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Background

This study examines the humoral and cellular response in multiple sclerosis (MS) patients on anti-CD20 therapy before and after the 1st to 4th BNT162b2 mRNA SARS-CoV-2 vaccination and the relationship with breakthrough infection.





Methods

Participants with McDonald 2017 MS that were treated with ocrelizumab were included. The study duration was throughout the COVID-19 pandemic until four months after fourth mRNA SARS-CoV-2 vaccination (BNT162b2). Longitudinal blood samples were analysed for: IgG antibodies of SARS-CoV-2 spike anti-receptor binding domain (anti-RBD), nucleocapsid IgG antibodies (anti-N) and activation induced marker expressing CD4+, CD8+ T-cells and concentration of ocrelizumab and anti-drug antibodies. Incidences of breakthrough infection were confirmed with SARS-CoV-2 PCR tests.





Results

The rate of anti-RBD positive participants increased substantially between the third and fourth vaccination from 22.2% to 55.9% (median 54.7 BAU/mL; IQR: 14.5 – 221.2 BAU/mL and 607.7 BAU/mL; IQR: 29.4 – 784.6 BAU/mL, respectively). Within the same period 75% of participants experienced breakthrough infection. The fourth vaccination resulted in an additional increase in seropositive individuals (64.3%) (median 541.8 BAU/mL (IQR: 19.1-1007 BAU/mL). Breakthrough infection did not influence the cellular response without a significant change after the fourth vaccination. During the study period two participants had detectable anti-N, both after the fourth vaccination. No correlation was found between serum concentration of ocrelizumab and the humoral and cellular response.





Discussion

Low levels or absence of specific anti-RBD following vaccination, with a significant increase after breakthrough infections and boosted by the fourth vaccination. T-cell reactivity remained sustained and unaffected by breakthrough infections.
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Introduction

The immunological response to SARS-CoV-2 mRNA vaccination has been extensively studied investigated in healthy individuals since the introduction of the vaccines early in 2021 (1). However, the memory response in patients with multiple sclerosis (MS) receiving B-cell-depleting therapy is less thoroughly characterized (2, 3). Since the emergence of SARS-CoV-2, it has evolved substantially. The alpha, delta, and omicron variants all mutated, resulting in an increasing number of amino acid variants in the Spike protein. This has led to a greater antigenic distance from the ancestral SARS-CoV-2 virus for which vaccines like BNT162b2, mRNA-1273, and Ad26.COV2.S were originally developed to provide protection (4–6). The ongoing evolution of the SARS-CoV-2 Spike domain has consequently led to higher antibody evasion and increased transmission rates despite high levels of adherence to vaccination programs (7, 8). However, breakthrough infections with the Omicron variants have not resulted in an increase in disease severity in patients treated with B-cell depleting anti-CD20 therapy, emphasizing the role of other cellular immune responses to SARS-CoV-2, notably T cells (9–11). Vaccines are generally still regarded as an effective prophylactic treatment against severe disease (12, 13), presumably due to a continued T-cell response across variants (14–16).

Research has demonstrated a significant impairment in the antibody response among MS patients undergoing anti-CD20 therapies compared with healthy controls, whereas the T-cell response remains comparable with that of healthy individuals (17, 18). With the emergence of the Omicron variants as the predominant strains in the pandemic, the incidence of breakthrough infections has become evident even among vaccinated individuals.

The levels of B cells and the duration since the last infusion of anti-CD20 antibodies directly influence the production of antibodies following vaccination. Serum concentrations of ocrelizumab have thus been proposed as a biomarker for B-cell levels and may serve as a surrogate marker for humoral response following vaccination (19).

This study is a longitudinal, multicenter cohort study that follow participants with MS receiving anti-CD20 therapy from their first to fourth vaccination, including rates of infection confirmed by polymerase chain reaction (PCR).

The study aimed to compare humoral and cellular immune responses after a fourth SARS-CoV-2 vaccination in relation to previous vaccinations. Secondly, we wanted to evaluate the influence of SARS-CoV-2 PCR-confirmed infections on the immune response.





Method




Study population and design

Participants above 18 years of age were included from two Danish clinics with confirmed MS (2017 McDonald Criteria) receiving ocrelizumab (anti-CD20) therapy before treatment with the first mRNA SARS-CoV-2 vaccination (BNT162b2). The participants were followed prospectively throughout the pandemic until they received the fourth vaccination booster. The results from the first to third vaccinations and clinical outcomes of breakthrough infection are previously published (9–11).

Similarly to the previous studies, no other immunosuppressive treatment beyond infusion and relapse-related methylprednisolone was given to the participants during this study. All participants followed standard clinical practice by their treating neurologist and the interval of time between the second, third, and fourth vaccinations was not standardized (4).





Sample collection

Blood samples were collected at eight time points (visit 1–8). The visit overview is depicted in Figure 1. SARS-CoV-2 IgG anti-spike receptor binding domain (RBD) (anti-RBD) and SARS-CoV-2 nucleocapsid IgG antibody (anti-N) responses were measured at each visit. Anti-RBD levels from 0 to 7 days before the first vaccination (V1) were compared with the levels 0–7 days before the second booster vaccination (V2) and 2–4 weeks after the second booster vaccination (V3) concluding the first vaccination cycle at the beginning of the pandemic (10). Likewise, the levels 0–7 days before the third booster vaccination (V4) were compared with the levels 2–4 weeks after the third booster (V5) (9). Finally, the levels 0–7 days before the fourth booster vaccination (V6) were compared with 2–4 weeks (V7) and again 3 months (V8) after the fourth booster vaccination. Serum concentrations of ocrelizumab and antidrug antibodies (ADA) were analyzed at visits 1, 2, and 4.




Figure 1 | Study flowchart. Graphical illustration of the study flowchart from first to fourth SARS-CoV-2 mRNA vaccinations and blood samples before and after injections. V, visit number.



Peripheral blood mononuclear cells (PBMCs) were collected at V1, V3, V5, V7, and V8. Equally, activation-induced marker expressing CD4+ and CD8+ T-cells were compared between each visit.





Data collection

Blood samples were collected following international guidelines for biobanking. Venous blood was procured from a cubital vein into evacuated K2-EDTA or heparinized tubes. Plasma was aliquoted in 500-μL Sarstedt polypropylene tubes and stored at −80°C until batch analysis (10, 20).





Human peripheral blood mononuclear cell isolation

PBMCs were isolated from whole blood using density gradient centrifugation (Lymphoprep™) and cryopreserved using a DMSO-containing freezing medium and stored at −196°C until flow cytometric analysis (9).





Antibody assay and flow cytometry

We measured IgG antibodies against the SARS-CoV-2 spike RBD in plasma samples with the SARS-CoV-2 IgG II Quant assay (Abbott Laboratories), which is a quantitative chemiluminescent microparticle immunoassay (21). The assay was performed using the Abbott Alinity I platform according to the manufacturer’s instructions. This assay has shown excellent correlation with the first WHO (World Health Organization) International Standard for anti-SARS-CoV-2 immunoglobulin (NIBSC code 20/136) (22), enabling the issuing of immunogenicity results in standardized units; binding antibody units (BAU)/mL for a binding assay format as the SARS-CoV-2 IgG II Quant assay. The mathematical relationship of the Abbott AU/mL unit to the WHO BAU/mL unit follows the equation BAU/mL = 0.142 × AU/mL, corresponding to a lower limit of detection cutoff at 7.1 BAU/mL. The range of measurement with the described assay is 7.1 BAU/mL–5,680 BAU/mL.

Anti-N were determined using the SARS-CoV-2 IgG assay, a qualitative chemiluminescent microparticle immunoassay (Abbott Laboratories), to detect patients who were convalescent after COVID-19. Samples were tested according to the manufacturer’s instructions using a fully automated system. Samples ≥1.4 were interpreted as positive for anti-N.





PCR testing and breakthrough infection

Results of the SARS-CoV-2 PCR test were collected throughout the study. Data were collected from the Danish National Microbiology Database MiBa (Statens Serum Institut, Copenhagen, Denmark), as described in the study reporting breakthrough infection and clinical outcomes (11).





Serum concentration and antidrug antibody assay

The drug concentrations of ocrelizumab (ng/mL) were measured by quantitative assay. Qualitative assay determined ADAs with sandwich-ELISA. Samples were confirmed positive for antibodies to ocrelizumab if the percentage decrease in signal is at or above 38% using confirmatory reagent (Supplementary 1). Ocrelizumab concentration and ADA analyses were performed at PPD laboratories, Richmond, Virginia, US.





T-cell assay

PBMCs were thawed and resuspended in RPMI 1640 basal medium with 10 UI/mL DNase I. The cells were hereafter washed resuspended and equilibrated in RPMI 1640 basal medium with 10% FBS and 1% penicillin/streptomycin containing 1:1,000 brefeldin A. PBMCs were plated at 1 × 106 cells/well in 96-well round-bottom plates and stimulated for 4 h with 1 µg/mL spike peptide pools (Miltenyi Biotec, catalog 130-126-701). In all assays, 2% DMSO vehicle control was used for no stimulation and anti-CD3/anti-CD28 beads (1:100) as positive control.

Following stimulation, cells were washed in PBS with 1% BSA and stained for 30 min at 4°C in the dark with the following antibody panel: CD3 APC-Fire750 (1:600) CD4 SparkBlue-550 (1:400), CD8 BV570 (1:200), CD14 Pacific Blue (1:200), CD19 Pacific Blue (1:200), CCR7 BUV737 (1:50), CD45RA BUV395 (1:600), and CD69 BV650 (1:100), all BD Biosciences.

Cells were then washed in PBS with 1% BSA, fixed, and permeabilized using 1× Fix/Perm solution (BD) and 1× Perm buffer (BD) before staining with intracellular cytokine antibodies against IFNy (PE; 1:50) and TNFα (APC; 1:50; both BD). Activation-induced marker (AIM) positive T cells were defined by the expression of IFNy or TNFα of activated (CD69 positive) non-naïve (CD45RA−CCR7+, CD45RA−CCR7− or CD45RA+CCR7−) T cells (CD3+CD4+ or CD3+CD8+). AIM expression following spike peptide stimulation was subtracted from AIM expression following stimulation with no peptide-negative control to yield the frequencies of spike-specific T cells.





Standard protocol approvals, registrations, patient consents, and monitoring

Written and oral consent was given from all participants. The study followed national laws adhering to good clinical practice and was approved by the Danish National Committee on Health Research Ethics (Protocol no. S-20200068C) and Danish Data Protection Agency (journal no. 20/19,878) (9, 10).





Statistical analysis

All data were analyzed for normal distribution with D’Agostino–Pearson test. Continuous data were presented as the median with interquartile range (IQR). Then, anti-RBD values were converted with log-transformation to account for skewness of data, since a large proportion of the results were below the cutoff <7.1 BAU/mL. Mixed-effect analysis test was used to compare the results between visits. Simple linear regression analysis was used to determine the correlation between anti-RBD and variables such as ocrelizumab serum concentrations and the humoral response. The level of significance was defined as p<0.05.






Results




Study cohort

The median patient age in this cohort of MS patients was 49 years (range: 27–68 years). Participant baseline demographic and clinical characteristics are shown in Table 1. A total of 41 participants participated and were analyzed for IgG antibodies against SARS-CoV-2 in relation to all four mRNA vaccinations. CD4+ and CD8+ spike-specific T cells were analyzed from 26 (63.4%) participants. Blood samples were collected from 23/February/2021, to 16/September/2022, a period in which the Delta and Omicron variants dominated in Denmark. All participants were vaccinated with BNT162b2.


Table 1 | Baseline clinical and demographic characteristics.







Antibody levels in relation to the first three vaccinations

None of the participants had a previous history of COVID-19 prior to study inclusion, had no prior positive qPCR test, and were anti-N and anti-RBD negative at V1 (baseline). After the first mRNA vaccination, at V2, 12.8% of participants seroconverted and had developed anti-RBD with a median of 13.3 BAU/mL (IQR: 8.8 BAU/mL–136.9 BAU/mL), which increased to 33.3% after the second vaccination. At V3, the median anti-RBD level was 23.7 BAU/mL (IQR: 13.2 BAU/mL–370.7 BAU/mL). From the follow-up visit of the second vaccination to before the third vaccination (V3 to V4), the median time was 21.1 weeks (IQR: 14.5–23.0 weeks). At V4, SARS-CoV-2 antibody titers were increased compared with V3 in seropositive participants (median: 70.2 BAU/mL; IQR: 10.7 BAU/mL–110.4 BAU/mL), but the frequency of seropositive patients decreased to 20% of participants. After the third vaccination (V5), 22.2% of participants were seropositive with a median of 54.7 BAU/mL (IQR: 14.5–221.2 BAU/mL). The SARS-CoV-2 antibody titers increased significant from V1 to V3 (p=0.0324) (Figure 2) and no statistical difference was found from V3 to V5.




Figure 2 | Humoral response with specific antibody levels before and after vaccination. Specific SARS-CoV-2 IgG anti-RBD levels are given in binding antibody level (BAU)/mL (y-axis, log 10). Graph (A) illustrates SARS-CoV-2 IgG anti-RBD levels at each visit. The lowest level of detection was 7.1 BAU/mL and is indicated with a dotted line. Results <7.1 are indicated on the line. Graph (B) illustrates antibody levels in paired samples. Graph (C) demonstrates the median and interquartile range (IQR) of all samples. Mixed-effect analysis test was used to compare the results between visits. Only significant results are depicted in graph (C). *p < 0.05; **p < 0.01.







Antibody levels before the fourth vaccination

The proportion of participants with detectable anti-RBD at V6 (n=34) increased substantially before the fourth booster vaccination, where 55.9% of participants had measurable anti-RBD. Of the seropositive participants, the median antibody level was 607.7 BAU/mL (IQR: 29.4 BAU/mL–784.6 BAU/mL). Compared with V5, anti-RBD were increased, and nine participants seroconverted to a detectable anti-RBD (784.4 BAU/mL; IQR: 647.4–898.9) and two participants converted from a positive to negative response (Figure 2). There was a significant increase in the SARS-CoV-2 antibody response from V5 to V6 (p=0.0148). The median time between third and fourth vaccination was 24.9 weeks (IQR: 20 – 26.3) (Table 1).





Antibody levels after the fourth vaccination

After the fourth SARS-CoV-2 vaccination (V7) (median 4 weeks; IQR: 3.6–5), 18 out of 28 (64.3%) participants demonstrated a seropositive response with a median of 541.8 BAU/mL (IQR: 19.1–1007 BAU/mL) (Figure 2C). Comparing the results after the third and fourth vaccinations (V5 and V7), paired results were available in 25 participants, of whom 5 out of 25 (20%) had detectable anti-RBD at both V5 and V7 with a median of 378.9 BAU/mL (range: 14.01 BAU/mL–806.3 BAU/mL) after the fourth vaccination. However, a total of 11 previous seronegative participants at V5 developed a detectable anti-RBD response after the fourth vaccination (median 630.3 BAU/mL; IQR: 21.8–1001). At V8 (n=30), detectable anti-RBD was measured in 18 participants (60%) but the level decreased to a median of 306.6 BAU/mL (IQR: 20.3 BAU/mL–422.3 BAU/mL) after a median of 9.2 weeks (IQR: 9.0–11.5 weeks). Between the third and fourth vaccinations (V5 to V7), the SARS-CoV-2 antibody titers significantly increased (p=0.0032) before decreasing between V7 and V8 (p=0.0113). The time between the fourth vaccination (R2= 0.008, p=0.660) or the nearest anti-CD20 infusion (R2 = 0.010, p=0.709) did not affect the SARS-CoV-2 antibody titers (Figure 2).





Breakthrough infection and the relation to the fourth vaccination

PCR test results were available from 36 participants. The breakthrough infection rate was 75% where two participants had a positive PCR test after they received the fourth vaccination (2 and 5 weeks, respectively). Analysis of anti-N only found reactivity in two participants, one at V7 and one at V9. The remaining 25 participants had positive test results before the fourth vaccination with a median of 8.5 weeks (IQR: 3.68–12.04 weeks). Of all tested participants, 12 (33.3%) infected participants had detectable anti-RBD at V6 (median 697.2; IQR: 600.9 BAU/mL–789.8 BAU/mL).

Infected participants with a seropositive response at V7 increased to 15 (41.7%), but SARS-CoV-2 antibody titers decreased in the same period with a median of 496.7 (IQR: 19.21 BAU/mL–784.9 BAU/mL). Similarly, SARS-CoV-2 antibody titers continued to decrease at V8 in the infected group of participants, where 14 participants had a median of 306.6 BAU/mL (34.53 BAU/mL–422.3 BAU/mL).





Spike-specific CD4+ and CD8+ T cells

The frequency of spike-specific CD4+ and CD8+ T cells at V1 (n=26) had a median of 0.03 × 109 cells/L (IQR: 0.01–0.25) and 0.02 × 109 cells/L (IQR: 0.01–0.08), respectively. As previously reported, the frequency increased rapidly at V3 (n=24), where the median of CD4+ was 1.6 × 109 cells/L (IQR: 0.45–3.23) and 0.55 × 109 cells/L (IQR: 0.09–1.57) for CD8+ spike-specific T cells (p ≤ 0.0001). The frequency continued to increase after the third vaccination booster, and results at V5 (n=22) demonstrated a CD4+ median of 2.14 × 109 cells/L (IQR: 0.64–4.73) and CD8+ median of 1.85 × 109 cells/L (IQR: 0.29–8.18). The increase was only significant for CD8+ cells compared with V3 (p=0.0489) (Figure 3).




Figure 3 | Activation-induced markers of CD4+ and CD8+ T cells. Scatter plot graph depicting frequencies of spike-reactive CD4+ and CD8+ cell median with IQR at V1, V3, V5, V7, and V8. Y-axis in two segments ranging 0%–1% and 1%–10% for CD4+ and 0%–10% and 10%–30% for CD8+. AIM, activation-induced markers of positive T cells.



When comparing the spike-specific T cells continuously after the third and fourth vaccinations,
the frequency decreased but not between V5 and V7 (n=16), where the median of CD4+ and CD8+ was 0.86 × 109 cells/L (IQR: 0.21–3.42) and 2.61 × 109 cells/L (IQR: 0.41–6.06), respectively. Similarly, there were changes in spike-specific T cells at V8 (n=15) (median 1.73 × 109 cells/L; IQR: 0.26–3.93 and 1.59 × 109 cells/L; IQR: 0.86–7.16). Breakthrough infection did not affect frequencies of spike-specific T cells, and no difference was found between V5, V7, and V8. At V7, the time between the third and fourth vaccinations did not correlate with the T-cell levels (CD4+: R2= 0.01, p=0.700; CD8+: R2 = 0.0001, p=0.969). Likewise, the timing between vaccination and infusion did not affect the T-cell response (CD4+: R2= 0.0425, p=0.444; CD8+: R2 = 0.0004, p=0.940).





Serum concentrations of ocrelizumab (PK levels)

The serum was analyzed at V1, V2, and V4 before the first three mRNA vaccinations. The median concentration of ocrelizumab at V1 was 3,870 ng/mL (IQR: 1,630–5,915). The serum concentration decreased at V2 with a median of 1,630 ng/mL (IQR: 683.5–2,830) (p ≤ 0.0001), and lastly, an increase at V4 with a median of 3,870 ng/mL (IQR: 1,710–19,500) (p=0.0003). There was no correlation between serum concentrations of ocrelizumab and the subsequent levels of SARS-CoV-2 antibody titers and frequency of spike-specific CD4+ and CD8+ T-cells at V2 (R2 = 0.03, p=0.416), V3 (R2 = 0.41, p=0.529), and V5 (R2 = 0.02, p=0.575). ADA was not detected at any timepoint in the participants during the study.






Discussion

This longitudinal cohort study examines the humoral and cellular immune response pre- and post-administration of four doses of SARS-CoV-2 mRNA vaccines. A subset of participants (75%) experienced clinical and PCR-confirmed infection between the third and fourth vaccinations. The findings indicate that the individuals treated with ocrelizumab displayed lower proportions and levels of SARS-CoV-2-specific antibodies compared with those in healthy controls. Notably, anti-RBD levels significantly increased following clinical and PCR-confirmed infection, aligning with observations in healthy controls (23–25). T-cell reactivity post-vaccination was similar to that of healthy controls and remained unaffected by clinical infection.

Initially, the study assessed longitudinal levels of anti-RBD and observed a remarkable increase in both the development of levels and seropositivity-specific anti-RBD before and after the fourth vaccination. Following the fourth vaccination, over half (55.9%) of the participants had specific anti-RBD, in contrast to 22.2% after the third vaccination. Moreover, the median levels of anti-RBD increased from 54.7 BAU/mL to 541.8 BAU/mL post-infection and fourth vaccination. Our findings suggest that breakthrough infections have a greater impact on the humoral response more profoundly than continuous vaccination. Additionally, patients experiencing breakthrough infection did not elicit anti-N antibodies (except in two cases), indicating that the significant boost in anti-RBD after infection could be a result of previous vaccinations. These findings underline previous research indicating that initial infection boosts the humoral response to subsequent vaccination, even in patients undergoing treatment with ocrelizumab (23–25) (Figure 2). Furthermore, novel bivalent vaccines have demonstrated greater efficacy in preventing breakthrough infections caused by current virus variants in immunosuppressed individuals (26). However, breakthrough infections did not lead to severe disease progression in participants with B-cell-depleted participants (11). Evaluating the seroconversion for detectable humoral responses, the most significant change occurred between V5 and V6 (median 21 weeks), with the proportion increasing from 22.2% to 55.9%, respectively (Figure 2). Among the participants with detectable anti-RBD at V6, prior to the fourth mRNA vaccination, 77.8% had been seronegative after the third vaccination, implying that the alteration in the humoral response was not influenced by vaccination. Consequently, the seroconversion was attributable to the occurrence of SARS-CoV-2 infection. Following administration of the fourth vaccination at V7, the number of seropositive participants peaked with 64.3% displaying detectable anti-RBD, indicating the ongoing efficacy of the vaccine in inducing seroconversion in participants receiving anti-CD20 therapy. The median interval between V7 and V8 was 9.2 weeks, during which three participants transitioned to a seronegative status. These individuals had low antibody titer <20 BAU/mL at V7, confirming the trend of decreasing levels of circulating anti-RBD post-vaccination, observed in both immunosuppressed and healthy individuals (9, 27, 28).

Anti-N was analyzed because of the potential utility as a marker in the screening and diagnosis of patients with COVID-19. Only two participants exhibited anti-N at two timepoints. This prevalence is notably lower compared with findings from involving healthy controls and solid organ transplant recipients. Unfortunately, anti-N was not assessed at the time of infection (range: 0.3–16.4 weeks). However, the detection in immunosuppressed patients up to 9 months postinfection suggests limited or negligible clinical significance in B-cell-depleted patients (29, 30).

We observed a persistent T-cell response following the administration of the second to fourth doses of SARS-CoV-2 vaccine compared with the earlier visits. The T-cell reactivity appeared to be better preserved than antibody levels among the study participants. The findings align with those reported in studies focusing on the initial three vaccinations in both immunosuppressed and healthy individuals (9, 11, 31, 32). Figure 3 illustrates that the cellular response plateaued after the initial vaccination and has remained stable through V5–V8, regardless of the following vaccinations and breakthrough infection.

There was no correlation between anti-RBD or the frequency of spike-specific T-cell response and the duration between the third and fourth vaccinations. Similarly, the timing between vaccination and anti-CD20 infusion did not influence the immune response to vaccination. However, participants in our study received a standard interval of 24 weeks between ocrelizumab infusions, and the relationship between the time since the last infusion and antibody levels has primarily been observed in studies investigating extending dosing intervals (33, 34). This observation indicates that timing has minimal influence, contrary previous conclusions, highlighting instead the significance of breakthrough infections on the humoral and cellular reactivity observed in our participants (25). Serum concentrations of ocrelizumab were analyzed in 25 participants (61%) at V1, V2, and V4, corresponding to the periods before the first, second, and third vaccinations, respectively.

Finally, we performed a simple linear regression analysis of anti-RBD response and serum concentrations of ocrelizumab at all timepoints, revealing no significant correlation. This contrasts with a previous study that reported a significant association between antibodies and drug concentrations (19). However, the study reported results in arbitrary units (AU/mL), whereas our study utilized international standardized binding antibody units (BAU)/mL. Additionally, different assays were used in the two studies, which could contribute to the differences observed. In a recent study on extended interval dosing with ocrelizumab, the elimination of ocrelizumab in serum exceeds the infusion interval and absence of ocrelizumab in the blood of treated patients only occurs if the dosing interval is extended. B-cell repopulation almost only occurs if the dosing interval is extended. Thus, it limits the possibility of B-cell repopulation which is crucial for the humoral response within the current study design (35).

This study had certain limitations. The limited timeframe for collecting blood samples led to instances of missing samples. Furthermore, the T-cell analysis was conducted solely at one of the three MS centers, involving 26 participants. Additionally, the study did not include a healthy control group. In general, the number of participants is limited; however, the longitudinal design in the context of the pandemic is novel to current literature.

In conclusion, this longitudinal cohort study provides data on the humoral and cellular response from first to fourth mRNA SARS-CoV-2 vaccination. Overall, we observed low levels, or the absence of specific anti-RBD following vaccination, with a significant increase after breakthrough infections and the fourth vaccination. The T-cell reactivity remained sustained and unaffected by breakthrough infections. Furthermore, we observed no correlation between ocrelizumab concentration, and the levels of specific anti-RBD.
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