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Introduction

Multiple myeloma (MM) is an uncontrolled plasma cell proliferation in the bone marrow, leading to immune dysregulation with impaired humoral immune responses. Conversely, cellular-based responses play a vital role in MM patients. However, the extent and duration of cellular-induced protection remain unclear to date. Here, immunomodulatory drugs (IMiDs) like Lenalidomide (Lena) become interesting, as they may have stimulatory effects on T-cell functioning.





Methods

In this study we investigated immune responses elicited by COVID-19 vaccine or infection comparing 43 healthy volunteers (avg. 35y, 72.1% female, 81.4% previously COVID-19 infected), with 41 MM patients under Lena maintenance therapy (avg. 63.8y, 51.2% female, 61% previously COVID-19 infected). Humoral responses to SARS-CoV-2 spike (S), spike-RBD, and nucleocapsid (N) were measured via ELISA in subjects’ plasma. Freshly isolated PBMCs, incubated with SARS-CoV-2 peptides (N, S), activation induced marker (AIM) assays and flow cytometry, allowed us to assess cellular responses (CD8+ T, T(F)H: CD4+ T (follicular) helper).





Results

Whereas healthy controls showed significant better humoral responses (N IgA p<0.001), T cell responses were robust in the MM group (higher S-act. TH, p<0.001). Stratified by COVID-19 status, the MM group showed higher N-act. TH (p=0.03). These results were unchanged comparing a Lena intake with Lena break around vaccination.





Discussion

Taken together, MM patients under Lena therapy exhibit weakened antibody production but present a robust T cell response following SARS-COV-2 infection or vaccination. Our results highlight the importance of vaccination in this subgroup and moreover, argue against a Lena intake break around the time of vaccination.
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Highlights

	Despite lower antibody levels, T cell responses to SARS-CoV-2 vaccination in multiple myeloma patients are comparable to healthy controls.

	Taking a break from immunomodulatory therapy did not enhance vaccine responses in patients.







Introduction

Multiple myeloma (MM) is characterized by an uncontrolled proliferation of clonal plasma cells in the bone marrow (BM), leading to immune dysregulation (1). Prolonged drug administration in these patients may further impair immunity and contribute to an enhanced risk for infections (2). The COVID-19 pandemic has highlighted this problem, as high infection and mortality rates were particularly reported in this population (3–7). While MM therapy is more effective than ever, we face a significant B cell depletion using most treatments. Weaker humoral immune responses (2, 8, 9), and drastically reduced seroconversion rates following exposure to a viral antigen via infection or vaccination were especially observed in patients receiving combined treatment regimens (10, 11). In healthy individuals, humoral and cellular responses to infection or vaccination are equally represented (12). Instead, patients with MM may rely on protection through cellular-based responses (13–15) to compensate insufficient humoral reactions (16, 17), although the current data remain inconclusive (18). Since next to antibodies, mRNA-based vaccines also induce CD4+ T cells as well as CD8+ T cells responses (19), they may offer effective protection in individuals with impaired humoral immunity such as patients with MM. However, cellular immune responses could be further negatively influenced by other patient- or treatment related factors such immune dysfunction or lymphopenia associated with the presence of cancer cells in the body, anti-cancer treatments, or advanced age (13, 20).

Interestingly, treatment effects may not be in all cases negative. Immune checkpoint-inhibiting molecules, or Lenalidomide (Lena), an immunomodulatory drug (IMiD) frequently used in MM, may in fact rather stimulate immune cells (21), and thus also augment immune responses to pathogens. The unpredictability of a cellular response in the context of a low or absent humoral response are however a great concern of patients as well as treating physicians. In this study, we investigate humoral and cellular responses elicited by COVID-19 vaccine or SARS-COV-2 infection in MM patients with Lena maintenance therapy in comparison to healthy individuals, to explore the effects on immune responses.





Patients and methods




Study population and clinical data acquisition

The study included MM patients treated with ongoing or prior Lena maintenance therapy between 05/2022 and 10/2023 in the Department of Internal Medicine II of the University Hospital Tübingen. Healthy volunteers served as controls. In both groups, HIV- or hepatitis C infections as well as a hemoglobin level < 10 g/dl were exclusion criteria due to ethics regulations and the aim to reduce confounding factors. Healthy controls were additionally excluded if any history of immunosuppression, e.g. long-term glucocorticoids, was reported. After study inclusion, all study participants completed a questionnaire (Supplementary Material 1) that addressed pre-existing conditions, medication intake (for MM patients: duration and intake break of Lena), COVID-19 vaccinations, and COVID-19 infections (tested by antigen rapid test or PCR) with its subjective severity. A Lena intake break was defined as 7 days break in sum before and/or after the vaccination. For MM patients, electronic medical records were reviewed regarding disease subtype, therapy lines, remission status [defined based on the international myeloma working group (IMWG) criteria (22)], neutropenia (defined <1000/µl), lymphopenia (defined <500/µl), quantitative immunoglobulin levels (severe hypogammaglobulinemia defined <400 mg/dl), Lena dosage per day, as well as supportive intravenous immunoglobulin (IVIG) therapy, using the following hospital databases. The study was approved by the institutional Ethical Committees in accordance with the Declaration of Helsinki (no. 143/2022BO2). All patients and controls provided informed consent before study inclusion.





Analysis of SARS-CoV-2 T cell responses

SARS-CoV-2-specific CD8+ and CD4+ T cell responses were examined. T cell activation (act.) was measured using an activation induced marker (AIM) assay (CD69+CD137+ for CD8+ and CD25+CD134+ for CD4+ T cells) on fresh isolated peripheral blood mononuclear cells (PBMCs). PBMCs were isolated in Ficoll-Paque (density 1.077 g/ml, PAN biotech) using Sepmate tubes. The cells were resuspended in culture medium, consisting of 5% autologous plasma and 95% RPMI (RPMI-1640 +Penicillin G/+Streptomycin sulfate, Gibco) and incubated in 96 well plates up to 24 hours at 36°C and 5% CO2 concentration with different SARS-CoV-2 peptides (N: PepTivator SARS-CoV-2 Prot_N 1μg/ml, 130-126-698, Miltenyi Biotec, GenBank MN908947.3, Protein QHD43423.2; S: PepTivator SARS-CoV-2 Prot_S Complete 1μg/ml, 130-127-951, Miltenyi Biotec, GenBank MN908947.3, Protein QHD43416.1), resulting in T cell responses directed against the total S protein and N. As positive control we performed phytohemagglutinin (PHA, 5μg/ml) stimulation. Sterile water served as negative control. Its values were subtracted from all measurements to eliminate background interference. Surface staining with anti-human antibodies (Miltenyi Biotec, Supplementary Table S1) enabled the detection of activated S CD8+ T cells, CD4+ T follicular helper (TFH) and CD4+ T helper cells (TH cells) via flow cytometry (BD FACSLyric). The specimens were fixed using a 2% solution of paraformaldehyde (PFA) prior to assessment. A positive T cell response was determined by a magnitude equal to or greater than 0.1%.





Analysis of SARS-CoV-2 antibody responses

To explore immune responses elicited by COVID-19 vaccine or SARS-CoV-2 infection, we employed a two-pronged, non-quantitative approach. First, we determined antibody responses (IgA and IgG) by ELISA from subjects´ plasma against Spike (S) 1 protein (recombinant SARS-CoV-2 Spike Protein, target concentration 0.1 µg/ml, Sino Biological), spike-receptor binding domain (RBD) (SARS-CoV-2 Spike protein (RBD)-His tag, target concentration 0.3 µg/ml, GenScript) and Nucleocapsid (N) (recombinant SARS-CoV-2 (2019-nCoV) Nucleocapsid Protein-His tag, target concentration 0.1 µg/ml, Sino Biological). COVID-19 infection status was detected by anti-N IgG antibodies and verified by spike-RBD ELISA. Test antigens were diluted with bicarbonate buffer. Nunc plates were coated with a dilution of test antigen, blocked with a wash buffer containing PBS (phosphate-buffered saline) and BSA (bovine serum albumin), and subsequently incubated with anti-human antibodies (IgG and IgA, respectively), followed by the addition of substrate (citrate buffer, O-Phenylenediamine, and Hydrogen Peroxide). Control sera were used as comparison. Antibody responses were quantified in arbitrary units relative to the control sera. The cut-off thresholds, indicative for both positive reactivity and onset of seroconversion, were calculated as the sum of the mean value plus three times the standard deviation of control sera (Table 1). Additionally, we defined a seroconversion rate based on Spike-1 IgG responses.


Table 1 | Determined cut-off thresholds for positive antibody results in the performed ELISAs.







Statistical analysis

Statistical analyses were performed using the Software Excel (Microsoft Office Professional Plus v. 2312) and GraphPad PRISM version 9.4.1 (681). Patient characteristics were expressed as frequencies or categorical variables. Categorical data was compared via Chi-squared-test (χ2) or exact Fisher-test. Continuous variables were further statistically examined using the Mann-Whitney-U-test to compare experimental data (antibody levels, T cell responses) in relation to clinical data (age, gender, diagnosis, and treatment status). Correlations between antibody and T cell responses were computed using Spearman correlation. Due to the limited sample size, non-parametric tests were used in most instances. All tests of significance were two-sided, and a p-value<0.05 was considered significant. When using boxplots for visualization, we displayed mean values as horizontal lines within the bars. Outliers are represented as individual points. Significant differences between groups are graphically indicated by asterisks: single asterisk (*) = significance level of p<0.05, double asterisk (**) = significance level of p<0.01.






Results




Study population, patient characteristics and treatment history

Forty-three healthy controls and forty-one MM patients (MM subtype: n=24 IgG kappa, n=7 light chain MM, n=5 IgA kappa, n=5 IgG/IgA lambda) with prior or ongoing Lena maintenance therapy were included. Healthy controls were on average 35 years old (range 21-61) and 72.1% (n=31) were female. The average age of MM patients was 63.8 years (range 47-78) and 51.2% (n=21) were female. MM patients were significant older compared to healthy controls (p<0.001).

At enrollment, 73% (n=30) MM patients were in complete serological remission (CR), 7.3% (n=3) showed a very good partial response (VGPR), loss of CR, partial remission (PR) with stable disease (SD), and 4.8% (n=2) had progressive disease (PD). In line, thirty-nine out of 41 patients were still on 1st line treatment. Eleven patients received monthly IVIG support. Lab tests at study enrollment showed stable blood counts with neutropenia or lymphopenia in 12.1% (n=5) each, and severe hypogammaglobulinemia in 9.7% (n=4) MM patients. All MM patients received proteasome inhibitors (PI) and IMiD-based treatment. The induction therapy combined a triplet (n=13) or, more recently, a quadruplet regimen (n=23, added anti-CD38 in n=16 and anti-SLAMF7 monoclonal antibody in n=7). High dose melphalan chemotherapy followed by autologous stem cell transplantation (HDC/ASCT) was administered to all but one patient. Tandem transplantations were performed in eleven patients, and six patients were less than 1-year post-HDC/ASCT at study enrollment. While the entire group started on Lena maintenance, 82.9% (n=34) were still taking Lena daily. 17% (n=7) discontinued Lena, mainly due to intolerable side effects and presented without myeloma-specific therapy. One patient developed secondary malignancy (malignant melanoma) and discontinued Lena during the nivolumab treatment. The average Lena treatment duration in the whole group was 4.7 years (range 1-23), with an average dosage of 9.85 mg/day (range 5-15 mg/day) in the group with ongoing Lena treatment. Clinical characteristics are summarized in Table 2.


Table 2 | Multiple myeloma group; patient and therapy characteristics.







SARS-CoV-2 vaccination and infection history

Forty out of 43 healthy controls (93.0%) and 38 of 41 MM patients (92.6%) received COVID-19 vaccination. 81.4% (n=35) versus 61% (n=25) reported at least one prior COVID-19 infection (p=0.1323). Vaccinations were distributed as follows: In the healthy control group, 81.74% received Comirnaty (1st and 2nd dose BNT162b2 30 µg monovalent or 15/15 µg Original/OmicronBA.4-5 bivalent and Original/Omicron BA.1 15/15 µg bivalent as booster 3rd and 4th), 8.7% Spikevax (1st and second dose mRNA-1273 100 µg and 3rd and 4th dose 50 µg monovalent or 25/25 µg Original/Omicron BA.1 bivalent as booster), 7.83% Vaxzevria (AZD1222 0.5 ml), and 1.74% Jcovden (INN-Ad26.COV2-S 0.5 ml). In the MM group 80.77% received Comirnaty (additional information see above), 15.38% Spikevax, and 3.85% Vaxzevria. Of the 78 vaccinated study participants, 32 of 40 (80%) healthy controls and 24 of 38 (63.16%) MM patients reported at least one SARS-COV-2 infection (Figure 1). The time elapsed since the last antigen encounter (vaccination or infection) was considered in statistical analysis, showing no significant difference between the healthy and the MM group (p=0.131 and p=0.209, respectively). MM patients were vaccinated more frequently (median vaccinations 4 vs. 3, p<0.001) compared to healthy individuals. To further homogenize these facts, we additionally performed balanced analyses for vaccination frequency and age. The patient flow is outlined in Figure 1.




Figure 1 | Patient flow. Illustration of the composition of the entire cohort, including healthy controls and Myeloma patients. The number of vaccinated study participants as well as the number of Myeloma patients under Lenalidomide maintenance is depicted. Both study groups can be further divided into no COVID-19 and COVID-19 infection (at least one positive antigen test or PCR).







Analysis of SARS-CoV-2 T cell responses in the whole cohort

MM patients showed better T cell responses, independent of COVID-19 status, presenting with higher S act. and N act. TH cell frequencies compared to healthy controls (S: p=0.0076, Mann-Whitney=526.0; N: p=0.043, Mann-Whitney=590.5, Figure 2). The PHA positive controls were not showing any significance difference between both TH groups (p=0.368) indicating an antigen-specific difference in response (Supplementary Figure S1).




Figure 2 | Boxplot comparing T cell responses [CD4+ T follicular helper (TFH), CD4+ T helper cells (TH cells), CD8+ T cells] from healthy individuals (control group, in blue) to MM patients with ongoing or prior history of Lena intake (in red), independent of their COVID-19 status. X-axis: T cell activation against SARS-CoV-2 nucleocapsid protein (N) and spike protein (S). Y-axis: respective percentages (%) of activated T cells. In the MM group, significant more S activated (**p=0.0076) and N activated TH cell frequencies (*p=0.043) were seen. Data is represented in a box plot diagram indicating media, Q1 and Q3 with min/max as whiskers.



When the same comparative analysis was performed taking into account the COVID-19 status, act. T cell frequencies were again higher in the MM group (Figure 3). Among individuals with prior COVID-19 infection, this difference reached significance for N act. TH cells (p=0.03, Mann-Whitney=252.5, Figure 3A), while a trend was observed for S act. TH cells (p=0.056). In the no COVID-19 group, T cell frequencies were by trend superior in the MM patients compared to the control group (Figure 3B).




Figure 3 | Boxplot comparing T cell responses [CD4+ T follicular helper (TFH), CD4+ T helper cells (TH cells), CD8+ T cells] from healthy individuals (control group, in blue) to MM patients with ongoing or prior history of Lena intake (in red), dependent on their COVID-19 status. X-axis: T cell activation against SARS-CoV-2 nucleocapsid protein (N) and spike protein (S). Y-axis: respective percentages (%) of activated T cells. (A) (top): COVID-19 group, in the MM group significant more N activated TH cells (*p=0.03) and a trend to significance for S activated TH cells (p=0.056) were seen. (B) (bottom): No COVID-19 group, no significant differences in T cell frequencies. Data is represented in a box plot diagram indicating media, Q1 and Q3 with min/max as whiskers.



In total, we observed 75.6% and 72.1% T cell responses in the MM and healthy group (frequency of AIM+ cells > 0.1%), respectively. In detail, we saw a more dominant S-specific T cell response in the MM patients compared to healthy individuals (73.2% vs 67.4%), whereas N-specific responses were less pronounced (39.0% vs 18.6%). In most cases, the T cell response of our MM patients was triggered by both CD4+ and CD8+ (48.4%), followed by CD4+ dominated responses (45.2%), while few MM patients (6.4%) showed a response solely mediated by CD8+. Since MM patients were vaccinated more frequently (median 4 vs. 3), we rechecked TH cell responses by balancing the number of vaccinations in both cohorts. As a result, we had n=27 MM patients and n=30 healthy controls with an equal median vaccination count of 3. Using the same statistical procedures, we were now unable to identify any group differences regarding T cell frequencies against N (TFH p=0.274, TH p=0.179, CD8+ p=0.901) or S (TFH p=0.463, TH p=0.072, CD8+ p=0.463), independent of their COVID-19 status. T cell responses were comparable between healthy and MM individuals.





Analysis of SARS-CoV-2 antibody responses in the whole cohort

Analyses performed independently of the COVID-19 status showed better antibody responses in healthy controls versus MM patients, also after balancing for vaccination (N IgA levels p<0.001, Figure 4). When analyses were performed taking COVID-19 status into account, higher N IgA responses in healthy controls remained robust (COVID: p=0.022, No COVID: p=0.001, Figure 5). The superior antibody responses of healthy controls in the originally defined ‘no Covid’ group were most likely attributable to asymptomatic viral exposure in this cohort. The observation in N IgA responses was by trend accompanied by enhanced levels of N IgG (p=0.078), Spike-1 IgA and Spike-RBD IgA (both p=0.069), all of them independent of the COVID-19 status. In contrast, Spike-1 IgG and Spike-RBD IgG were not significantly different but by trend showed higher antibody levels in MM versus healthy controls, excluding COVID-19 exposure history (mean S1 IgG: 44.2 vs. 40.88, mean S-RBD: 43.55 vs. 41.50, p=0.786). Regarding seroconversion rates in our cohort, we counted 85.4% and 93.0% seropositive MM patients and healthy individuals, respectively. The 14.6% (n=6) MM patients with seronegative profile presented the following accompanying T cell responses: 50% (n=3) did not elicit any S directed T cell response, and the other 50% (n=3) exhibited mixed T cell responses. All antibody results, measured against their defined thresholds, are listed in Table 3.




Figure 4 | Boxplot comparing antibody responses [IgA, IgG] from healthy individuals (control group, in blue) to MM patients with ongoing or prior history of Lena intake (in red), independent of their COVID-19 status. X-axis: antibody against SARS-CoV-2 spike protein (S1), spike-RBD and nucleocapsid protein (N). Y-axis: arbitary units of antibody levels. The control group presented with significant higher N IgA levels (****p<0.001). Data is represented in a box plot diagram indicating media, Q1 and Q3 with min/max as whiskers.






Figure 5 | Boxplot comparing antibody responses [IgA, IgG] from healthy individuals (control group, in blue) to MM patients with ongoing or prior history of Lena intake (in red), dependent on their COVID-19 status. X-axis: antibody against SARS-CoV-2 spike protein (S1), spike-RBD and nucleocapsid protein (N). Y-axis: arbitary units of antibody levels. (A) (top): COVID-19 group, (B) (bottom): No COVID-19 group. The control group presented with significant higher N IgA levels (COVID-19 group: *p=0.022, No COVID-19 group: **p=0.001). Data is represented in a box plot diagram indicating media, Q1 and Q3 with min/max as whiskers.




Table 3 | Positive antibody responses measured against their defined thresholds.



Considering the significant age difference between the healthy and the MM group, we performed an age matching. Here, 11 controls and 11 MM patients got matched. Apart from the known significant difference in N IgA values (p<0.001), no new insights were gained regarding humoral and cellular responses. In addition, antibody and T cell responses did not differ based on the elapsed time since HDC/ASCT (in all comparisons p>>0.05). Similarly, we observed no difference in antibody and T cell responses based on the remission status of the patients (CR vs. no CR, in all comparisons p>>0.05).





Correlation analysis in the whole cohort

Correlation analysis revealed a negative correlation between age and N act. CD8+ T cells (p=0.016, r = -0.373) in the MM group, while no association was observed among the healthy controls. Furthermore, no other significant correlations or trends between age and immune responses could be seen. Exploring the association between humoral and cellular responses, we identified different patterns comparing the healthy and MM group. Whereas antibody responses correlated significantly with N-specific T cell responses in healthy individuals, MM patients showed a significant correlation to S-specific T cell responses (Supplementary Table S2). Notably, also CD8+ cells and anti-spike RBD IgG showed a strong positive correlation (p=0.001, r=0.5) in MM patients.





Vaccination responses in the myeloma group divided by Lena intake and Lena break

Given the immunomodulatory effect of Lena on T cells and debates about intake breaks around vaccinations, we scrutinized the impact of Lena breaks (≥7 days) around the vaccination in our cohort. We had information about n=14 and n=16 MM patients who reported an intake break and continued intake during vaccination (intake group) in the questionnaire, respectively. From n=4 MM patients no information was provided. We found no significant differences regarding T cell (Figure 6A) and antibody (Figure 6B) responses between Lena intake and break group, independent of their COVID-19 status. T cell responses in the intake group, however, showed a trend towards higher S activated CD8+ T cell frequencies (TFH p=0.802, TH p=0.802, CD8+ p=0.235). Regarding N activated T cells, this trend was reversed. Detailed statistics are outlined in Table 4. Patients with continued intake had shorter times since last vaccination (p=0.024) by equal vaccination counts (p=0.099). In the intake group, more patients were less than two years under Lena maintenance, compared to the break group. No significant difference was detected in other potentially confounding factors such as age (p=0.47), gender (p>0.99) or time since last infection (p=0.24). Regardless of the break status, the time since the last infection was not different between groups (p=0.240). In correlation analysis we saw a negative correlation between spike RBD IgA and the duration of Lena break (p=0.016, r = - 0.435), as well as with S CD8+ (p=0.030, r = - 0.396) and a trend to significance with Spike-1 IgA (p=0.058) and spike RBD IgG (p=0.052). Indicating potentially reduced immune responses because auf Lena intake break.




Figure 6 | Boxplot comparing in (A) (top) T cell responses [CD4+ T follicular helper (TFH), CD4+ T helper cells (TH cells), CD8+ T cells], and in (B) (bottom) antibody responses [IgA, IgG] from MM patients with Lena intake break (in blue) to MM patients with ongoing Lena intake (in red). X-axis: (top) T cell activation against SARS-CoV-2 nucleocapsid protein (N) and spike protein (S); (bottom) antibody against SARS-CoV-2 spike protein (S1), spike-RBD and nucleocapsid protein (N). Y-axis: (top) respective percentages (%) of activated T cells; (bottom) arbitary units of antibody levels. No significant differences could be found in group comparison analysis. Data is represented in a box plot diagram indicating media, Q1 and Q3 with min/max as whiskers.




Table 4 | Comparison of T cell and antibody responses dependent on Lenalidomide intake or break around COVID-19 vaccination using Mann-Whitney U-Testing.








Discussion

In this work, we investigated the immune responses after SARS-CoV-2 vaccination or infection in MM patients with an ongoing or prior history of Lena maintenance therapy. Healthy individuals served as control group. Our main goals were (1) to investigate humoral and cellular vaccine responses, and (2) to identify the role of Lena in the context of vaccination in this specific population. The most important finding is that we observed comparable T cell responses to SARS-CoV-2 between MM patients and healthy controls in our experiments. In contrast, antibody responses were significantly weaker in the MM cohort. Alike previous studies, we underline the assumption, that humoral and cellular immunity are differently mediated in immunocompromised patients compared to healthy individuals and are not inevitably associated to each other (8, 15, 23–25). The following discussion of our results will provide important insights for a better understanding of this increasingly investigated topic. First, considering the quantitative superiority of vaccination counts in the MM group, MM patients with an ongoing or prior history of Lena intake even achieved better T cell responses in comparison to healthy individuals. Putting our results in context with previous studies on haematologic cancer patients, the T cell responses in the MM group are located in the upper part with 75.6%, compared to the wide range of 26% - 75.6% reported cellular responses (8, 9, 11, 26). In line with the better T cell responses of the MM group, we documented a higher rate of SARS-CoV-2 infections in the healthy group (80%) compared to the MM group (63.14%). As explanation, besides the better T cell vaccine response, one can also imagine a stricter behavioral protection of the immunocompromised group. But in addition, the significant older age in the MM group and the known associated immuno-senescence should have led to worse immune responses. To exclude any bias, we complemented a subgroup analysis with age-matched healthy individuals, which revealed unchanged good T cell responses in the MM group. The comparable T cell responses despite the higher age in the MM group suggest a potential for immunomodulatory therapy with Lena in MM patients around vaccination. However, it is to note that this subset was substantially smaller than the total cohort which reduces the robustness of these results.

The fact that there are scant and non-evidence-based recommendations regarding Lena intake around vaccinations prompted us to compare patients who paused the medication with those who did not. The impact of a Lena break ≥ 7 days around vaccination showed no negative or positive effect on T cell vaccine response in our cohort. The significant negative correlation between Spike RBD IgA and Spike CD8+ T cells with the duration of the Lena break (p=0.016 and p=0.030, respectively) argues against a positive effect of a break on antibody formation after vaccination. This could have been assumed, as Lena is known to have a negative effect on B cell or plasma cell proliferation in the context of MM therapy, potentially also on healthy plasma cells explaining reduced antibody responses. However, Van Oekelen et al. saw no significant influence of IMiD treatment on antibody vaccine responses (27). Our study results refute the notion of a negative effect of Lena intake on both humoral and cellular vaccine responses. Whether the IMiD could even have a positive effect on cellular responses remains to be further explored. Preclinical studies have convincingly demonstrated a positive influence of Lena on T cell functioning (28). This finding was also reproducible in clinical settings (29), seeing maximal vaccine efficacy when administered concomitantly with Lena (21, 28). Exemplarily, a study with pneumococcal vaccine documented higher antigen-specific T cell responses under Lena treatment (21). The reason for the lack of significant differences between the intake and break group in our study could be explained by low case numbers as well as the average Lena dose, which was lower than in the aforementioned study (9 mg/day in our cohort vs. 20 mg/day).

Furthermore, we want to draw attention to four minor discussion points. Taking a closer look to the factor age, a negative correlation between age and activated CD8+ T cells against N post-infection is worth mentioning. This observation could be explained solely by older age. But another suggestion is that infections may induce less protective immunity compared to vaccinations in the MM population. This consideration is supported by our correlation results, in which MM patients, unlike healthy individuals, showed only significant correlation between antibody responses to S act. T cell responses, whereas correlations to N act. T cells were absent. Herewith, our results reinforce the idea that vaccine-evoked cellular responses tend to be more robust than those triggered by infection. Existing data substantiate the added value of booster vaccinations in this vulnerable population to ensure adequate protection (18, 30, 31). Regarding the humoral responses in detail, an interesting observation was that Spike-1 IgG and Spike-RBD IgG levels were slightly higher in the MM group and therefore, stand in contrast to the collectively worse other antibody levels. Accordingly, IgG seroconversion rates were quite high in our MM group with 85.4%. In comparison, another trial could verify a seroconversion in only 57.8% of their patients with haematological malignancies (8). Here, it is important to remember the higher vaccination count in our MM cohort. Considering the overall picture, with higher N IgG and IgA, Spike-1 IgA and Spike-RBD IgA levels we stick to the theory of generally stronger humoral immune response in healthy individuals. Nevertheless, these results should be rechecked and validated in future trials. In the fourth and final point, we want to address the methodology of analyzing SARS-CoV-2 antibody responses. While our study measured antibody titers, we did not assess the neutralizing capacity of these antibodies, which is considered an accepted correlate of protection. However, multiple studies have demonstrated that serological responses strongly correlate with neutralizing titers (32–34), particularly when the time elapsed between vaccination and blood sampling is extended, as in our study. This was also shown in MM patients and precursor stages (31). Furthermore, serological antibody levels have been shown to correlate with reduced infection risk (35–37), a finding we also expect in our study cohort.

Strengths of the study are a comprehensive evaluation of T cell responses in healthy controls and MM patients. The used AIM assays are known to be successful in a range of previous studies in detecting antigen-specific T cells (38). Thus, we could accurately evaluate the power of MM patients’ immune systems. Caveats of our study include the sample size and the long recruitment period of 1.5 years. Additionally, the missing data on quantitative T cell responses and neutralizing capacity of the antibodies, as mentioned above, as well as no bone marrow evaluation lacks holism. For future research, we recommend increasing the sample size and, if possible, including bone marrow (BM) samples, which is considered as an immune niche of antigen-specific T cells. Therefore, T cell responses in the BM are said more robust and could be investigated in association to the surrounding microenvironment (21).

In sum, our findings are consistent with our expectations, underscoring the deficiency in antibody responses among MM patients following either exposure to the virus or vaccination. However, considering the satisfactory T cell responses despite prior or ongoing Lena therapy, our data support the notion that Lena does not influence this cellular-based response negatively. We anticipate that cellular responses are more robust when being vaccination-evoked then infection-triggered, pinpointing out the indispensability of vaccinations in MM patients for eliciting stronger and more reliable immune responses. Our observations are of immediate clinical relevance since currently no recommendations exist regarding the method of IMiD administration around vaccination, and several colleagues may – perhaps counterproductively – pause the drug to allow vaccine response. Acquired insight could be transferable to vaccination strategies for broader patient populations with immunosuppression. Lena and other IMiDs demonstrate growing importance in diverse cancer treatments. Therefore, we have a critical need for profound knowledge about their influence on the T cell compartment and more precisely, a need for understanding their influence on cellular-based vaccine responses. The working hypothesis for the future would be that Lena augments the global immune responsiveness and consequently, the efficacy of vaccines.





Conclusion

Overall, these observations highlight significant differences in the immune capabilities of MM patients and healthy individuals. MM patients undergoing Lena maintenance therapy exhibit weakened antibody production but present equivalent T cell responses following SARS-CoV-2 vaccination in comparison to healthy individuals. This outcome showcases the importance of vaccination in MM patients and moreover, our results argue against a Lena break around the time of vaccination. Overall, T cell-based vaccine responses gain more importance in immunocompromised patients and should be further explored. Prospective clinical trials are essential to validate this potential and provide definitive evidence. Especially a double-blinded study comparing the vaccine responses in patients that take immunomodulatory drugs could further decipher potential benefits of those drugs in improving vaccine responses in vulnerable populations.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving humans were approved by Ethic commission of the medical faculty of the Eberhard-Karls-University and the University Hospital Tuebingen. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

IM: Data curation, Formal analysis, Investigation, Methodology, Visualization, Writing – review & editing. SB: Data curation, Formal analysis, Investigation, Project administration, Visualization, Writing – original draft, Writing – review & editing. AS: Data curation, Investigation, Writing – review & editing. OA: Data curation, Writing – review & editing. CM: Data curation, Writing – review & editing. GD: Data curation, Investigation, Writing – review & editing. BP: Data curation, Resources, Validation, Writing – review & editing. RK: Conceptualization, Methodology, Resources, Writing – review & editing. AMS: Data curation, Writing – review & editing. BB: Data curation, Writing – review & editing. LH: Conceptualization, Data curation, Formal analysis, Investigation, Supervision, Writing – review & editing. CL: Conceptualization, Funding acquisition, Investigation, Resources, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This project was partly funded by the German Research Foundation (DFG) – 467578951. We acknowledge support from the Open Access Publication Fund of the University of Tübingen.





Conflict of interest

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

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1510942/full#supplementary-material




References

1. Nakamura, K, Smyth, MJ, and Martinet, L. Cancer immunoediting and immune dysregulation in multiple myeloma. Blood. (2020) 136:2731–40. doi: 10.1182/blood.2020006540

2. Ludwig, H, Boccadoro, M, Moreau, P, San-Miguel, J, Cavo, M, Pawlyn, C, et al. Recommendations for vaccination in multiple myeloma: a consensus of the European Myeloma Network. Leukemia. (2021) 35:31–44. doi: 10.1038/s41375-020-01016-0

3. Baek, MS, Lee, MT, Kim, WY, Choi, JC, and Jung, SY. COVID-19-related outcomes in immunocompromised patients: A nationwide study in Korea. PloS One. (2021) 16:e0257641. doi: 10.1371/journal.pone.0257641

4. Blimark, C, Holmberg, E, Mellqvist, UH, Landgren, O, Björkholm, M, Hultcrantz, M, et al. Multiple myeloma and infections: a population-based study on 9253 multiple myeloma patients. Haematologica. (2015) 100:107–13. doi: 10.3324/haematol.2014.107714

5. Martínez-López, J, Mateos, MV, Encinas, C, Sureda, A, Hernández-Rivas, J, Lopez de la Guía, A, et al. Multiple myeloma and SARS-CoV-2 infection: clinical characteristics and prognostic factors of inpatient mortality. Blood Cancer J. (2020) 10:103. doi: 10.1038/s41408-020-00372-5

6. Chari, A, Samur, MK, Martinez-Lopez, J, Cook, G, Biran, N, Yong, K, et al. Clinical features associated with COVID-19 outcome in multiple myeloma: first results from the International Myeloma Society data set. Blood. (2020) 136:3033–40. doi: 10.1182/blood.2020008150

7. Williamson, EJ, Walker, AJ, Bhaskaran, K, Bacon, S, Bates, C, Morton, CE, et al. Factors associated with COVID-19-related death using OpenSAFELY. Nature. (2020) 584:430–6. doi: 10.1038/s41586-020-2521-4

8. Mairhofer, M, Kausche, L, Kaltenbrunner, S, Ghanem, R, Stegemann, M, Klein, K, et al. Humoral and cellular immune responses in SARS-CoV-2 mRNA-vaccinated patients with cancer. Cancer Cell. (2021) 39:1171–2. doi: 10.1016/j.ccell.2021.08.001

9. Harandi, H, Fallahtafti, P, Karimi, A, Hashemi, SM, Mahalleh, M, Ashouri, M, et al. Examining the immunological responses to COVID-19 vaccination in multiple myeloma patients: a systematic review and meta-analysis. BMC Geriatrics. (2024) 24:411. doi: 10.1186/s12877-024-05006-0

10. Malard, F, Gaugler, B, Gozlan, J, Bouquet, L, Fofana, DB, Siblany, L, et al. Weak immunogenicity of SARS-coV-2 vaccine in patients with hematologic Malignancies. Blood Cancer J. (2021) 11. doi: 10.1038/s41408-021-00534-z

11. Chuleerarux, N, Manothummetha, K, Moonla, C, Sanguankeo, A, Kates, OS, Hirankarn, N, et al. Immunogenicity of SARS-CoV-2 vaccines in patients with multiple myeloma: a systematic review and meta-analysis. Blood Advances. (2022) 6:6198–207. doi: 10.1182/bloodadvances.2022008530

12. Zhang, Z, Mateus, J, Coelho, CH, Dan, JM, Moderbacher, CR, Gálvez, RI, et al. Humoral and cellular immune memory to four COVID-19 vaccines. Cell. (2022) 185:2434–51.e17. doi: 10.1016/j.cell.2022.05.022

13. Rüthrich, MM, Giesen, N, Mellinghoff, SC, Rieger, CT, and von Lilienfeld-Toal, M. Cellular immune response after vaccination in patients with cancer-review on past and present experiences. Vaccines (Basel). (2022) 10. doi: 10.3390/vaccines10020182

14. Bange, EM, Han, NA, Wileyto, P, Kim, JY, Gouma, S, Robinson, J, et al. CD8+ T cells contribute to survival in patients with COVID-19 and hematologic cancer. Nat Med. (2021) 27:1280–9. doi: 10.1038/s41591-021-01386-7

15. Zonozi, R, Walters, LC, Shulkin, A, Naranbhai, V, Nithagon, P, Sauvage, G, et al. T cell responses to SARS-CoV-2 infection and vaccination are elevated in B cell deficiency and reduce risk of severe COVID-19. Sci Trans Med. (2023) 15:eadh4529. doi: 10.1126/scitranslmed.adh4529

16. Sekine, T, Perez-Potti, A, Rivera-Ballesteros, O, Strålin, K, Gorin, JB, Olsson, A, et al. Robust T cell immunity in convalescent individuals with asymptomatic or mild COVID-19. Cell. (2020) 183:158–68.e14. doi: 10.1016/j.cell.2020.08.017

17. Steiner, S, Schwarz, T, Corman, VM, Sotzny, F, Bauer, S, Drosten, C, et al. Reactive T cells in convalescent COVID-19 patients with negative SARS-coV-2 antibody serology. Front Immunol. (2021) 12:687449. doi: 10.3389/fimmu.2021.687449

18. Mancuso, K, Zamagni, E, Solli, V, Gabrielli, L, Leone, M, Pantani, L, et al. Long term follow-up of humoral and cellular response to mRNA-based vaccines for SARS-CoV-2 in patients with active multiple myeloma. Front Oncol. (2023) 13. doi: 10.3389/fonc.2023.1208741

19. Oberhardt, V, Luxenburger, H, Kemming, J, Schulien, I, Ciminski, K, Giese, S, et al. Rapid and stable mobilization of CD8(+) T cells by SARS-CoV-2 mRNA vaccine. Nature. (2021) 597:268–73. doi: 10.1038/s41586-021-03841-4

20. Zhao, J, Zhao, J, Legge, K, and Perlman, S. Age-related increases in PGD(2) expression impair respiratory DC migration, resulting in diminished T cell responses upon respiratory virus infection in mice. J Clin Invest. (2011) 121:4921–30. doi: 10.1172/JCI59777

21. Noonan, K, Rudraraju, L, Ferguson, A, Emerling, A, Pasetti, MF, Huff, CA, et al. Lenalidomide-induced immunomodulation in multiple myeloma: impact on vaccines and antitumor responses. Clin Cancer Res. (2012) 18:1426–34. doi: 10.1158/1078-0432.CCR-11-1221

22. Kumar, S, Paiva, B, Anderson, KC, Durie, B, Landgren, O, Moreau, P, et al. International Myeloma Working Group consensus criteria for response and minimal residual disease assessment in multiple myeloma. Lancet Oncol. (2016) 17:e328–e46. doi: 10.1016/S1470-2045(16)30206-6

23. Alimam, S, Ann Timms, J, Harrison, CN, Dillon, R, Mare, T, DeLavallade, H, et al. Altered immune response to the annual influenza A vaccine in patients with myeloproliferative neoplasms. Br J Haematol. (2021) 193:150–4. doi: 10.1111/bjh.v193.1

24. de Lavallade, H, Garland, P, Sekine, T, Hoschler, K, Marin, D, Stringaris, K, et al. Repeated vaccination is required to optimize seroprotection against H1N1 in the immunocompromised host. Haematologica. (2011) 96:307–14. doi: 10.3324/haematol.2010.032664

25. Mrak, D, Tobudic, S, Koblischke, M, Graninger, M, Radner, H, Sieghart, D, et al. SARS-CoV-2 vaccination in rituximab-treated patients: B cells promote humoral immune responses in the presence of T-cell-mediated immunity. Ann Rheum Dis. (2021) 80:1345–50. doi: 10.1136/annrheumdis-2021-220781

26. Ehmsen, S, Asmussen, A, Jeppesen, SS, Nilsson, AC, Østerlev, S, Vestergaard, H, et al. Antibody and T cell immune responses following mRNA COVID-19 vaccination in patients with cancer. Cancer Cell. (2021) 39:1034–6. doi: 10.1016/j.ccell.2021.07.016

27. Van Oekelen, O, Gleason, CR, Agte, S, Srivastava, K, Beach, KF, Aleman, A, et al. Highly variable SARS-CoV-2 spike antibody responses to two doses of COVID-19 RNA vaccination in patients with multiple myeloma. Cancer Cell. (2021) 39:1028–30. doi: 10.1016/j.ccell.2021.06.014

28. Wu, L, Adams, M, Carter, T, Chen, R, Muller, G, Stirling, D, et al. lenalidomide enhances natural killer cell and monocyte-mediated antibody-dependent cellular cytotoxicity of rituximab-treated CD20+ tumor cells. Clin Cancer Res. (2008) 14:4650–7. doi: 10.1158/1078-0432.CCR-07-4405

29. Bartlett, JB, Michael, A, Clarke, IA, Dredge, K, Nicholson, S, Kristeleit, H, et al. Phase I study to determine the safety, tolerability and immunostimulatory activity of thalidomide analogue CC-5013 in patients with metastatic Malignant melanoma and other advanced cancers. Br J Cancer. (2004) 90:955–61. doi: 10.1038/sj.bjc.6601579

30. Stadtmauer, EA, Sullivan, KM, Marty, FM, Dadwal, SS, Papanicolaou, GA, Shea, TC, et al. A phase 1/2 study of an adjuvanted varicella-zoster virus subunit vaccine in autologous hematopoietic cell transplant recipients. Blood. (2014) 124:2921–9. doi: 10.1182/blood-2014-04-573048

31. Storti, P, Marchica, V, Vescovini, R, Franceschi, V, Russo, L, Notarfranchi, L, et al. Immune response to SARS-CoV-2 mRNA vaccination and booster dose in patients with multiple myeloma and monoclonal gammopathies: impact of Omicron variant on the humoral response. OncoImmunology. (2022) 11:2120275. doi: 10.1080/2162402X.2022.2120275

32. Lau, EHY, Hui, DSC, Tsang, OTY, Chan, W-H, Kwan, MYW, Chiu, SS, et al. Long-term persistence of SARS-CoV-2 neutralizing antibody responses after infection and estimates of the duration of protection. eClinicalMedicine. (2021) 41:101174. doi: 10.1016/j.eclinm.2021.101174

33. Souiri, A, Lemriss, S, El Maliki, B, Falahi, H, El Fahime, E, and El Kabbaj, S. SARS-coV-2-neutralizing antibody response and correlation of two serological assays with microneutralization. Vaccines (Basel). (2023) 11. doi: 10.3390/vaccines11030590

34. Grunau, B, Prusinkiewicz, M, ASamoah-Boaheng, M, Golding, L, Lavoie, PM, Petric, M, et al. Correlation of SARS-coV-2 viral neutralizing antibody titers with anti-spike antibodies and ACE-2 inhibition among vaccinated individuals. Microbiol Spectr. (2022) 10:e0131522. doi: 10.1128/spectrum.01315-22

35. Woudenberg, T, Pinaud, L, Garcia, L, Tondeur, L, Pelleau, S, De Thoisy, A, et al. Estimated protection against COVID-19 based on predicted neutralisation titres from multiple antibody measurements in a longitudinal cohort, France, April 2020 to November 2021. Euro Surveill. (2023) 28. doi: 10.2807/1560-7917.ES.2023.28.25.2200681

36. Ahmed, S, Mehta, P, Paul, A, Anu, S, Cherian, S, Shenoy, V, et al. Postvaccination antibody titres predict protection against COVID-19 in patients with autoimmune diseases: survival analysis in a prospective cohort. Ann Rheum Dis. (2022) 81:868–74. doi: 10.1136/annrheumdis-2021-221922

37. Regev-Yochay, G, Lustig, Y, Joseph, G, Gilboa, M, Barda, N, Gens, I, et al. Correlates of protection against COVID-19 infection and intensity of symptomatic disease in vaccinated individuals exposed to SARS-CoV-2 in households in Israel (ICoFS): a prospective cohort study. Lancet Microbe. (2023) 4:e309–e18. doi: 10.1016/S2666-5247(23)00012-5

38. Reiss, S, Baxter, AE, Cirelli, KM, Dan, JM, Morou, A, Daigneault, A, et al. Comparative analysis of activation induced marker (AIM) assays for sensitive identification of antigen-specific CD4 T cells. PloS One. (2017) 12:e0186998. doi: 10.1371/journal.pone.0186998




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 © 2024 Martac, Beer, Schenk, Ahmad, Maier, Demirel, Preuß, Klein, Stanger, Besemer, Hensen and Lengerke. 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.2024.1510942_cover.jpg
’ frontiers | Frontiersin Immunology

SARS-CoV-2 immune responses in
patients with multiple myeloma and
lenalidomide maintenance therapy





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        SARS-CoV-2 immune responses in patients with multiple myeloma and lenalidomide maintenance therapy

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Highlights

        



        		

          Introduction

        



        		

          Patients and methods

        

          		

            Study population and clinical data acquisition

          



          		

            Analysis of SARS-CoV-2 T cell responses

          



          		

            Analysis of SARS-CoV-2 antibody responses

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Study population, patient characteristics and treatment history

          



          		

            SARS-CoV-2 vaccination and infection history

          



          		

            Analysis of SARS-CoV-2 T cell responses in the whole cohort

          



          		

            Analysis of SARS-CoV-2 antibody responses in the whole cohort

          



          		

            Correlation analysis in the whole cohort

          



          		

            Vaccination responses in the myeloma group divided by Lena intake and Lena break

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1510942-g001.jpg
Whole Cohort
N =84

Healthy Controls Myeloma Patients

Vaccinated N =40 Vaccinated N = 38
Lenalidomide maintenance N=34

No Covid No Covid
N=8 N=16





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1510942-g005.jpg
Antibody responses in participants with previous COVID-19 infection

%
[1 Healthy controls N=35
[ MM patients N=25
100~
12
c
-]
>
©
o
o
E
©
e
© 50
V5
©
O 2 [ I I a
Isotype  1gG IgA IgA
Antigen S1 Subunit Nucleocapsid
Antibody responses in participants with no previous COVID-19 infection
%k
100+

Healthy controls N=8
[ MM patients N=16

arbitrary antibody units
(&)}
2

T ;
IgA
Nucleocapsid

0 |
Isotype  I1gG

Antigen S1 Subunit






OEBPS/Images/table2.jpg
Characteristic of patients

with MM

Total patients (male/female)

100%, N = 41 (20/21)

MM subtype
8G kappa 58.5%, N = 24
Light chain lambda/kappa 17.0%, N = 7
gA kappa 122%,N =5
gG or IgA lambda 122%,N =5
Prior type of therapy
PI-based 97.5%, N = 40
MiD-based 97.5%, N = 40
Anti-CD38-based 39.0%, N = 16
anti-SLAMF7-based 17.0%, N =7
Autologous HCT 97.5%, N = 40
Lenalidomide maintenance 82.9%, N = 34
Recent serological response
CR 73.2%, N = 30
Loss of CR 73%, N =3
VGPR 7.3%,N=3
SD/PR 7.3%, N =3
Progress 4.8%, N =2
IVIG administration 26.8%, N = 11
Intake break (= 7 days) around vaccination | 34.1%, N = 14
COVID-19 vaccination count 92.7%, N = 38

COVID-19 infection count

60.9%, N = 25






OEBPS/Images/fimmu-15-1510942-g003.jpg
8__

% AIM™ T cells

00—

—
?

0.5+

T cell responses in participants with previous COVID-19 infection
ES

Phenotype Tfh Th

Antigen

—
(@)
L |

% AIM™ T cells
=

0.5

h e i

Nucleocapsid

CcD8"

-0

Healthy controls N=35
1 MM patients N=25

CcD8"

T cell responses in participants without previous COVID-19 infection

Healthy controls N=8
1 MM patients N=16

0.0

Phenotype Tfh

Antigen

Nucleocap3|d

CD8

Tt






OEBPS/Images/table4.jpg
Response Cell type Mann-Whitney
test: P-value

T cells N Try 0.727
N Ty 0.802

N CD8 0.767

$Tru 0.802

STy 0.802

S CD8 0235

Antibodies Spike-1 IgG 0.667
Spike-1 IgA 0.666

Spike-RBD IgG 0573

Spike-RBD IgA 0528

N IgG 0.666

N IgA 0.689






OEBPS/Images/fimmu-15-1510942-g004.jpg
Antibody responses after vaccination

%k %k %k %k

[1 Healthy controls N=43

N 100 1 MM patients N=41
."é'
)
>
©
o,
—
T
©
-
© 50
3
@
®)
0|8
0 O
Isotype IgG

Antigen S1 Subunit Nucleocapsid





OEBPS/Images/table3.jpg
Antibody target MM group Healthy

and isotype (in % above group
threshold) (in % above
threshold)
Spike-1 IgG (= seroconversion) 85.4 93.0
Spike-1 IgA 19.5 27.9
Spike-RBD IgG 78.0 88.4
Spike-RBD IgA 14.6 25.6
Nucleocapsid IgG 26.8 44.2
Nucleocapsid IgA 0.0 4.7






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





OEBPS/Images/fimmu-15-1510942-g006.jpg
T cell responses in patients with and without Lena intake break

15 -
10+ Intake break N=14
123 - o ole T % [ Intake group N=16
1.0
2 [ ]
Ko) e e o
© 057
|_
+ o}
= 1 T
< o
32
0.0 O = =3 By _ = T P
Phenotype Tfh Th CD8 Th Th CD8
Antigen Nucleocapsid Spike
B
Antibody responses in patients with and without Lena intake break
100 [ Intake break N=14
{2 oo le @ Intake group N=16
j=
>
>
©
o
2
=
@©
-
© 50
=
@
AN i ﬁ i i 5
Isotype IgA IgA IgA

Antigen S1 Subunit S RBD Nucleocap3|d





OEBPS/Images/table1.jpg
Antibody target and isotype = Cut-off [arbitrary units]

Spike-1 IgG (= seroconversion) > 15.0
Spike-1 IgA > 10.0
Spike-RBD IgG > 6.0
Spike-RBD IgA > 15.0
Nucleocapsid IgG > 15.0
Nucleocapsid IgA > 15.0






OEBPS/Images/fimmu-15-1510942-g002.jpg
T cell responses after COVID-19 vaccination
* % % [1 Healthy controls N=43

I—‘ 1 MM patients N=41
‘o?n -o-

. |
BRIREH BT

oo
|_|_I_L
@

0.5

% AIM™ T cells

Phenotype Tth Th cDg+ | Tfh Th CD8+

Antigen Nucleocapsid






