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Abstract

The CARD11-Bcl10-Maltl signalosome controls TAK1 activation and regulates B-cell receptor
(BCR)-induced NF-xB activation. Here we discovered that caspase recruitment domain family
member 19 (CARD19) interacted with TAK1 and inhibited TAB2-mediated TAK1 ubiquitination
and activation. Although CARD19 deficiency in mice did not affect B cell development, it
enhanced clonal deletion, receptor editing, and anergy of self-reactive B cells, and reduced
autoantibody production. Mechanistically, CARD19 deficiency increased BCR/TAK1-mediated
NF-xB activation, leading to increased expression of transcription factors, Egr2/3, and the E3
ubiquitin ligases, c-Cbl/Cbl-b, which are known inducers of B-cell tolerance in self-reactive

B cells. RNA sequencing analysis revealed that while CARD19 deficiency did not affect the
overall antigen-induced gene expression in naive B cells, it suppressed BCR signaling and
increased hyporesponsiveness of self-reactive B cells. As a result, CARD19 deficiency prevented
Bm12-induced experimental systemic lupus erythematosus. In summary, CARD19 negatively
regulates BCR/TAK1-induced NF-xB activation and its deficiency increases Egr2/3 and c-Cbl/
Cbl-b expression in self-reactive B cells, thereby enhancing B-cell tolerance.
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Introduction

B cells go through several stages of development, including pro-, pre-, immature and
mature stages (1, 2). At the immature stage, B cells develop a functional B-cell antigen
receptor (BCR) made up of immunoglobulin heavy (H) and light (L) chains and then
differentiate into mature B cells (1-3). Immature B cells with a self-reactive BCR may
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be negatively selected through one of three mechanisms; clonal deletion, receptor editing
and anergy (4). The BCR signaling threshold controls the process of negative selection.
Highly self-reactive cells initiate new L chain rearrangement to change the specificity of
the BCR through receptor editing or undergo clonal deletion through apoptosis (5-8). Weak
self-reactive cells, on the other hand, may escape to the periphery and become unresponsive
to antigens, a state known as anergy (9, 10). Up to half of all newly generated B cells are
anergic, a key mechanism of immune tolerance (11). Anergy is a reversible process and is
maintained through constant stimulation by self-antigens and is characterized by suppressed
BCR signaling (12, 13). However, it is not fully understood how this suppression occurs.
Disruption in negative regulators of BCR signaling, such as Lyn, SHP-1, SHIP-1, CD22
and c-Cbl/Cbl-b, can lead to elevated BCR signaling and the breakdown of B-cell tolerance
(14-18).

The BCR activates three protein tyrosine kinases (LYN, SYK and BTK) through
transmembrane molecules Iga and Igp. This leads to the activation of several signaling
pathways that regulate the proliferation, survival and effector functions of B cells (19—

22). The NF-xB pathway plays a crucial role in these biological processes and is tightly
regulated in B cells (23). Genetic deletions of the signaling components of the NF-xB
pathway can cause immune deficiencies (24), while persistent, abnormal activation of NF-
xB is associated with autoimmune disorders (25). Caspase recruitment domain-containing
membrane-associated guanylate kinase protein-1 (CARMAL or CARD11), B-cell lymphoma
10 (BCL10), and mucosa-associated lymphoid tissue lymphoma translocation protein 1
(MALT?1) forms the CARMA1/CARD11-BCL10-MALT1 (CBM) signalosome complex that
is central to BCR-induced NF-xB activation (26, 27). Deletions of individual component of
the CBM complex impair BCR-induced NF-xB activation, B cell maturation and immune
responses, highlighting the vital role of the intact CBM complex in activating BCR-induced
NF-xB pathway and B cell biology (28-32). The CBM complex activates the transforming
growth factor-B-activated kinase 1 (TAK1) (33). TAK1 activation involves its association
with the regulatory proteins TAB1 and TAB2 (34-36). TAB2 recruits the ubiquitin ligase
TRAF6, which mediates the ubiquitination of BCL10 and TAK1, leading to TAK1 activation
and the subsequent recruitment of the 1xB kinase (IKK) complex through NEMO, the
ubiquitin-binding subunit of IKK (37). In turn, TAK1 activates IKK, which phosphorylates
IxB, triggering 1«B degradation and the subsequent nuclear localization of NF-xB (38, 39).

Caspase recruitment domain family member 19 (CARD19) is a protein that belongs to the
death-domain superfamily, which includes the death-domain (DD) subfamily, death-effector-
domain (DED) subfamily, CARD-domain subfamily and pyrin-domain (PYD) subfamily.
Many members of this family are important for regulating the immune response (40).
Human CARD19 is originally identified from the expressed sequence tag (EST) database as
a BCL10-interacting protein (BinCARD1) that contains 228 amino acids (41). BinCARD1
has been shown to interact with BCL10 and to suppress BCL10-mediated activation of
NF-xB, and reduces TCR-induced BCL10 phosphorylation in Jurkat T cells when it is
overexpressed (41). Recent studies have found that BiInCARDL is an incompletely derived
C90rf89 gene product whereas BinCARD2 with 183 amino acids is the properly spliced

and the most abundant isoform (42). Overexpression of BiInCARD?2 inhibits BCL10-induced
NF-xB activation in 293T cells, and knockdown of BinCARD?2 leads to dysregulation of
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the interferon response in cell lines (42, 43). However, the in vivo biological function of
BinCARD?2, also known as CARD19, is currently unknown.

In this study, we identified that CARD19 strongly interacted with TAKZ, but not the other
components of the CBM signalosome, and was able to inhibit TAB2-mediated TAK1
activation and subsequent NF-xB activation. We found that CARD19 deficiency did not
have an impact on B cell development or the gene expression and humoral immune response
induced by foreign antigens. However, CARD19 deficiency was observed to enhance self-
antigen-induced tolerance and prevent autoimmunity through the induction of ERG2/3 and
c-Cbl/Cbl-b in autoreactive B cells by modulating the NF-xB pathway.

Materials and Methods

Mice

IgHEL (IghelMD4, stock: 002595), sHEL (ML5sHEL, stock: 002599) transgenic mice,
Bm12 (stock: 001162) and pMT (stock: 002288) mice were purchased from Jackson
Laboratory. CD45.1 congenic (stock: 564) mice were purchased from Charles River Lab.
cRel-deficient mice were kindly provided by Dr. Shigeki Miyamoto at University of
Wisconsin-Madison. Experimental and control mice were 8 to 10 weeks old. Mice were
maintained at the Biological Resource Center at the Medical College of Wisconsin (MCW).
All animal protocols were approved by the MCW Institutional Animal Care and Use
Committee.

Generation of CARD19-deficient mice

Antibodies

A Card19targeting vector was constructed by using an Xba I/Not I fragment of the Card19
genomic DNA locus. The fragment included exon 2 to exon 6 of the Card79gene and

its flanking sequences, which were replaced by a neo expression cassette. The 3’ end of
the Card19-neo construct also contains a herpes simplex virus (HSV)-thymidine kinase
(TK) gene cassette that provides for negative selection of the ES cells via ganciclovir.

The targeting construct was linearized and electroporated into E14 ES cells was done as
described (44). The correctly targeted ES cell clones with normal karyotypes were selected
by normal karyotypes and then injected into blastocysts to generate chimeric mice. These
mice were then bred to obtain germline transmission.

The genotype of the mice were determined by PCR using specific primers. The expression
of Card19 in tissues from wild-type and CARD19-deficient mice was assessed by
quantitative real-time PCR or immunoblot using a CARD19-specific polyclonal antibody.
Finally, CARD19-deficient mice were backcrossed to C57BL/6 genetic background. A high
throughput genome scan revealed that the Card19-mutant colony had a 90:10 C57BL/6J and
129 background.

The cells were stained with a combination of fluorescence-conjugated antibodies
specific for different cell surface markers. The following antibodies were used for
staining: allophycocyanin (APC)-conjugated anti-B220, anti-IgM, anti-c-Kit and anti-F4/80,
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phycoerythrin (PE)-conjugated anti-CD4, anti-CD86, anti-FceR, anti-CD11b, anti-Grl and
anti-Ter119, PE-Cy7-conjugated anti-B220, anti-CD8, anti-NK1.1 and anti-CD23, and
Biotin-conjugated anti-CD11c were purchased from eBioscience. APC-conjugated anti-
Thy1.2, anti-CD5 and streptavidin, and PE-conjugated anti-CD86 and anti-CD21 were
purchased from BD Biosciences. PE-conjugated anti-lgD, and Fluorescein isothiocyanate
(FITC)-conjugated anti-mouse A light chain were purchased from Southern Biotech. APC-
Cy7-conjugated anti-B220 and anti-Ly6G were purchased from BioLegend.

Immunoblotting used the following various antibodies. Rabbit anti-CARD19 polyclonal
antibody that targeted the N-terminal 100 amino acids of mouse CARD19 was generated

at St. Jude Children’s Research Hospital. Anti-ERK1/2 (sc-093), anti-phospho-ERK1/2
(pThr202/pTyr204, sc-7383), anti-Akt (sc-8312), anti-JNK (sc-571), anti-p38 (sc-535),
anti-PLC-y2 (sc-407), anti-Cbl-b (sc-8006), anti-c-Cbl (sc-1651), and anti-SHP1 (sc-287)
antibodies were purchased from Santa Cruz Biotechnology. Anti-phospho-Akt (pThr308,
#9275), anti-phospho-JNK (pThr183/pTyrl85, #4668), anti-phospho-p38 (pThr180/pTyrl82,
#9216), anti-phospho-IxBa (pSer32/pSer36, #9246), anti-l1kBa (#9242), anti-Egr3 (#2559),
and anti-cRel (#12707) antibodies were purchased from Cell Signaling Technology. Anti-
Egr2 (PA5-27814) antibody was purchased from Invitrogen. Anti-NFATc1 (ALX-804-022-
R100) antibody was purchased from Enzo Life Sciences. Anti-Actin (MAB1501R) antibody
was purchased from Millipore.

Immunoprecipitation (IP) used the following antibodies. Anti-MYC (sc-40, Santa Cruz
Biotechnology), anti-FLAG (F3165, Sigma Aldrich), or anti-HA (H9658, Sigma Aldrich)
antibodies. To check the ubiquitination of TAKL1, anti-Ubiquitin (sc-8017) antibody from
Santa Cruz Biotechnology was used.

Bone marrow (BM) transplantation

To generate BM chimeric mice, BM cells from wild-type or CARD19-deficient mice were
mixed with BM cells from uMT mice at a 1:4 ratio and then transplanted into lethally
irradiated (1000 rads) uMT mice via intravenous (IV) injection (5 x 106 cells/recipient).
Eight weeks after transplantation, the recipient mice were used for the studies.

To generate BM transplanted mice for Bm12-induced systemic lupus erythematosus (SLE)
mouse model, BM cells from wild-type or CARD19-deficient mice were transplanted into
lethally irradiated (1000 rads) B6.SJL-CD45.1 mice by IV injection (5 x 10° cells/recipient).
Eight weeks after transplantation, the recipient mice were used for Bm-12-induced SLE
experiments.

Quantification of basal serum immunoglobulins

Serum immunoglobulin levels were quantified using an enzyme-linked immunosorbent
assay (ELISA). The procedure involved coating immuno-96-well plates with goat anti-
mouse Ig (H+L) (Southern Biotech) at a concentration of 2 pg/mL in PBS. Plates were
then washed three times with 200 pL of 0.1% Tween-20 in PBS, followed by an incubation
of 1 hour with 1% BSA in PBS. Diluted serum samples and standards were then added
into the ELISA plates and incubated for 1 hour. For the measurement of IgM, the serum
samples were diluted 1:10,000 with 1% BSA/PBS; for the measurement of 1gG1 level,
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serum samples were 1:20,000 diluted; for measurement of 1gG2c, 1gG2b and 1gG3 levels,
the serum samples were diluted 1:5,000. Unbound antibodies were removed by washing

the plates under the same conditions, before incubating them with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 hour. The plates were then washed again, and
TMB substrates were added. The reactions were terminated by adding 1 N sulfuric acid, and
optical densities (OD) were measured at 450 nm.

T cell-dependent and T cell-independent antigen immunizations

T cell-dependent and T cell-independent antigen immunizations were performed as
described previously (45). Briefly, 8- to 10-week-old mice were immunized intraperitoneally
with 100 pg of the T cell-dependent antigen nitrophenyl-Keyhole Limpet Hemocyanin (NP-
KLH; supplied by Biosearch Technologies) mixed 1:1 with Alum adjuvant (Pierce) (200
uL/mouse) or 50 g of the T cell-independent antigen trinitrophenyl-Ficoll (TNP-Ficoll;
supplied by Biosearch Technologies) mixed 1:1 with Alum adjuvant (200 pL/mouse). Sera
were collected before and at various time points following the immunization. The level of
antigen-specific antibodies in the serum were measured using ELISA.

Autoantibody profiling with autoantigen microarray

Autoantibody against a penal of 124 autoantigens were measured using an autoantigen
microarray platform developed by the University of Texas Southwestern Medical

Center (https://microarray.swmed.edu/products/category/protein-array/). Serum samples
were pretreated with DNAse-1 and then diluted 1:50 in PBST buffer for autoantibody
profiling. The autoantigen array, which includes 124 autoantigens and four control proteins,
was printed in duplicates onto Nitrocellulose film slides (Grace Bio-Labs). The diluted
serum samples were then incubated with the arrays, and autoantibodies were detected

with cy3-labeled anti-mouse IgG and cy5-labeled anti-mouse IgM using a Genepix 4200A
scanner (Molecular Device) with laser wavelength of 532 nm and 635 nm. The resulting
images were analyzed using Genepix Pro 6.0 software (Molecular Devices). The median
signal intensity for each spot was calculated and subtracted from the local background
around the spot. Data from duplicate spots were then averaged. The background-subtracted
signal intensity of each antigen was normalized to the average intensity of total mouse 1gG
or IgM, which was included on the array as an internal control. Finally, the net fluorescence
intensity (NFI) for each antigen was calculated by subtracting a PBS control, which was
included for each experiment as negative control. Signal-to-noise ratio (SNR) was used as
a quantitative measurement of the true signal above background noise. SNR values equal to
or greater than 3 were considered significantly higher than background and therefore true
signals. The NFI of each autoantibody was used to generate heatmaps using the Morpheus
platform (https://software.broadinstitute.org/morpheus/).

In vitro kinase assay

FLAG-tagged TAK1 protein was immunoprecipitated from HEK293T cells using an anti-
FLAG antibody and the immunoprecipitation was carried out at 4°C for 3 hours. The
immunoprecipitates were then washed four times with lysis buffer (20 mM Tris pH7.0, 250
mM NaCl, 3 mM EDTA, 3 mM EGTA, 0.5% NP-40, 2 mM DTT, 0.5 mM PMSF, 20 mM
B-glycerol phosphate, 1 mM Na3VOy, 1 pg/mL leupeptin, 1 pg/mL aprotinin, 10 mM PNPP,
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1 mM NaF), and twice with kinase buffer containing 50 mM Tris (pH7.5), 5 mM MgCl,, 1
mM DTT, 0.5 mM PMSF, 10 mM B-glycerol phosphate, 300 pM Na3zVOyg4, 10 mM NaF, 1
pg/mL leupeptin, 1 pg/mL aprotinin, 10 mM PNPP, and 10 uM ATP. Bacterially expressed
and purified GST-IKKp (1 pg) was used as the substrate. The immunoprecipitated FLAG-
TAK1 was then incubated with the substrates in the kinase buffer with 0.1 uCi 32P-y-ATP
(NEG0022250, Perkin Elmer) at 30°C for 1 hour. After the reactions, the samples were
stopped by adding 2 x SDS loading buffer, and the samples were boiled for 5 min. The
samples were then fractionated on SDS-PAGE and transferred to PVDF membrane, followed
by autoradiograph or immunoblotting.

Single B cell culture

Single B cells were cultured in the presence of NB-21.2D9 feeder cells, kindly provided

by Dr. Garnett Kelsoe from Duke University (46). NB-21.2D9 cells were seeded into
96-well plates at a density of 1000 cells per 100 pL/well in B cell medium (RPMI-1640
supplemented with 10% FBS, 55 pM 2-mercaptoethanol, 100 Units/mL penicillin, 100
ug/mL streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, and 1% MEM nonessential
amino acid). Next day (day 0), recombinant mouse IL-4 (4 ng/mL, 100 uL/well; Peprotech)
was added to the cultures, and single B cells were then sorted directly into each well using
a BD FACSAria cell sorter. On day 2, 100 pL of culture medium were removed from the
cultures and 200 pL of fresh B cell medium were added. From days 3 to 8, two-thirds of
the culture media (200 pL) were replaced with fresh B cell medium every day. On day 10,
the culture supernatants were harvested and total 1gG levels were determined by ELISA.
Additionally, autoreactivity against nuclear and cytoplasmic self-antigens was determined by
QUANTA Lite ANA ELISA (Inova Diagnostics).

High-throughput RNA-sequencing and transcriptome analysis

Total RNA was extracted from sorted B cells using TRIzol, and mMRNA was purified from
the total RNA (10 to 50 ng) using NEBNext poly(A) mRNA Magnetic Isolate Module (New
England Biolabs). Libraries were constructed from the purified mRNA using NEBNext Ultra
RNA library Prep kit for lllumina (New England Biolabs). The libraries were quantified
using a Qubit-Fluorometer and Kapa Library Quantification Kit. The average size of the
libraries was determined using the D1000 ScreenTape system (Agilent) with a region
selection of 150 to 900 bp. An equal molar amount of individual libraries from each sample
was mixed and a total library of 1.7 pmoles was then sequenced using an Illumina NextSeq
500 with NextSeq 500/550 v2 kit.

The sequenced libraries were demultiplexed and aligned to the Mus musculus mm10
genome using Basepair tech (https://www.basepairtech.com) to quantify gene expression.
The RNA-seq libraries were normalized, and differential gene expression between samples
was determined using DESeq2 v1.24.0 (47). Wald tests were used to determine whether
fold changes were statistically significant. For visualization, the data were transformed
using the regularized logarithm transformation (47) and batch effects were removed using
the removeBatchEffect function from the limma v3.40.6 R package (48). Pre-ranked gene
set enrichment analyses (GSEA) were conducted using shrunken fold-changes and the
clusterProfiler v3.12.0 R package (49). The KEGG (50) and Reactome (51) databases were
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used as the reference sets. The Benjamini-Hochberg method was used to adjust p-values for
false-discovery in both differential expression and GSEA analyses (52).

Primers for quantitative real-time PCR

The following primer pairs were used for quantitative real-

time PCR: p-actin forward, 5’-CCACA GCTGAGAGGGAAAT C-3’;

B-actin reverse, 5’-CTTCTCCAGGGAGGAAGAGG-3’; Card19 forward, 5’-
TGACCTCCTGAGCCATCTACA-3’; Card19 reverse, 5’-TCTGCAATCTGAGTTT
TGAGGAGA-3'.

Bm12 splenocyte-induced SLE autoimmune mouse model

1 x 107 splenocytes from age- and gender-matched Bm12 mice were adoptively transferred
into B6.SJL-CD45.1 recipient mice that had been transplanted with BM cells from wild-
type or CARD19-deficient mice. PBS alone, without any Bm12-splenocytes, was injected
as a negative control. Three weeks after the adoptive transfer, sera were collected for
autoantibody measurement using the QUANTA Lite ANA ELISA kit (Inova Diagnostics)
and Antinuclear Antibody Test kit with HEp-2 cell coated slides (Antibodies Incorporated).
The mice were then sacrificed for flow cytometry analysis.

ANA ELISA

The ANA ELISA assay was performed according to the manufacturer’s instructions. The
kit included high positive, low positive, and negative controls. To ensure accuracy, the
prediluted ANA ELISA high positive control must have an absorbance greater than 1.0,
while the prediluted ANA negative control absorbance cannot be over 0.15. The ANA
ELISA low positive absorbance must be more than twice the ELISA negative control or
over 0.15. The OD for each sample is first determined, then the reactivity for each sample
was calculated by dividing the OD of each sample by the average OD of the ANA ELISA
low positive. The result was multiplied by the number 25 of the units assigned to the ANA
ELISA low positive by the kit. This was formulated as: Sample value (units) = Sample
OD/ANA ELISA low positive OD x ANA ELISA low positive (units 25).

Statistical analysis

Statistical analysis was performed using either a two-tailed unpaired Student’s t test for
data sets with normal distribution or a Mann-Whitney U test for data sets with random
distribution. The normality of all the data was analyzed using the D’ Agostino and Pearson
omnibus normality test using GraphPad Prism software.

Results

CARD19 interacts with TAK1 and inhibits TAK1 kinase activity

Overexpression CARD19 has been reported to suppress BCL10-mediated activation of NF-
kB (41). Our study aimed to uncover the molecular mechanism by which CARD19 regulates
CBM-mediated activation of NF-xB. To achieve this, we examined the interactions of
CARD19 with key components of the CBM-mediated NF-xB pathway, such as CARMAL,
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BCL10, MALT1, TRAF6, NEMO, TAK1, TAB1 and TAB2. MY C-tagged mouse CARD19
was co-expressed with FLAG-tagged mouse CARMAL, BCL10, MALT1, TRAF6, NEMO
or TAK1, or HA-tagged mouse TAB1 or TAB2 in HEK293T cells. CARD19 had a

strong interaction with TAK1 but weakly bound to TAB2, as demonstrated by its robust
co-immunoprecipitation (co-1P) with TAK1 but moderate co-IP with TAB2 (Fig. 1A, 1B).
Importantly, the reciprocal co-1P analysis showed that TAK1 but not TAB2 could associate
with CARD19 (Fig. 1A, 1B). CARD19 also interacted with CARMAL, but not BCL10 or
MALT1, as evidenced by its co-IP with CARMA1 but not with BCL10 or MALT1 (Fig.
S1A), and it interacted with TRAF6 and IxB kinase y-subunit NEMO, as shown by its co-IP
with TRAF6 (Fig. S1B) and NEMO (Fig. S1C). However, reciprocal co-1P analysis showed
that CARMAL, TRAF6, or NEMO could not associate with CARD19 (Fig. S1). These co-IP
and reciprocal co-IP data demonstrate that CARD19 has a strong interaction with TAK1
among the different key components of the CBM-mediated NF-xB pathway.

We next examined whether the strong interaction of CARD19 and TAK1 could affect TAK1
kinase activity. Flag-tagged TAK1 was co-expressed without or with TAB1 or TAB2 alone
or both in the presence or absence of CARD19 in HEK293T cells. TAK1 was isolated by
IP, followed by an in vitro kinase assay using purified recombinant IKKp as the substrate.
As expected, TAK1 alone or with TAB2 did not phosphorylate IKKp (Fig. 1C). In contrast,
TAK1 in combination with TAB1 or both TAB1 and TAB2 strongly phosphorylated IKKp
(Fig. 1C). Notably, when CARD19 was present, the phosphorylation of IKKp by TAK1 in
combination with TAB1 or both TAB1 and TAB2 was markedly inhibited (Fig. 1C). These
data demonstrate that CARD19 can suppress TAK1 kinase activity.

TAK1 is a ubiquitination-dependent kinase and its poly-ubiquitination is involved in its
auto-activation (35). To examine the role of CARD19 in TAK1 ubiquitination, we studied
the effect of TAB1 or TAB2 and CARD19 on TAK1 ubiquitination. As previous studies have
shown (53), expression of TAB2 strongly induced TAK1 ubiquitination, while expression of
TABL only slightly induced TAK1 ubiquitination (Fig. 1D). However, when CARD19 was
co-expressed, it markedly abolished TAB2-mediated TAK1 ubiquitination (Fig. 1D). These
data demonstrate that CARD19 can inhibit TAB2-mediated TAK1 ubiquitination.

Fully activation of TAK1 kinase activity depends on its association with the regulatory
subunits TAB1 and TAB2 (35, 53, 54). Interestingly, expression of CARD19 did not reduce
the interaction of TAK1 with TAB1 (Fig. S1D). In contrast, CARD19 completely blocked
the association between TAK1 and TAB2 as shown in co-IP and reciprocal co-IP assay (Fig.
1E). These data demonstrate that CARD19 can block the interaction between TAK1 and
TAB2, thereby inhibiting TAB2-mediated TAK1 ubiquitination and activation.

Activation of TAK1 by the CBM complex through TAB1 and TAB2 ultimately leads to
NF-xB activation (34, 36). Lastly, we examined the effect of CARD19 on TAK1-induced
NF-xB activation. A NF-xB luciferase reporter plasmid was co-expressed with different
combination of TAK1, TAB1, TAB2 and CARD19 in HEK293T cells. Subsequently, the
luciferase activity, which reflects the NF-xB activation was measured. TAK1 alone did
not induce NF-xB activation (Fig. 1F). As expected, TAK1 together with TAB1, TAB2
or both strongly induced NF-xB activation (Fig. 1F). The strong activation of NF-xB by
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TAK1 plus TABL alone could be due to the presence of endogenous of TAB2 in HEK293T
cells. Importantly, NF-xB activation by TAK1 plus TAB1, TAB2 or both was dramatically
suppressed by the presence of CARD19 (Fig. 1F). Collectively, these data demonstrate that
CARD19 negatively regulates TAK1 activity by preventing TAK1-TAB2 interaction, thus
inhibiting TAK1 ubiquitination, activation and subsequent NF-xB activation.

CARD19 deficiency has no effect on B cell development but suppresses autoimmunity

TAKT1 is the key protein kinase in regulating the NF-xB and plays an essential role in
innate and adaptive immunity (33, 55-57). As the results have shown, CARD19 negatively
regulates TAK1 kinase activity and subsequent NF-xB activation (Fig. 1). Thus, we sought
to study the biological function of CARD19 in vivo by generating CARD19-deficient mice
(Fig. S1E to S1G). We found that among the various hematopoietic compartments, CARD19
mRNA was ubiquitously expressed in different lymphoid populations, including B cells, T
cells, and NK cells (Fig. 2A). CARD19 mRNA was also found to be highly expressed in
granulocytes, macrophages and dendritic cells (Fig. 2A). CARD19 mRNA was expressed
in the different subsets of B cells and B cells at the different developmental stages (Fig.
2A). In addition, CARD19 mRNA was found to be constitutively expressed in B cells
before and after BCR engagement, whereas the control Bcl-xL mRNA was clearly induced
by BCR ligation (Fig. 2B). These results show that CARD19 is ubiquitously expressed in
hematopoietic lineages and throughout B cell development.

Although CARD19 was expressed in multiple hematopoietic lineages, CARD19-deficient
mice surprisingly possessed normal populations of macrophages, granulocytes, erythrocytes
and NK cells in the BM of mutant mice (Fig. S1H). Additionally, CARD19-deficient mice
also exhibited normal populations of macrophages, granulocytes, erythrocytes, NK cells and
T cells in the spleens (Fig. S11, S1J). These results demonstrate that CARD19 deficiency
has no detectable effect on hematopoiesis, including myeloid, erythroid and lymphoid
development. This suggests that while the CARD19 is expressed throughout hematopoietic
lineages and B cell development, it may not play a critical role in the overall development of
these cells.

Furthermore, CARD19 deficiency did not impact B cell development and maturation, as
evidenced by the presence of normal populations of various B cell subsets and B cells at
the different developmental stages (Fig. S2A to S2E). Populations of germinal center (GC)
B cells were comparable between naive wild-type and CARD19-deficient mice (Fig. S2F).
Additionally, baseline levels of serum immunoglobulin were normal in CARD19-deficient
mice (Fig. S2G), and both T cell-dependent (TD) and T cell-independent (T1) immune
responses were normal in CARD19-deficient relative to wild-type controls (Fig. S2H, S2lI).
These data show that CARD19 deficiency does not affect on B cell development or B cell
immune response.

Dysregulation of NF-xB signaling pathway caused by the deletion of a negative regulator
can often lead to severe autoimmunity (18, 58-60). To assess the effect of CARD19
deficiency on B-cell tolerance to self-antigen, we used a self-antigen array to screen for
autoantibodies in the sera of two-month-old CARD19-deficient mice. Our results showed
that CARD19-deficient mice displayed a marked decrease in self-reactive IgM and IgG

J Immunol. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zheng et al.

Page 10

compared to wild-type controls (Fig. 2C). Moreover, single splenic B cells were sorted from
two-month-old CARD19-deficient mice or wild-type controls. After 10 days of culture,

the total 1gG levels in the supernatants from the single-cell cultures were determined

and autoreactivity against nuclear and cytoplasmic self-antigens was determined by ANA
ELISA. There were markedly fewer self-reactive single B cells detected in splenic B cells
from CARD19-deficient relative to wild-type mice (Fig. 2D). These data indicate that
CARD19 deficiency reduces autoimmunity in vivo.

CARD19 deficiency enhances B-cell tolerance

The finding that CARD19 deficiency reduces autoantibody production in vivo suggests its
role in B-cell tolerance. To directly investigate the role of CARD19 in B-cell tolerance, we
bred CARD19-deficient mice with MD4/MLS5 transgenic mice, which are a well-established
B-cell tolerance mouse model. In this model, MD4 mice express a transgene encoding
immunoglobulin specific for hen egg lysozyme (IgHEL) and ML5 mice express the soluble
form of the cognate antigen HEL (SHEL) (9). Clonal deletion of self-reactive B cells is a
crucial mechanism for establishing B-cell tolerance (5). B cell population was reduced in
the spleen of CARD19-deficient IgHELSHEL double transgenic mice compared to wild-type
controls (Fig. 3A). This suggests that self-reactive CARD19-deficient B cells might undergo
increased clonal deletion. Further, TUNEL assay revealed that self-antigen HEL or anti-IgM
stimulation indeed increased apoptosis of B cells from CARD19-deficient IgHELSHEL
double transgenic mice when compared to wild-type controls (Fig. 3B). These findings
suggest that CARD19 deficiency augments self-antigen-induced cell apoptosis, resulting in
more clonal deletion of autoreactive B cells and thus promoting B-cell tolerance.

Receptor editing is another important mechanism for establishing B-cell tolerance (7, 8).
IgHEL transgenic mice bear a transgene encoding the « light chain, and the expression

of endogenous A light chain is an indication of receptor editing (9). The frequency of

A light chain positive splenic B cells was significantly increased in CARD19-deficient
relative to wild-type IgHELSHEL double transgenic mice (Fig. 3C). This finding is consistent
with increased endogenous A light chain expression. HEL specificity was decreased in
CARD19-deficient relative to wild-type IgHELSHEL B cells, while the level of surface IlgM
was comparable between mutant and control B cells (Fig. 3D). These results demonstrate
that the lack of CARD19 facilitates receptor editing of self-reactive B cells.

Self-reactive B cells can evade central tolerance and enter the periphery, where they
constantly encounter self-antigens and become anergic. Anergic B cells are characterized by
decreased cell proliferation, down-regulation of activation markers, and impairment of BCR
signaling (9, 61). B cells from wild-type IgHELSHEL double transgenic mice were anergic
and displayed low proliferation rates upon self-antigen HEL stimulation, as evidenced by
low BrdU incorporation (Fig. 3E). Strong BCR engagement through anti-IgM stimulation
could enhance BrdU incorporation in wild-type anergic B cells (Fig. 3E). However, B cells
from CARD19-deficient relative to wild-type IgHELSHEL mice exhibited much less BrdU
incorporation following self-antigen HEL or anti-IgM stimulations (Fig. 3E). Additionally,
B cells from CARD19-deficient relative to wild-type IgHELSHEL mice displayed markedly
less 3H-thymidine incorporation following self-antigen HEL or anti-lgM stimulations (Fig.
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3F). These data demonstrate that CARD19 deficiency renders self-reactive B cell less
proliferative in response to BCR engagement.

CD86 up-regulation, an indicator of B cell activation (62), was further suppressed in
CARD19-deficient IgHELsHEL double-transgenic B cells after BCR engagement by HEL
or anti-IgM stimulation (Fig. 3G). Anergic B cells are also characterized by low expression
of CD23 (63). When compared to wild-type control B cells, CARD19-deficient IgHELSHEL
B cells expressed significantly lower levels of CD23 (Fig. 3H). This further supports the
conclusion that CARD19-deficient self-reactive B cells have impaired ability to be activated
upon BCR engagement.

BCR signaling, including ERK activation, is suppressed in anergic B cells (61). self-antigen
HEL moderately induced ERK activation in wild-type IgHELSHEL B cells (Fig. 31). In
contrast, HEL completely failed to induce ERK activation in CARD19-deficient IgHELSHEL
B cells (Fig. 3I). It’s worth noting that the activation of other signaling pathways was

barely detected in wild-type and CARD19-deficient IgHELSHEL B cells. Taken together,
these findings demonstrate that CARD19 plays a role in regulating B-cell tolerance and

its deficiency leads to an increase in clonal deletion, receptor editing, and anergy of self-
reactive B cells.

CARD19 deficiency enhances the expression of Cbl and Egr in B cells

The negative regulators of BCR signaling play an crucial role in regulating B-cell tolerance
(18, 58-60). Our findings show that CARD19 deficiency affects the response of self-reactive
B cells to BCR engagement. To investigate the molecular mechanism by which CARD19
regulates B-cell tolerance, we studied the effect of CARD19 deficiency on the expression

of BCR signaling negative regulators in naive B cells. B cells from CARD19-deficient

and control IgHEL single-transgenic mice were purified and stimulated with HEL in vitro.
We found that after long-term stimulation, BCR induced a higher expression of the two
members of the E3 ubiquitin ligases, c-Chl and Cbl-b, in CARD19-deficient relative to
wild-type IgHEL B cells (Fig. 4A). It’s worth noting that the similar low basal levels of c-Cbl
and Cbl-b were detected in B cells from CARD19-deficient and wild-type single-transgenic
IgHEL mice (Fig. 4A). In contrast, the expression levels of the protein phosphatase Shp1l
were comparable between CARD19-deficient and wild-type IgHEL B cells before and after
BCR engagement by HEL stimulation (Fig. 4A). Additionally, the expression of control
PLCy2 or Actin was comparable between mutant and wild-type 1gHEL B cells before and
after BCR engagement (Fig. 4A). C-Cbl and Cbl-b control BCR-mediated B cell anergy and
deletion of both c-Cbl and Cbl-b in B cells leads to SLE-like autoimmunity (18). These data
show that CARD19 deficiency increases BCR-induced but not basal expression of c-Chl and
Cbl-b in naive B cells.

The transcription factor early growth response (Egr) 2 and 3 are known to regulate the
expression of Cbl-b in T cells (64). Our results showed that compared to wild-type control
cells, CARD19-deficient 1gHEL B cells expressed markedly higher HEL stimulation-induced
Egr2 and Egr3 but not basal levels (Fig. 4A). Of note, the expression of PLC-y2 or Actin was
comparable between mutant and wild-type IgHEL B cells before and after BCR engagement
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(Fig. 4A). Therefore, CARD19 deficiency elevates BCR-induced but not basal expression of
Egr2 and Egr3 in naive B cells.

Next, we examined the effect of CARD19 deficiency on basal and BCR-induced expression
of c-Cbl/Cbl-b and Egr2/3 in self-reactive B cells. B cells from CARD19-deficient and
control IgHELSHEL double-transgenic mice were purified and stimulated with HEL in

vitro. Our results showed that the basal levels of c-Cbl and Cbl-b were increased in

B cells of CARD19-deficient relative to wild-type double-transgenic 1gHELSHEL mice

(Fig. 4B). Additionally, upon in vitro HEL stimulation, both c-Cbl and Cbl-b proteins

were elevated much more in CARD19-deficient relative to wild-type IgHELSHEL B cells
(Fig. 4B). Furthermore, CARD19-deficient IgHELSHEL B cells expressed markedly higher
basal and HEL stimulation-induced levels of Egr2 and Egr3 when compared to wild-type
control cells (Fig. 4B). In contrast, the expression levels of Shpl, PLCy2 or Actin were
comparable between CARD19-deficient and wild-type IgHELSHEL B cells before and after
BCR engagement by HEL stimulation (Fig. 4B). The markedly increased basal expression of
c-Cbl/Cbl-b and Egr2/3 in self-reactive B cells is consistent with the finding that self-antigen
HEL failed to rapidly induce ERK activation in CARD19-deficient self-reactive B cells

(Fig. 31). Taken together, these data suggest that CARD19 deficiency increases basal and
BCR-induced expression of c-Cbl/Cbl-b and Egr2/3 in self-reactive B cells, which could
account for enhanced anergy.

NF-xB activation by CARD19 deficiency results in increased expression of Cbl and Egr

CARD19 regulated NF-xB signaling through its interaction with TAK1 in the
overexpression system (Fig. 1). Therefore, we sought to confirm that CARD19 regulated
NF-xB activation in naive B cells from IgHEL single-transgenic mice. Consistent with the
finding that CARD19 deficiency had no effect on B cell development (Fig. S2A to S2E),

B cell frequency and number were normal in CARD-deficient relative to wild-type 1gHEL
single-transgenic mice (Fig. S3A). Additionally, surface IgM level was normal in CARD19-
deficient IgHEL B cells (Fig. S3B). Splenic B cells from CARD19-deficient or wild-type
IgHEL single transgenic mice were isolated and stimulated with HEL. BCR-induced IxBa
phosphorylation was increased in CARD19-deficient relative to wild-type IgHEL B cells
(Fig. 5A), indicating that NF-xB activation was enhanced in CARD19-deficient primary B
cells. In contrast, BCR-induced phosphorylation of AKT, p38, INK or ERK was comparable
between CARD19-deficient and wild-type IgHEL B cells (Fig. 5B). Furthermore, we
examined NF-xB activation by the gel shift assay. After HEL stimulation, NF-xB activation
was markedly enhanced in CARD19-deficient relative to wild-type IgHEL B cells (Fig. 5C).
In contrast, activation of AP1 was comparable between CARD19-deficient and wild-type
IgHEL B cells (Fig. 5C). These data demonstrate that BCR-induced NF-xB activation is
augmented in CARD19-deficient primary naive B cells.

Moreover, we sought to determine whether the enhanced BCR-induced NF-xB activation
in CARD19-deficient B cells was responsible for the increased expression of Cbl and

Egr. Splenic naive B cells were isolated from wild-type mice and then stimulated with
anti-lgM, PDBu or ionomycin. PDBu, a phorbol ester, activates protein kinase C (PKC)
and subsequently leads to NF-xB activation, whereas ionomycin initiates Ca2* release and
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subsequently results in NFAT activation (65). PDBu, similar to anti-lgM, was able to induce
the expression of c-Chl and Egr2 in wild-type B cells (Fig. 5D, 5E). However, ionomycin
alone failed to induce the expression of Cbl or Egr in wild-type B cells (Fig. 5D, 5E).

These data indicate that the PKC/NF-xB, but not Ca2*/NFAT pathway, is responsible for
BCR-induced expression of Cbl and Egr in B cells, which is a distinct mechanism from that
for T cells (66, 67).

We further sought to prove that NF-xB activation is required for BCR-induced expression
of Cbl and Egr in B cells. To do this, we used c-Rel-deficient mice as a model system, as
cRel is a critical NF-xB subunit and its deficiency impairs NF-xB activation in B cells (68).
Splenic B cells from wild-type and cRel-deficient mice were isolated and then activated by
anti-lgM stimulation. Compared to medium alone or IL-4 stimulation, BCR engagement
induced the expression of Cbl and Egr in wild-type but not in cRel-deficient B cells

(Fig. 5F, 5G). Interestingly, BCR-induced expression of NFATc1 was not affected by cRel
deficiency (Fig. 5F, 5G). Additionally, the expression of PLC-y2 or Actin was comparable
between wild-type and cRel-deficient B cells before and after BCR engagement (Fig. 5F,
5G). Together, these data demonstrate that the enhanced activation of NF-xB by CARD19
deficiency is responsible for increased expression of Cbl and Egr upon BCR engagement in
B cells.

CARD19 deficiency enhances hyporesponsiveness of self-reactive anergic B cells

To further determine the effect of enhanced BCR-induced NF-xB activation by CARD19
deficiency on naive B cells, we employed a high-throughput RNA-seq approach to examine
the global gene expression profile of wild-type and mutant naive B cells following BCR
engagement. Splenic B cells from wild-type and CARD19-deficient IgHEL single-transgenic
mice were sorted, stimulated with the antigen HEL and then subjected to high-throughput
RNA-sequencing. The principal component analysis (PCA) of transcripts showed that
replicates of unstimulated wild-type and CARD19-deficient IgHEL B cells clustered
together, showing that gene expression profiles of wild-type and CARD19-deficient naive

B cells without antigen stimulation were similar (Figure 6A). Additionally, replicates of
HEL-stimulated wild-type and CARD19-deficient IgHEL B cells also clustered together,
demonstrating that gene expression profiles of wild-type and CARD19-deficient naive B
cells after antigen stimulation were comparable as well (Fig. S3C). Differential expression
analysis demonstrated that HEL-stimulated wild-type IgHEL B cells displayed a marked
change their gene expression profile compared to unstimulated wild-type IgHEL B cells (Fig.
S3D, S3E). Similarly, a substantial change in the gene expression profile was observed in
HEL-stimulated relative to unstimulated CARD19-deficient IgHEL B cells (Figures S3D,
S3E). Importantly, antigen stimulation-induced changes in the gene expression profiles
were found to overwhelmingly overlap between wild-type and CARD19-deficient IgHEL B
cells (Fig. S3F, S3G). This observation was consistent with the finding that the rates of
BCR-induced 3H-thymidine incorporation of B cells from wild-type and CARD19-deficient
IgHEL mice were comparable (Fig. S3H). Additionally, CARD19 deficiency had no effect on
B cell development or B cell immune response (Fig. S2). Together, these results demonstrate
that the enhanced activation of NF-xB by CARD19 deficiency does not affect the overall
antigen-induced gene expression and functions of naive B cells.
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We next examined the effect of enhanced BCR-induced NF-xB activation by CARD19
deficiency on self-reactive B cells. B cells isolated from wild-type and CARD19-deficient
IgHELSHEL double-transgenic mice were stimulated with the antigen HEL and then
subjected to the high-throughput RNA-seq analysis. In contrast to our finding in naive

B cells, PCA of transcripts showed that replicates of wild-type and CARD19-deficient
IgHELSHEL B cells clustered separately, indicating that the gene expression profiles of wild-
type and CARD19-deficient IgHELSHEL B cells with or without antigen stimulation were
distinct (Fig. 6A). Differential expression analysis revealed that unstimulated CARD19-
deficient IgHELSHEL B cells displayed a markedly different gene expression profile
compared to unstimulated wild-type control B cells (Fig. 6B). Furthermore, the gene
expression profile was distinct in HEL-stimulated CARD19-deficient relative to wild-

type IgHELSHEL B cells (Fig. 6B). Comparative gene set enrichment analysis (GSEA)
demonstrated that the BCR signaling pathway-targeted genes were enriched in wild-

type relative to CARD19-deficient self-reactive B cells in the absence or presence of

HEL stimulation (Fig. 6C), further confirming that CARD19 deficiency suppresses BCR
signaling. To provide additional support, we further confirmed that CARD19 deficiency
results in hyporesponsiveness in self-reactive B cells by examining the global gene
expression of wild-type and mutant self-reactive B cells isolated from non-transgenic
wild-type and CARD19-deficient mice. A marker set that has been used to classify late-
transitional (T3) B cells actually identifies self-reactive anergic B cells within wild-type

B cell compartments (11). Self-reactive anergic B cells (220" AA4.1*CD23*1gM!°)
were sorted from wild-type and CARD19-deficient non-transgenic mice and subjected to
the high-throughput RNA-seq analysis. GSEA results confirmed that the BCR signaling
pathway-targeted genes were enriched in wild-type relative to CARD19-deficient self-
reactive anergic B cells (Fig. 6D). These global gene expression profiling results were
consistent with our findings that CARD19-deficient self-reactive B cells had increased basal
and BCR-induced expression of c-Cbl/Cbl-b and Egr2/3 (Fig. 4B), and exhibited enhanced
anergy, as evidenced by reduced antigen-induced proliferation (Fig. 3E, 3F), activation
(Fig. 3G, 3H), and ERK activation (Fig. 3I) following self-antigen stimulation. Taken
together, these data demonstrate that CARD19 deficiency enhances hyporesponsiveness of
self-reactive B cells.

CARD19 deficiency prevents Bm12-induced SLE

To investigate the biological significance of enhanced tolerance caused by deficiency in
CARD19, we examined its role in the development of SLE using a mouse model. SLE

is an autoimmune disease with a wide range of clinical and immunological manifestations
(69). The Bm12 transfer model is a commonly used mouse model for SLE that mimics
the characteristics of human SLE, such as splenomegaly, anti-nuclear antibody (ANA)
production, and the expansion of germinal center (GC) B cells (70). In this model,
lymphocytes from Bm12 mice are adoptively transferred into C57BL/6 mice, leading to
alloactivation of donor CD4 T cells by recipient APCs and the subsequent production

of autoantibodies and SLE-like symptoms (70). We transplanted B6.SJL-CD45.1 mice
with BM cells from wild-type or CARD19-deficeint mice, which were on a C57BL/6
genetic background. Eight weeks after transplantation, we adoptively transferred Bm12
splenocytes into the recipients. Three weeks after adoptive transfer, wild-type BM recipients
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exhibited enlarged spleens with increased mass and cellularity compared to wild-type

BM recipients that received PBS as control (Fig. 7A). However, recipients that received
CARD19-deficient BM failed to display spleen enlargement compared to wild-type or
CARD19-deficient BM recipient controls that received PBS (Fig. 7A). Additionally,
recipients that received CARD19-deficient BM cells generated markedly less ANA 1gG
following Bm12 lymphocyte adoptive transfer, detected by ELISA (Fig. 7B) or HEp-2
immunofluorescence assay (IFA) (Fig. 7C, 7D). An auto-antigen array further confirmed
the reduction of autoantibody production in CARD19-deficient BM recipients compared to
wild-type BM recipients (Fig. 7E). Furthermore, flow cytometry analysis showed that the
up-regulation of the B cell activation marker CD86 was markedly attenuated in CARD19-
deficient relative to wild-type BM recipients after adoptively transferring Bm12 splenocytes
(Fig. S4A). These results demonstrate that CARD19 deficiency can prevent the development
of autoimmune disease.

To further determine whether the prevention of Bm12-induced SLE by CARD19 deficiency
is due to intrinsic B cell defects, we generated BM chimeric mice with B cell-specific
deletion of CARD19. BM cells from wild-type or CARD19-deficient mice were mixed with
BM cells from B cell-deficient uUMT mice, and transplanted into lethally irradiated pMT
mice. Single splenic B cells were sorted from the BM chimeric mice and cultured for 10
days. The levels of total 1gG in the culture supernatants were determined and the presence
of autoreactive antibodies against nuclear and cytoplasmic self-antigens was determined by
ANA IgG ELISA. Compared to BM chimeric mice with wild-type B cells, BM chimeric
mice with B cell-specific deletion of CARD19 had markedly lower frequency of self-
reactive B cells (Fig. S4B). Additionally, after adoptively transferring Bm12 splenocytes,
sera from BM chimeric mice with B cell-specific deletion of CARD19 showed significantly
less autoreactive antibodies when compared to control BM chimeric mice with wild-type B
cells, as determined by both ANA ELISA and HEp-2 immunofluorescence assay (Fig. S4C
to S4E). The generation of GC B cells was also reduced in CARD19-deficient BM recipients
compared to wild-type BM recipients after adoptively transferring Bm12 splenocytes (Fig.
S4F, S4G). These results demonstrate that CARD19 deficiency prevents autoimmunity in a
B cell-intrinsic manner.

Discussion

Chronic stimulation of self-reactive B cells by self-antigens can weaken BCR signaling
and ultimately lead to B-cell tolerance. Negative regulators of BCR signaling, such as the
tyrosine protein kinase Lyn, the protein phosphatase SHP-1, the lipid phosphatase SHIP-1,
the inhibitory co-receptor CD22 and the ubiquitin ligases c-Cbl/Cbl-b, play an important
role in controlling B-cell tolerance (14-18). When a negative regulator of BCR-induced
NF-xB pathway is deleted, it leads to B cell hyperactivation, elevation of autoantibody
production, and subsequent severe autoimmune diseases (18, 58-60). In our study, we have
identified the CARD-containing protein CARD19 as a novel negative regulatory molecule
that controls TAK1 activity, downstream of the CBM signalosome, and regulates B-cell
tolerance through NF-xB-induced expression of Egr and Cbl in self-reactive B cells. In
contrast to the deletion of traditional negative regulators of NF-xB signaling, deficiency in
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CARD19 does not result in autoimmune phenotypes. Instead, it enhances B-cell tolerance,
reduces autoantibody production and prevents autoimmunity.

Upon BCR ligation, the scaffold protein CARMAL (CARD11), together with BCL10

and MALT1, forms the CBM signalosome complex, which is central to the activation

of the NF-xB signaling pathway (71, 72). The current studies found that CARD19 co-
immunoprecipitated with TAK1, as well as CARMAL, TAB2, TRAF6 and NEMO, but not
other components, such as BCL 10, of the CBM signalosome or the downstream signaling
cascade. However, the reciprocal co-immunoprecipitation analysis demonstrated that only
TAK1 could associate with CARD19. These findings indicate that CARD19 directly
interacts with TAK1 and its association with CARMA1, TAB2, TRAF6 and NEMO is likely
to be indirect and due to the large signaling multiplex formed by the CBM signalosome,
the TAK1 complex and the IKK complex following BCR engagement. Activation of

TAKT1 requires its association with the regulatory proteins TAB1 and TAB2 (34-36).

TAB1 and TAB2 are structurally different molecules with distinct roles in regulating

TAK1 activity. TAB1 constitutively associates with the N-terminus of TAK1 and regulates
TAK1 autophosphorylation, which is required for TAK1 activation (34, 54). TAB2 interacts
with the C-terminus of TAK1 and induces TAK1 ubiquitination, which is required for

its activation (35, 53). Furthermore, TAB2 binds to the polyubiquitin chain, recruiting
polyubiquitinated TRAF6 and NEMO and bringing the IKK complex in close proximity to
TAK1 (35, 53). Our findings indicate that CARD19 prevents TAK1 from interacting with
TAB2 but not TABL, and thus inhibits TAB2-mediated TAK1 ubiquitination. These data
further support the idea that CARD19 directly interacts with TAK1 and that CARD19’s co-
immunoprecipitation with TAB2, TRAF6 and NEMO is due to the ubiquitination-dependent
formation of the signaling multiplex comprising the TAK1 and IKK complexes. Therefore,
CARD19 negatively regulates BCR-induced NF-xB activation by directly preventing the
association of TAK1 with TAB2, thus impeding the ubiquitination and activation of TAKL.

NF-xB acts as a master regulator of the immune response, controlling the expression of
various target genes that include cytokines, chemokines, immunoregulatory molecules, and
molecules that direct cell proliferation and survival (73). When a negative regulator of

the NF-xB pathway, such as c-Cbl, Cbl-b, PTPN22, Shpl and A20, is deleted, it leads to
hyperactive B cells, high autoantibody production, and severe autoimmunity (18, 58-60).
In contrast, CARD19-deficient mice do not develop autoimmune phenotypes, although
CARD19 negatively regulates the NF-xB pathway by inhibiting TAK1 activity. Instead,

the lack of CARD19 enhances B-cell tolerance, reduces autoantibody production, and
prevents autoimmunity. This is likely because CARD19 deficiency only slightly elevates
NF-xB signaling and this slight elevation does not affect BCR signaling in naive B cells
and B cell development. Furthermore, foreign antigens, such as NP-KLH or TNP-Ficoll,
normally initiate strong and robust BCR signaling that can overcome the slight elevation

of NF-xB signaling caused by CARD19 deficiency. Consistent with this idea, CARD19
deficiency does not affect the humoral immune response. However, we believe that constant
engagement of BCR by weak self-antigens induces moderate but persistent signaling in
self-reactive B cells. In the absence of CARD19, moderate but persistent BCR signaling
combined with the subtle elevation of NF-xB activation leads to the accumulation of the
negative regulators Egr and Cbl, which in turn promotes tolerance in self-reactive B cells (a
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proposed working model is shown in the Visual Abstract). In contrast to the conventional
negative regulators of NF-xB activation, CARD19 exhibits a unique and distinct role

in modulating BCR-induced NF-xB activation in self-reactive B cells and its deficiency
enhances but does not break B-cell tolerance.

The molecular mechanism that underlies the expression of the E3 ubiquitin ligase Cbl in

B cells is not well understood. Studies have shown that ionomycin stimulation induces

Cbl expression in T cells (66), indicating the involvement of Ca2*-mediated activation of
the transcription factor NFAT in Cbl expression in T cells. However, our finds indicate

that the PKC activator PdBu, but not ionomycin, is able to trigger Cbl expression in B

cells, suggesting that PKC-induced NF-xB activation could control Cbl expression in B
cells. Furthermore, Cbl expression is substantially reduced in B cells that lack c-Rel, a key
member of NF-xB. These results reveal that the expression of Cbl, such as c-Chl and Cbhl-b,
is regulated by NF-xB and not NFAT in B cells, highlighting the differential regulation of
Cbl expression in B and T cells.

Egrs are zinc-finger transcription factors that are upregulated in response to growth

factors (74). Among the four Egr isoforms, Egr2 and Egr3 are particularly important for
establishing T and B cell anergy and tolerance (64, 75-77). Deletion of both Egr2 and Egr3
in T cells leads to high production of anti-nuclear autoantibodies, proinflammatory cytokines
and the development of SLE-like autoimmune syndrome (76). In T cells, overexpression

of Egr2 and Egr3 can upregulate the expression of Cbl-b, while the loss of Egr3 markedly
reduces Cbl-b expression (64). These findings demonstrate that Cbl-b is a downstream target
of Egr2 and Egr3 in T cells. Our research has found that CARD19 deficiency elevates the
basal and BCR-induced expression of Egr2 and Egr3 in B cells. It is highly likely that the
upregulation of Egr2 and Egr3 leads to an elevation of c-Cbl and Cbl-b expression in B cells,
which results in enhanced tolerance of self-reactive B cells (Visual Abstract). In T cells,
both Egr2 and Egr3 are NFAT target genes (67). However, we found that the PKC activator
PdBu, but not the Ca2* inducer ionomycin, was able to trigger the expression of Egr2 and
Egr3. Furthermore, c-Rel-deficient B cells exhibited marked reduction of Egr2 and Egr3
expression, confirming that the expression of Erg2 and Egr3 is dependent on NF-xB but not
NFAT in B cells. Together, these results demonstrate that in self-reactive B cells, CARD19
deficiency augments BCR-induced TAK1 activity, which leads to an elevation of NF-xB
activation that triggers Egr2 and Egr3 expression, ultimately inducing the accumulation of
c-Cbl and Cbl-b. While in T cells Egr2/3 and Cbls are regulated by NFAT, in B cells they
are regulated by NF-xB. However, the molecular mechanism underlying the differential
regulation of Egr2/3 and Cbl expression in B and T cells is not well understood and requires
further investigation.

In summary, the study has found that CARD19 plays an important role in regulating TAK1
activity and B-cell tolerance. Specifically, it has been shown that CARD19 interacts with
TAK1, preventing its association with TAB2 and limiting its ubiquitination and activation.
CARD19 deficiency results in a subtle elevation of NF-xB activation in self-reactive B
cells, which leads to the accumulation of the negative regulators Egr and Cbl. This in turn
enhances B-cell tolerance and reduces autoantibody production, preventing autoimmune
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diseases. Taken together, these findings suggest that targeting CARD19 in B cells could be a
potential therapeutic strategy for treating autoimmune diseases.
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Key Points

CARD19 negatively regulates BCR-CBM complex-mediated TAK1/NF-xB
activation.

CARD19 suppresses BCR-induced expression of Egr2/3 and c-Cbl/Cbl-b.

Lack of CARD19 promotes B-cell self-tolerance and prevents autoimmunity.
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Figure 1.

CARD19 interacts with TAK1 and inhibits TAK1 kinase activity. (A,B) Co-IP and reciprocal
co-IP of CARD19 with TAK1 but not TAB2. HEK293T cells were transfected with the
indicated plasmids encoding the indicated proteins for 48 hours. Cell lysates were IPed with
the indicated antibodies and the immunoprecipitates were analyzed by immunoblotting with
the indicated antibodies. Total cell lysates (input) were analyzed by immunoblotting with
the indicated antibodies. (C) Inhibition of TAK1 kinase activity by CARD19. HEK293T
cells were transfected with indicated plasmids encoding the indicated proteins for 48

hours. Cells were lysed and TAK1 was IPed with anti-FLAG, followed by an in vitro

kinase assay using recombinant IKKp as substrate. The remaining cell lysates were treated
with lambda phosphatase and then the expression of TAK1, TAB1, TAB2, and CARD19

in total cell lysates was analyzed by immunoblotting with the indicated antibodies. (D)
Inhibition of TAB2-induced TAK1 polyubiquitination by CARD19. HEK293T cells were
transfected with indicated plasmids encoding the indicated proteins for 48 hours. Cells
were lysed and TAK1 was IPed with anti-FLAG, followed by immunoblotting with anti-
ubiquitin antibody. Total cell lysates (input) were treated with lambda phosphatase and

then analyzed by immunoblotting with the indicated antibodies. (E) Blockade of TAK1 and
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TAB2 interaction by CARD19. HEK293T cells were transfected with indicated plasmids
encoding the indicated proteins for 48 hours. Cell lysates were IPed with the indicated
antibodies and the immunoprecipitates were analyzed by immunoblotting with the indicated
antibodies. Total cell lysates (input) were analyzed by immunoblotting with the indicated
antibodies. (F) Inhibition of TAK1-induced NF-xB activation by CARD19. HEK293T cells
were transfected with indicated plasmids encoding the indicated proteins for 48 hours.
Luciferase activities in cell lysates were measured and p-Galactosidase was used as internal
control. Mean + SD is shown. P-values shown were calculated with the unpaired two-tailed
Student’s t-test. Data shown are representative of three independent experiments (A-F).
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Figure 2.

CARD19 is ubiquitously expressed and its deficiency suppresses autoantibody production in
mice. (A) Expression of Card19 in different lymphoid and myeloid cell populations. Pro/Pre,
immature, and mature B cells, granulocytes, macrophages, dendritic cells (DCs) were sorted
from BM of wild-type mice, follicular (FO) and marginal zone (MZ) B cells, transitional
type 1 (T1) and type 2 (T2) B cells, CD4 and CD8 T cells, and NK cells were sorted

from the spleens of wild-type mice, Bla and B1b cells were sorted from the peritoneal

fluid of wild-type mice. Total RNAs were extracted from the cells, transcribed into cDNA,
and Card19 mRNA levels were quantified by quantitative real-time PCR analysis, using
B-Actin as internal control. Mean + SD is shown. (B) Constitutive expression of CARD19
mRNA in splenic B cells. Total splenic B cells were sorted from wild-type mice and then
stimulated with anti-IgM for the indicated time. Total RNAs were extracted, transcribed

into cDNA, and mRNA levels of Card19 and Bcl-xL were quantified by quantitative real-
time PCR analysis. Mean * SD is shown. (C) Suppression of autoantibody production in
CARD19-deficient mice. Sera from two-month-old wild-type and CARD19-deficient mice
were subjected to a self-antigen array for detection of self-reactive IgM and 1gG. Each
column represents an individual mouse and each row represents an individual self-antigen.
Red, green, and black grid blocks indicate expression above, below, and at the median of all
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samples at each row. (D) Increased frequency of self-reactive B cells in CARD19-deficient
mice. Single splenic B cells were sorted from wild-type or CARD19~/~ mice and cultured
in 96-well plates that were pre-seeded with feeder cells. After 10 days of culture, total 1gG
levels in the supernatants from the single-cell cultures, 42 from wild-type mice and 43 from
CARD197"~ mice, were determined, and autoreactivity was determined by ANA ELISA.
Each dot represents a single B cell culture and horizontal lines represent the mean values.
P-values are calculated with Mann-Whitney test. Data shown are representative of 3 (A,D)
or 2 (B) independent experiments, or obtained from 8 wild-type and CARD197/~ mice (C).
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Figure 3.

CADR19 deficiency enhances B-cell tolerance. (A) Reduction of B cell population in
CARD19-deficient IgHELSHEL mice. Splenocytes and BM cells from wild-type and
CARD197/~ IgHELSHEL mice were stained with anti-B220 antibodies. Percentages and
total numbers of B cells in wild-type and CARD19-deficient IgHELSHEL double transgenic
mice were determined. (B) Increased apoptosis of self-reactive B cells in CARD19-deficient
IgHELSHEL mice. Splenic B cells isolated from wild-type and CARD197/~ IgHELSHEL
mice were stimulated with medium (Med), HEL or anti-IgM (algM) for the indicated time
points and cell apoptosis was detected by TUNEL assay. (C) Increased IgA positive B
cells in CARD19-deficient IgHELSHEL mice. Splenocytes from wild-type and CARD197/~
IgHELSHEL mice were stained with anti-B220 and anti-IgA.. Percentages indicate IgA
positive B cells in the gated splenic B220* population. (D) Reduced HEL specificity of B
cells in CARD19-deficient IgHELSHEL mice. Splenocytes from wild-type and CARD197/~
IgHELSHEL mice were stained with fluorescent-conjugated antigen HEL or anti-lgM. The
mean fluorescent intensity (MFI) was quantified. (E) Lower BCR-induced incorporation
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of BrdU in B cells from CARD19-deficient IgHELSHEL mice. Splenic B cells purified
from wild-type and CARD197/~ IgHELSHEL mice were cultured in the presence of antigen
HEL or anti-IgM for 48 hours. Cells were pulsed with BrdU and BrdU-positive B cells
were analyzed by FACS. (F) Lower BCR-induced 3H-thymidine incorporation in B cells
from CARD19-deficient IgHELSHEL mice. Splenic B cells purified from wild-type and
CARD197/~ IgHELSHEL mice were cultured in the presence of antigen HEL or anti-lgM
for 48 hours. Cells were pulsed with 3H-thymidine and radioactivity was measured. (G)
Decreased up-regulation of CD86 in B cells from CARD19-deficient IgHELSHEL mice.
Splenic B cells from wild-type and CARD19~/~ IgHELSHEL mice were incubated with
antigen HEL for 24 hours. The up-regulation of CD86 was measured by FACS. (H) Reduced
expression of CD23 on B cells from CARD19-deficient IgHELSHEL mice. Expression of
activation marker CD23 on splenic B cells from wild-type and CARD19~/~ IgHELSHEL
mice were analyzed by FACS.

(1) Further reduced activation of ERK in B cells from CARD19-deficient IgHELSHEL mice.
Splenic B cells from wild-type and CARD19~/~ IgHELSHEL mice were stimulated with
antigen HEL for the indicated time. Cells were lysed and analyzed by immunoblot with the
indicated antibodies (left panel). Band intensity of p-ERK and ERK was measured using
ImageJ software, and the results from 3 experiments are presented as a ratio of the band
intensity of p-ERK to total ERK (right panel). Each dot represents an individual mouse and
horizontal lines represent the mean values. MFI was quantified and mean + SD is shown.
P-values shown were calculated with the unpaired two-tailed Student’s t-test. Data shown
are obtained from 9 (A,C), 8 (D), 5 (G) or 10 (H) wild-type IgHELSHEL mice and 9 (A,C),
8 (D), 5 (G) or 10 (H) CARD19~/~ IgHELSHEL mice, or representative of 5 (B,F), 4 (E) or 3
(1) independent experiments.

J Immunol. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zheng et al.
A Wild-type IgHEL Card19” IgHEL
HEL HEL
Time 1 ng/ml 10 ng/ml 1 ng/ml 10 ng/ml
(hour) 0 24 48 24 48 0 24 48 24 48
Blot: anti-Cbl-b
=== — == =]
Blot: anti-c-Cbl
-~ PP —— -|

Blot: anti-Egr2

|

e — _I

Blot: anti-Egr3

Blot: anti-Shp1

e e e e —
— — — — D G — — — —

Blot: anti-PLCy2

Blot: anti-Actin

HEL: 1ng/ml 10 ng/ml HEL: 1ng/ml 10 ng/ml
_ 08 cbl-b Cbl-b c 8-2: Egr3 Egr3 _»
% 0.61 * B
i: 0 4 i: 0.31
g P 0.2
302 & 0.1

0.0+ 0.0 T T
< 081cCbl  TcChl < 201 shpt Shp1
3 0.61 1« £ 1.51 3 ;
So4 3 S10 $
O : 1 1
5 0.2 5 0.5

0.0— T T 0.0— T ' ; i 3

0.5 Eqr2 1Egr2 Hour: 0 24 48 0 24 48
= d -
S 8; o o Wild-type IgHELsHEL
§ 30 * o Card19” IgHELsHEL
S *»p <0.05

0.1 ﬁ P
w 0.0/ 1 *x D <0.01
Hour:0 24 48 0 24 48

Figure 4.

Page 30

B Wild-type IgHELsHEL Card197 IgHELsHEL
HEL HEL
Time 1 ng/ml 10 ng/ml 1 ng/ml 10 ng/ml
(hour) 0 24 48 24 48 0 24 48 24 48
Blot: anti-Cbl-b
| — — L . — !
Blot: anti-c-Cbl
Blot: anti-Egr2
Blot: ani-Egr3 -
Blot: anti-Shp1 _ ,
XX T 1 T1312¢% 3
Blot: anti-PLCy2
Blot: anti-Actin
HEL: 1ng/ml 10 ng/ml HEL: 1ng/ml 10 ng/ml
0% Cokb  pebkb 8-2: Egr3 ] Egr3
g 0.31 gk 1 *k .8 03‘ * | *
S02{3 ; o023 b2 ﬁ
80.1‘§ u?0'1-§/./§ |
0.0=—— 0.0— ——
%8 ccol Jocbl  15yshpt  1She!
504- . L ) . * §10' %!
802{32% @ B0.5]
“oolt==t llx ®00
_ 0.6 Egr2 Egrg* Hour:0 24 48 0 24 48
B 0.4 x X * o Wild-type IgHELsHEL
=l " o Card19- IgHELSHEL
usJ,O 21 +p<0.05
0.0 ——— Y «p <0.01
Hour: 0 24 48 0 24 48

CARD9 deficiency elevates the expression of c-Cbl/Cbl-b and Egr2/3 in B cells. (A)
Elevation of BCR-induced expression of c-Cbl/Cbl-b and Egr2/3 in CARD19-deficient B
cells. Splenic B cells from wild-type and CARD19~/~ IgHEL single-transgenic mice were
cultured in the presence of HEL for the indicated time. The cell lysates were analyzed

by immunoblotting with the indicated antibodies. (B) Elevation of basal and BCR-induced
expression of c-Chl/Cbl-b and Egr2/3 in CARD19-deficient self-reactive B cells. Splenic
B cells from wild-type and CARD197/~ IgHELSHEL double-transgenic mice were cultured
in the presence of the self-antigen HEL for the indicated time. The cell lysates were
analyzed by immunoblotting with the indicated antibodies. The intensities of protein bands
were quantified using Image-J software. P-values shown were calculated with the unpaired
two-tailed Student’s t-test. Mean = SD is shown. Data shown are representative of three
independent experiments (A and B).
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Figure 5.

CARD19 deficiency enhances BCR-induced NF-xB activation that regulates the expression
of c-Cbl/Cbl-b and Egr2/3 in B cells. (A,B) Enhancement of BCR-induced IxBa
phosphorylation but not other pathway activation in CARD19-deficient B cells. Splenic

B cells from wild-type and CARD19~/~ 1gHEL mice were stimulated with HEL for the
indicated time. The cell lysates were analyzed by immunoblotting with the indicated
antibodies (left panel). Band intensity was measured using ImageJ software, and the results
from 6 (A) or 3 (B) experiments are presented as a ratio of the band intensity of phosphor-
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protein to total protein (right panel). (C) Enhancement of BCR-induced NF-xB activation

in CARD19-deficient B cells. Splenic B cells from wild-type and CARD19~/~ IgHEL mice
were stimulated with HEL for the indicated time. The cell lysates were analyzed for NF-xB
and AP1 activation using the gel shift assay, and Actin expression is used as a loading
control (left panel). Band intensity was measured using ImageJ software, and the results
from 4 experiments are presented as a ratio of the band intensity of NF-xB or AP1 to Actin
(right panel). (D) PKC-induced NF-xB activation controls the expression of ¢c-Cbl/Cbl-b and
Egr2/3 in B cells. Splenic B cells from wild-type mice were cultured with medium alone
(Med), IL-4 alone (IL-4), or in the presence of anti-IgM (algM), PdBu, ionomycin, or PdBu
plus ionomycin (P + I) for 16 hours. The cell lysates were analyzed by immunoblotting

with the indicated antibodies. (E) Quantification of the intensities of protein bands in (D)
using Image-J software. The results from 3 experiments are presented as a ratio of the

band intensity of c-Cbl, Egr2, Egr3 or PLC-y2 to Actin. (F) The NF-xB subunit cRel is
required for BCR-induced expression of c-Chl/Cbl-b and Egr2/3 in B cells. Splenic B cells
from wild-type or cRel™'~ mice were cultured with medium alone (Med), IL-4 alone (IL-4),
or in the presence of anti-IgM (algM) for 16 hours. The cell lysates were analyzed by
immunoblotting with the indicated antibodies. (G) Quantification of the intensities of protein
bands in (E) using Image-J software. The results from 5 experiments are presented as a

ratio of the band intensity of c-Cbl, Egr2, Egr3 or PLC-y2 to Actin. Mean + SD is shown.
P-values shown were calculated with the unpaired two-tailed Student’s t-test. Data shown
are representative of 6 (A), 3 (B), 4 (C), 3 (D,E) or 5 (F,G) independent experiments.
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Figure 6.
CARD9 deficiency affects the gene expression profile of self-reactive B cells. (A-C)

Splenic self-reactive anergic B cells from wild-type and CARD19-deficient IgHELSHEL
mice were stimulated without or with the indicated concentration of HEL for 24 hours

and then subjected to high-throughput RNA sequencing. The transcriptome profiles

were analyzed. Principal component analysis (PCA) of wild-type and CARD19-deficient
IgHELSHEL B cells without and with HEL stimulation (A). Heatmap of differentially
expressed genes in wild-type and CARD19-deficient IgHELSHEL B cells without and with
HEL stimulation and up-regulated or down-regulated genes with p-adj < 0.05 are shown (B).
Comparative GSEA of the BCR signaling pathway target gene signatures in self-reactive
B cells of wild-type and CARD19-deficient IgHELSHEL mice (C). (D) Comparative GSEA
of the BCR signaling pathway target gene signatures in self-reactive anergic B cells of
wild-type and CARD19-deficient mice. Self-reactive anergic B cells from wild-type and
CARD19-deficient mice were sorted and subjected to high-throughput RNA-sequencing.
Data shown are obtained from 3 wild-type or CARD19-deficient IgHELSHEL mice (A-C)
and from 3 wild-type or CARD19-deficient mice (D).
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Figure 7.
CARD19 deficiency prevents autoantibody production in the SLE mouse model.

Splenocytes from Bm12 mice or PBS were adoptively transferred into age- and gender-
matched CD45.1 congenic recipients that were reconstituted with wild-type or CARD197~/~
BM cells. (A) Inhibition of Bm12-induced splenomegaly by CARD19 deficiency. Spleen
mass and cell number of spleen cells in the recipients were determined at day 21 after
adoptive transfer. (B) Inhibition of Bm12-induced production of ANA 1gG by CARD19
deficiency. Sera from the recipients were collected at the indicated time points after

J Immunol. Author manuscript; available in PMC 2024 May 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zheng et al.

Page 35

adoptive transfer. ANA 1gG levels were measured by the ANA IgG ELISA. (C,D) Inhibition
of Bm12-induced production of autoreactive IgGs reactive to HEp-2 cells by CARD19
deficiency. Sera from the recipients were collected at day 21 after adoptive transfer and
incubated with HEp-2 cells. Serum ANA IgGs were detected by immunofluorescence on
HEp-2 cells (C) and immunofluorescence intensities were quantified using Image-J software
(D). (E) Inhibition of Bm12-induced autoantibody production by CARD19 deficiency.

Sera from the recipients were collected at day 21 after adoptive transfer and subjected

to a self-antigen array for detecting self-reactive IgM and 1gG. Each column represents

an individual mouse and each row represents an individual self-antigen. Red, green, and
black grid blocks indicate expression above, below, and at the median of all samples at

each row. Each dot represents an individual mouse and horizontal lines represent the mean
values. P values shown were calculated with the unpaired two-tailed Student’s t-test. Data
shown are obtained from 5 recipients received wild-type or CARD19~/~ BM cells and are
representative of 2 independent experiments.
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