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B cell-targeting strategies such as rituximab are widely used in B cell hematologic malignancies, rheumatologic and musculoskeletal diseases and a variety of autoimmune disorders. The purpose of this paper is to illustrate how exposure to anti-CD20 treatment profoundly affects B cell functions involved in anti-SARS-CoV-2 immunity and significantly impacts on the clinical and serological course of SARS-CoV-2 infection, long term immunity and vaccine responses. The data presented here suggest that the effects of B cell-depleting agents on adaptive immunity should be taken into account for the proper selection and interpretation of SARS-CoV-2 diagnostics and to guide appropriate therapeutic approaches and protective measures. Combination therapeutic strategies including immunotherapy in association with prolonged antiviral treatment may play a decisive role in the setting of B cell immune deficiencies.




Keywords: COVID-19, SARS-CoV-2, rituximab, anti-CD20 therapy, B cell-depletion, B cell immunodeficiency, hyperimmune convalescent plasma, anti-SARS-CoV-2 monoclonal antibodies



Introduction

Anti-CD20 antibody (aCD20)-based B cell-depleting strategies such as rituximab are widely used in B cell hematologic malignancies (1) and across a variety of autoimmune disorders (2).

Upon antigen exposure, B cells have the ability to form memory cells or differentiate into plasmablasts and plasma cells (3). Memory B cells (MBCs) are central to long term immunity, since they preserve the epitope memory and give rise to new antibody secreting cells with improved specificity upon repeated antigen exposure. In addition to their roles as precursors to antibody-secreting cells, B cells can function as professional antigen presenting cells, especially in the context of cognate interactions with T cells that recognize the same antigenic target (4).

Treatment with rituximab results in complete B cell-depletion within 72 h. Recovery of B cell counts usually starts only 6-9 months after the completion of therapy, and normal levels are obtained after 9-12 months (5). While plasma cells and existing antibody levels are not affected, depletion of B cells following rituximab decreases humoral immune responses to primary antigens; in addition, as a result of prolonged decrease in MBCs, antibody production to recall antigens is decreased even 6-10 months after treatment (6).

The antibody response to SARS-CoV-2 infection has been shown to be directed to multiple targets of the virus including different epitopes of the spike protein, with those that target the receptor-binding domain (RBD) considered neutralizing. Other antibodies target the nucleocapsid protein NCP or non-structural proteins (7). Neutralizing antibodies are detectable within 7 to 15 days of disease onset, and levels increase until days 14-22, before plateauing and then decreasing.

The vast majority of subjects recovering from SARS-CoV-2 infection develop T cell and B cell memory. Remarkably, although the SARS-CoV-2 IgG antibody response begins declining beyond 20 days post-symptom onset, MBCs increase in number and affinity in the 6 months post-infection, implying an ongoing immune response despite the apparent clearance of the virus (8).

Thus, a decline in serum antibodies over time in convalescence may not reflect waning of immunity, since it appears very likely that persistent MBCs will rapidly give rise to plasma cells secreting antibodies with improved specificity on re-exposure.

Although antibody response is a central component of vaccine efficacy, memory B cells may also be important for long-term protection and the ability to respond to emerging variant strains.

In SARS-CoV-2 naive subjects, MBCs specific for full-length spike protein and RBD, as well as an optimal neutralizing antibody response are efficiently primed by mRNA vaccination after the second dose.

In SARS-CoV-2 recovered individuals, conversely, a significant boosting of antibody and MBC responses has been observed after the first vaccine dose, with no further increase after the second dose (9). The response strongly correlates with levels of pre-existing MBCs, identifying a key role for MBCs in mounting recall responses to SARS-CoV-2 antigens.

Definitive assessment of SARS-CoV-2 long term immunity following infection or vaccination will require prolonged follow up, measuring not only specific antibodies but also cellular responses and correlating these with re-infection.

The purpose of this paper is to illustrate how exposure to aCD20 treatment profoundly affects B cell functions involved in anti-SARS-CoV-2 immunity and significantly impacts on the clinical and serological course of SARS-CoV-2 infection, long term immunity and vaccination responses. Impairment of humoral immune responses bears upon the sensitivity of diagnostic tools and the efficacy of the treatment options currently available for COVID-19. Patients treated with aCD20 have not been specifically addressed in the clinical trials evaluating antiviral drugs and immunotherapy, and might benefit from combination approaches where passive immunization plays a decisive role in the absence of an appropriate antibody response.



Pitfalls in SARS-CoV-2 Diagnostics

A number of reports on both lymphoma and rheumatic diseases (RDs) patients with SARS-CoV-2 infection after rituximab therapy, described a prolonged clinical course characterized by transient clinical improvement following standard steroid and/or remdesivir treatment (10–13) or tocilizumab (12, 13), and subsequent early relapse or exacerbation of the clinical and radiological picture.

Clinical relapse occurred in some cases even despite early negativization of PCR in nasopharingeal swab (NS) (10, 13, 14). Interestingly, 8-20 days after the first negative result on NS, viral replication was detected only in low respiratory tract samples (bronchoalveolar lavage (BAL) fluid or sputum) in 3 of 4 non-Hodgkin lymphoma (NHL) patients reported by our group (10), in line with previous NHL case reports (13, 14).

aCD20-related impairment of primary and secondary humoral responses may increase the risk of early relapse of symptoms after apparent clinical and/or microbiological recovery as well as the risk of reinfection. This suggests low threshold for repeat testing, including high-sensitivity methods to allow timely treatment and guide protection measures even shortly after or in the presence of negative results.

Viral load in the low respiratory tract may remain higher for longer periods and decrease more slowly compared with nasopharyngeal load. Thus, bronchoscopy with BAL represents a significantly more sensitive test in case of persistent clinical suspicion, especially in immunocompromised patients where viral clearance is delayed.

SARS-CoV-2 plasma viremia has been demonstrated to predict adverse outcomes in terms of severe disease and mortality (15–19).

In studies on both hospitalized and non-hospitalized patients from the general population with confirmed SARS-CoV-2 infection on NS, the reported proportion of individuals with SARS-CoV-2 viremia ranged from 10.4% to 32.9% (15–19). RNAemia was detected more frequently in individuals requiring hospitalization and who developed severe disease including ICU admission and mechanical ventilation (15). Moreover, it was closely associated with increased markers of inflammation, such as C-reactive protein and IL-6 levels (17, 18) and organ damage (19).

In patients with detectable plasma viremia, the median baseline viral load was 2.4 to 2.7 log RNA copies/mL (15, 18), which was significantly lower than that detected in respiratory samples.

Interestingly, median NP Ct has been shown to be lower, reflecting a higher viral load, in patients with detectable plasma RNA (27.1) than in patients with non-detectable plasma RNA (31.6) (16). As previously observed, however, SARS-CoV-2 RNA can be undetectable in NS of B cell-depleted patients in spite of positive viremia, due to the low sensitivity of PCR in upper respiratory samples in this setting.

A previous report of an immunocompromised allo-transplanted acute myeloid leukemia patient (20) showed that SARS-CoV-2 viremia inversely correlated with anti-SARS-CoV2 antibody production and that antibody detection coincides with viral clearance in plasma. Moreover, viremia could be detected in an early phase of infection, before the onset of symptoms and detection of SARS-CoV-2 by PCR in NS.

Moreover, in B cell-depleted individuals, viral replication assessed by PCR in NS was found to be persistently positive in a proportion of patients notwithstanding the clearance of circulating SARS-CoV-2 and resolution of symptoms after effective treatment (21). In the above mentioned study Ct values in clinically recovered patients with persistent PCR positivity in NS were reported to be <30, reflecting more likely true virus replication rather than residual viral RNA. Although there is no consensus, a Ct ≥29, corresponding to around <1000 RNA copies/mL, has been identified by some authors as a threshold level above which culture positivity rate and transmission risk are low (22, 23).

Thus, negativization of viremia may represent an early predictor of clinical response and favorable outcome in spite of delayed PCR negativization in respiratory samples. Whether, on the other hand, detection of viremia in immunocompromised B cell-depleted individuals represents a predictor of adverse outcomes similar to the general population, remains to be defined.

Immunocompromised patients are underrepresented in the studies assessing viremia and the prevalence and quantitation of plasma RNA as well as its prognostic significance in the population of B cell-depleted patients has not specifically been assessed. Data on detection of viremia in case reports and small case series are reported in Table 1.


Table 1 | Reports on immunotherapy strategies in B cell-depleted patients after aCD20 therapy.




Based on the above observations, we advocate the potential role of viral detection in the blood and in the low respiratory tract as diagnostic tools in immunocompromised patients in whom delayed viral clearance is expected and molecular tests in upper respiratory samples have low sensitivity. Consistently, assessment of infection resolution should rely on high sensitivity methods. RT

As will be described later, serological results are also of limited use and should be interpreted cautiously in this setting.



Clinical and Virological Course Of SARS-CoV-2 Infection

As a result of aCD20-related impairment of adaptive immunity, time to viral clearance appears to be significantly prolonged compared with the general population. In a series of NHL patients successfully treated with a combination of remdesivir and hyperimmune convalescent plasma (CP), time to ultimate negative PCR ranged from 33 to 77 days from the first positive result (10); cases of persistent infection lasting for a few months have also been reported (12). Ct values in patients with long-standing PCR positivity on respiratory samples assessed before effective treatment ranged between 20 and 30, consistent with actual viral replication (10, 12). A complete and sustained viral clearance assessed by PCR on blood or respiratory samples appears to be a requirement for stable clinical improvement in immunocompromised patients. Protracted PCR positivity is associated with a relapsing course, where clinical recurrences are accompanied by worsening radiological picture (10, 13, 25) possibly related to enhanced immunological activation and inflammatory response. Total hospitalization time, consistently, has been reported to be considerably longer compared with the general population (median 12 days), with durations that may extend up to a few months (13).

Complete B cell-depletion for up to 48 weeks can be observed after a single dose of rituximab (5). Accordingly, the clinical, virological and serological course, with particular reference to time to viral clearance and development of specific antibody response, does not seem to be affected by the number of rituximab doses administered (7) but rather by the duration from most recent exposure.

Although significantly prolonged, clinical course of COVID-19 has been reported to be moderate in severity, with no progression or delayed progression to severe disease or multi-organ involvement both in primary (25, 26) and acquired (10, 27) humoral immune deficiencies.

Anti-SARS-CoV-2 antibodies and immune complexes have in fact been recognized as playing a role in monocyte or alveolar macrophage activation, thereby contributing to sustained secretion of proinflammatory cytokines and the consequent development of severe pulmonary disease (28, 29).

Consistently, it has been observed in the general population that non seroconvertors may have lower levels of blood inflammatory biomarkers and lower disease severity (30).

In light of these considerations, a potential therapeutic use of rituximab has been advocated in the management of specific complications of COVID-19 such as thrombotic or inflammatory lung complications persisting beyond acute infection, in the presence of negative/low viral loads and/or seroconversion (31).

As previously stated, immunoglobulin (Ig) levels may not be significantly affected after rituximab despite long standing B cell-depletion. There does not seem to be a correlation between existing Ig levels and the duration and outcome of the infection nor with the likelihood of seroconversion (10). Accordingly, vaccine-specific antibody responses cannot be predicted on the basis of baseline Ig levels in this setting.



Therapeutic Implications: Is a Differentiated Approach Needed?

Remdesivir is to date the only COVID-19 antiviral treatment with a reported efficacy (32). A 5-day treatment has been demonstrated to be not inferior to a 10-day course in patients with severe COVID-19 disease not requiring mechanical ventilation (33).

The administration of anti-SARS-CoV-2 convalescent plasma (CP) to hospitalized patients with COVID-19 late in the course of illness and with severe pneumonia has not been demonstrated to significantly impact on the clinical outcomes (34). Furthermore, a recently published randomized study showed that early administration of CP to outpatients at high risk of severe COVID-19 within one week after the onset of symptoms did not prevent disease progression (35).

However, the specific case of humoral immune deficiencies was not addressed in the above mentioned trials.

Yet, a number of clinical reports have suggested that passive immunization with CP might represent a valid therapeutic option in the context of protracted COVID-19 symptoms in B cell-depleted patients unable to mount a specific humoral response to SARS-CoV-2 (11, 12, 21, 25). CP has been shown to be effective after failure or partial/temporary response to steroids and/or remdesivir and to tocilizumab. In the lack of specific convalescent serum, high-dose IV Ig administration could also be beneficial (14).

Also, there is a rationale in treating patients who are unable to mount a specific antibody response with CP soon after exposure to SARS-CoV-2 in order to prevent symptomatic COVID-19. Data in this specific setting, however, are lacking.

Long standing/relapsing course of COVID-19 has been observed despite evidence of a robust T cell response in patients with both primary (26) and secondary (13, 14, 21) humoral immune deficiencies.

Specific T cell responses to SARS-CoV-2 seem, therefore, not sufficient to control the infection in the absence of neutralizing antibodies. Passive immunotherapy appears to be beneficial in B cell-depleted individuals as it provides the neutralizing SARS-CoV-2 antibodies that are mandatory for viral clearance.

On the other hand, T cells may play a central role in passive immunotherapy as they work synergistically with the antibodies brought by CP (21). Importantly, T cells recognize a wider range of epitopes outside the antibody binding sites that are susceptible to mutational escape (36).

Depletion or functional impairment of T cells, for example following treatment with disease modifying antirheumatic drugs (DMARDs) (37) may account for the failure of CP administered as a single agent in B cell-depleted individuals with RDs and explain why in this population rituximab should be considered a risk factor for unfavorable outcome with a high rate of severe COVID-19 leading to a high mortality rate (23.1%) (38). On the other hand, RDs patients without B cell deficiency treated with both synthetic and targeted synthetic DMARDs do not seem to be at increased risk of respiratory life-threatening complications from SARS-CoV-2 (39), probably owing to the inhibitory effect of treatment on inflammatory response driving SARS.

Some data (40) highlight the issue of the potential emergence of SARS-CoV-2 genomic variants with reduced susceptibility to neutralization after administration of CP in immunocompromised individuals where prolonged viral replication occurs. Caution is especially suggested in the use of CP in patients with immunosuppression of both T and B cell arms, since in such cases the antibodies administered have little support from cytotoxic T cells, thereby reducing chances of clearance and raising the potential for escape mutations. The emergence of SARS-CoV-2 mutations has also been reported in a post-rituximab B cell-deficient patient during a 5-day course of remdesivir, leading to treatment failure (11).

The above considerations support the rationale of combining CP with an extended course of an agent interfering with viral replication in the setting of severe immunosuppression.

Successful treatment with a combination of remdesivir and CP after failure of single agent remdesivir (10, 13), CP or standard IV Ig (25) in the setting of protracted disease has been reported both in post-rituximab and in primary B cell immune deficiencies.

Dramatic clinical responses have been described in terms of defervescence, respiratory recovery and radiological improvement. In line with a report of B cell-depleted patients successfully treated with CP alone (21), resolution of fever and weaning from oxygen support occurred within 24-48 h and a median of 4 days from the first CP transfusion, respectively.

Differently from previous treatments (steroids +/- standard 5-day course of remdesivir), the combination of CP with a 10-day course of remdesivir resulted in sustained responses with no signs of virological nor clinical relapse after a median follow up of 6 months (10).

In the face of the rapidity of clinical response, time to viral clearance after passive immunotherapy is highly variable (range 7 to 112 days) (12, 21). In a small series of NHL patients treated with CP in association with an extended course of remdesivir, SARS-CoV-2 RNA in NS or BAL samples turned negative after a median of only 10.6 days (10 to 12) (10).

As outlined before, clinical recovery often precedes PCR negativization in respiratory samples and appears to correlate more strongly with the clearance of SARS-CoV-2 viremia (21). Circulating SARS-CoV-2 RNA represents, therefore, an earlier and more sensitive indicator of virological response after passive immunotherapy in the clinical setting described here.

In addition, it should be considered that baseline medical conditions (hematological malignancies, RDs, autoimmune disorders), disease activity, concomitant/previous treatments (chemotherapeutic agents, DMARDs) that influence the T cell subset distribution and function may have a prominent role in affecting response to immunotherapy +/- antiviral agents in terms of time to clinical recovery and viral clearance.

Passive immunotherapy with anti-SARS-CoV-2 monoclonal antibodies (MoAbs) represents another therapeutic option that has been demonstrated to be most effective early in the disease process.

In patients with mild to moderate disease who are at high risk for progressing to severe COVID-19 as in the case of primary or secondary immune deficiencies, the administration of anti-SARS-CoV-2 MoAbs can be considered even >10 days after onset of symptoms in case of prolonged PCR positivity and in the absence of a detectable specific antibody response.

Moreover, recent data support the use of the MoAbs combination of casirivimab/imdevimab in hospitalized patients with COVID-19 including patients with oxygen requirement who are seronegative (41). The combination of two neutralizing antibodies (casirivimab/imdevimab) binding to different parts of the virus spike decreases the risk of losing neutralization potency against new emerging variants (42), which is of the utmost importance in patients who are unable to mount a neutralizing antibody response and in whom prolonged viral replication is expected. In this perspective, the combination of MoAbs and antiviral agents is of potential interest. Casirivimab/imdevimab has been successfully used after failure of remdesivir in a patient with mysthenia gravis on rituximab who had persistently positive PCR and negative anti-SARS-CoV-2 antibodies after 2 months of symptom onset. MoAbs treatment resulted in clinical improvement after 24 hours and PCR negativization one week following the infusion (24). Clinical studies addressing the use of MoAbs in the subset of B cell-depleted individuals with prolonged symptoms are needed.

In conclusion, passive immunotherapy with both convalescent plasma and MoAbs may represent a key therapeutic tool in treating patients unable to mount an appropriate humoral response (Figure 1). However, these findings are based on case reports and small series and, as such, should be taken cautiously as more rigorous research including randomization and a larger sample size is needed.




Figure 1 | (A) A potential therapeutic approach to immune compromised B cell-depleted patients with COVID-19 on/after Rituximab therapy. Mild to moderate disease. MoAbs, monoclonal antibodies; CP, convalescent plasma; Ig, Immunoglobulins. (B) A potential therapeutic approach to immunocompromised B cell-depleted patients with COVID-19 on/after Rituximab therapy. Moderate to severe disease. MoAbs, monoclonal antibodies CP, convalescent plasmas; Ig, Immunoglobulins; HF, high flow; suPAR, plasma Soluble Urokinase-Type Plasminogen Activator Receptor. aThe role of anti-inflammatory drugs in B cell-depleted patients with COVID-19 on/after Rituximab may be questionable due to the lower levels of inflammatory biomarkers typically observed in non seroconverters and needs to be assessed in dedicated studies.





Impact of B Cell-Depletion on Serological Response to Primary SARS-CoV-2 Infection and Vaccine Response

A common finding in individuals treated with B cell-targeted agents is failure to seroconvert after primary infection, independent of the baseline medical conditions and concomitant/previous treatments, as well as independent of viral load and time to viral clearance (10, 12, 14).

aCD20 therapy is expected to impair not only the production of protective antibody by effector B cells, but also the development of virus-specific memory B cells which are responsible for faster antibody production upon re-exposure to antigen.

Following SARS-CoV-2 infection a majority of individuals develop a strong CD4+ and CD8+ T response, and some have a memory phenotype, potentially responsible for longer-term immunity (29). As discussed before, specific T-cell responses to SARS-CoV-2 seem, however, not sufficient to control primary infection in the absence of neutralizing antibodies. Longer follow up data are needed to clarify whether memory T cells formed upon primary SARS-Cov-2 infection are able to exert a protective effect upon re-exposure in the absence of a B cell response.

Interestingly, between immunocompetent individuals, non seroconverters have been demonstrated to have significantly higher cycle threshold (CT) values of RT-PCR (38.0 vs 28.0) and shorter time to viral clearance (3.0 vs 41.0 days), suggesting that low SARS-CoV-2 viral load might be insufficient to stimulate adaptive humoral immunity and generate the antibody response (30). Patients with severe humoral deficiency fail to seroconvert in spite of pre-treatment CT values lower than the general population (median 26.5, range 25.0-28.0) (10).

aCD20 treatment has been proved to significantly impair Spike and RBD (Receptor Binding Domain) specific antibody and memory B cell responses to SARS-CoV-2 mRNA vaccination (43, 44). A detectable antibody response 2-8 weeks after the second dose of mRNA vaccine has been reported in only ∼1/3 of multiple sclerosis patients on B cell-depleting therapies (43, 45).

B cell reconstitution, even at weak levels (46–48) and, consistently, longer duration from most recent rituximab exposure (47) are associated with higher rates of serological response to vaccine. Yet, in a study of chronic lymphocytic leukemia patients, less than half the subjects who received rituximab more than 12 months prior to vaccination had a detectable response (49).

In contrast to humoral response, antigen-specific CD4+ and CD8+ T cell responses to vaccination are not affected by aCD20 therapy (44, 46, 48). The question of whether B cells are essential for SARS-Cov-2 vaccination protective effect, and whether T cell responses to vaccination and primary infection might protect against infection/re-infection or, at least, prevent severe disease (50) in B cell-depleted individuals, remains to be defined.

Concomitant T cell deficiency related to the underlying medical condition or concomitant/previous exposure to chemotherapy/immunosuppressants other than aCD20 antibody might also affect long-term immunity following both vaccination and primary infection, as well as responsiveness to passive immunotherapy approaches as previously discussed.

NCCN guidelines appropriately recommend vaccination in patients with cancer, but do not address aCD20 therapy specifically and do not comment on whether to hold anti-CD20 therapy prior to vaccination nor on the optimal timing after most recent rituximab exposure (51). Since vaccine efficacy in terms of serological response is impaired for at least 6-12 months after rituximab treatment, the opportunity of a longer-term hold of rituximab must be carefully weighed against the benefits of aCD20 treatment, especially in the settings where it confers a survival benefit, and all the more as vaccine-induced T cell responses might play a protective role nonetheless.

Further insight on the kinetics of antibody and specific memory B cell responses, and their relationship to the level of peripheral B cells needs to be gained to define the optimal timing and schedule of vaccination after aCD20 treatment.



Conclusions

In conclusion, aCD20 treatment profoundly affects B cell functions involved in anti-SARS-CoV-2 immunity and significantly impacts on the clinical and serological course of SARS-CoV-2 infection, long term immunity and vaccine responses. The effects of adaptive immunity deficiency in patients treated with B cell-depleting agents should be taken into account for the proper selection and interpretation of SARS-CoV-2 diagnostics and to guide appropriate therapeutic approaches and protective measures. To achieve stable clinical responses and minimize the risk of emergence of SARS-CoV-2 genomic variants, this subset of patients might benefit from combination regimens, including both passive immunotherapy and prolonged antiviral treatment, that need to be defined in dedicated prospective trials.



Author Contributions

AF wrote the manuscript. GF, LC, RR, PS, and FG contributed to critical revision. All authors contributed to the article and approved the submitted version.



References

1. Shanehbandi, D, Majidi, J, Kazemi, T, Baradaran, B, and Aghebati-Maleki, L. CD20-Based Immunotherapy of B-Cell Derived Hematologic Malignancies. Curr Cancer Drug Targets (2017) 17(5):423–44. doi: 10.2174/1568009617666170109151128

2. Lee, DSW, Rojas, OL, and Gommerman, JL. B Cell Depletion Therapies in Autoimmune Disease: Advances and Mechanistic Insights. Nat Rev Drug Discov (2021) 20(3):179–99. doi: 10.1038/s41573-020-00092-2

3. Nutt, SL, Hodgkin, PD, Tarlinton, DM, and Corcoran, LM. The Generation of Antibody-Secreting Plasma Cells. Nat Rev Immunol (2015) 15(3):160–71. doi: 10.1038/nri3795

4. Rodríguez-Pinto, D. B Cells as Antigen Presenting Cells. Cell Immunol (2005) 238(2):67–75. doi: 10.1016/j.cellimm.2006.02.005

5. McLaughlin, P, Grillo-López, AJ, Link, BK, Levy, R, Czuczman, MS, Williams, ME, et al. Rituximab Chimeric Anti-CD20 Monoclonal Antibody Therapy for Relapsed Indolent Lymphoma: Half of Patients Respond to a Four-Dose Treatment Program. J Clin Oncol (1998) 16(8):2825–33. doi: 10.1200/JCO.1998.16.8.2825

6. van der Kolk, LE, Baars, JW, Prins, MH, and van Oers, MH. Rituximab Treatment Results in Impaired Secondary Humoral Immune Responsiveness. Blood (2002) 100(6):2257–9.


7. Ju, B, Zhang, Q, Ge, J, Wang, R, Sun, J, Ge, X, et al. Human Neutralizing Antibodies Elicited by SARS-CoV-2 Infection. Nature (2020) 584(7819):115–9. doi: 10.1038/s41586-020-2380-z

8. Hartley, GE, Edwards, ESJ, Aui, PM, Varese, N, Stojanovic, S, McMahon, J, et al. Rapid Generation of Durable B Cell Memory to SARS-CoV-2 Spike and Nucleocapsid Proteins in COVID-19 and Convalescence. Sci Immunol (2020) 5(54):eabf8891. doi: 10.1126/sciimmunol.abf8891

9. Goel, RR, Apostolidis, SA, Painter, MM, Mathew, D, Pattekar, A, Kuthuru, O, et al. Distinct Antibody and Memory B Cell Responses in SARS-CoV-2 Naïve and Recovered Individuals Following mRNA Vaccination. Sci Immunol (2021) 6(58):eabi6950. doi: 10.1126/sciimmunol.abi6950

10. Furlan, A, Forner, G, Cipriani, L, Vian, E, Rigoli, R, Gherlinzoni, F, et al. Dramatic Response to Convalescent Hyperimmune Plasma in Association With an Extended Course of Remdesivir in 4 B Cell-Depleted Non-Hodgkin Lymphoma Patients With SARS-Cov-2 Pneumonia After Rituximab Therapy. Clin Lymphoma Myeloma Leuk (2021) 21(9):e731–5. doi: 10.1016/j.clml.2021.05.013

11. Martinot, M, Jary, A, Fafi-Kremer, S, Leducq, V, Delagreverie, H, Garnier, M, et al. Emerging RNA-Dependent RNA Polymerase Mutation in a Remdesivir-Treated B-Cell Immunodeficient Patient With Protracted Coronavirus Disease 2019. Clin Infect Dis (2021) 73(7):e1762–5. doi: 10.1093/cid/ciaa1474

12. Ormazabal Vélez, I, Induráin Bermejo, J, Espinoza Pérez, J, Imaz Aguayo, L, Delgado Ruiz, M, and García-Erce, JA. Two Patients With Rituximab Associated Low Gammaglobulin Levels and Relapsed Covid-19 Infections Treated With Convalescent Plasma. Transfus Apher Sci (2021) 60(3):103104. doi: 10.1016/j.transci.2021.103104

13. Malsy, J, Veletzky, L, Heide, J, Hennigs, A, Gil-Ibanez, I, Stein, A, et al. Sustained Response After Remdesivir and Convalescent Plasma Therapy in a B-Cell Depleted Patient With Protracted COVID-19. Clin Infect Dis (2020) ciaa1637. doi: 10.1093/cid/ciaa1637. Epub ahead of print


14. Kos, I, Balensiefer, B, Roth, S, Ahlgrimm, M, Sester, M, Schmidt, T, et al. Prolonged Course of COVID-19-Associated Pneumonia in a B-Cell Depleted Patient After Rituximab. Front Oncol (2020) 10:1578. doi: 10.3389/fonc.2020.01578

15. Li, Y, Schneider, AM, Mehta, A, Sade-Feldman, M, Kays, KR, Gentili, M, et al. SARS-CoV-2 Viremia Is Associated With Distinct Proteomic Pathways and Predicts COVID-19 Outcomes. J Clin Invest (2021) 131(13):e148635. doi: 10.1172/JCI148635

16. Hogan, CA, Stevens, BA, Sahoo, MK, Huang, C, Garamani, N, Gombar, S, et al. High Frequency of SARS-CoV-2 RNAemia and Association With Severe Disease. Clin Infect Dis (2021) 72(9):e291–5. doi: 10.1093/cid/ciaa1054

17. Chen, X, Zhao, B, Qu, Y, Chen, Y, Xiong, J, Feng, Y, et al. Detectable Serum Severe Acute Respiratory Syndrome Coronavirus 2 Viral Load (RNAemia) Is Closely Correlated With Drastically Elevated Interleukin 6 Level in Critically Ill Patients With Coronavirus Disease 2019. Clin Infect Dis (2020) 71(8):1937–42. doi: 10.1093/cid/ciaa449

18. Fajnzylber, J, Regan, J, Coxen, K, Corry, H, Wong, C, Rosenthal, A, et al. SARS-CoV-2 Viral Load Is Associated With Increased Disease Severity and Mortality. Nat Commun (2020) 11(1):5493. doi: 10.1038/s41467-020-19057-5

19. Xu, D, Zhou, F, Sun, W, Chen, L, Lan, L, Li, H, et al. Relationship Between Serum Severe Acute Respiratory Syndrome Coronavirus 2 Nucleic Acid and Organ Damage in Coronavirus 2019 Patients: A Cohort Study. Clin Infect Dis (2021) 73(1):68–75. doi: 10.1093/cid/ciaa1085

20. Di Cristanziano, V, Meyer-Schwickerath, C, Eberhardt, KA, Rybniker, J, Heger, E, Knops, E, et al. Detection of SARS-CoV-2 Viremia Before Onset of COVID-19 Symptoms in an Allo-Transplanted Patient With Acute Leukemia. Bone Marrow Transplant (2021) 56(3):716–9. doi: 10.1038/s41409-020-01059-y

21. Hueso, T, Pouderoux, C, Péré, H, Beaumont, AL, Raillon, LA, Ader, F, et al. Convalescent Plasma Therapy for B-Cell-Depleted Patients With Protracted COVID-19. Blood (2020) 136(20):2290–5. doi: 10.1182/blood.2020008423

22. Piralla, A, Ricchi, M, Cusi, MG, Prati, P, Vicari, N, Scarsi, G, et al. Residual SARS-CoV-2 RNA in Nasal Swabs of Convalescent COVID-19 Patients: Is Prolonged Quarantine Always Justified? Int J Infect Dis (2021) 102:299–302. doi: 10.1016/j.ijid.2020.10.072

23. Mina, MJ, Peto, TE, García-Fiñana, M, Semple, MG, and Buchan, IE. Clarifying the Evidence on SARS-CoV-2 Antigen Rapid Tests in Public Health Responses to COVID-19. Lancet (2021) 397(10283):1425–7. doi: 10.1016/S0140-6736(21)00425-6

24. Rabascall, CX, Lou, BX, Navetta-Modrov, B, and Hahn, SS. Effective Use of Monoclonal Antibodies for Treatment of Persistent COVID-19 Infection in a Patient on Rituximab. BMJ Case Rep (2021) 14(8):e243469. doi: 10.1136/bcr-2021-243469

25. Jin, H, Reed, JC, Liu, STH, Ho, HE, Lopes, JP, Ramsey, NB, et al. Three Patients With X-Linked Agammaglobulinemia Hospitalized for COVID-19 Improved With Convalescent Plasma. J Allergy Clin Immunol Pract (2020) 8(10):3594–96.e3. doi: 10.1016/j.jaip.2020.08.059

26. Buckland, MS, Galloway, JB, Fhogartaigh, CN, Meredith, L, Provine, NM, Bloor, S, et al. Treatment of COVID-19 With Remdesivir in the Absence of Humoral Immunity: A Case Report. Nat Commun (2020) 11(1):6385. doi: 10.1038/s41467-020-19761-2

27. Guilpain, P, Le Bihan, C, Foulongne, V, Taourel, P, Pansu, N, Maria, ATJ, et al. Rituximab for Granulomatosis With Polyangiitis in the Pandemic of Covid-19: Lessons From a Case With Severe Pneumonia. Ann Rheum Dis (2021) 80(1):e10. doi: 10.1136/annrheumdis-2020-217549

28. Nimmerjahn, F, and Ravetch, JV. Fcgamma Receptors as Regulators of Immune Responses. Nat Rev Immunol (2008) 8(1):34–47. doi: 10.1038/nri2206

29. Tay, MZ, Poh, CM, Rénia, L, MacAry, PA, and Ng, LFP. The Trinity of COVID-19: Immunity, Inflammation and Intervention. Nat Rev Immunol (2020) 20(6):363–74. doi: 10.1038/s41577-020-0311-8

30. Masiá, M, Telenti, G, Fernández, M, García, JA, Agulló, V, Padilla, S, et al. SARS-CoV-2 Seroconversion and Viral Clearance in Patients Hospitalized With COVID-19: Viral Load Predicts Antibody Response. Open Forum Infect Dis (2021) 8(2):ofab005. doi: 10.1093/ofid/ofab005

31. Mehta, P, Porter, JC, Chambers, RC, Isenberg, DA, and Reddy, V. B-Cell Depletion With Rituximab in the COVID-19 Pandemic: Where do We Stand? Lancet Rheumatol (2020) 2(10):e589–90. doi: 10.1016/S2665-9913(20)30270-8

32. Beigel, JH, Tomashek, KM, Dodd, LE, Mehta, AK, Zingman, BS, Kalil, AC, et al. Remdesivir for the Treatment of Covid-19—Final Report. N Engl J Med (2020) 383:1813–26. doi: 10.1056/NEJMoa2007764

33. Goldman, JD, Lye, DCB, Hui, DS, Marks, KM, Bruno, R, Montejano, R, et al. Remdesivir for 5 or 10 Days in Patients With Severe Covid-19. N Engl J Med (2020) 383(19):1827–37. doi: 10.1056/NEJMoa2015301

34. Simonovich, VA, Burgos Pratx, LD, Scibona, P, Beruto, MV, Vallone, MG, Vázquez, C, et al. A Randomized Trial of Convalescent Plasma in Covid-19 Severe Pneumonia. N Engl J Med (2021) 384(7):619–29. doi: 10.1056/NEJMoa2031304

35. Korley, FK, Durkalski-Mauldin, V, Yeatts, SD, Schulman, K, Davenport, RD, Dumont, LJ, et al. Early Convalescent Plasma for High-Risk Outpatients With Covid-19. N Engl J Med (2021). doi: 10.1056/NEJMoa2103784. Epub ahead of print


36. Tarke, A, Sidney, J, Kidd, CK, Dan, JM, Ramirez, SI, Yu, ED, et al. Comprehensive Analysis of T Cell Immunodominance and Immunoprevalence of SARS-CoV-2 Epitopes in COVID-19 Cases. Cell Rep Med (2021) 2(2):100204. doi: 10.1016/j.xcrm.2021.100204

37. Vital, EM, and Emery, P. The Development of Targeted Therapies in Rheumatoid Arthritis. J Autoimmun (2008) 31(3):219–27. doi: 10.1016/j.jaut.2008.04.006

38. Loarce-Martos, J, García-Fernández, A, López-Gutiérrez, F, García-García, V, Calvo-Sanz, L, Del Bosque-Granero, I, et al. High Rates of Severe Disease and Death Due to SARS-CoV-2 Infection in Rheumatic Disease Patients Treated With Rituximab: A Descriptive Study. Rheumatol Int (2020) 40(12):2015–21. doi: 10.1007/s00296-020-04699-x

39. Monti, S, Balduzzi, S, Delvino, P, Bellis, E, Quadrelli, VS, and Montecucco, C. Clinical Course of COVID-19 in a Series of Patients With Chronic Arthritis Treated With Immunosuppressive Targeted Therapies. Ann Rheum Dis (2020) 79(5):667–8. doi: 10.1136/annrheumdis-2020-217424

40. Kemp, SA, Collier, DA, Datir, R, Ferreira, I, Gayed, S, Jahun, A, et al. Neutralising Antibodies in Spike Mediated SARS-CoV-2 Adaptation. medRxiv [Preprint] (2020) 2020.12.05.20241927. doi: 10.1101/2020.12.05.20241927. Update in: Nature


41. Horby, PW, Mafham, M, Peto, L, Campbell, M, Pessoa-Amorim, G, Spata, E, et al. Casirivimab and Imdevimab in Patients Admitted to Hospital With COVID-19 (RECOVERY): A Rabdomised, Controlled, Open Label Platform Trial. medRxiv (2021) 2021.06.15.21258542. doi: 10.1101/2021.06.15.21258542

42. Hurt, AC, and Wheatley, AK. Neutralizing Antibody Therapeutics for COVID-19. Viruses (2021) 13(4):628. doi: 10.3390/v13040628

43. Deepak, P, Kim, W, Paley, MA, Yang, M, Carvidi, AB, El-Qunni, AA, et al. Glucocorticoids and B Cell Depleting Agents Substantially Impair Immunogenicity of mRNA Vaccines to SARS-CoV-2. medRxiv [Preprint] (2021) 2021.04.05.21254656. doi: 10.1101/2021.04.05.21254656

44. Apostolidis, SA, Kakara, M, Painter, MM, Goel, RR, Mathew, D, Lenzi, K, et al. Altered Cellular and Humoral Immune Responses Following SARS-CoV-2 mRNA Vaccination in Patients With Multiple Sclerosis on Anticd20 Therapy. medRxiv (2021) 2021.06.23.21259389. doi: 10.1101/2021.06.23.21259389

45. Achiron, A, Mandel, M, Dreyer-Alster, S, Harari, G, Magalashvili, D, Sonis, P, et al. Humoral Immune Response to COVID-19 mRNA Vaccine in Patients With Multiple Sclerosis Treated With High-Efficacy Disease-Modifying Therapies. Ther Adv Neurol Disord (2021) 14:17562864211012835. doi: 10.1177/17562864211012835

46. Bonelli, MM, Mrak, D, Perkmann, T, Haslacher, H, and Aletaha, D. SARS-CoV-2 Vaccination in Rituximab-Treated Patients: Evidence for Impaired Humoral But Inducible Cellular Immune Response. Ann Rheum Dis (2021) 80(10):1355–6. doi: 10.1136/annrheumdis-2021-220408

47. Spiera, R, Jinich, S, and Jannat-Khah, D. Rituximab, But Not Other Antirheumatic Therapies, Is Associated With Impaired Serological Response to SARS- CoV-2 Vaccination in Patients With Rheumatic Diseases. Ann Rheum Dis (2021) 80(10):1357–9. doi: 10.1136/annrheumdis-2021-220604

48. Mrak, D, Tobudic, S, Koblischke, M, Graninger, M, Radner, H, Sieghart, D, et al. SARS-CoV-2 Vaccination in Rituximab-Treated Patients: B Cells Promote Humoral Immune Responses in the Presence of T-Cell-Mediated Immunity. Ann Rheum Dis (2021) 80(10):1345–50. doi: 10.1136/annrheumdis-2021-220781

49. Herishanu, Y, Avivi, I, Aharon, A, Shefer, G, Levi, S, Bronstein, Y, et al. Efficacy of the BNT162b2 mRNA COVID-19 Vaccine in Patients With Chronic Lymphocytic Leukemia. Blood (2021) 137(23):3165–73. doi: 10.1182/blood.2021011568

50. Chilimuri, S, Mantri, N, Zahid, M, and Sun, H. COVID-19 Vaccine Failure in a Patient on Rituximab Therapy. Rheumatol Adv Pract (2021) 5(2):rkab038. doi: 10.1093/rap/rkab038

51.Recommendations of the NCCN COVID-19 Vaccination Advisory Committee Version 2.0 [Internet] (2021). Available at: https://www.nccn.org/docs/default-source/covid-19/2021_covid-19_vaccination_guidance_v2-0.pdf?sfvrsn=b483da2b_2.





Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Furlan, Forner, Cipriani, Vian, Rigoli, Gherlinzoni and Scotton. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2021.763412_cover.jpg
, frontiers
in Immunology

COVID-19 in B Cell-Depleted Patients
After Rituximab: A Diagnostic and
Therapeutic Challenge





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/table1b.jpg
o sp
o e ey,
-

oo 00010
s s

T COVO-10

seioracra
s sy, ek

T e ey

Lo o

T poas: s, e
oo ks,
i o e,

Pty o
040 ~
i san 1502

740 14 9 s v 10610121
s

" swspvm

" P

e

oo,

e
Prteryd

<20t s o
P
cssa it

0z

Stwoss iy

oy

o

B

S, 0
a5y

virn2n






OEBPS/Images/table1a.jpg
Hueso st ol 21)

Patat charactadstcs, bseinncorsans s tmrts

spsres 178 e s 1517 v
oz

aosraconsices B murpo srss cammen.
Varn s ey

s s G117, PR A7 POtk
o3 7

e pusngopee Rebanaburay s
Ceeuaimaad s

st cot T e —
oz

Gurmogebarame Mpopmmogeueeniain 1917
midn35, o 151400
27 e gcert

SAS.CoV-2PCR andspcie G response
A Cov 2amsspha N pwers
o

s Cr2PoREns 18

oSS FORCE Mo e 16- 59

s oty

e, s )

SRS Cauma | Poso 917 besesad e 0GP
e (arge 144319 R
oty

it cors, an-COVD-19 esment ad oukcomes.
COVO.19 sty W1 N 17
Mot sonre (017
Sowonn
e CO01 G
-

Furton otk (10)

w200
Py

[rem—

Nomst 3@
ety

Neginnat
s esond
Sy

[ p—
atpuers
Nopin oo
et
seatoen s

wmse2w
Pt i

=re

o roay

Ormazabal otal. 12

J
Rusirmo mavisrocs

“nopn.200pa

Lowooms
ooty

et
Pty

Neosie

[—

BopnmAEY

cPcoomix 1o
F iz
o 28 s e
frerses

Martnot etal (1)

sou

[r—

00

0250

Fostio st

Molsyotal. (19 Rabescol

ey

aw s
ey

o Sroem

- R e

ooy ot

aimen o

00 "

ey "

Lnvoomaie m

N e

Pt st crn, Possot

NepeinorFrstond oren

saryer gses

et posncn

o

B -

N rosmae
et

e

PRt o
e ccnsing 2 i Cotirs
s o) or i)

Kos etal. (14)

w0

e
o

oo o
womosne
by

e

Hanae i 2599
o s





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        COVID-19 in B Cell-Depleted Patients After Rituximab: A Diagnostic and Therapeutic Challenge

      

        		

          Introduction

        



        		

          Pitfalls in SARS-CoV-2 Diagnostics

        



        		

          Clinical and Virological Course Of SARS-CoV-2 Infection

        



        		

          Therapeutic Implications: Is a Differentiated Approach Needed?

        



        		

          Impact of B Cell-Depletion on Serological Response to Primary SARS-CoV-2 Infection and Vaccine Response

        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-763412-g001.jpg





