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Common variable immunodeficiency (CVID) is the most prevalent form of
symptomatic primary immunodeficiency in humans. The genetic cause of
CVID is still unknown in about 70% of cases. Ten percent of CVID patients
carry heterozygous mutations in the tumor necrosis factor receptor
superfamily member 13B gene (TNFRSF13B), encoding TACI. Mutations in
TNFRSF13B alone may not be sufficient for the development of CVID, as 1%
of the healthy population carry these mutations. The common hypothesis is
that TACI mutations are not fully penetrant and additional factors contribute to
the development of CVID. To determine these additional factors, we
investigated the perturbations of transcription factor (TF) binding and the
transcriptome profiles in unstimulated and CD40L/IL21-stimulated naive B
cells from CVID patients harboring the C104R mutation in TNFRSF13B and
compared them to their healthy relatives with the same mutation. In addition,
the proteome of stimulated naive B cells was investigated. For functional
validation, intracellular protein concentrations were measured by flow
cytometry. Our analysis revealed 8% less accessible chromatin in
unstimulated naive B cells and 25% less accessible chromatin in class-
switched memory B cells from affected and unaffected TACI mutation
carriers compared to healthy donors. The most enriched TF binding motifs in
TACI mutation carriers involved members from the ETS, IRF, and NF-xB TF
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families. Validation experiments supported dysregulation of the NF-kB and
MAPK pathways. In steady state, naive B cells had increased cell death pathways
and reduced cell metabolism pathways, while after stimulation, enhanced
immune responses and decreased cell survival were detected. Using a multi-
omics approach, our findings provide valuable insights into the impaired
biology of naive B cells from TACI mutation carriers.
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GRAPHICAL ABSTRACT

Introduction

Common variable immunodeficiency (CVID), the most
prevalent primary immunodeficiency in humans with an
incidence of 1 in 50,000 to 1 in 10,000 Caucasians, forms a
heterogeneous group of disorders (1). CVID is characterized by
recurrent bacterial infections, hypogammaglobulinemia, and
impaired antibody responses pointing to a defect in B cell
differentiation or activation (2). To date, the cause of CVID and

its development has not been identified in all patients, as only

Abbreviations: ATAC-seq, Assay for Transposase-Accessible Chromatin
using sequencing; CSM, Class switch memory; CVID, Common variable
immunodeficiency; DEG, Differentially expressed genes; ETS, Erythroblast
transformation specific; FACS, Fluorescence-activated cell sorting; GC,
Germinal center; IRF, Interferon regulatory factor; NFkB, Nuclear factor
kappa B subunit; PBMCs, Peripheral blood mononuclear cells; TACI,
Transmembrane activator and calcium modulator and cyclophilin ligand;
TF, Transcription factor; TFBM, Transcription factor binding motif;
TNFRSF13B, Tumor necrosis factor receptor super family 13 B; WT,
Wild type.
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~25% have monogenetic alterations explaining their phenotype
(3, 4). Approximately 10% of CVID patients harbor a mutation in
TNFRSFI13B (encoding the protein TACI) with a demonstrable
biological impact (5), but 1%-2% of the healthy population also
carry these variants, causing debate on whether TNFRSFI13B
mutations should be termed “disease causing” or merely
“disease associated”.

Transcriptional activation occurs as a result of binding of
transcription factors (TFs) and the acquisition of a competent
epigenetic status, which also associates with increased chromatin
accessibility (6). ATAC-seq (assay for transposase accessible
chromatin and sequencing) determines the accessible
chromatin regions of a given cell population (often about
50,000 cells) genome-wide. Using ATAC-seq, Yang et al.
identified functional genes not previously highlighted as
causative for rheumatoid arthritis (7), demonstrating the
benefit of chromatin investigations.

Transmembrane activator and calcium modulator and
cyclophilin ligand interactor (TACI, CD267) is encoded by
TNFRSFI13B and is a type III transmembrane protein
belonging to the TNFR family. TACI plays a role in multiple
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events in the immune response by regulating the B cell pool size
through a negative feedback loop; it induces IgG and IgA class
switch recombination in germinal center (GC) B cells and
promotes plasma cell survival and differentiation (8, 9). Upon
ligand binding of the B cell activating factor (BAFF) or a
proliferation-inducing ligand (APRIL), the intracellular
domains of TACI interact with multiple signaling and
activation factors, inducing activation of the canonical
(classical) nuclear factor kappa-B (NF-kB) signaling pathway
(10). Thus, TACI is a crucial receptor for B cell maturation and is
upregulated in activated B cells. Class-switch memory B cells and
plasma cells express high levels of TACI, while transitional,
naive, and marginal zone B cells show lower expression (11).

The most common TACI mutations in CVID are C104R and
A1BIE, which affect ligand binding and transmembrane function,
respectively (12-14). Homozygous C104R carriers have fewer
autoimmune manifestations compared to heterozygous C104R
CVID patients, and a milder phenotype (5). In CVID patients
harboring a single C104R TACI mutation, a diminished immune
tolerance and a high titer of IgG antinuclear antibodies (ANAs)
associated with activated circulating T follicular helper cells,
possibly driving autoreactive B cells, were observed (15). In
addition, Crotty et al. demonstrated a decreased TLR9 response
to CpG in B cells of CVID patients carrying the C104R mutation
in TACI (16). Furthermore, in naive B cells from CVID patients
with and without TACI mutations, elevated proliferation was
observed compared to healthy donors with and without TACI
mutations (16). Diminished IgA titers are associated with TACI
mutations (17) and observed in 13 from our 18 C104R mutation
carriers (Table 1).

Multiple studies observed progressive disease development
in CVID patients harboring the C104R mutation. Patients suffer
from an increased risk for autoimmune manifestations,
independent of zygosity (hetero- or homozygous mutation
carrier) or disease penetrance and expressivity (CVID or
healthy individuals) (5, 15). In addition, malignancies, such as
lymphoma and gastric cancer (18), are associated with TACI
mutations, as well as splenomegaly (19). A common
complication reported for TACI-CVID patients is interstitial
lung disease, a major cause for mortality (20). In addition to
these reported complications in TACI CVID patients, healthy
C104R mutation carriers seem to be prone to autoimmunity
(15), highlighting the complex involvement of TACI in
immune homeostasis.

The common hypothesis is that TACI mutations are not
fully penetrant and additional factors contribute to the
development of CVID. To determine these additional factors,
we investigated the perturbations of TF binding and the
transcriptome profiles in CVID patients harboring the C104R
TACI mutation and compared them to their healthy relatives
harboring the same mutation and to healthy donors tested
negative for the mutation. In addition, we analyzed the
chromatin landscape by ATAC-Seq, the transcriptome by
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bulk-RNA-Seq, and proteome by mass spectroscopy of sorted
and stimulated naive B cells from CVID patients.

Materials and methods
Study participants

In this study, 19 individuals (16 heterozygous and 3
homozygous TNFRSF13B ¢.310 T>C mutation carriers; further
referred to as affected TNFRSF13B mutation carriers) previously
diagnosed with CVID, 6 healthy relatives of 6 CVID patients
harboring the same heterozygous TNFRSF13B mutation (further
referred to as unaffected TNFRSF13B mutation carriers), and 26
healthy donors tested TNFRSFI13B wild type (wt) were recruited.
One heterozygous patient and relative are residents of the United
Kingdom, another in Spain, a third in the Netherlands, and the
remaining heterozygous patients and their relatives are residents
of Germany. Two homozygous patients are residents of Spain
and one in Germany. The residency of all healthy donors was
Germany. All investigations were performed after individuals
have signed the informed consent form from their local
physician [V2, 12/19, D; MEC-2013-026, NL; PR(AG)12/2016,
S; and 04/Q0501/119, UK]. The ethics committee of Freiburg
approved this project with an effective date of 6 June 2019. In
July 2019, the consent form under which patient samples had
been collected was approved under ETK-Nr_354/19. The i-PAD
ethics vote carries the number EK-Freiburg 76/19.

Cell isolation and stimulation

Whole blood or frozen peripheral blood mononuclear cells
(PBMCs) (36-72 ml) were collected from all individuals either from
Freiburg University Clinic or shipment from collaborators. PBMCs
were isolated using standard Ficoll density centrifugation in 50 ml
Falcon or Sepmate tubes (Stemcell Technologies). PBMCs were
stained with trypan blue or Nigrosin and counted under the
microscope with a “Neubauer Chamber”. A total of 100,000
PBMCs per condition (B cell panel and B cell activation panel)
were stained and measured by flow-cytometry (see FACS staining).
For unstimulated experiments, B cells were separated from the
remaining PBMCs using microbeads (MACS® CD19* microbeads,
Miltenyi Biotec). Cells were centrifugated for 10 min, at 300 g and 8°
C, and the cell pellet was resuspended in 80 pul of MACS buffer (PBS
+0.5% BSA and 2 mM EDTA) and 20 ul of CD19 microbeads. The
cell suspension was incubated for 15 min at 4°C and washed with
10 ml of MACS buffer for 10 min, at 300 g and 8°C, before they
were applied to the MACS column. The flow through containing
the non-B cells was collected in RMPI medium + 10% FCS and 1%
penicillin/streptomycin, frozen in 90% RPMI with adjuvants + 40%
FCS + 10% DMSO, and stored in the N2 tank. CD19" B cells were
flushed out of the column with 1 ml of FACS buffer and stained
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TABLE 1 Clinical overview of all investigated individuals.

Index Sex Age Zygosity Condition IgGin IgAin IgMin Autoimmune Ig Infections Other
patient g/L g/L g/L  complications substitution complications
normal reference value 7-16 0,7-4 0,4-2,3
(95% CI)
TACI_1.1 male 70  heterozygous unstimulated na na na na n.a. n.a. na
TACI_1.2 female 38  heterozygous unstimulated n.a. n.a. n.a. n.a. n.a. n.a. n.a
TACI_2.1 female 24  heterozygous unstimulated 13.6 1.24 0.57 no yes recurrent respiratory infections no
TACI_2.2 female 57  heterozygous unstimulated na. na. na. rheumatic no recurrent respiratory infections no
complaints
TACI_3.1 female 77  heterozygous unstimulated 9.8 <0.1 <0,1 no yes no no
TACI_3.2 female 81  heterozygous unstimulated 7.9 1.1 0.7 no no sinus chest infections no
TACI_4 male 34  homozygous unstimulated 5.29 0.28 <0,17 no yes bronchitis splenomegaly
TACI_5 female 58  homozygous unstimulated na na na na. na. n.a. n.a.
TACI_6 male 20  homozygous unstimulated na. na. na. na. na. na. na.
TACI_7.1 male 56  heterozygous unstimulated 7.51 0.41 0.43 Sicca-syndrom yes recurrent respiratory infections splenomegaly, chronic diarrhea
TACI_7.2 male 84  heterozygous unstimulated na. na. na. na. na. na. na.
TACI_8.1 male 38  heterozygous unstimulated 10.6 1.46 0.45 enteropathy yes recurrent gastrointestinal infections chronic diarrhea
TACI_8.2 female 66 heterozygous unstimulated 8 0.7 0.52 no yes no no
TACI_9.1 female 45  heterozygous unstimulated 10.3 <0,25 <0,17 urtikaria yes recurrent pneumonia no
TACI9.2 female 79  heterozygous unstimulated na. n.a. na. na. na. n.a. na.
TACI_10 male 31  heterozygous stimulated 13.8 < 0,06 < 0,17 thyroiditis yes recurrent sinusitis, bronchitiden, no
pharyngitis
TACI_11 female 60 heterozygous stimulated 12.1 < 0,06 <0,17 enteropathy yes recurrent sinusitis, bronchitiden, splenomegaly, lymphadenopathy,
multiple pneumonias chronic diarrhea
TACI_12 male 65  heterozygous stimulated 12.9 0.98 0.43 asthma yes sinusitis, bronchitis no
TACI_13 female 65 heterozygous stimulated 11 0.26 0.43 no yes recurrent respiratory infections breast cancer
TACI_7.1 male 55 heterozygous stimulated 9.13 0.48 0.49 Sicca-syndrom yes recurrent respiratory infections splenomegaly, chronic diarrhea
TACI_14 male 53  heterozygous stimulated 1.44 < 0,06 <0,17 vitiligo no recurrent respiratory infections, chronic splenomegaly
sinusitiden
TACI_15 female 31  heterozygous stimulated 11 0.24 0.81 no yes sinusitis, bronchitis, otitis no
TACI_16 male 40  heterozygous stimulated 13 0.09 0.42 enteropathy yes sinusitis, bronchitis, parotitis splenomegaly, ILD, lymphadenopathy
TACI_17 female 44  heterozygous stimulated 6.1 0.5 2.92 urtikaria no sinusitis, bronchitis ILD, morbus bowen
TACI_18 male 35 heterozygous stimulated 7.33 < 0,06 1.6 cytopenias, yes recurrent respiratory infections splenomegaly, myelitis
enteropathy
HD1 female 59 wild-type unstimulated na. na. na. no no no no
HD2 male 63 wild-type unstimulated na na na no no no no
HD3 female 25 wild-type unstimulated na na na no no no no

(Continued)
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Index Sex Age Zygosity Condition IgGin IgAin IgMin Autoimmune Ig Infections Other
patient g/L g/L g/L  complications substitution complications
HD4 male 41 wild-type unstimulated na. na. na. no no no no
HD5 female 27 wild-type unstimulated n.a. n.a. na. no no no no
HD6 male 51 wild-type unstimulated na. na. na. no no no no
HD7 male 51 wild-type unstimulated na na na no no no no
HD8 male 52 wild-type unstimulated na na na no no no no
HD6.2 male 52 wild-type stimulated na na na no no no no
HD9 male 29 wild-type stimulated na na na no no no no
HD10 female 35 wild-type stimulated na na na no no no no
HDI11 female 30 wild-type stimulated na na na no no no no
HD12 female 53 wild-type stimulated na na na no no no no
HD13 female 39 wild-type stimulated na na na no no no no
HD14 male 25 wild-type stimulated na na na no no no no
HDI15 male 18 wild-type stimulated na na na no no no no
HD16 female 25 wild-type stimulated na na na no no no no
HD17 male 32 wild-type stimulated na na na no no no no
HD18 female 40 wild-type stimulated na na na no no no no
HD4.2 male 43 wild-type stimulated n.a n.a n.a no no no no
HD19 female 28 wild-type stimulated na na na no no no no
HD20 female 33 wild-type stimulated na na na no no no no
HD21 male 33 wild-type stimulated na. na. na. no no no no
HD22 female 47 wild-type stimulated n.a. n.a. n.a. no no no no
HD2.2 male 65 wild-type stimulated na. na. na. no no no no
HD23 female 26 wild-type stimulated na. na. na. no no no no

n.a., information not available, either data was not collected or follow up was lost.
ILD, interstitial lung disease.
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with B cell panel to sort naive (CD19"CD20"CD21"CD27
CD38"IgM"IgD") and class-switched memory B cells
(CD19°CD20"CD21"CD27*IgMIgD") on a MoFlo Astrios
(Beckman Coulter). For stimulation experiments, naive B cells
(CD14'CD4 CD19*CD27 IgD") were sorted directly from PBMCs
using the sort panel. B cells (0.25 Mio/ml) were stimulated in RPMI
in a 96-well plate (round bottom) for 24 h at 37°C, 5% CO, with 1
pg/ml recombinant CD40L (provided by Pascal Schneider,
Lausanne, Switzerland) + 50 ng/ml IL21 (Miltenyi).

FACS staining

For intra- and extracellular stainings, cells were centrifugated
for 5 min, at 300 g at RT, and the supernatant was discarded. The
cell pellet was resuspended with 50 pl (FACS panel) or 100 ul (for
sorting) of the corresponding antibody master mix containing
optimal dilutions of antibodies, for 30 min at 4°C. After washing
the cells, the cell pellet was resuspended in 300 pul of FACS buffer
with propidium iodide (BioLegend), a stain for viable cells and
analyzed using an LSR Fortessa (BD Biosciences).

Sort panel: IgD PE (IA6-2), CD4 APC-Cy7 (RPA-T4), CD19
Brilliant Violet 510 (HIB19), and CD27 Brilliant Violet 421 (M-
T271), all from BioLegend and CD14 APC (M5E2) from BD
Biosciences. The panel was used to exclude T cells and monocytes,
and collect IgD+ naive B cells, adopted from Warnatz et al. (21);
stimulate them with CD40L and IL21 for 24 h.

B cell panel: CD19 APC-Cy7 (HIB19), CD20 APC (2H7),
CD21 Pe-Cy7 (BU32), CD38 PerCP-Cy5.5 (HIT2), CD27
Brilliant Violet 421 (M-T271), IgD PE (IA6-2), and IgM Alexa
Fluor 647 (MHM-88), all from BioLegend. The panel was used
to sort naive- and class-switched memory B cells (22) for ATAC-
and RNA-seq.

B cell activation panel: CD80 Brilliant violet 421 (2D10),
CD86 PerCP-Cy5.5 (IT2.2), CD95 Brilliant violet 650 (DX2),
and HLA-DR PE-Cy7 (L243), all from BioLegend, and CD69
APC (L78) from BD Biosciences. The panel was used to assess
the success of B-cell stimulation (23).

IxBow panel: CD19 Brilliant Violet 421 (HIB19), CD21 Pe-
Cy7 (BU32), and CD38 PerCP-Cy5.5 (HIT2), all from
BioLegend; CD27 Brilliant Violet 605 (L128) and IxBo. PE
(MAD-3) were from BD Biosciences; IgD FITC (F(ab’)2) was
from Southern Biotech; and IgM Alexa Fluor 647 (F(ab’)2) was
from Jackson Immunoresearch laboratories. The panel was used
to determine IxBow expression in naive B cells (24).

PERK panel: CD19 Brilliant Violet 421 (HIB19), CD21 Pe-
Cy7 (BU32), and CD38 PerCP-Cy5.5 (HIT2), all from
BioLegend; CD27 Brilliant Violet 605 (L128) and pERK Alexa
Fluor 647 were from BD Biosciences; and IgD FITC (F(ab’)2)
was from Southern Biotech. The panel was used to determine
PERK expression in naive B cells. The panel was adopted from
Keller et al. (24).
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IkBa degradation assay

IxBo. degradation was determined by intracellular FACS
staining, as described before (24). Fresh PBMCs (5 x 0.5 million)
per individual were incubated in 0.5 ml of RPMI overnight at 37°
C and 5% CO,. The next day, the cells were stimulated with four
different stimuli. Zombie UV (1 ul; BioLegend) was added to
each tube, vortexed, and incubated for 15 min at RT, 5% CO,.
Then, for the stimulations, 50 pl of RPMI containing the double-
concentrated stimulus was added to the FACS tubes. Either 15
mg/ml F(ab)2 goat anti-human IgM (SouthernBiotech,
Birmingham, Ala), 5 mg/ml CpG-ODN 2006 (Invivogen,
Toulouse, France), 1 pg/ml CD40L (provided by Pascal
Schneider, Lausanne, Switzerland), 200 ng/ml phorbol 12-
myristate 13-acetate (PMA; Sigma-Aldrich, St Louis, MO), or
50 ul of RPMI was added, as indicated. After stimulation (anti-
IgM: 45 min, CpG: 1 h, PMA and CD40L: 15 min), cells were
fixed using 100 pl of Cytofix and incubated for 10 min at RT, 5%
CO,. After centrifugation for 5 min, at 1,200 rpm at RT, the
supernatant was discarded and cells were permeabilized with
380 ul of Perm Buffer IIT (both from BD Biosciences, San Jose,
CA) on ice for 30 min. After washing cells twice with PBS + 0.5%
BSA, they were stained 30 min at RT in the dark with the
appropriate antibodies (see FACS staining, IxBo panel). Cells
were washed with PBS + 0.5% BSA, followed by resuspension of
the cells in 200 pl of RPMI and then measured on an
LSR Fortessa.

Phosphorylated ERK expression assay

Frozen PBMCs were thawed, washed twice with RPMI
medium, and centrifuged for 5 min, at RT and 300 g, followed
by cell counting under the microscope, as previously described.
PBMCs (5 x 0.5 million) were incubated overnight at 37°C with
5% CO,. The same protocol was used for the IkBow degradation
assay. PBMCs were stimulated with 1 pg/ml recombinant
CDA40L, for 8 min or measured unstimulated on an LSR Fortessa.

ATAC-sequencing

Accessible chromatin mapping for unstimulated cells was
performed using the ATAC-seq method as previously described
(25), with minor adaptations. Between 850 and 5 x 10* cells were
centrifuged for 10 min at 8°C, resuspended in 50 pl of lysis bufter
(10 mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,, and 0.1%
NP-40) and centrifuged for 30 min at 500 g and 8°C. Next, the
pellet was incubated in 25 pl of transposase reaction mix [12.5 pl
of 2x TD buffer, 1 pl of transposase (Illumina), and 11.5 pl of
nuclease-free water] for 60 min at 37°C. After DNA purification
with the Clean and Concentrator kit (Zymoresearch), DNA was
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eluted in 13.5 pl. Ten microliters of the eluted DNA was used in a
50-ul quantitative PCR reaction, and after five cycles, 5 pl of the
eluted DNA was used in a quantitative PCR (qPCR) reaction to
estimate the optimum number of amplification cycles. The
remaining 45 pl was amplified for the determined cycle
number, followed by two rounds of AMPure XP bead
(Agencourt) size selection. DNA concentration was measured
with the high-sensitivity Qubit fluorometer kit (Life
Technologies). The quality was validated using the Agilent
Technologies 2200 Tape Station System (High sensitivity DNA
kit). The libraries were sequenced by the Genomic Core
Sequencing Facility at EMBL using the Illumina HiSeq 2500
platform and the 50-bp single-end configuration. For stimulated
cells, 50,000 cells were centrifuged for 5 min at 500 g and 8°C
and resuspended in transposase buffer [12.5 pl of 2x TD buffer, 1
ul of transposase (Illumina), 0.25 pl of 1% Digitonin (Promega),
0.5 ul of 50x PIC (Roche), and 10.75 pl of nuclease-free water].
After 30 min of incubation at RT, the DNA clean and
concentrator kit was used and samples were stored at —80°C.
Further library preparation and sequencing was performed at
the Biomedical Sequencing Facility at CeMM in Vienna using
the Illumina HiSeq 4000 platform and the 50-bp single-read
configuration (26). One microliter of the eluted DNA was used
in a quantitative PCR reaction to estimate the optimum number
of amplification cycles. Library amplification was followed by
SPRI size selection to exclude fragments larger than 1,200 bp.
DNA concentration was measured with a Qubit fluorometer
(Life Technologies). Library amplification was performed using
custom Nextera primers.

Processing of the ATAC-seq data

Reads from unstimulated cells were aligned to the GRCh38/
hg38 assembly of the human genome using Bowtie (27) with the
-best and -m 1 parameters, while stimulated cells were aligned to
hg38 using Bowite2. All downstream analyses were performed
on the filtered reads (26). In total, more than 100 million
sequenced fragments were obtained for the libraries generated,
and reads mapping to mitochondrial DNA were excluded from
the analysis. Peaks were called using HOMER (28) with
parameters -style factor and -L 20. Differential peaks were
identified using getDifferentialPeaksreplicates.pl -balanced -
edgeR -L 10. Peaks were merged and annotated with
annotatePeaks.pl. One non-annotated file was generated with
the option -noann, uploaded to Rstudio, and, with the package
ggplot2 (version 3.3.5), principal component analysis was
performed. Motif analysis was performed by HOMER function
findMotifsGenome.pl with the parameters -size 200 and -len
8,10,12,15. With the -size 200 -hist 400 -ghist parameters from
HOMER, a data matrix file was generated and uploaded to
Cluster 3.0 for unsupervised hierarchical clustering and
visualized with Java Tree View.

Frontiers in Immunology

07

10.3389/fimmu.2022.938240

RNA-sequencing

Between 22,000 and 50,000 cells were centrifuged for 5 min
at 8°C and the supernatant was discarded. The cell pellet of
unstimulated cells was resuspended in either 350 pl of RAl
buffer (Macherey-Nagel) or 350 pl of RLT buffer (Qiagen) with
3.5 pl of B-mercaptoethanol followed by immediate vortexing for
30 s and storage at —80°C. RNA isolation was performed
according to the RNeasy Micro kit protocol (Qiagen) or to the
NucleoSpin RNA protocol (Macherey-Nagel). Frozen cells were
thawed and vortexed for 30 s. Elution buffer (15-20 pl) from
Qiagen was added to the membrane and centrifuged for 1 min at
full speed or 11,000 g. The eluate was transferred back to the
membrane and the centrifugation was repeated. Low DNA
library preparation (New England Biolabs) and sequencing
was performed by the Genomic Core Sequencing Facility at
EMBL using the Illumina NextSeq platform and the 75-bp
single-end configuration. The cell pellet of stimulated cells was
resuspended in 350 pl of RLT Plus buffer (Qiagen) with 3.5 pl of
B-mercaptoethanol followed by immediate vortexing for 30 s
and storage at —80°C. RNA isolation was performed according to
the AllPrep DNA/RNA Micro kit protocol (Qiagen) and eluted
in 15 pl, as described above. RNA library preparation (NEBNext
RNA First Strand Synthesis Module; NEBNext Ultra Directional
Second Strand Synthesis Module) and sequencing was
performed by Novogene (Cambridge, UK) using the Illumina
NovaSeq 6000 platform and the 150-bp paired-
end configuration.

Processing of RNA-seq data

The public server from usegalaxy.org was used for the initial
analysis (29). First, quality was captured with FastQC (version
0.72+galaxyl) followed by trimming the first 3 bp of each
sequence using Trimmomatic. Reads were aligned against the
GRCh38/hg38 assembly of the human genome using default
single-end (unstimulated cells) or with the modification of the
length of the genomic sequence around annotated junctions to
149 and the maximum number of alignments to output a read’s
alignment results to 3 for paired-end (stimulated cells) RNA-
STAR conditions. Duplicates were not removed. FeatureCounts
was used to measure gene expression with unstranded
specification and built-in gene annotation. Further analysis
was performed with RStudio. First, genes expressed below 100
read counts were excluded. Then, differentially expressed genes
were determined using the R Bioconductor package DeSeq2
(version 1.30.1). To account for the batch effect due to sex and
isolation Kkit, the batch was included in the design formula. Next,
differentially expressed genes were filtered according to their
adjusted p-value (<0.05) and absolute value of log2 fold change
(>0.5), and principal component analysis was performed.
Heatmaps and volcano plots were generated using the R
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package pheatmap (version 1.0.12) and the Bioconductor
package EnhancedVolcano (version 1.8.0), respectively. Gene
set enrichment analysis was performed using the R
Bioconductor package fgsea (version 1.16.0) (30) together with
the Hallmark pathways from the MSigDb. As suggested by fgsea,
all differentially expressed genes were used for the analysis.
Ggplot2 (version 3.3.5) package was used to create dot plots of
pathway analysis.

Proteome

Protein extraction and enzymatic digestion

After stimulation, between 54,000 and 189,000 cells per
sample were washed twice in phosphate-buffered saline (PBS),
and dry pellets were flash frozen and stored at —80°C. Cell lysis
and protein extraction were performed by resuspending each
pellet in 50 pl of 8 M urea in 50 mM ammonium bicarbonate
(ABC) and sonicating it for 15 min at 4°C (Bioruptor,
Diagenode). For each sample, up to 100 ug of protein extract
was reduced with 10 mM dithiothreitol for 20 min at room
temperature and alkylated with 50 mM iodoacetamide for
30 min at room temperature. Protein digestion with 1 ug of
LysC (FUJIFILM Wako) was carried out in 8 M urea and 50 mM
ABC for 2 h at room temperature, after which the digestion
buffer was diluted to a final 2 M urea with 50 mM ABC, and
digestion with 1 ug of trypsin (Promega) was carried out
overnight at room temperature. The following day, digestion
was stopped by adding acetonitrile (ACN) to 2% and
trifluoroacetic acid (TFA) to 0.3% and the samples were
cleared by centrifugation for 5 min at maximum speed. The
supernatants were then desalted with C18 StageTips, from which
purified peptides were eluted with 80% ACN, 0.5% acetic acid.
Finally, the elution buffer was evaporated by vacuum
centrifugation and purified peptides were resuspended in 2%
ACN, 0.5% acetic acid, and 0.1% TFA. For LC-MS/MS analysis,
up to 1 pg of purified peptides from each sample was injected as
single-shot measurements.

LC-MS/MS analysis

Peptides were separated on an EASY-nLC 1200 HPLC system
(Thermo Fisher Scientific), coupled online to a Q Exactive HF
mass spectrometer (Thermo Fisher Scientific) via a
nanoelectrospray source (Thermo Fisher Scientific). Peptides
were loaded in buffer A (0.1% formic acid) into a column (75
pm inner diameter, 50 cm length) in-house packed with ReproSil-
Pur C18-AQ 1.9 pm resin (Dr. Maisch HPLC GmbH), and eluted
over a 150-min linear gradient of 5%-30% buffer B (80% ACN,
0.1% formic acid) with a 250 nl/min flow rate. The Q Exactive HF
was operated with the Xcalibur software (Thermo Scientific) in a
data-dependent mode with a survey scan range of 300-1,650 m/z,
a resolution of 60,000 at 200 m/z, a maximum injection time of 20
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ms, and an AGC target of 3e6. Up to 10 most abundant ions with
charge 2-5 were isolated with a 1.8 m/z isolation window and
subjected to higher-energy collisional dissociation (HCD)
fragmentation with a normalized collision energy of 27. MS/MS
scans were acquired with a resolution of 15,000 at 200 m/z, a
maximum injection time of 55 ms, and an AGC target of le5.
Dynamic exclusion was set to 30 s to avoid repeated sequencing.

LC-MS/MS data analysis

Xcalibur raw files were processed with the MaxQuant
software, v.1.6.7.0 (31). Searches were performed by the
integrated Andromeda search engine (32) against the Human
UniProt database (June 2019) and a common contaminants
database to identify peptides and proteins with a false discovery
rate of <1%. Enzyme specificity was “Trypsin/P” with a
maximum of two missed cleavages and a minimum length of
seven required for peptide identification. N-terminal protein
acetylation and methionine oxidation were set as variable
modifications, while cysteine carbamidomethylation was set as
a fixed modification. Match between runs was enabled to
transfer identifications across measurements based on mass
and normalized retention times, with a matching time window
of 0.7 min and an alignment time window of 20 min. Label-free
protein quantification (LFQ) was performed with the MaxLFQ
algorithm (33) with a minimum peptide ratio count of 1
required for quantification.

Data were filtered by removing proteins only identified by
site, reverse peptides, and potential contaminants, and label-free
protein quantification intensities were log2 transformed. Further
analysis was performed with RStudio. Normalization and
imputation using a left-censored method that replaces missing
values taking them from a normal distribution with 0.3 width
and 1.8 downshift were applied with the R Bioconductor package
DEP (version 1.12.0). Next, differentially expressed proteins
were identified using the t-test from the R package limma
(version 3.46.0) with alpha = 0.05 and an absolute log2 fold
change of 0.5. All visualizations were performed as described for
the transcriptome analysis.

Results

Chromatin landscapes from naive and
class-switched memory B cells from
healthy donors and TACI mutation
carriers

To assess the accuracy of accessible chromatin regions for B
cell activation and differentiation, we first compared accessible
chromatin regions of naive and class-switched memory (CSM) B
cells from eight healthy donors, as these B cell subpopulations
have different properties. As expected, two distinct clusters
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formed, distinguishing both B cell subgroups. We detected
13,181 differentially accessible regions (DARs) (identified with
10-fold greater tag density than background), with a third (3,736
regions) preferentially accessible in naive B cells and two-thirds
(9,445 regions) preferentially accessible in CSM B cells
(Figure 1A). To identify TFs associated with this differential
chromatin accessibility, we performed de novo motif analysis.
Our analysis of motif lengths 8, 10, 12, and 15 bp and peak size
200 identified the ETS motif as the most enriched transcription
factor binding motif (TFBM) (Figure 1B) in naive B cells from
healthy donors, suggesting that member(s) of the ETS family
play an important role in the cis-regulatory network in naive B
cells. PU.1 and SPIB were recently shown to be important for GC
formation and class switch recombination and to prevent plasma
cell differentiation (34). The second most enriched motif in naive
B cells was the complementary ETS-IRF fusion TF.

In CSM B cells of healthy donors, the first two TFBM were
for the TF family POU and IRF, respectively (Figure 1C). Oct4 is
known to suppress B-cell lineage differentiation and is active in
the GC, while IRF8 is an important TF for the generation of GCs
and plasma cells (35-37).

10.3389/fimmu.2022.938240

A role for these TFs in memory B cells has not been
described, and future studies will be necessary to determine
the role of these TFBM in memory B cells, as class-switched
memory B cells have passed through the GC reaction. Our
results are consistent with findings from Moroney et al., who
showed that ETS family members are the most prevalent TFBM
in naive B cells, and POU and ETS family member TFBM are
most enriched in CSM B cells (38).

To investigate the impairment of B-cell maturation in TACI
mutation carriers (six heterozygous and three homozygous
affected mutation carriers and six heterozygous unaffected
mutation carriers), we analyzed their naive B-cell and CSM B-
cell compartment by ATAC-seq. Similar to our findings in
healthy donors, our results revealed 10,657 differentially
accessible regions in total, a third (3,467 regions) preferentially
open in naive B cells and two-thirds in CSM B cells (7,190
regions) (Figure 1D). Two distinct clusters distinguished naive B
cells from CSM B cells. Interestingly, we found a random
distribution of heterozygous and homozygous, affected and
unaffected naive B cells and CSM B cells within the two
clusters, indicating a minor influence of the mutational or
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B (o] E F
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FIGURE 1

Chromatin accessibility landscapes from unstimulated naive and CSM B cells from TACI mutation carriers and healthy donors. (A) Heatmap from
healthy donors including hierarchical clustering of 13,181 differentially accessible chromatin regions in naive B cells compared to CSM B cells.
Preferentially open regions amounted to 3,736 in naive B cells and 9,445 in CSM B cells. (B, C) Cis-regulatory sequences associated with regions
of the (B) naive B cells or (C) CSM B cells. (D) Heatmap from TACI mutation carriers including hierarchical clustering of 10,657 differentially
accessible chromatin regions in naive B cells compared to CSM B cells. Preferentially open regions amounted to 3,467 in naive B cells and 7,190
in CSM B cells. (E, F) Cis-regulatory sequences associated with the regions of the (E) naive B cells or (F) CSM B cells. Transcription factor family
stated first and in brackets the family member. Genes were normalized and centered with Cluster 3.0 and visualized with Java Treeview with
color indicating the region with maximum (red) or minimum (blue) open chromatin. Sequence logos and p-values reflecting the significance of
motif occurrence are shown next to the corresponding motif.
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clinical status. Four of the five most enriched de novo motifs
detected from naive B cells were identical to the enriched motifs
in the HD comparison (Figure 1E), but for the class-switched
memory B cell subset, the TF family IRF led the list, followed by
the POU family (Figure 1F).

Dysregulated chromatin landscape in
unstimulated naive B cells from TACI
mutation carriers

To address differences in chromatin accessibility in
unstimulated naive B cells from TACI mutation carriers, we
generated the following TACI mutation carrier comparisons:
heterozygous affected vs. homozygous affected and heterozygous
affected vs. heterozygous unaffected mutation carriers. No DARs
were detected in both comparisons with the previously described
options. Therefore, all TACI mutation carriers were considered as
one group for further investigations. We identified 1,356 DARs,
with 743 regions more accessible in TACI mutation carriers
(Figure 2A) and 613 DARs preferentially accessible in healthy
donors. As observed in Figure 1D, TACI mutation carriers were
distributed within a distinct cluster, facing a healthy donor cluster.

1,356 differential accessible regions
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FIGURE 2
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TFBM analysis revealed NF-xB (Figure 2B) and ETS (Figure 2C)
as the most enriched motifs in TACI mutation carriers and
healthy donors, respectively. RELA is crucial for the generation
of antigen-specific plasma cells in the GC reaction in vivo and
SpiC opposes SpiB function, regulating B-cell function and
differentiation (39, 40). Comparing CSM B cells from TACI
mutation carriers to healthy donors revealed NF-kB as the most
enriched TFBM as well (Supplementary Figure 1). To validate the
previous findings and clarify whether this dysregulated enhancer
repertoire was associated with the CVID phenotype in general, or
the TACI mutational status in particular, naive B cells from three
CVID patients with wild-type TACI expression were included for
comparison (Figure 2D). Surprisingly, we identified more DARs
(1,770 regions) in this comparison than in the previous analysis
with healthy donors. Eighty-five percent of DARs (1,547 regions)
were accessible in CVID wild type for TNFRSFI3B/TACI, while
223 DARs were accessible in TACI mutation carriers. The most
enriched TFBM in TACI mutation carriers was SPIC followed by
RelA (Figure 2E), which is consistent with the previous
comparison between B-cell subpopulations in healthy donors.
On the other hand, our results revealed TFBM for ERG and IRF1
as the most enriched in CVID patients without a mutation in
TNFRSF13B/TACI (Figure 2F).

1,770 differential accessible regions
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Dysregulated chromatin landscape in unstimulated naive B cells from TACI mutation carriers. (A) Heatmap including hierarchical clustering of
1,356 differentially accessible chromatin regions in TACI mutation carriers compared to WT. Preferentially open regions amounted to 743 in
TACI mutation carriers and 613 in WT. (B, C) Cis-regulatory sequences associated with regions of the (B) TACI mutation carriers or (C) WT. (D)
Heatmap including hierarchical clustering of 1,770 differentially accessible chromatin regions in TACI mutation carriers compared to CVID TACI
WT. Preferentially open regions amounted to 223 in TACI mutation carriers and 1,547 in CVID TACI WT. (E, F) Cis-regulatory sequences
associated with the regions of the (E) TACI mutation carriers or (F) CVID TACI WT. Genes were normalized and centered with Cluster 3.0 and
visualized with Java Treeview with color indicating the region with maximum (red) or minimum (blue) open chromatin. Sequence logos and p-
values reflecting the significance of motif occurrence are shown next to the corresponding motif.
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Transcriptome landscape of
unstimulated naive B cells from TACI
mutation carriers

To identify alterations in the transcriptome of CVID patients
harboring the C104R TACI mutation, we performed RNA-seq
and analyzed unstimulated naive B cells from three affected
TACI mutation carriers and three healthy donors. The
differentially expressed genes (DEGs) were determined with
DESeq2. The transcripts were filtered according to their
adjusted p-value (<0.05) and log2 fold change (>0.5) revealing
five genes (HLA-B, NR4A2, THEMIS2, QPCT, and GADD45B)
significantly upregulated and eight genes (CCNB3, AXIN2,
ZNF235, DNAJCI2, UBXN10, MANSCI, TRIP13, and JPT2)
significantly downregulated (Figure 3A). In CSM B cells, we
found fewer DEGs (Supplementary Figure 2B). To estimate the
influence of the DEGs, we performed gene ontology enrichment
analysis including DEGs with p-value > 0.05, considering
Hallmark pathways (Figure 3B). The TNF-o. signaling via the
NEF-kB pathway presented with the highest enrichment, followed
by pathways involved in cell death (hypoxia, p53 signaling, and
UV response). NF-xB is a key player in peripheral immune
tolerance in secondary hematopoietic organs, circulating blood,
and control genes involved in anti-apoptotic mechanisms (41).
p53 serves as a sensor of cellular stress, responding to
irradiation-induced DNA damage, hypoxia, oncogene
expression, nutrient deprivation, and ribosome dysfunction,
and limiting the expansion of cells under these conditions
(42). The most downregulated pathways were interferon-o
response, followed by pathways influencing cell metabolism
(fatty acid metabolism, protein secretion, and oxidative
phosphorylation). Recent studies have determined alterations
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in these pathways in CVID patients (43-45). In CSM B cells,
we found the same dysregulated pathways and more
(Supplementary Figure 2B).

Influence of CD40L and IL21 stimulation
on the transcriptome of naive B cells
from TACI| mutation carriers

To investigate the influence of impaired NF-kB signaling upon
activation, we generated transcriptomes of CD40L and IL21
stimulated naive B cells from eight affected TACI mutation
carriers and 17 healthy donors. Next, we analyzed the datasets
with the same conditions as for unstimulated naive B cells. In
contrast to the unstimulated analysis, 1,558 DEGs were detected in
the TACI mutation carriers (Figure 4A), 720 upregulated and 838
downregulated. Then, we performed gene ontology enrichment
analysis, considering Hallmark pathways (Figure 4B). In contrast to
unstimulated naive B cells from affected TACI mutation carriers,
pathways involved in the immune response were the most enriched
(complement, inflammatory response, and allograft rejection) after
stimulation. All upregulated pathways detected in unstimulated B
cells were found in stimulated B cells but with less impact (TNF-o
signaling via NF-xB, hypoxia, p53 signaling, and UV response). The
only downregulated pathway detected was on MYC-Version 2 (V2)
target genes. MYC is a TF that regulates multiple human genes that
promote cell growth and proliferation (46). It can alter apoptosis
and activation of telomerase, and it controls angiogenesis (47).

These findings suggest that dysregulated mechanisms
found in steady-state naive B cells persist throughout
maturation and is accompanied by over-activation of
immune responses.

Hallmark pathways
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Expression pattern of differentially expressed genes from unstimulated naive B cells from TACI mutation carriers and healthy donors. (A)
Heatmap of DEG on RNA level for unstimulated naive B cells from TACI mutation carriers and WT (log2 fold change >0.5) Red: upregulated
genes; blue: downregulated genes. (B) Statistically over-represented Hallmark pathways associated with increased (right bars) or decreased (left

bars) DEG depicted by the histogram.
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Transcriptome analysis of stimulated naive B cells from TACI mutation carriers and healthy donors. (A) Heatmap of DEG on RNA level for
stimulated naive B cells from TACI mutation carriers and WT (log2 fold change >0.5) Red: upregulated genes; blue: downregulated genes. (B)
Statistically over-represented Hallmark pathways associated with increased (right bars) or decreased (left bars) DEG depicted by the histogram.

Proteome analysis of stimulated naive B
cells from TACI mutation carriers

As the presence of RNA transcripts does not necessarily lead to
protein abundance, we examined the proteome of CD40L and I1.21
stimulated naive B cells from five affected TACI mutation carriers
and 11 healthy donors. All individuals were included in the
transcriptome analysis. With the specification >0.5 log2 fold
change and adjusted p-value <0.05, 3,805 differentially expressed
proteins were detected in the TACI mutation carriers, 1,768
upregulated and 2,037 downregulated (Figure 5A). Gene ontology
enrichment analysis identified dysregulated pathways using
Hallmark genes. The majority of upregulated pathways

overlapped with the transcriptome analysis, such as coagulation,
interferon-o. (IFN-ot), and interferon-y (IFN-y) (Figure 5B).
Coagulation is supported by platelets (48), which are capable of
delivering CD154 to sites distant from the location of activation to
stimulate antigen-specific IgG production (49). IFN-o. and -y enable
B cells to undergo GC formation and isotype-switching, and mature
into ASC (50, 51). In contrast to unstimulated naive B cells, we
found the pathway “oxidative phosphorylation” enriched. On the
other hand, the MYC-V2 target gene pathway was decreased, as
detected in the transcriptome of stimulated naive B cells.
Furthermore, we observed a reduction of the E2F targets, which
were found downregulated at the transcriptome level at resting state
and the DNA repair pathways. E2F family members play a major
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Proteome analysis of stimulated naive B cells from TACI mutation carriers and healthy donors. (A) Heatmap of differentially expressed proteins
for stimulated naive B cells from TACI mutation carriers and WT (log2 fold change >0.5) Red: upregulated proteins; blue: downregulated
proteins. (B) Statistically over-represented Hallmark pathways associated with increased (right bars) or decreased (left bars) differentially

expressed proteins depicted by the histogram.
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role during the G1/S transition in mammals, and E2F directly links
cell cycle progression with the coordinate regulation of genes
essential for both the synthesis of DNA and its surveillance (52).

Chromatin accessibility maps of
stimulated naive B cells from TACI
mutation carriers

To further explore the dysregulation in affected TACI
mutation carriers, we stimulated naive B cells from 10 patients
and 17 healthy donors with CD40L and IL21 for 24 h and
analyzed their chromatin landscape. A total of 482 differentially
accessible regions (DAR) were identified (using 10-fold greater
tag density than background), with the majority (465) accessible
in affected TACI mutation carriers (Figure 6A), while 17 DARs
were detected in healthy donors. To identify TFs mediating this
differential chromatin accessibility, we performed de novo motif
analysis using HOMER. The most enriched TFBM with lengths
8,10, 12, and 15 bp and a peak size 200 were SPI-B, IRF8, REL,
Oct4, and TCF3 (Figure 6B). All detected TFs with enriched
binding motifs are important regulators of B cell differentiation
and proliferation. REL (cREL) is required for GC formation,
maintenance, and cell proliferation (53). TCF3 acts primarily as
a transcriptional activator in B cells, and controls as well as aids
the expression of genes critical for GC and B cell development
(54). Monogenic mutations in TCF3 are known to cause
antibody deficiency by homozygous and heterozygous
mutations (55-58). Moreover, TCF3 has been observed to
produce an epistatic effect when mutated together with TACI/
TNFRSF13B (59). No TFBM enrichment was detectable in the
healthy donors, due to the low amount of DARs.

482 differential accessible regions

1
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Functional validation of NF-xB and pERK
dysregulation

To investigate whether the enriched NF-xB motifs in
unstimulated naive B cells from TACI mutation carriers suggested
via ATAC-seq result from NF-kB signaling alterations, we
determined IxBow degradation as described by Keller et al. (24). To
this end, we analyzed PBMCs from three affected and three
unaffected TACI mutation carriers and three healthy donors. Two
samples from different time-points from each individual were
obtained for analysis. Using the Grubbs’ test, one outlier (Z-score =
1.98) was identified among naive B cells from affected TACI mutation
carriers and excluded from the analysis. Our analysis revealed an
elevation of basal TkBot levels in naive B cells from affected TACI
mutation carriers (Figure 7A). However, IkBo expression in naive B
cells from affected and unaffected TACI mutation carriers stimulated
for short periods of time (15-30 min) with different NF-kB signaling
initiators (0-IgM, CpG, PMA, and CD40L) was similar to healthy
donors (Supplementary Figures 3A, B).

By integrating the upregulated DEGs (312, p-value < 0.05)
from unstimulated naive B cells and chromatin regions harboring
the enriched TFBM for NF-xB (50), four genes were identified in
both datasets: MAP3KS8, COTL, PPIF, and G3PB2. MAP3KS8 is an
enzyme that activates both ERK1/2 and p38 MAP kinases, which
are involved in the regulation of meiosis, mitosis, and postmitotic
functions, and response to stress stimuli, respectively (60). To
functionally validate the observed dysregulation of MAP3K8, we
investigated the phosphorylation state of ERK. ERK is
phosphorylated downstream of MAP3K8 activation and
transduces CD40 signaling via the NF-xB pathway (61). Thus,
we analyzed PBMCs from three affected and three unaffected
TACI mutation carriers and three healthy donors (same
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Dysregulated chromatin landscape in stimulated naive B cells from TACI mutation carriers. (A) Heatmap including hierarchical clustering of 482
differentially accessible chromatin regions in TACI mutation carriers compared to WT. Preferentially open regions amounted to 465 in TACI
mutation carriers and 17 in WT. (B) Cis-regulatory sequences associated with regions of the TACI mutation carriers. Transcription factor family
stated first and in brackets the family member. Genes were normalized and centered with Cluster 3.0 and visualized with Java Treeview with
color indicating the region with maximum (red) or minimum (blue) open chromatin. Sequence logos and p-values reflecting the significance of

motif occurrence are shown next to the corresponding motif.
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p-value 0,1582

MFI pERK1/2

50

IxBow and pERK expression in unstimulated naive B cells from TACI mutation carriers. (A) Mean fluorescence intensity (MFI) of IkBa. in naive B
cells from affected and unaffected TACI mutation carriers and healthy donor. (B) Mean fluorescence intensity (MFI) of pERK in naive B cells from
affected and unaffected TACI mutation carriers and healthy donor. p-values (*p < 0.05) derived from unpaired t-test calculated with GraphPad

Prism 8.

individuals as for the IxkBo. assay). Two samples from different
time points from each individual were obtained for this analysis.
Due to limited cell numbers in the flow cytometry analysis, one
naive B-cell sample from an affected mutation carrier and two
naive B-cell samples from an unaffected carrier were excluded
from the analysis. In naive B cells, the basal expression of pERK
was slightly increased in affected TACI mutation carriers
compared to healthy donors, while the unaffected TACI
mutation carriers showed intermediate pERK expression
(Figure 7B). After stimulation with CD40L for 8 min, pERK
expression showed an increase in affected TACI mutation carriers,
while unaffected carriers expressed pERK similar to healthy
donors (Supplementary Figure 4). These results support the
dysregulation of NF-xB and ERK signaling in naive B cells of
C104R TACI mutation carriers and may possibly point towards
novel targets not only for the treatment of TACI mutation carriers
but also for patients with CVID of unknown genetic cause and
patients with lymphoproliferation and autoimmunity in general,
which is the predominant phenotype seen in our C104R-TACI-
mutated individuals.

Discussion

Over the last decades, multiple attempts have been made to
unravel the puzzling immunodeficiency termed “CVID”. With the
rise of the NGS technology, such as whole genome, whole exome, or
targeted gene panel sequencing, several monogenetic mutations
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have been identified, causative for the CVID phenotype. However,
only approximately 20%-30% of CVID patients harbor
monogenetic mutations explaining their clinical features,
indicating that there are additional mechanisms involved in
disease development. Therefore, polygenic alterations, modifier
genes, and/or epigenetic and/or environmental factors could play
leading roles in CVID development and/or progression. In our
study, we combined chromatin accessibility mapping,
transcriptome, and proteome analysis in unstimulated and
stimulated B naive B cells of CVID patients harboring the C104R
mutation in TACI to gain insights into their immune dysregulation
syndrome. We focused on Cl104R mutation carriers, as this
mutation is by far the most frequent genetic mutation detected in
CVID patients (62), albeit with a knowingly reduced penetrance.
We hypothesized that by comparing affected and unaffected C104R
mutation carriers, we would detect a difference by comparing their
epigenetic, transcriptomic, and proteomic signatures to potentially
put us into the position to be able to predict which C104R mutation
carrier has to expect disease manifestation.

We identified dysregulated chromatin landscapes in
unstimulated and stimulated naive B cells involving binding
sites for TFs known for their importance in the GC reaction,
such as NF-xB, ETS, and IRF family members. Under both
conditions, factors with negative roles for B-cell development
and function (SPI-C in unstimulated and IRF8 in stimulated
naive B cells) showed enriched TFBM, which might contribute
to impaired memory B-cell development (63, 64). The observed
chromatin landscape seems TACI mutation-associated rather
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than CVID-specific, as the chromatin accessibility of three CVID
patients with WT-TACI expression differed from TACI
mutation carriers. Future experiments investigating the
transcriptome and proteome comparing TACI mutation
carriers, CVID patients with WT-TACI, and CVIDs with
monogenic disease-causing mutations (such as NFKB1 or
CTLA4) may shed light on the specific dysregulations
associated with their genetic cause.

In addition, our transcriptome results from naive B cells
highlighted an increase of different pathways able to induce
programmed cell death. An increase of radiosensitivity in CVID
patients, leading to the elevation of chromosomal aberrations, has
been reported (65). In contrast to our study, stimulation of total
CD19+ B cells from CVID patients with CpG revealed p53
induction, preventing spontaneous and irradiation-induced cell
death (66). Our data indicate improved cell survival in
unstimulated naive B cells in TACI mutation carriers, supporting
the development of autoimmunity. These transcriptome
alterations proceeded after CD40L and IL-21 stimulation.

Impaired metabolic processes in steady-state naive B cells and
reduced cell survival signaling in activated naive B cells are in
agreement with the observation that in CVID patients, B cells fail to
perform in the GC reaction and hence class-switched memory B
cells are missing in CVID patients (1). Furthermore, proteome
analysis supported the lack of proper cell activation and cell
survival, as MYC and E2F target gene pathways were decreased.
Our findings verify observations reported decades ago, describing
absent or reduced expression of MYC in B cells from CVID patients
(67). A recent report showed a reduction of E2F signaling in naive
and CD21low B cells from CVID patients, further pointing towards
a CVID-associated alteration (45) and possibly accounting for the
reduced B-cell survival in patients. The increased interferon-o and
-y response in stimulated naive B cells from TACI mutation carriers
provides another cause for autoimmune manifestation: It was
shown that the enhanced interferon signature in naive B cells
from SLE patients drives autoimmunity (51, 68). In addition,
CD2llow B cells represent a B-cell subpopulation with an
elevated interferon response (69), highlighting the similarities
between CD21low B cells and naive B cells carrying the TACI
mutation. We showed dysregulation of NF-kB signaling at the
chromatin and transcriptional level, further supported by increased
IxBa and pERK expression, observations made in multiple other
published studies and known to facilitate CVID development (24,
70, 71). We hypothesize that naive B cells from TACI CVID
patients are in a transcriptionally and epigenetically activated
state, leading to an increase in NF-xB signaling, which, in turn,
results in an impaired B-cell development. Through CD40L and IL-
21 stimulation, these naive B cells mount an overactivation as
demonstrated by the enhanced inflammatory- and interferon
response, which suppresses MYC signaling and hinders
cell proliferation.

Nevertheless, future studies will need to confirm our
observations, as the cohort of investigated patients was small.

Frontiers in Immunology

15

10.3389/fimmu.2022.938240

Furthermore, the diverse genetic and epigenetic landscapes of B
cells from the single C104R carriers observed in our multi-omics
approach bias the detection of differentially expressed
transcripts, proteins, and chromatin accessibility. A precise
selection of TACI mutation carriers used for investigation
could identify additional alterations. With the use of single-cell
sequencing, individual B-cell profiles from CVID patients with
unknown genetic cause started to unravel novel insights into
functional alterations, usually masked by bulk sampling methods
(72). This technology (scRNA-Seq) would benefit further
investigations in TACI mutation carriers.

Together, our study described a multi-omics approach to
investigate altered B-cell development in CVID patients
harboring a TACI mutation combining chromatin
accessibility, transcriptome, and proteome analysis. The
observed increase of apoptotic pathways and NF-kB signaling
impairment will account for the lack of appropriate memory B-
cell development. Furthermore, the reduction of cell cycle
gatekeepers MYC and E2F target genes contributes to the
impaired proliferation and survival of naive B cells. These
findings not only provide insights into the pathophysiology of
CVID, but also reveal novel pathways for further investigations,
and may hence help to develop targeted therapy strategies for
patients with mutations in TNFRSF13B.
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SUPPLEMENTARY FIGURE 1

Dysregulated chromatin landscape in CSM B cells from TACI mutation
carriers. (A) Heatmap including hierarchical clustering of 1,069
differentially accessible chromatin regions in TACI mutation carriers
compared to WT. Preferentially open regions amounted to 371 in TACI
mutation carriers and 698 in WT. (B, C) Cis-regulatory sequences
associated with regions of the (B) TACI mutation carriers or (C) WT.

SUPPLEMENTARY FIGURE 2

Expression pattern of differentially expressed genes from CSM B cells
from TACI mutation carriers and healthy donors. (A) Heatmap of DEG on
RNA-level for CSM B cells from TACI mutation carriers and WT (log?2 fold
change >0.5) Red: upregulated genes; blue: downregulated genes. (B)
Statistically over-represented Hallmark pathways associated with
increased (right bars) or decreased (left bars) DEG depicted by
the histogram.
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SUPPLEMENTARY FIGURE 3

IkBaw expression in unstimulated and stimulated naive B cells from TACI
mutation carriers. (A) Mean fluorescence intensity (MFI) of IxBa in
unstimulated and with CpG, anti-IlgM, PMA and CD40L stimulated naive
B cells from affected and unaffected TACI mutation carriers and healthy
donor. (B) Ratios of the MFI of IxBa after and without indicated
stimulation. P-values (* P <0.05) derive from unpaired t-test calculated
with GraphPad Prism 8. # n.s.: non-significant

References

1. Bonilla FA, Barlan I, Chapel H, Costa-Carvalho BT, Cunningham-Rundles C,
de la Morena MT, et al. Warnatz K international consensus document (ICON):
Common variable immunodeficiency disorders. ] Allergy Clin Immunol Pract
(2016) 4:38-59. 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/.jaip.2019.02.004

3. Cunningham-Rundles C, Bodian C. Common variable immunodeficiency:
clinical and immunological features of 248 patients. Clin Immunol (1999) 92(1):34-
48. doi: 10.1006/clim.1999.4725

4. Oksenhendler E, Gérard L, Fieschi C, Malphettes M, Mouillot G, Jaussaud R,
et al. Infections in 252 patients with common variable immunodeficiency. Clin
Infect Dis (2008) 46(10):1547-54. doi: 10.1086/587669

5. Salzer U, Bacchelli C, Buckridge S, Pan-Hammarstrém Q, Jennings S,
Lougaris V, et al. Relevance of biallelic versus monoallelic TNFRSF13B
mutations in distinguishing disease-causing from risk-increasing TNFRSF13B
variants in antibody deficiency syndromes. Blood (2009) 113(9):1967-76.
doi: 10.1182/blood-2008-02-141937

6. Allis CD, Jenuwein T. The molecular hallmarks of epigenetic control. Nat Rev
Genet (2016) 17(8):487-500. doi: 10.1038/nrg.2016.59

7. Yang J, McGovern A, Martin P, Duffus K, Ge X, Zarrineh P, et al. Analysis of
chromatin organization and gene expression in T cells identifies functional genes
for rheumatoid arthritis. Nat Commun (2020) 11(1):4402. doi: 10.1038/s41467-
020-18180-7

8. Bonilla FA, Geha RS. Common variable immunodeficiency. Pediatr Res
(2009) 65(5 Pt 2):13R-9R. doi: 10.1203/PDR.0b013e31819dbf88

9. Mackay F, Schneider P. TACI, an enigmatic BAFF/APRIL receptor, with new
unappreciated biochemical and biological properties. Cytokine Growth Factor Rev
(2008) 19(3-4):263-76. doi: 10.1016/j.cytogfr.2008.04.006

10. Marsters SA, Yan M, Pitti RM, Haas PE, Dixit VM, Ashkenazi A. Interaction
of the TNF homologues BLyS and APRIL with the TNF receptor homologues
BCMA and TACI. Curr Biol (2000) 10(13):785-8. doi: 10.1016/s0960-9822(00)
00566-2

11. Garcia-Carmona Y, Ting AT, Radigan L, Athuluri Divakar SK, Chavez J,
Mefire E, et al. Corrigendum: TACI isoforms regulate ligand binding and receptor
function. Front Immunol (2019) 10:2772. doi: 10.3389/fimmu.2019.02772

12. Salzer U, Chapel HM, Webster AD, Pan-Hammarstrom Q, Schmitt-Graeff
A, Schlesier M, et al. Mutations in TNFRSF13B encoding TACI are associated with
common variable immunodeficiency in humans. Nat Genet (2005) 37(8):820-8.
doi: 10.1038/ng1600

13. Lee JJ, Jabara HH, Garibyan L, Rauter I, Sannikova T, Dillon SR, et al.
The C104R mutant impairs the function of transmembrane activator and
calcium modulator and cyclophilin ligand interactor (TACI) through
haploinsufficiency. J Allergy Clin Immunol (2010) 126(6):1234-41.e2.
doi: 10.1016/j.jaci.2010.08.017

14. Lee JJ, Rauter I, Garibyan L, Ozcan E, Sannikova T, Dillon SR, et al. The
murine equivalent of the A181E TACI mutation associated with common variable
immunodeficiency severely impairs b-cell function. Blood (2009) 114(11):2254-62.
doi: 10.1182/blood-2008-11-189720

15. Romberg N, Chamberlain N, Saadoun D, Gentile M, Kinnunen T, Ng YS,
et al. CVID-associated TACI mutations affect autoreactive b cell selection and
activation. J Clin Invest (2013) 123(10):4283-93. doi: 10.1172/JCI69854

16. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol (2011)
29:621-63. doi: 10.1146/annurev-immunol-031210-101400

17. Martinez-Gallo M, Radigan L, Almejun MB, Martinez-Pomar N,
Matamoros N, Cunningham-Rundles C. TACI mutations and impaired b-cell

Frontiers in Immunology

17

10.3389/fimmu.2022.938240

SUPPLEMENTARY FIGURE 4

PERK expression in unstimulated and stimulated naive B cells from TACI
mutation carriers. (A) Mean fluorescence intensity (MFI) of pERK in
unstimulated and with CD40L stimulated naive B cells from affected
and unaffected TACI mutation carriers and healthy donor. (B) Ratios of
the MFI of IkBa after and without indicated stimulation. P-values (* P
<0.05) derive from unpaired t-test calculated with GraphPad Prism 8. #
n.s.: non-significant

function in subjects with CVID and healthy heterozygotes. J Allergy Clin Immunol
(2013) 131(2):468-76. doi: 10.1016/j.jaci.2012.10.029

18. Kralickova P, Milota T, Litzman ], Malkusova I, Jilek D, Petanova J, et al.
CVID-associated tumors: Czech nationwide study focused on epidemiology,
immunology, and genetic background in a cohort of patients with CVID. Front
Immunol (2019) 9:3135. doi: 10.3389/fimmu.2018.03135

19. Kakkas I, Tsinti G, Kalala F, Farmaki E, Kourakli A, Kapousouzi A, et al.
TACI mutations in primary antibody deficiencies: A nationwide study in Greece.
Medicina (Kaunas) (2021) 57(8):827. doi: 10.3390/medicina57080827

20. Maglione PJ, Gyimesi G, Cols M, Radigan L, Ko HM, Weinberger T, et al.
BAFF-driven b cell hyperplasia underlies lung disease in common variable
immunodeficiency. JCI Insight (2019) 4(5):e122728. doi: 10.1172/
jci.insight.122728

21. Warnatz K, Schlesier M. Flowcytometric phenotyping of common variable
immunodeficiency. Cytometry B Clin Cytom (2008) 74(5):261-71. doi: 10.1002/
cyto.b.20432

22. Cossarizza A, Chang HD, Radbruch A, Acs A, Adam D, Adam-Klages S,
et al. Guidelines for the use of flow cytometry and cell sorting in immunological
studies (second edition). Eur J Immunol (2019) 49(10):1457-973. doi: 10.1002/
€ji.201970107

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

24. Keller B, Cseresnyes Z, Stumpf I, Wehr C, Fliegauf M, Bulashevska A, et al.
Disturbed canonical nuclear factor of « light chain signaling in b cells of patients
with common variable immunodeficiency. ] Allergy Clin Immunol (2017) 139
(1):220-231.e8. doi: 10.1016/j.jaci.2016.04.043

25. Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ.
Transposition of native chromatin for fast and sensitive epigenomic profiling of
open chromatin, DNA-binding proteins and nucleosome position. Nat Methods
(2013) 10(12):1213-8. doi: 10.1038/nmeth.2688

26. Rendeiro AF, Schmidl C, Strefford JC, Walewska R, Davis Z, Farlik M, et al.
Chromatin accessibility maps of chronic lymphocytic leukaemia identify subtype-
specific epigenome signatures and transcription regulatory networks. Nat Commun
(2016) 7:11938. doi: 10.1038/ncomms11938

27. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome. Genome Biol
(2009) 10(3):R25. doi: 10.1186/gb-2009-10-3-r25

28. Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple
combinations of lineage-determining transcription factors prime cis-regulatory
elements required for macrophage and b cell identities. Mol Cell (2010) 38(4):576—
89. doi: 10.1016/j.molcel.2010.05.004

29. Afgan E, Baker D, van den Beek M, Blankenberg D, Bouvier D, Cech M,
et al. The galaxy platform for accessible, reproducible and collaborative biomedical
analyses: 2016 update. Nucleic Acids Res (2016) 44(W1):W3-W10. doi: 10.1093/
nar/gkw343

30. Korotkevich G, Sukhov V, Budin N, Shpak B, Artyomov MN, Sergushichev
A. Fast gene set enrichment analysis. (2021).

31. Cox J, Mann M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol (2008) 26(12):1367-72. doi: 10.1038/nbt.1511

32. Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, Mann M.
Andromeda: a peptide search engine integrated into the MaxQuant environment. J
Proteome Res (2011) 10(4):1794-805. doi: 10.1021/pr101065j

33. Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M. Accurate
proteome-wide label-free quantification by delayed normalization and maximal

frontiersin.org


https://doi.org/10.1016/j.jaip.2015.07.025
https://doi.org/10.1016/j.jaip.2019.02.004
https://doi.org/10.1006/clim.1999.4725
https://doi.org/10.1086/587669
https://doi.org/10.1182/blood-2008-02-141937
https://doi.org/10.1038/nrg.2016.59
https://doi.org/10.1038/s41467-020-18180-7
https://doi.org/10.1038/s41467-020-18180-7
https://doi.org/10.1203/PDR.0b013e31819dbf88
https://doi.org/10.1016/j.cytogfr.2008.04.006
https://doi.org/10.1016/s0960-9822(00)00566-2
https://doi.org/10.1016/s0960-9822(00)00566-2
https://doi.org/10.3389/fimmu.2019.02772
https://doi.org/10.1038/ng1600
https://doi.org/10.1016/j.jaci.2010.08.017
https://doi.org/10.1182/blood-2008-11-189720
https://doi.org/10.1172/JCI69854
https://doi.org/10.1146/annurev-immunol-031210-101400
https://doi.org/10.1016/j.jaci.2012.10.029
https://doi.org/10.3389/fimmu.2018.03135
https://doi.org/10.3390/medicina57080827
https://doi.org/10.1172/jci.insight.122728
https://doi.org/10.1172/jci.insight.122728
https://doi.org/10.1002/cyto.b.20432
https://doi.org/10.1002/cyto.b.20432
https://doi.org/10.1002/eji.201970107
https://doi.org/10.1002/eji.201970107
https://doi.org/10.3389/fimmu.2019.02458
https://doi.org/10.3389/fimmu.2019.02458
https://doi.org/10.1016/j.jaci.2016.04.043
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1038/ncomms11938
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1093/nar/gkw343
https://doi.org/10.1093/nar/gkw343
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1021/pr101065j
https://doi.org/10.3389/fimmu.2022.938240
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ramirez et al.

peptide ratio extraction, termed MaxLFQ. Mol Cell Proteomics (2014) 13(9):2513—
26. doi: 10.1074/mcp.M113.031591

34. Willis SN, Tellier J, Liao Y, Trezise S, Light A, O'Donnell K, et al.
Environmental sensing by mature b cells is controlled by the transcription
factors PU.1 and SpiB. Nat Commun (2017) 8(1):1426. doi: 10.1038/s41467-017-
01605-1

35. Wada H, Kojo S, Kusama C, Okamoto N, Sato Y, Ishizuka B, et al. Successful
differentiation to T cells, but unsuccessful b-cell generation, from b-cell-derived
induced pluripotent stem cells. Int Immunol (2011) 23(1):65-74. doi: 10.1093/
intimm/dxq458

36. Boiani M, Eckardt S, Scholer HR, McLaughlin KJ. Oct4 distribution and
level in mouse clones: consequences for pluripotency. Genes Dev (2002) 16
(10):1209-19. doi: 10.1101/gad.966002.25

37. Xu H, Chaudhri VK, Wu Z, Biliouris K, Dienger-Stambaugh K, Rochman Y,
et al. Regulation of bifurcating b cell trajectories by mutual antagonism between
transcription factors IRF4 and IRF8. Nat Immunol (2015) 16(12):1274-81.
doi: 10.1038/ni.3287

38. Moroney JB, Vasudev A, Pertsemlidis A, Zan H, Casali P. Integrative
transcriptome and chromatin landscape analysis reveals distinct epigenetic
regulations in human memory b cells. Nat Commun (2020) 11(1):5435.
doi: 10.1038/s41467-020-19242-6

39. 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
NE-xB transcription factor subunits. ] Exp Med (2014) 211(10):2103-18.
doi: 10.1084/jem.20132613

40. Larameée AS, Raczkowski H, Shao P, Batista C, Shukla D, Xu L, et al.
Opposing roles for the related ETS-family transcription factors spi-b and spi-c in
regulating b cell differentiation and function. Front Immunol (2020) 11:841.
doi: 10.3389/fimmu.2020.00841

41. Barnabei L, Laplantine E, Mbongo W, Rieux-Laucat F, Weil R. NF-xB: At
the borders of autoimmunity and inflammation. Front Immunol (2021) 12:716469.
doi: 10.3389/fimmu.2021.716469

42. Vousden KH, Prives C. Blinded by the light: The growing complexity of p53.
Cell (2009) 137(3):413-31. doi: 10.1016/j.cell.2009.04.037

43. Skarpengland T, Macpherson ME, Hov JR, Kong XY, Bohov P, Halvorsen B,
et al. Altered plasma fatty acids associate with gut microbial composition in
common variable immunodeficiency. J Clin Immunol (2022) 42(1):146-57.
doi: 10.1007/s10875-021-01146-9

44. Bhatt D, Stan RC, Pinhata R, Machado M, Maity S, Cunningham-Rundles
C, et al. Chemical chaperones reverse early suppression of regulatory circuits
during unfolded protein response in b cells from common variable
immunodeficiency patients. Clin Exp Immunol (2020) 200(1):73-86.
doi: 10.1111/cei.13410

45. Harder I, Miinchhalfen M, Andrieux G, Boerries M, Grimbacher B, Eibel H,
et al. Dysregulated PI3K signaling in b cells of CVID patients. Cells (2022) 11
(3):464. doi: 10.3390/cells11030464

46. Dang CV, O'Donnell KA, Zeller KI, Nguyen T, Osthus RC, Li F. The c-myc
target gene network. Semin Cancer Biol (2006) 16(4):253-64. doi: 10.1016/
j.semcancer.2006.07.014

47. Xu ], Chen Y, Olopade OI. MYC and breast cancer. Genes Cancer (2010) 1
(6):629-40. doi: 10.1177/1947601910378691

48. Lukasik ZM, Makowski M, Makowska JS. From blood coagulation to innate
and adaptive immunity: the role of platelets in the physiology and pathology of
autoimmune disorders. Rheumatol Int (2018) 38(6):959-74. doi: 10.1007/s00296-
018-4001-9

49. Sprague DL, Elzey BD, Crist SA, Waldschmidt TJ, Jensen RJ, Ratlift TL.
Platelet-mediated modulation of adaptive immunity: unique delivery of CD154
signal by platelet-derived membrane vesicles. Blood (2008) 111(10):5028-36.
doi: 10.1182/blood-2007-06-097410

50. Giordani L, Sanchez M, Libri I, Quaranta MG, Mattioli B, Viora M. IFN-
alpha amplifies human naive b cell TLR-9-mediated activation and ig production. J
Leukoc Biol (2009) 86(2):261-71. doi: 10.1189/j1b.0908560

51. Jackson SW, Jacobs HM, Arkatkar T, Dam EM, Scharping NE, Kolhatkar
NS, et al. B cell IFN-y receptor signaling promotes autoimmune germinal centers
via cell-intrinsic induction of BCL-6. | Exp Med (2016) 213(5):733-50.
doi: 10.1084/jem.20151724

52. Ren B, Cam H, Takahashi Y, Volkert T, Terragni ], Young RA, et al. E2F
integrates cell cycle progression with DNA repair, replication, and G(2)/M
checkpoints. Genes Dev (2002) 16(2):245-56. doi: 10.1101/gad.949802

53. Milanovic M, Heise N, De Silva NS, Anderson MM, Silva K, Carette A, et al.
Differential requirements for the canonical NF-kB transcription factors c-REL and

RELA during the generation and activation of mature b cells. Immunol Cell Biol
(2017) 95(3):261-71. doi: 10.1038/icb.2016.95

Frontiers in Immunology

10.3389/fimmu.2022.938240

54. Wohner M, Tagoh H, Bilic I, Jaritz M, Poliakova DK, Fischer M, et al.
Molecular functions of the transcription factors E2A and E2-2 in controlling
germinal center b cell and plasma cell development. ] Exp Med (2016) 213(7):1201-
21. doi: 10.1084/jem.20152002

55. Boisson B, Wang YD, Bosompem A, Ma CS, Lim A, Kochetkov T, et al. A
recurrent dominant negative E47 mutation causes agammaglobulinemia and BCR
(-) b cells. J Clin Invest (2013) 123(11):4781-5. doi: 10.1172/JCI71927

56. Al Sheikh E, Arkwright PD, Herwadkar A, Hussell T, Briggs TA. TCF3
dominant negative variant causes an early block in b-lymphopoiesis and
agammaglobulinemia. J Clin Immunol (2021) 41(6):1391-4. doi: 10.1007/s10875-
021-01049-9

57. Ben-Ali M, Yang J, Chan KW, Ben-Mustapha I, Mekki N, Benabdesselem C,
et al. Homozygous transcription factor 3 gene (TCF3) mutation is associated with
severe hypogammaglobulinemia and b-cell acute lymphoblastic leukemia. J Allergy
Clin Immunol (2017) 140(4):1191-4. doi: 10.1016/j.jaci.2017.04.037

58. Qureshi S, Sheikh MDA, Qamar FN. Autosomal recessive
agammaglobulinemia - first case with a novel TCF3 mutation from Pakistan.
Clin Immunol (2019) 198:100-1. doi: 10.1016/j.clim.2018.07.016

59. Ameratunga R, Koopmans W, Woon ST, Leung E, Lehnert K, Slade CA,
et al. Epistatic interactions between mutations of TACI (TNFRSFI3B) and TCF3
result in a severe primary immunodeficiency disorder and systemic lupus
erythematosus. Clin Transl Immunol (2017) 6(10):e159. doi: 10.1038/cti.2017.41

60. Senger K, Pham VC, Varfolomeev E, Hackney JA, Corzo CA, Collier J, et al.
The kinase TPL2 activates ERK and p38 signaling to promote neutrophilic
inflammation. Sci Signal (2017) 10(475):eaah4273. doi: 10.1126/scisignal.aah4273

61. Eliopoulos AG, Wang CC, Dumitru CD, Tsichlis PN. Tpl2 transduces CD40
and TNF signals that activate ERK and regulates IgE induction by CD40. EMBO J
(2003) 22(15):3855-64. doi: 10.1093/emboj/cdg386

62. Rojas-Restrepo J, Caballero-Oteyza A, Huebscher K, Haberstroh H, Fliegauf
M, Keller B, et al. Establishing the molecular diagnoses in a cohort of 291 patients
with predominantly antibody deficiency by targeted next-generation sequencing:
Experience from a monocentric study. Front Immunol (2021) 12:786516.
doi: 10.3389/fimmu.2021.786516

63. Li SK, Solomon LA, Fulkerson PC, DeKoter RP. Identification of a negative
regulatory role for spi-c in the murine b cell lineage. J Immunol (2015) 194
(8):3798-807. doi: 10.4049/jimmunol.1402432

64. Carotta S, Willis SN, Hasbold J, Inouye M, Pang SH, Emslie D, et al. The
transcription factors IRF8 and PU.1 negatively regulate plasma cell differentiation. J
Exp Med (2014) 211(11):2169-81. doi: 10.1084/jem.20140425

65. Mahmoodi M, Abolhassani H, Mozdarani H, Rezaei N, Azizi G, Yazdani R,
et al. In vitro chromosomal radiosensitivity in patients with common variable
immunodeficiency. Cent Eur J Immunol (2018) 43(2):155-61. doi: 10.5114/
eji.2018.77385

66. Holm KL, Syljuasen RG, Hasvold G, Alsge L, Nilsen H, Ivanauskiene K,
et al. TLRY stimulation of b-cells induces transcription of p53 and prevents
spontaneous and irradiation-induced cell death independent of DNA damage
responses. implications for common variable immunodeficiency. PloS One (2017)
12(10):¢0185708. doi: 10.1371/journal.pone.0185708

67. Kondo N, Motoyoshi F, Kasahara K, Inoue Y, Mori S, Orii T. Failure of c-
myc gene expression in b cells of some patients with common variable
immunodeficiencies. Exp Clin Immunogenet (1992) 9(2):109-16.

68. Akita K, Yasaka K, Shirai T, Ishii T, Harigae H, Fujii H. Interferon o
enhances b cell activation associated with FOXMI1 induction: Potential novel
therapeutic strategy for targeting the plasmablasts of systemic lupus
erythematosus. Front Immunol (2021) 11:498703. doi: 10.3389/fimmu.2020.498703

69. Unger S, Seidl M, van Schouwenburg P, Rakhmanov M, Bulashevska A,
Frede N, et al. The Ty1 phenotype of follicular helper T cells indicates an IFN-y-
associated immune dysregulation in patients with CD21llow common variable
immunodeficiency. J Allergy Clin Immunol (2018) 141(2):730-40. doi: 10.1016/
jjaci.2017.04.041

70. Taraldsrud E, Aukrust P, Jergensen S, Lingjeerde OC, Olweus J, Myklebust
JH, et al. Patterns of constitutively phosphorylated kinases in b cells are associated
with disease severity in common variable immunodeficiency. Clin Immunol (2017)
175:69-74. doi: 10.1016/j.clim.2016.11.014

71. Visentini M, Marrapodi R, Conti V, Mitrevski M, Camponeschi A, Lazzeri
C, et al. Dysregulated extracellular signal-regulated kinase signaling associated with
impaired b-cell receptor endocytosis in patients with common variable
immunodeficiency. J Allergy Clin Immunol (2014) 134(2):401-10. doi: 10.1016/
1jaci.2014.03.017

72. Rodriguez-Ubreva ], Arutyunyan A, Bonder MJ, Del Pino-Molina L, Clark
SJ, de la Calle-Fabregat C, et al. Single-cell atlas of common variable
immunodeficiency shows germinal center-associated epigenetic dysregulation in
b-cell responses. Nat Commun (2022) 13(1):1779. doi: 10.1038/s41467-022-
29450-x

frontiersin.org


https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1038/s41467-017-01605-1
https://doi.org/10.1038/s41467-017-01605-1
https://doi.org/10.1093/intimm/dxq458
https://doi.org/10.1093/intimm/dxq458
https://doi.org/10.1101/gad.966002.25
https://doi.org/10.1038/ni.3287
https://doi.org/10.1038/s41467-020-19242-6
https://doi.org/10.1084/jem.20132613
https://doi.org/10.3389/fimmu.2020.00841
https://doi.org/10.3389/fimmu.2021.716469
https://doi.org/10.1016/j.cell.2009.04.037
https://doi.org/10.1007/s10875-021-01146-9
https://doi.org/10.1111/cei.13410
https://doi.org/10.3390/cells11030464
https://doi.org/10.1016/j.semcancer.2006.07.014
https://doi.org/10.1016/j.semcancer.2006.07.014
https://doi.org/10.1177/1947601910378691
https://doi.org/10.1007/s00296-018-4001-9
https://doi.org/10.1007/s00296-018-4001-9
https://doi.org/10.1182/blood-2007-06-097410
https://doi.org/10.1189/jlb.0908560
https://doi.org/10.1084/jem.20151724
https://doi.org/10.1101/gad.949802
https://doi.org/10.1038/icb.2016.95
https://doi.org/10.1084/jem.20152002
https://doi.org/10.1172/JCI71927
https://doi.org/10.1007/s10875-021-01049-9
https://doi.org/10.1007/s10875-021-01049-9
https://doi.org/10.1016/j.jaci.2017.04.037
https://doi.org/10.1016/j.clim.2018.07.016
https://doi.org/10.1038/cti.2017.41
https://doi.org/10.1126/scisignal.aah4273
https://doi.org/10.1093/emboj/cdg386
https://doi.org/10.3389/fimmu.2021.786516
https://doi.org/10.4049/jimmunol.1402432
https://doi.org/10.1084/jem.20140425
https://doi.org/10.5114/ceji.2018.77385
https://doi.org/10.5114/ceji.2018.77385
https://doi.org/10.1371/journal.pone.0185708
https://doi.org/10.3389/fimmu.2020.498703
https://doi.org/10.1016/j.jaci.2017.04.041
https://doi.org/10.1016/j.jaci.2017.04.041
https://doi.org/10.1016/j.clim.2016.11.014
https://doi.org/10.1016/j.jaci.2014.03.017
https://doi.org/10.1016/j.jaci.2014.03.017
https://doi.org/10.1038/s41467-022-29450-x
https://doi.org/10.1038/s41467-022-29450-x
https://doi.org/10.3389/fimmu.2022.938240
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ramirez et al. 10.3389/fimmu.2022.938240

73. Perez-Riverol Y, Bai J, Bandla C, Garcia-Seisdedos D, Hewapathirana S, spectrometry-based proteomics evidences. Nucleic Acids Res (2022) 50(D1):D543—
Kamatchinathan S, et al. The PRIDE database resources in 2022: a hub for mass 52. doi: 10.1093/nar/gkab1038

Frontiers in Immunology 19 frontiersin.org


https://doi.org/10.1093/nar/gkab1038
https://doi.org/10.3389/fimmu.2022.938240
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Multi-omics analysis of na&iuml;ve B cells of patients harboring the C104R mutation in TACI
	Introduction
	Materials and methods
	Study participants
	Cell isolation and stimulation
	FACS staining
	IκBα degradation assay
	Phosphorylated ERK expression assay
	ATAC-sequencing
	Processing of the ATAC-seq data
	RNA-sequencing
	Processing of RNA-seq data
	Proteome
	Protein extraction and enzymatic digestion
	LC-MS/MS analysis
	LC-MS/MS data analysis


	Results
	Chromatin landscapes from na&iuml;ve and class-switched memory B cells from healthy donors and TACI mutation carriers
	Dysregulated chromatin landscape in unstimulated na&iuml;ve B cells from TACI mutation carriers
	Transcriptome landscape of unstimulated na&iuml;ve B cells from TACI mutation carriers
	Influence of CD40L and IL21 stimulation on the transcriptome of na&iuml;ve B cells from TACI mutation carriers
	Proteome analysis of stimulated na&iuml;ve B cells from TACI mutation carriers
	Chromatin accessibility maps of stimulated na&iuml;ve B cells from TACI mutation carriers
	Functional validation of NF-κB and pERK dysregulation

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	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


