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Enhanced CD19 activity in B cells contributes to
immunodeficiency in mice deficient in the ICF syndrome gene
Zbtb24
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Immunodeficiency, centromeric instability, and facial anomalies (ICF) syndrome is a rare autosomal recessive disorder characterized
by DNA hypomethylation and antibody deficiency. It is caused by mutations in DNMT3B, ZBTB24, CDCA7, or HELLS. While progress
has been made in elucidating the roles of these genes in regulating DNA methylation, little is known about the pathogenesis of the
life-threatening hypogammaglobulinemia phenotype. Here, we show that mice deficient in Zbtb24 in the hematopoietic lineage
recapitulate the major clinical features of patients with ICF syndrome. Specifically, Vav-Cre-mediated ablation of Zbtb24 does not
affect lymphocyte development but results in reduced plasma cells and low levels of IgM, IgG1, and IgA. Zbtb24-deficient mice are
hyper and hypo-responsive to T-dependent and T-independent type 2 antigens, respectively, and marginal zone B-cell activation is
impaired. Mechanistically, Zbtb24-deficient B cells show severe loss of DNA methylation in the promoter region of Il5ra (interleukin-
5 receptor subunit alpha), and Il5ra derepression leads to elevated CD19 phosphorylation. Heterozygous disruption of Cd19 can
revert the hypogammaglobulinemia phenotype of Zbtb24-deficient mice. Our results suggest the potential role of enhanced CD19
activity in immunodeficiency in ICF syndrome.
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INTRODUCTION
Immunodeficiency, centromeric instability and facial anomalies
(ICF) syndrome is a rare autosomal recessive disorder character-
ized by antibody deficiency, facial dysmorphism, developmental
delay, and intellectual disability [1, 2]. A cytogenetic feature of ICF
syndrome is chromosomal rearrangements due to DNA hypo-
methylation of satellite repeats at (peri)centromeric heterochro-
matin [1, 3–6]. ICF syndrome is caused by mutations in one of four
known genes—DNMT3B (ICF1), ZBTB24 (ICF2), CDCA7 (ICF3), and
HELLS (ICF4)—with ICF1 (~50%) and ICF2 (~30%) accounting for
most cases [7–13]. Recent evidence suggests that the four gene
products are components of a molecular pathway that regulates
DNA methylation. Specifically, ZBTB24, a member of the zinc-
finger (ZF)- and BTB domain-containing (ZBTB) family of
transcriptional regulators, induces CDCA7 expression, and CDCA7
recruits HELLS, a DNA helicase involved in chromatin remodeling,
to specific genomic regions to facilitate DNA methylation by the
DNA methylation machinery, including DNMT3B [14–19].
Patients with ICF syndrome suffer from recurrent and often fatal

infections in early childhood due to hypogammaglobulinemia or

agammaglobulinemia. While they usually have normal counts of T
and B lymphocytes, phenotypic analysis revealed the presence of
only naïve B cells and the absence of memory B cells and plasma
cells, suggesting impaired B-cell activation and/or terminal
differentiation [20]. However, the cellular and molecular defects
underlying antibody deficiency in ICF syndrome remain poorly
understood.
B-cell survival and differentiation are tightly controlled by

signaling from the B-cell receptor (BCR), a transmembrane
complex composed of a membrane-bound immunoglobulin (Ig)
and the signal transduction components Igα/Igβ (CD79a/CD79b).
The BCR transmits constitutive, tonic signals necessary for survival
in the absence of antigen binding and activation signals following
antigen engagement [21]. For mature B cells in the periphery, BCR
engagement activates signaling pathways that induce prolifera-
tion and transcriptional programs for differentiation into germinal
centers (GCs), memory and plasma cells [22]. However, during
early B-cell development, BCR activation plays a key role in central
tolerance. BCR engagement in bone marrow (BM) immature cells
facilitates the elimination of self-reactive BCRs [23]. Thus, BCR
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activation controls B-cell fate in a context- and developmental
stage-dependent manner.
CD19, a transmembrane protein expressed throughout B-cell

development, modulates BCR signaling. CD19-deficient (Cd19−/−)
mice develop B cells but have reduced peripheral populations and
deficient GC, B1, and marginal zone (MZ) compartments [24]. B
cells without CD19 are hyporesponsive to BCR engagement with
reduced phosphorylation of signaling factors, reduced prolifera-
tion, and loss of terminal differentiation [25]. CD19 overexpression
results in the opposite phenotype, as B cells from human CD19-
transgenic (hCD19TG) mice display enhanced BCR signaling and
an elevated antibody response. hCD19TG mice also have reduced
levels of naïve cells leaving the BM, presumably due to overactive
negative selection [26]. Further characterization of Cd19−/− and
hCD19TG mice revealed that CD19 enhances humoral immune
responses to T-dependent (TD) antigens but inhibits humoral
immune responses to T-independent type 2 (TI-2) antigens [27].
Thus, CD19 has been proposed to function as a critical rheostat
that amplifies BCR signaling and lowers thresholds for activation
[28]. While the relationship between BCR and CD19 signaling is
well established, the full catalog of factors that influence this
signaling axis remains to be defined.
In this study, we show that conditional ablation of Zbtb24 in the

hematopoietic lineage in mice results in a phenotype that mimics
major clinical manifestations of ICF syndrome, including normal T-
and B-cell development, reduced plasma cells, and hypogamma-
globulinemia. We provide evidence that Zbtb24 is a negative
regulator of CD19 activity, as Zbtb24-deficient B cells display
elevated CD19 phosphorylation, which contributes to hypogam-
maglobulinemia. Mechanistically, Il5ra [encoding the IL-5-binding
subunit (α chain) of the IL-5 receptor (IL-5Rα)], which is normally
repressed in most resting B cells, is derepressed in Zbtb24-
deficient B cells due to severe loss of promoter methylation,
resulting in enhanced CD19 phosphorylation.

MATERIALS AND METHODS
Mice
All animal experiments were performed under protocols approved by the
Institutional Animal Care and Use Committee at The University of Texas
MD Anderson Cancer Center. The Zbtb24 conditional allele (Zbtb242lox) was
generated by gene targeting using homologous recombination. Briefly,
mouse embryonic stem cells (mESCs) were transfected with the targeting
vector (Fig. S1A) via electroporation and selected with Geneticin (G418).
Correctly targeted mESC clones (Zbtb243lox/+), identified by Southern
blotting (Fig. S1B), were injected into blastocysts to obtain chimeric mice,
which were then crossed with wild-type (WT) mice to obtain F1 mice with
germline transmission of the Zbtb243lox allele. Germline deletion of the
IRES-βGeo selection cassette (flanked by FRT sites, Fig. S1A), resulting in the
Zbtb242lox allele (Fig. S1C), was achieved by crossing Zbtb243lox/+ mice with
FLPeR mice, which constitutively express the FLPe recombinase [29].
Zbtb242lox/+ mice, which were initially C57BL/6-129 hybrids, were back-
crossed with C57BL/6 mice for six generations. Deletion of the floxed
region, resulting in the null allele (Zbtb24−) (Fig. S1D), in the germline and
hematopoietic, T-cell, and B-cell lineages was achieved by crossing mice
carrying the Zbtb242lox allele with Zp3-Cre [30], Vav-Cre [31], Lck-Cre [32],
and CD19-Cre [33] mice, respectively. All primers used in the study,
including those for genotyping and for generating the Zbtb24 gene
targeting vector, are listed in Table S1.

Immunization
For TD antigen immunization, 8- to 10-week-old mice were intraperitoneally
(i.p.) injected with 100 μg of nitrophenyl-conjugated keyhole limpet
hemocyanin (NP-KLH) (Biosearch Technologies) in saline supplemented with
50% (vol/vol) alum (Thermo Fisher Scientific) and, if applicable, were boosted
60 days later with NP-KLH in saline. Sera were collected from the mice before
immunization (day 0); at days 14, 28, and 56 after the first exposure; and, if
applicable, on day 14 after the boost. For TI antigen immunization, 8- to 10-
week-old mice were i.p. injected with 100 μg of NP-lipopolysaccharide (LPS),
NP-Ficoll, or NP-dextran in saline. Sera were collected from the mice on days

0, 6, and 14. The titers of NP-specific antibody isotypes in sera were measured
by ELISA using plates coated with NP(7)-BSA or NP(20)-BSA (Biosearch
Technologies) as described previously [34].

ELISA
Serum concentrations of total IgG1, IgG2a, IgG2b, IgG3, IgM, and IgA were
determined by using the Clonotyping System-HRP (Southern Biotech) with
the Mouse Ig Isotype Panel (Southern Biotech) as a positive reference
standard according to the manufacturer’s instructions. For the determina-
tion of NP-specific antibodies, ELISAs were performed as described
previously [34].

Serum IL-5 cytometric bead assay
Serum samples from WT and VAV-CKO mice were diluted as described in
the BD CBA Mouse/Rat Soluble Protein Master Buffer Kit (BD Biosciences
558266) and tested using the BD CBA Mouse IL-5 Flex Set (BD Biosciences
558302). Bead populations were analyzed using a BD LSRFortessa
instrument, and MFI values were calculated using FlowJo software (BD
Biosciences).

Flow cytometry
The following antibodies/reagents (purchased from BD Bioscience) were
used for staining: B220–APC-H7, CD3-PE, IgM-PE-CY7, IgD-PE, CD43-PE,
CD11b-PERCP-CY5.5, CD4-APC-H7, CD8-PE-CY7, CD23- FITC, CD21/35-APC,
CD19–FITC, CD19-Alexa-R600, CD62L-FITC, CD44-PE, CD138-PE, IgG1-APC,
GL7-FITC, CD95-PE, and propidium iodide. The CellTrace Violet (CTV) Cell
Proliferation Kit was purchased from Thermo Fisher Scientific. Single-cell
BM or spleen cell suspensions were prepared and stained [34] for analysis
and sorting using either a Fortessa flow cytometer (BD Bioscience) or
FACSFusion flow cytometer (BD Bioscience). Further analysis was
conducted with FlowJo software (v9) for gating and analysis.

Immunofluorescence
Mice were sacrificed, and their spleens were quickly removed and
embedded in Tissue-Tek O.C.T. COMPOUND (ProSciTech) and snap-
frozen in liquid nitrogen. Cryosections (20 μm) were air-dried for 30min
and then fixed in acetone for 10min. The sections were air-dried for
another 30min and rehydrated for 10min in PBS. After blocking with
antibody dilution buffer [2% goat serum (Sigma‒Aldrich) and 1% BSA in
PBS] for 30min, sections were incubated with B220-, CD4- or PNA-FITC
(Sigma‒Aldrich) overnight at 4 °C. After being washed, sections were
permeabilized with 0.1% Triton X-100 (Sigma‒Aldrich) in PBS for 5 min.
Following the final washing, sections were mounted with Mounting
Reagent with DAPI (Life Technologies). Confocal microscopy was
performed with a Zeiss LSM880 microscope.

RNA sequencing (RNA-Seq)
Splenic MZ and follicular (FO) B cells were sorted using mouse MZ and FO
B-Cell Isolation Kit with LS columns (Miltenyi) according to the
manufacturer’s instructions. Total RNA from the sorted B cells was isolated
with an RNeasy Mini Kit (Qiagen). The libraries for RNA-Seq were
sequenced using a 2 × 75-base paired-end protocol on an Illumina HiSeq
3000 instrument. A total of 60–70 million pairs of reads were generated per
sample. The raw RNA-Seq readouts were mapped to the mouse assembly
reference genome (GRCm38) using TopHat2 and Bowtie2 [35, 36], open-
source software tools that align RNA-Seq reads to a reference genome. The
raw read counts were generated by using HTSeq-count from the HTSeq
package (version 0.6.1p1) [37]. The overall mapping rates by reads were 92-
96%. Differential gene expression analysis was performed with DESeq2 (a
R/Bioconductor package) [38], using adjusted p value < 0.05 as the
significance cutoff. The RNA-Seq data are available in the Gene Expression
Omnibus database with accession number GSE184699.

RT-qPCR
Total RNA was isolated with TRIzol (Invitrogen) and treated with RNase-free
DNase I (Thermo Fisher Scientific). Reverse transcription (RT) was
performed using a ProtoScript First Strand cDNA Synthesis kit (New
England Biolabs) to generate cDNAs. RT-qPCR was performed using iTaq
Universal SYBR Green PCR Master Mix (Bio-Rad) on an ABI 7900 Real-Time
PCR system (Thermo Fisher Scientific). The primer sequences are listed in
Table S1.
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Western blotting
Cell lysates were prepared in lysis buffer (50mM Tris-HCl, pH 7.5, 150mM
NaCl, 0.2 mM EDTA, and 0.1% Nonidet P-40) supplemented with protease
and phosphatase inhibitor cocktail (Thermo Fisher Scientific). A total of
50–100 μg of protein was resolved by SDS‒PAGE and transferred to a
polyvinylidene difluoride membrane. The following primary antibodies
were used: Zbtb24 (MBL, PM085), CD19 [Cell Signaling Technology (CST),
3574], phospho-CD19 (Tyr531) (CST, 3571), phospho-Akt (CST, 9271),
phospho-PLCγ (CST, 50535), phospho-CD79a (CST, 5173), β-actin (Sigma‒
Aldrich, A5441), and HA tag (CST, 3724). Primary antibodies were detected
with HRP-conjugated goat anti-rabbit (Pierce), goat anti-mouse (Pierce), or
goat anti-guinea pig (Southern Biotech) secondary antibodies, followed by
enhanced chemiluminescence (ECL) with a detection kit (GE Healthcare).

B-cell culture, activation, and proliferation
FO and MZ B cells sorted from mice and the CH12F3 cell line were
maintained in RPMI 1640 medium supplemented with 10% FBS and
0.05mM 2-mercaptoethanol. To trace cell proliferation, FO and MZ B cells
were labeled with CTV (Thermo Fisher Scientific), treated with either 10 μg/
ml F(ab’)2 fragment goat anti-mouse IgM (Jackson ImmunoResearch) or
LPS (Sigma‒Aldrich) for 72 h and analyzed by flow cytometry. For cell
activation, naïve B cells or CH12F3 cells were treated with 10 μg/ml F(ab’)2
fragment goat anti-mouse IgM or 10 ug/ml mIL-5 (R&D Systems) for 5 or
10min and then collected for Western blotting or RNA extraction.

Protein overexpression, mRNA knockdown (KD), and CRISPR
gene editing in CH12F3 cells
Lentiviral supernatants were produced by cotransfection of the packaging
vectors pMD2.G (Addgene, #12259) and psPAX2 (Addgene, #12260) and
pCDH-EF1-FHC vector (Addgene, #64874) expressing HA-Crisp3 or HA-IL-
5Rα, pLKO.1 puro vector (Addgene, #8453) expressing control (shControl)
or Il5ra shRNAs (shIl5ra-1 to shIl5ra-4), or pL-CRISPR.EFS.GFP vector
(Addgene, #57818) expressing the Zbtb24 sgRNAs and Cas9 into
293 T cells and collected 48 h after transfection. For infection, CH12F3
cells (5 × 105 cells/ml) were cultured in 2ml of medium and 200 μl of viral
supernatants supplemented with polybrene (0.5 μg/ml) for 24 h. For
protein overexpression and shRNA-mediated KD, the cells were selected
with puromycin (1 μg/ml) for 1 week, and viable cells were sorted by FACS
to derive KD cell pools. For gene editing with CRISPR/Cas9 technology,
GFP+ cells were sorted 24 h after infection (without selection), and single
cells were seeded into a 96-well plate to derive pure clones.

DNA methylation analysis by bisulfite sequencing
Bisulfite sequencing analysis of CpG methylation was performed as
described previously [39, 40]. A 148-bp region in the Il5ra promoter (from
−1489 to −1342 upstream of the transcription start site), containing seven
CpG sites, was analyzed. The primers used are listed in Table S1.

Statistical analysis
The results were analyzed by using GraphPad Prism and are expressed as
the median with interquartile range or means ± SDs. The statistical
significance was analyzed by t test with Mann Whitey test, one-way or
two-way ANOVA multiple comparisons vs. WT or control, as indicated in
the figure legends.

RESULTS
Mice deficient in Zbtb24 in hematopoietic cells recapitulate
the antibody deficiency phenotype of ICF syndrome
To investigate the biological functions of Zbtb24, we generated a
Zbtb24 conditional allele (Zbtb242lox) in mice, which contains two
loxP sites flanking a 1.3-kb region including exon 2. Cre-mediated
deletion of the floxed region removes the N-terminal 316 amino
acids that include the BTB domain, AT-hook, and part of the ZF
domain, resulting in a null allele (Zbtb24−) (Fig. S1A). Genotypes
were determined by Southern blotting and PCR (Fig. S1B–D).
Zbtb242lox/2lox, Zbtb242lox/- and Zbtb24+/− mice were all grossly
normal and fertile. However, intercrosses between Zbtb24+/− or
Zbtb242lox/− mice produced no viable pups with homozygous
deletion (Zbtb24−/−). Timed mating revealed that Zbtb24−/−

embryos were arrested before 8.5 days post coitum (Fig. S1E), in

agreement with a previous report [14]. Thus, Zbtb24 is essential for
embryonic development in mice, although ICF2 patients—many
carrying homozygous or compound heterozygous null mutations
in ZBTB24 [10–12, 41]—are viable.
To assess the role of Zbtb24 in immune cells, we conditionally

deleted Zbtb24 in the hematopoietic lineage using Vav-Cre [31].
PCR genotyping and Western blotting confirmed efficient deletion
of Zbtb24 in B220+ B cells and CD3+ T cells but not in tail
samples (Fig. 1A, B). VavCre:Zbtb242lox/2lox (VAV-CKO) mice grew
normally, were fertile, and appeared indistinguishable from
VavCre:Zbtb242lox/+ (control) and WT mice. As Vav-Cre is also
expressed in endothelial cells [31], our results suggest that in VAV-
CKO mice, defects in endothelial cells, if any, would be minimal.
However, further work needs to be done to determine Zbtb24
expression in endothelial cells and its deletion efficiency in
endothelial cells in VAV-CKO mice.
A major clinical feature of ICF syndrome is hypogammaglobu-

linemia [42]. We measured the basal serum Ig levels in VAV-CKO
mice. Lower levels of IgG1 and IgM were detected in Zbtb24-
deficient mice as early as 3 weeks of age (Fig. 1C). At the adult
stage (8–10 weeks of age), VAV-CKO mice, relative to control mice,
showed significantly lower levels of IgG1, IgM, and IgA, slightly
lower levels of IgG2a, and comparable levels of IgG2b and IgG3
(Fig. 1D). Older (6-month-old) VAV-CKO mice also showed
significant decreases in IgG1, IgM, and IgA (Fig. 1E), suggesting
the persistence of the hypogammaglobulinemia phenotype.
Indeed, with increasing Ig levels over time, the differences
between control and Zbtb24-deficient mice seemed to become
more evident (Fig. 1C–E). Control and VAV-CKO mice showed no
differences in cytokine secretion by helper T cells, including IFNγ,
IL-4, IL-2, and IL-17 (Fig. 1F–H), suggesting that hypogammaglo-
bulinemia induced by Zbtb24 deficiency was caused by B-cell-
intrinsic defects. Consistent with this notion, Lck-Cre-mediated
Zbtb24 deletion in the T-cell lineage had no effects on basal serum
Ig levels, T-cell subtypes in the spleen, or the humoral immune
response to the TD antigen NP-KLH (Fig. S2A–C).

VAV-CKO mice show no defects in lymphocyte development
but have decreased plasma cells
To explore the cellular defects underlying hypogammaglobuline-
mia in VAV-CKO mice, we examined lymphocyte subtypes. Flow
cytometry showed that Zbtb24-deficient mice had normal
percentages of B lineage (B220+), T lineage (CD3+), and myeloid
lineage (CD11b+) cells in BM (Fig. S3A, B) and normal total cell
numbers in BM and spleen (Fig. S3C, D). Analysis of pro-B, pre-B,
immature and mature B cells in BM indicated that B-cell
development progressed normally in the absence of Zbtb24
(Figs. 2A, S3E). Early subtypes of T-cell development in the thymus
were also normal in VAV-CKO mice (Fig. S3F, G). In addition,
Zbtb24 deficiency had no effect on the subpopulations of naïve B
cells in the spleen, including FO, MZ, and transitional B cells
(Fig. 2B, Fig. S3H). Similarly, the frequencies of naïve, effector, and
memory T-cell subtypes in the spleen showed no differences
between VAV-CKO and control littermates (Fig. 2C, Fig. S3I).
However, there were significant decreases in the frequencies and
numbers of plasma cells in the BM and spleen of Zbtb24-deficient
mice (Fig. 2D–G). These results, which are consistent with the
observation that ICF patients have normal B- and T-cell counts
[43, 44], suggest that Zbtb24 is not needed for lymphocyte
development but plays a role in B-cell activation and/or terminal
differentiation.

VAV-CKO mice show divergent humoral immune responses to
T-dependent and T-independent antigens
To assess the impact of Zbtb24 deficiency on lymphocyte
functions, we immunized mice with TD and TI antigens. Flow
cytometry revealed that unimmunized (day 0) control and VAV-
CKO mice had similarly low percentages and numbers of GC
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(GL7+Fas+) B cells in their spleens. Fourteen days after
immunization with NP-KLH, a TD antigen, all mice had significantly
higher numbers of GC B cells in their spleens, but the increases
were consistently greater in VAV-CKO mice (>10-fold) than in
control mice (~5-fold) (Fig. 3A, B, Fig. S4A). Immunofluorescence
staining of spleen sections with peanut agglutinin (PNA) also
showed increases in the numbers and sizes of GCs in Zbtb24-
deficient mice (Fig. S4B, C). As measured by ELISA in sera collected

14, 28, and 56 days after NP-KLH injection, steady increases in low-
affinity (anti-NP20) and high-affinity (anti-NP7) IgG1 against NP
and transient increases in low- and high-affinity IgM against NP
were observed in both control and VAV-CKO mice, with
significantly higher titers in Zbtb24-deficient mice (Fig. 3C, D).
IgA and IgG2a were undetectable on day 14 after immunization,
and IgG2b and IgG3 responses were comparable in control and
VAV-CKO mice at all time points examined (Fig. S4D). In sera
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Fig. 1 VAV-Cre-mediated Zbtb24 ablation results in hypogammaglobulinemia in mice. A PCR genotyping of sorted B220+ B cells and
CD3+ T cells and tail DNA from Control (VavCre:Zbtb242lox/+) and VAV-CKO (VavCre:Zbtb242lox/2lox) mice. B Western blot showing Zbtb24
depletion in sorted B220+ B cells and CD3+ T cells from VAV-CKO mice. C–E ELISA analysis of sera from control and VAV-CKO mice showing
basal levels of IgG1 and IgM at 3 weeks of age (C); IgG1, IgM, IgA, IgG2a, IgG2b, and IgG3 at 8–10 weeks of age (D); and IgG1, IgM, and IgA at
6 months of age (E). F–H Analysis of IL4-, IFNγ-, IL17-, and IL2-producing CD4+ cells in spleens from control and VAV-CKO mice. Representative
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Mann‒Whitney test. *P < 0.05; **P < 0.01; ***P < 0.001
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collected 14 days after the secondary immunization (administered
60 days after the primary immunization), significantly higher titers
of low-affinity and comparable levels of high-affinity anti-NP-
specific IgG1 and IgM were detected in VAV-CKO mice than in
control littermates (Fig. 3E, F). Based on the ratios of high-affinity
to low-affinity antibodies (Fig. 3G, H), VAV-CKO mice tended to
produce low-affinity IgG1 and IgM. Of note, previous work
reported that mice deficient in Dnmt3b (another ICF-related gene)

and its paralog Dnmt3a in B cells also show normal B-cell
development but exhibit enhanced TD responses upon immuni-
zation [45].
While hyperresponsive to TD antigens, Zbtb24-deficient mice

had lower natural antibodies (Fig. 1C–E), suggesting that immune
responses to T-independent antigens may also be perturbed by
loss of Zbtb24. There are two categories of TI antigens: TI-1
antigens have the ability to directly activate B cells, and TI-2
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antigens are typically repeating polymers and cause simultaneous
crosslinking of BCRs on B lymphocytes. After immunization with
NP-LPS, a TI-1 antigen, control and VAV-CKO mice had similar
titers of IgG and IgM against NP in their sera (Fig. 3I). However,
after immunization with NP-Ficoll or NP-dextran, both of which are
TI-2 antigens, VAV-CKO mice mounted significantly lower anti-NP-
specific IgG and IgM responses than control littermates (Fig. 3J, K).
In summary, our results show that Zbtb24 deficiency results in

enhanced and diminished humoral immune responses to TD and
TI-2 antigens, respectively.

Zbtb24-deficient marginal zone B cells are defective in
proliferation in response to stimulation with anti-IgM
To gain insights into the intrinsic function of Zbtb24 in B cells, we
tested the ability of B cells to be activated in the absence of T-cell
help. FO and MZ B cells sorted from control and VAV-CKO mice
were stained with CTV reagent, then stimulated with LPS or
soluble F(ab’)2 fragment of anti-IgM (referred to as anti-IgM
hereafter), an analog of TI-2 antigen, for 72 h. Then, they were
analyzed with flow cytometry to monitor cell proliferation by dye
dilution. After stimulation with LPS, both FO and MZ B cells from
VAV-CKO mice were activated and proliferated normally (Fig. 4A,
B). After stimulation with anti-IgM, whereas the vast majority of FO
B cells from VAV-CKO mice underwent proliferation, similar to
those from control mice, significantly smaller proportions of
Zbtb24-deficient MZ B cells underwent proliferation when
compared to their control counterparts (Fig. 4C, D).

Enhanced CD19 activity contributes to
hypogammaglobulinemia in VAV-CKO mice
Our results suggested that antibody deficiency in VAV-CKO mice
was a B-cell-intrinsic phenotype (Figs. 1 and 4, Fig. S2). To further

confirm this, we deleted Zbtb24 in the B-cell lineage using CD19-
Cre [33]. To our surprise, Cd19Cre:Zbtb242lox/2lox (CD19-CKO)
mice had normal levels of serum IgG1, IgM, and IgA (Fig. 5A),
although Zbtb24 depletion was robust in B cells (Fig. S5A). These
mice also responded normally to immunization with NP-KLH, as
judged by the frequencies of total GC B cells and anti-NP-
specific IgG1 and IgM GCs and memory B cells in the spleen
(Fig. S5B–D). Given that one copy of Cd19 is disrupted in CD19-
Cre knock-in (KI) mice [33], it is possible that different levels of
CD19 expression contribute to the phenotypic differences
between CD19-CKO and VAV-CKO mice. Indeed, the divergent
humoral immune responses of VAV-CKO mice to different
antigens—i.e., hyperresponsive to TD and hyporesponsive to
TI-2 antigens (Fig. 3)—were similar to the phenotype of
hCD19TG mice and opposite to that of Cd19−/− mice [27]. We
therefore asked whether Cd19 expression and/or function were
altered in B cells from VAV-CKO mice. While the Cd19 transcript
and protein levels were normal in FO and MZ B cells from VAV-
CKO mice, the levels of CD19 phosphorylation in these cells
were substantially higher than those in control cells, both before
and after stimulation with anti-IgM (Fig. 5B, C). Phosphorylation
of Akt and PLCγ, two downstream components of the CD19
signaling pathway [46, 47], was also elevated in B cells from
VAV-CKO mice in response to anti-IgM stimulation, whereas
phosphorylation of the BCR component CD79a was not altered
(Fig. S5E). Compared to WT B cells, B cells from CD19-CKO mice
showed a 50% reduction in CD19 expression (as expected) but
similar levels of CD19 phosphorylation after stimulation with
anti-IgM (Fig. 5D, Fig. S5F), suggesting an approximately 2-fold
increase in CD19 phosphorylation in the absence of Zbtb24.
Based on these results, we hypothesized that enhanced CD19
activity contributed to the phenotype of VAV-CKO mice.
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To test this hypothesis, we generated VAV-CKO mice that were
heterozygous for Cd19 by introducing the CD19-Cre KI allele
through breeding. In contrast to hypogammaglobulinemia in VAV-
CKO mice (Fig. 1), VavCre:Cd19Cre:Zbtb242lox/2lox (VAV/CD19-CKO)
mice had normal levels of serum IgG1, IgM and IgA (Fig. 5A).
Similarly, B cells from VAV/CD19-CKO mice no longer exhibited
hyperphosphorylation of CD19 in response to stimulation with
anti-IgM (Fig. 5E). VAV/CD19-CKO mice, as well as CD19-CKO mice,
also showed normal humoral immune responses to immunization
with NP-KLH (Fig. 5F) and NP-Ficoll (Fig. 5G). Consistent with the in
vivo data, sorted FO and MZ B cells from VAV/CD19-CKO and
CD19-CKO mice proliferated normally after stimulation with anti-
IgM, unlike MZ B cells from VAV-CKO mice, which were defective
in proliferation (Fig. 5H). Taken together, these results demon-
strate that the immune phenotype of VAV-CKO mice can be
rescued by reducing Cd19 expression, thus supporting our
hypothesis. Our results can also explain the apparent lack of an
immune phenotype in CD19-CKO mice. While analysis of VAV-CKO
mice suggests that hypogammaglobulinemia associated with
Zbtb24 deficiency is mainly caused by B-cell defects, deleting
Zbtb24 with a B-cell-specific Cre other than CD19 KI Cre would
further validate this notion.

Il5ra derepression, due to loss of promoter methylation,
contributes to enhanced CD19 activity in Zbtb24-deficient
B cells
To explore the molecular mechanism by which Zbtb24
deficiency leads to enhanced CD19 phosphorylation, we
performed RNA-Seq using sorted naïve FO and MZ B cells from
control and VAV-CKO mice. Bioinformatics analysis, using
adjusted p value < 0.05 as the significance cutoff, identified
only small numbers of differentially expressed genes in Zbtb24-
deficient samples—43 genes (21 downregulated and 22
upregulated) in FO B cells and 35 genes (11 downregulated
and 24 upregulated) in MZ B cells—with 24 common genes (8
downregulated and 16 upregulated) in both FO and MZ B cells
(Fig. 6A). Some of the common downregulated genes, including
Cdca7, Taf6, Cdc40, and Ostc, have been identified as direct
target genes of Zbtb24 in other cell types [16, 17]. Interestingly,
among the common upregulated genes were Crisp3 (cysteine-
rich secretory protein 3) and Il5ra, which have been implicated
in B-cell functions [48–51]. RT-qPCR analysis verified the

downregulation of Cdca7 and upregulation of Crisp3 and Il5ra
in Zbtb24-deficient FO and MZ B cells (Fig. 6B).
In an attempt to find an appropriate cell line for validation

experiments, we used CRISPR/Cas9 gene editing to disrupt Zbtb24
in CH12F3 cells, a murine B-cell lymphoma cell line that shows
abundant expression of Zbtb24 and can be activated by anti-IgM
[19, 52]. Multiple clones with frameshift indels on both copies of
Zbtb24 were obtained (Fig. S6A, B). Zbtb24 ablation in CH12F3 cells
resulted in gene expression changes that were similar to those in
Zbtb24-deficient naïve B cells, including downregulation of Cdca7
and upregulation of Crisp3 and Il5ra (Fig. 6C). Zbtb24−/− CH12F3
cells also showed marked increases in CD19 phosphorylation after
stimulation with anti-IgM compared to WT and Zbtb24+/−

(heterozygous) CH12F3 cells (Fig. 6D).
We then investigated the relevance of Crisp3 and Il5ra

upregulation in enhancing CD19 phosphorylation using CH12F3
cells. While overexpression of HA-tagged Crisp3 showed no
obvious effect on CD19 phosphorylation, overexpression of HA-
IL-5Rα recapitulated the effect of Zbtb24 deficiency, i.e., enhanced
CD19 phosphorylation after stimulation with anti-IgM (Fig. 6E).
Conversely, shRNA-mediated Il5ra KD in Zbtb24−/− CH12F3 cells
substantially prevented the hyperphosphorylation of CD19 in
response to anti-IgM stimulation (Fig. 6F, G).
Il5ra encodes the IL-5-binding subunit of the IL-5 receptor. We,

therefore, assessed the possibility that increased IL-5 signaling
contributes to enhanced CD19 phosphorylation in Zbtb24-
deficient B cells. Indeed, IL-5 treatment (10 ng/ml for 5 min)
induced markedly higher CD19 phosphorylation in Zbtb24−/−

CH12F3 cells than in WT CH12F3 cells (Fig. 6H). However,
cytometric bead assay revealed that the serum IL-5 level was
normal in VAV-CKO mice compared to that in WT mice (Fig. 6I) and
the value reported previously [53]. It remains to be determined
whether the effect of IL-5Rα on CD19 phosphorylation in vivo is
dependent on IL-5.
Zbtb24 generally acts as a transcriptional activator, with Cdca7

being a major downstream target that mediates the effect of
Zbtb24 on DNA methylation [16, 17]. Given that Il5ra was
upregulated in Zbtb24-deficient cells, it is unlikely that Zbtb24
directly regulates Il5ra transcription. Thus, we assessed the
methylation status of a GC-rich region in the Il5ra promoter.
Bisulfite sequencing analysis revealed that the region, which
contains seven CpG dinucleotides, is highly methylated in WT B

Control VAV-CKO

PBS
LPS

56.1 65.8

FO B

89.9 89.5

MZ BCTV

%
M

ax

Control VAV-CKO

PBS
anti-IgM

97.9 94.3

FO B

66.7 34.1

MZ BCTV

%
M

ax

A B C DControl
VAV-CKO

PBS LPS
0

20

40

60

80

100

Pr
ol

ife
ra

te
d 

FO
 B

 c
el

ls
 (%

)

PBS LPS
0

20

40

60

80

100

Pr
ol

ife
ra

te
d 

M
Z 

B 
ce

lls
  (

%
) PBS anti-IgM

0

20

40

60

80

100

Pr
ol

ife
ra

te
d 

FO
 B

 c
el

ls
  (

%
)

PBS anti-IgM
0

20

40

60

80

100

Pr
ol

ife
ra

te
d 

M
Z 

B 
ce

lls
  (

%
) **

Control
VAV-CKO

Fig. 4 Zbtb24-deficient MZ B-cell activation is impaired after stimulation with anti-IgM. A–D CellTrace Violet (CTV) assay showing proliferation
of FO and MZ B cells from Control and VAV-CKO mice after 72 h of stimulation with LPS (A, B) or anti-IgM (C, D), with cells treated with PBS
serving as unstimulated controls. Representative flow cytometry data (A, C) and percentages (mean ± SD from 8 mice per genotype) of
proliferated FO and MZ B cells (B, D) are shown. Statistical analysis was performed using t test with the Mann‒Whitney test. **P < 0.01

Z. Ying et al.

1493

Cellular & Molecular Immunology (2023) 20:1487 – 1498



cells but almost completely unmethylated in Zbtb24-deficient B
cells (Fig. 6J). Collectively, these results indicate that the Zbtb24-
Cdca7 axis represses Il5ra in B cells by inducing promoter
methylation and that, in the absence of Zbtb24, Il5a derepression
contributes to enhanced CD19 activity.

DISCUSSION
ICF syndrome was first reported in the 1970s [54–56]. However,
little progress has been made in understanding the pathogenesis
of the life-threatening hypogammaglobulinemia phenotype,
partly because of the lack of appropriate animal models. Modeling
ICF syndrome in mice has been discouraging. Complete inactiva-
tion of Dnmt3b leads to embryonic lethality [8]. Although mice
carrying ICF-like Dnmt3b missense mutations are viable and
exhibit some features of ICF syndrome, such as hypomethylation

of satellite DNA and cranial facial abnormalities, they do not
exhibit antibody deficiency [57]. Recent work suggests that
Zbtb24 and Hells are involved in class-switching recombination
(CSR) [58, 59]. However, the significance of CSR impairment in
immunodeficiency in ICF syndrome remains to be determined. B
cells from ICF patients have been shown to be competent for CSR
in vitro [20]. Many ICF patients show deficiency in IgM, among
other Ig isotypes, which cannot be explained by defective CSR. In
this study, we show that mice deficient in Zbtb24 in the
hematopoietic lineage (VAV-CKO mice) recapitulate major clinical
features of ICF syndrome, including decreased levels of IgM, IgG1,
and IgA, thus providing a valuable mouse model of this rare
human disease.
Similar to ICF patients, who usually have normal T- and B-cell

counts but lack plasma cells [1, 2, 20], VAV-CKO mice exhibit no
abnormalities in lymphocyte development but display decreases
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in plasma cells, suggesting impaired B-cell activation and/or
terminal differentiation. The immune defects associated with
Zbtb24 deficiency appear to be independent of T cells, as cytokine
secretion by helper T cells from VAV-CKO mice is unaltered;
moreover, mice with Zbtb24 deleted in T cells (by Lck-Cre) exhibit
no obvious immune phenotype. Therefore, our work focused on B
cells. We show that MZ B cells from VAV-CKO mice are severely
defective in proliferation after in vitro stimulation with the soluble
F(ab’)2 fragments of anti-IgM, while their response to LPS
stimulation is unaffected. Consistent with the in vitro results,
immunization experiments revealed that VAV-CKO mice are
hyporesponsive to the TI-2 antigens NP-Ficoll and NP-dextran

but exhibit a normal response to the TI-1 antigen NP-LPS. Antigen-
activated MZ B cells rapidly differentiate into plasma cells that
secrete antibodies (primarily IgM) that provide innate-like
immunity against blood-borne pathogens [60]. Our results
indicate that activation of Zbtb24-deficient MZ B cells by TI-2
antigens is defective, which likely contributes to IgM deficiency in
VAV-CKO mice. The decreased levels of other isotypes (e.g., IgG1
and IgA) in these mice could be secondary to IgM deficiency and/
or due to CSR impairment [59].
In contrast to diminished TI-2 responses, VAV-CKO mice are

hyperresponsive to immunization with the TD antigen NP-KLH.
Interestingly, B-cell-specific deletion of Dnmt3a and Dnmt3b in
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mice results in a similar phenotype: normal B-cell development
and enhanced TD responses upon immunization [45]. Notably, B
cells from ICF patients have also been shown to respond more
robustly to BCR stimulation than those from healthy donors [20].
Taken together, these observations indicate that abnormally
enhanced TD responses, mediated mainly by FO B cells, may also
contribute to immunodeficiency in ICF syndrome. Our data show
that VAV-CKO mice tend to produce low-affinity antibodies in
response to immunization, thus suggesting the possible involve-
ment of Zbtb24 in antibody affinity maturation.
The divergent responses of VAV-CKO mice to different antigens,

i.e., enhanced TD and diminished TI-2 responses, are reminiscent
of the phenotype of hCD19TG mice [27]. CD19 functions as a
thresholding controller of BCR signaling in response to TD and TI
antigens, whereby the loss of CD19 inhibits TD and TI-1 antigen
responses in mice, while overexpressing hCD19 in mice inhibits
the TI-2 antigen response. We show that although CD19
expression is not affected by Zbtb24 deficiency, B cells from
VAV-CKO mice, as well as Zbtb24-deficient CH12F3 cells, display
substantially elevated CD19 phosphorylation, both before and
after stimulation with anti-IgM. Importantly, the immune defects
of VAV-CKO mice, including antibody deficiency, can be reversed
by disrupting one copy of Cd19 in these mice. These results
demonstrate that Zbtb24 is a negative regulator of CD19 activity
and that enhanced CD19 activation is largely responsible for
immunodeficiency in VAV-CKO mice. CD19 positively modulates
BCR signaling by lowering thresholds for activation and enhancing
signaling events [28]. Indeed, B cells from ICF patients, relative to
those from healthy individuals, are more readily activated in
response to BCR stimulation in vitro [20], which may be related to
enhanced CD19 activation.
RNA-Seq analysis of naïve B cells from VAV-CKO and control

mice identified only dozens of differentially expressed genes,
including several known Zbtb24 target genes, such as Cdca7, Taf6,
Ostc, and Cdc40 [16, 17], suggesting that Zbtb24 regulates the
expression of a limited number of genes. By gain- and loss-of-
function experiments using CH12F3 cells, we validated that
upregulation of Il5ra contributes to enhanced CD19 activation in
Zbtb24-deficient B cells. While IL-5Rα is constitutively expressed in
and needed for the development and functions of eosinophils and
B-1 cells, it is not expressed in naïve B-2 (MZ and FO B) cells
[61–65]. In the absence of Zbtb24, IL-5Rα expression on B-2 cells
could trigger IL-5 signaling, even though we observed no changes
in serum IL-5 levels in VAV-CKO mice. Previous work suggests that
IL-5 signaling augments plasma cell differentiation by enhancing
Blimp1 expression [66], consistent with our finding that VAV-CKO
mice show an enhanced TD humoral immune response. It would
be interesting to determine whether CD19 activity and Blimp1
expression are linked. Also worth noting is that we cannot exclude
the possibility that enhanced CD19 activity and other immune
defects observed in VAV-CKO mice are related to noncanonical
effects of IL-5Rα independent of the ligand (IL-5). Considering that
CD19 activation has distinct effects on different subtypes of B
cells, hypogammaglobulinemia associated with Zbtb24 deficiency
is perhaps mainly due to reduced production of natural antibodies
because of diminished humoral immune responses to TI-2
antigens by MZ B cells (Fig. S7).
Loss of DNA methylation in specific genomic regions is believed

to be the primary defect in ICF syndrome. In contrast to the well-
documented hypomethylation of classical satellite repeats in
centromeric and pericentromeric regions [6], little is known about
the genes affected by DNA methylation that are relevant to the
pathogenesis of ICF syndrome. We identified a GC-rich region in
the Il5ra promoter as hypermethylated in normal naïve B cells but
almost completely unmethylated in Zbtb24-deficient B cells. Our
results suggest that the Zbtb24-Cdca7 axis, by inducing or
maintaining promoter methylation, is a critical component of
the mechanism needed to keep Il5ra repressed in resting B cells.

Although the sequences of the human and mouse Il5ra promoter
regions are not highly conserved, both contain GC-rich regions,
and CpG methylation may profoundly affect binding by transcrip-
tion factors and other important regulators.
In summary, we show that mice deficient in Zbtb24 in the

hematopoietic lineage recapitulate the hypogammaglobulinemia
phenotype of ICF patients. Characterization of this animal model
revealed that Zbtb24 deficiency in B cells results in loss of DNA
methylation in the Il5ra promoter region, and derepression of Il5a
leads to enhanced CD19 phosphorylation, thus contributing to
immunodeficiency (Fig. S7). Therapeutics targeting IL-5, IL-5Rα,
CD19, and BCR signaling have been developed for various
diseases [67–69]. Our findings suggest the possibility of using
some of these therapeutics to treat patients with ICF syndrome.
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