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Abstract

:

Recently, cases of fortuitous discovery of Chronic Lymphocytic Leukemia (CLL) during hospitalization for Coronavirus disease (COVID-19) have been reported. These patients did not show a monoclonal B cell expansion before COVID-19 but were diagnosed with CLL upon a sudden lymphocytosis that occurred during hospitalization. The (hyper)lymphocytosis during COVID-19 was also described in patients with overt CLL disease. Contextually, lymphocytosis is an unexpected phenomenon since it is an uncommon feature in the COVID-19 patient population, who rather tend to experience lymphopenia. Thus, lymphocytosis that arises during COVID-19 infection is a thought-provoking behavior, strikingly in contrast with that observed in non-CLL individuals. Herein, we speculate about the possible mechanisms involved with the observed phenomenon. Many of the plausible explanations might have an adverse impact on these CLL patients and further clinical and laboratory investigations might be desirable.
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1. Introduction


The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection that causes the coronavirus disease 2019 (COVID-19) has a broad clinical heterogeneity, ranging from asymptomatic to hospitalization, need for mechanical ventilation, and death [1]. During the past two and half years, several studies have proven an association between the individual immune response and the clinical outcome [1,2,3]. Indeed, patients can be grouped based on immunotypes of cellular and molecular responses to the viral infection that are associated with the clinical outcome [1]. Of these immunotypes, thosewhose immune system cannot properly respond (i.e., individuals with immunodepression or immunodeficiency) are at higher risk of hospitalization [4]. Intriguingly, patients with the highest markers of immune response were more often hospitalized [1]. Hence, during SARS-CoV-2 infection, an adequate immunological response is necessary, while divergence from proper activation (i.e., both hyper- or hypo-immune activation) increases the risk of serious illness.



Most COVID-19 patients display overt lymphopenia (Figure 1, top left), which is associated with CD4+ and CD8+ T cell activation and proliferation, cytokine serum levels increase (e.g., IL-1RA IL-6, IL-8, IL-10, and CXCL10), and T-bet+ with decreased CXCR5 B cells [1,3]. Hence, SARS-CoV-2 infection can trigger a complex crosstalk of the immune system.



This complex and heterogeneous immune response to SARS-CoV-2 infection might be further exacerbated in patients with oncological malignancies whose immune system is compromised [5].



Chronic lymphocytic leukemia (CLL), the most commonB cell leukemia in adult Caucasians, is characterized by the expansion of a monoclonal population of CD5+ B lymphocytes. As of today, it is not fully clear whether SARS-CoV-2 infection in CLL patients leads, on average, to worse or milder COVID-19 symptomatology compared to age-matched healthy individuals or groups with other comorbidities. Both options are reported and appear linked to (i) the CLL stage, (ii) undergoing CLL treatment, and (iii) the type of treatment [4,6,7,8]. Similarly, the effects of SARS-CoV-2 infection on CLL pathogenesis and clinical evolution are also unclear. Herein, we specifically address the latter issue, based on the available evidence, and try to propose the most likely mechanisms involved.




2. Evidencesof Unexpeceted Lymphocytosis of CLL B Cells during COVID-19


We recently described a clinical case that presented to the emergency with SARS-CoV-2 infection symptoms [9]. The patient was admitted with a normal blood cell count. Two days later, a rapid and unexpected increase inthe lymphocyte count led to further investigations that highlighted a population of CD5+ monoclonal B cellswith a count above clinical parameters for chronic lymphocytic leukemia (CLL), leading to a new CLL diagnosis [9].



After searching the scientific literature, we realized that anecdotal cases of fortuitous discovery of CLL during hospitalization for COVID-19 had also been reported by others [9,10,11,12]. These patientsdid not show a monoclonal B cell expansion before COVID-19 but were diagnosed with CLL upon a sudden lymphocytosis that occurred during hospitalization. The lymphocytosis associated with the emergence of a CD5+ monoclonal B cell expansion is referable to CLL (Figure 1, top middle) [9,10,11,12]. In all these cases, the leukemic clone persisted after recovery from COVID-19 and partial resolution of lymphocytosis. Thus, CLL diagnosis was confirmed, except for one case that turnedinto Monoclonal B lymphocytosis (MBL) [9].



Cases of infection triggering the earlier unmasking of CLL were also reported in a Swedish study on the outcome of COVID-19 in CLL patients, where 8% (5/60) of enrolled cases were diagnosed with CLL during hospitalization. Yet, no information on lymphocytosis phenomena is available since the CLL blood count over time was not reported [6]. Thus, the true number of new CLL cases associated with this transient lymphocytosis is currently unknown. However, a significant number of anecdotal cases display this association [9,10,11,12].



Interestingly, the (hyper)lymphocytosis phenomenon was also described in patients with overt CLL disease (Figure 1, top right) [13,14,15,16]. Likewise, the percentage of CLL patients whoundergo (hyper)lymphocytosis during SARS-CoV-2 infectionis unknown. Nevertheless, there is a consensus among hematologists that CLL patients “often”display this phenomenon.



Contextually, lymphocytosis is an unexpected phenomenon since it is an uncommon feature in the COVID-19 patient population, whorather tend to experience lymphopenia (Figure 1, top left) [1,3]. Thus, lymphocytosis thatarises during COVID-19 infection is a thought-provoking behavior, strikingly in contrast with that observed in non-CLL individuals (Figure 1, “Observation”) [1,3].



What are the causes that trigger the (hyper)lymphocytosis of the leukemic cells? Additionally, how does (hyper)lymphocytosis, and more in general, SARS-CoV-2 infection, affect CLL disease in the longterm?




3. Plausible Explanations of the Observed CLL B Cellslymhocitosis during COVID-19


Generally, infections and associated inflammatory responses are believed to have a role in the pathogenesis of some CLL cases [17,18]. Yet, CLL cells modulate various components of the immune system, such as T helper (Th) cells and Myeloid-Derived Suppressor Cells (MDSCs), suppressing the anti-tumor response against themselves and creating a trophic microenvironment for their own support [19,20]. It is possible that an immune response against SARS-CoV-2 might lead to various activations and modulations of the immune system that might be either advantageous or deleterious for the leukemic B cells.



Time is needed for comprehensive and data-supported answers. However, we can speculate about the mechanism(s) beyond this phenomenon and the possible acute and chronic effects on the CLL.



The relatively quick and high rise inthe CLL cells’ blood count likely excludes (hyper)lymphocytosis dueto the induced proliferation of leukemic cells. More likely, through various mechanisms evaluated below, the infection might induce outwards trafficking of CLL cells from the secondary lymphoid organs.



Normally, most peripheral CLL cells are quiescent and/or anergic, while those residing in the secondary lymphoid tissues (e.g., lymph nodes, spleen, bone marrow) compose populations of active cells responsive to stimuli and with a significant percentage of proliferating cells [21,22,23]. The models of in vivo kinetics of the CLL generally propose that in the secondary lymphoid organs, CLL B cells undergoing activation and/or proliferation downregulate adhesion and trafficking molecules (e.g., CXCR4) and migrate outwards [21]. Once in the bloodstream, they acquire less active, more quiescent/anergic phenotypes while concomitantly re-upregulating trafficking molecules [21]. A fraction of these CLL cells will traffic inwards toward the secondary lymphoid organs, perpetuating the cycle [21,22]. When the rates of survival/proliferation overcome those of apoptosis, CLL can progress.Hence, it is possible that during the acute phase of SARS-CoV-2 infection, part of the CLL cells residing in the secondary lymphoid tissues might undergo activation, either directly (e.g., viral antigens engaging the BCRs or TLRs of the CLL cells) or indirectly (e.g., activation of T cells and the proinflammatory response that support CLL B cells’ activation/proliferation). All these mechanisms are known to downregulate trafficking receptors such as CXCR4 on the CLL cells, leading to outward trafficking and (hyper-)lymphocytosis [24,25,26,27].



Concerning the possible direct engagement through the BCR, CLL is known to often display polyreactive antibodies against self- and (non)self-antigenswith a key role both during CLL pathogenesis and clonal evolution [17,18,28,29,30]. Moreover, cases of CLLs expressing antibodies against bacteria or fungi identified in previous infections have beenreported [17,18]. Possibly, a fraction of CLL patients might be able to express BCRs to directly react with SARS-CoV-2 antigens, therefore undergoing activation/proliferation and being released from secondary lymphoid tissues (Figure 1, bottom left). However, this is unlikely to be the most common cause of lymphocytosis since it is observable in CLL cases expressing different antigen-binding sites.



Direct activation of CLL cells might rather be inducedthrough the TLR7 pathway asCLL cells are activated through the TLRs (e.g., TLR7), and RNA from SARS-CoV-2 has beenfound in the lymph nodes and spleen of infected individuals (Figure 1, bottom left) [2,31].



CD4+ T cells are also often activated by SARS-CoV-2 infection and may show increased expression of CD40L among several activation markers [32]. CLL B cells require support from autologous T cells, andinteraction between CD40L and CD40 might induce activation and proliferation [33,34]. Additionally, IL-4, an important co-factor for the CD40-mediated CLL activation, is upregulated during SARS-CoV-2 infection in a significant fraction of cases [32]. Hence, SARS-CoV-2 infection might indirectly activate CLL cells and induce the subsequent downregulation of trafficking receptorsand lymphocytosis by activating the CD4+ T cells’response against the virus(Figure 1, bottom left).



Conversely, SARS-CoV-2-mediated activation of T cells and, more in general, of the entire immune system, might be the mechanism by which CLL cells lose the trophic nicheswithin the secondary lymphoid organs, thus causing a passivelymphocytosis of quiescent cells, which represents a favorable process for the CLL patient (Figure 1, bottom right).




4. Conclusions


Altogether, the response to COVID-19 among CLL patients is highly heterogeneous. The kind of response to the infection and the features of the specific CLL clone likely co-play inthe ultimate CLL cell’s fate (Figure 1, “Hypothesis”). Notably, the BCR, TLR9, and CD40 signaling pathways may share common key signaling checkpoints [35,36]. Overall, concomitant crosstalk and influence from more than one pathway arelikely.



Especially, as proliferation is linked with an increased likelihood of errors during DNA synthesis, COVID-19 increases the chance of novel genetic mutations upon activation of CD5+ neoplastic B cells. The former possibility leads to the question of whether COVID-19 might also exacerbate underlying leukemia that is still below the clinical parameters for a positive diagnosis, as some recent reports havepointed to [9,10,11,12]. As of now, it is too early to clinically evaluate a change in the CLL outcome upon COVID-19 diagnosis. Similarly, lab tests have not yet fully investigated the phenotype of CLL B cells during induced (hyper)lymphocytosis. Thus, future analyses are required to examine the activation/exhaustion of leukemic cells, helping to clarify which mechanism(s) are involved and considering possible changes in CLL therapy during and after SARS-CoV-2 infection.







Author Contributions


Conceptualization, A.N.M., B.K., D.G., L.L., F.G., S.B. and E.C.; investigation, A.N.M., B.K., D.G., L.L., F.G., S.B. and E.C.; data curation, A.N.M., B.K., D.G., L.L., S.B. and E.C.; writing—original draft preparation, A.N.M., B.K., D.G., L.L., S.B. and E.C.; writing—review and editing, A.N.M., B.K., D.G., L.L., F.G., S.B. and E.C.; visualization, A.N.M., B.K., D.G., L.L., F.G., S.B. and E.C.; supervision, A.N.M., S.B. and E.C.; project administration, A.N.M., S.B. and E.C.; funding acquisition, A.N.M., F.G. and E.C. All authors have read and agreed to the published version of the manuscript.




Funding


A.N.M. received funding from the European Union’s Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement No. 101023721. F.G. received funding from Fondazione Maria Piaggio Casarsa, Genova, Italy.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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]

	



Haslbauer, J.D.; Matter, M.S.; Stalder, A.K.; Tzankov, A. Histomorphological Patterns of Regional Lymph Nodes in COVID-19 Lungs. Pathologe 2021, 42, 89–97. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, Q.; Feng, Z.; Diao, B.; Tu, C.; Qiao, Q.; Yang, H.; Zhang, Y.; Wang, G.; Wang, H.; Wang, C.; et al. SARS-CoV-2 Induces Lymphocytopenia by Promoting Inflammation and Decimates Secondary Lymphoid Organs. Front. Immunol. 2021, 12, 661052. [Google Scholar] [CrossRef] [PubMed]

	



Scarfò, L.; Chatzikonstantinou, T.; Rigolin, G.M.; Quaresmini, G.; Motta, M.; Vitale, C.; Garcia-Marco, J.A.; Hernández-Rivas, J.Á.; Mirás, F.; Baile, M.; et al. COVID-19 Severity and Mortality in Patients with Chronic Lymphocytic Leukemia: A Joint Study by ERIC, the European Research Initiative on CLL, and CLL Campus. Leukemia 2020, 34, 2354–2363. [Google Scholar] [CrossRef]

	



Yang, L.; Chai, P.; Yu, J.; Fan, X. Effects of Cancer on Patients with COVID-19: A Systematic Review and Meta-Analysis of 63,019 Participants. Cancer Biol. Med. 2021, 18, 298–307. [Google Scholar] [CrossRef] [PubMed]

	



Blixt, L.; Bogdanovic, G.; Buggert, M.; Gao, Y.; Hober, S.; Healy, K.; Johansson, H.; Kjellander, C.; Mravinacova, S.; Muschiol, S.; et al. Covid-19 in Patients with Chronic Lymphocytic Leukemia: Clinical Outcome and B- and T-Cell Immunity during 13 Months in Consecutive Patients. Leukemia 2022, 36, 476–481. [Google Scholar] [CrossRef] [PubMed]

	



Arellano-Llamas, A.A.; Vela-Ojeda, J.; Hernandez-Caballero, A. Chronic Lymphocytic Leukemia in the SARS-CoV-2 Pandemic. Curr. Oncol. Rep. 2022, 24, 209–213. [Google Scholar] [CrossRef]

	



Fiorcari, S.; Atene, C.G.; Maffei, R.; Debbia, G.; Potenza, L.; Luppi, M.; Marasca, R. Ibrutinib Interferes with Innate Immunity in Chronic Lymphocytic Leukemia Patients during COVID-19 Infection. Haematologica 2021, 106, 2265–2268. [Google Scholar] [CrossRef]

	



Lanza, L.; Koroveshi, B.; Barducchi, F.; Lorenzo, A.; Venturino, E.; Cappelli, E.; Lillo, F.; Bain, B.J. A New Diagnosis of Monoclonal B-Cell Lymphocytosis with Cytoplasmic Inclusions in a Patient with COVID-19. Am. J. Hematol. 2022, 97, 1372–1373. [Google Scholar] [CrossRef]

	



Saluja, P.; Gautam, N.; Amisha, F.; Safar, M.; Bartter, T. Emergence of Chronic Lymphocytic Leukemia During Admission for COVID-19: Cause or Coincidence? Cureus 2022, 14, e23470. [Google Scholar] [CrossRef]

	



Ali, E.; Badawi, M.; Abdelmahmuod, E.; Kohla, S.; Yassin, M.A. Chronic Lymphocytic Leukemia Concomitant with COVID 19: A Case Report. Am. J. Case Rep. 2020, 21, e926062-1–e926062-4. [Google Scholar] [CrossRef] [PubMed]

	



Largeaud, L.; Ribes, A.; Dubois-Galopin, F.; Mémier, V.; Rolland, Y.; Gaudin, C.; Rousset, D.; Geeraerts, T.; Noel-Savina, E.; Rieu, J.B.; et al. Major Rise of a Chronic Lymphoid Leukemia Clone during the Course of COVID-19. Int. J. Lab. Hematol. 2021, 43, e82–e83. [Google Scholar] [CrossRef] [PubMed]

	



Paneesha, S.; Pratt, G.; Parry, H.; Moss, P. Covid-19 Infection in Therapy-Naive Patients with B-Cell Chronic Lymphocytic Leukemia. Leuk. Res. 2020, 93, 106366. [Google Scholar] [CrossRef] [PubMed]

	



Jin, X.H.; Zheng, K.I.; Pan, K.H.; Xie, Y.P.; Zheng, M.H. COVID-19 in a Patient with Chronic Lymphocytic Leukaemia. Lancet Haematol. 2020, 7, e351–e352. [Google Scholar] [CrossRef]

	



Safarpour, D.; Srinivasan, K.; Farooqui, M.; Roth, C.; Ghouse, M. A Case of COVID-19–Induced Lymphocytosis in a Patient With Treatment-Naive CLL: Should It Be Treated? Clin. Lymphoma Myeloma Leuk. 2021, 21, 69–72. [Google Scholar] [CrossRef]

	



Balraj, S.; Sarah, A.; Parminder, K.; Ro-Jay, R.; Sachin, G.; Michael, M. COVID-19-Induced Hyperleucocytosis in Chronic Lymphocytic Leukaemia. Eur. J. Case Rep. Intern. Med. 2021, 8, 002348. [Google Scholar] [CrossRef]

	



Myhrinder, A.L.; Hellqvist, E.; Sidorova, E.; Söderberg, A.; Baxendale, H.; Dahle, C.; Willander, K.; Tobin, G.; Bäckman, E.; Söderberg, O.; et al. A New Perspective: Molecular Motifs on Oxidized LDL, Apoptotic Cells, and Bacteria Are Targets for Chronic Lymphocytic Leukemia Antibodies. Blood 2008, 111, 3838–3848. [Google Scholar] [CrossRef]

	



Hoogeboom, R.; van Kesse, K.P.M.; Hochstenbach, F.; Wormhoudt, T.A.; Reinten, R.J.A.; Wagner, K.; Kater, A.P.; Guikema, J.E.J.; Bende, R.J.; van Noesel, C.J.M. A Mutated B Cell Chronic Lymphocytic Leukemia Subset That Recognizes and Responds to Fungi. J. Exp. Med. 2013, 210, 59–70. [Google Scholar] [CrossRef]

	



Vlachonikola, E.; Stamatopoulos, K.; Chatzidimitriou, A. T Cells in Chronic Lymphocytic Leukemia: A Two-Edged Sword. Front. Immunol. 2021, 11, 612244. [Google Scholar] [CrossRef]

	



Ferrer, G.; Jung, B.; Chiu, P.Y.; Aslam, R.; Palacios, F.; Mazzarello, A.N.; Vergani, S.; Bagnara, D.; Chen, S.-S.; Yancopoulos, S.; et al. Myeloid-Derived Suppressor Cell Subtypes Differentially Influence T-Cell Function, T-Helper Subset Differentiation, and Clinical Course in CLL. Leukemia 2021, 35, 3163–3175. [Google Scholar] [CrossRef]

	



Calissano, C.; Damle, R.N.; Marsilio, S.; Yan, X.J.; Yancopoulos, S.; Hayes, G.; Emson, C.; Murphy, E.J.; Hellerstein, M.K.; Sison, C.; et al. Intraclonal Complexity in Chronic Lymphocytic Leukemia: Fractions Enriched in Recently Born/Divided and Older/Quiescent Cells. Mol. Med. 2011, 17, 1374–1382. [Google Scholar] [CrossRef] [PubMed]

	



Coelho, V.; Krysov, S.; Steele, A.; Hidalgo, M.S.; Johnson, P.W.; Chana, P.S.; Packham, G.; Stevenson, F.K.; Forconi, F. Identification in CLL of Circulating Intraclonal Subgroups with Varying B-Cell Receptor Expression and Function. Blood 2013, 12, 2664–2672. [Google Scholar] [CrossRef] [PubMed]

	



Herndon, T.M.; Chen, S.S.; Saba, N.S.; Valdez, J.; Emson, C.; Gatmaitan, M.; Tian, X.; Hughes, T.E.; Sun, C.; Arthur, D.C.; et al. Direct in Vivo Evidence for Increased Proliferation of CLL Cells in Lymph Nodes Compared to Bone Marrow and Peripheral Blood. Leukemia 2017, 31, 1340–1347. [Google Scholar] [CrossRef] [PubMed]

	



Vlad, A.; Deglesne, P.A.; Letestu, R.; Saint-Georges, S.; Chevallier, N.; Baran-Marszak, F.; Varin-Blank, N.; Ajchenbaum-Cymbalista, F.; Ledoux, D. Down-Regulation of CXCR4 and CD62L in Chronic Lymphocytic Leukemia Cells Is Triggered by B-Cell Receptor Ligation and Associated with Progressive Disease. Cancer Res. 2009, 69, 6387–6395. [Google Scholar] [CrossRef]

	



Bagnara, D.; Mazzarello, A.N.; Ghiotto, F.; Colombo, M.; Cutrona, G.; Fais, F.; Ferrarini, M. Old and New Facts and Speculations on the Role of the B Cell Receptor in the Origin of Chronic Lymphocytic Leukemia. Int. J. Mol. Sci. 2022, 23, 14249. [Google Scholar] [CrossRef]

	



Mazzarello, A.N.; Fitch, M.; Hellerstein, M.K.; Chiorazzi, N. Measurement of Leukemic B-Cell Growth Kinetics in Patients with Chronic Lymphocytic Leukemia. Methods Mol. Biol. 2019, 1881, 129–151. [Google Scholar]

	



Mazzarello, A.N.; Gentner-Göbel, E.; Dühren-vonMinden, M.; Tarasenko, T.N.; Nicolò, A.; Ferrer, G.; Vergani, S.; Liu, Y.; Bagnara, D.; Rai, K.R.; et al. B Cell Receptor Isotypes Differentially Associate with Cell Signaling, Kinetics, and Outcome in Chronic Lymphocytic Leukemia. J. Clin. Investig. 2022, 132, e149308. [Google Scholar] [CrossRef]

	



Bagnara, D.; Tang, C.; Brown, J.R.; Kasar, S.; Fernandes, S.; Colombo, M.; Vergani, S.; Mazzarello, A.N.; Ghiotto, F.; Bruno, S.; et al. Post-Transformation IGHV-IGHD-IGHJ Mutations in Chronic Lymphocytic Leukemia B Cells: Implications for Mutational Mechanisms and Impact on Clinical Course. Front. Oncol. 2021, 11, 640731. [Google Scholar] [CrossRef]

	



Catera, R.; Silverman, G.J.; Hatzi, K.; Seiler, T.; Didier, S.; Zhang, L.; Hervé, M.; Meffre, E.; Oscier, D.G.; Vlassara, H.; et al. Chronic Lymphocytic Leukemia Cells Recognize Conserved Epitopes Associated with Apoptosis and Oxidation. Mol. Med. 2008, 14, 665–674. [Google Scholar] [CrossRef]

	



Chu, C.C.; Catera, R.; Hatzi, K.; Yan, X.J.; Zhang, L.; Wang, X.B.; Fales, H.M.; Allen, S.L.; Kolitz, J.E.; Rai, K.R.; et al. Chronic Lymphocytic Leukemia Antibodies with a Common Stereotypic Rearrangement Recognize Nonmuscle Myosin Heavy Chain IIA. Blood 2008, 112, 5122–5129. [Google Scholar] [CrossRef]

	



Wolska, A.; Cebula-Obrzut, B.; Smolewski, P.; Robak, T. Effects of Toll-like Receptor 7 and Toll-like Receptor 9 Signaling Stimulators and Inhibitors on Chronic Lymphocytic Leukemia Cells Ex Vivo and Their Interactions with Cladribine. Leuk. Lymphoma 2013, 54, 1268–1278. [Google Scholar] [CrossRef]

	



de Biasi, S.; Meschiari, M.; Gibellini, L.; Bellinazzi, C.; Borella, R.; Fidanza, L.; Gozzi, L.; Iannone, A.; lo Tartaro, D.; Mattioli, M.; et al. Marked T Cell Activation, Senescence, Exhaustion and Skewing towards TH17 in Patients with COVID-19 Pneumonia. Nat. Commun. 2020, 11, 3434. [Google Scholar] [CrossRef] [PubMed]

	



Hoferkova, E.; Kadakova, S.; Mraz, M. In Vitro and In Vivo Models of CLL–T Cell Interactions: Implications for Drug Testing. Cancers 2022, 14, 3087. [Google Scholar] [CrossRef] [PubMed]

	



Ravera, S.; Ghiotto, F.; Tenca, C.; Gugiatti, E.; Santamaria, S.; Ledda, B.; Ibatici, A.; Cutrona, G.; Mazzarello, A.N.; Bagnara, D.; et al. Berberine Affects Mitochondrial Activity and Cell Growth of Leukemic Cells from Chronic Lymphocytic Leukemia Patients. Sci. Rep. 2020, 10, 16519. [Google Scholar] [CrossRef] [PubMed]

	



Brunner, C.; Avots, A.; Kreth, H.W.; Serfling, E.; Schuster, V. Bruton’s Tyrosine Kinase Is Activated upon CD40 Stimulation in Human B Lymphocytes. Immunobiology 2002, 206, 432–440. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.F.; Lee, K.G.; Ou, X.; Lam, K.P. Bruton’s Tyrosine Kinase and Protein Kinase C μ Are Required for TLR7/9-Induced IKKα and IRF-1 Activation and Interferon-β Production in Conventional Dendritic Cells. PLoS ONE 2014, 9, e105420. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 12 00998 g001 550] 





Figure 1. Schematic representations of blood-count discrepancies between healthy subjects and CD5+ B cell patients upon SARS-CoV-2 infection and the possible mechanism(s) induced by SARS-CoV-2 that may drive (hyper)lymphocytosis of either active or quiescent CLL B cells. During SARS-CoV-2 infection, healthy individuals generally displayed lymphopenia (top left). In contrast, some apparently healthy subjects underwent a sudden CD5+ B cells lymphocytosis whose CLL origin was then unveiled (top middle). Likewise, patients with overt CLL often responded to SARS-CoV-2 with (hyper)lymphocytosis (top right). These observed CLL (hyper)lymphocytosis cases in the two latter populations might be due to SARS-CoV-2 engaging several pathways associated with CLL activation response and leading to the mobilization of activated leukemic cells (bottom left). On the other side, the broad and potent immune response upon infection was demonstrated to change the architecture and biological properties of the CLL niches in the secondary lymphoid organs, leading to the release of quiescent cells into the bloodstream (bottom right). 
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