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Common variable immunodeficiency (CVID), characterized by recurrent
infections, low serum class-switched immunoglobulin isotypes, and poor
antigen-specific antibody responses, comprises a heterogeneous patient
population in terms of clinical presentation and underlying etiology. The
diagnosis is regularly associated with a severe decrease of germinal center
(GC)-derived B-cell populations in peripheral blood. However, data from B-
cell differentiation within GC is limited. We present a multiplex approach
combining histology, flow cytometry, and B-cell receptor repertoire analysis of
sorted GC B-cell populations allowing the modeling of distinct disturbances in
GCs of three CVID patients. Our results reflect pathophysiological heterogeneity
underlying the reduced circulating pool of post-GC memory B cells and
plasmablasts in the three patients. In patient 1, quantitative and qualitative B-
cell development in GCs is relatively normal. In patient 2, irregularly shaped GCs
are associated with reduced somatic hypermutation (SHM), antigen selection,
and class-switching, while in patient 3, high SHM, impaired antigen selection, and
class-switching with large single clones imply increased re-cycling of cells within
the irregularly shaped GCs. In the lymph nodes of patients 2 and 3, only limited
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numbers of memory B cells and plasma cells are formed. While reduced
numbers of circulating post GC B cells are a general phenomenon in CVID, the
integrated approach exemplified distinct defects during GC maturation
ranging from near normal morphology and function to severe disturbances
with different facets of impaired maturation of memory B cells and/or plasma
cells. Integrated dissection of disturbed GC B-cell maturation by histology,
flow cytometry, and BCR repertoire analysis contributes to unraveling defects
in the essential steps during memory formation.

KEYWORDS

germinal center, common variable immunodeficiency (CVID), B-cell differentiation,
BCR repertoire analysis, secondary lymphoid organs (SLO), plasma cell differentiation

Introduction

Common variable immunodeficiency (CVID) is the clinically
most prevalent human antibody deficiency disorder (1). Patients are
characterized by recurrent infections, low serum IgG and IgA and
poor specific antibody responses (2). The disorder comprises a
highly heterogeneous patient population in terms of clinical
presentation and underlying etiology. Monogenic defects have
been identified in only up to 20% of patients (3-6). Clinically,
CVID patients can be divided into “infections only” patients
(CVIDio) who suffer only from recurrent infections and their
sequelae and patients with additional non-infectious
complications (CVIDc) such as polyclonal lymphoproliferation,
autoimmune cytopenias, enteropathy, hepatopathy, interstitial
lung disease, granulomatous disease, and lymphoid malignancy,
indicating additional underlying immune dysregulation (7).

CVID has been associated with a cell-intrinsic or -extrinsic
block in B-cell development, but the stage at which development is
blocked varies (8, 9). Some patients have a block in early B-cell
development, but the vast majority of patients have reduced levels of
post-germinal center (GC) memory B cells and plasmablasts (PB) in
the periphery suggestive of a defect in (post-) GC B-cell
differentiation (8-11). Previously, we and others have shown that
often CVID patients have not only a quantitative but also a
qualitative defect of circulating post-GC cells as memory B cells
of the majority of CVID patients have reduced levels of somatic
hypermutation (SHM) and less usage of distal constant domains in
their IGHG and IGHA transcripts (12-14). Both quantitative and
qualitative defects of post-GC cells can be found as a result of poor
GC formation like in ICOS deficiency (15), but it is also seen in
CVID patients with preserved GC formation, suggesting that
functional defects within the GC reaction can also lead to a
CVID phenotype (13, 16, 17). The presence of a GC with
defective output provides an opportunity for careful dissection of
relevant steps within the GC reaction associated with the failure of
B-cell memory formation.
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GCs are typically formed after the cognate interaction of T- and
B-cells within B-cell follicles of secondary lymphoid organs (SLO)
in response to infection or vaccination. Some of the activated B cells
class-switch and differentiate into centroblasts (CB) to form the
“dark zone” of GCs. After successful proliferation and SHM, B cells
differentiate into centrocytes (CC) and migrate along a cytokine
gradient to the “light zone” of the GC where B cells with high
affinity BCRs are positively selected for survival and further
differentiation into PBs and memory B cells by interaction with T
follicular helper (Tth) cells and follicular dendritic cells (FDC).
Non-selected B cells may die or return to the dark zone to undergo
additional rounds of selection within the GC (18-21).

Despite the extensive literature on the lack of post-GC B cells
in peripheral blood of CVID patients, there is only limited data
available from the site of their generation: the GCs. Preliminary
work showed plasma cell numbers are often reduced in the SLO
of CVID patients (17, 22), and in CVIDc patients GCs are
irregularly shaped (17). Altered GC function in CVIDc is
associated with a T-helper 1 (TH1) shift of Tfh cells and
potentially a failure to contain intestinal microbiota (13, 23).
In this study we have the unique opportunity to dissect CVID
patients’ SLO and investigate in depth the processes impaired in
the GC reaction. This was achieved by an integrated multi-
technology approach combining histology, flow cytometry, and
BCR repertoire analysis in sorted B-cell populations of three
patient-derived GCs to further understand both qualitative and
quantitative defects in B-cell development of CVID patients.

Materials and methods
Patients and controls
Peripheral blood and tissue samples were obtained from CVID

patients seen at the immunodeficiency clinic of the Freiburg
University Medical Center, the Charité Berlin, or the University

frontiersin.org


https://doi.org/10.3389/fimmu.2022.959002
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

van Schouwenburg et al.

Hospital Frankfurt. Patient tonsil (P1) and lymph node (P2 and P3)
biopsies were performed for medical reasons because of tonsillitis or
to exclude lymphoma in patients with lymphadenopathy and were
found to be tumor-free. All patients were adults and fulfilled the
criteria for CVID according to the European Society for
Immunodeficiencies (ESID) (2). Tonsillar control biopsies were
obtained from adult individuals without known immunodeficiency
undergoing tonsillectomy (n = 28). The study was approved by local
authorities (Freiburg 239/1999 and 121/11) and written informed
consent was obtained from all patients and controls.

Histology

Immunohistochemistry was performed on 2-pum-thick tissue
sections with a Dako Autostainer (Dako). For details, see
Supplementary Data. Antibody stained slides were imaged on an
Olympus BX51 microscope (Olympus) equipped with an AxioCam
MRc camera (Carl Zeiss Microscopy) and Fiji software was used for
image processing (24). Images were adjusted for brightness and
contrast, and the background of separated colors was subtracted
using the rolling ball algorithm with a radius of 50 pixels.

Isolation and flow cytometric analysis of
peripheral blood mononuclear cells and
mononuclear cells from secondary
lymphoid organs

PBMCs were isolated by Ficoll density centrifugation
(Pancoll, Pan-Biotech). Mononuclear cells from SLO were
isolated by mechanical disruption as previously described (25).
PBMC, lymph node-derived, and tonsillar mononuclear cells
were labeled with the respective antibodies for detection of the
indicated cell surface molecules (Supplementary Data). Data
were acquired on a Gallios® flow cytometer (Beckman Coulter,
Brea, CA, USA) or LSR n® flow-cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) and analyzed using the Flow]0®
software (version 7.6.5 or 10) (Treestar, Ashland, OR, USA).

Classification of B-cell populations by
flow cytometry

For circulating B cells, transitional B cells were defined as
CD19P**CD21P**CD38"IgDP*IgM"'CD27"¢, naive B cells as
CD19P*°CD21P*°CD38P**IgDF**CD27"¢, natural effector (IgM
memory B cells) as CDl9p°SCD2IPOSCDSShiIgDPOSCD27p°S,
class-switched memory B cells as CD19P°*CD21P°¢
CD38P**IgD"*®CD27", IgGP** memory B cells as CD19"
CD21P*°CD38P**IgD"*¢CD27"**IgGP**, IgAP** memory B cells
as CD19P°*CD21P°°CD38P*IgD"*8CD27P* IgAP*, IgGPo*
atypical memory B cells as CD19P°°CD21P°°
CD38P*IgD"¢CD27"*¢IgGP*, IgAP** atypical memory B cells
as CD19P°°CD21P°°CD38P**IgD"*¢CD27"€IgAP*°, PB as
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CD19P**CD21P**CD38" 1gD"*8CD27™, CD21lowCD38low B
cells as CD19P*°CD21'°"CD38'*™

For secondary lymphoid organs, Naive
CD19P°°*CD21P°°*CD38P°*IgDP°*CD27"¢, GC B cells
as CD19p°SCD2IPOSCD38midIgD“eg, CC GC B cells as
CD19P*CD21P**CD38™“IgD™*¢CXCR4™¢, CB GC B cells as
CD19P*CD21P*CD38™ gD *5CXCR4P®, IgGP** GC B cells
as CD19P**CD21P**CD38™IgD"*8IgGP**, IgAP** GC B cells as
CD19P**CD21P°*CD38™IgD"*¢[gAP*, memory of B cells
as CD19P°°CD21P**CD38"“¢IgD"¢, 1gGP** memory B cells
CD19P°°CD21P°*CD38"“®IgD"“¢IgGP**, IgAP°® memory B
cells CD19P**CD21P**CD38"¢IgD"**IgAP*, IgMP** memory B
cells CD19P°CD21P**CD38"*€[gD"*€IgMP*, plasmablasts B cells
as CD19P*°CD21P*°CD38"€" gD

Repertoire sequencing

RNA was isolated from PBMC and SLO sorted populations
using RNeasy Plus Kits (Qiagen) and transcribed into cDNA
using random hexamer primers and Superscript m® (both
Invitrogen). IGH transcripts of the SLO samples were
amplified from 5 pl ¢cDNA per reaction in a multiplex PCR
using the forward VH1-6 FR1 (BIOMED-2) primers and the
CgCHL (26), the IGHA, or the IGHM reverse primer (sequence
available upon request) (27). These PCR products were purified
and sequenced using Roche 454 sequencing as previously
described (see also Supplementary Data) (28). IGH transcripts
of the PBMC samples were amplified using the forward VH1-6
FR1 (BIOMED-2) primers and costum IGHG, IGHA, and
IGHM reverse primers (for template-specific sequences see
Supplementary Table 1) (25). PCR products were purified and
sequenced using 2x300 Illumina sequencing (Illumina). The
filtering and removal of sequencing errors is described in the
Supplementary Data (Supplementary Figure 1 and
Supplementary Table 2).

Results

In this study we combined the histology, flow cytometry, and
BCR repertoire of sorted GC B-cell populations to dissect the
heterogeneous dysregulations in B-cell maturation and
differentiation in the GC of three CVID patients (P1-3) with
reduced circulating switched memory B cells (Tables 1, 2). P1
suffered from CVIDio, while both P2 and P3 belonged to the
CVIDc subgroup.

Differences in germinal center shape
and cellular differentiation in two
CVID patients

Histology of the tonsil of P1 showed smaller GCs and a
reduced density of B-cell follicles compared to GCs of healthy
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donors (HDs) with recurrent tonsillitis. The GCs were normal in
shape (Figures 1A, B) and the CB : CC ratio was at the higher end
of the normal range (Supplementary Figures S2A, B). Histological
examination of the lymph nodes of P2 and P3 revealed large
irregular-shaped GCs, as previously found in other CVIDc
patients (Figure 1A) (17). In both patients, staining for follicular
dendritic cells (CD23) could not detect the polarization of the GCs
(Figure 1B). Still, a normal CB : CC ratio was detected by flow
cytometry (Supplementary Figures S2A, B).

Flow cytometry revealed normal numbers of memory B cells
in the SLO of P1 but reduced levels in peripheral blood
(Figure 1C and Table 1). In contrast, switched memory B cells
of P2 and P3 were reduced in SLO (Table 2; Figure 1C) and
nearly absent from blood (Table 1).

The frequency of total plasmablasts was normal in the SLO
of P1, but low in P2 and P3 (Figure 1C; Table 2). The isotype and
location of plasma cells strongly differed between the three
patients. In P1 all three isotypes were detectable and the
distribution of the intra- vs. extrafollicular location of all three
isotypes was comparable to the findings in HDs (Figure 1D). In
P2, IgM plasma cells were readily detectable outside the follicle
and greatly increased within the follicle. IgG plasma cells,
however, were strongly reduced and only located inside the
follicles, and IgA plasma cells were undetectable. In P3, only a
few intrafollicular IgM plasma cells and nearly no IgG or IgA
plasma cells were detectable (Figure 1D).

In summary, despite small GCs in P1, class-switch
recombination and memory B-cell differentiation appeared
rather normal, but low numbers of circulating post-GC B cells
suggest defective migration to or survival of memory cells in the
periphery. In contrast, both CVIDc patients (P2 and P3) had
disturbed class-switching, large and dysmorphic GCs, and
impaired GC output, comparable to the majority of patients in
our previous study (17). In P2, there were still a strong
intrafollicular IgM and detectable IgG plasma cell

TABLE 1 Frequencies of B-cell subsets in blood.

B-cell subsets in blood (all populations calculated as % of total B cells) P1 P2 P3

Transitional B cells

Naive B cells

Natural effector (IgM memory B cells)
Class-switched mem B cells

1gGP** mem B cells

IgAP* mem B cells

1gGP® atypical mem B cells

IgAP* atypical mem B cells
Plasmablasts

CD21'°YCD38"" B cells

10.3389/fimmu.2022.959002

differentiation and even some extrafollicular IgM plasma cells
detectable, whereas in P3, the response was reduced to a few
intrafollicular IgM plasma cells.

Analysis of BCR specification

To get additional insight into BCR specification (SHM,
antigen selection, and class switch recombination), we
amplified and sequenced the BCR encoding heavy chain gene
of sorted populations from SLO (naive B-cells, CB, CC, mem
B cells and PB; refer to Section 2.4 for definition of populations)
and blood (naive B cells, natural effector (NE), memory B cells,
and PB). Unfortunately, due to severely reduced B-cell counts in
blood, not enough B cells were available from P3 for repertoire
analysis, and no data is available for SLO PB of one of the HDs
and naive cells of the SLO of P3. In P3, IgAP** cells were absent
and, consequently, IGHA transcripts could not be amplified for
any of the populations.

BCR sequences were filtered to only include one sequence
per clone to preclude skewing by large clones (Supplementary
Figure S1 and Material and Methods). Filtering resulted in 0-
22591 sequences per class (IGHM, IGHG, IGHA) per
population. Populations in which filtering resulted in <45
sequences were excluded from further analysis. This applied to
IGHA transcripts of P2 (all populations except blood PB) in line
with low numbers of IgAP** cells. The few IGHA transcripts that
were found in P2 were highly clonally related, a finding not
observed for other isotypes of P2 (data not shown).

Analysis of parameters for SHM, antigen selection subclass
distribution, and clonal relation showed little variation between
the three HDs. In contrast, all three CVID patients showed
distinct alterations reflecting the heterogeneous nature of CVID.
Therefore, results will be described separately for each patient in
the following sections.

Internal laboratory reference range

10.1 32 11.9 0.5-4.4
70.0 749 574 39.5-76.3
9.5 6.1 5.4 4.4-26.2
1.95 0.2 0.7 5.7-24.0
0.0 0.1 0.0 2.5-20.3
0.0 0.0 0.0 2.8-10.9
0.7 0.1 0.0 0.8-7.2
0.0 0.0 0.0 0.4-2.2
0.33 0.0 0.1 0.2-3.4
2.0 155 226 13-7.3

Blue and red color highlight: patient values below and above the 10 and 90 percentiles of HDs, respectively. mem, memory. Population definitions refer to Classification of B cell populations

by flowcytometry.
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TABLE 2 Frequencies of B-cell subsets in SLO.

B-cell subsets in SLO P1 P2
% Naive of total B cells 65.6 56.6
% GC of total B cells 7.9 14.5
% Centroblasts of GC 77.2 71.2
% Centrocyte of GC 19.5 249
% IgGP* of GC 54.0 139
% IgAP* of GC 19.8 0.1
% mem of total B cells 14.3 5.5
% IgGP** of mem 49.0 8.1
% IgAP®* of mem 17.5 0.0
% IgMP** of mem 1.8 56.6
% Plasmablasts of total B cells 1.3 04

10.3389/fimmu.2022.959002

P3 Mean and 10-90 percentile in HD tonsils *
411 42.5 (29.2-57.5)
28.0 20.6 (11.2-32.0)
64.7 63.8 (54.4-76.2)
30.2 31.3 (20.3-38.5)
116 37.5 (16.1-57.9)
0.0 26.3 (12.4-51.4)
0.9 14.8 (6.3-24.0)
15 40.4 (18.9-57.0)
0.0 25.3 (16.5-38.5)
716 4.9 (1.75-10.7)
03 1.1 (0.4-1.9)

Blue and red color highlight: patient values below and above the 10 and 90 percentiles of HDs, respectively. GC, germinal center; mem, memory. Population definitions refer to Classification

of B cell populations by flowcytometry.

Normal BCR repertoire specification in
the GC of P1

In P1, only minor differences in the BCR repertoire were
found compared to healthy controls. SHM levels were mildly
reduced in the IGHG of CB, IGHM, and IGHG transcripts of
memory B cells (SLO and blood) and the IGHM transcripts of
circulating PB (Figure 2A). This was not the result of impaired
processing of AID-induced U lesions as the patterns of SHM in
P1 were normal (Figure 2B and Supplementary Figure, S3A).
Parameters for antigen selection did not show clear differences
(Figure 2C and Supplementary Figure S3B) except an increased
antigen selection in the IGHG transcripts of circulating memory
B cells and the IGHM transcripts of SLO PB. In addition, both
the GC Tth/B-cell ratio and the IgG subclass distribution were
normal (Figures 2D, E and Supplementary Figure S3C). Analysis
of the cytokine production of Tth cells revealed an increased
percentage of IL-4P°® and a reduced percentage of IL217°* and
low percentage of IL-107** Tth cells (Figure 2F).

Together, these data suggest that in P1, both quantitative and
qualitative GC-dependent B-cell development were relatively
normal, corroborating the suggested post-GC defect in
this patient.

Impaired repertoire diversification,
antigen selection, and skewed subclass
distribution in P2

In the lymph node of P2, SHM levels were reduced in IGHM
and IGHG transcripts of CB and nearly absent in memory B-
cells but within the normal range for CC and PB. In peripheral
blood, IGHM transcripts of all memory/PB populations showed
reduced SHM levels, while SHM levels in IGHG and IGHA
transcripts of the few blood-derived PB were within the normal
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range (Figure 3A). SHM patterns and targeting were normal in
all populations (Figure 3B and Supplementary Figure S3A).

In HDs, SHM was lower in the IGHM and IGHG transcripts of
CC as compared to CB (unpaired t-test: p = 0.026 and p = 0.0094,
respectively), most likely reflecting antigen selection. This difference
was limited (IGHM) or absent (IGHG) in P2. Accordingly,
parameters for antigen selection were reduced in the IGHM
transcripts of all GC and memory/PB populations (Figure 3C and
Supplementary Figure S3B), whereas they seemed to suggest normal
selection in IGHG transcripts of all, but memory, populations.
Similarly, antigen selection was reduced in circulating NE and IgM
memory B cells but seemed normal in the few blood-derived PB.
Antigen selection in GC of P2 may be disturbed by an increased GC
Tth/B cell ratio, as a balanced Tfh/B-cell ratio is essential for
competition between B cells for Tth cell help during antigen
selection (Figure 3D).

Analysis of subclass distribution of IGHG transcripts of GC
B-cell populations revealed less usage of the more distal constant
domains (Figure 3E). The altered subclass distribution in P2 was
associated with a skewing of Tth cells towards a TH1 phenotype
(Figure 3F) as previously reported (25).

Together, this indicates that P2 had an impaired induction of
SHM and a defect in antigen selection possibly due to a
decreased Tth/GC B-cell ratio and a reduced switching to
more distal constant regions associated with a TH1-skewed
Tth cytokine production. This is associated with a decreased
exit of IgMP** PB from GCs.

Impaired antigen selection despite
increased SHM in CC of P3

In P3 we found a slight reduction of SHM levels for IGHM
and IGHG transcripts of memory B cells, while SHM levels
were normal for CB and even increased in the IGHM and

frontiersin.org


https://doi.org/10.3389/fimmu.2022.959002
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

van Schouwenburg et al. 10.3389/fimmu.2022.959002

A HD (tonsil) P1 (tonsi) B P3 (lymph node)
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B P2 (lymph node)
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Plasmablasts

GC B-cells

CD38
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FIGURE 1
Dysmorphic GCs and impaired B-cell differentiation in CVID patients (A) BCL6 staining of tonsils and lymph nodes of HDs and CVID patients.

(B) CD23 staining of tonsils and lymph nodes to highlight follicular dendritic cells present in the GC light zone as an indicator of GC polarization.
(C) Frequency of GC, memory B cells, and PB in total B cells of secondary lymphoid organs. (D) Clusters of extrafollicular IgM, IgG, and IgA
plasma cells in secondary lymphoid organs are highlighted by red stars, intrafollicular plasma cells by a red arrow. GCs are marked with dashed
white lines. The light brown staining in the GC of P2 is due to background staining and does not represent plasma cells.
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FIGURE 2

BCR repertoire analysis shows minor differences in BCR specification in the tonsil and blood of P1. (A) Median percentage of SHM in BCR
transcripts of sorted B-cell populations. (B) SHM patterns and targeting in sorted B-cell populations. (C) Evaluation of antigen selection in sorted
B-cell populations. (D) Tfh/B-cell ratio in the tonsil. (E) Subclass distribution in IGHG transcripts of sorted tonsil populations. (F) Cytokine

production of Tfh cells.

IGHG transcripts of the CC and PB of the SLO (Figure 4A).
SHM patterns were normal in all populations (Figure 4B,
Supplementary Figure S3A). Parameters for antigen selection
were reduced in the IGHM transcripts of CB, CC, and memory
B cells. In line with impaired antigen selection, the difference in
SHM between CB and CC was very limited (IGHM) or absent
(IGHG) (Figure 4C and Supplementary Figure S3B).
Interestingly, antigen selection was high/normal in the IGHM
transcripts of PB. Similar to our findings in P2, we found a
rather normal selection of IGHG transcripts. The Tfh/GC B-
cell ratio in P3 was normal excluding a disbalance between Tth
and GC B-cells as a possible cause of impaired selection
(Figure 4D). IGHG transcript analysis revealed a reduced
usage of more distal constant domains (Figure 4E). This was
associated with an increase in interferon gamma (IFN-y)pos
Tfh cell and high tumour necrosis factor alpha (TNF-o)pos
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Tfh cell percentage potentially altering the GC
response (Figure 4F).

The normal to high mutation rate seen in CC and CB was
not associated with normal antigen selection strength. Similar to
P2, this takes place within a THI1-skewed environment, but
unlike P2 in the context of a normal Tth/GC B-cell ratio. A
possible explanation of the high SHM levels in P2 may be
increased re-cycling between the CB and CC stages.

Clonal expansion and increased relation
of GC populations in P3

In order to investigate clonal expansion and the clonal
relationship between different B-cell populations of the SLO of
our patients, we re-analyzed all SLO BCR sequences using
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alternative filtering. We only included unique sequences (to
remove any amplification bias) and vastly reduced sequencing
errors (see material and methods for details and
Supplementary Figure SIB). It should be noted that the
analysis of clonal expansion was limited by the number of
cells that could be analyzed. The analysis revealed increased
clonality in the IGHM sequences of the CC and PB and the
IGHG transcripts of all populations in P3, but not the other
patients (Figure 5A, data not shown). Additional analysis of the
IGHG transcripts of P3 confirmed the presence of large clones
which primarily consisted of transcripts originating from CB
and CC (Figure 5B).

To further quantify our findings, we determined the percentage
of clones in each population that also contained sequences
originating from a different population (Figure 5C). Interestingly,
the clonal overlap between populations was increased for all
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populations of P3. Most remarkably, 50% of PB clones of P3
were shared with at least one other population as opposed to 0%
in both HDs. In both HDs there was mainly a clonal overlap
between the CB and CC population, while in P3, the clonal overlap
between all populations was broader (Figure 5D).

Increased recycling of cells would result in many shared
mutations within clones, whereas impaired selection would
result in many variations in mutations within one clone. As
shown in Figures 5E, F, the largest IGHG clone of P3 contained
many shared, but also unique mutations. This was in line with a
multiple step formation of this clone which may be the result of
the recycling of cells between the CB and CC stages. In
conclusion, P3 had increased SHM in the CC and PB
populations possibly explained by a combination of impaired
antigen selection and increased recycling of cells between the CB
and CC stages and the exclusive intrafollicular location of PB.
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Discussion

With the unique opportunity to assess both SLO and blood
samples of one CVIDio and two CVIDc patients, we were able to
combine the histological, flow cytometric, and BCR repertoire
analysis of sorted B-cell populations to identify some differences
in the GC-based pathogenesis of the common severe reduction
of circulating memory B cells (Figure 6).

Analysis of the tonsil of the CVIDio patient P1 showed only
very minor abnormalities in GC formation, BCR specification,
and B-cell differentiation. This implies (close to) normal B-cell
development within the GC and, based on histology, even
normal extrafollicular plasma cell responses. However, reduced
numbers of circulating class-switched memory B cells indicate
that despite normal generation in the GC these cells are unable
to exit the GC and/or survive in the periphery (Figure 6). It
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remains speculative how much the reduced size of GC (29) and
the lack of long lived humoral response (30) is related to the
reduced IL-21 and/or IL-10 production itself or to the altered
ratio of IL-4/IL-21 and IL-10 production of Tfh cells in
this patient.

In the lymph node of P2, a CVIDc patient, GCs were present,
but large, irregular in shape, and without normal polarization
(Figure 6). The differentiation and ratio of CB and CC were
normal, but a severely compromised GC function became
evident by low numbers of class-switched and absent IgA
memory B cells, a heavily biased IgG sub-class distribution,
low SHM rate, and impaired antigen selection. The residual
capacity for CSR in P2 was demonstrated by a few IgG-positive
cells, in vitro CSR to IgE [patient P3 in (22)], and especially IgG
production of B cells transferred in the presence of CD4 T cells
into a RAG-2/common-y-chain-deficient mouse (22). Despite
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the detectable capacity for CSR, IgMP°® cells were
overrepresented among memory and plasma cell responses in
the SLO of P2. Histology showed not only increased numbers of
intrafollicular IgM plasma cells but also some in the
extrafollicular zone, while the few IgG plasma cells were
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restricted to the intrafollicular location. Previously, we had
shown that plasma cell differentiation did not reach the final
Syndecan™Blimp1'®™ stage in this patient [P3 in (22)]. The
impaired humoral memory formation is associated with an
increased Tth/GC B-cell ratio and percentage of IFN-y
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Models of the germinal center of HDs and three CVID patients. Models depicting the germinal center response in HDs and three individual CVID
patients. Red font indicates impaired processes in the patient's GC response.

producing Tth cells. Both features have been observed in HIV
patients and simian immunodeficiency virus models, and were
shown to interfere with effective positive selection and
development of high-quality HIV broadly neutralizing
antibodies and their class-switch to IgG or IgA (31-33). Acute
Malaria infection also promotes a THI1 polarization of
circulating Tth cells, which provide suboptimal help to B cells
and do not correlate with a good malaria-specific antibody
response (34). The observed retention of plasma cells within
the follicle has been associated with T-bet expression in c-myb
haploinsufficient B cells (35), suggesting a possible role for TH1
driven responses in this phenomenon. Interestingly, there was a
strong discrepancy between the very low SHM rate in memory B
cells despite the normal SHM pattern and the rather normal
SHM rate in plasmablasts. Despite the presence of IgG mem B
cells, plasmablasts, and plasma cells in the SLO, none of those
post-GC cells made it into circulation, suggesting an additional
block at this stage.

In contrast to P2, the irregularly shaped and non-polarized
GCs in P3 contained very few class-switched memory B cells. The
somatic mutation rate was normal in CB and even increased in
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CC, but similar to P2, not associated with a normal antigen
selection of unswitched memory cells, despite a normal Tth/GC B-
cell ratio. Interestingly, this was not the case for the few IgM
plasma cells and the IgG memory B cells in the SLO of P3. Plasma
cells are nearly absent and confined to the GC area. There was no
detectable extrafollicular plasma cell response. Although of nearly
normal quality, only very few IgG memory B cells are formed in
the SLO, which become undetectable in the periphery.

Genomic analysis of P1 and P2 did not reveal mutations in
known genes associated with primary immunodeficiencies, but
P3 carries a heterozygous loss of function mutation in NFKB1
associated with the clinical and immunological phenotype
previously described for NFKB1 haploinsufficiency (4, 36-38).
NFKBI encodes the protein p105, which is processed during the
activation of the canonical NF-kB signaling pathway into the
active p50. The canonical NF-kB pathway plays a crucial role in
several steps of the GC response, including B cell activation,
proliferation, and survival (39); GC maintenance and selection
(40); and plasma cell differentiation (41). While GC formation
and induction of SHM takes place despite the disturbed NF-kB
signaling in P3, there were defects in antigen selection possibly
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associated with increased CB-CC cycling and severely impaired
PB differentiation. This phenotype is compatible with the
reported critical role of NF-kB signaling downstream of CD40
in GC B cells, which modulates the transcription factors c-Myc and
Foxol that underlie selection (40) and promotion of plasmablast
development due to B-cell intrinsic and extrinsic functions (41-44).
It remains to be seen whether the accumulation of non-selective
somatic mutations observed in this patient is a general
phenomenon in NFKBI1 haploinsufficient patients and whether
this contributes to an increased risk of GC B-cell derived
lymphomas as has been observed (45) among 157 patients with
heterozygous NKFB1 mutations (46-49).

Although the three examples of impaired GC function in
CVID suggest different underlying pathogenesis, there were also
some remarkable overlapping findings. Both P2 and P3 showed
reduced antigen selection in IGHM transcripts in various GC
populations while antigen selection was normal in the IGHG
transcripts of the same populations. It is therefore tempting to
speculate that the few class-switched activated B cells entering
the GC may undergo a more vigorous process of antigen
selection than non-switched cells (21). We have previously
studied IGHG and IGHA transcripts in the blood as a read-out
for the GC response in CVID patients and found very limited
signs of impaired antigen selection in CVID patients (12). With
the current knowledge, we suggest to include the IGHM
transcripts of the post-GC cells of these patients in further
studies as this might provide a better read-out for impaired
antigen selection.

A single cell would be preferable to bulk BCR repertoire analysis
given the large differences, especially in SHM levels, between CB,
CC, memory B cells, and PB of P2 and P3. Interestingly, in both
patients, cells that acquired more SHM (and presumably carried a
BCR with a higher affinity) were found among PB and cells with low
SHM rate among memory B-cells. These findings fit the model in
which high-affinity GC B-cells are selected to become PB, medium-
affinity cells recycle in the GC, and low-affinity B cells differentiate
into memory B cells (20). This situation can be masked by a strong
extrafollicular PB response, which is characterized by PB with low
SHM (50). The latter could explain the higher SHM levels in
memory B cells compared to PB as seen in HD SLO and would also
explain the stronger clonal relationship of PB and the GC-derived
B-cell populations in CVID patients with poor extrafollicular
response.

While the low numbers of patient samples and the limited
material available for research clearly presents a limitation in this
study, the integrated analysis of B-cell differentiation at the site
of differentiation of three CVID patients demonstrates that
patients with a comparable absence of post-GC B cells in
peripheral blood can have very different errors of B-cell
maturation in the GC response. Including more patients with
genetically defined PID will not only provide insight into the
molecular pathways deregulated in affected patients and a
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diagnostic reference map for genetically undefined PIDs but
will be of high relevance for our comprehension of GC-derived
autoimmune disease and lymphoma development.

Data availability statement

The data presented in the study are deposited in the GEO
repository, accession number GSE213361 https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE213361.

Ethics statement

This study was reviewed and approved by Freiburg 239/1999
and Freiburg 121/11. The patients/participants provided their
written informed consent to participate in this study.

Author contributions

PvS performed repertoire analysis, developed models, and
wrote the manuscript. SU coordinated the study; planned,
performed, and analyzed flowcytometric experiments; co-
analyzed the repertoire sequences; and wrote the manuscript. KP
edited the final manuscript. MvdB planned and supervised
repertoire sequencing and edited the final manuscript. FK and
OH, provided patient information. DF performed the sample
preparation and flowcytometric experiments. ME and MS
provided histology. DvZ and AS supported bioinformatic
repertoire analysis. KW had initiated the project, supervised
experiments, co-wrote and edited the final manuscript. All
authors contributed to the article and approved the
submitted version.

Funding

This study was supported by the Bundesministerium fiir
Bildung und Forschung (BMBF), grant number BMBF
01EO1303 and GAIN 01GMI910A to KW, by the Stichting
Sophia Kinderziekenhuis Fonds (grant no. S15-07 Genes and
Immunity in SCID) (FK and MB.), and by the Dutch
Organization for Scientific Research (NWO/ZonMw veni grant
91616058 to PS) and an EFIS-IL-Short-Term Fellowship to PS.

Acknowledgments
The authors would like to thank Marion Klima and Monika

Erler for patient care, and the patients for their willingness to
participate in this study.

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE213361
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE213361
https://doi.org/10.3389/fimmu.2022.959002
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

van Schouwenburg et al.

Conflict of interest

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

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Bonilla FA, Barlan I, Chapel H, Costa-Carvalho BT, Cunningham-Rundles C,
de la Morena MT, et al. International consensus document (ICON): Common
variable immunodeficiency disorders. J Allergy Clin Immunol In Pract (2016) 4
(1):38-59. doi: 10.1016/j.jaip.2015.07.025

2. Seidel MG, Kindle G, Gathmann B, Quinti I, Buckland M, van Montfrans J,
et al. The European society for immunodeficiencies (ESID) registry working
definitions for the clinical diagnosis of inborn errors of immunity. J Allergy Clin
Immunol Pract (2019) 7(6):1763-70. doi: 10.1016/j.jaip.2019.02.004

3. Tuijnenburg P, Lango Allen H, Burns SO, Greene D, Jansen MH, Staples E,
et al. Loss-of-function nuclear factor kB subunit 1 (NFKB1) variants are the most
common monogenic cause of common variable immunodeficiency in europeans. J
Allergy Clin Immunol (2018) 142(4):1285-96. doi: 10.1016/j.jaci.2018.01.039

4. Schréder C, Sogkas G, Fliegauf M, Dérk T, Liu D, Hanitsch LG, et al. Late-
onset antibody deficiency due to monoallelic alterations in NFKB1. Front Immunol
(2019) 10:2618. doi: 10.3389/fimmu.2019.02618

5. van Schouwenburg PA, Davenport EE, Kienzler AK, Marwah I, Wright B,
Lucas M, et al. Application of whole genome and RNA sequencing to investigate
the genomic landscape of common variable immunodeficiency disorders. Clin
Immunol (Orlando Fla) (2015) 160(2):301-14. doi: 10.1016/j.clim.2015.05.020

6. Kienzler AK, Hargreaves CE, Patel SY. The role of genomics in common
variable immunodeficiency disorders. Clin Exp Immunol (2017) 188(3):326-32.
doi: 10.1111/cei.12947

7. Chapel H, Lucas M, Lee M, Bjorkander J, Webster D, Grimbacher B, et al.
Common variable immunodeficiency disorders: division into distinct clinical
phenotypes. Blood (2008) 112(2):277-86. doi: 10.1182/blood-2007-11-124545

8. Warnatz K, Denz A, Driger R, Braun M, Groth C, Wolff-Vorbeck G, et al.
Severe deficiency of switched memory b cells (CD27(+)IgM(-)IgD(-)) in subgroups
of patients with common variable immunodeficiency: a new approach to classify a
heterogeneous disease. Blood (2002) 99(5):1544-51. doi: 10.1182/blood.V99.5.1544

9. Driessen GJ, van Zelm MC, van Hagen PM, Hartwig NG, Trip M, Warris A,
et al. B-cell replication history and somatic hypermutation status identify distinct
pathophysiologic backgrounds in common variable immunodeficiency. Blood
(2011) 118(26):6814-23. doi: 10.1182/blood-2011-06-361881

10. Wehr C, Kivioja T, Schmitt C, Ferry B, Witte T, Eren E, et al. The
EUROclass trial: defining subgroups in common variable immunodeficiency.
Blood (2008) 111(1):77-85. doi: 10.1182/blood-2007-06-091744

11. Anzilotti C, Kienzler AK, Lopez-Granados E, Gooding S, Davies B, Pandit
H, et al. Key stages of bone marrow b-cell maturation are defective in patients with
common variable immunodeficiency disorders. J Allergy Clin Immunol (2015) 136
(2):487-90.€2. doi: 10.1016/j.jaci.2014.12.1943

12. van Schouwenburg PA, IJ H, Pico-Knijnenburg I, Dalm V, van Hagen PM,
van Zessen D, et al. Identification of CVID patients with defects in immune
repertoire formation or specification. Front Immunol (2018) 9:2545. doi: 10.3389/
fimmu.2018.02545

13. Romberg N, Le Coz C, Glauzy S, Schickel JN, Trofa M, Nolan BE, et al.
Patients with common variable immunodeficiency with autoimmune cytopenias
exhibit hyperplastic yet inefficient germinal center responses. J Allergy Clin
Immunol (2019) 143(1):258-65. doi: 10.1016/j.jaci.2018.06.012

14. Roskin KM, Simchoni N, Liu Y, Lee JY, Seo K, Hoh RA, et al. IgH sequences in
common variable immune deficiency reveal altered b cell development and selection.
Sci Trans Med (2015) 7(302):302ral35. doi: 10.1126/scitranslmed.aab1216

Frontiers in Immunology

13

10.3389/fimmu.2022.959002

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.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.959002/full#supplementary-material

15. Warnatz K, Bossaller L, Salzer U, Skrabl-Baumgartner A, Schwinger W, van
der Burg M, et al. Human ICOS deficiency abrogates the germinal center reaction
and provides a monogenic model for common variable immunodeficiency. Blood
(2006) 107(8):3045-52. doi: 10.1182/blood-2005-07-2955

16. Sander CA, Medeiros L], Weiss LM, Yano T, Sneller MC, Jaffe ES.
Lymphoproliferative lesions in patients with common variable
immunodeficiency syndrome. Am ] Surg Pathol (1992) 16(12):1170-82. doi:
10.1097/00000478-199212000-00004

17. Unger S, Seidl M, Schmitt-Graeff A, Bohm J, Schrenk K, Wehr C, et al. Ill-
defined germinal centers and severely reduced plasma cells are histological hallmarks of
lymphadenopathy in patients with common variable immunodeficiency. J Clin
Immunol (2014) 34(6):615-26. doi: 10.1007/s10875-014-0052-1

18. Victora GD, Dominguez-Sola D, Holmes AB, Deroubaix S, Dalla-Favera R,
Nussenzweig MC. Identification of human germinal center light and dark zone
cells and their relationship to human b-cell lymphomas. Blood (2012) 120
(11):2240-8. doi: 10.1182/blood-2012-03-415380

19. Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol
(2022) 26(40):413-42. doi: 10.1146/annurev-immunol-120419-022408

20. Inoue T, Moran I, Shinnakasu R, Phan TG, Kurosaki T. Generation of
memory b cells and their reactivation. Immunol Rev (2018) 283(1):138-49. doi:
10.1111/imr.12640

21. Roco JA, Mesin L, Binder SC, Nefzger C, Gonzalez-Figueroa P, Canete PF,
et al. Class-switch recombination occurs infrequently in germinal centers.
Immunity (2019) 51(2):337-50.e7. doi: 10.1016/j.immuni.2019.07.001

22. Taubenheim N, von Hornung M, Durandy A, Warnatz K, Corcoran L, Peter
HH, et al. Defined blocks in terminal plasma cell differentiation of common
variable immunodeficiency patients. J Immunol (Baltimore Md: 1950) (2005) 175
(8):5498-503. doi: 10.4049/jimmunol.175.8.5498

23. Unger S, Seidl M, van Schouwenburg P, Rakhmanov M, Bulashevska A,
Frede N, et al. The T(H)1 phenotype of follicular helper T cells indicates an IFN-y-
associated immune dysregulation in patients with CD21low common variable
immunodeficiency. J Allergy Clin Immunol (2018) 141(2):730-40. doi: 10.1016/
j.jaci.2017.04.041

24. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
et al. Fiji: an open-source platform for biological-image analysis. Nat Methods
(2012) 9(7):676-82. doi: 10.1038/nmeth.2019

25. van Dongen J], Langerak AW, Briiggemann M, Evans PA, Hummel M,
Lavender FL, et al. Design and standardization of PCR primers and protocols for
detection of clonal immunoglobulin and T-cell receptor gene recombinations in
suspect lymphoproliferations: report of the BIOMED-2 concerted action BMH4-
CT98-3936. Leukemia (2003) 17(12):2257-317. doi: 10.1038/sj.leu.2403202

26. Tiller T, Meffre E, Yurasov S, Tsuiji M, Nussenzweig MC, Wardemann H.
Efficient generation of monoclonal antibodies from single human b cells by single
cell RT-PCR and expression vector cloning. J Immunol Methods (2008) 329(1-
2):112-24. doi: 10.1016/j.jim.2007.09.017

27. Berkowska MA, Schickel N, Grosserichter-Wagener C, de Ridder D, Ng YS,
van Dongen JJ, et al. Circulating human CD27-IgA+ memory b cells recognize
bacteria with polyreactive igs. J Immunol (Baltimore Md: 1950) (2015) 195
(4):1417-26. doi: 10.4049/jimmunol.1402708

28. IJspeert H, van Schouwenburg PA, van Zessen D, Pico-Knijnenburg I,
Driessen GJ, Stubbs AP, et al. Evaluation of the antigen-experienced b-cell receptor

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.959002/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.959002/full#supplementary-material
https://doi.org/10.1016/j.jaip.2015.07.025
https://doi.org/10.1016/j.jaip.2019.02.004
https://doi.org/10.1016/j.jaci.2018.01.039
https://doi.org/10.3389/fimmu.2019.02618
https://doi.org/10.1016/j.clim.2015.05.020
https://doi.org/10.1111/cei.12947
https://doi.org/10.1182/blood-2007-11-124545
https://doi.org/10.1182/blood.V99.5.1544
https://doi.org/10.1182/blood-2011-06-361881
https://doi.org/10.1182/blood-2007-06-091744
https://doi.org/10.1016/j.jaci.2014.12.1943
https://doi.org/10.3389/fimmu.2018.02545
https://doi.org/10.3389/fimmu.2018.02545
https://doi.org/10.1016/j.jaci.2018.06.012
https://doi.org/10.1126/scitranslmed.aab1216
https://doi.org/10.1182/blood-2005-07-2955
https://doi.org/10.1097/00000478-199212000-00004
https://doi.org/10.1007/s10875-014-0052-1
https://doi.org/10.1182/blood-2012-03-415380
https://doi.org/10.1146/annurev-immunol-120419-022408
https://doi.org/10.1111/imr.12640
https://doi.org/10.1016/j.immuni.2019.07.001
https://doi.org/10.4049/jimmunol.175.8.5498
https://doi.org/10.1016/j.jaci.2017.04.041
https://doi.org/10.1016/j.jaci.2017.04.041
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/sj.leu.2403202
https://doi.org/10.1016/j.jim.2007.09.017
https://doi.org/10.4049/jimmunol.1402708
https://doi.org/10.3389/fimmu.2022.959002
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

van Schouwenburg et al.

repertoire in healthy children and adults. Front Immunol (2016) 7:410. doi:
10.3389/fimmu.2016.00410

29. Linterman MA, Beaton L, Yu D, Ramiscal RR, Srivastava M, Hogan JJ, et al.
IL-21 acts directly on b cells to regulate bcl-6 expression and germinal center
responses. | Exp Med (2010) 207(2):353-63. doi: 10.1084/jem.20091738

30. Rasheed MA, Latner DR, Aubert RD, Gourley T, Spolski R, Davis CW, et al.
Interleukin-21 is a critical cytokine for the generation of virus-specific long-lived
plasma cells. J Virol (2013) 87(13):7737-46. doi: 10.1128/JV1.00063-13

31. Havenar-Daughton C, Carnathan DG, Torrents de la Pefia A, Pauthner M,
Briney B, Reiss SM, et al. Direct probing of germinal center responses reveals
immunological features and bottlenecks for neutralizing antibody responses to
HIV env trimer. Cell Rep (2016) 17(9):2195-209. doi: 10.1016/j.celrep.2016.10.085

32. Cohen K, Altfeld M, Alter G, Stamatatos L. Early preservation of CXCR5+
PD-1+ helper T cells and b cell activation predict the breadth of neutralizing
antibody responses in chronic HIV-1 infection. J Virol (2014) 88(22):13310-21.
doi: 10.1128/JV1.02186-14

33. Locci M, Havenar-Daughton C, Landais E, Wu J, Kroenke MA, Arlehamn
CL, et al. Human circulating PD-1+CXCR3-CXCR5+ memory tfth cells are highly
functional and correlate with broadly neutralizing HIV antibody responses.
Immunity (2013) 39(4):758-69. doi: 10.1016/j.immuni.2013.08.031

34. Obeng-Adjei N, Portugal S, Tran TM, Yazew TB, Skinner J, Li S, et al.
Circulating Thl-cell-type tfh cells that exhibit impaired b cell help are
preferentially activated during acute malaria in children. Cell Rep (2015) 13
(2):425-39. doi: 10.1016/j.celrep.2015.09.004

35. Piovesan D, Tempany J, Di Pietro A, Baas I, Yiannis C, O’Donnell K, et al. C-
myb regulates the T-Bet-Dependent differentiation program in b cells to coordinate
antibody responses. Cell Rep (2017) 19(3):461-70. doi: 10.1016/j.celrep.2017.03.060

36. Fliegauf M, Bryant VL, Frede N, Slade C, Woon ST, Lehnert K, et al.
Haploinsufficiency of the NF-kappaBl subunit p50 in common variable
immunodeficiency. Am ] Hum Genet (2015) 97(3):389-403. doi: 10.1016/
jajhg 2015.07.008

37. Boztug H, Hirschmugl T, Holter W, Lakatos K, Kager L, Trapin D, et al. NF-
kappaBl haploinsufficiency causing immunodeficiency and EBV-driven
lymphoproliferation. J Clin Immunol (2016) 36(6):533-40. doi: 10.1007/s10875-
016-0306-1

38. Tuijnenburg P, Lango Allen H, Burns SO, Greene D, Jansen MH, Staples E, et al.
Loss-of-function nuclear factor kappaB subunit 1 (NFKB1) variants are the most
common monogenic cause of common variable immunodeficiency in europeans. J
Allergy Clin Immunol (2018) 142(4):1285-96. doi: 10.1016/j,jaci.2018.01.039

39. Grumont RJ, Rourke IJ, O’Reilly LA, Strasser A, Miyake K, Sha W, et al. B
lymphocytes differentially use the rel and nuclear factor kappaBl (NF-kappaB1)
transcription factors to regulate cell cycle progression and apoptosis in quiescent
and mitogen-activated cells. ] Exp Med (1998) 187(5):663-74. doi: 10.1084/
jem.187.5.663

40. Luo W, Weisel F, Shlomchik MJ. B cell receptor and CD40 signaling are
rewired for synergistic induction of the c-myc transcription factor in germinal center
b cells. Immunity (2018) 48(2):313-26.e5. doi: 10.1016/j.immuni.2018.01.008

Frontiers in Immunology

14

10.3389/fimmu.2022.959002

41. Heise N, De Silva NS, Silva K, Carette A, Simonetti G, Pasparakis M, et al.
Germinal center b cell maintenance and differentiation are controlled by distinct
NF-kappaB transcription factor subunits. J Exp Med (2014) 211(10):2103-18. doi:
10.1084/jem.20132613

42. Scott O, Roifman CM. NF-kappaB pathway and the goldilocks principle:
Lessons from human disorders of immunity and inflammation. J Allergy Clin
Immunol (2019) 143(5):1688-701. doi: 10.1016/j.jaci.2019.03.016

43. Jurk D, Wilson C, Passos JF, Oakley F, Correia-Melo C, Greaves L, et al.
Chronic inflammation induces telomere dysfunction and accelerates ageing in
mice. Nat Commun (2014) 2:4172. doi: 10.1038/ncomms5172

44. Caamaio J, Hunter CA. NF-kappaB family of transcription factors: central
regulators of innate and adaptive immune functions. Clin Microbiol Rev (2002) 15
(3):414-29. doi: 10.1128/CMR.15.3.414-429.2002

45. Jost PJ, Ruland J. Aberrant NF-kappaB signaling in lymphoma:
mechanisms, consequences, and therapeutic implications. Blood (2007) 109
(7):2700-7. doi: 10.1182/blood-2006-07-025809

46. Lorenzini T, Fliegauf M, Klammer N, Frede N, Proietti M, Bulashevska A,
et al. Characterization of the clinical and immunologic phenotype and
management of 157 individuals with 56 distinct heterozygous NFKB1 mutations.
J Allergy Clin Immunol (2020) 146(4):901-11. doi: 10.1016/j.jaci.2019.11.051

47. Han S, Hathcock K, Zheng B, Kepler TB, Hodes R, Kelsoe G. Cellular
interaction in germinal centers. roles of CD40 ligand and B7-2 in established
germinal centers. ] Immunol (Baltimore Md: 1950) (1995) 155(2):556-67.

48. Zotos D, Coquet JM, Zhang Y, Light A, D’Costa K, Kallies A, et al. IL-21

regulates germinal center b cell differentiation and proliferation through a b cell-
intrinsic mechanism. J Exp Med (2010) 207(2):365-78. doi: 10.1084/jem.20091777

49. Havenar-Daughton C, Reiss SM, Carnathan DG, Wu JE, Kendric K,
Torrents de la Pefia A, et al. Cytokine-independent detection of antigen-specific
germinal center T follicular helper cells in immunized nonhuman primates using a
live cell activation-induced marker technique. J Immunol (Baltimore Md: 1950)
(2016) 197(3):994-1002. doi: 10.4049/jimmunol.1600320

50. Jacob J, Kelsoe G. In situ studies of the primary immune response to (4-
hydroxy-3-nitrophenyl)acetyl. II. a common clonal origin for periarteriolar
lymphoid sheath-associated foci and germinal centers. J Exp Med (1992) 176
(3):679-87. doi: 10.1084/jem.176.3.679

COPYRIGHT
© 2022 van Schouwenburg, Unger, Payne, Kaiser, Pico-Knijnenburg,
Pfeiffer, Hausmann, Friedmann, Erbel, Seidl, van Zessen, Stubbs,

van der Burg and Warnatz. 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.

frontiersin.org


https://doi.org/10.3389/fimmu.2016.00410
https://doi.org/10.1084/jem.20091738
https://doi.org/10.1128/JVI.00063-13
https://doi.org/10.1016/j.celrep.2016.10.085
https://doi.org/10.1128/JVI.02186-14
https://doi.org/10.1016/j.immuni.2013.08.031
https://doi.org/10.1016/j.celrep.2015.09.004
https://doi.org/10.1016/j.celrep.2017.03.060
https://doi.org/10.1016/j.ajhg.2015.07.008
https://doi.org/10.1016/j.ajhg.2015.07.008
https://doi.org/10.1007/s10875-016-0306-1
https://doi.org/10.1007/s10875-016-0306-1
https://doi.org/10.1016/j.jaci.2018.01.039
https://doi.org/10.1084/jem.187.5.663
https://doi.org/10.1084/jem.187.5.663
https://doi.org/10.1016/j.immuni.2018.01.008
https://doi.org/10.1084/jem.20132613
https://doi.org/10.1016/j.jaci.2019.03.016
https://doi.org/10.1038/ncomms5172
https://doi.org/10.1128/CMR.15.3.414-429.2002
https://doi.org/10.1182/blood-2006-07-025809
https://doi.org/10.1016/j.jaci.2019.11.051
https://doi.org/10.1084/jem.20091777
https://doi.org/10.4049/jimmunol.1600320
https://doi.org/10.1084/jem.176.3.679
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2022.959002
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Deciphering imprints of impaired memory B-cell maturation in germinal centers of three patients with common variable immunodeficiency
	Introduction
	Materials and methods
	Patients and controls
	Histology
	Isolation and flow cytometric analysis of peripheral blood mononuclear cells and mononuclear cells from secondary lymphoid organs
	Classification of B-cell populations by flow cytometry
	Repertoire sequencing

	Results
	Differences in germinal center shape and cellular differentiation in two CVID patients
	Analysis of BCR specification
	Normal BCR repertoire specification in the GC of P1
	Impaired repertoire diversification, antigen selection, and skewed subclass distribution in P2
	Impaired antigen selection despite increased SHM in CC of P3
	Clonal expansion and increased relation of GC populations in P3

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


