

[image: SARS-CoV-2 booster vaccination rescues attenuated IgG1 memory B cell response in primary antibody deficiency patients]
SARS-CoV-2 booster vaccination rescues attenuated IgG1 memory B cell response in primary antibody deficiency patients





ORIGINAL RESEARCH

published: 22 December 2022

doi: 10.3389/fimmu.2022.1033770

[image: image2]


SARS-CoV-2 booster vaccination rescues attenuated IgG1 memory B cell response in primary antibody deficiency patients


Frank J. Lin 1†, Alexa Michelle Altman Doss 2†, Hannah G. Davis-Adams 1, Lucas J. Adams 3, Christopher H. Hanson 1, Laura A. VanBlargan 1, Chieh-Yu Liang 1,3, Rita E. Chen 1,3, Jennifer Marie Monroy 1, H. James Wedner 1, Anthony Kulczycki 1, Tarisa L. Mantia 1, Caitlin C. O’Shaughnessy 1, Saravanan Raju 3, Fang R. Zhao 1, Elise Rizzi 1, Christopher J. Rigell 1, Tiffany Biason Dy 1, Andrew L. Kau 1,4, Zhen Ren 1, Jackson S. Turner 3, Jane A. O’Halloran 1, Rachel M. Presti 1,5, Daved H. Fremont 3, Peggy L. Kendall 1, Ali H. Ellebedy 3,5,6, Philip A. Mudd 5,7, Michael S. Diamond 1,3,5,6,8, Ofer Zimmerman 1* and Brian J. Laidlaw 1*


1 Department of Medicine, Washington University School of Medicine, St. Louis, MO, United States, 2 Department of Pediatrics, Washington University School of Medicine, St. Louis, MO, United States, 3 Department of Pathology and Immunology, Washington University School of Medicine, St. Louis, MO, United States, 4 Center for Women’s Infectious Disease Research, Washington University School of Medicine, St. Louis, MO, United States, 5 Center for Vaccines and Immunity to Microbial Pathogens, Washington University School of Medicine, Saint Louis, MO, United States, 6 The Andrew M. and Jane M. Bursky Center for Human Immunology & Immunotherapy Programs, Washington University School of Medicine, Saint Louis, MO, United States, 7 Department of Emergency Medicine, Washington University School of Medicine, St. Louis, MO, United States, 8 Department of Molecular Microbiology, Washington University School of Medicine, St. Louis, MO, United States




Edited by: 

Kim Good-Jacobson, Monash University, Australia

Reviewed by: 

Mats Bemark, University of Gothenburg, Sweden

Rita Carsetti, Bambino Gesù Children’s Hospital (IRCCS), Italy

*Correspondence: 

Brian J. Laidlaw
 brian.laidlaw@wustl.edu

Ofer Zimmerman
 zimmero@wustl.edu














†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Immunological Memory, a section of the journal Frontiers in Immunology


Received: 31 August 2022

Accepted: 05 December 2022

Published: 22 December 2022

Citation:
Lin FJ, Doss AMA, Davis-Adams HG, Adams LJ, Hanson CH, VanBlargan LA, Liang C-Y, Chen RE, Monroy JM, Wedner HJ, Kulczycki A, Mantia TL, O’Shaughnessy CC, Raju S, Zhao FR, Rizzi E, Rigell CJ, Dy TB, Kau AL, Ren Z, Turner JS, O’Halloran JA, Presti RM, Fremont DH, Kendall PL, Ellebedy AH, Mudd PA, Diamond MS, Zimmerman O and Laidlaw BJ (2022) SARS-CoV-2 booster vaccination rescues attenuated IgG1 memory B cell response in primary antibody deficiency patients. Front. Immunol. 13:1033770. doi: 10.3389/fimmu.2022.1033770




Background

Although SARS-CoV-2 vaccines have proven effective in eliciting a protective immune response in healthy individuals, their ability to induce a durable immune response in immunocompromised individuals remains poorly understood. Primary antibody deficiency (PAD) syndromes are among the most common primary immunodeficiency disorders in adults and are characterized by hypogammaglobulinemia and impaired ability to mount robust antibody responses following infection or vaccination.



Methods

Here, we present an analysis of both the B and T cell response in a prospective cohort of 30 individuals with PAD up to 150 days following initial COVID-19 vaccination and 150 days post mRNA booster vaccination.



Results

After the primary vaccination series, many of the individuals with PAD syndromes mounted SARS-CoV-2 specific memory B and CD4+ T cell responses that overall were comparable to healthy individuals. Nonetheless, individuals with PAD syndromes had reduced IgG1+ and CD11c+ memory B cell responses following the primary vaccination series, with the defect in IgG1 class-switching rescued following mRNA booster doses. Boosting also elicited an increase in the SARS-CoV-2-specific B and T cell response and the development of Omicron-specific memory B cells in COVID-19-naïve PAD patients. Individuals that lacked detectable B cell responses following primary vaccination did not benefit from booster vaccination.



Conclusion

Together, these data indicate that SARS-CoV-2 vaccines elicit memory B and T cells in most PAD patients and highlights the importance of booster vaccination in immunodeficient individuals.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of COVID-19 and has infected more than 625 million individuals resulting in over 6.5 million deaths worldwide as of October 2022 (1). The mRNA-based Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273), the vector-based Johnson & Johnson (Ad26.COV2.S), and the protein subunit-based Novavax (NVX-CoV2373) SARS-CoV-2 vaccines have either full or Emergency Use approval in the United States and have demonstrated efficacy in preventing symptomatic and asymptomatic infections (2–9). Although SARS-CoV-2-specific antibody titers wane over time, a durable cellular immune response is detectable for at least 6 months following completion of the primary vaccination series (10). The administration of an mRNA booster vaccination leads to a rapid increase in serum antibody titers that enables neutralization of viral variants, including Omicron (BA.1), which can evade immunity elicited by the primary vaccination series (11–14).

Individuals with medical conditions that compromise their ability to mount immune responses, such as primary and secondary immunodeficiencies, are at increased risk for severe illness and death following SARS-CoV-2 infection (15, 16). These individuals also have an impaired SARS-CoV-2-specific antibody response following a primary vaccination series (17–26). Accordingly, moderately or severely immunosuppressed patients are recommended by the Centers for Disease Control and Prevention (CDC) to receive a third dose as part of their primary series against SARS-CoV-2 with a fourth dose recommended 3 months later (27). Administration of booster doses leads to an enhanced SARS-CoV-2-specific antibody response in immunocompromised individuals (19, 26).

Primary antibody deficiency (PAD) syndromes are the most common symptomatic primary immunodeficiency in adults and are characterized by an impaired ability to mount an antibody response following infection or vaccination (28). The etiology of PAD syndromes is unknown in most patients, with only 25-35% of cases explained by inborn errors of immunity (29–33). Individuals with PAD syndromes are at increased risk of recurrent and severe infections, autoimmunity, allergic disease, and malignancies (28). Most individuals with PAD syndromes receive intravenous or subcutaneous immunoglobulin replacement therapy every 1 to 4 weeks to reduce the frequency and severity of infections (34). However, immunoglobulin replacement therapy consists of immunoglobulin donated up to one year earlier and is unlikely to contain high titers of neutralizing antibodies specific for the variant strain of SARS-CoV-2 that is dominant at the time of administration (26, 35, 36).

We previously found that COVID-19-naïve individuals with PAD syndromes had attenuated anti-SARS-CoV-2-spike and receptor binding domain (RBD) antibody responses following primary vaccination relative to healthy donors (26). The administration of a booster vaccine dose increased antibody titers, avidity, and neutralization activity against WA1/2020, Delta (B.1.617.2) and Omicron variants (26). However, SARS-CoV-2-specific total and neutralizing antibody titers waned by day 90 post-boost suggesting they may be insufficient to maintain long-term protective immunity in individuals with PAD syndromes (26). In the current study, we performed a prospective analysis of the SARS-CoV-2-specific B and T cell response following SARS-CoV-2 primary and booster vaccination in PAD patients. Unexpectedly, most individuals with PAD syndromes generated memory T and B cell responses that were comparable in magnitude to the response in healthy donors following the primary vaccination series, although we observed defects in the development of spike-specific IgG1+ and CD11c+ memory B cells. Administration of a booster dose led to a further enhancement in B and T cell responses, including the development of Omicron-specific B cells and rescue of the spike-specific IgG1+ memory B cell response. This study provides insight into the ability of mRNA vaccination and boosting to induce protective memory B and T cells responses in PAD patients.



Materials and methods


Primary antibody deficiency syndromes cohort

The study was approved by the Institutional Review Board of Washington University School of Medicine (Approval # 202104138). Patients were identified by a medical record search for PAD syndromes: common variable immune deficiency syndrome (CVID), hypogammaglobulinemia and specific antibody deficiency (SAD), and their records were reviewed to confirm their diagnosis and verify they met the inclusion criteria (see supplemental methods). COVID-19 vaccination status was reviewed, and subjects were contacted if they were within the vaccination window or not yet immunized. Inclusion criteria included males and females over 18 years of age, health care provider-documented diagnosis of PAD syndromes, and the ability to give informed consent. Entry criteria also included receipt of a SARS-CoV-2 vaccine within 14 days of enrollment, receipt of the second dose of mRNA vaccine (Moderna mRNA-1273 or Pfizer BioNTech BNT162b2) within 28 days of the first visit, or receipt of one dose of adenoviral-vector vaccine (J&J Ad26.COV2.S) within 35 days of an initial visit. Exclusion criteria included participation in an investigational study of SARS-CoV-2 vaccines within the past year, history of HIV infection, an active cancer diagnosis, treatment with immunosuppressive medications, history of hematologic malignancy, history of anti-CD20 monoclonal antibody therapy, receipt of live-attenuated vaccine within 30 days or any inactivated vaccine within 14 days of SARS-CoV-2 vaccination, blood or blood product donation within 30 days prior to study vaccination, and planned blood donation at any time during or 30 days after the duration of subject study participation.

In total, 469 charts were reviewed, and 160 subjects were contacted. A total of 30 adults (27 females, 3 males) with PAD syndromes met eligibility requirements and agreed to enroll in the study (see Table S1); we note a sex-bias in the enrollees from our PAD cohort, which is not typical for the disease itself, with 90% (n = 27) of patients in our cohort being female. Age ranged from 20 to 82, with an average age of 48.4 years old. Nineteen PAD patients had CVID with a mean IgG level of 411mg/dL (Range 177-606) and a mean protective response to Pneumovax vaccination of 5.5 serotypes (range 0-14), at the time of diagnosis. Five had hypogammaglobulinemia with a mean IgG level of 497mg/dL (Range 387-645) at the time of diagnosis. Six patients had SAD with a mean protective response to Pneumovax vaccination of 6.5 serotypes (Range 0-14), at the time of diagnosis. Twenty-seven of these subjects had received immunoglobulin replacement therapy before and during the study period from nine different products. Nineteen subjects received the BNT162b2, eight received mRNA-1273, and three received Ad26.COV2.S vaccines. Of the 30 subjects, nine were diagnosed with a prior SARS-CoV-2 infection with a positive nasal swab RT-PCR test, and one received treatment with an anti-SARS-CoV-2 monoclonal antibody (Bamlanivimab) 90 days prior to study enrollment (Table S1).

All subjects had one mandatory post-vaccine blood sample collection with optional pre-vaccine and follow-up visits on days 60, 90, and 150 (±14 days) after vaccination. The optional pre-vaccination blood sample was collected up to 14 days before receiving a vaccine. For subjects who received a two-dose series of mRNA vaccines, the first post-vaccination blood collection occurred 7 to 28 days after the second dose. For subjects receiving the Ad26.COV2.S single-dose vaccine, the first post-vaccination blood sample was collected 21 to 35 days after immunization. Since the study was non-interventional, patients were informed if they mounted an immune response to the vaccine, but the decision to receive a booster was made between the patient and their physician. Subjects who opted for boosting provided a blood sample up to 14 days prior to receiving the booster dose, unless the subject previously provided a sample within 2 weeks as part of the optional post-vaccine assessments. Subjects returned for an additional sample 7 to 28 days after receiving the booster (range 7-27 days, median 17 days, mean 17 days. One patient had their post-booster sample drawn on day 35). A second and third post-booster visit and sample collection occurring at 90 ± 14 days and 150 ± 14 days.



Healthy donor cohort

Immunocompetent healthy donor volunteer blood samples were obtained as previously described (37). The healthy donor study was approved by the Institutional Review Board of Washington University School of Medicine (Approval # 202012081).



Quantification and statistical analysis

Statistical analysis was preformed using Prism Version 9 (GraphPad). Statistical significance was determined by one-way ANOVA, unpaired t-test, mixed model analysis, or two-way ANOVA with Fisher’s least significant difference testing. Associations were calculated using Pearson rank correlation and are shown with Pearson trend lines for visualization.

Additional methods included in Supplementary materials




Results


Most individuals with PAD syndromes display a similar overall memory B cell response to healthy controls following primary vaccination series

We assessed the SARS-CoV-2-specific B and CD4+ T cell response following vaccination in peripheral blood mononuclear cells (PBMCs) from a cohort of 30 individuals with PAD syndromes that completed their primary vaccination series (n=19 Pfizer-BioNTech BNT162b2, n=8 Moderna mRNA-1273, n=3 J&J Ad26.COV2.S) (Figure 1A; Table S1). Nine of these individuals were COVID-19-experienced with a history of acute infection and a positive SARS-CoV-2 real time-polymerase chain reaction (RT-PCR) that occurred 36 to 276 days prior to vaccination. 19 of these individuals subsequently received a booster vaccine dose (n=16 BTN162b2, n=3 mRNA-1273). PBMCs were obtained from these individuals at multiple time points following completion of the primary vaccine series or the booster immunization. PBMCs also were obtained from a separate cohort of 11 COVID-19-naïve healthy donors following completion of a primary vaccination series with Pfizer-BioNTech (BNT162b2) vaccination (Table S1). We used flow cytometry to assess the immune response in PBMCs following vaccination. (Figure S1A, Table S2). His-tagged spike and receptor binding domain (RBD)-binding probes identified SARS-CoV-2-specific B cells (38, 39). PAD patients had a reduced percentage of CD19+ B and CD3+ T cells relative to healthy donors (Figures S1B, C, Table S2). However, there was no difference in the percentage of IgDlo B cells, memory B cells, or in the ratio of CD4+ to CD8+ cells among the T cell population (Figures S1B, C, Table S2). Overall, there was also no statistical difference in the proportion of class-switched memory cells, although some PAD patients had low levels of class-switched memory B cells (Figure S1B). Low levels of class-switched memory B cells are typically found in patients with more clinically severe PAD syndromes (40–42). In 28 of 30 PAD patients, the absolute lymphocyte count was within the normal range on their most recent complete blood count (Table S3). Six of the 26 PAD patients in our cohort with documentation of anti-Streptococcus pneumoniae titers following Pneumovax vaccination had severe phenotypes with protecting titers against 2 or fewer Streptococcus pneumoniae serotypes (Table S4). COVID-19-naïve patients with a poor immune response following Pneumovax vaccination (n = 5) also had reduced serum neutralizing antibody titers against WA1/2020, along with trends towards a reduced B cell response and total anti-spike antibodies following SARS-CoV-2 vaccination (Figure S1D).




Figure 1 | COVID-19-experienced PAD patients have elevated spike-specific B cell response following primary vaccination series. (A) Schematic of study design including time points in which PBMCs were obtained and number of samples per time point for each group. (B) Representative flow cytometry plots of the gating strategy used to identify IgDlo Spike+ B cells. Percentage of (C) IgDlo, (D) memory (IgDlo CD20+ CD38int-lo CD27+), double negative (IgDlo CD20+ CD38int-lo CD27-), and (E) IgD+ CD20+ CD38int-lo CD27+ Spike+ cells amongst the B (Live CD19+ CD3-) cell population in the healthy donor (left, white), COVID-19-naïve PAD (middle left, red), and COVID-19-experienced PAD (middle right, green) groups. Median percentage of B cells that comprise each population in all groups is shown on right. Statistical analyses in (B–E) were performed using a mixed-effects model (for trends found between time points) or two-way ANOVA (for trends found between groups shown on the median graphs) with Fisher’s least significant difference testing. Significance testing between time points was limited to comparisons relative to T1. Above the median graphs, an orange asterisk indicates a comparison between the COVID-19-naïve and -experienced groups, and a purple asterisk indicates a comparison between the COVID-19-experienced and healthy donor groups (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.001). See also Figure S2.



We found that 25 of 29 (86%) PAD patients with available samples had detectable spike and RBD-specific IgDlo B cell responses following vaccination (Figures 1B; S2B). Unexpectedly, most COVID-19-naïve PAD patients had SARS-CoV-2-specific B cell responses that appeared comparable to COVID-19-healthy donors at all time points tested (Figure 1B). The SARS-CoV-2-specific response was also comparable between PAD patients and healthy controls that received the Pfizer-BioNTech BNT162b2 vaccine (Figure S2A). The f4 PAD patients with no spike or RBD specific memory B cell response had reduced percentages of B cells that were IgDlo and IgDlo CD27+ and reduced SARS-CoV-2-specific total and neutralizing antibody responses following vaccination compared to responding PAD patients (Figures S1B, E, Table S2). Only 1 of the 4 PAD patients that lacked a B cell response following SARS-CoV-2 vaccination had a severe phenotype based on anti-Streptococcus pneumoniae titers. The 4 non-responding PAD patients were divided between the three vaccine groups (n=2 Pfizer-BioNTech BNT162b2, n=1 Moderna mRNA-1273, n=1 J&J Ad26.COV2.S).

COVID-19-experienced individuals with PAD syndromes had a greater SARS-CoV-2 specific B cell response at day 7 to 28 following vaccination relative to both healthy donors and COVID-19 naïve PAD patients, before declining to levels comparable to the other 2 groups by day 60 (Figures 1B; S2B). There was not a significant difference in the magnitude of the SARS-CoV-2 specific B cell response in COVID-19-naïve or experienced PAD patients when PBMCs were obtained between day 7-14, day 15-21, and day 22-28 following vaccination (Figure S1F). The SARS-CoV-2-specific response in the IgDlo B cell (CD20+ CD38int-lo) population was divided between conventional (CD27+) and double negative (CD27-) memory B cells, with both populations displaying similar kinetics in COVID-19-naïve PAD patients and healthy donors (Figures 1C, D; S2C, D). Double negative B cells accumulate in individuals with chronic infection or autoimmunity, but also can be induced following vaccination in healthy individuals (43, 44). There was also a small population of SARS-CoV-2-specific B cells detected among IgD+ CD27+ B cells following vaccination, with this population declining to baseline levels by day 150 in all groups (Figures 1E; S2E). IgD+ IgM+ CD27+ B cells are sometimes referred to as circulating marginal zone B cells (45). Together, these data indicate that most individuals with PAD syndromes in our cohort had comparable B cell responses following SARS-CoV-2 vaccination to healthy donors, and that prior exposure to COVID-19 leads to a greater response upon vaccination.



COVID-19-naïve individuals with PAD syndrome have a B cell response following booster vaccination

We next evaluated the B cell response following booster vaccination in individuals with PAD syndromes. Most COVID-19-naïve individuals with PAD syndromes mounted SARS-CoV-2-specific B cell responses at day 7-28 following booster vaccination, with an elevated percentage of cells present at day 150 post-boost compared to pre-boost levels (Figures 2A; S3A). However, there were minimal increases in the SARS-CoV-2-specific B cell response in COVID-19-experienced PAD patients following boosting (Figures 2A–D; S3A–D). The SARS-CoV-2-specific B cell response following boosting was largely composed of conventional memory and double negative B cells (Figures 2B–D; S3B–D). While the percentage of SARS-CoV-2-specific memory B cells prior to booster vaccination did not correlate with the titer of neutralizing antibodies against the WA1/2020 and B.1.617.2 viruses following booster vaccination, there was a small but statistically significant correlation between the RBD-specific memory B cell response and the neutralizing antibody titer against Omicron BA.1 (Figures 2E–G). The spike-specific memory B cell response and the neutralizing antibody titer against BA.1 displayed a similar correlation strength but did not reach statistical significance (Figures 2E–G). This suggests that SARS-CoV-2-specific memory B cells present in PAD individuals prior to booster vaccination may give rise to antibody-secreting cells capable of neutralizing some viral variants.




Figure 2 | COVID-19-naïve PAD patients display elevated spike-specific B cell response following booster vaccination. Percentage of (A) IgDlo, (B) memory (IgDlo CD20+ CD38int-lo CD27+), (C) double negative (IgDlo CD20+ CD38int-lo CD27-), and (D) IgD+ CD20+ CD38int-lo CD27+ Spike+ cells among the B (Live CD19+ CD3-) cell population in the COVID-19-naïve PAD (left, red) and COVID-19-experienced PAD (middle, green) cohorts. Median percentage of B cells that comprise each population in all groups is shown on right. Correlation between percentage of B cells that are Spike+ (left) or RBD+ (right) memory cells prior to boosting and the serum neutralizing activity against (E) WA1/2020, (F) B.1.617.2, and (G) BA.1. The pre-boost group consists of the last sample obtained from each patient prior to booster vaccination. Statistical analyses were performed using a mixed effects model (for trends found between time points) with Fisher’s least significant difference testing in (A–D), or a Pearson rank correlation (with Pearson trend lines for visualization) in (E–G). (*p < 0.05; **p < 0.01). Significance testing between time points was limited to comparisons relative to pre-boost. See also Figure S3.





IgG1 class-switching defect in memory B cells from COVID-19-naïve individuals with PAD syndrome is rescued following booster vaccination

We next evaluated the immunoglobulin subclass specificity of the conventional memory B cell response following SARS-CoV-2 vaccination in the 25 PAD patients that responded to vaccination (Figure 3A). IgDlo B cells that have positive staining by flow cytometry for an immunoglobulin subclass displayed minimal staining for other subclasses (Figure S4A). COVID-19-naïve individuals with PAD syndromes had reduced percentages of IgG1+ memory B cells relative to healthy donors at day 7 to 28 post-vaccination, with these individuals also displaying an elevated percentage of IgM+ SARS-CoV-2-specific memory B cells (Figures 3B, C; S4B, C). However, booster vaccination led to an increase in the percentage of IgG1+ and decrease in the percentage of IgM+ spike-specific memory B cells in COVID-19-naïve PAD patients to levels comparable to that seen in healthy donors post primary vaccination (Figures 3B, C; S4B, C). There was no significant difference in the percentage of IgA+, IgG2+ or IgG3+ SARS-CoV-2-specific memory B cells between healthy donors and COVID-19-naïve individuals (Figures 3D, F; S4D–F). COVID-19-experienced individuals with PAD syndromes displayed a similar memory B cell immunoglobulin subclass composition to the healthy donor cohort following the primary vaccination series (Figures 3; S4). Together, these data indicate that the repeated exposure to SARS-CoV-2 through vaccination and/or infection can rescue defects in IgG1-class switching seen in some individuals with PAD syndrome.




Figure 3 | Spike-specific memory B cells from COVID-19-naïve PAD patients display reduced IgG1 class switching following primary vaccination series. (A) Representative flow cytometry plots of the gating strategy used to identify the immunoglobulin subclass of Spike+ memory (IgDlo CD20+ CD38int-lo CD27+) B cells. Percentage of Spike+ memory B cells that are (B) IgG1+, (C) IgM+, (D) IgA+, (E) IgG2+, and (F) IgG3+ in healthy donors (left, white), and COVID-19-naïve (middle left, red) and -experienced (middle right, green) PAD cohorts. Median percentage of B cells that comprise each population in all groups is shown on right. Statistical analyses in B-D were performed using a mixed effects model (for trends found between time points) or two-way ANOVA (for trends found between groups shown on the median graphs) with Fisher’s least significant difference testing. Significance testing between time points was limited to comparisons relative to T1. Above the median graphs, a green asterisk indicates a comparison between the COVID-19-naïve and healthy donor groups, an orange asterisk indicates a comparison between the COVID-19-naïve and -experienced groups, and a purple asterisk indicates a comparison between the COVID-19-experienced and healthy donor groups (*p < 0.05; **p < 0.01; ***p < 0.001). See also Figure S4.





Memory B cells from individuals with PAD syndrome display impaired CD11c expression following vaccination

We next assessed the phenotype of the SARS-CoV-2 specific conventional memory B cell response post vaccination (Figures 4A; B). We observed high levels of expression of CD11c on SARS-CoV-2-specific memory B cells at day 7 to 28 following vaccination in all groups (Figures 4C; S5A). CD11c expression is induced on B cells following antigen encounter (46). There was also an increase in the percentage of CD11c+ cells following boosting in the COVID-19-naïve group (Figures S4C, S5A). However, CD11c expression in COVID-19-naïve and experienced PAD patients was reduced relative to healthy donors at day 7 to 28 post primary vaccination (Figures 4C; S5A). Boosting did not lead to an increase in the expression of CD11c in PAD patients compared to the day 7 to 28 time point. There was a correlation between the percentage of CD11c+ and IgG1+ Spike+ memory B cells at day 7 to 28 post vaccination in COVID-19-naïve PAD patients (Figures 4D; S5B). B cell receptor (BCR) signaling can cooperate with CD40 and toll-like receptor signaling pathways to induce IgG1 class-switching (47, 48). Thus, the defect in BCR signaling indicated by reduced CD11c expression could result in an impaired ability of other signaling pathways to induce IgG1 class switching in some PAD patients following vaccination (47, 48). The lack of correlation between the percentage of CD11c+ and IgG1+ CD27+ Spike+ memory B cells following boosting or in the COVID-19-experienced PAD patients suggests that the defect in BCR signaling and IgG1 class-switching seen following primary vaccination might be overcome by additional costimulatory signals (Figures 4D; S5B). The expression of CD71, a marker of activated B cells, was also reduced in COVID-19-naïve PAD patients relative to healthy donors post vaccination (49) (Figures 4E; S5C). The percentage of CD11c+ memory B cells decreased by day 90 post vaccination or boosting, and this was accompanied by a concomitant increase in the percentage of CXCR5+ memory B cells in al groups (Figures 4C, F; S5A, D). Together, these data suggest that some PAD patients may exhibit impaired BCR signaling following vaccination.




Figure 4 | Spike-specific memory B cells from PAD patients display reduced CD11c expression. (A) Representative flow cytometry plots of the expression of CD11c, CD71, and CXCR5 on Spike+ memory (IgDlo CD20+ CD38int-lo CD27+) B cells. (B) Representative flow cytometry plots of the expression of CD11c and CXCR5 on Spike+ double negative (IgDlo CD20+ CD38int-lo CD27-) B cells. (C) Percentage of Spike+ memory B cells that are CD11c+ in the healthy donor (left, white), COVID-19-naïve PAD (middle left, red), and COVID-19-experienced PAD (middle right, green) cohorts. Median percentage of CD11c+ cells in all groups is shown on right. (D) Correlation between percentage of Spike+ memory B cells that are IgG1+ and CD11c+ at T1 (left) and B1 (middle) in the COVID-19-naïve PAD patients, and at T1 (right) in the. COVID-19-experienced PAD patients. Associations for D are calculated using Pearson rank correlation and shown with Pearson trend lines for visualization. Percentage of Spike+ memory B cells that are (E) CD71+ or (F) CXCR5+ in healthy donors (left, white), COVID-19-naïve PAD (middle left, red), and COVID-19-experienced PAD (middle right, green) cohorts. Median percentage of B cells that comprise each population in all groups is shown on right. Percentage of Spike+ double negative B cells that are (G) CD11c+ CXCR5- or (H) CD11c- CXCR5+ in the healthy donor (left, white), COVID-19-naïve PAD (middle left, red), and COVID-19-experienced PAD (middle right, green) cohorts. Median percentage of double negative B cells that comprise each population in all groups is shown on right. Statistical analyses in (C, E–H) were performed using a mixed effects model (for trends found between time points) or two-way ANOVA (for trends found between groups shown on the median graphs) with Fisher’s least significant difference testing. Significance testing between time points was limited to comparisons relative to T1. Above the median graphs, a green asterisk indicates a comparison between the COVID-19-naïve and healthy donor groups, an orange asterisk indicates a comparison between the COVID-19-naïve and COVID-19-experienced groups, and a purple asterisk indicates a comparison between the COVID-19-experienced and healthy donor groups (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). See also Figure S5.



We also determined the phenotype of the SARS-CoV-2-specific double negative B cell response following vaccination. Double negative B cells can be divided into subsets based on the expression of CD11c and CXCR5 (50). There was an increased percentage of CD11c+ CXCR5- (DN2) cells at day 7 to 28 post vaccination in all groups, with a higher level in COVID-19 experienced than COVID-19-naïve PAD patients (Figures 4G; S5E). A similar increase was observed in both PAD cohorts following boosting (Figures 4G; S5E). Conversely, there was a decreased percentage of CD11c- CXCR5+ (DN1) cells at day 7 to 28 post vaccination in all groups, with this percentage increasing at day 60 post vaccination (Figures 4H; S5F). A similar decrease in the percentage of DN1 cells also was apparent following boosting in PAD patients (Figures 4G; S5E). There was no clear difference in the phenotype of the SARS-CoV-2-specific double negative memory B cells between the COVID-19-naïve PAD individuals and the healthy donor group (Figures 4G, H; S5E, F).



Booster vaccination induces Omicron-specific memory B cells in individuals with PAD syndrome

We assessed the Omicron-specific B cell response in individuals with PAD syndromes that responded to primary vaccination using a His-tagged protein specific for the spike protein of BA.1 (Figure 5A). Administration of a homologous booster vaccine led to an increase in the percentage of Omicron-specific memory B cells in COVID-19-naïve individuals (Figure 5B). The percentage of Spike+ memory B cells post booster vaccination was similar when stained with probes targeting the ancestral and Omicron spike protein (Figure S6). This increase was evident in both the conventional and double negative B cell populations (Figures 5C, D), although there was no increase in Omicron-specific IgD+ CD27+ B cells (Figure 5E). The percentage of Omicron-specific B cells returned to pre-boost baseline level in most COVID-19-naïve individuals by day 90 post-boost (Figures 5B–D). However, patients 102 and 110 displayed an increase in their percentage of Omicron-specific B cells between 90 and 150 days post-booster vaccination. This time point coincided with the period between November 2021 and January 2022, when COVID-19 cases in the United States surged due to the emergence of the Omicron variant. Patient 102 was confirmed as having been re-infected between B2 and B3. Of note, patients 102 and 110 reported no or very mild symptoms during this period.




Figure 5 | PAD patients have elevated Omicron-specific B cell responses following booster vaccination. (A) Representative flow cytometry plots of the percentage of Omicron-specific B cells among the memory (IgDlo CD20+ CD38int-lo CD27+) B cell population prior to and post booster vaccination in COVID-19-naïve (left) and -experienced (right) individuals with PAD syndromes. Percentage of (B) IgDlo, (C) memory, (D) double negative (IgDlo CD20+ CD38int-lo CD27-), and (E) IgD+ CD20+ CD38int-lo CD27+ Omicron+ cells among the B (Live CD19+ CD3-) cell population in healthy donors (left, white), COVID-19-naïve PAD (middle left, red), and COVID-19-experienced PAD (middle right, green) cohorts. Median percentage of B cells that comprise each population in all groups is shown on right. Statistical analyses in (B–E) were performed using a mixed effects model (for trends found between time points) or two-way ANOVA (for trends found between groups shown on the median graphs) with Fisher’s least significant difference testing. Significance testing between time points was limited to comparisons relative to pre-boost. Above the median graphs, an orange asterisk indicates a comparison between the COVID-19-naïve and -experienced groups (*p < 0.05). See also Figure S6.





Individuals with PAD syndrome have SARS-CoV-2-specific CD4+ T cell responses following vaccination

We also evaluated the CD4+ T cell responses following SARS-CoV-2 vaccination (Figure 6A). SARS-CoV-2-specific CD4+ T cells were identified using a S167-180 tetramer, which binds an immunodominant SARS-CoV-2 spike epitope restricted by the HLA-DPB1*04:01 allele that is found at >40% frequency in many populations (51). We also developed a S816-830 tetramer that is specific for an immunodominant region of the S2 portion of the spike protein (52, 53). This region is highly conserved among coronaviruses and also restricted to the HLA-DPB1*4:01 allele (52). 16 of 30 individuals with PAD syndromes and 4 of 11 healthy donor samples had detectable SARS-CoV-2-specific CD4+ T cell responses. COVID-naïve PAD patients had a similar percentage of SARS-CoV-2-specific CD4+ T cell response as healthy donors at day 7 to 28 post vaccination with this response contracting by day 150 in both groups (Figures 6B–D). Boosting led to an increase in the SARS-CoV-2-specific CD4+ T cell response (Figures S6B–D). COVID-experienced PAD patients had increased percentages of SARS-CoV-2-specific CD4+ T cell prior to vaccination relative to the other groups, consistent with a pre-existing memory response (Figures 6B–D). There was no correlation between the magnitude of the SARS-CoV-2 specific CD4+ T cell response and the conventional memory B cell response following vaccination in PAD patients (Figure 6E). However, there was a small but statistically significant correlation following boosting suggesting that the pre-existing memory response in PAD patients can give rise to enhanced B and T cell responses following antigen re-encounter (Figure 6F).




Figure 6 | PAD patients display unimpaired SARS-CoV-2-specific CD4+ T cell responses following vaccination. (A) Representative flow cytometry plots of the gating strategy used to identify S167-180+ and S816-830+ CD4+ T cells. Percentage of CD4+ (Live CD3+ CD19- CD4+ CD8-) T cells that are (B) S167-180+, (C) S816-830+, or (D) Tetramer+ (S167-180+ or S816-830+) in healthy donors (left, white), COVID-19-naïve PAD (middle left, red), and COVID-19-experienced PAD (middle right, green) cohorts. Median percentage of CD4+ T cells that comprise each population in all groups is shown on right. Correlation between percentage of B cells that are Spike+ (left) or RBD+ (right) memory (IgDlo CD20+ CD38int-lo CD27+) cells and the percentage of CD4+ T cells that are Tetramer+ at (E) T1 or (F) B1. Associations for (E, F) are calculated using Pearson rank correlation and shown with Pearson trend lines for visualization. Statistical analyses in (B–D) were performed using a mixed effects model (for trends found between time points) or two-way ANOVA (for trends found between groups shown on the median graphs) with Fisher’s least significant difference testing. Significance testing between time points was limited to comparisons relative to T1. Above the median graphs, an orange asterisk indicates a comparison between the COVID-19-naïve and COVID-19-experienced groups, and a purple asterisk indicates a comparison between the COVID-19-experienced and healthy donor groups (*p < 0.05; **p < 0.01). .





SARS-CoV-2-specific CD4+ T cells from PAD patients are phenotypically similar to cells from healthy donors

The phenotype of the SARS-CoV-2-specific CD4+ T cell response was next assessed (Figures 7A, B; S7A). SARS-CoV-2-specific CD4+ T cells adopted an activated phenotype following vaccination and boosting in PAD patients, with this response characterized by increased cell surface expression of PD1, ICOS, and CD38 (Figures 7C–E; Figures S7B, C). Expression of PD1, ICOS, and CD38 were similar between COVID-19-naïve individuals with PAD syndromes and healthy donors at day 7 to 28 following vaccination, suggesting there was no defect in CD4+ T cell activation in most individuals with PAD syndromes (Figures 7C–E). We also did not detect a difference in HLA-DR expression between any of the groups (Figures 7F; S7C). Circulating TFH (CXCR5+PD1+) cells were not identified in most samples, consistent with previous work demonstrating that these cells are detectable in the blood only one week post vaccination (Figure S7D) (51). The phenotype of the CD4+ T cell response was assessed further by determining the percentage of SARS-CoV-2-specific central (CD45RO+CD27+CCR7+) and effector (CD45RO+CD27+CCR7+) memory CD4+ T cells (Figures 7G, H). No difference was observed in the composition of the memory T cell response at T4 between the groups, suggesting the development of memory CD4+ T cells in PAD patients is intact (Figures 7G, H). Together, these data indicate that patients with PAD syndromes in our cohort that has a detectable response developed SARS-CoV-2-specific CD4+ T cells that were similar in magnitude and phenotype to those measured in healthy donors following vaccination.




Figure 7 | Phenotype of SARS-CoV-2-specific CD4+ T cell response following vaccination in PAD patients. (A) Representative flow cytometry plots of the expression of PD1, ICOS, CD38, HLA-DR, and CD45RO on Tetramer+ CD4+ (Live CD3+ CD19- CD4+ CD8- S167-180+ or S816-830+) T cells. (B) Representative flow cytometry plots of the expression of CD27 and CCR7 on CD45RO+ Tetramer+ CD4+ T cells. Percentage of Tetramer+ CD4+ T cells that are (C) PD1+, (D) ICOS+, (E) CD38+, (F) HLA-DR+, (G) central memory (CD45RO+ CD27+ CCR7+), or (H) effector memory (CD45RO+ CD27+ CCR7-) in healthy donors (left, white), COVID-19-naïve PAD (middle, red), and COVID-19-experienced PAD (middle, green) cohorts. Median percentage of Tetramer+ T cells that that comprise each population in all groups is shown on right. See also Figure S7.






Discussion

In this study, we show that SARS-CoV-2 vaccination induces a long-lived memory B and CD4+ T cell response in most individuals with PAD syndromes that is comparable to the response seen in healthy donors. Only 4 of 29 PAD patients failed to develop a spike-specific memory B cell response following vaccination, and these individuals also had lower levels of bulk memory and IgDlo B cells compared to the other patients in the cohort. These results suggest that memory B and T cells can promote long-term protective immunity in many individuals with PAD syndromes, despite their history of recurrent infections, hypogammaglobulinemia, and impaired ability to mount optimal and sustained antibody responses after immunization with other vaccines.

The lack of defect in the memory B cell response contrasts with our previous findings that COVID-19 naïve PAD patients display an impaired SARS-CoV-2-specific antibody response following vaccination (26). Differences between the magnitude of the memory B cell and serum antibody response in PAD patients might reflect the distinct signals needed for induction and survival of memory B cells compared to antibody-secreting cells. For example, short-lived plasmablasts develop from a germinal-center independent extrafollicular response, whereas long-lived memory B cells are predominantly derived from the germinal center (54). Plasmablast differentiation is impaired in some CVID patients after T-dependent and independent vaccination (55).

Despite the overall equivalent memory B cell response in PAD patients in our cohort, SARS-CoV-2-specific memory B cells from COVID-19-naïve PAD patients displayed reduced IgG1 class-switching following the primary vaccination series. IgG1 and IgG3 are the dominant isotypes elicited after viral infection with spike-specific IgG1 most closely correlated with in vitro SARS-COV-2 neutralization (56). This suggests that in the absence of boosting, memory B cells from some PAD patients may have an impaired ability to give rise to protective antibodies upon re-infection. This defect is further compounded by the overall decrease in SARS-CoV-2-specific neutralizing antibodies in these individuals (26). Memory B cells from PAD patients also displayed impaired CD11c expression, with a positive correlation seen between the percentage of spike-specific CD11c+ and IgG1+ cells following vaccination. CD11c expression is regulated by BCR stimulation, with CD11c+ B cells displaying an increased expression of genes involved in B cell activation and antigen presentation (46). Other signals including toll-like receptors and cytokines can also drive the accumulation of CD11c+ B cells (57–59). Although further studies are warranted, this suggests that the defect in IgG1 class-switching in some PAD patients may be due to impaired BCR signaling and/or reduced T cell help (59).

IgG1 class switching was rescued in COVID-19-naïve PAD patients following booster vaccination, which also induced an increase in Omicron-specific B cells. These data indicate that administration of mRNA booster vaccination doses may have durable benefits in addition to the short-term increase in total SARS-CoV-2-specific B cells, serum antibody titers, and neutralizing activity (26). However, COVID-19 experienced individuals with PAD syndrome displayed no further increase in SARS-CoV-2-specific B cells after boosting. These individuals also did not display any further increase in their percentage of IgG1+ memory B cells or in antibody avidity (26). This finding is consistent with other studies showing that COVID-19-experienced healthy donors do not increase their SARS-CoV-2-specific memory B cell response following boosting (60). However, booster vaccination may still promote additional evolution of the memory B cell repertoire in COVID-19-experienced individuals with PAD syndromes that is independent of cell number or the antibody response (61).

When the B cell response after completion of the primary vaccination series of PAD patients was assessed in other studies, they did not detect a SARS-CoV-2-specfic memory B cell response above baseline and concluded that vaccination of individuals with PAD syndromes primarily results in a double negative memory B cell response (62, 63). We find that SARS-CoV-2 vaccination induces both a conventional and double negative memory B cell response in most PAD patients that is comparable to healthy donors, and that this response is maintained for at least 150 days after completion of the primary vaccination series. The disparity in results between studies may be due to a difference in sensitivity of the probes used, as the previous study detected very few cells that bound to spike probes even in healthy donors. Heterogeneity existing within individuals classified as having PAD syndromes also may contribute to differences seen between these studies as cohorts with higher percentages of individuals with more severe phenotypes may exhibit more pronounced B cell defects following SARS-CoV-2 mRNA vaccination (64). However, the similarity in the SARS-CoV-2-specific antibody defect found between our cohort and others, and the normal memory B cell response found in some patients with a severe phenotype suggest that many individuals with PAD syndromes will benefit from SARS-CoV-2 vaccination (17, 25, 26).

Most individuals with PAD syndromes receive immunoglobulin replacement therapy. Immunoglobulin replacement products administered between May 2021- January 2022 had low levels of SARS-CoV-2-specific antibody titers with low neutralization activity (26). While the titer of anti-spike and anti-RBD in immunoglobulin replacement products has increased over time, the long lag of 9-12 months between collection, production, and distribution may make most available immunoglobulin replacement products less effective against current circulating Omicron variants (36). Although many individuals with PAD might be eligible for long-acting combination monoclonal antibody prophylaxis (e.g., Evusheld [AZD7442]) against COVID-19, recent studies showed substantial losses in potency against many lineages of the Omicron virus (BA.1, BA.2.12.1, B.A.2.75, BA.4, BA.5) (65–67). Therefore, immunization of individuals with PAD syndromes with mRNA vaccines that include a booster may be an effective way to induce a protective immune response against SARS-CoV-2 and its variants.

T cells also have an important role in mediating protective immunity against SARS-CoV-2 (54). Assessment of the SARS-CoV-2-specific T cell response typically involves stimulation of PBMCs with peptides spanning the SARS-CoV-2 spike protein and assaying for activation induced markers (AIM) or intracellular cytokines. Previous studies reported a reduced percentage of interferon gamma-producing T cells following ex vivo stimulation in some vaccinated individuals with PAD syndromes (17, 25, 63). We stained PBMCs with tetramers against both S167-180 and S816-830 tetramers, which bind to immunodominant peptides restricted by the HLA-DPB1*04:01 allele. This allowed us to directly detect SARS-CoV-2 specific CD4+ T cells without requiring additional stimulation. The SARS-CoV-2-specific CD4+ T cell response was comparable in magnitude between COVID-naïve PAD patients and healthy donors that generated a detectable response. Booster vaccination led to an increase in the SARS-CoV-2-specific CD4+ T cell response. While the CD4+ T cell phenotypes were comparable between groups, this does not exclude the possibility that SARS-CoV-2-specific CD4+ T cells in some individuals with PAD syndromes could exhibit impaired cytokine production. Further work is needed to assess the magnitude and functional phenotype of the SARS-CoV-2-specific CD8+ T cell response in PAD patients.


Limitations to the study

Not all patients elected to receive a booster vaccination resulting in a reduced number of samples in the post-booster time points. This is particularly apparent in the COVID-experienced group, which included only three individuals that received booster vaccinations. The design of this study precluded the collection of a pre-vaccination blood draw from all individuals limiting the statistical power of comparisons made to the T0 time point. Logistical issues regarding when patients were available for blood draws also limited the precision of the time point in which the post vaccination samples were obtained. Additionally, post booster samples were not available for the healthy donor cohort, with this cohort also displaying differences in age and sex distribution relative to the PAD cohort. The low number of antigen-specific B and T cells in some samples may also contribute to variability in the assessed phenotypes. Finally, it is important to note that PAD syndromes are a heterogeneous group of diseases with our cohort including individuals with CVID, hypogammaglobulinemia, and specific antibody deficiency. While we did not observe a clear difference in the immune response between these subgroups, there could be heterogeneity between different PAD subgroups depending on the severity of disease that necessitates different vaccination and boosting approaches.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Review Board of Washington University School of Medicine (Approval # 202104138). The patients/participants provided their written informed consent to participate in this study.



Author contributions

FL performed experiments, analyzed the data, and prepared the manuscript. AD enrolled subjects, collected demographic and clinical data, processed PBMC samples, performed experiments, and analyzed data. HD-A, FZ, and ER processed PBMC samples. LA and DF generated crucial reagents. CH performed experiments and analyzed the data. C-YL, LV, and RC designed and performed antibody neutralization experiments and analyzed data. JM and CR collected demographic and clinical data, enrolled patients, and provided patient care. HW, AKau, TD, AKul and ZR provided patient care. TM wrote the study protocol, managed IRB compliance, enrolled patients, and processed patient samples. CO’S collected patient demographic and clinical data, enrolled patients, and processed samples. SR planned experiments and analyzed data. AE and JT contributed samples from the healthy donor cohort. JO’H and RP wrote and maintained the Institutional Review Board protocol, recruited participants, phlebotomized participants, and coordinated sample collection of healthy donors. PK supervised the project. PM generated crucial reagents. MD planned experiments, prepared the manuscript, and analyzed data. OZ designed the study, wrote the study protocol, processed PBMC samples, performed experiments, analyzed the data, prepared the manuscript, and supervised the project. BL planned the experiments, analyzed the data, prepared the manuscript, and supervised the project. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants and contracts from NIH: DP2AI169978 and K22AI153015 [all to BL], R01 AI157155, U01 AI151810, and 75N93019C00051 [all to MD], U01AI141990, U01AI150747, HHSN272201400006C, HHSN272201400008C, and 75N93019C00051 [all to AE], and R01 DK084242 [to PK]. The study also was supported by a VA Merit Award BX002882 [to PK].



Acknowledgments

This study utilized samples obtained from the Washington University School of Medicine COVID-19 biorepository, which is supported by the NIH/National Center for Advancing Translational Sciences (UL1 TR002345). The authors thank Likui Yang and the Bursky Center for Human Immunology Tetramer Core for their help generating tetramer reagents. The authors also express their gratitude to all study participants.



Conflict of interest

MD is a consultant for Inbios, Vir Biotechnology, Senda Biosciences, Moderna, and Immunome. The Diamond laboratory has received unrelated funding support in sponsored research agreements from Moderna, Vir Biotechnology, Immunome, and Emergent BioSolutions. OZ and family own Moderna stock. The Ellebedy laboratory received unrelated funding support from Emergent BioSolutions and AbbVie. AE is a consultant for Mubadala Investment Company and the founder of ImmuneBio Consulting. JT is a consultant for Gerson Lehrman Group. JT and AE are recipients of a licensing agreement with Abbvie that is unrelated to this manuscript.

The remaining 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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.1033770/full#supplementary-material



Abbreviations

PAD, Primary antibody deficiency; IVIG, intravenous immunoglobulin; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CDC, Centers for Disease Control and Prevention; PBMCs, peripheral blood mononuclear cells; CVID, common variable immunodeficiency; RBD, receptor binding domain; BCR, B cell receptor; DN, double negative; AIM, activation induced markers; SAD, specific antibody deficiency.



References

1. Organization WH. WHO coronavirus (COV-19) dashboard (2022). Available at: https://covid19.who.int/ (Accessed August 18, 2022).

2. Baden, LR, Sahly, HME, Essink, B, Kotloff, K, Frey, S, Novak, R, et al. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. New Engl J Med (2020) 384:403–16. doi: 10.1056/nejmoa2035389

3. Polack, FP, Thomas, SJ, Kitchin, N, Absalon, J, Gurtman, A, Lockhart, S, et al. Safety and efficacy of the BNT162b2 mRNA covid-19 vaccine. New Engl J Med (2020) 383:2603–15. doi: 10.1056/nejmoa2034577

4. Tang, L, Hijano, DR, Gaur, AH, Geiger, TL, Neufeld, EJ, Hoffman, JM, et al. Asymptomatic and symptomatic SARS-CoV-2 infections after BNT162b2 vaccination in a routinely screened workforce. Jama (2021) 325:2500–2. doi: 10.1001/jama.2021.6564

5. Angel, Y, Spitzer, A, Henig, O, Saiag, E, Sprecher, E, Padova, H, et al. Association between vaccination with BNT162b2 and incidence of symptomatic and asymptomatic SARS-CoV-2 infections among health care workers. Jama (2021) 325:2457–65. doi: 10.1001/jama.2021.7152

6. Haas, EJ, Angulo, FJ, McLaughlin, JM, Anis, E, Singer, SR, Khan, F, et al. Impact and effectiveness of mRNA BNT162b2 vaccine against SARS-CoV-2 infections and COVID-19 cases, hospitalisations, and deaths following a nationwide vaccination campaign in Israel: an observational study using national surveillance data. Lancet (2021) 397:1819–29. doi: 10.1016/s0140-6736(21)00947-8

7. Regev-Yochay, G, Amit, S, Bergwerk, M, Lipsitch, M, Leshem, E, Kahn, R, et al. Decreased infectivity following BNT162b2 vaccination: A prospective cohort study in Israel. Lancet Regional Heal - Europe (2021) 7:100150. doi: 10.1016/j.lanepe.2021.100150

8. Sadoff, J, Gray, G, Vandebosch, A, Cárdenas, V, Shukarev, G, Grinsztejn, B, et al. Safety and efficacy of single-dose Ad26.COV2.S vaccine against covid-19. New Engl J Med (2021) 384:2187–201. doi: 10.1056/nejmoa2101544

9. Dunkle, LM, Kotloff, KL, Gay, CL, Áñez, G, Adelglass, JM, Hernández, AQB, et al. Efficacy and safety of NVX-CoV2373 in adults in the united states and Mexico. New Engl J Med (2021) 386:531–43. doi: 10.1056/nejmoa2116185

10. Kim, W, Zhou, JQ, Horvath, SC, Schmitz, AJ, Sturtz, AJ, Lei, T, et al. Germinal centre-driven maturation of b cell response to mRNA vaccination. Nature (2022) 604:141–5. doi: 10.1038/s41586-022-04527-1

11. Cameroni, E, Bowen, JE, Rosen, LE, Saliba, C, Zepeda, SK, Culap, K, et al. Broadly neutralizing antibodies overcome SARS-CoV-2 omicron antigenic shift. Nature (2022) 602:664–70. doi: 10.1038/s41586-021-04386-2

12. Wang, K, Jia, Z, Bao, L, Wang, L, Cao, L, Chi, H, et al. Memory b cell repertoire from triple vaccinees against diverse SARS-CoV-2 variants. Nature (2022) 603:919–25. doi: 10.1038/s41586-022-04466-x

13. Garcia-Beltran, WF, Denis, KJSt, Hoelzemer, A, Lam, EC, Nitido, AD, Sheehan, ML, et al. mRNA-based COVID-19 vaccine boosters induce neutralizing immunity against SARS-CoV-2 omicron variant. Cell (2022) 185:457–466.e4. doi: 10.1016/j.cell.2021.12.033

14. Muik, A, Wallisch, A-K, Sänger, B, Swanson, KA, Mühl, J, Chen, W, et al. Neutralization of SARS-CoV-2 lineage B.1.1.7 pseudovirus by BNT162b2 vaccine–elicited human sera. Science (2021) 371:1152–3. doi: 10.1126/science.abg6105

15. Meyts, I, Bucciol, G, Quinti, I, Neven, B, Fischer, A, Seoane, E, et al. Coronavirus disease 2019 in patients with inborn errors of immunity: An international study. J Allergy Clin Immunol (2021) 147:520–31. doi: 10.1016/j.jaci.2020.09.010

16. Shields, AM, Anantharachagan, A, Arumugakani, G, Baker, K, Bahal, S, Baxendale, H, et al. Outcomes following SARS-CoV-2 infection in patients with primary and secondary immunodeficiency in the united kingdom. Clin Exp Immunol (2022) 247–58. doi: 10.1093/cei/uxac008

17. Arroyo-Sánchez, D, Cabrera-Marante, O, Laguna-Goya, R, Almendro-Vázquez, P, Carretero, O, Gil-Etayo, FJ, et al. Immunogenicity of anti-SARS-CoV-2 vaccines in common variable immunodeficiency. J Clin Immunol (2022) 42:240–52. doi: 10.1007/s10875-021-01174-5

18. Apostolidis, SA, Kakara, M, Painter, MM, Goel, RR, Mathew, D, Lenzi, K, et al. Cellular and humoral immune responses following SARS-CoV-2 mRNA vaccination in patients with multiple sclerosis on anti-CD20 therapy. Nat Med (2021) 27:1990–2001. doi: 10.1038/s41591-021-01507-2

19. Azzolini, E, Pozzi, C, Germagnoli, L, Oresta, B, Carriglio, N, Calleri, M, et al. mRNA COVID-19 vaccine booster fosters b- and T-cell responses in immunocompromised patients. Life Sci Alliance (2022) 5:e202201381. doi: 10.26508/lsa.202201381

20. Kennedy, NA, Lin, S, Goodhand, JR, Chanchlani, N, Hamilton, B, Bewshea, C, et al. Infliximab is associated with attenuated immunogenicity to BNT162b2 and ChAdOx1 nCoV-19 SARS-CoV-2 vaccines in patients with IBD. Gut (2021) 70:1884–93. doi: 10.1136/gutjnl-2021-324789

21. Mahil, SK, Bechman, K, Raharja, A, Domingo-Vila, C, Baudry, D, Brown, MA, et al. The effect of methotrexate and targeted immunosuppression on humoral and cellular immune responses to the COVID-19 vaccine BNT162b2: a cohort study. Lancet Rheumatol (2021) 3:e627–37. doi: 10.1016/s2665-9913(21)00212-5

22. Bachelet, T, Bourdenx, J-P, Martinez, C, Mucha, S, Martin-Dupont, P, Perier, V, et al. Humoral response after SARS-CoV-2 mRNA vaccines in dialysis patients: Integrating anti-SARS-CoV-2 spike-Protein-RBD antibody monitoring to manage dialysis centers in pandemic times. PloS One (2021) 16:e0257646. doi: 10.1371/journal.pone.0257646

23. Danthu, C, Hantz, S, Dahlem, A, Duval, M, Ba, B, Guibbert, M, et al. Humoral response after SARS-Cov-2 mRNA vaccine in a cohort of hemodialysis patients and kidney transplant recipients. J Am Soc Nephrol (2021) 32:2153–8. doi: 10.1681/asn.2021040490

24. Deepak, P, Kim, W, Paley, MA, Yang, M, Carvidi, AB, Demissie, EG, et al. Effect of immunosuppression on the immunogenicity of mRNA vaccines to SARS-CoV-2. Ann Intern Med (2021) 174:M21–1757. doi: 10.7326/m21-1757

25. van Leeuwen, LPM, GeurtsvanKessel, CH, Ellerbroek, PM, de Bree, GJ, Potjewijd, J, Rutgers, A, et al. Immunogenicity of the mRNA-1273 COVID-19 vaccine in adult patients with inborn errors of immunity. J Allergy Clin Immunol (2022) 1949–57. doi: 10.1016/j.jaci.2022.04.002

26. Zimmerman, O, Doss, AMA, Kaplonek, P, Liang, C-Y, VanBlargan, LA, Chen, RE, et al. mRNA vaccine boosting enhances antibody responses against SARS-CoV-2 omicron variant in individuals with antibody deficiency syndromes. Cell Rep Med (2022) 3(6):100653. doi: 10.1016/j.xcrm.2022.100653

27.Prevention c for DC and COVID-19 vaccines for people who are moderately or severely immunocompromised (2022). Available at: https://www.cdc.gov/coronavirus/2019-ncov/vaccines/recommendations/immuno.html (Accessed July 20, 2022).

28. Durandy, A, Kracker, S, and Fischer, A. Primary antibody deficiencies. Nat Rev Immunol (2013) 13:519–33. doi: 10.1038/nri3466

29. Abolhassani, H, Hammarström, L, and Cunningham-Rundles, C. Current genetic landscape in common variable immune deficiency. Blood (2020) 135:656–67. doi: 10.1182/blood.2019000929

30. de Valles-Ibáñez, G, Esteve-Solé, A, Piquer, M, González-Navarro, EA, Hernandez-Rodriguez, J, Laayouni, H, et al. Evaluating the genetics of common variable immunodeficiency: Monogenetic model and beyond. Front Immunol (2018) 9:636. doi: 10.3389/fimmu.2018.00636

31. Bogaert, DJA, Dullaers, M, Lambrecht, BN, Vermaelen, KY, Baere, ED, and Haerynck, F. Genes associated with common variable immunodeficiency: one diagnosis to rule them all? J Med Genet (2016) 53:575. doi: 10.1136/jmedgenet-2015-103690

32. Maffucci, P, Filion, CA, Boisson, B, Itan, Y, Shang, L, Casanova, J-L, et al. Genetic diagnosis using whole exome sequencing in common variable immunodeficiency. Front Immunol (2016) 7:220. doi: 10.3389/fimmu.2016.00220

33. Tuijnenburg, P, Allen, HL, Burns, SO, Greene, D, Jansen, MH, Staples, E, et al. Loss-of-function nuclear factor κB subunit 1 (NFKB1) variants are the most common monogenic cause of common variable immunodeficiency in europeans. J Allergy Clin Immunol (2018) 142:1285–96. doi: 10.1016/j.jaci.2018.01.039

34. Maarschalk-Ellerbroek, LJ, Hoepelman, IM, and Ellerbroek, PM. Immunoglobulin treatment in primary antibody deficiency. Int J Antimicrob Ag (2011) 37:396–404. doi: 10.1016/j.ijantimicag.2010.11.027

35. Prevot, J, and Jolles, S. Global immunoglobulin supply: steaming towards the iceberg? Curr Opin Allergy Cl (2020) 20:557–64. doi: 10.1097/aci.0000000000000696

36. Miller, AL, Rider, NL, Pyles, RB, Judy, B, Xie, X, Shi, P-Y, et al. The arrival of SARS-CoV-2–neutralizing antibodies in a currently available commercial immunoglobulin. J Allergy Clin Immunol (2022) 149:1958–9. doi: 10.1016/j.jaci.2022.03.026

37. Turner, JS, O’Halloran, JA, Kalaidina, E, Kim, W, Schmitz, AJ, Zhou, JQ, et al. SARS-CoV-2 mRNA vaccines induce persistent human germinal centre responses. Nature (2021) 596:109–13. doi: 10.1038/s41586-021-03738-2

38. Alsoussi, WB, Turner, JS, Case, JB, Zhao, H, Schmitz, AJ, Zhou, JQ, et al. A potently neutralizing antibody protects mice against SARS-CoV-2 infection. J Immunol (2020) 205:915–22. doi: 10.4049/jimmunol.2000583

39. Hassan, AO, Case, JB, Winkler, ES, Thackray, LB, Kafai, NM, Bailey, AL, et al. A SARS-CoV-2 infection model in mice demonstrates protection by neutralizing antibodies. Cell (2020) 182:744–753.e4. doi: 10.1016/j.cell.2020.06.011

40. Warnatz, K, Denz, A, Draüger, R, Braun, M, Groth, C, Wolff-Vorbeck, G, et al. Severe deficiency of switched memory b cells (CD27+IgM–IgD–) in subgroups of patients with common variable immunodeficiency: a new approach to classify a heterogeneous disease. Blood (2002) 99:1544–51. doi: 10.1182/blood.v99.5.1544

41. Piqueras, B, Lavenu-Bombled, C, Galicier, L, Cruyssen, FB-VD, Mouthon, L, Chevret, S, et al. Common variable immunodeficiency patient classification based on impaired b cell memory differentiation correlates with clinical aspects. J Clin Immunol (2003) 23:385–400. doi: 10.1023/a:1025373601374

42. Blanco, E, Pérez-Andrés, M, Arriba-Méndez, S, Serrano, C, Criado, I, Pino-Molina, LD, et al. Defects in memory b-cell and plasma cell subsets expressing different immunoglobulin-subclasses in patients with CVID and immunoglobulin subclass deficiencies. J Allergy Clin Immunol (2019) 144:809–24. doi: 10.1016/j.jaci.2019.02.017

43. Weiss, GE, Crompton, PD, Li, S, Walsh, LA, Moir, S, Traore, B, et al. Atypical memory b cells are greatly expanded in individuals living in a malaria-endemic area. J Immunol (2009) 183:2176–82. doi: 10.4049/jimmunol.0901297

44. Sutton, HJ, Aye, R, Idris, AH, Vistein, R, Nduati, E, Kai, O, et al. Atypical b cells are part of an alternative lineage of b cells that participates in responses to vaccination and infection in humans. Cell Rep (2021) 34:108684. doi: 10.1016/j.celrep.2020.108684

45. Zhao, Y, Uduman, M, Siu, JHY, Tull, TJ, Sanderson, JD, Wu, Y-CB, et al. Spatiotemporal segregation of human marginal zone and memory b cell populations in lymphoid tissue. Nat Commun (2018) 9:3857. doi: 10.1038/s41467-018-06089-1

46. Golinski, M-L, Demeules, M, Derambure, C, Riou, G, Maho-Vaillant, M, Boyer, O, et al. CD11c+ b cells are mainly memory cells, precursors of antibody secreting cells in healthy donors. Front Immunol (2020) 11:32. doi: 10.3389/fimmu.2020.00032

47. Pone, EJ, Zhang, J, Mai, T, White, CA, Li, G, Sakakura, JK, et al. BCR-signalling synergizes with TLR-signalling for induction of AID and immunoglobulin class-switching through the non-canonical NF-κB pathway. Nat Commun (2012) 3:767. doi: 10.1038/ncomms1769

48. Chen, Z, Krinsky, A, Woolaver, RA, Wang, X, Chen, SMY, Popolizio, V, et al. TRAF3 acts as a checkpoint of b cell receptor signaling to control antibody class switch recombination and anergy. J Immunol (2020) 205:830–41. doi: 10.4049/jimmunol.2000322

49. Ellebedy, AH, Jackson, KJL, Kissick, HT, Nakaya, HI, Davis, CW, Roskin, KM, et al. Defining antigen-specific plasmablast and memory b cell subsets in human blood after viral infection or vaccination. Nat Immunol (2016) 17:1226–34. doi: 10.1038/ni.3533

50. Sanz, I, Wei, C, Jenks, SA, Cashman, KS, Tipton, C, Woodruff, MC, et al. Challenges and opportunities for consistent classification of human b cell and plasma cell populations. Front Immunol (2019) 10:2458. doi: 10.3389/fimmu.2019.02458

51. Mudd, PA, Minervina, AA, Pogorelyy, MV, Turner, JS, Kim, W, Kalaidina, E, et al. SARS-CoV-2 mRNA vaccination elicits a robust and persistent T follicular helper cell response in humans. Cell (2022) 185:603–613.e15. doi: 10.1016/j.cell.2021.12.026

52. Loyal, L, Braun, J, Henze, L, Kruse, B, Dingeldey, M, Reimer, U, et al. Cross-reactive CD4+ T cells enhance SARS-CoV-2 immune responses upon infection and vaccination. Science (2021) 374:eabh1823. doi: 10.1126/science.abh1823

53. Dykema, AG, Zhang, B, Woldemeskel, BA, Garliss, CC, Cheung, LS, Choudhury, D, et al. Functional characterization of CD4+ T-cell receptors cross-reactive for SARS-CoV-2 and endemic coronaviruses. J Clin Invest (2021) 131:e146922. doi: 10.1172/jci146922

54. Laidlaw, BJ, and Ellebedy, AH. The germinal centre b cell response to SARS-CoV-2. Nat Rev Immunol (2022) 22:7–18. doi: 10.1038/s41577-021-00657-1

55. Chovancova, Z, Vlkova, M, Litzman, J, Lokaj, J, and Thon, V. Antibody forming cells and plasmablasts in peripheral blood in CVID patients after vaccination. Vaccine (2011) 29:4142–50. doi: 10.1016/j.vaccine.2011.03.087

56. Yates, JL, Ehrbar, DJ, Hunt, DT, Girardin, RC, Dupuis, AP, Payne, AF, et al. Serological analysis reveals an imbalanced IgG subclass composition associated with COVID-19 disease severity. Cell Rep Med (2021) 2:100329. doi: 10.1016/j.xcrm.2021.100329

57. Rubtsov, AV, Rubtsova, K, Fischer, A, Meehan, RT, Gillis, JZ, Kappler, JW, et al. Toll-like receptor 7 (TLR7)–driven accumulation of a novel CD11c+ b-cell population is important for the development of autoimmunity. Blood (2011) 118:1305–15. doi: 10.1182/blood-2011-01-331462

58. Naradikian, MS, Myles, A, Beiting, DP, Roberts, KJ, Dawson, L, Herati, RS, et al. Cutting edge: IL-4, IL-21, and IFN-γ interact to govern T-bet and CD11c expression in TLR-activated b cells. J Immunol (2016) 197:1023–8. doi: 10.4049/jimmunol.1600522

59. Song, W, Antao, OQ, Condiff, E, Sanchez, GM, Chernova, I, Zembrzuski, K, et al. Development of tbet- and CD11c-expressing b cells in a viral infection requires T follicular helper cells outside of germinal centers. Immunity (2022) 55:290–307.e5. doi: 10.1016/j.immuni.2022.01.002

60. 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:eabi6950. doi: 10.1126/sciimmunol.abi6950

61. Muecksch, F, Wang, Z, Cho, A, Gaebler, C, Tanfous, TB, DaSilva, J, et al. Increased memory b cell potency and breadth after a SARS-CoV-2 mRNA boost. Nature (2022) 607:128–34. doi: 10.1038/s41586-022-04778-y

62. Salinas, AF, Mortari, EP, Terreri, S, Quintarelli, C, Pulvirenti, F, Cecca, SD, et al. SARS-CoV-2 vaccine induced atypical immune responses in antibody defects: Everybody does their best. J Clin Immunol (2021) 41:1709–22. doi: 10.1007/s10875-021-01133-0

63. Pulvirenti, F, Salinas, AF, Milito, C, Terreri, S, Mortari, EP, Quintarelli, C, et al. B cell response induced by SARS-CoV-2 infection is boosted by the BNT162b2 vaccine in primary antibody deficiencies. Cells (2021) 10:2915. doi: 10.3390/cells10112915

64. Bergman, P, Wullimann, D, Gao, Y, Borgström, EW, Norlin, A-C, Enoksson, SL, et al. Elevated CD21low b cell frequency is a marker of poor immunity to pfizer-BioNTech BNT162b2 mRNA vaccine against SARS-CoV-2 in patients with common variable immunodeficiency. J Clin Immunol (2022) 42:716–27. doi: 10.1007/s10875-022-01244-2

65. Case, JB, Mackin, S, Errico, JM, Chong, Z, Madden, EA, Whitener, B, et al. Resilience of S309 and AZD7442 monoclonal antibody treatments against infection by SARS-CoV-2 omicron lineage strains. Nat Commun (2022) 13:3824. doi: 10.1038/s41467-022-31615-7

66. Wang, Q, Iketani, S, Li, Z, Guo, Y, Yeh, AY, Liu, M, et al. Antigenic characterization of the SARS-CoV-2 omicron subvariant BA.2.75. Cell Host Microbe (2022) 1512–7. doi: 10.1016/j.chom.2022.09.002

67. Wang, Q, Guo, Y, Iketani, S, Nair, MS, Li, Z, Mohri, H, et al. Antibody evasion by SARS-CoV-2 omicron subvariants BA.2.12.1, BA.4 and BA.5. Nature (2022) 608:603–8. doi: 10.1038/s41586-022-05053-w


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 © 2022 Lin, Doss, Davis-Adams, Adams, Hanson, VanBlargan, Liang, Chen, Monroy, Wedner, Kulczycki, Mantia, O’Shaughnessy, Raju, Zhao, Rizzi, Rigell, Dy, Kau, Ren, Turner, O’Halloran, Presti, Fremont, Kendall, Ellebedy, Mudd, Diamond, Zimmerman and Laidlaw. 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-13-1033770-g002.jpg
Spike* IgD B cells

Spike* memory B cells

COVID-19-naive COVID-19-experienced Median COVID-19-naive COVID-19-experienced Median
3 —* 3 0.4 __ 25 L 25 25
@ 2
@Q
E ) ) - E 20 20 2
5 5 15 15 15
o 02 °
S , , e 10 10 10
¢ 0 2 05 05
& & ' o
—8— o
0 08 L 0 0 ol r : .
Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3
Time point Time point
(o] Spike* double negative B cells D Spike* CD27*IgD* B cells
COVID-:Q-naTve COVID-19-experienced Median COVID-19-naive COVID-19-experienced Median
—~ .08 020 20 03
) )
3 Bous 15
2 06 g0 o
5 K
< 04 2010 10
o o 01
2 o té:§’<: . %005 05
-3 =3
2 %
T T T T 0 0 0 T T 0 T T T T
Pre-boost  B1 B2 83 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost B1 B2 B3
Time point Time point
E Pre-boost memory B cells vs B1 WA1/2020 Neutralization F Pre-boost memory B cells vs B1 B.1.617.2 Neutralization G Pre-boost memory B cells vs B1 BA.1 Neutralization
Spike* RBD* Spike* RBD* Spike* RBD*
~ 5 - 4 e 4.
g . 3 5
3 3 2 3
= © ©°
5 5 : 2
g 2 tho=0.249 2 . rho= 0.239 2 o Tho=0.312 ] °®o rho= 0.423 rho= 0.4987
= 4 ° p=0.303 p ° p=0325 B p=0.240 p=0.193 s 1 p=0.071 1 p=0.0298
I=2 D b-d
o o K]
4 T T T T 10 T T T 1 0 T T T T 10 T T T 1 0 T T T T 10 T T 1
0 01 02 03 04 050 003 006 009 012 0 01 02 03 04 050 003 006 009 012 0 01 02 03 04 050 003 006 009 012

Pre-boost memory B cells (% of B Cells)

Pre-boost memory B cells (% of B Cells)

Pre-boost memory B cells (% of B Cells)





OEBPS/Images/fimmu.2022.1033770_cover.jpg
’ frontiers ‘ Frontiers in Immunology

SARS-CoV-2 booster
vaccination rescues
attenuated I9G1 memory
B cell response in primary
antibody deficiency patients





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        SARS-CoV-2 booster vaccination rescues attenuated IgG1 memory B cell response in primary antibody deficiency patients

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Primary antibody deficiency syndromes cohort

          



          		

            Healthy donor cohort

          



          		

            Quantification and statistical analysis

          



        



        



        		

          Results

        

          		

            Most individuals with PAD syndromes display a similar overall memory B cell response to healthy controls following primary vaccination series

          



          		

            COVID-19-naïve individuals with PAD syndrome have a B cell response following booster vaccination

          



          		

            IgG1 class-switching defect in memory B cells from COVID-19-naïve individuals with PAD syndrome is rescued following booster vaccination

          



          		

            Memory B cells from individuals with PAD syndrome display impaired CD11c expression following vaccination

          



          		

            Booster vaccination induces Omicron-specific memory B cells in individuals with PAD syndrome

          



          		

            Individuals with PAD syndrome have SARS-CoV-2-specific CD4+ T cell responses following vaccination

          



          		

            SARS-CoV-2-specific CD4+ T cells from PAD patients are phenotypically similar to cells from healthy donors

          



        



        



        		

          Discussion

        

          		

            Limitations to the study

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-1033770-g004.jpg
A

Spike* memory B cells Spike® double negative B cells.
10 10 3
3
2
2 2 3 2
3 3 3 S
2 2 2 o
o 3, Ay b1
o o o 4
Eo
S
0t o
e e e el e e - -
A w10 G o e e w o 0 1o o 1o d0 0 10 o 1o
CD11c-BV711 CD71-PE Cy7 CXCRS-PE Dazzle 594 CD11c-BV711
CD11c of Spike’ memory B cells
Healthy donors EOVID-19-na|Ve COVID-19-experienced Median
—_— aax
100. Lrrr 100. 100. 80 *
2
8 o 80 80
2
2 60
% 60 60 60
2 . 40
S0 0 40
s 20
M 20 20
o 0 o - 0 T ———
™ 3\ TI T2 Ts T4 BO B1 B2 B3 TO Tt T2 T3 T4 B0 Bt B2 B3 To TI T2 T3 T4 B0 Bt B2 B3
Time point
1gG1* vs CD11c* Spike* memory B Cells
Ll B1 ™
100 o 100 tho= -0.0395
g0 rho= 0.487 . 80 p=0893
© p= 0.0405 o o
£ 60 b= £
8 8 8
8 g 2
20
[
0 20 40 60 80 100 0 20 4 6 8 100 0 20 40 60 8 10
%IgG1* %lgG1* %IgG1*
CD71* of Spike* memory B cells
Healthy donors COVID-19-naive COVID-19-experienced Median
— . -
100- 100 ey
8 e 80
=
y 60 60
& 4o 40
5
M 20
o T T —— T o
™ T4 T2 T3 T4 B0 B B2 B3 TO TI T2 T3 T4 BO B1 B2 B3 TO TI T2 T3 T4 B0 B1 B2 B3
Time point
CXCRS" of Spike* memory B cells
Healthy donors ,  COVID-19-naive COVID-19-experienced Median
100 65— 1004 100+ b 100+
“ B
Qeo 80 804 904
= 60 60
60 g 3 80
)
G 404 404 = 70
@
S 204 204 0
0 0 T 0 v v 50— v
™ T TI T2 T3 T4 B0 B1 B2 B3 To Tt T2 T3 T4 BO B1 B2 B3 To T1 T2 T3 T4 B0 B B2 B3
Time point
CD11c* CXCRS' of Spike® double negative B cells
Healthy donors COVID-19-naive GQVID-19-experienced Median
80 JR o s0q 2T i
8 B
@ 6o 604 60 30
z
a8
p 40 20
2
-4
@ 20 104
5
% 0 — ol —
m Ta TI T2 T3 T4 B0 B1 B2 B3 TO TI T2 T3 T4 BO B1 B2 B3 To T1 T2 T3 T4 B0 B B2 B3
Time point
CD11c CXCRS" of Spike* double negative B cells
Healthy donors COVID-19-naive COVID-19-experienced Median
o0 —EE o 100 . 1001
8
o 8o 80 80 80
g 604 60 60
£ w0 40. 40 404
&
5 2 20 20 204
oo T 0-le — 71— 0 — 77— 0T T T T T T T T
™ T TI T2 T3 T4 B0 B1 B2 B3 TO TI T2 T3 T4 B0 B1 B2 B3 To T T2 T3 T4 B0 BI B2 B3

Time point





OEBPS/Images/fimmu-13-1033770-g006.jpg
% of CD4* T cells % of CD4" T cells

% of CD4* T cells

Memory B cells (% of B cells)

CD19-BV750

0.6

0.4

0.2

0.6

0.4

0.2

0

0.15

=3
o

0.05

Live cells

CD3* cells CD4* cells

CD8-AF594

Ty

0 10¢ 10° o 10 10° 10° 10¢ 10°
CD3-APC Fire 810 CD4-AF700 Sgi60:-APC
S,67.40" O CD4" T cells
Healthy donors COVID-19-naive COVID-19-experienced Median
e 06 .10
.08
04
06
02 04
02
0 T T T T T T T 0
TO T T4 To T4 T2 T3 T4 BO B1 B2 B3 TO T4 T2 T3 T4 BO B1 B2 B3
Time point
Syiee50 Of CD4* T cells
Healthy donors COVID-19-naive COVID-19-experienced Median
10 * — 10 04 * *
08 08
.03
06 06
.02
04 04
&% 02 02 o
0 — Ol 0
TO ™ T4 TO T1 T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3
Time point
Tetramer* of CD4* T cells
Healthy donors E*OVID»1 9-naive COVID-19-experienced Median
06 —_— A5
. 04 10
/\\( 02 05
N2
= N2
— 0 0
TO T T4 T0 T1 T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3
Time point
Tetramer* vs memory B Cells at T1 F Tetramer* vs memory B Cells at B1
ike* - » et -
Spike - RBD T 25 Spike 10 RBD
) o
° o
rho=0.0808 rho=-0.0416 5 20 rho=0.680 e 08 rh0=0.707
=0.766 =0.879 =0.0151 =0.0102
: P 0.2 P s\i 15 P 06 P
o 2
K 8
e G 01 o
=l
o
) 5
0 01 02 03 04 05 06 0 01 02 03 04 05 06 = 0.1 0.2 0.3 04 0.1 0.2 0.3 0.4

Tetramer* (% of CD4*)

Tetramer* (% of CD4%)





OEBPS/Images/fimmu-13-1033770-g003.jpg
CD19-BV750

% of Spike* MBCs

jl
=
N

O

% of Spike* MBCs o % of Spike* MBCs

% of Spike* MBCs

% of Spike* MBCs

80

60

40

20

N 2 9 @
- 8 8 3 8 8

50
40
30
20
10

40

30

20

10

15

10

Spike* memory B cells IgD® IgG1- IgD® IgG1- IgA IgD° IgG1- IgA- IgG2 IgD® 1gG1- IgA" IgG2- IgG3-
10° 10° 10° 10°
o o o o
2 2 2 @
g = S 2
8o 8o 8o 8o
10* 10* -10¢ 10¢
Ty T 4 ‘ P 4 v
-10¢ ] 10 10° 10° 107 10° 100 10° o 10¢ 10° o 10¢ 10° 10° 10* 100 10°
19G1-PE IgA-FITC 19G2-AF555 1gG3-BV570 IgM-BV605
1gG1* of Spike* memory B cells
Healthy donors COVID;; g-naive COVID-19-experienced Median
—_—
100 * -4 ok

80
60
40
20

2

iz

587
\ o7 8
\:,::Qpr

"

— T T T T
TO TT T2 T3 T4 BO B1

4

TH T2 T3 T4 BO B1 B2 B3 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3
Time point
IgM* of Spike* memory B cells
Healthy donors COVID-19-naive COVID-19-experienced Median
* 50 * *
40
30
20
10
s 0
T T4 TT T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO Bl B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3
Time point
IgA* of Spike* memory B cells
Healthy donors COVID-19-naive COVID-19-experienced Median
B — 50, 50 30
40 40
30, 30 20
20 20 °
10
10 10
o o
T 0 T T 0-—o—+ T *—¢ T T T T 0= T T T T T T T T
™ T4 TT T2 T3 T4 BO B1 B2 B3 To T1 T2 T3 T4 BO B1 B2 B3 To T T2 T3 T4 BO B1 B2 B3
Time point
1gG2°* of Spike* memory B cells
Healthy donors COVID-19-naive COVID-19-experienced Median
4
3
2
1
]_%; o@
T T4 Tt T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3 To T1 T2 T3 T4 BO B1 B2 B3
Time point
1gG3* of Spike* memory B cells
Healthy donors COVID-19-naive COVID-19-experienced Median
15, 5
4
10
3
5 2
1 05
o — T T —— 0
T T4 TT T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B! B2 B3 To T4 T2 T3 T4 BO B1 B2 B3

Time point





OEBPS/Images/fimmu-13-1033770-g001.jpg
Primary vaccination

TO T T2
<14d 7-28d  60(x14)d
before first
dose
COVID-19- _ _ _
naive PAD: s n=22 =
COVID-19- _ - &
experienced PAD: n=4 n=7 n=3
Healthy n=11 n=11 n=0
Donor:
B Healthy donors

ok

Spike* (% of B cells)

o
Healthy donors
05 xE
i)
0.4
o
23]
503
02
Loa
Q
»
0
D
Healthy donors
0.2 —r ;
o)
]
o
[2a]
k]
< 0.1
v
9
.%
0
T0 T T4
E
Healthy donors
»
.
o
o
5 -
R
©
X
Q.
»

T3

90(x14)d

TO

n=6

n=0

COVID-19-naive

COVID-19-naive

COVID-19-naive

™

T4
150(£30)d

n=2

n=11

T2

n=10

*

Booster
T |t ] g
] ] ] ]

BO B1 B2 B3
<14d 7-28d 90(x14)d  150(x14)d
before

booster

n=4 n=16 n=13 n=13
n=0 n=3 n=2 n=;
n=0 n=0 n=( n=0

Spike* IgD® B cells

Time point

Spike* memory B cells

059 —*—
0.4
03
0.2

0.1

0

Time point

Spike* double negative B cells
COVID-19-naive

*

Time point

Spike* CD27*IgD* B cells
COVID-19-experienced

0.1
.08
.06
.04
02
0

T4 O T T2 T3
Time point

T3

0.2 o S —
0.1 J E
0
TO ™ T2 T3 T4

05

.03,

02

.01

COVID-19-experienced Median
 —— a4
06 A 0.4
0.3
0.4
N 0.2
0.2
0.1
0 0
TO T T2 T3 T4 TO T T2 T3 T4
COVID-19-experienced Median
*
25 o]
k¢ 20
15
10
°
.05
4 g —o—
T T T2 T3 T4 TO T T2 T3 T4
COVID-1%ﬁxperienced Median
15. Fedkekdk

ek

.

T T2 T3 T4

Median

i

T T2 T3 T4





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-1033770-g005.jpg
Omicron® (% of B cells)

O

Omicron® (% of B cells)

Omicron-APC

0.4

0.3

0.2

0.1

COVID-19-naive

COVID-19-experienced

Time point

Time point

Pre-boost Post-boost Pre-boost Post-boost
104 10°4
2.11% 1.02% 251%
o Q 4o S
o o 104 Q 104
< < <
& < &
2 g 2
% E 100 E 100
S S S
) )
T L T T T L T T T T T T i T
0 104 10° 0 10* 10° ] 10¢ 10° o 10¢ 10°
Omicron-AF594 Omicron-AF594
Omicron* IgD® B cells C Omicron* memory B cells
COVID-19-naive COVID-19-experienced Median COVID-19-naive COVID-19-experienced Median
x 25 04 B 08 08 25
3
20 03 @ 06 06 20
15 s 15
0.2 R 04 04
19 = 10
S
o o g 02 02 :7,4:\ 08
0 0 S o —ol $—— 0
Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3
Time point Time point
Omicron* double negative B cells E Omicron* CD27*1gD* B cells
COVID-19-naive COVID-19-experienced Median COVID-19-naive COVID-19-experienced Median
0.4 15 3 10 10 05
o
03 o %8 08 o— 4 04
10 S .06 06 03
02 8
04 04 02
05 5
04 5 02 02 01
—a E
—0-— T T — 01— T T — O ol— —ol— T T T 0-— T T T
Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 B3 Pre-boost  B1 B2 83 Pre-boost  B1 B2 B3





OEBPS/Images/fimmu-13-1033770-g007.jpg
A B
CD4" Tetramer* T cells Tetramer® CD45R0O*
10 e 10° 100 10°
10°
g 10 g S S =3 ©
N N N N R [~
woq [ o o [ s
< < < < < d
< < < < < o100
Qo Qo o aQ Qo Q
o o o o o o
0
10+ 10° 10¢ o
Ty ™ T ey T v T e T T T ey oy M e ey v
0 10° 10° o 10° 100 100 [ 10° 10° o 100 100 10 o 100 100 100107 ) 10° 10°
PD1-PE Cy7 ICOS-BV421 CD38-BB700 HLA-DR-BV605 CD45R0O-BV570 CD27-PE Fire 810
Cc PD1* of Tetramer* CD4" T cells D ICOS* of Tetramer* CD4* T cells
Healthy donors PAD patients Median Healthy donors PAD patients Median
100 60
2 2
8 80 8
5 5 40
E % E
S s
° 40 ° %
S 5 <]
ES 2 ®
0 0
m™ T4 TO T1 T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3 T T4 TO T1 T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3
Time point Time point
E CD38* of Tetramer* CD4* T cells F HLA-DR® of Tetramer* CD4" T cells
Healthy donors PAD patients Median Healthy donors PAD patients Median
60 60 30 40 40 20.
2 ° 2
o o
o S 30 30 15
E 40 40 20 g
8 8 20 20 10
& 20 20 10 e
%5 5 10 10 5
R R
B N N B=— — =
0 0= - O-—T—T—TT—T—TT 04— — 0T —T—T——T— — T
m™ T4 TO T1 T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3 ™ T4 TO T1 T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3
Time point Time point
G Central memory CD4" T cells H Effector memory CD4" T cells
Healthy donors PAD patients Median Healthy donors PAD patients Median
60 60 40 80
2 2
8 30. 8 60
g 1 Nge /g 5
2 o\ ¥ E 4
£ o\o /6‘2“‘\; '4/‘.9\_&\ 20 5%
© 20 20 = ‘”7 <o o\ o= 8 I
5 o—=3 oeL g B 1° 5 20
S L Y 4* =
0 g~ e 0 0
T T4 To T1 T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3 T T4 TO T1 T2 T3 T4 BO B1 B2 B3 TO T1 T2 T3 T4 BO B1 B2 B3
Time point Time point
0 Healthy Donor ©® COVID-19-naive PAD ® COVID-19-experienced PAD





