control × 100). As recommended by the manufacturer, signal inhibition rates ≥30% are considered as positive, indicating functional neutralizing antibodies against SARS-CoV-2, values <30% are considered as negative, indicating inadequate RBD-ACE-2 inhibition and thus insufficient antibody functionality.




2.5. Statistical Analysis


For the descriptive analysis of the data, correlations were calculated using Spearman‘s correlation coefficient. Calculations were conducted using the statistical software R (R-core team, Vienna, Austria, version 4.1.3) [27] or GraphPad Prism software (Dotmatics, Boston, MA, USA, version 9). For assessing statistical significance of differences between different ABO blood groups, a nonparametric ANOVA test was used. For the comparisons between two groups (e.g., male versus female) Wilcoxon-Mann-Whitney test was applied. A time-to-event analysis (i.e., Kaplan Meier curves, Cox PH model) was performed to analyze the impact of baseline levels on the probability of a drop of the anti-S IgG ELISA ratio value below three. For this purpose, the R package survival [28] was used as well as survminer for the graphical representation of the results [29]. For all hypothesis tests, the two-sided level of 5 percent was used.





3. Results


3.1. Study Cohort


As summarized in Table 1, the cohort of COVID-19 CP donors investigated in this retrospective study consisted of 57 male (= 86.4%) and 9 female (= 13.6%) donors, who in sum donated 189 CP products (median number of CP donations: 3, range 2–12 donations). The median age of donors was 43 years (range: 18–68 years). The distribution of ABO blood groups among CP donors reflects the physiological ABO blood group distribution in Austria (according to the Austrian Red Cross, https://www.roteskreuz.at/blutspenden/wissenswertes-zum-blut?gclid=EAIaIQobChMIj_2wz4rm9QIVwwyLCh0-4wjZEAAYASAAEgI0s_D_BwE, accessed on 10 August 2022) and is as follows: blood group A (n = 28, 42.4%), B (n = 12, 18.2%), AB (n = 5, 7.6%) and 0 (n = 21, 31.8%).




3.2. SARS-CoV-2 Anti-S Antibody Levels Are Independent of Age, Sex, ABO Blood Group and Disease Course


CP donations took place 52 days (median value, range 33–93 days) after convalescence of a RT-qPCR and SARS-CoV-2 anti-N antibody screening confirmed SARS-CoV-2 infection. SARS-CoV-2 anti-S IgG kinetics was monitored for each plasma donation of each individual donor. It is important to note that for the time span investigated, no vaccination was available and thus only infection-acquired antibody levels were investigated. We observed varying levels of SARS-CoV-2 anti-S IgG antibody ratios for the first plasma donation (Figure 1): 12 donors showed an anti-S IgG ratio < 3, 16 showed IgG ratio values between 3 and 5, 18 donors had anti-S IgG ratio values between 5–7 and 20 CP donors showed an IgG ratio value > 7. As expected, we found declining SARS-CoV-2 anti-S antibody levels over time for the majority of CP donors (n = 42). Eighteen donors showed rather stable anti-S levels for the time span observed, while six donors showed rising and falling anti-S antibody levels (Figure 1).



We next asked whether there is a correlation between IgG ratio values and the parameters sex, ABO blood group, age or disease course. A significant correlation between donor age and IgG ratio value of the first plasma donation (Figure 2) could not be found.



Furthermore, we did not observe significant differences between different ABO blood groups (Figure 3A) or male and female donors (Figure 3B).



For 59 CP donors, data regarding the COVID-19 disease course were available. Forty-four CP donors reported a feverish course of the disease, 31 reported to have experienced hyposmia and/or dysgeusia. Comparing symptomatic and asymptomatic disease courses with respect to fever and hyposmia/dysgeusia using the Wilcoxon-Mann-Whitney test showed no significant difference regarding the level of SARS-CoV-2 anti-S IgG ratio values (Figure 4A,B).




3.3. SARS-CoV-2 Anti-S IgG Ratio Values Correlate with Antibody Functionality


We next asked whether the semi-quantitative IgG ratio value correlates with antibody functionality. Thus, we performed a SARS-CoV-2 surrogate virus neutralization test with a subset of 92 different CP donations of 24 individual donors. Our data show a significant correlation (Spearman’s r = 0.74, p < 0.001) between IgG ratio values and in vitro antibody functionality: CP samples with high IgG ratio values showed higher antibody functionality compared to CP with lower IgG ratio values (Figure 5).




3.4. The Level of SARS-CoV-2 Anti-S Antibody Allows Determining the Time Span of CP Donor Suitability


Our data indicate that SARS-CoV-2 anti-S antibody levels of CP donors are independent of age, sex, ABO blood group and disease course, pointing to strong donor variability. This makes the identification of suitable donors and especially the determination of the optimal donation time span for efficient CP a major challenge. We therefore investigated whether it is possible to predict the time span of CP donor suitability using the initial SARS-CoV-2 anti-S antibody ratio value of a putative CP donor. In order to do so, we defined an anti-S IgG ratio value of 3 as the minimum value, which has to be reached for suitable COVID-19 CP donation, which, according to our correlation analysis, would account for >60% in vitro antibody functionality (Figure 5).



Using a Cox model analysis, we could show that the individual level of SARS-CoV-2 anti-S IgG of the initial CP donation has a significant influence (hazard ratio 0.6, p < 0.0001) on anti-S antibody kinetics over time. This indicates that individuals with higher initial IgG ratio values show a lower risk of reaching an IgG ratio value below 3 for the time span observed. As a next step, a stratified Kaplan-Meier analysis was performed to calculate the overall probability for a particular initial anti-S IgG ratio value to drop below a value of 3 over time. As shown in Figure 6, our analysis revealed, that an initial IgG ratio value between 3 and 5 dropped below 3 after a median of 53 days and ratio values between 5 and 7 dropped below 3 after a median of 134 days. We could not determine such a point in time for initial IgG ratio values > 7, since there were only a few drops below the value of 3 within the time span observed (80 days after the first CP donation). In addition, the initial IgG ratio values < 3 were included in our analysis, since in some cases the IgG ratio value increased over the time span observed. For this group, the analysis revealed that in median after 22 days a drop to the minimum ratio value of 3 is reached again. Our data clearly indicate that higher IgG ratio values allow for a longer CP donation period (log rank test p < 0.0001), in line with the above-mentioned results of the Cox model using the raw uncategorized IgG ratio values as the explanatory variable.





4. Discussion


CP application is one of the first therapy options in epidemics, as it becomes available as soon as there are convalescent individuals. Even though it has been in use for numerous epidemic outbreaks over the last century, its therapeutic efficacy is still under debate. Several studies from China were among the first reporting the application of CP to fight COVID-19 [19,30,31,32]. The first reports indicated an effective and safe therapy form, leading to reduced SARS-CoV-2 viral loads and improving clinical outcomes compared to non-CP-treated cases of COVID-19. In contrast, other studies indicate no significant improvements regarding COVID-19 disease course or mortality rate [21,33]. A third group of studies reports ameliorations only for specific patient cohorts: Joyner et al. reported that patients, who were not mechanically ventilated, show a lower mortality rate when treated with CP [17]. Another study reported a lower mortality rate for COVID-19 patients with hematological cancers after CP transfusion [34]. Based on current knowledge, CP therapy appears to be safe. However, it remains unknown which minimal virus-neutralizing capabilities a CP has to provide for the improvement of clinical symptoms. A recent review summarizes the controversial findings in the field and concludes that the absence of a benefit of CP therapy may be explained by insufficient therapeutic doses applied, thus highlighting the importance of appropriate IgG levels and presence of neutralizing antibodies in CP [35].



In this retrospective study, we found that infection-acquired SARS-CoV-2 antibody levels are heterogeneous among CP donors and generally decline over time. The level of IgG ratio values observed does not dependent on age, sex, ABO blood group or previous COVID-19 disease course. These findings are in line with other studies that previously demonstrated no significant correlation between SARS-CoV-2 antibody levels and sex, age and ABO blood group [36,37,38,39,40,41,42].



Regarding sex, it should be considered that there is a gender imbalance in our present study (57 male and 9 female CP donors). This can be explained by previous pregnancies, which elevate the risk for HNA/HLA antibodies in female donors. Therefore, male individuals are often preferred as blood/CP donors. Concerning age, there are studies describing age-associated differences regarding SARS-CoV-2 antibody levels: Yang et al. investigated a wide range of patient age groups (1–102 years) and showed that COVID-19 patients aged 19–30 years exhibited the lowest IgG levels [43]. This contradictory finding might be explained by utilizing the investigation of different study sample sizes and age groups, as only individuals aged between 18 and 68 were included in our study.



A study conducted by Klein et al. reported that severe disease courses, which were associated with hospitalization, resulted in elevated antibody responses [44]. Others reported similar results for comparisons of hospitalized individuals and outpatients [45,46,47]. In contrast, our study revealed no significant difference regarding IgG ratio values for disease courses with or without fever or hyposmia/dysgeusia. This may be explained by the fact that only one CP donor in our study was hospitalized due to COVID-19, pointing to a generally milder disease progression among our study cohort.



In order to be able to predict CP donor suitability over time by using the IgG ratio value, we first defined the IgG ratio value 3 as the minimum value to be reached for CP donation suitability. This value was chosen as according to our analysis; it refers to >60% in vitro antibody functionality. We further grouped our study cohort according to the initial IgG value measured into four subgroups: IgG ratio value < 3, IgG ratio value between 3 and 5, IgG ratio value between 5 and 7 and IgG ratio value > 7. Our data indicate that individuals with higher initial IgG ratio values show a lower risk of reaching the limit of IgG ratio value below 3 over time. According to our findings, this allows a longer CP donation period compared to donors with lower initial IgG values. Our analysis further allowed the median prediction of donor suitability in days: initial IgG ratio values between 3 and 5 dropped below a value of 3 in median after 53 days, ratio values between 5 and 7 dropped below the limit of 3 in median after 134 days.



Even though CP therapy efficacy is still under debate, there are suggestions for successful CP application. Klassen et al. suggested the use of CP containing specific, neutralizing antibodies prophylactically or at an early point in time to obtain therapeutic benefit [23]. Furthermore, it becomes evident that sufficient neutralizing antibody levels present in a plasma product are essential for successful therapeutic measures [35]. Additionally, the European commission directorate for health and food safety also requests blood service centers in Europe to issue CP with the highest antibody titers available [48]. However, the directorate also states that there is no international standardized unit for the term “titer”. This makes the comparison of CP from different producers difficult [48]. In our study, we combined two conventional assay approaches, a semi-quantitative ELISA and an ELISA-based in vitro functionality screening. Our data show that semi-quantitative anti-S IgG ratio values significantly correlate with the in vitro inhibition rate of the RBD-ACE2 interaction, thus indicating the level of antibody functionality. This is an important finding, which may help CP producing institutions to choose the optimal donor, donation period and thus plasma product for treatment of COVID-19 patients.



Taking into account that SARS-CoV-2 variants might emerge, which may acquire resistance to currently available monoclonal antibodies, COVID-19 CP should be considered as first-line therapy, which is efficient when applied early with adequate neutralizing antibody activity present.



Our retrospective study has some limitations: first, even though two Austrian plasma-collecting institutions were included, the study cohort (n = 66 donors) is rather small. This is because we observed the developmental course of IgG ratio values over time. Thus, donors who donated CP just once were excluded from this study. Furthermore, donors donated CP according to therapeutic/medical requirements of the patients treated. Therefore, the donation period and frequency observed are rather heterogeneous. Finally, since our retrospective study regards CP from the pre-vaccination era, we cannot exclude different findings for COVID-19 CP from vaccinated individuals.




5. Conclusions


In conclusion, our data reveal that the frequently used semi-quantitative anti-SARS-CoV2 IgG ratio values directly correlate with specific antibody functionality in vitro. Furthermore, our analysis shows that the IgG ratio value allows for predicting the median time span for CP donor suitability: While CP donors with a higher IgG ratio value (between 5 and 7) were suitable for CP donation for a median of 134 days, donors with IgG ratio values between 3 and 5 were suitable for a median of 53 days. Our findings will support plasma collection centers and clinicians to choose suitable CP donors and predict the optimal time span for CP donation, thus leading to efficient COVID-19 CP products for clinical applications.







Author Contributions


Conceptualization, C.G. and C.J.; methodology, C.G., S.L.-P. and G.Z.; validation, S.L.-P., W.L. and G.Z.; formal analysis, S.L.-P., L.W. (Lukas Weseslindtner), N.H. and J.M.K.; investigation, N.L., L.W. (Lisa Weidner), S.G., F.F., L.O. and S.L.-P.; data curation, S.L.-P., N.L. and L.W. (Lisa Weidner); writing—original draft preparation, S.L.-P., L.W. (Lisa Weidner) and W.L.; writing—review and editing, C.G., E.R. and C.J.; visualization, S.L.-P. and W.L.; project administration, C.G. All authors have read and agreed to the published version of the manuscript.




Funding


G.Z. gratefully acknowledges the support of the WISS 2025 project ‘IDA-Lab Salzburg’ (20204-WISS/225/197-2019 and 20102-F1901166-KZP).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of the Austrian Red Cross (approval number EK20210823.05). All donors signed informed consent prior the voluntarily plasma donation, which was intended to be used as a therapeutic application for COVID-19 patients and on the use of leftover material for research purposes.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented are not publicly available to protect privacy of CP donors.




Acknowledgments


The authors thank all employees of the Institute for Transfusion Medicine of the University Hospital of Salzburg, particularly Agne Binderyte, BScN, Martha Roth, Christine Rönnestedt, Rüdiger Steiner and Katharina Siller for excellent technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Benda, A.; Zerajic, L.; Ankita, A.; Cleary, E.; Park, Y.; Pandey, S. COVID-19 Testing and Diagnostics: A Review of Commercialized Technologies for Cost, Convenience and Quality of Tests. Sensors 2021, 21, 6581. [Google Scholar] [CrossRef] [PubMed]

	



Filchakova, O.; Dossym, D.; Ilyas, A.; Kuanysheva, T.; Abdizhamil, A.; Bukasov, R. Review of COVID-19 Testing and Diagnostic Methods. Talanta 2022, 244, 123409. [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]

	



Barda, N.; Dagan, N.; Ben-Shlomo, Y.; Kepten, E.; Waxman, J.; Ohana, R.; Hernan, M.A.; Lipsitch, M.; Kohane, I.; Netzer, D.; et al. Safety of the BNT162b2 mRNA COVID-19 Vaccine in a Nationwide Setting. N. Engl. J. Med. 2021, 385, 1078–1090. [Google Scholar] [CrossRef] [PubMed]

	



Dagan, N.; Barda, N.; Kepten, E.; Miron, O.; Perchik, S.; Katz, M.A.; Hernan, M.A.; Lipsitch, M.; Reis, B.; Balicer, R.D. BNT162b2 mRNA COVID-19 Vaccine in a Nationwide Mass Vaccination Setting. N. Engl. J. Med. 2021, 384, 1412–1423. [Google Scholar] [CrossRef] [PubMed]

	



Annane, D.; Bellissant, E.; Bollaert, P.E.; Briegel, J.; Keh, D.; Kupfer, Y.; Pirracchio, R.; Rochwerg, B. Corticosteroids for Treating Sepsis in Children and Adults. Emergencias 2021, 33, 137–138. [Google Scholar] [CrossRef]

	



Chaudhuri, D.; Sasaki, K.; Karkar, A.; Sharif, S.; Lewis, K.; Mammen, M.J.; Alexander, P.; Ye, Z.; Lozano, L.E.C.; Munch, M.W.; et al. Corticosteroids in COVID-19 and non-COVID-19 ARDS: A Systematic Review and Meta-Analysis. Intensive Care Med. 2021, 47, 521–537. [Google Scholar] [CrossRef]

	



Wen, W.; Chen, C.; Tang, J.; Wang, C.; Zhou, M.; Cheng, Y.; Zhou, X.; Wu, Q.; Zhang, X.; Feng, Z.; et al. Efficacy and Safety of Three New Oral Antiviral Treatment (Molnupiravir, Fluvoxamine and Paxlovid) For COVID-19 A Meta-Analysis. Ann. Med. 2022, 54, 516–523. [Google Scholar] [CrossRef]

	



Najjar-Debbiny, R.; Gronich, N.; Weber, G.; Khoury, J.; Amar, M.; Stein, N.; Goldstein, L.H.; Saliba, W. Effectiveness of Paxlovid in Reducing Severe COVID-19 and Mortality in High Risk Patients. Clin. Infect. Dis. 2022, 2022, ciac443. [Google Scholar] [CrossRef]

	



Owen, D.R.; Allerton, C.M.N.; Anderson, A.S.; Aschenbrenner, L.; Avery, M.; Berritt, S.; Boras, B.; Cardin, R.D.; Carlo, A.; Coffman, K.J.; et al. An Oral SARS-CoV-2 M(pro) Inhibitor Clinical Candidate for the Treatment of COVID-19. Science 2021, 374, 1586–1593. [Google Scholar] [CrossRef]

	



Alshanqeeti, S.; Bhargava, A. COVID-19 Rebound After Paxlovid Treatment: A Case Series and Review of Literature. Cureus 2022, 14, e26239. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, K.; Strymish, J.; Stack, G.; Charness, M. Rapid Relapse of Symptomatic SARS-CoV-2 Infection Following Early Suppression with Nirmatrelvir/Ritonavir. Res. Sq. 2022; preprint. [Google Scholar]

	



Heilmann, E.; Costacurta, F.; Volland, A.; von Laer, D. SARS-CoV-2 3CLpro Mutations Confer Resistance to Paxlovid (nirmatrelvir/ritonavir) in a VSV-based, Non-Gain-of-Function System. bioRxiv 2022. [Google Scholar]

	



Service, R.F. Bad News for Paxlovid? Resistance May be Coming. Science 2022, 377, 138–139. [Google Scholar] [CrossRef] [PubMed]

	



Contreras-Barbeta, E.; Millan, A.; Rello, J. Convalescent Plasma for SARS-CoV-2 Infection: Win or Learn. Eur. Respir. J. 2022, 59, 2102076. [Google Scholar] [CrossRef]

	



Franchini, M. Convalescent Plasma Therapy for Managing Infectious Diseases: A Narrative Review. Ann. Blood 2021, 6, 17. [Google Scholar] [CrossRef]

	



Joyner, M.J.; Carter, R.E.; Senefeld, J.W.; Klassen, S.A.; Mills, J.R.; Johnson, P.W.; Theel, E.S.; Wiggins, C.C.; Bruno, K.A.; Klompas, A.M.; et al. Convalescent Plasma Antibody Levels and the Risk of Death from COVID-19. N. Engl. J. Med. 2021, 384, 1015–1027. [Google Scholar] [CrossRef]

	



Libster, R.; Perez Marc, G.; Wappner, D.; Coviello, S.; Bianchi, A.; Braem, V.; Esteban, I.; Caballero, M.T.; Wood, C.; Berrueta, M.; et al. Early High-Titer Plasma Therapy to Prevent Severe COVID-19 in Older Adults. N. Engl. J. Med. 2021, 384, 610–618. [Google Scholar] [CrossRef]

	



Ye, M.; Fu, D.; Ren, Y.; Wang, F.; Wang, D.; Zhang, F.; Xia, X.; Lv, T. Treatment with Convalescent Plasma for COVID-19 Patients in Wuhan, China. J. Med. Virol. 2020, 92, 1890–1901. [Google Scholar] [CrossRef]

	



Shen, C.; Wang, Z.; Zhao, F.; Yang, Y.; Li, J.; Yuan, J.; Wang, F.; Li, D.; Yang, M.; Xing, L.; et al. Treatment of 5 Critically Ill Patients with COVID-19 with Convalescent Plasma. JAMA 2020, 323, 1582–1589. [Google Scholar] [CrossRef]

	



Simonovich, V.A.; Burgos Pratx, L.D.; Scibona, P.; Beruto, M.V.; Vallone, M.G.; Vazquez, C.; Savoy, N.; Giunta, D.H.; Perez, L.G.; Sanchez, M.D.L.; et al. A Randomized Trial of Convalescent Plasma in COVID-19 Severe Pneumonia. N. Engl. J. Med. 2021, 384, 619–629. [Google Scholar] [CrossRef]

	



Klassen, S.A.; Senefeld, J.; Johnson, P.W.; Carter, R.E.; Wiggins, C.C.; Shoham, S.; Grossman, B.J.; Henderson, J.P.; Musser, J.M.; Salazar, E.; et al. The Effect of Convalescent Plasma Therapy on COVID-19 Patient Mortality: Systematic Review and Meta-Analysis. medRxiv 2021. [Google Scholar] [CrossRef] [PubMed]

	



Klassen, S.A.; Senefeld, J.W.; Senese, K.A.; Johnson, P.W.; Wiggins, C.C.; Baker, S.E.; van Helmond, N.; Bruno, K.A.; Pirofski, L.A.; Shoham, S.; et al. Convalescent Plasma Therapy for COVID-19: A Graphical Mosaic of the Worldwide Evidence. Front. Med. 2021, 8, 684151. [Google Scholar] [CrossRef] [PubMed]

	



AABB Press. Apheresis: Principles and Practice, 3rd ed.; American Association of Blood Banks: Bethesda, MD, USA, 2010. [Google Scholar]

	



European Directorate for the Quality of Medicines & HealthCare. Guide to the Preparation, Use and Quality Assurance of Blood Components; European Committee: Brussels, Belgium, 2017. [Google Scholar]

	



Hoepler, W.P.; Weidner, L.; Traugott, M.T.; Neuhold, S.; Meyer, E.L.; Zoufaly, A.; Seitz, T.; Kitzberger, R.; Baumgartner, S.; Pawelka, E.; et al. Adjunctive Treatment with High-Titre Convalescent Plasma in Severely and Critically Ill COVID-19 Patients—A Safe but Futile Intervention. A Comparative Cohort Study. Infect. Dis. 2021, 53, 820–829. [Google Scholar] [CrossRef]

	



R-Core-Team. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2022; Available online: https://www.R-project.org- (accessed on 26 September 2022).

	



Therneau, T. A Package for Survival Analysis in R. R Package Version 3.2-13. 2021. Available online: https://CRAN.R-project.org/package=survival (accessed on 26 September 2022).

	



Kassambara, A.; Kosinski, M.; Biecek, P. Survminer: Drawing Survival Curves Using ‘ggplot2’. R Package Version 0.4.9. 2021. Available online: https://CRAN.R-project.org/package=survminer (accessed on 26 September 2022).

	



Chen, B.; Xia, R. Early Experience with Convalescent Plasma as Immunotherapy for COVID-19 in China: Knowns and Unknowns. Vox Sang. 2020, 115, 507–514. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Yang, R.; Wang, J.; Lv, Q.; Ren, M.; Zhao, L.; Chen, H.; Xu, H.; Xie, S.; Xie, J.; et al. Feasibility of a Pilot Program for COVID-19 Convalescent Plasma Collection in Wuhan, China. Transfusion 2020, 60, 1773–1777. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, Q.L.; Yu, Z.J.; Gou, J.J.; Li, G.M.; Ma, S.H.; Zhang, G.F.; Xu, J.H.; Lin, W.B.; Cui, G.L.; Zhang, M.M.; et al. Effect of Convalescent Plasma Therapy on Viral Shedding and Survival in Patients with Coronavirus Disease 2019. J. Infect. Dis. 2020, 222, 38–43. [Google Scholar] [CrossRef]

	



Jorda, A.; Kussmann, M.; Kolenchery, N.; Siller-Matula, J.M.; Zeitlinger, M.; Jilma, B.; Gelbenegger, G. Convalescent Plasma Treatment in Patients with COVID-19: A Systematic Review and Meta-Analysis. Front. Immunol. 2022, 13, 817829. [Google Scholar] [CrossRef]

	



Thompson, M.A.; Henderson, J.P.; Shah, P.K.; Rubinstein, S.M.; Joyner, M.J.; Choueiri, T.K.; Flora, D.B.; Griffiths, E.A.; Gulati, A.P.; Hwang, C.; et al. Association of Convalescent Plasma Therapy with Survival in Patients with Hematologic Cancers and COVID-19. JAMA Oncol. 2021, 7, 1167–1175. [Google Scholar] [CrossRef]

	



Focosi, D.; Franchini, M.; Pirofski, L.A.; Burnouf, T.; Paneth, N.; Joyner, M.J.; Casadevall, A. COVID-19 Convalescent Plasma and Clinical Trials: Understanding Conflicting Outcomes. Clin. Microbiol. Rev. 2022, 35, e0020021. [Google Scholar] [CrossRef]

	



Vaselli, N.M.; Hungerford, D.; Shenton, B.; Khashkhusha, A.; Cunliffe, N.A.; French, N. The Seroprevalence of SARS-CoV-2 during the First Wave in Europe 2020: A Systematic Review. PLoS ONE 2021, 16, e0250541. [Google Scholar] [CrossRef]

	



Lai, C.C.; Wang, J.H.; Hsueh, P.R. Population-based Seroprevalence Surveys of Anti-SARS-CoV-2 Antibody: An Up-to-Date Review. Int. J. Infect. Dis. 2020, 101, 314–322. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, T.; Liang, B.; Fang, Y.; Lu, S.; Li, S.; Wang, H.; Li, H.; Yang, X.; Shen, S.; Zhu, B.; et al. Declining Levels of Neutralizing Antibodies Against SARS-CoV-2 in Convalescent COVID-19 Patients One Year Post Symptom Onset. Front. Immunol. 2021, 12, 708523. [Google Scholar] [CrossRef] [PubMed]

	



Uysal, B.B.; Yavuzer, S.; Islamoglu, M.S.; Cengiz, M. Measurement of Antibody Levels in Patients with COVID-19 over Time by Immunofluorescence Assay: A Longitudinal Observational Study. J. Int. Med. Res. 2022, 50, 3000605211069279. [Google Scholar] [CrossRef]

	



Nunhofer, V.; Weidner, L.; Hoeggerl, A.D.; Zimmermann, G.; Badstuber, N.; Grabmer, C.; Jungbauer, C.; Lindlbauer, N.; Held, N.; Pascariuc, M.; et al. Persistence of Naturally Acquired and Functional SARS-CoV-2 Antibodies in Blood Donors One Year after Infection. Viruses 2022, 14, 637. [Google Scholar] [CrossRef]

	



Weidner, L.; Nunhofer, V.; Jungbauer, C.; Hoeggerl, A.D.; Gruner, L.; Grabmer, C.; Zimmermann, G.; Rohde, E.; Laner-Plamberger, S. Seroprevalence of Anti-SARS-CoV-2 Total Antibody is Higher in Younger Austrian Blood Donors. Infection 2021, 49, 1187–1194. [Google Scholar] [CrossRef] [PubMed]

	



Ziberna, K.; Jez, M.; Jazbec, K.; Mali, P.; Potokar, U.R.; Rozman, P. ABO Blood Group Does Not Influence the Level of Anti-SARS-CoV-2 Antibodies in Convalescent Plasma Donors. Transfusion 2022, 62, 556–562. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.S.; Costa, V.; Racine-Brzostek, S.E.; Acker, K.P.; Yee, J.; Chen, Z.; Karbaschi, M.; Zuk, R.; Rand, S.; Sukhu, A.; et al. Association of Age with SARS-CoV-2 Antibody Response. JAMA Netw. Open 2021, 4, e214302. [Google Scholar] [CrossRef]

	



Klein, S.L.; Pekosz, A.; Park, H.S.; Ursin, R.L.; Shapiro, J.R.; Benner, S.E.; Littlefield, K.; Kumar, S.; Naik, H.M.; Betenbaugh, M.J.; et al. Sex, Age, and Hospitalization Drive Antibody Responses in a COVID-19 Convalescent Plasma Donor Population. J. Clin. Investig. 2020, 130, 6141–6150. [Google Scholar] [CrossRef]

	



Chen, X.; Pan, Z.; Yue, S.; Yu, F.; Zhang, J.; Yang, Y.; Li, R.; Liu, B.; Yang, X.; Gao, L.; et al. Disease Severity Dictates SARS-CoV-2-Specific Neutralizing Antibody Responses in COVID-19. Signal Transduct. Target. Ther. 2020, 5, 180. [Google Scholar] [CrossRef]

	



Roltgen, K.; Powell, A.E.; Wirz, O.F.; Stevens, B.A.; Hogan, C.A.; Najeeb, J.; Hunter, M.; Wang, H.; Sahoo, M.K.; Huang, C.; et al. Defining the Features and Duration of Antibody Responses to SARS-CoV-2 Infection Associated with Disease Severity and Outcome. Sci. Immunol. 2020, 5, abe0240. [Google Scholar] [CrossRef]

	



Long, Q.X.; Tang, X.J.; Shi, Q.L.; Li, Q.; Deng, H.J.; Yuan, J.; Hu, J.L.; Xu, W.; Zhang, Y.; Lv, F.J.; et al. Clinical and Immunological Assessment of Asymptomatic SARS-CoV-2 Infections. Nat. Med. 2020, 26, 1200–1204. [Google Scholar] [CrossRef] [PubMed]

	



European Commission Directorate. An EU Programme of COVID-19 Convalescent Plasma Collection and Transfusion, Guidance on collection, Testing, Processing, Storage, Distribution and Monitored Use; European Commission: Brussels, Belgium, 2021. [Google Scholar]








[image: Diagnostics 12 02567 g001 550] 





Figure 1. SARS-CoV-2 anti-S antibody levels of CP donors are declining over time. Data shown are anti-S IgG ratio values grouped as indicated for each plasma donation. Day 0 represents the first plasma donation, all further donations are depicted as time difference to the first donation, given in days. 
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Figure 2. Donor age (given in years) does not correlate with the level of IgG ratio measured at the first CP donation (Spearman’s r = 0.28). 
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Figure 3. SARS-CoV-2 IgG anti-S ratio levels are independent of ABO blood group (A) and sex (B), male (M), female (F). 
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Figure 4. SARS-CoV-2 IgG anti-S ratio levels are independent of a COVID-19 disease course with or without fever (A) and with or without hyposmia and/or dysgeusia (B). 
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Figure 5. SARS-CoV-2 anti-S IgG ratio values correlate with in vitro antibody functionality. Spearman correlation analysis of 92 different CP donations indicates a significant correlation between SARS-CoV-2 anti-S IgG ratio values and in vitro antibody functionality detected by a surrogate virus neutralization test (sVNT). Spearman’s r = 0.74, p < 0.001. 
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Figure 6. High SARS-CoV-2 anti-S IgG ratio values allow longer CP donation periods. Time-to-event analysis for four different groups of IgG ratio values: <3 (n = 12), 3–5 (n = 16), 5–7 (n = 18) and >7 (n = 20) was conducted. Data shown are overall probabilities for a drop of the IgG ratio value below the value of 3 over time given in days (median values are indicated by dashed lines), log-rank p < 0.0001. 
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Table 1. CP donor study cohort.






Table 1. CP donor study cohort.





	
Total Number of Participating Donors/Donations

	
66/189




	
Sex

	




	
male

	
57




	
female

	
9




	
Age

	




	
19–25 years

	
4




	
26–35 years

	
17




	
36–45 years

	
15




	
46–55 years

	
20




	
56+ years

	
10




	
Median age: 43 years




	
ABO blood group

	




	
A

	
28




	
B

	
12




	
AB

	
5




	
0

	
21
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