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Abstract

Common variable immunodeficiency (CVID) is a clinically heterogeneous primary immunodeficiency
characterized by defective humoral immunity and highly variable vaccine-induced antibody responses.
However, in-depth characterization of vaccine-specific B cell responses in CVID remains limited,
hindering our understanding of the cellular basis of this heterogeneity.

Here, we investigated how CVID affects formation and maintenance of antigen-specific B cell responses
following COVID-19 mRNA-based vaccination of patients who either do (responders; R) or do not (non-
responders; NR) seroconvert. The evolution of the spike (S)-specific B cell compartment was
longitudinally investigated after vaccination and compared to RSV-F-specific B cells, as a historically
encountered antigen, and the total B cell compartment.

CVID-NR patients showed pronouncedly reduced S-specific B cell numbers at all time points compared
to CVID-R and healthy donors. Additionally, the S-specific B cell compartment showed a predominantly
naive, unswitched phenotype. CVID-R exhibited a delayed S-specific B cell differentiation, with a markedly
naive, unswitched response after the first vaccination, an enhanced response after the second
vaccination with reduced IgG* memory B cells, and a fully established S-specific B cell compartment 6
months after vaccination. Analysis of the general B cell compartment showed strongly diminished class-
switched B cell populations in NR patients, emerging as a predictive immunological marker for vaccine-
induced humoral responsiveness in CVID.

Together, these findings reveal distinct cellular alterations underlying vaccine responsiveness in patients
with CVID and identify potential correlates of humoral vaccine responses, stablishing a framework for
more personalized immune monitoring strategies in CVID.

Introduction

Common variable immunodeficiency (CVID) is the most common symptomatic primary
immunodeficiency, characterized by marked clinical and biological heterogeneity. It is defined by reduced
serum IgG and IgA, with or without reduced IgM, and absent or impaired responses to polysaccharide
vaccination [1, 2]. Clinical findings include recurrent upper and lower respiratory tract infections and
gastrointestinal tract infections. Additionally, many patients develop non-infectious complications,
including autoimmunity and/or autoinflammation, lymphoproliferation, and granulomatous disease [3, 4].
Although CVID is classically described as a humoral defect, multiple other immune cell populations,
including T cells and myeloid cells, may also be affected [5-9].

Given the crucial role of antibodies in protection against viral infections, patients with CVID are
particularly susceptible to severe viral disease and frequently exhibit impaired responses to vaccination.
During the COVID-19 pandemic, multiple observational studies reported increased rates of severe
disease and mortality in patients with CVID compared with healthy individuals [10—14]. Consistent with
these clinical observations, studies on influenza vaccination have shown reduced circulating
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hemagglutinin-specific memory B cells (MBCs) in patients with CVID, suggesting impaired vaccine-
induce immunity in this population [15-17]. Building on these observations, we and others investigated
immune responses to COVID-19 vaccination and found reduced immunogenicity in patients with CVID,
including diminished binding and neutralizing antibody titers and weaker T cell responses [18-21]. In the
longitudinal study by van Leeuwen LPM et. al, a substantial proportion of CVID patients failed to mount
detectable antibodies after two vaccine doses, and those who did often showed a faster decline in
antibody levels compared to healthy individuals [21] Notably, the study cohort was predominantly
composed of CVID patients with non-infectious complications, including autoimmune manifestations,
many of whom were receiving immunosuppressive therapy. Together, these findings highlight the
vulnerability of CVID patients to viral infections and underscore the need to better understand the
mechanisms underlying protective vaccine-induced immunity. In particular, it remains unknown why only
a subset of patients with CVID develops detectable antibody responses after vaccination and why the
kinetics and durability of these responses differ from those of healthy individuals.

Circulating antibodies produced by antibody-secreting cells (ASCs), play a key role in immune protection.
Longitudinal studies, including those by us, have comprehensively characterized the phenotype and
dynamics of S-specific B cells following COVID-19 vaccination [22—-26]. Following antigen exposure, an
early extrafollicular (EF) pathway leads to the formation of short-lived ASCs and early MBCs [27].
Additionally, germinal centers (GCs) are formed in secondary lymphoid organs leading to the generation
of high-affinity ASCs and long-lived MBCs [28-31]. Several studies have investigated Activated B cells
(ActBCs), defined as CD27+ CD21'°% CD71+, which represent a transient population that has recently
exited the GC and may precede MBC and ASC formation [22, 23, 26, 32, 33]. A substantial proportion of
ActBCs expresses CD11c, traditionally associated with EF responses, suggesting a broader functional
role for CD11c¢ during active immune responses (22). Furthermore, the MBC compartment has been
demonstrated to be heterogeneous, extending beyond the classical CD27+ IgD- definition [22, 23, 34].
Expression of CD73 distinguishes longer-lived MBCs from more recently generated ones. EF-associated
responses have classically been linked to DN2 (CD27- CD21- CD11c*) and IgD/IgM* CD21~ CD11c*
ActBCs [35, 36] but recent findings highlight DN1 (CD27- CD21+) as an EF-derived long-lived MBC subset
and DN3 (CD27- CD21- CD11c¢") as a potential ASC precursor [37-39].

Various abnormalities affecting B cell differentiation have been reported in CVID. Several studies of the B
cell compartment have reported defects in pre-GC B cells, reduced frequencies of MBCs and ASCs,
persistent activation of naive B cells, and expansion of CD21-/low B cells, collectively indicating
disruptions in both GC and EF pathways [40—-43]. However, how these defects affect vaccine-induced
responses remains poorly understood, highlighting the need to characterize antigen-specific B cell
differentiation at high-resolution to better understand immune dysfunction in CVID.

In this study, we performed a longitudinal, in-depth characterization of SARS-CoV-2 S-, respiratory
syncytial virus fusion glycoprotein (RSV-F)-specific B cells, and total B cells after COVID-19 vaccination
to elucidate cellular features underlying impaired vaccine responses in CVID patients. We aimed to
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clarify the mechanisms driving heterogeneous vaccine responsiveness by integrating cellular readouts
with antibody measurements and comparing responders (R) with non-responders (NR).

Our data show that CVID-NR have markedly reduced S-specific B cells with a predominantly naive,
unswitched phenotype throughout all time points, whereas CVID-R mount a delayed yet eventually
comparable response to healthy donors only 6 months after vaccination. Next to these, we observed
disruptions in the RSV-F-specific compartment, particularly in GC differentiation and long-lived MBC
formation. Overall, our data provide an integrated view of B cell dysregulation in CVID and clarify cellular
characteristics underlying heterogeneity in vaccine responsiveness.

Methods
Sex as a biological variable

Our human study examined both male and female subjects and sex distribution was matched between
our study groups.

Study design and patient inclusion

This study is a sub-study of the HARMONY research study, combining prospective studies on the
efficacy of COVID-19 vaccination in individuals at higher risk of severe SARS-CoV-2 infection. Samples
were obtained from seven university hospitals from the Netherlands. In total 68 donors were used for the
measurement of antigen-specific B cells, including 12 patients with CVID, 8 with Down Syndrome (DS),
14 with solid tumors (ST), 10 with Multiple Myeloma (MM), 14 HIV and 10 healthy donors (HD). All
further analyses were performed only with the 12 CVID patients. Seroconversion was assessed based on
anti-S IgG titers, stratifying patients into responders (CVID-R) and non-responders (CVID-NR) (Figure
S1A). Exclusion criteria were previous SARS-CoV-2 infection or occurrence of SARS-CoV-2 infection
during the study period (as evidenced by positive anti-receptor binding domain (RBD) antibodies before
first vaccination and/or self-reported positive PCR or positive anti-nucleocapsid protein antibodies
before or throughout the study period). All study participants received two mRNA-based COVID-19
vaccinations with an interval of 28 days according to the Dutch COVID-19 vaccination program.
Participants were vaccinated between March and April 2021 with the mRNA-1273 (Moderna) vaccine.
Peripheral blood mononuclear cells (PBMCs) were cryopreserved until further use.

Probe design

Recombinant soluble proteins, including SARS-CoV-2 S-2P, RBD and RSV prefusion stabilized F (DS-Cav1)
were produced as described before [23, 44]. After purification, proteins were biotinylated with a BirA500
biotin-ligase reaction kit (Avidity) according to manufacturer’s protocol.
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B cell spectral flow cytometry staining

PBMCs were thawed in IMDM (Lonza) with 10% FCS (Bodinco BV). Platelets were removed by spinning
down at 120 g without brake. Erythrocytes were removed from suspension using RBC Lysis Buffer (in-
house) for 10 minutes at room temperature. Approximately 10 x 10° PBMCs were enriched for B cells
using CD3 T cell and CD14 cell depletion by combining the EasySep™ Human CD3 Positive Selection Kit
Il and the EasySep™ Human CD14 Positive Selection Kit Il (StemCell Technologies) according to
manufacturer’s instruction. To stain antigen-specific B cells, biotinylated protein antigens SARS-CoV-2 S,
RBD and RSV-F were individually multimerized with fluorochrome-conjugated streptavidin in a 2:1 molar
ratio at 4°C for 1 hour. Next, 10% D-biotin (GeneCopoeia) was added and incubated at 4°C for at least 30
minutes to block free sites on the streptavidin and reduce cross-reactivity among biotinylated protein
antigens. Both biotinylated antigens were conjugated to two fluorochromes, except RBD, which was
conjugated with a single fluorochrome and gated as part of S1 (Table S1). A 31-color spectral cytometry
panel, including the antigen probes, was designed to phenotype antigen-specific B cells (Table S2).
Enriched B cell samples were first stained using Live/Dead Fixable Blue Stain Kit (Invitrogen) in PBS at
4°C for 30 min. Subsequently, cells were washed twice with staining buffer (PBS supplemented with 1%
BSA and TmM EDTA) and stained with anti-IgG for 10 min at 4°C and immediately after with the specific
antibody mix and antigen multimer cocktail for 30 min at 4°C. Next, cells were washed twice with PBS,
fixed with 1% paraformaldehyde for 10 minutes at 4°C and washed twice again with staining buffer. Data
were acquired on Cytek Aurora 5L spectral cytometer using SpectroFlo® software (Cytek Biosciences).

Spectral flow cytometry data pre-processing

After spectral unmixing (SpectroFlo v3.0.1, Cytek), FCS files were loaded into OMIQ analysis software
(www.omigq.ai). Data were transformed using arcsinh with cofactors adequate for each parameter to
display a Gaussian distribution of negative populations while maximizing the range of positive values.
Initial gating was performed to select single, live cells. PeacoQC was then run on live cells to detect and
remove flow cytometry anomalies in both signal acquisition and dynamic range [45]. CD19* DUMP"
(CD3, CD4, CD16, CD56) cells were then gated. To exclude batch effects, all data were normalized using
Cytonorm for 8 markers (CD20, CD24, CD73, CD45RB, HLA-DR, CXCR4, IgD, IgM) based on a reference
sample consisting of PBMCs from a single healthy donor included and measured in every batch [46].
Subsequently, for the antigen-specific analysis negative gates were set for each combination of probes,
after which antigen-specific B cells were further positively gated based on their specific combinations of
fluorochrome-conjugated streptavidin (Figure S1B, C). For downstream analysis, data were subsampled
to include only all detected antigen-specific B cells (n = 55,000). For the general B cell compartment

analysis, 50,000 CD19* non-S-specific B cells were subsampled per file when possible.

Dimensionality reduction and FlowSOM clustering
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For UMAP visualization and FlowSOM clustering (xdim 16, ydim 16), input consisted of a selection of 14
markers (CD20, CD21, CD27, CD24, CD38, CD71, CD73,CD138, CD11c, CD45RB, IgA, IgD, IgM, IgG). For
the antigen-specific B cell analysis, data from 68 participants of the HARMONY study cohort were used
to obtain maximal resolution. K = 55 FlowSOM clusters were manually merged and annotated into 27
clusters and 17 main B cell populations based on UMAP visualization, heatmap analysis of median
marker expression between clusters, and manual gating of specific marker combinations (Table S3).
Further downstream analysis was performed using only data from the 12 CVID participants and 8 HD
included in the current study. For the general B cell compartment analysis, UMAP visualization and
FlowSOM clustering was performed as described above only using CVID and HD files as input. K=30
FlowSOM clusters were manually merged and annotated into 12 main populations (Table S4). For the
switched and ASC compartment analysis, all IgG* and IgA™ (gated from IgD~ IgM~) and ASCs were
combined. K = 30 FlowSOM clusters were manually merged and annotated into 11 main populations
(Table S5). Percentages of main B cell populations within the switched compartment analysis are
calculated and depicted as percentage within CD19* live B cells using the total proportion of IgG*, IgA,

and ASCs within the CD19" B cell compartment, determined by manual gating. This analytical workflow
followed previously established methods from our group and collaborators [22, 23].

ELISA and neutralization assays

Assays measuring antibody levels were described previously [47]. In summary, S-specific IgG and RBD-
specific IgG were measured by a quantitative Luminex assay and expressed as international binding
antibody units per mL (BAU/ml). Participants with S-specific IgG above 44.8 BAU/ml were considered
seropositive. Of note, intravenous immunoglobulin (IVIG) replacement therapy did not interfere with the
antibody measurements, as the preparations used did not contain S-specific antibodies (47). To measure
neutralizing antibody levels, a plaque reduction neutralization test (PRNT) using ancestral SARS-CoV-2
was performed as described previously [48].

Study approval

This work was conducted as part of the national HARMONY-COP project (#10430072010005), which
provides a unified framework for coordinated COVID-19 vaccine studies and overarching analyses across
participating Dutch research groups. The present sub-study analyses samples from the Vaccination
Against COvid in Primary Immune Deficiencies (VACOPID) cohort, a prospective, controlled, multicenter
study performed in seven university hospitals in the Netherlands. VACOPID was conducted in
accordance with the Declaration of Helsinki and approved by the Dutch Central Committee on Research
Involving Human Subjects (CCMO, NL7647.078.21, EudraCT 2021-000515-24), the Erasmus MC Medical
Research Ethics Committee (MEC-2021-0050), and local institutional review boards. Written informed
consent was obtained from all participants prior to enrolment.
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Data availability

All data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials.

Statistical analysis

Statistical analysis, graphs, heatmaps, volcano plots and stacked bar graphs were made using Rstudio
(version 4.1.1) and GraphPad Prism 9.1.1 (GraphPad Software, Boston, MA). Computational analysis of
data to generate heatmaps was performed using the Spectre R package. Statistical significance was
assessed using t-test or, for non-parametric data, Mann-Whitney test when comparing two groups, and
one-way ANOVA or, for non-parametric data, the Kruskal-Wallis test when comparing three groups.
Tukey's correction or, for non-parametric data, Dunn’s correction was used to correct for multiple testing.
Receiver operating characteristic (ROC) analysis was performed to determine the optimal cut-off value
for group discrimination. For volcano plots, p-values were corrected for multiple comparison using the
Benjamini and Hochberg method. P-values of < 0.05 were considered significant.

Results

Differential S-specific B cell responses in CVID patients

To characterize alterations in the B cell compartment associated with the impaired humoral response to
COVID-19 vaccination in CVID, 12 CVID patients and 8 age- and sex-matched HD were selected from the
previously described vaccination cohort (Fig. 1A, Table 1) [21]. Peripheral blood was collected before
vaccination (V1pre), 28 days after first vaccination (V1D28), 28 days after second vaccination (V2D28)
and 6 months post-second vaccination (V2M6). CVID-R showed similar antibody kinetics to HD across
post-vaccination timepoints, with modestly lower antibody levels, whereas CVID-NR failed to seroconvert
and displayed markedly reduced titers at all measured timepoints (Figure S1A) [21]. Frequencies and
dynamics of the S-specific B cell response following SARS-CoV-2 vaccination were examined first (Fig.
1B, Figure S1B, C). The CVID-R group showed a trend toward lower frequencies of S-specific B cells 28
days after the first vaccination, that was not found 6 months after (Fig. 1B, Figure S1D). Similar
dynamics were observed for RBD-specific B cells (Fig. 1C, Figure S1D). When only comparing between
CVID groups, CVID-NR displayed lower S- and RBD-specific B cell frequencies than CVID-R at V2D28
(Figure S1E). Due to low number of samples and cell counts for CVID-NR at V2M6, this timepoint was
excluded for further analyses.

To dissect the evolution of the antigen-specific B cell response, UMAP dimensionality reduction followed
by FlowSOM clustering was applied to all S- and RSV-F-specific CD19* B cells. This clustering approach
identified 27 clusters, which were grouped into 17 main B cell populations capturing both GC and EF
differentiation pathways (Fig. 1D, Figure S1F, Table S3). Within the IgG* compartment, two main MBCs
populations were identified, with the resting MBCs expressing CD73, and four ActBCs clusters were
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defined by variation in CD27, CD45RB and CD11c expression. Also, EF clusters DN1 (IgD” CD27~ CD21*
CD11c7), DN2 (IgD” CD27™ CD21~ CD11c™) and DN3 (IgD™ CD27~ CD21~ CD11c") were identified. MBCs,

ActBCs and DN2 populations were also observed for IgA* B cells (22,23). Of note, although ASCs could
be detected, this compartment may be underestimated due to their sensitivity to freeze—thawing, the
early sampling time point (day 7 versus the more commonly used day 28), and the absence of surface B
cell receptor (BCR), which precludes their identification as antigen-specific cells [22, 49, 50]. In line with
time elapsed since antigen exposure, S- and RSV-F-specific B cells showed distinct distributions across
the UMAP, with S-specific cells being mainly present in IgG* activated and recently established memory
compartments, and RSV-F-specific cells localized within naive IgD/IgM* and resting IgG*™ and IgA* MBC
populations (Fig. 1D).

Assessing the longitudinal dynamics of the evolution of the S-specific B cell compartment in CVID
versus HD, we observed no evidence of IgG* and IgA* differentiation in CVID-NR across timepoints, with

only naive, unswitched clusters detected, in particular, anergic naive B cells, defined as IgD* IgM'°¥

CD73* B cells (Fig. 2A). On the other hand, a delay in differentiation was observed in CVID-R with class-
switched populations becoming detectable only after the second vaccine dose (Fig. 2A-D, Figure S2A).
At V1D28, the S-specific B cell compartment was predominantly composed of naive and unswitched
populations, with anergic naive B cells representing the dominant population in CVID-R. Several IgG* and
IgA*+ subsets were reduced compared with HD, with differences in IgG* ActBCs, DN3, and IgA* MBCs
remaining significant after correction for multiple testing (Fig. 2A, B, D). At V2D28, uncorrected analyses
indicated lower frequencies of IgG™* resting MBCs, IgG* MBCs and IgA*™ ActBCs in CVID-R; although not
significant after correction for multiple testing (Fig. 2C, D). By V2M6, no differences between CVID-R and
HD were detected (Figure S2A). However, DN3 showed a higher fold change in CVID-R compared to HD
(Figure S2A, B).

Given that both antibody quality and quantity are important for humoral protection, we evaluated the
neutralizing capacity of serum IgG across timepoints. CVID-NR did not have detectable neutralization
capacity at any time point. Despite exhibiting total anti-S IgG titers similar to those of HD at V1D28,
CVID-R exhibited reduced neutralization capacity at this timepoint (Fig. 2E). At V2D28 and V2M6
however, neutralization in CVID-R was comparable to HD. These results mirror the cellular findings,
indicating that although CVID-R generate anti-S IgG after the first vaccine dose, effective neutralization is
delayed.

Together, these findings indicate that CVID-NR fail to mount detectable expansion and differentiation of
the S-specific B cell compartment at any time point, whereas CVID-R develop a S-specific B cell response
with delayed differentiation kinetics that only later acquire phenotypes and neutralization capacity
comparable to HD.
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Table 1
Demographic and clinical characteristics of the study cohort

Age - years (median, range) Controls (N = CVID-R(N= CVID-NR(N= P-
8) 7) 5) values
59.5 (45-73) 59 (41-67) 59 (53-75) 0.6904A
Sex (n, %) 5 (62.5%) 4 (57.1) 2 (40%) 0.85418
Female 3 (37.5%) 3 (42.9%) 3 (60%)
Male
IGRT (n, %) 0 (0%) 6 (85,7%) 5 (100%)
Medical history (n, %) 0 (0%) 0 (0%) 5 (100%)
Autoimmune disorders 1(12.5%) 0 (0%) 0 (0%)
Hypertension 0 (0%) 1(14.3%) 2 (40%)
Malignancy 0 (0%) 1(14.3%) 4 (80%)
Lymphoproliferation 0 (%) 2 (28.5%) 1(20%)
Immunosuppressive treatment
Polysaccharide vaccine response 0 (0%) 1(14.3%) 0 (0%)
(0. %) 0 (0%) 4 (57.1%) 3 (60%)
Normal
8 (100%) 2 (28.5%) 2 (40%)
Poor
Not performed
A Kruskal-Wallis test; B Fisher’s exact test; IGRT, Immunoglobulin replacement therapy

RSV-F-specific memory reveals defects in long-term B cell
maintenance in CVID patients

We next analyzed whether the observed differences in induction of the S-specific B cell response
between CVID-R and CVID-NR were also reflected in maintenance of long-lived MBCs by examining the
RSV-F-specific B cell compartment. Of note, during the sampling period, RSV infections were uncommon
due to lockdown. No differences in RSV-F-specific B cell frequencies and phenotype were observed over
time within each group, confirming the stability of a historically encountered antigen (Figure S3A, B).
Also, no differences in frequencies of RSV* B cells were observed between groups (Figure S3C).
However, clear phenotypic differences of the RSV-F-specific B cell compartment were observed between

CVID patients and HD. The frequency of class-switched, IgG* and IgA*, RSV-F-specific B cells was
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markedly reduced in CVID patients compared with HD (Fig. 3A, B), in line with previously observed
reductions in the MBC compartment [40, 43]. Particularly pronounced reductions were observed in
resting IgG* and IgA* MBC subsets and IgG* DN2 (Figure S3D). When comparing CVID groups, CVID-R
and NR showed largely similar RSV* B cell profiles, with the exception of a relative reduction in anergic
naive B cells in CVID-NR when comparing to R (Fig. 3C, D). Together, these findings indicate that CVID
patients not only display impaired induction of the B cell response after a (novel) challenge but also
defects in the maintenance of long-lived RSV-F-specific MBCs against a historically encountered virus.

CVID patients exhibit a reduced class-switched B cell
compartment

Given the marked differential effects observed in class-switched S- and RSV-F-specific B cell responses
in CVID patients, we further examined the broader B cell landscape in these individuals to identify
potential signatures associated with vaccine responsiveness. 50,000 CD19* non-S-specific B cells were
subsampled from each sample when present (Figure S4A, B). This analysis allowed the identification of
13 main B cell populations (Fig. 4A, Figure S4C, Table S4). B cell frequencies and phenotypes remained
stable across timepoints within the same group (Figure S4D). As our aim was to compare the baseline B
cell compartment, subsequent analyses were performed at V1pre. The class-switched compartment was
markedly impaired in CVID patients compared to HD, affecting both GC-derived and EF populations (Fig.
4B). IgG™ and IgA™ MBCs were significantly lower in CVID compared to HD, consistent with previous
reports [40, 43, 51, 52]. ASCs, IgA™ ActBCs, and the EF subsets IgG* DN1 and IgA™ DN2 were also
diminished in CVID compared to HD. In contrast, IgD/IgM* ActBCs and naive B cells were relatively more
present in CVID patients, a pattern consistent with the pronounced reduction of the class-switched
compartment.

To gain further resolution in the class-switched compartment, all IgG*, IgA* and ASC populations within
the IgD- IgM- CD19* B cell fraction were subsampled (Fig. 4C, Figure S4E). This approach allowed us to
better delineate the CD73* resting MBC compartment and the EF subsets DN1, DN2 and DN3.
Interestingly, CVID-R patients, despite their overall reduced frequency, retained a phenotypic distribution
comparable to HD, with all main IgG* and IgA* populations represented (Fig. 4D). In contrast, CVID-NR
patients showed an almost complete absence of the switched compartment, with an average of 2% total
class-switched B cells compared to 17% observed in HD (Fig. 4E). Most IgG* and IgA* clusters were
either absent or markedly reduced in this group, and only EF-associated IgG* subsets, DN1, DN2 and
DN3, and IgG* MBCs (both CD73* and CD73") were detectable, with DN2 representing the most
prominent subset in the switched compartment. When comparing CVID-R and NR patients, early MBCs
and IgD/IgM* CD21~ ActBCs were increased in CVID-NR (Figure S4F). The ASC compartment was
extremely limited, and the IgA* compartment was entirely absent. Overall, these results confirm a
profoundly impaired GC-derived response in CVID-NR patients.

Page 11/28



IgD/IgM~ CD21* CD27* MBCs as an immunological
biomarker to predict vaccine responsiveness in CVID
patients

Since marked differences between CVID-R and NR were already observed within the class-switched MBC
compartment, we examined whether a simplified analysis of the general switched MBC pool before
vaccination could distinguish these groups and serve as a correlate of protection to predict vaccine
responsiveness. As switched MBCs are routinely assessed in the clinical evaluation of CVID [53], we
focused on a gating strategy based on markers already implemented in diagnostic practice, defining
switched memory as IgD/IgM- CD21* CD27* B cells within the total CD19* compartment. By restricting
to CD27* CD21* cells inclusion of DN subsets was avoided, as these dominate the IgG* compartment in
CVID-NR, potentially confounding group discrimination, and a stable MBC compartment was selected.
CVID-NR patients had significantly lower frequencies of IgD/IgM- CD21+ CD27+ MBCs compared to
CVID-R prior to vaccination, and receiver operating characteristic (ROC) analysis identified a cut-off of
0.561% (sensitivity = 100%, 95% confidence interval (Cl) = 0.56-1, specificity = 100%, 95% Cl = 0.6-1) that
separated the two groups with good discriminatory performance, although validation in larger cohorts is
needed as the small sample size resulted in wide Cl around sensitivity and specificity (Fig. 4E). These
findings indicate that switched MBC frequencies within the general B cell compartment may serve as a
practical clinical predictor of humoral vaccine responsiveness in CVID.

Discussion

The antigen-specific B cell compartment remains largely unexplored in CVID patients despite its crucial
relevance to the heterogenous humoral defects that characterize this disease. Although serological and
T cell responses have been examined previously in this population [18, 21, 47, 54], here we provide the
first in-depth longitudinal cellular characterization of induction of de novo antigen-specific B cell
responses to COVID-19 vaccination in patients with CVID. CVID-NR patients showed almost absent S-
specific B cells at all timepoints, whereas CVID-R, although delayed in time, developed a S-specific B cell
response that is phenotypically comparable to HD 6 months after vaccination. Analysis of the total B cell
compartment revealed that CVID-NR consistently exhibit the most severe defects, including an almost
complete absence of class-switched populations in contrast to CVID-R that retain a partially preserved
class-switched compartment, which was demonstrated to be a predictive parameter for mRNA-based
vaccine responsiveness.

COVID-19 vaccination offered a unique opportunity to longitudinally dissect, at high resolution, the B cell
characteristics underlying distinct antibody responses in CVID patients after antigen exposure. CVID-NR
patients showed a barely detectable S-specific B cell response following vaccination, only present in
naive, IgD/IgM* B cell populations, in agreement with the absence of detectable antibodies, even after
booster vaccination [21]. Interestingly, although EF-associated IgG* subsets, mainly DN2 B cells, were
observed in the general B cell compartment of CVID-NR, this population did not appear within the
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S-specific B cell response. This finding is notable since DN2 B cells, which lack CD27 and CD21
expression but express CD11c, have been described to be expanded in autoimmune disorders such as
SLE, contributing to the pathogenic response (39,55), in line with the autoimmune background of most
CVID-NR patients in the study cohort (Table 1). On the other hand, our previous findings in healthy
individuals showed that DN2 B cells are part of the active COVID-19 vaccination responses, arising early
and contracting to pre-vaccination levels after six months [22]; a pattern also observed in our HD and
CVID-R. Thus, the DN2 B cells observed in the B cell compartment of CVID-NR likely reflect the underlying
autoimmune background of these patients rather than indicating a compensatory increase in EF
differentiation due to impaired GC activity. Their absence from the S-specific response indicates that
EF-associated differentiation does not occur during the induction of a primary immune response, further
supporting a broad differentiation impairment affecting both GC- and EF-derived pathways in CVID-NR.
Further investigation in a CVID cohort without concomitant autoimmune disease could help disentangle
the contribution of autoimmunity to the observed findings.

In line with this, although a relatively increased frequency of IgD/IgM* CD21'°% ActBCs was observed in
CVID-NR compared with CVID-R in the general B cell compartment; this population was almost absent
within the S-specific B cells, which may also be influenced by the limited numbers of cells within this
compartment. Previous studies have reported an expansion of CD21'°" B cells in CVID and associated
this phenotype with more complex clinical presentations, underlying immune dysregulation and
increased naive activation (evidenced by increased BCR signaling-related genes) [43, 56, 57]. In this
context, the enrichment of IgD/IgM* CD21'°" ActBCs in CVID-NR may reflect a state of chronic B cell
activation, in line with CD21 downregulation being associated with enhanced negative regulation of BCR
signaling [32]. It is therefore tempting to speculate that this might contribute to an increased activation
threshold in this population, limiting the capacity of naive B cells to mount de novo responses upon
vaccination and potentially explaining the absence of activation and differentiation observed in CVID-NR.
However, chronic inflammation and activation alone are unlikely to fully account for the observed group
differences. Given the genetic heterogeneity of CVID and the wide range of mutations affecting B cell
development and differentiation [41, 43], additional factors may be involved. Although the majority of
patients in this study were non-monogenic, variants affecting antigen receptor signaling, B cell
activation, GC differentiation, including those in genes such as PAX5 or BCL6 or pathways involved in
MBC generation [4, 58, 59], may also contribute to differences in responsiveness and require further
investigation. Furthermore, T cells play a critical role in immune protection, and underlying T cell defects
may contribute to altered B cell composition and clinical manifestations in CVID.

Besides slightly reduced antibody titers and a trend towards reduced frequency of S-specific B cells at
V1D28, CVID-R displayed a distinct phenotypic profile at this vaccination time point, with predominantly
naive, unswitched B cells and an almost complete absence of IgG* and IgA* MBCs and ActBCs. This
impaired cellular response, together with the slight reduction in antibody titers, likely underlies the
reduced neutralizing capacity of S-specific antibodies observed at this timepoint. Moreover, the antibody
levels detected at V1D28 may originate from a transient, short-lived B cell response that is no longer
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detectable at the cellular level at V2D28 or simply in the peripheral compartment. Importantly, although
delayed, CVID-R were able to mount a qualitatively normal B cell response after the second vaccine dose,
although with reduced IgG* MBCs, ultimately achieving S-specific MBC frequencies and phenotypic
profiles comparable to HD by V2M6, confirming why sequential vaccinations were beneficial for these
CVID patients [21, 60].

To further contextualize antigen-specific induced B cell responses, we examined the RSV-F-specific
MBCs compartment as an indicator of long-lived memory maintenance. Both CVID-R and NR exhibited
markedly reduced RSV-F-specific resting MBC frequencies compared with HD. These results were not
surprising in the case of CVID-NR as they showed a profound impairment of S-specific GC and EF
responses. In CVID-R, however, at V2M6, newly formed S-specific MBCs were maintained at levels
comparable to HD in addition to a substantial presence of EF DN1 B cells. Altogether, this indicates a
proper induction of MBCs upon first antigen exposure, but impaired long-term maintenance of resting
MBC populations formed longer ago as evidenced by RSV-F-specific long-lived MBC defects.

Our detailed analysis of the general B cell compartment confirmed previously described abnormalities in
CVID, particularly the substantial reduction of the entire class-switched B cell compartment, including
ASCs [40, 52, 61-63]. This defect was observed in both CVID-R and CVID-NR but was more pronounced
in CVID-NR, in whom class-switched B cells represented around 1% compared to an average of 17% in
HD. Furthermore, the switched IgG/IgA* MBC compartment, crucial for recall responses, was almost
absent. These findings align with the clinical relevance of MBCs in CVID, as their reduced frequency has
been associated with absent GC responses, linked to organomegalies, poor prognosis and overall
immune dysregulation [40].

Altogether, our findings reveal profound alterations across multiple layers of B cell immunity in CVID,
affecting baseline composition, de novo induction, and long-lived MBC maintenance. While both CVID-R
and CVID-NR exhibit signs of immunological dysfunction, CVID-NR display the most severe defects
across all levels of B cell differentiation. Finally, our data demonstrate that analyzing class-switched
MBCs, using IgD/IgM~ CD21* CD27* as main markers, serves as a distinct immunological signature that
distinguishes CVID-R from NR. Although this measurement is already a defined CVID characteristic and
validation in larger cohorts is required, the frequency of IgD- IgM- CD21+ CD27* MBCs emerged as a
promising predictive parameter for vaccine responsiveness, offering a valuable tool for immunological
monitoring in future pandemics. This immunological signature was identified in the unique setting of
primary mRNA vaccination during the COVID-19 pandemic, in which vaccine-induced serological
responses could be accurately assessed before being influenced by IVIG. This underscores the value of
cellular analysis to understand vaccine-induced immunity in this population. Importantly, the
measurement of MBCs enables the stratification of patients according to their capacity to mount
vaccine-induced humoral immunity, independent of conventional assessments based on polysaccharide
vaccine responses. Beyond its potential clinical utility for identifying patients at risk of poor vaccine
responsiveness, this signature provides important mechanistic insight into the cellular basis of the
heterogeneous serological responses observed in CVID patients. These findings advance our
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understanding of vaccine-induced immunity in CVID and establish a framework for the development of
more personalized vaccination and immune monitoring strategies in this vulnerable population.
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Figure 1

Spike-specific response after SARS-CoV-2 vaccination in CVID patients.

A. Schematic overview of the timeline and study design. PBMCs were collected at baseline (V1pre), 28
days after the first SARS-CoV-2 vaccination (V1D28), 28 days after the second SARS-CoV-2 vaccination
(V2D28) and 6 months after the second vaccination (V2M6). B. Percentage of S-specific B cells of total
CD19" B cells at V1D28, V2D28 and V2M6. C. Percentage of RBD-specific B cells of total CD19* B cells at
V1D28, V2D28 and V2M6. D. UMAP projection of all antigen-specific B cells colored by the 17 main
populations. All subsequent analysis was focused on the selected 12 CVID patients and 8 HD. S- and
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RSV-F-specific B cells overlayed in the UMAP as a density plot. Plotted is the median with interquartile

range (IQR) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 2

Differential longitudinal dynamics of Spike-specific B cells in CVID.
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A. Stacked bar plot showing the mean proportion of S* B cells per main population represented as
percentage of CD19" B cells per group. B. Percentage of Spike-specific IgG* ActBCs, DN1, DN3, MBC and
IgA* MBCs at V1D28 between HD and CVID-R. C. Percentage of Spike-specific IgG* resting MBCs, MBCs
and IgA* ActBCs at V2D28 between HD and CVID-R. D. Volcano plot displaying differences in all S* B cell
clusters frequencies between CVID-R and HD at V1D28 and V2D28. The fold change difference between
S* B cell clusters is shown on the x-axis, populations with positive FC are higher expressed in CVID-R
(red), and with negative FC are higher in HD (blue). The vertical dotted line indicates the threshold set for
fold change, at -0.5 and 0.5, respectively. Statistical difference is shown on the y-axis, with a dotted
horizontal line indicating a 0.05 p-value. Black dots show statistically different clusters. E. Spike-specific
neutralization capacity between HD and CVID-R at V1D28 and V2D28. Plaque reduction neutralization
test (PRNT). Plotted is the geometric mean with 95% confidence intervals (*P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001).
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Figure 3

RSV-F-specific resting MBC compartment is impaired in CVID.

A. Stacked bar graph representing the mean proportion of RSV-F* B cells (% of CD19%) per main

population between HD and total CVID before vaccination (V1pre). B. Volcano plot displaying RSV-F* B
cell populations differentially expressed between CVID and HD at V1pre. The fold change difference

between RSV-F* B cell populations is shown on the x-axis, populations with positive FC are higher
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expressed in CVID (red), and with negative FC are higher in HD (blue). The vertical dotted line indicates
the threshold set for fold change, at -0.5 and 0.5, respectively. Statistical difference is shown on the y-
axis, with a dotted horizontal line indicating a 0.05 p-value. C. Stacked bar plot showing the mean
proportion of RSV-F-specific B cells (% of CD19%) per main population between CVID-R and CVID-NR at
V1pre. D. Volcano plot displaying RSV-F* B cell populations differentially expressed between CVID-R and
CVID-NR before vaccination. The fold change difference between RSV-F* B cell populations is shown on
the x-axis, populations with positive FC are higher expressed in CVID-NR (red), and with negative FC are
higher in CVID-R (blue). The vertical dotted line indicates the threshold set for fold change, at -0.5 and
0.5, respectively. Statistical difference is shown on the y-axis, with a dotted horizontal line indicating a
0.05 p-value (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 4
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Figure 4

CVID patients showed a reduced class-switched compartment before vaccination.

A. UMAP visualization of CD19" B cells main populations and UMAP projection of B cell populations per

group. B. Stacked bar graph representing the mean proportion of live CD19* B cells for the 11 main
populations between HD and total CVID before vaccination. Volcano plot displaying B cell populations
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differentially expressed between CVID and HD at V1pre. The fold change difference between B cell
populations is shown on the x-axis, populations with positive FC are higher expressed in CVID (red), and
with negative FC are higher in HD (blue). The vertical dotted line indicates the threshold set for fold
change, at -0.5 and 0.5, respectively. Statistical difference is shown on the y-axis, with a dotted
horizontal line indicating a 0.05 p-value. C. UMAP projection of all CD19* IgG* IgA* B cells and ASCs. D.
Stacked bar plot showing the mean proportion of live CD19" B cells for every population between HD,
CVID-R and CVID-NR at V1pre. E. Stacked bar plot showing only the differences in B cell populations
between CVID-R and CVID-NR at V1pre. Volcano plot displaying class-switched B cell populations
differentially expressed between CVID-R and CVID-NR before vaccination. The fold change difference
between B cell populations is shown on the x-axis, populations with positive FC are higher expressed in
CVID-R (red), and with negative FC are higher in CVID-NR (blue). The vertical dotted line indicates the
threshold set for fold change, at -0.5 and 0.5, respectively. Statistical difference is shown on the y-axis,
with a dotted horizontal line indicating a 0.05 p-value. F. Percentage of IgD/IgM" CD21* CD27* B cells
between CVID-R and CVID-NR at V1pre. Dotted horizontal line represents the cutoff of 0.561%
determined by ROC analysis that separated the two groups (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001).
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