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Abstract

:

Background. Humoral immunity requires interaction between B cell and T follicular helper cells (Tfh) to produce effective immune response, but the data regarding a role of B cells and Tfh in SARS-CoV-2 defense are still sparse. Methods. Blood samples from patients with acute COVID-19 (n = 64), convalescents patients who had specific IgG to SARS-CoV-2 N-protein (n = 55), and healthy donors with no detectable antibodies to any SARS-CoV-2 proteins (HC, n = 44) were analyses by multicolor flow cytometry. Results. Patients with acute COVID-19 showed decreased levels of memory B cells subsets and increased proportion plasma cell precursors compared to HC and COVID-19 convalescent patients, whereas for the latter the elevated numbers of virgin naïve, Bm2′ and “Bm3+Bm4” was found if compared with HC. During acute COVID-19 CXCR3+CCR6− Tfh1-like cells were decreased and the levels of CXCR3−CCR6+ Tfh17-like were increased then in HC and convalescent patients. Finally, COVID-19 convalescent patients had increased levels of Tfh2-, Tfh17- and DP Tfh-like cells while comparing their amount with HC. Conclusions. Our data indicate that COVID-19 can impact the humoral immunity in the long-term.
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1. Introduction


A pandemic of the novel coronavirus infection called COVID-19 affected millions of people worldwide. The acute period of the COVID-19 may proceed asymptomatically or with diverse clinical manifestations (fever, cough, sore throat, loss of smell and taste, headache, muscle pain, diarrhea, etc.), developing viral pneumonia, hyperinflammation, acute respiratory distress syndrome (ARDS), and multiple organ failure [1]. In the majority of cases, COVID-19 proceeds with few manifestations (about 80% cases), featured with middle course and developing localized inflammation, most often associated with pneumonia and overt respiratory failure that requires less often administration of additional ventilation support [2]. The disease severity may be determined by multiple factors, whereas analysis of the relevant pathogenetic aspects underlying severe COVID-19 revealed that immune cells as well as ACE-2-expressing host cells represent the most crucial cues involved in developing infectious process [3]. In particular, during SARS-CoV-2 infection diverse immune cell types become rapidly activated resulting in upregulated expression of monocyte- [4] and lymphocyte-activation markers [5], emergence of diverse tissue-specific exosomes in peripheral blood [6], as well as increased level of key pro-inflammatory cytokines and acute inflammatory phase proteins [7,8]. A successful interplay between cell and humoral arms of the immune system accounts for efficacy of developing defense reaction against invading pathogens. At the moment, a great body of evidence regarding B cell involvement in response against SARS-CoV-2 has been accumulated, but the data regarding a role for T follicular helper cells (Tfh)—the major T cell subset ensuring regulation of humoral immune response—are still sparse. Tfh cells are necessary for efficient differentiation to plasma cells and memory B cells inside the germinal center of the secondary lymphoid tissues, because they exert several functions (primarily IL-21 production and expression of co-stimulation molecules ICOS and CD40 ligand) necessary for efficient delivery of support during B cell differentiation [9,10].




2. Materials and Methods


2.1. Patient Characteristics


Our study was performed on the cohort of 119 patients, all of which gave their informed consent to participate in the study, the protocol being approved by the Ethics Committee of the Saint Petersburg Pasteur Institute in accordance with the Declaration of Helsinki. The cohort consisted of patients with present COVID-19 (n = 64), convalescents (n = 55) without any current symptoms of COVID-19 who had detectable specific IgG antibodies to SARS-CoV-2 nucleocapsid protein, and healthy donors (n = 44) without any previous history of COVID-19 and no detectable antibodies to any SARS-CoV-2 protein. All samples were acquired from April to November 2020.



Patients with acute COVID-19 were treated at the First Saint Petersburg State I. Pavlov Medical University, at COVID-19 specialized department from May to November 2020. They were diagnosed with COVID-19 (U07.1), and the virus was identified via qualitative PCR (detection of SARS-CoV-2 RNA). Blood samples were taken in the acute phase of the disease at the time of admission (5–14 days from the first symptoms without any signs of recovery). Among patients with current COVID-19, the sex ratio comprised 42.9% men and 57.1% women. Age median made up 60 with standard deviation ± 17. All individuals in this cohort presented typical COVID-19 associated symptoms, i.e., fever, sense of fatigue, muscle and joint pains, cough and pneumonia confirmed by CT-scans. Out of all 64 patients with COVID-19, 69.1% were diagnosed with moderate course of the disease, and 30.1% with severe course, based on the criteria provided by guidelines of Russian Ministry of Health on COVID-19 diagnosis and treatment. By the time of their discharge, only 3.75% of all patients had completely recovered from the infection, 50% showed positive dynamic in their general condition as well as their CT-scan results, yet 38.8% were discharged without any significant positive changes in their lung tissues. Smaller percentage of patients with acute COVID-19 (5%) passed away due to infection complications.



Convalescents’ sex ratio comprised 47.3% men and 52.63% women, with age median being 32 ± 10. All of them had recently recovered from COVID-19, medians for the numbers of days since their first positive PCR and their official discharge being 47 ± 20 and 35 ± 17, respectively. Out of this cohort, 47.4% presented mild COVID-19 course of the disease, 40.4% were diagnosed with moderate course of the disease and 12.3% had recovered from severe COVID-19.



Healthy donors cohort consisted of 44 healthy individuals (20 male and 24 female), and their blood samples were collected prior the COVID-19 pandemic. Because of the high median age of the patients with COVID-19 it was problematic to form the control group of healthy donors with comparable age that lacked comorbidities. That is why subjects from the healthy donors group had significantly lower median age 40 (34; 49) years comparing to the patients. That was the limitation of the present study.




2.2. Sample Collection


All experiments were performed within few hours (≤6 h) after blood collection. Peripheral blood samples were collected into vacuum test tubes added with K3-EDTA anti-coagulant (followed by processing for analyzing the relative and absolute counts of major T and B cell subsets with multicolor flow cytometry).




2.3. Flow Cytometry B Cell Immunophenotyping


B cell whole peripheral blood samples (200 μL) were stained with the following anti-human monoclonal antibodies IgD-Alexa Fluor 488 (cat. 348216, BioLegend, Inc., San Diego, CA, USA), CD38-PE (cat. A07779, Beckman Coulter, Brea, CA, USA), CD5-ECD (cat. A33096, Beckman Coulter, USA), CD27-PC7 (cat. A54823, Beckman Coulter, Brea, CA, USA), CD19-APC/Cy7 (cat. 302218, BioLegend, Inc., USA), and CD45-Krome Orange (cat. A96416, Beckman Coulter, USA), all antibodies were utilized at the dilutions that were recommended by the manufacturers. After incubation at room temperature in the dark for 10 min, erythrocytes were lysed for 15 min by adding 2 mL of VersaLyse Lysing Solution (Beckman Coulter, Inc., USA) supplied with 50 μL IOTest 3 Fixative Solution (Beckman Coulter, Inc., USA). Next, cells were washed (7 min, 330 g) twice with a buffer (sterile phosphate-buffered saline (PBS) containing 2% of heat inactivated fetal bovine serum, Sigma-Aldrich, St. Louis, MO, USA) and were resuspended in 0.5 mL PBS containing 2% of neutral buffered formalin solution (Sigma-Aldrich, St. Louis, MO, USA). Sample acquisition was performed using a Navios flow cytometer (Beckman Coulter, Inc., USA), equipped with 405, 488 and 638 nm lasers. There were collected at least 5000 CD19+ B cells to be analyzed in each sample.




2.4. T Cell Immunophenotype by Flow Cytometry


Eight-color flow cytometry was used to analyze the surface phenotype (CD3, CD4, CD45RA and CD62L) and chemokine receptors (CXCR5, CCR6, CXCR3 and CCR4) on peripheral blood lymphocytes. The antibodies used were as follows: for surface phenotyping was performed with CD45RA-FITC (cat. IM0584U, Beckman Coulter, USA), CD62L-PE (cat. IM2214U, Beckman Coulter, USA), CD3-APC-AF750 (cat. A94680, Beckman Coulter, USA) and CD4-PacB (cat. B49197, Beckman Coulter, USA), whereas chemokine receptor profile was assessed by using CXCR5-PerCP/Cy5.5 (CD185, cat. 356910, BioLegend, Inc., USA), CCR6-PE/Cy7 (CD196, cat 353418, BioLegend, Inc., USA), CXCR3-APC (CD183, cat. 353708, BioLegend, Inc., USA), and CCR4-BV510 CD194, cat. 359416, BioLegend, Inc., USA). Staining protocols were performed in accordance with the manufacturer’s recommendations. In brief, 200 μL of whole peripheral blood sample were stained with antibody cocktail noted above (all antibodies were utilized at the dilutions that were recommended by the manufacturers) in the dark at room temperature for 15 min, followed by erythrocyte lysis with 2 mL of VersaLyse Lysing Solution (Beckman Coulter, Inc., USA) added with 50 μL IOTest 3 Fixative Solution (Beckman Coulter, Inc., USA; incubation time—15 min in the dark at room temperature). Next, all samples were washed once with PBS and centrifuged for 7 min at 330× g, resuspended in 500 μL of PBS added with 2% of neutral formalin (cat. HT5011-1CS, Sigma-Aldrich Co., USA) and, finally, analyzed by flow cytometry with a Navios flow cytometer (Beckman Coulter, USA). At least 40,000 CD3+CD4+ Th cells were collected for each sample. The data collected were analyzed with the Kaluza software (Beckman Coulter, Inc., USA).




2.5. Statistical Analysis


The flow cytometry data were analyzed with Kaluza 2.0 software (Beckman Coulter, Inc., USA). All of the statistical analysis of data was carried out with STATISTICA Version 8.0 (StatSoft Inc., Tulsa, OK, USA) and GraphPad Prism Version 5.0 (USA). The obtained data were tested for normality of distribution using the Shapiro-Wilk test (НС group contained less then 50 patients). The statistical comparisons of data between patients with acute COVID-19, convalescent patients and HC were performed using the Mann–Whitney U test. The differences between the groups were considered significant when p values were <0.05.





3. Results


3.1. Alterations in Peripheral Blood B Cell Subset Composition of COVID-19 Patients


Analyzing the total CD19+ B cell fraction of peripheral blood lymphocytes, we revealed no significant difference between the three cohorts. The relative number of circulating B cells in acute COVID-19 group was 13.29 ± 0.73%, lymphocyte fraction blood samples from convalescent patients contained 11.45 ± 0.47% B cells, whereas in healthy control group the frequency of CD19-expressing lymphocytes was 12.64 ± 0.53%.



Next, using multicolor flow cytometry, we assessed the percentage of circulating B cell subsets using a so-called “Bm1-Bm5” classification—the one of the crucial classification schemes based on the relative expression of surface IgD and CD38 markers [11]. Thus, IgD and CD38 staining was used to identify “naïve” IgD+CD38− Bm1 cell, “activated naïve” Bm2 cells (IgD+CD38+), pre-germinal-center Bm2′ cells (IgD+CD38++), a common subset consisting of centroblasts and centrocytes (so-called “Bm3+Bm4” cells, IgD-CD38++), as well as early memory and resting memory cells (eBm5 and Bm5 cells with the following phenotypes—IgD-CD38+ and IgD-CD38−, respectively). The data obtained are summarized in Table 1. We observed significantly decreased level of memory B cell subsets and increased proportion of centroblasts and centrocytes in patients with acute COVID-19 compared to healthy controls and COVID-19 convalescent patients. The relative numbers of virgin naïve, Bm2′ and “Bm3+Bm4” cells in COVID-19 convalescent patients were elevated compared with HC.



We classified B cell subsets by using CD27 and CD38 co-expression to identify the following B cell subsets [12]: transitional B cells (CD27−CD38++), mature naive B cells (CD27−CD38+), mature activated B cells (CD27+CD38+), plasmablasts (CD27++CD38++), resting memory B cells (CD27+CD38−), and double-negative B cells (CD27−CD38−). The data obtained are summarized in Table 2. It was shown that mature active and memory B cell frequencies were decreased in patients with acute COVID-19 that significantly differed from the pattern found in healthy controls and COVID-19 convalescent patients, whereas the level of circulating plasmablasts/plasma cells was increased. Furthermore, COVID-19 convalescent patients had higher percentage of activated B cell subsets—circulating plasmablasts and transitional B cells—compared to healthy donors.



Taken together, these results indicate that peripheral blood B cells from patients with acute COVID-19 demonstrated the aberrant distribution of ‘naïve’, memory and antibody-secreting plasmablasts/plasma cells.




3.2. Tfh Subset Imbalance in COVID-19 Patients


Because the rate of several B cell subsets was markedly altered, we decided to analyze the frequency and phenotype of follicular Th cells that control all stages of B cell differentiation and activation occurring in peripheral lymphoid tissues. It is known that circulating Tfh cells display a “central memory” or “memory” phenotype, predominantly reside in the secondary lymphoid organs and can recirculate in peripheral blood [13]. Primarily, we estimated the CXCR5+ Tfh frequencies within CD3+CD4+CD45RA− memory cell subset and found that COVID-19 convalescent patients had elevated Tfh cell count compared with HC (Figure 1), reflecting the expansion of cell type after acute phase of SARS-CoV-2 infection. A trend toward higher proportions of circulating Tfh was noted in patients with acute COVID compared to controls, but did not reach statistical significance.



Currently, no standard marker panel for Tfh subsets analysis is available, and different researchers apply several approaches for Tfh subsets identification. However, it is well-known that circulating Tfh cells express chemokine receptors corresponding to the polarized non-Tfh cell subsets such as Th1, Th2 and Th17 cells [14]. Thus, the chemokine receptor CXCR3 and CCR6 co-expression allowed to identify the four functionally distinct Tfh subsets: CXCR3+CCR6− Tfh1, CXCR3−CCR6− Tfh2, CXCR3−CCR6+ Tfh17 and CXCR3+CCR6+ DP Tfh cells.



Our overall analysis of such Tfh cell subsets patients with acute COVID-19 indicated that CXCR3+CCR6− Tfh1-like cells were significantly decreased compared with healthy control and COVID-19 convalescent patients 3.74 ± 0.21% vs. 5.79 ± 0.27% (p < 0.001) and 5.09 ± 0.23% (p < 0.001), respectively (Figure 2). Furthermore, patients with acute COVID-19 had elevated levels of CXCR3−CCR6+ Tfh17-like cells that significantly differed from those found in healthy controls and COVID-19 convalescent patients 7.80 ± 0.35% vs. 5.01 ± 0.27% (p < 0.001) and 6.21 ± 0.23% (p = 0.001), respectively. Finally, we found several circulating Tfh subsets alterations in COVID-19 convalescent patients. Though, the relative numbers of Tfh1-like cells were invariable, we noticed the increased levels of all other Tfh subsets—Tfh2-, Tfh17- and DP Tfh-like cells—while comparing their amount in HC.



Thus, such observations suggest that both groups of patients had aberrant distribution of circulating memory Tfh cell subsets and imbalanced Tfh cell subsets that might be associated with abnormal distribution of peripheral blood B cell subsets noted above.





4. Discussion


The data obtained in this study regarding a relative number of total B cell pool in peripheral blood of COVID-19 patients points at lack of prominent differences compared with control groups that agrees with the data obtained by other researchers [15,16]. At the same time, a sufficient number of publications evidencing about decreased level of relative and absolute number of circulating B cell subsets has been reported [4,17,18,19]. Moreover, some studies suggest that increased number of CD19+ B cells was found in patients with severe vs. mild-to-moderate COVID19 infection [15], whereas others evidence about significantly reduced proportion of B cells mirroring escalating severity of COVID-19 [18].



Along with that, we noted that patients with acute COVID-19 had markedly altered B cell subset composition that was related to lowered proportion of circulating memory B cells and increased percentage both of activated and effector cells. Available publications suggest that patients with COVID-19 had significantly lowered percentage of circulating memory B cells regardless of disease severity [15]. Patients with severe and critically ill course of COVID-19 had lowered percentage of memory IgD+CD27+ B cells, whereas solely severe patients had profoundly decreased in memory IgD−CD27+ B cell subset compared to healthy volunteers. Our observation agrees with other studies [19,20,21,22], repeatedly suggesting about altered maturation and generation of memory B cells occurring in the secondary lymphoid tissues. Moreover, based on analyzing the key B cell subsets we found that critically ill patients were characterized by elevated percentage of CD27+CD38hi, CD21−CD11c−DN3 and IgD−CD27+ memory B cells, whereas patients with severe COVID-19 had elevated percentage of CD21−CD11c+ DN2, atypical CD27-negative memory B cells as well as CD11c+IgD+CD38−/+ activated naïve B cells [15]. Moreover, we also noted a decreased proportion of naïve IgD+CD38− B cells in the circulation that may point at altered B cell differentiation in the red bone marrow. Similar data were also obtained by Kaneko et al. showing that patients with COVID-19 had lowered peripheral blood relative and absolute number of naïve IgD+CD27− cells, transitional IgD+CD27−CD10+CD45RB− and follicular CXCR5+ (IgD+CD27−CD10−CD73+) B cells compared with control subjects or convalescent patients [20].



Regarding circulating effector B cells, it was found that COVID-19 patients had upregulated level of Ki67 marker as well as surface activation marker CD95 in circulating CD27+CD38+CD138+ B cells that might suggest about recent emigration from germinal center of the secondary lymphoid tissues [22]. Moreover, comparing groups of patients with varying intensity of COVID-19 it was shown that severe disease was featured with more pronounced decline in circulating B cells albeit it was not confirmed in other reports [23]. At the same time, a significantly elevated proportion of circulating CD19+CD20−CD38highCD27high plasma blasts was a common trait for all COVID-19 patients regardless of disease severity. However, a substantial percentage of circulating RBD-specific plasma blasts was found even in the acute phase of COVID-19 [24]. Hence, high percentage of circulating plasma cell level points not only at high intensity of antigen-specific B cell differentiation, but also potential alterations in control over such events applied by T follicular helper cells. Moreover, even convalescent patients we noted to have elevated level of circulating precursor plasma cells in peripheral blood that full recovery of immune system does not occur even some time later after SARS-CoV-2 infection.



Altered B cell subset composition may be related to changes in Tfh cell functional activity inferred to aid in developing B cell-dependent humoral immune response [9,10]. We demonstrated that elevated proportion of circulating Tfh cells was noted solely in convalescent patients, whereas its level in control group did not differ from that found in patients with acute COVID-19. In particular, percentage of circulating Tfh cell in COVID-19 was lowered regardless of disease severity [25], but within CD45RA−CD62L+ central memory Th cells the lower frequencies of Tfh-like cells were detected in patients with severe infection compared to those in patients with moderate infection [19]. Although some studies noted lack of differences between healthy volunteers vs. COVID-19 patients [26] or elevated percentage of circulating Tfh cells [27]. Interestingly, peripheral blood of patients recovered after COVID-19 had no changes in peripheral blood Tfh cell percentage compared to control group, whereas proportion of CXCR5+PD-1highCD4+ Tfh and CCR7loPD-1+ effector memory T follicular cells (Tfh-cm) was increased in parallel with lowered count of CCR7hiPD-1− central memory T follicular cells able to migrate to the secondary lymphoid tissues [28].



We also found altered CD45RA−CXCR5+ T cell subset composition in patients with acute COVID-19 as well as convalescent subjects. Earlier it was shown that peripheral blood Tfh cell subsets exerted helper properties and might be divided into several populations based upon expression of surface chemokine receptors CCR6 and CXCR3 [14]. In particular, Tfh2 and Tfh17 (CXCR3−CCR6− and CXCR3−CCR6+, respectively) are able to stimulate naïve B cells to switch produced antibi classes and immunoglobulin secretion (from IgM to IgG and IgE or IgG and IgA, respectively), whereas memory CXCR3+ Tfh1 cells exert no such stimulatory effect, but rather may induce apoptosis in activated naïve B cells. In particular, we found that patients with acute COVID-19 had lowered percentage of regulatory Tfh1 cells along with elevated pro-inflammatory Tfh17 cell subset. The data reported by others suggest that peripheral blood of patients recovered after COVID-19 had elevated proportion of CXCR3+CCR6− Tfh1 and CXCR3−CCR6− Tfh2 cells compared with control group, whereas percentage of CXCR3−CCR6+ Tfh17 cells was significantly decreased [28]. Likewise, previously we shown the increased levels of two CXCR3 ligands—CXCL10/IP-10 and CXCL9/MIG—in blood plasma from COVID-19 patients during acute phase of the disease (as compared to control group) [9], and high levels of plasma chemokines could affect the biological properties of these CXCR3-expressing cells.



Finally, we noted that patients successfully recovered after SARS-CoV-2 infection had elevated all effector Tfh cell subsets primarily peripheral blood Tfh2 and Tfh17 cells suggesting about profound alterations in functioning of antigen-specific immunity after COVID-19. At the same time, convalescent subjects had high antibody-neutralizing serum potential correlating with high proportion of cTfh1 and cTfh2 cells [29]. Moreover, subjects recovered after COVID-19 contained circulating virus-specific CD45RA−CXCR5+ Tfh cells able to recognize viral S-protein, whereas proportion of RBD-specific Tfh cells was extremely low [29]. Moreover, the vast majority of SARS-CoV-2-specific Tfh cells also consisted of CCR6+CXCR3− Tfh17 cells, some of which displayed Tfh1 (CCR6−CXCR3+) cell phenotype. The association of phenotypic changes in circulation Tfh subsets with different clinical forms of COVID-19 [19] and, especially, in patients successfully recovered after SARS-CoV-2 infection suggests the potential contribution of T follicular helper cells as features or risk factors for post-COVID-19 symptoms and diseases [30,31,32].



It was showed that the level of circulating plasmablast precursors was peaked consistently at day 6 or 7 after acute virus infection and then dropped to baseline levels within 2–3 weeks post symptom onset [33]. For instance, plasmablast (co-expressing CD27 and CD38 CD19+ cells) frequencies were 10–50% of B cells in patients infected with Ebola virus, compared with less than 1% in healthy individuals [34]. Next, dengue-infected patients the frequency of antibody secreting cells was significantly increased and associated with the lower frequency of naïve B cells in peripheral blood [35]. Moreover, frequency of plasmablasts significantly and positively correlated with the frequency of the total Tfh cells during the acute phase of dengue virus infection [36]. Furthermore, the frequency of Tfh cells was significantly higher during the convalescent phase compared to the frequencies in acute phase and in healthy individuals. Interestingly, vaccine-induced plasmablast (circulating CD27+CD38++CD20− B cells) expansion that followed influenza virus vaccination was detected in peripheral blood 7 days after vaccination [37]. Similarly, it was shown that PD-1+ICOS+ circulating Tfh cell subsets at day 7 correlated with plasma specific IgG functional affinity at their peak levels at days 14 and 21 [38].



Conclusions. Taken together these data indicates that the presence of high frequencies of circulating plasma cell precursors and altered Tfh cell subsets could be closely linked with acute viral infections and might constitute residual effects by which COVID-19 can impact the homeostasis of B cell and Tfh cell interactions in the long-term. Furthermore, the better understandings of these long-term alterations in adaptive humoral immunity (which required participation from different types of B cells and CD4+ T cells) in COVID-19 convalescent patients could help us to develop long-term host protection against SARS-CoV-2, effective secondary response against future SARS-CoV-2 infections and predict the generation of a highly effective humoral and cellular immunity in response to vaccination [39]. Many of these questions linked with SARS-CoV-2-specific immunity require further studies.







Author Contributions


Conceptualization, I.V.K. (Igor V. Kudryavtsev) and A.A.T.; methodology, I.V.K. (Igor V. Kudryavtsev) and N.A.A.; investigation, I.V.K. (Igor V. Kudryavtsev), N.A.A., R.N.K., A.A.R., O.K.B., Z.R.K., I.V.K. (Irina V. Khamitova), O.V.S., A.A.L., E.A.V., S.V.V., M.A.S., D.E.P.; writing—original draft preparation, I.V.K. (Igor V. Kudryavtsev), D.V.I.; writing—review and editing, N.A.A. and A.A.T.; supervision, A.A.T.; project administration I.V.K. (Irina V. Khamitova), A.N.K. and D.E.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was founded by the Saint Petersburg Pasteur Institute within the framework of a State Task (Registration No 121030200299-3).




Institution Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the local Ethics Committee of the Saint Petersburg Pasteur Institute (protocol #67, dated 28 April 2021).




Informed Consent Statement


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




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Azer, S. COVID-19: Pathophysiology, diagnosis, complications and investigational therapeutics. New Microbes New Infect. 2020, 37, 100738. [Google Scholar] [CrossRef]

	



Parasher, A. COVID-19: Current understanding of its pathophysiology, clinical presentation and treatment. Postgrad. Med. J. 2020, 97, 312–320. [Google Scholar]

	



Malkova, A.; Kudlay, D.; Kudryavtsev, I.; Starshinova, A.; Yablonskiy, P.; Shoenfeld, Y. Immunogenetic Predictors of Severe COVID-19. Vaccines 2021, 9, 211. [Google Scholar] [CrossRef] [PubMed]

	



Giamarellos-Bourboulis, E.J.; Netea, M.G.; Rovina, N.; Akinosoglou, K.; Antoniadou, A.; Antonakos, N.; Damoraki, G.; Gkavogianni, T.; Adami, M.-E.; Katsaounou, P.; et al. Complex Immune Dysregulation in COVID-19 Patients with Severe Respiratory Failure. Cell Host Microbe. 2020, 27, 992–1000. [Google Scholar] [CrossRef]

	



Spoerl, S.; Kremer, A.N.; Aigner, M.; Eisenhauer, N.; Koch, P.; Meretuk, L.; Löffler, P.; Tenbusch, M.; Maier, C.; Überla, K.; et al. Upregulation of CCR4 in activated CD8+ T cells indicates enhanced lung homing in patients with severe acute SARS-CoV-2 infection. Eur. J. Immunol. 2021, 51, 1436–1448. [Google Scholar] [CrossRef]

	



Kudryavtsev, I.; Kalinina, O.; Bezrukikh, V.; Melnik, O.; Golovkin, A. The Significance of Phenotyping and Quantification of Plasma Extracellular Vesicles Levels Using High-Sensitivity Flow Cytometry during COVID-19 Treatment. Viruses 2021, 13, 767. [Google Scholar] [CrossRef]

	



Iwamura, A.P.D.; Da Silva, M.R.T.; Hümmelgen, A.L.; Pereira, P.V.S.; Falcai, A.; Grumach, A.S.; Goudouris, E.; Neto, A.C.; Prando, C. Immunity and inflammatory biomarkers in COVID-19: A systematic review. Rev. Med. Virol. 2020, 31, e2199. [Google Scholar] [CrossRef] [PubMed]

	



Arsentieva, N.A.; Liubimova, N.E.; Batsunov, O.K.; Korobova, Z.R.; Stanevich, O.V.; Lebedeva, A.A.; Vorobyov, E.A.; Vorobyova, S.V.; Kulikov, A.N.; Lioznov, D.A.; et al. Plasma cytokines in patients with COVID-19 during acute phase of the disease and following complete recovery. Med. Immunol. (Russia) 2021, 23, 311–326. [Google Scholar] [CrossRef]

	



Crotty, S. T Follicular Helper Cell Differentiation, Function, and Roles in Disease. Immunity 2014, 41, 529–542. [Google Scholar] [CrossRef]

	



Vinuesa, C.G.; Linterman, M.A.; Yu, D.; MacLennan, I.C. Follicular helper T cells. Annu. Rev. Immunol. 2016, 34, 335–368. [Google Scholar] [CrossRef] [PubMed]

	



Bohnhorst, J.Ø.; Bjørgan, M.B.; Thoen, J.E.; Natvig, J.B.; Thompson, K.M. Bm1–Bm5 Classification of Peripheral Blood B Cells Reveals Circulating Germinal Center Founder Cells in Healthy Individuals and Disturbance in the B Cell Subpopulations in Patients with Primary Sjögren’s Syndrome. J. Immunol. 2001, 167, 3610–3618. [Google Scholar] [CrossRef] [PubMed]

	



Hanley, P.; Sutter, J.A.; Goodman, N.G.; Du, Y.; Sekiguchi, D.R.; Meng, W.; Rickels, M.R.; Naji, A.; Prak, E.T.L. Circulating B cells in type 1 diabetics exhibit fewer maturation-associated phenotypes. Clin. Immunol. 2017, 183, 336–343. [Google Scholar] [CrossRef]

	



Chevalier, N.; Jarrossay, D.; Ho, E.; Avery, D.T.; Ma, C.; Yu, D.; Sallusto, F.; Tangye, P.S.; Mackay, C. CXCR5 Expressing Human Central Memory CD4 T Cells and Their Relevance for Humoral Immune Responses. J. Immunol. 2011, 186, 5556–5568. [Google Scholar] [CrossRef] [PubMed]

	



Morita, R.; Schmitt, N.; Bentebibel, S.-E.; Ranganathan, R.; Bourdery, L.; Zurawski, G.; Foucat, E.; Dullaers, M.; Oh, S.; Sabzghabaei, N.; et al. Human Blood CXCR5+CD4+ T Cells Are Counterparts of T Follicular Cells and Contain Specific Subsets that Differentially Support Antibody Secretion. Immunity 2011, 34, 108–121. [Google Scholar] [CrossRef] [PubMed]

	



Sosa-Hernández, V.A.; Torres-Ruíz, J.; Cervantes-Díaz, R.; Romero-Ramírez, S.; Páez-Franco, J.C.; Meza-Sánchez, D.E.; Juárez-Vega, G.; Pérez-Fragoso, A.; Ortiz-Navarrete, V.; Ponce-De-León, A.; et al. B Cell Subsets as Severity-Associated Signatures in COVID-19 Patients. Front. Immunol. 2020, 11, 611004. [Google Scholar] [CrossRef] [PubMed]

	



Lucas, C.; Wong, P.; Klein, J.; Castro, T.B.R.; Silva, J.; Sundaram, M.; Ellingson, M.K.; Mao, T.; Oh, J.E.; Israelow, B.; et al. Longitudinal analyses reveal immunological misfiring in severe COVID-19. Nature 2020, 584, 463–469. [Google Scholar] [CrossRef]

	



He, R.; Lu, Z.; Zhang, L.; Fan, T.; Xiong, R.; Shen, X.; Feng, H.; Meng, H.; Lin, W.; Jiang, W.; et al. The clinical course and its correlated immune status in COVID-19 pneumonia. J. Clin. Virol. 2020, 127, 104361. [Google Scholar] [CrossRef]

	



Mann, E.R.; Menon, M.; Knight, S.B.; Konkel, J.E.; Jagger, C.; Shaw, T.N.; Krishnan, S.; Rattray, M.; Ustianowski, A.; Bakerly, N.D.; et al. Longitudinal immune profiling reveals key myeloid signatures associated with COVID-19. Sci. Immunol. 2020, 5, 6197. [Google Scholar] [CrossRef]

	



Golovkin, A.; Kalinina, O.; Bezrukikh, V.; Aquino, A.; Zaikova, E.; Karonova, T.; Melnik, O.; Vasilieva, E.; Kudryavtsev, I. Imbalanced Immune Response of T-Cell and B-Cell Subsets in Patients with Moderate and Severe COVID-19. Viruses 2021, 13, 1966. [Google Scholar] [CrossRef] [PubMed]

	



Kaneko, N.; Kuo, H.-H.; Boucau, J.; Farmer, J.R.; Allard-Chamard, H.; Mahajan, V.S.; Piechocka-Trocha, A.; Lefteri, K.; Osborn, M.; Bals, J.; et al. Loss of Bcl-6-Expressing T Follicular Helper Cells and Germinal Centers in COVID-19. Cell 2020, 183, 143–157.e13. [Google Scholar] [CrossRef]

	



De Biasi, S.; Tartaro, D.L.; Meschiari, M.; Gibellini, L.; Bellinazzi, C.; Borella, R.; Fidanza, L.; Mattioli, M.; Paolini, A.; Gozzi, L.; et al. Expansion of plasmablasts and loss of memory B cells in peripheral blood from COVID-19 patients with pneumonia. Eur. J. Immunol. 2020, 50, 1283–1294. [Google Scholar] [CrossRef]

	



Mathew, D.; Giles, J.R.; Baxter, A.E.; Oldridge, D.A.; Greenplate, A.R.; Wu, J.E.; Alanio, C.; Kuri-Cervantes, L.; Pampena, M.B.; D’Andrea, K.; et al. Deep immune profiling of COVID-19 patients reveals distinct immunotypes with therapeutic implications. Science 2020, 369, eabc8511. [Google Scholar] [CrossRef]

	



Moratto, D.; Chiarini, M.; Giustini, V.; Serana, F.; Magro, P.; Roccaro, A.M.; Imberti, L.; Castelli, F.; Notarangelo, L.D.; Quiros-Roldan, E. Flow Cytometry Identifies Risk Factors and Dynamic Changes in Patients with COVID-19. J. Clin. Immunol. 2020, 40, 970–973. [Google Scholar] [CrossRef]

	



Byazrova, M.; Yusubalieva, G.; Spiridonova, A.; Efimov, G.; Mazurov, D.; Baranov, K.; Baklaushev, V.; Filatov, A. Pattern of circulating SARS-CoV-2-specific antibody-secreting and memory B-cell generation in patients with acute COVID-19. Clin. Transl. Immunol. 2021, 10, e1245. [Google Scholar] [CrossRef]

	



Gutiérrez-Bautista, J.F.; Rodriguez-Nicolas, A.; Rosales-Castillo, A.; Jiménez, P.; Garrido, F.; Anderson, P.; Ruiz-Cabello, F.; López-Ruz, M.Á. Negative Clinical Evolution in COVID-19 Patients Is Frequently Accompanied with an Increased Proportion of Undifferentiated Th Cells and a Strong Underrepresentation of the Th1 Subset. Front. Immunol. 2020, 11, 596553. [Google Scholar] [CrossRef]

	



Kuri-Cervantes, L.; Pampena, M.B.; Meng, W.; Rosenfeld, A.M.; Ittner, C.A.G.; Weisman, A.R.; Agyekum, R.S.; Mathew, D.; Baxter, A.E.; Vella, L.A.; et al. Comprehensive mapping of immune perturbations associated with severe COVID-19. Sci. Immunol. 2020, 5, 7114. [Google Scholar] [CrossRef]

	



Schultheiß, C.; Paschold, L.; Simnica, D.; Mohme, M.; Willscher, E.; von Wenserski, L.; Scholz, R.; Wieters, I.; Dahlke, C.; Tolosa, E.; et al. Next-Generation Sequencing of T and B Cell Receptor Repertoires from COVID-19 Patients Showed Signatures Associated with Severity of Disease. Immunity 2020, 53, 442–455.e4. [Google Scholar] [CrossRef]

	



Gong, F.; Dai, Y.; Zheng, T.; Cheng, L.; Zhao, D.; Wang, H.; Liu, M.; Pei, H.; Jin, T.; Yu, D.; et al. Peripheral CD4+ T cell subsets and antibody response in COVID-19 convalescent individuals. J. Clin. Investig. 2020, 130, 6588–6599. [Google Scholar] [CrossRef] [PubMed]

	



Juno, J.A.; Tan, H.X.; Lee, W.S.; Reynaldi, A.; Kelly, H.G.; Wragg, K.; Esterbauer, R.; Kent, H.E.; Batten, C.J.; Mordant, F.L.; et al. Humoral and circulating follicular helper T cell responses in recovered patients with COVID-19. Nat. Med. 2020, 26, 1428–1434. [Google Scholar] [CrossRef] [PubMed]

	



Nalbandian, A.; Sehgal, K.; Gupta, A.; Madhavan, M.V.; McGroder, C.; Stevens, J.S.; Cook, J.R.; Nordvig, A.S.; Shalev, D.; Sehrawat, T.S.; et al. Post-Acute COVID-19 syndrome. Nat. Med. 2021, 27, 601–615. [Google Scholar] [CrossRef] [PubMed]

	



Malkova, A.; Kudryavtsev, I.; Starshinova, A.; Kudlay, D.; Zinchenko, Y.; Glushkova, A.; Yablonskiy, P.; Shoenfeld, Y. Post COVID-19 Syndrome in Patients with Asymptomatic/Mild Form. Pathogens 2021, 10, 1408. [Google Scholar] [CrossRef]

	



Kamal, M.; Omirah, M.A.; Hussein, A.; Saeed, H. Assessment and characterisation of post-COVID-19 manifestations. Int. J. Clin. Pr. 2021, 75, 13746. [Google Scholar] [CrossRef] [PubMed]

	



Fink, K. Origin and Function of Circulating Plasmablasts during Acute Viral Infections. Front. Immunol. 2012, 3, 78. [Google Scholar] [CrossRef] [PubMed]

	



McElroy, A.; Akondy, R.; Davis, C.W.; Ellebedy, A.H.; Mehta, A.; Kraft, C.S.; Lyon, G.M.; Ribner, B.S.; Varkey, J.; Sidney, J.; et al. Human Ebola virus infection results in substantial immune activation. Proc. Natl. Acad. Sci. USA 2015, 112, 4719–4724. [Google Scholar] [CrossRef] [PubMed]

	



Pattanapanyasat, K.; Khowawisetsut, L.; Chuansumrit, A.; Chokephaibulkit, K.; Tangnararatchakit, K.; Apiwattanakul, N.; Techasaensiri, C.; Thitilertdecha, P.; Sae-Ung, T.; Onlamoon, N. B cell subset alteration and the expression of tissue homing molecules in dengue infected patients. J. Biomed. Sci. 2018, 25, 64. [Google Scholar] [CrossRef]

	



Wijesinghe, A.; Gamage, J.; Goonewardena, H.; Gomes, L.; Jayathilaka, D.; Wijeratne, D.T.; de Alwis, R.; Jeewandara, C.; Wijewickrama, A.; Ogg, G.S.; et al. Phenotype and functionality of follicular helper T cells in patients with acute dengue infection. J. Biomed. Sci. 2020, 27, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Abreu, R.B.; Kirchenbaum, G.A.; Sautto, G.A.; Clutter, E.F.; Ross, T.M. Impaired memory B-cell recall responses in the elderly following recurrent influenza vaccination. PLoS ONE 2021, 16, e0254421. [Google Scholar] [CrossRef]

	



Tjiam, M.C.; Fernandez, S.; French, M.A. Characterising the Phenotypic Diversity of Antigen-Specific Memory B Cells before and after Vaccination. Front. Immunol. 2021, 12, 738123. [Google Scholar] [CrossRef] [PubMed]

	



Niessl, J.; Sekine, T.; Buggert, M. T cell immunity to SARS-CoV-2. Semin. Immunol. 2021, 55, 101505. [Google Scholar] [CrossRef]








[image: Cimb 44 00014 g001 550] 





Figure 1. Evaluated level of circulating memory Tfh cells in COVID-19 convalescent patients.Scatter plots showing the percentages of CXCR5-expressing Th cell among total CD3+CD4+CD45RA− memory Th cells in the peripheral blood samples from patients with acute COVID-19 (COVID-19, black circles, n = 64), COVID-19 convalescent patients (CONV, white circles, n = 55) and healthy control (HC, black square, n = 44). Each dot represents individual subjects. and horizontal bars depict the group mean and standard error of the mean (Mean ± SEM). Statistical analysis was performed with the Mann-Whitney U test. 
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Figure 2. Imbalanced Tfh cell subsets in patients with acute COVID-19 and COVID-19 convalescent patients. From left to right: scatter plots showing the percentages of CXCR3+CCR6− Tfh1-like (A), CXCR3−CCR6− Tfh2-like (B), CXCR3−CCR6+ Tfh17-like (C) and unclassified double-positive CXCR3+CCR6+ T cell subsets among total CD3+CD4+CD45RA− T cell population (D), respectively, in the peripheral blood samples from patients with acute COVID-19 (COVID-19, black circles, n = 64), COVID-19 convalescent patients (CONV, white circles, n = 55) and healthy control (HC, black square, n = 44). Each dot represents individual subjects. and horizontal bars depict the group mean and standard error of the mean (Mean ± SEM). Statistical analysis was performed with the Mann-Whitney U test. 
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Table 1. The percentage of B-cell subsets assessed by using “Bm1-Bm5” classification in patients with acute COVID-19 (COVID-19, n = 64), COVID-19 convalescent patients (CONV, n = 55) and healthy control (HC, n = 44). The quantitative data (% with CD19+ subset) are presented as mean and standard error of the mean (Mean ± SEM).
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	B Cell Subset
	Phenotype
	COVID-19
	CONV
	HC
	Significant Differences





	Bm1
	IgD+CD38−
	12.28 ± 1.23
	15.83 ± 0.62
	12.39 ± 0.73
	p1 < 0.001

p2 = 0.129

p3 = 0.004



	Bm2
	IgD+CD38+
	57.79 ± 1.91
	52.84 ± 1.06
	56.83 ± 1.32
	p1 = 0.001

p2 = 0.165

p3 = 0.040



	Bm2′
	IgD+CD38++
	9.98 ± 0.79
	11.57 ± 0.77
	8.97 ± 0.57
	p1 = 0.109

p2 = 0.919

p3 = 0.044



	Bm3+Bm4
	IgD−CD38+++
	6.00 ± 0.68
	2.16 ± 0.20
	1.28 ± 0.16
	p1 < 0.001

p2 < 0.001

p3 < 0.001



	eBm5
	IgD−CD38+
	7.47 ± 0.72
	9.26 ± 0.44
	10.93 ± 0.75
	p1 < 0.001

p2 < 0.001

p3 = 0.125



	Bm5
	IgD−CD38−
	6.49 ± 0.63
	8.34 ± 0.48
	9.60 ± 0.79
	p1 < 0.001

p2 < 0.001

p3 = 0.267







Note: p1—statistical differences between patients with acute COVID-19 and COVID-19 convalescent patient groups according to nonparametric Mann-Whitney U tests; p2—statistical differences between patients with acute COVID-19 and healthy control groups according to nonparametric Mann-Whitney U tests; p3—statistical differences between COVID-19 convalescent patients and healthy control groups according to nonparametric Mann-Whitney U tests.
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Table 2. The percentage of B-cell subsets assessed by using CD27 vs. D38 classification in patients with acute COVID-19 (COVID-19, n = 64), COVID-19 convalescent patients (CONV, n = 55) and healthy control (HC, n = 44). The quantitative data (% with CD19+ subset) are presented as mean and standard error of the mean (Mean ± SEM).






Table 2. The percentage of B-cell subsets assessed by using CD27 vs. D38 classification in patients with acute COVID-19 (COVID-19, n = 64), COVID-19 convalescent patients (CONV, n = 55) and healthy control (HC, n = 44). The quantitative data (% with CD19+ subset) are presented as mean and standard error of the mean (Mean ± SEM).





	B Cell Subset
	Phenotype
	COVID-19
	CONV
	HC
	Significant Differences





	Naive mature
	CD27−CD38+
	12.28 ± 1.23
	15.83 ± 0.62
	12.39 ± 0.73
	p1 < 0.001

p2 = 0.129

p3 = 0.004



	Mature active
	CD27+CD38+
	57.79 ± 1.91
	52.84 ± 1.06
	56.83 ± 1.32
	p1 = 0.001

p2 = 0.165

p3 = 0.040



	DN cells
	CD27−CD38−
	9.98 ± 0.79
	11.57 ± 0.77
	8.97 ± 0.57
	p1 = 0.109

p2 = 0.919

p3 = 0.044



	Memory
	CD27+CD38−
	6.00 ± 0.68
	2.16 ± 0.20
	1.28 ± 0.16
	p1 < 0.001

p2 < 0.001

p3 < 0.001



	Plasmablasts
	CD27++CD38+
	7.47 ± 0.72
	9.26 ± 0.44
	10.93 ± 0.75
	p1 < 0.001

p2 < 0.001

p3 = 0.125



	Transitional cells
	CD27−CD38++
	6.49 ± 0.63
	8.34 ± 0.48
	9.60 ± 0.79
	p1 < 0.001

p2 < 0.001

p3 = 0.267







Note: p1—statistical differences between patients with acute COVID-19 and COVID-19 convalescent patient groups according to nonparametric Mann-Whitney U tests; p2—statistical differences between patients with acute COVID-19 and healthy control groups according to nonparametric Mann-Whitney U tests; p3—statistical differences between COVID-19 convalescent patients and healthy control groups according to nonparametric Mann-Whitney U tests.
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