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Abstract 
Immunodeficiency, centromeric instability, and facial anomalies (ICF) syndrome is a rare genetic disorder characterized by recurrent, severe 
infections. Mutations in DNA methylation genes such as DNMT3B (ICF1), ZBTB24 (ICF2), CDCA7 (ICF3), and HELLS (ICF4) cause ICF. ICF2 
syndrome has been previously described, yet the extent of its clinical presentation and immunological consequences needs to be further elu-
cidated. We describe a patient with a novel homozygous mutation in ZBTB24 (Q375Hfs*3). While infections with extracellular pathogens are 
frequent in other reported ICF2 patients, our patient also displays infections by intracellular pathogens. At the molecular level, we showed that 
the novel mutation results in a truncated ZBTB24 protein that disrupts its function in DNA methylation. We thoroughly characterized the immuno-
logical consequences of ZBTB24 deficiency using mass cytometry coupled with state-of-the-art computational methods. Our analysis revealed 
reduced frequencies of natural killer cells and class-switched memory B cell populations in our patient, along with low levels of the immuno-
globulin isotypes IgG4 and IgM. Despite observing normal cell frequencies within the T and myeloid compartments, the clinical presentation of 
this patient suggests a functional defect in immune cells known to be critical to combat intracellular pathogens. Overall, this study expands the 
clinical and immunological features of ZBTB24 deficiency and highlights the importance of ZBTB24 to the human immune response.
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Introduction
Inborn errors of immunity (IEIs) are a heterogeneous group 
of monogenic diseases. Disease-causing genetic variants alter 
protein expression or function in pathways essential to im-
mune responses. Clinically, this can result in susceptibility to 
severe infection, autoimmunity, autoinflammatory diseases, 
cancer, allergy, or bone marrow failure [1, 2]. The study of IEI 
can lead to precise therapy for patients with these diseases. 
Furthermore, it can reveal previously unknown genes, pro-
teins, and pathways critical to the development and function 
of the immune system [1, 3].

Immunodeficiency, centromeric instability, and facial 
anomalies (ICF) syndrome is an IEI typically characterized 
by recurrent infections, chromosomal abnormalities, and fa-
cial dysmorphism as the result of pathogenic variants in DNA 
methylation genes such as DNMT3B (ICF1) [4], ZBTB24 
(ICF2) [5], CDCA7 (ICF3) [6], and HELLS (ICF4) [6]. The 
study of ICF has highlighted the critical and non-redundant 
roles of DNA methylation in human immunity. ZBTB24 
deficiency, or ICF2 specifically, has been described in only 
a few patients. While ICF2 is rarer than ICF1, which com-
prises about half of all ICF cases, it is more common than 
ICF3 or ICF4 [7]. Typical clinical presentations of ICF2 in-
clude hypertelorism and other types of facial dysmorphism. 
Recurrent respiratory and gastrointestinal infections are also 
common in this disease due to immune dysfunction [8].

The function of ZBTB24 and its role in ICF2 when mu-
tated are not fully understood. ZBTB24 is a member of the 
BTB-POZ family, containing an N-terminal BTB domain 
that mediates interactions with transcriptional co-regulators. 
It also contains zinc finger domains that can bind to DNA 
with sequence specificity and an AT-hook that plays a role 
in DNA interactions [9]. There is evidence that ZBTB24 has 
direct and indirect roles in immune function. It has been 
shown that ZBTB24 interacts with DNMT3B, the causative 
gene for ICF1, to control DNA methylation of ICF-related 
genes [10]. Additionally, ZBTB24 activates transcription of 
CDCA7, playing a role in regulating T cell apoptosis through 
the CDCA7/TRAIL-receptor pathway [11]. Loss of ZBTB24 
in ICF patients also results in defective non-homologous end-
joining (NHEJ), leading to impaired B cell class-switching 
[12]. Finally, previous work illustrates how ZBTB24 represses 
IRF4 and BLIMP-1 to regulate B cell proliferation [13]. These 

earlier findings highlight the importance of ZBTB24 to im-
mune function, yet more remains to be understood about the 
relationship between ZBTB24 deficiency and its immuno-
logical consequences. In this study, we assess the functional 
implications of a novel ZBTB24 mutation and perform 
in-depth immunophenotyping by mass cytometry in patient 
leukocytes to highlight the importance of ZBTB24 and DNA 
methylation in human immunity.

Materials and methods
Genetic analysis
The mutation in ZBTB24 c.1125_1135del (p.Q375Hfs*3) 
was identified using the Invitae Primary Immunodeficiency 
Panel composed of 429 genes. Genomic DNA was isolated 
from the whole blood of the patient and his parents using 
the GeneJET Genomic DNA Purification Kit (Thermo Fisher 
Scientific, Waltham, MA, USA). The mutation in ZBTB24 
was confirmed by Sanger sequencing. Primers were designed 
to amplify the exon 4 of ZBTB24 containing the mutation 
of interest (Supplementary Table S1). A PCR was set up with 
these primers and patient, family, and healthy donor genomic 
DNA using DreamTaq Green PCR Master Mix (2X) (Thermo 
Fisher Scientific, Waltham, MA, USA). Reactions were incu-
bated in a thermal cycler according to product specifications 
and run on a 2% agarose gel using gel electrophoresis to 
confirm amplification. PCR products were Sanger sequenced 
(Genewiz Azenta Life Sciences, South Plainfield, NJ, USA) 
using primers in Supplementary Table S1.

Overexpression
Plasmid preparation
A plasmid containing the ZBTB24 gene (pDONR223_
ZBTB24) was obtained from Addgene (Addgene, Watertown, 
MA, USA). We introduced the mutation Q375Hfs*3 
using site-directed mutagenesis with the primers shown in 
Supplementary Table S1 and using PfuUltra II Fusion HS 
DNA Polymerase (Agilent Technologies, Santa Clara, CA, 
USA) following the manufacturer’s instructions. PCR prod-
ucts were digested with the restriction enzyme Dpnl (New 
England Biolabs, Ipswich, MA, USA), transformed into 
Stellar Competent Cells (Takara Bio, Kusatsu, Shiga, Japan), 
and plated on LB agar with ampicillin (100 mg/ml). The next 
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day, colonies were incubated in LB broth supplemented with 
ampicillin (100 mg/ml). A miniprep was performed using the 
GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific, 
Waltham, MA, USA). The plasmid sequence was confirmed 
with Sanger sequencing (Genewiz Azenta Life Sciences, 
South Plainfield, NJ, USA) using primers in Supplementary 
Table S1. We amplified the coding sequence of ZBTB24 
cDNA with primers that introduce a C-terminal histidine 
tag shown in Supplementary Table S1 in the wild type and 
mutant by PCR using the Platinum II Hot-Start Green PCR 
Master Mix (2X) (Thermo Fisher Scientific, Waltham, MA, 
USA) following manufacturer’s instructions. PCR products 
were then digested with Dpnl (New England Biolabs) and 
run on a 1% agarose gel. Bands were extracted and puri-
fied using the GeneJET Gel Extraction Kit (Thermo Fisher 
Scientific, Waltham, MA, USA). The gel-extracted DNA prod-
ucts, containing the wildtype and mutant ZBTB24 plasmids 
with C-terminal His-tags, were cloned into pcDNA3.1 using 
the pcDNA™3.1-TOPO™ TA Cloning™ Kit (Invitrogen, 
Waltham, MA, USA). Cloning reactions were transformed 
into DH5α competent cells (Thermo Fisher Scientific, 
Waltham, MA, USA) and plated on LB agar with ampicillin 
(100 mg/ml). The next day, colonies were incubated in LB 
broth with ampicillin (100 mg/ml). Plasmid DNA was iso-
lated using the GeneJET Plasmid Mini Prep Kit (Thermo 
Fisher Scientific, Waltham, MA, USA). Plasmid sequences 
were confirmed with Sanger sequencing (Genewiz Azenta 
Life Sciences, South Plainfield, NJ, USA) using primers in 
Supplementary Table S1.

Transfection and western blot
Human Embryonic Kidney 293 (HEK293) cells were grown 
in Dulbecco’s Modified Eagle Medium (DMEM) with 10% 
fetal bovine serum (FBS). A total of 500,000 cells were seeded 
in six-well plates the day before transfection. Cells were either 
left untransfected, or they were transfected with an empty 
plasmid or plasmids containing the wildtype and mutant 
ZBTB24 gene with C-terminal His tags using Lipofectamine 
2000 Reagent (Thermo Fisher Scientific, Waltham, MA, USA) 
according to product specifications. Forty-eight hours after 
transfection, cells were collected and lysed with RIPA buffer 
containing protease inhibitors (Pierce Protease Inhibitor 
Tablets, Thermo Fisher Scientific, Waltham, MA, USA). Cell 
lysates were quantified using the Detergent Compatible 
Protein Assay (Bio-Rad, Hercules, CA, USA). A total of 5 
μg of protein from each condition were separated via so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto a polyvinylidene fluoride 
(PVDF) membrane (MilliporeSigma, Burlington, MA, USA). 
The membrane was probed with an anti-ZBTB24 rabbit 
polyclonal antibody (Proteintech, Rosemont, IL, USA), fol-
lowed by a secondary anti-rabbit goat IgG HRP conjugated 
antibody (AP156P, MilliporeSigma, Burlington, MA, USA). 
The membrane was stripped and re-probed with an anti-His 
mouse antibody (J099B12, Biolegend, San Diego, CA, USA), 
as well as an anti-GAPDH mouse antibody (HRP-60004, 
Proteintech, Rosemont, IL, USA) as a loading control. Then, 
a secondary anti-mouse goat IgG HRP conjugated anti-
body (AP127P, MilliporeSigma, Burlington, MA, USA) was 
used. Membranes were developed with Pierce ECL Western 
Blotting Substrate (Thermo Fisher Scientific, Waltham, MA, 
USA).

RT-qPCR
Transfected cells were collected and pelleted. RNA was ex-
tracted using the Qiagen RNeasy Plus Mini Kit (Qiagen, 
Hilden, Germany). RT-qPCR was performed using the Luna 
Universal One-Step RT-qPCR Kit (New England Biolabs, 
Ipswich, MA, USA) on the Bio-Rad CFX Real-Time PCR 
machine, which uses CFX Maestro Software (Bio-Rad, 
Hercules, CA, USA) to calculate Cq values. ZBTB24 expres-
sion was calculated relative to GUS expression. Primers used 
to amplify ZBTB24 and GUS are found in Supplementary 
Table S1.

Bisulfite sequencing
Bisulfite conversion of DNA was performed using the EZ 
DNA Methylation Kit (Zymo Research, Irvine, CA, USA). A 
PCR was set up with SNORD115-14 primers (Supplementary 
Table S1), and the bisulfite converted DNA using Platinum 
II Hot-Start Green PCR Master Mix (2X) (Thermo Fisher 
Scientific, Waltham, MA, USA) following the manufacturer’s 
instructions. PCR products were then cloned into pcDNA3.1 
using the pcDNA3.1/V5-His TOPO TA Expression Kit 
(Invitrogen, Waltham, MA, USA). Cloning reactions were 
transformed into DH5α competent cells (Thermo Fisher 
Scientific, Waltham, MA, USA) or Stellar competent cells 
(Takara Bio, Kusatsu, Shiga, Japan) and plated on LB agar 
with ampicillin. Colonies were incubated in LB broth and 
ampicillin (100 mg/ml). Plasmid DNA was isolated using the 
GeneJET Plasmid Mini Prep Kit (Thermo Fisher Scientific, 
Waltham, MA, USA). Plasmids were Sanger sequenced 
(Genewiz Azenta Life Sciences, South Plainfield, NJ, USA) 
using primers in Supplementary Table S1 and compared to 
the unconverted sequence to determine the percent methyla-
tion of the sequence. Frequencies of CpG methylation were 
analyzed using Prism 10 (GraphPad Software, San Diego, 
CA). P-values were calculated using a one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test.

Mass cytometry
Human peripheral blood mononuclear cells (PBMCs) were 
isolated by Ficoll–Hypaque density gradient centrifugation 
(Amersham-Pharmacia-Biotech, Buckinghamshire, UK) from 
whole-blood samples obtained from the patient, parents, and 
healthy donors and cryopreserved in FBS containing 10% 
DMSO (VWR, Radnor, PA, USA). Staining, data acquisition, 
and analysis were performed as described previously [14].

Antibody isotyping
Antibody isotyping was performed using the ProcartaPlex™ 
Human Antibody Isotyping Panel, 7plex kit (Invitrogen, 
Waltham, MA, USA) on patient, parent, and healthy control 
serum according to product specifications.

Results
Novel ZBTB24 variant in a patient with ICF2
We describe a 4-year and 9-month-old male patient presenting 
with ICF syndrome coming from consanguineous parents 
from an endogamous community in southwestern Mexico. 
The patient received the BCG vaccine without adverse effects 
but presented with delayed language and psychomotor de-
velopment from birth and a broad forehead, hypertelorism, 
bulbous nose, inverse epicanthus, strabismus, and clubfoot 
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(Fig. 1A). The patient required several hospitalizations for 
diarrhea and fever, where Giardia lamblia infection was dis-
covered at 14 months of age. At 2 years and 8 months of age, 
he presented with ulcerative submaxillary adenitis (Fig. 1B), 
which resulted in hospitalization after his condition failed to 
improve with oral antibiotics. The wound was positive for 
Staphylococcus aureus, and the patient received clindamycin 
and cefotaxime intravenously. The wound also presented with 
dehiscence, leading to a lymph node biopsy that revealed mul-
tiple granulomas associated with multinucleated Langhans 
giant cells with central caseous necrosis. These findings were 
consistent with possible Mycobacterium tuberculosis [15], 
and since the patient lived in an M. tuberculosis endemic re-
gion, antituberculosis treatment with isoniazid, rifampicin, 
ethambutol, and pyrazinamide was given for nine months 
with a favorable response. These clinical findings provided evi-
dence of an M. tuberculosis episode according to the Graham 
criteria, which assess histological features and the patient’s 
response to treatment [15]. The clinical evolution indicated 
a potential inborn error of immunity and was consistent 
with ICF syndrome. Paraclinical studies were thus requested, 
finding IgG and IgM below normal ranges. By Invitae Primary 
Immunodeficiency Gene Panel, we identified a novel homozy-
gous 11 nucleotide deletion in exon 4 of the gene encoding 
zinc finger and BTB domain containing 24 (ZBTB24) 
(c.1125_1135del). The mutation segregates as an autosomal 
recessive trait, and the family history shows two healthy older 
brothers, ages 14 and 17 (Fig. 1C). The mutation introduces 
a frameshift that leads to a predicted premature stop codon 

three amino acids after the mutation (p.Q375Hfs*3, Fig. 1D). 
The consensus-based measure of negative selection (CoNeS) 
score of ZBTB24 falls at the peak of genes known to cause 
autosomal recessive inborn errors of immunity [16] (Fig. 1E). 
Previously reported ZBTB24 mutations span the length of the 
gene, resulting in ICF2. The mutation we identified falls in the 
zinc finger domains of the translated protein (Fig. 1D and F). 
These results suggest that this novel mutation may lead to 
disruption of ZBTB24 protein expression or function, con-
tributing to the clinical features of the patient.

Q375Hfs*3 impairs ZBTB24 protein expression and 
alters DNA methylation
Given that the mutation Q375Hfs*3 leads to a predicted 
premature stop codon, we tested its effect on protein expres-
sion. We overexpressed a C terminally His-tagged version 
of wildtype and mutant ZBTB24 in HEK293 cells. We per-
formed western blotting using an antibody specific for the 
AT-hook and the first two zinc finger domains of ZBTB24, 
N-terminal of the mutation. ZBTB24 has a molecular weight 
of 78 kDa and we observed a lower molecular weight band of 
about 42.5 kDa in the mutant, consistent with the predicted 
molecular weight of the mutant ZBTB24 protein (Fig. 1F). 
Using an anti-His tag antibody, we could not detect any band 
on the cells transfected with the mutant allele, suggesting no 
reinitiation after the premature stop codon caused by the 
mutation (Fig. 2A). We assessed ZBTB24 mRNA expres-
sion by reverse transcriptase quantitative PCR (RT-qPCR), 
which confirmed the overexpression of ZBTB24 in HEK293 

Figure 1: Novel ZBTB24 deficiency. (A) The frontal view of the patient shows a broad forehead, hypertelorism, and inverse epicanthus. (B) The lateral 
view shows a bulbous nose and scars at the site of the ulcerated adenitis. (C) Familial segregation of the ZBTB24 mutation Q375Hfs*3. (D) Sanger 
sequencing results of healthy donors (HC), a parent (Het), and the patient (P) of the region of exon containing the ZBTB24 mutation. The amino acid 
consensus for wildtype ZBTB24 is above the sequences, while the frameshift and predicted premature stop codon introduced by the ZBTB24 mutation 
is below the sequences. (E) Distribution of consensus negative selection (CoNeS) scores for autosomal dominant (AD) and autosomal recessive (AR) 
genes underlying inborn errors of immunity (IEI). The vertical line represents ZBTB24. (F) Protein map of ZBTB24 showing its known mutations and the 
mutation Q375Hfs*3.
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cells and indicated that, at least in this system, there is no 
nonsense-mediated mRNA decay (Fig. 2B). We next wanted 
to study if this mutation led to a loss of function even if the 
truncated protein was expressed. ZBTB24 regulates DNA 
methylation in conjunction with DNA methyl transferase 
3B (DNMT3B) [10]. To test the effect of this mutation on 
the function of ZBTB24 in DNA methylation, we studied 

methylation of the promoter region of the small nucleolar 
RNA gene SNORD115-14 previously described as a DNA 
methylation target of ZBTB24 [17] (Fig. 2C and D). Using pa-
tient, heterozygote, and healthy control DNA, we performed 
bisulfite sequencing on this target and quantified methyla-
tion as a percentage of the six total CpG sites in a region 
of the SNORD115-14 promoter to assess the impact of the 

Figure 2: Q375Hfs*3 alters ZBTB24 expression and function. HEK293 cells were either left non-transfected (NT) or were transfected with an empty 
vector (EV), or plasmids containing WT or mutant (M) ZBTB24 C-terminally His tagged. (A) Western blot of protein isolated from HEK293 cells showing 
ZBTB24 expression with a molecular weight of 78 kDa, indicated by black arrows. GAPDH was used as a loading control. An experiment representative 
of 3. (B) qPCR of mRNA isolated from HEK293 cells. ZBTB24 expression was calculated relative to GUS expression. An experiment representative of 
3. (C) Bisulfite sequencing of genomic DNA from patients, parents, and healthy donors. Black dots represent methylated CpG sites, and white dots 
represent unmethylated CpG sites. Each line represents the sequence of a single clone (n = 10). (D) Quantification of methylated CpG sites. Error bars 
represent the standard error of the mean. P-values were calculated using a one-way ANOVA followed by Tukey’s multiple comparisons test.
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ZBTB24 mutation on DNA methylation. While no significant 
difference was observed in CpG methylation between healthy 
donors and the heterozygous parents, there was a decrease in 
methylation in patient DNA as compared to healthy donors, 
suggesting the ZBTB24 Q375Hfs*3 mutation leads to a loss 
of function. These data show that the Q375Hfs*3 mutation 
disrupts ZBTB24 protein expression and function in DNA 
methylation, aligning with previously reported ZBTB24 defi-
ciencies that lead to ICF2.

Decreased natural killer cell frequencies in ZBTB24 
deficiency caused by Q375Hfs*3
Immunodeficiency is characteristic of ICF syndrome, yet spe-
cific phenotypes are variable across different ICF subtypes, 
mutation locations, and patients (Table 1). To understand 
the consequences of the mutation Q375Hfs*3 in the overall 
architecture of the immune system, we performed in-depth 
immunophenotyping by mass cytometry on PBMCs of the 
patient, parents, and healthy donors. We used our previously 
published antibody panel containing 33 antibodies against 
common surface markers of leukocyte populations [14]. 
Using unsupervised clustering and dimensional reduction via 
t-SNE, we could identify the main immune cell populations (B 
cells, CD4+ and CD8+ T cells, γδ T cells, mucosal-associated 
invariant T cells (MAIT), myeloid cells, plasmacytoid den-
dritic cells (pDCs), and natural killer (NK) cells) (Fig. 3A). 
We observed that B cells, CD4+, and CD8+ T cells, γδ T cells, 
MAIT, myeloid cells, and pDC were present in the patient at 
frequencies similar to healthy controls. However, we showed 
a dramatic reduction in the frequency of total NK cells con-
sistent with previous findings [22, 24, 27, 28, 33, 35, 38, 39]. 
This phenotype was confirmed using manual gating (Fig. 
3C and D). To determine the effect of the mutation on NK 
cell development, we examined NK subsets using CD56 and 
CD16 expression by manual gating. We found that the pa-
tient showed an accumulation of CD56bright NK cells and a 
reduction in CD56dimCD16+ NK cells compared to healthy 
controls (Fig. 3E and F). Along with a decrease in total NK 
cells, this indicates that ZBTB24 deficiency results in devel-
opmental arrest in an immature state of NK cells (CD56bright) 
and fewer mature, highly cytotoxic NK cells (CD56dimCD16+) 
[40]. Together, this provides further evidence that ZBTB24 is 
critical for NK differentiation or survival.

ZBTB24 deficiency leads to reduced frequencies of 
class-switched memory B cells
While the frequencies of the rest of the main immune popu-
lations were unchanged in the patient (Fig. 3), we studied 
if the distribution within each population was altered. We 
reclustered the B cell subpopulation and performed unsuper-
vised clustering to further analyze the B cell compartment 
(Fig. 4A). Unsupervised clustering followed by dimensional 
reduction by UMAP revealed four distinct clusters within 
the B cell population, which were categorized as naïve B 
cells, unswitched B cells, switched B cells, and plasmablasts 
through manual clustering (Fig. 4A). Analysing the frequen-
cies of these populations highlighted that the levels of patient 
naïve and unswitched B cells and plasmablasts were similar 
to those of healthy donors (Fig. 4B). However, the frequency 
of patient class-switched B cells was dramatically reduced 
compared to healthy controls and heterozygote samples. We 
corroborated this defect by manual gating (Fig. 4C and D). 

Previously described cases of ICF2 and ZBTB24 deficiency re-
port defective class switching of B cells, resulting in decreased 
levels of class-switched memory B cells [8, 20, 22, 23, 27, 
33–35, 38]. Therefore, our results may be consistent with a 
defect in class switching. To determine whether reduced class-
switched B cells resulted in decreased levels of the different 
antibody isotypes, we performed antibody isotyping on the 
serum of adult and pediatric healthy controls, the parents, 
and the patient (Fig. 4E). Antibody isotyping revealed that 
the patient had similar IgG2, IgE, and IgA levels compared 
to the healthy controls. The levels of IgG1 and IgG3 were 
elevated compared to healthy controls, while IgG4 and IgM 
were reduced. These results are consistent with other re-
ported ICF2 patients, who showed elevated levels of IgG3 [8, 
20, 22, 27]. Reduced levels of IgM are also typical among 
ICF2 patients [5, 7, 8, 18, 20–25, 27–29, 32, 33, 37–39] 
(Table 1). While class switching is not completely impaired 
in the patient, it has been shown that ICF is a progressive 
disease, possibly leading to the depletion of B cells, and con-
sequently all antibody isotypes, over time [24, 33, 41]. This 
suggests that while the patient does not present with complete 
hypogammaglobulinemia currently, the immune phenotype 
could become more severe with age. These results, therefore, 
enhance the evidence suggesting that reduced class-switched 
B cells can account for the hypogammaglobulinemia seen in 
ZBTB24 deficient ICF2 patients.

Immunophenotyping does not entirely explain the 
clinical presentation of the patient
Due to the heterogeneous immune phenotypes seen in re-
ported ICF2 patients and to characterize further the effect of 
the mutation Q375Hfs*3 on the structure of different immune 
populations, we performed manual gating on our CyTOF 
data (Supplementary Fig. S1). This revealed that the frequen-
cies of most other immune cells in the patient were similar to 
those of healthy controls (Supplementary Fig. S2). In the pa-
tient, total CD4+ T cells and frequencies of the CD4+ subsets 
Th1, Th1*, Th2, Th17, T follicular helper, and regulatory T 
cells were not different from the healthy controls. Memory 
subsets of CD4+ T cells, including central memory, effector 
memory, and TEMRA, were also similar between the patient 
and healthy controls (Supplementary Fig. S2). Similarly, total 
CD8+ T cells and CD8+ T cell memory cells were not different 
between the patient and healthy controls (Supplementary Fig. 
S2). There were no differences between classical, nonclassical, 
and intermediate monocytes. pDCs and myeloid dendritic 
cells also had similar frequencies between the patient and 
healthy controls. Finally, total innate lymphoid cells showed 
no differences between the patient and healthy controls 
(Supplementary Fig. S2). While there are no differences in these 
immune cell populations, the patient has an unusual clinical 
presentation that cannot be fully explained by the reduced 
natural killer cells or reduced class-switched memory B cells 
seen from immunophenotyping (Figs 3 and 4). According to 
the Graham criteria, which includes histological features and 
the patient’s response to treatment, the patient presents with 
a possible Mycobacterium tuberculosis infection [15]. The 
study of the IEI known as Mendelian susceptibility to myco-
bacterial disease (MSMD) has revealed the crucial and non-
redundant role of interferon-γ (IFN-γ) in antimycobacterial 
immunity [42]. In nearly all known MSMD-causing muta-
tions, IFN-γ production or response is disrupted, suggesting 

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxaf016#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxaf016#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxaf016#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxaf016#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxaf016#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxaf016#supplementary-data
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that, despite normal frequencies of T and myeloid cell popu-
lations in our patient, ZBTB24 deficiency most likely causes 
a functional defect in IFN-γ-mediated immunity [42–47]. 
Therefore, there must be a functional defect in an immune 
population of the patient that is not reflected in its frequency 
and leads to susceptibility to M. tuberculosis. To investigate 
how ZBTB24 deficiency may lead to increased susceptibility 
to mycobacterial infections, we mined differentially methy-
lated genes in ICF2 patients for genes known to cause MSMD 
or monogenic tuberculosis when mutated [47] using publicly 
available data from Velasco et al. (NCBI GEO database, ac-
cession GSE95040) [17, 48]. We found that several of these 
genes were hypomethylated in ICF2 (Supplementary Fig. S3). 
This could influence the expression of these genes and con-
sequently result in increased susceptibility to mycobacterial 
disease. Therefore, while the patient does not have differences 
in the frequency of most immune populations except NK cells 
and class-switched memory B cells, our data suggests that 
ZBTB24 plays a role in the patient’s M. tuberculosis infection.

Clinical phenotypes of ZBTB24 deficiency
To date, over 50 ICF2 patients with ZBTB24 mutations have 
been reported (Table 1). Findings from these studies highlight 
the heterogeneous phenotypes of this disease. Clinical features 
that are common between cases include recurrent respiratory 
infections, hypertelorism, facial dysmorphism, and hepato-
megaly (Table 1). The prominent immunological features of 
ICF2 patients are hypogammaglobulinemia of all or some 
antibody isotypes, reduced memory B cells, and reduced nat-
ural killer cells (Table 1). A fraction of patients also exhibited 
reduced T cell proliferation or a reversal of the ratio of CD4+ 
T cells to CD8+ T cells (Table 1). These findings are consistent 
with the clinical and immunological features of our patient, 
who exhibited reduced class-switched memory B cells and re-
duced NK cells. While these aspects of ICF2 are seen in many 
patients, most cases do not include every clinical or immuno-
logical feature listed. For example, susceptibility to Epstein–
Barr virus (EBV), cytomegalovirus (CMV), and other viruses 
are reported in only a few cases, while most other cases report 
respiratory bacterial infections [7, 25, 32, 33, 35, 38] (Table 
1). Another case also reports unusual mycobacteriosis, which 
is not found in any other patient [33]. Overall, while some 
immunological features of ZBTB24 deficiency are common 
between cases, the clinical phenotypes remain variable.

Discussion
In this study, we characterized a novel homozygous patho-
genic variant in ZBTB24 and its functional consequences 
on the architecture of the immune system. We showed that 
the mutation Q375Hfs*3 results in a truncated protein due 
to a premature stop codon (Figs 1 and 2). Through bisulfite 
sequencing, we also demonstrated that this mutation dis-
rupts the function of ZBTB24 in DNA methylation (Fig. 
2). Identifying novel mutations is essential to the study and 
diagnosis of IEIs. IEIs are historically challenging to diag-
nose due to their widespread range of clinical manifestations. 
Additionally, IEIs are usually not the initial diagnosis a pa-
tient may receive when presenting with symptoms unrelated 
to immune dysfunction [49]. Consequently, patients may visit 
many specialists to address different symptoms, leading to de-
layed diagnosis or misdiagnosis [49]. It is therefore important 
to report novel mutations that result in IEIs to expand the 
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known causes of these diseases. As more mutations are char-
acterized, especially with functional studies, more diagnoses, 
and ultimately faster treatment, for patients with IEIs can be 
achieved. Characterizing the unique clinical manifestations 
of this mutation in ZBTB24 will also help to identify other 
patients with ZBTB24 deficiency. The heterogeneous nature 
of this syndrome contributes to the difficulty of diagnosis, 
and it was recently reported that ICF syndrome cannot be 
identified through screening of T cell receptor excision circles 
(TRECs) at birth [50]. Therefore, reporting more ways ICF2 

can manifest may aid in future diagnoses and faster treat-
ment. This study also provides a comprehensive summary 
of ZBTB24 deficient patients reported in the literature, pro-
viding consolidated information about the consequences of 
ZBTB24 deficiency.

In-depth immunophenotyping of the patient using mass 
cytometry (cytometry by time-of-flight, CYTOF), computa-
tional methods, and manual gating revealed that ZBTB24 is 
critical for NK cell development or survival and the differen-
tiation of class-switched memory B cells (Figs 3 and 4). This 

Figure 3: Leukocyte immunophenotyping. (A) Dimensional reduction by t-SNE of the 33 cell surface markers used for mass cytometry 
immunophenotyping. Each color represents a distinct immune cell type identified by manual clustering. A total of 10,000 cells from healthy controls, 
heterozygote carriers, and the patient are shown. (B) Frequencies of immune cell populations as a percentage of total leukocytes for healthy controls 
(HC), heterozygous carriers (Het), and the patient (P). (C) Representative gating of CD56 vs CD3 for natural killer (NK) cells from one healthy control (HC) 
and the patient (P). Gating strategy can be found in Supplementary Fig. S1. (D) Frequencies of NK cells as a percentage of live leukocytes in healthy 
controls (HC), heterozygous carriers (Het), and the patient (P) obtained from manual gating. (E) Representative gating of CD56 vs CD16 for natural 
killer (NK) cells from one healthy control (HC) and the patient (P). Gating strategy can be found in Supplementary Fig. S1. (F) Frequencies of NK cell 
subpopulations as a percentage of NK cells in healthy controls (HC), heterozygous carriers (Het), and the patient (P) obtained from manual gating.

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxaf016#supplementary-data
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study was the first time in-depth immunophenotyping of an 
ICF2 patient was performed using CyTOF. The wide array of 
surface markers available for CyTOF combined with com-
putational tools to cluster immune populations allowed us 
to examine the complex immune population structure of a 
patient with ZBTB24 deficiency. Not only did this confirm 
the immunological characteristics of previous ICF2 patients, 
but it also aided in the characterization of this novel ZBTB24 
mutation. Additionally, CyTOF allowed us to determine that 
other immune populations of the patient showed no difference 
in frequency when compared to healthy controls, meaning 
there may be some other functional defect resulting in ab-
normal immune manifestations. The limitation of using these 
immunological tools with only one ICF2 patient should not 
be ignored, and in-depth immunophenotyping of additional 
patients would provide a more complete understanding of 
how ZBTB24 deficiency shapes the immune system. Our 
characterization of all immune populations through CyTOF 
expands the current knowledge of the immune consequences 

of ZBTB24 deficiency, aiding in future studies and diagnosis 
of ICF2.

One of the most prominent features of ICF syndrome is 
decreased antibody production due to reduced class-switched 
memory B cells [8, 20, 22, 23, 27, 33–35, 38]. One possible 
explanation for this phenotype is the role of ZBTB24 in DNA 
repair. Helfricht et al. found that ZBTB24 deficiency in ICF2 
syndrome leads to alternative NHEJ, suggesting that ZBTB24 
regulates the repair of double-strand DNA breaks. NHEJ 
is integral to successful class switching in B cells, indicating 
that impaired class switching in ZBTB24 deficiency may re-
sult from defective NHEJ [12]. ZBTB24 has also been impli-
cated in B cell proliferation. It has been shown that ZBTB24 
knockdown blocks the G0/1- to S-phase transition of the cell 
cycle in B cells, negatively impacting proliferation. ZBTB24 
knockdown also increased two negative regulators of B cell 
proliferation, IRF-4 and Blimp-1 [13]. These findings may 
offer a mechanism explaining the total B cell reduction in 
several ICF2 patients [7, 8, 18, 22, 24, 27–29, 32–35, 38, 

Figure 4: B cell immunophenotyping. (A) UMAP visualization of B cell populations. Each color represents a distinct B cell subtype identified by manual 
clustering. A total of 10,000 cells from healthy controls, heterozygote carriers, and the patient are shown. (B) Frequencies of B cell subpopulations as 
a percentage of total B cells for healthy controls (HC), heterozygous carriers (Het), and the patient (P). (C) Representative gating of CD27 vs IgD for B 
cells from one healthy control (HC) and the patient (P). Gating strategy can be found in Supplementary Fig. S1. (D) Frequencies of B cell subpopulations 
as a percentage of B cells in healthy controls (HC), heterozygous carriers (Het), and the patient (P) obtained from manual gating in FlowJo. (E) Antibody 
isotyping of serum from adult and pediatric healthy controls, heterozygote carriers, and the patient.

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxaf016#supplementary-data
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39]. Together, these studies provide insight into reduced anti-
body levels in ZBTB24 deficiency due to reduced total and 
class-switched B cells, such as the reduction in class-switched 
memory B cells seen in our patient (Fig. 4).

Throughout the reported ICF2 patients, there is heterogen-
eity across immune phenotypes (Table 1). This may be due 
to the progressive nature of ICF syndrome, which has been 
reported in several patients [24, 33, 41]. The gradual deple-
tion of B and T cells may partially explain phenotypic dif-
ferences between ICF patients of different ages. Our patient, 
while having reduced frequencies of class-switched memory B 
cells, does not show complete impairment of antibody class 
switching (Fig. 4). This is consistent with other ICF2 patients, 
who demonstrate reduced levels of some antibody isotypes 
but not others [7, 8, 20–22, 24, 25, 27, 32, 33, 37, 38] (Table 
1). Progressive depletion of immune populations may ex-
plain this discrepancy between patients, where patients with 
more advanced disease experience more severe immune 
phenotypes. However, several patients present with severe 
hypogammaglobulinemia early in life [5, 7, 8, 18, 19, 28].

Several immune phenotypes of ZBTB24 deficiency are not 
fully understood. Our patient and other ICF2 patients show 
reduced NK cells or NK cell activity due to ZBTB24 defi-
ciency [22, 24, 27, 28, 33, 35, 38, 39] (Fig. 3; Table 1), yet the 
mechanism of how ZBTB24 contributes to NK cell biology is 
unknown. Along with heterogenous immune manifestations, 
ZBTB24 deficiency also leads to unusual clinical presen-
tations in some patients. While bacterial respiratory infec-
tions are common in this syndrome (Table 1), some patients, 
including the subject of this study, have unique infections 
with intracellular pathogens. Our patient presents with a pos-
sible M. tuberculosis infection, while one other reported pa-
tient exhibited unusual mycobacteriosis [33]. Some patients 
also showed susceptibility to viral infections or high EBV 
or CMV viral loads [7, 25, 32, 33, 35, 38] (Table 1). While 
susceptibility to viral infections is a hallmark of NK cell de-
ficiency (NKD), it can have a variable clinical presentation, 
with about 60% of patients with NKD presenting with her-
pesvirus infections [40]. This may explain why some, but not 
all, reported ICF2 patients with reduced NK cells suffer from 
viral infections. Regardless, these clinical phenotypes suggest 
a potential functional defect in immunity against intracellular 
pathogens. While NK cells are critical for immunity against 
such pathogens [51], the defect in NK cells seen in our patient 
and other ICF2 patients cannot fully explain these unusual 
infections. CD8+ T cells and CD4+ T cells are also critical to 
clearing intracellular pathogens. For intracellular bacteria 
such as mycobacterium, Th1 and Th1* cells are essential for 
activating phagocytes to effectively kill the pathogen [42–46]. 
Macrophages and monocytes themselves are also crucial to 
killing intracellular bacteria through IFN-γ signaling, as il-
lustrated by impaired IFN-γ pathways in MSMD [42, 43, 46, 
47]. Viruses replicating in the cytosol are often combatted 
by cytotoxic CD8+ T cells and NK cells [51, 52]. Therefore, 
ZBTB24 deficiency may contribute to a defect in immunity 
against intracellular pathogens that is not reflected in immune 
population frequency.

The patient’s presentation with granulomas raises the pos-
sibility of ICF2 being a granulomatous disease. Granulomas 
can be triggered by a variety of agents, and non-infectious 
granulomas have been observed in other IEIs, especially 
those causing defects in DNA damage repair [53]. However, 

the granulomas described in this patient were secondary to 
the possible M. tuberculosis infection reported. Therefore, 
ZBTB24 deficiency should not be considered a granulomatous 
disease on the basis of this patient. Additionally, IEI and ICF2 
patients live in different parts of the world and are exposed 
to various environments. Therefore, the infections seen in our 
patient could be attributed to our patient coming from an M. 
tuberculosis endemic region. This may also help explain the 
heterogeneity in clinical presentation seen in ICF2 patients, 
where certain infections are more common in specific areas of 
the world. Regardless, our findings indicate that ICF2 should 
be included in IEIs associated with M. tuberculosis.

This study identified and characterized a novel mutation 
in ZBTB24. We expanded the current knowledge of how 
ZBTB24 deficiency impacts the structure of immune popu-
lations and corroborated the importance of ZBTB24 to im-
mune function.

Supplementary data
Supplementary data is available at Clinical and Experimental 
Immunology online.
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