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Abstract
Purpose Immunodeficiency with centromeric instability and facial anomalies (ICF) syndrome is a rare autosomal recessive 
combined immunodeficiency. The detailed immune responses are not explored widely. We investigated known and novel 
immune alterations in lymphocyte subpopulations and their association with clinical symptoms in a well-defined ICF cohort.
Methods We recruited the clinical findings from twelve ICF1 and ICF2 patients. We performed detailed immunological 
evaluation, including lymphocyte subset analyses, upregulation, and proliferation of T cells. We also determined the fre-
quency of circulating T follicular helper  (cTFH) and regulatory T (Treg) cells and their subtypes by flow cytometry.
Results There were ten ICF1 and two ICF2 patients. We identified two novel homozygous missense mutations in the ZBTB24 
gene. Respiratory tract infections were the most common recurrent infections among the patients. Gastrointestinal system 
(GIS) involvements were observed in seven patients. All patients received intravenous immunoglobulin replacement therapy 
and antibacterial prophylaxis; two died during the follow-up period. Immunologically,  CD4+ T-cell counts, percentages of 
recent thymic emigrant T cells, and naive  CD4+ T decreased in two, five, and four patients, respectively. Impaired T-cell 
proliferation and reduced CD25 upregulation were detected in all patients. These changes were more prominent in  CD8+ T 
cells. GIS involvements negatively correlated with  CD3+ T-,  CD3+CD4+ T-,  CD16+CD56+ NK-cell counts, and  CD4+/CD8+ 
T-cell ratios. Further, we observed expanded  cTFH cells and reduced Treg and follicular regulatory T cells with a skewing 
to a  TH2-like phenotype in all tested subpopulations.
Conclusion The ICF syndrome encompasses various manifestations affecting multiple end organs. Perturbed T-cell responses 
with increased  cTFH and decreased Treg cells may provide further insight into the immune aberrations observed in ICF 
syndrome.
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Introduction

Immunodeficiency with centromeric instability and facial 
anomalies (ICF) syndrome is a rare autosomal reces-
sive combined immunodeficiency characterized by mild 
facial dysmorphisms, agammaglobulinemia or hypogam-
maglobulinemia and chromosomal instability due to 
reduced CpG methylation, involving the pericentromeric 
regions of chromosomes 1 and/or 16 (and occasionally 
9) [1–4]. Recently, disease descriptions regarding meth-
ylation abnormalities causing inborn errors of immunity 
(IEI) have been increasing, including activation-induced 
cytidine deaminase and Tet methylcytosine dioxygenase 2 
deficiencies in addition to ICF syndromes [5–7]. Restruc-
turing in chromosomes 1, 9, and 16 due to deficiencies 
in DNA methylation is characteristic of ICF syndromes 
[8–10]. The majority of ICF patients exhibit mutations 
in one of two genes: the DNA methyltransferase 3B gene 
(DNMT3B), named ICF1, and the zinc finger (ZF) and 
Broad-Complex, Tramtrack, and Bric a brac (BTB)-
domain containing 24 (ZBTB24) gene, named ICF2 [11, 
12]. The mutations in DNMT3B mostly influence the meth-
yltransferase domain of the produced enzyme, significantly 
modifying the DNA methylation pattern and affecting the 
expression of multiple genes, including genes critical for 
immune development and function [13]. ZBTB24 is a 
member of the ZF and BTB domain family of transcription 
factors, several of which were identified as critical in vari-
ous stages of B-cell differentiation [14, 15]. The function 
of ZBTB24 is largely not well known. Still, this protein is 
localized to heterochromatin and may be associated with 
heavily methylated regions, including ZFs crucial for gene 
activation like cell division cycle associated 7 (CDCA7) 
[16, 17]. Recently, ICF3 and ICF4 patients have been iden-
tified with mutations in CDCA7 and helicase lymphoid-
specific (HELLS), underlining the genetic heterogeneity 
of this syndrome [18]. In a recent systematic review of 
48 studies and 118 cases of ICF syndrome, 60% of these 
patients were reported as ICF1, 30% with ICF2, 4% with 
ICF3, and 6% with ICF4 [19].

The facial anomalies recognized in ICF patients are 
typically mild and often characterized by hypertelorism, 
flat nasal bridge, epicanthal folds, and low-set ears [20]. 
Intellectual disability is one of the most prominent signs 
in ICF2 patients, whereas antibody deficiency tends to be 
more pronounced in ICF1 patients [3, 19].

The immunological feature of ICF is hypo or agamma-
globulinemia with normal B cells, which display a naive 
phenotype with a paucity of class-switched memory and 
plasma cells responsible for the poor antibody production 
[21–23]. The frequency of memory  (CD19+  CD27+) B 
cells was higher in patients with ICF1 than in ICF2 [19]. 

On the other hand, a review of the literature suggests that 
a subtle T-cell defect develops over time in ICF patients 
[3]. High T-cell apoptosis in the thymi of mice carrying 
the DNMT3B mutation and impaired T-cell proliferation 
indicates T-cell dysfunction, potentially explaining the 
increased number of board infections caused by bacte-
rial and viral agents in this syndrome [3, 24, 25]. Despite 
being the main cause of death in ICF patients, the extent 
of immunodeficiency and underlying mechanisms remain 
poorly understood. It has been suggested that the cause of 
T-cell dysfunction is associated with reduced proliferation 
capacity due to hypomethylation of subtelomeric regions. 
The putative T-cell defect may lead to impaired responses 
with proliferation and killing capacity even though TCR 
repertoires and antigen recognition are intact [25].

Besides recurrent infections, ICF is mainly character-
ized by chronic diarrhea with infectious or non-infectious 
etiologies concomitant with malabsorption and/or villous 
atrophy, autoimmune disorders, leukemia, and lymphoma. 
Macronodular cirrhosis and granulomatous hepatitis have 
also been described in ICF patients [2, 3, 26–28]. Previ-
ously, Sterlin et  al. [23] detected autoimmune hepatitis 
accompanying T-cell disorders without autoantibodies. 
Importantly, autoimmune hepatitis was presented with 
increased  CD8+CD45RA−CCR7− effector memory T cells 
in the peripheral blood, suggesting a skewing to memory 
phenotype in T cells. Although there are limited studies on 
the mechanisms of the autoimmune process in ICF, stud-
ies revealed the plausibility of epigenetic changes involving 
DNA methylation in the development and proper functioning 
of T cells to differentiate into  TH1/TH2/TH17/TFH subtypes 
and regulatory T cells (Treg) [29–32]. Hypomethylation due 
to the impaired functioning of DNA methyltransferases may 
pose inappropriate immune responses during T-cell differ-
entiation [33, 34]. A novel mechanism that could explain 
disease phenotypes was recently discovered where ZBTB24 
deficiency results in defective non-homologous end joining 
during immunoglobulin class switch recombination [35]. 
Further studies are needed to explain the underpinning 
mechanisms of cellular immunodeficiency and autoimmun-
ity that may develop over time in ICF syndromes.

This study aimed to elucidate the immunological changes, 
their relationship to clinical findings, and potential novel 
immune alterations within distinct T-cell subpopulations in 
a well-defined cohort of ICF patients.

Material and Methods

Subjects Characteristics

Twelve patients with ICF syndrome were enrolled in this 
study. Patients followed up in the Pediatric Allergy and 
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Immunology Outpatient Clinic of Marmara University 
and Samsun 19 Mayis University were included. Detailed 
descriptions of patients and laboratory data were collected 
from patients’ files. The study protocol was approved by the 
local ethics committee of Marmara University, and written 
informed consent was obtained from all parents and, if avail-
able, from patients.

Antibodies and Flow Cytometry

To determine detailed lymphocyte subsets, the following 
monoclonal antibodies (mAbs) were used: Fluorescein iso-
thiocyanate (FITC)-conjugated CD3 (UCHT1, BC, FRA), 
Allophycocyanin (APC)-Alexa Fluor 700 (APC-A700) 
CD4 (13B8.2, BC), Krome Orange (KO) CD45 (J33, BC), 
Alexa Fluor 750 (APC-A750) CD45RA (2H4DH11LDB9, 
BC), Phycoerythrin (PE) CD197 (CCR7) (G043H7, BC), 
Pycoerythrin-Cyanin 7 (PC7) CD8 (SFCI21Thy2D3, 
BC), APC-A700 CD14 (RMO52, BC), PE CD16 (3G8, 
BC), Pycoerythrin-Cyanin 5.5 (PC5.5) CD56 (N901, BC), 
APC-A750 CD19 (J3-119, BC), Pacific Blue (PB) CD20 
(B9E9, BC), PB CD21 (BL13, BC), PC5.5 CD38 (LS198-
4–3 BC), PB CD31 (5.6E, BC), PC5.5 CD38 (LS198-4–3 
BC), Phycoerythrin-Texas Red-x (ECD) CD45RO (UCHL1, 
BC), FITC IgD (IA6-2, BC), PB CD4 (RPA-T4, Biolegend), 
FITC CD45RA (HI100, Biolegend), PC5.5 CD25 (B1.49.9, 
BC), APC-A750 CD127 (R34.34, BC) PE CD183 (CXCR3) 
(G025H7, Biolegend), APC CD185 (CXCR5) (J252D4, 
BC), PC7 CD196 (CCR6) (B-R35, BC), PE CD279 (PD-1) 
(PD1.3, BC). Peripheral blood lymphocyte subset analyses, 
upregulation, and proliferation assays were performed by 
flow cytometry [36–40]. For lymphocyte subset analysis, 
100 µl of whole blood was incubated with mAbs against 
surface markers for 20 min in the dark at room tempera-
ture. Red cells were lysed and washed before acquisition. 
For circulating T follicular helper cell  (cTFH) and Treg cell 
subtypes, total peripheral blood mononuclear cells (PBMCs) 
from both healthy controls and patients were stained using 
PB CD4 (RPA-T4, Biolegend), FITC CD45RA (HI100, Bio-
legend), PC5.5 CD25 (B1.49.9, BC), APC-A750 CD127 
(R34.34, BC) PE CD183 (CXCR3) (G025H7, Biolegend), 
APC CD185 (CXCR5) (J252D4, BC), PC7 CD196 (CCR6) 
(B-R35, BC), PE CD279 (PD-1) (PD1.3, BC) for 20 min 
in the dark at room temperature. Cells were acquired by 
Navios EX cytometer (Beckman Coulter) and analyzed by 
FlowJo software (TreeStar, Ashland, Ore). CD25 upregula-
tion and proliferation assays were performed by stimula-
tion in anti-CD3/anti-CD28 (1 µg/ml each) 96-well plates 
for 3 days, following isolated PBMCs labeling with Cell-
Trace Violet (Thermo Fisher). After the stimulation, cells 
were stained with APC-A700 CD4 (13B8.2, BC), PC7 CD8 
(SFCI21Thy2D3, BC) and PC5.5 CD25 (B1.49.9, BC) [41, 
42]. Stained cells were acquired by Navios EX cytometer 

(Beckman Coulter) and analyzed by FlowJo software (Tree-
Star, Ashland, Ore).

Structural Analysis

Structural predictions were performed using Alphafold2 on 
Google ColabFold v1.5.2 [43]. Protein structures were visu-
alized on UCSF ChimeraX version 1.5 [44].

Statistical Analysis

The data were presented as mean ± standard deviation and 
median with interquartile range (IQR). The Kolmogo-
rov–Smirnov distribution test was conducted to determine 
the normal distribution. Comparison between patient and 
control groups for continuous values was done with Student 
unpaired t-test or Mann Whitney t-test and two-way ANOVA 
with Sidak’s post-test as indicated. Pearson’s test was used 
for correlation analyses. Analysis of overall survival (OS) 
was done using the Kaplan–Meier method (log-rank test). 
Differences were considered significant at a p-value < 0.05. 
Statistical analysis was done using SPSS 20 (Chicago, SPSS 
Inc.) and GraphPad Prism 9 (GraphPad Software Inc., San 
Diego, CA).

Results

Demographic, Genetic, and Dysmorphic Features 
of ICF Patients

A total of 12 ICF syndrome patients, including 7 males 
(58.4%) and 5 females (41.6%) from six different fami-
lies, were assessed. Eleven patients were born to con-
sanguineous parents, and Family 3 had seven affected 
members (Table 1 and Fig. 1A). The median age of dis-
ease onset in ICF1 (3 months (IQR 2–8)) was signifi-
cantly lower than ICF2 patients (45 months (IQR 6–84)) 
(p = 0.014). Additionally, the median age of diagnosis 
was shorter in ICF1 compared to ICF2 patients (16 (IQR 
9–36) vs. 207 (IQR 192–222) months, p = 0.028). The 
median follow-up age for ICF1 and ICF2 groups was 
45 (IQR 16.75–105) and 160.5 (IQR 102–219) months 
(p = 0.166). All patients except two (P1 and P2) were 
alive at the time of this study.

We identified homozygous mutations in the DNMT3B 
gene in all ICF1 patients. Missense mutations were doc-
umented in four families (c.1754C > T, c.2003C > T, 
c.2009G > A, c.1805 T > C) affecting amino acids located 
in the catalytic domain of the DNMT3B protein [19]. All 
ICF1-related mutations were previously reported [45–47]. 
We described two previously unknown homozygous mis-
sense mutations in the ZBTB24 gene in P11 (c.156delA, 
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p.A53Pfs*12) and P12 (c.1012C > T, P.Q338Ter). The first 
mutation affects the BTB domain, while the latter is located 
in the ZF domains [19]. The P4, P6, P7, and P10 were pub-
lished previously [45, 46]. Seven tested patients (P1, P2, P4, 
P5, P9, P10, P11) displayed typical chromosomal anomalies 
at 1qh and/or 9qh and/or 16qh. The details are presented in 
Table 1.

We assessed the typical facial anomalies of each patient 
at diagnosis (Fig. 1B). The following abnormalities were 
noticed, including a round face (P3, P4, P5, P6, P7, P11), 
high forehead (P1, P2, P8, P12), hypertelorism (all patients), 
telecanthus (P10 and P12), low-set ears (P1, P2, P4, P5, P6, 
P7, P8, P9), broad flat nasal bridge (P1, P2, P8, P10, P11, 
P12), frontal bossing (P1, P2, P3, P4, P5, P9, P11), long face 
(P1, P2), flat face (P2, P3, P4, P5, P6, P7), micrognathia 
(P3, P4, P5, P6, P7), and strabismus (P10, P11, P12). Other 
abnormalities were also recorded, including a high palate 
(P1), prominent front teeth, malar hypoplasia, and double-
row teeth (P11). Mental retardation was observed in 20% of 
ICF1 and in all ICF2 (100%) patients (Table 1).

Significance of ICF1 and ICF2 Mutations in Protein 
Structures

The X-ray crystal structure of the DNMT3B enzyme was 
recently solved either as homo-oligomers or in a complex 
with a related protein, DNMT3L, which has a regulatory 
function [48, 49]. Many of the mutations observed in ICF1 
syndrome, including the ones analyzed in this study, localize 
to the C-terminal methyltransferase domain. The arginine 
at position 670 in DNMT3B was found to be situated in a 
hydrophobic alpha helix that forms a helical bundle, which 
is critical for not only the interaction of DNMT3B homo-oli-
gomers but also of the DNMT3B-DNMTL complexes [50]. 
The R670Q mutation in the FF interface (phenylalanine resi-
dues) that decreases dimerization efficiency also decreased 
DNA binding affinity significantly. The second mutation we 
identified in the current study, T668I, while on the same 
helix as R670, is predicted to be directly involved in DNA 
and substrate binding by DNMT3B and not in the formation 
of DNMT3B-DNMT3B or DNMT3B-DNMTL complexes. 
We predicted the structure of this region of the DNMT3B 
protein and found that T668 potentially makes four hydrogen 
bond interactions with P650, D653, and L671. Prediction of 
the structure of the T668I mutation indicated that the hydro-
gen bonds between position I668 and P650 were lost, which 
may result in the alteration of the loop that is involved in 
DNA and substrate binding (Fig. 1C). The other two muta-
tions in DNMT3B, A585V and V602A, are situated in the 
core of the protein and likely result in decreased stability of 
the protein [50].

The ZBTB24 protein is a nuclear transcription factor 
that binds DNA using its C-terminal zinc finger DNA 

binding domain and forms homodimer structures using 
its N-terminal BTB domain [51]. Even though a crystal 
structure of only the Zinc finger motifs is present, we 
modeled the full protein using Alphafold protein structure 
prediction software (Fig. 1D). The two mutations identi-
fied in this study (A53Pfs*12 and Q338Ter) resulted in 
premature termination in the BTB domain and the second 
ZF motif, respectively. Both mutations can only encode 
a protein that does not bind to target DNA, as sequence 
specificity is known to be conferred by the last four ZF 
motifs [52].

Infection Spectrum of ICF1 and ICF2 Patients

Respiratory tract infections (recurrent otitis and pneumo-
nia) were the significant clinical features in all 12 patients, 
leading to bronchiectasis in two patients (P1 and P11) 
(Fig. 1E). P1 developed hearing loss due to recurrent otitis 
media at 7 years. P3 and P4 experienced CMV pneumonia, 
while P11 showed CMV viremia. None of the patients had 
fungal and/or parasitic infections (Table 1).

Gastrointestinal Signs and Autoimmune 
Manifestations

Gastrointestinal system (GIS) problems were observed in 
seven patients (P1, P2, P3, P5, P10, P11, P12) (Table 1, 
Fig. 1E). Four patients (P1, P2, P5, P11) encountered recur-
rent chronic diarrhea. Bacterial, viral, and parasitic etiolo-
gies were not detected. Lymphoproliferation with hepato-
megaly was detected in six patients (P2, P3, P5, P10, P11, 
P12), while splenomegaly was observed in three patients 
(P1, P2, P11) (Table 1).

P1 developed portal hypertension, esophageal varices, 
splenomegaly, and pancytopenia at the age of 17 years. 
Hypersplenism was presumed to cause pancytopenia since 
bone marrow examination was normal. At the age of 19, 
liver elastography supported cirrhosis. At age 21, a colo-
noscopy was performed for chronic diarrhea, which revealed 
multiple ulcers at the sigmoid colon.

P2 was admitted with fever, pneumonia, and hepatosple-
nomegaly. He developed immune thrombocytopenic purpura 
(ITP) at 18 months of age. At age two, he was hospitalized 
with fever, vomiting, skin rash, and weakness. Autoimmune 
hepatitis was suspected with high serum levels of aspartate 
transaminase and alanine transaminase without detectable 
autoantibodies. Skin biopsy revealed mixed inflammatory 
infiltration consisting of perivascular lymphocytic infiltra-
tion in the dermis, lymphocyte, and neutrophil leukocytes 
in the subcutaneous tissue. In addition to ITP, he developed 
autoimmune hemolytic anemia responding to steroid treat-
ment. At the age of 11 years, he was diagnosed with cir-
rhosis without a well-defined etiology. The liver biopsy 
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revealed pre-cirrhotic port-portal and port-central bridging 
fibrosis. His lymphocyte number and  CD4+ T-cell gradually 
decreased, accompanied by an inverted  CD4+/CD8+ T-cell 
ratio during the follow-up, mimicking combined immune 
deficiency.

Immunological Investigations

Three of the patients (P1, P2, P4) had lymphopenia. All 
patients had low IgG levels [for ICF1, median 121 (IQR 

51.5–167.3) and for ICF2, median 762.5  mg/dL (IQR 
732–793)]. Serum IgG levels were higher in ICF2 patients 
than in ICF1 patients (p = 0.030). This was associated with 
higher age in ICF2 during the evaluation. Serum IgA levels 
were diminished in all patients except three of them (P4, 
P7, P12) (ICF1, median 1 (IQR 1–23) and ICF2, median 
70.5 mg/dL (IQR 1–140)). Serum IgM levels were reduced 
in all ICF1 and ICF2 patients (ICF1, median 3 (IQR 3–16.9) 
and ICF2, median 10.5 mg/dL (IQR 3–18)). Serum IgE 
was slightly elevated in P12, while the rest was normal or 
reduced (Table 2, Fig. 2A).
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Fig. 1  Family pedigrees and clinical features of ICF patients. A Pedi-
grees of patients with ICF variants. Double lines indicate consan-
guinity; filled black circles or squares depict the patients; half-filled 
black circles or squares depict the carriers. Squares and circles dis-
tinguish males and females, respectively. B Representative pictures 
of patients’ phenotype; long face, high forehead, frontal bossing, 
hypertelorism, low-set ears, and broad flat nasal bridge of P1; high 
forehead, low-set ears, broad flat nasal bridge, frontal bossing, long 
and flat face of P2; round and flat face, frontal bossing and micro-
gnathia of P3; round and flat face, frontal bossing, low-set ears and 
micrognathia of P4; round and flat face, frontal bossing, low-set ears 
and micrognathia of P5; round and flat face, low-set ears and micro-
gnathia of P6; round and flat face, low-set ears and micrognathia of 
P7; high forehead, low-set ears and broad flat nasal bridge of P8; 
telecanthus and broad flat nasal bridge of P10; round face, broad 
flat nasal bridge, frontal bossing, prominent front teeth, malar hypo-
plasia and double row of P11; high forehead, telecanthus and broad 

flat nasal bridge of P12. C Alterations in the structure of the DNA 
binding loop of DNMT3B. Critical residues are indicated in the wild-
type (Thr688) (top) and mutant (Ile688) (bottom) structures. Dashed 
lines indicate hydrogen bonds. D Prediction of the structure of the 
ZBTB24 protein. The positions of the two ZBTB mutations inves-
tigated in this study (A53Pfs*12 and Q338Ter) are indicated on the 
protein structure in yellow. The first mutation is in the Broad-Com-
plex, Tramtrack, and Bric a brac (BTB) domain, while the second is 
in the second zinc finger (ZF) motif. The BTB domain, which forms 
homodimer structures, is shown in green, and the eight zinc finger 
motifs are shown in different colors interacting with a target DNA 
molecule. For simplicity, regions of the prediction with low Alpha-
fold pLDDT scores were omitted, and linker regions were shown with 
pseudobonds (dashed lines). E The heatmap illustrates key clinical 
features of ICF patients, with percentage levels in each cell. GIS, gas-
trointestinal
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Flow cytometry analysis revealed normal  CD3+ T-cell 
counts except for four patients (P1, P2, and P4 with reduced 
levels while P12 with expansion).  CD4+ T-cell counts were 
low in two patients (P1, P2). Decreased  CD8+ T-cell count 
was observed in P2, while increase in P12. The rest of the 
patients’ values were normal. The  CD4+/CD8+ T-cell ratio 
was inverted in five ICF1 patients (P1, P2, P3, P5, P7) and 
one ICF2 patient (P12) (Table 2, Fig. 2B).

Naive  CD4+ T-cell  (CD4+CD45RA+) percentages 
were low in four patients with ICF1 (P1, P5, P6, P7) and 
high in one patient (P8), whereas memory  CD4+ T-cell 
 (CD4+CD45RO+) percentage was high in three patients 
(P1, P5, P7) and low in one patient (P8). Accordingly, per-
centages of  CD4+CD45RA−CCR7− effector memory T cells 
increased in ten patients (Table 2). All patients had nor-
mal percentages of naive  CD8+ T cells  (CD8+CD45RA+). 
Also, the memory  CD8+ T cells  (CD8+CD45RO+) percent-
age was normal in all patients except one with a decreased 
value (P8). The percentages of recent thymic emigrant T 
cells (RTE,  CD4+CD45RA+CD31+) decreased in four 
ICF1 patients (P1, P5, P6, P7) and one ICF2 patient (P12) 
(Table 2, Fig. 2B).

As for  CD19+ B cells, four ICF1 patients (P1, P4, P5, 
P10) and one ICF2 patient (P12) showed decreased levels. 
Four patients (P2, P5, P6, P11) exhibited high percentages 
of naive B cells. Class-switched memory B cells were low 
in all patients.  CD16+56+ NK-cell counts were decreased in 
all patients except three (P4, P8, P10). The detailed results 
are presented in Table 2 and Fig. 2B.

We evaluated the T-cell proliferation in eight patients (P3-
P9, P11). Decreased T-cell proliferation and reduced upregu-
lation of CD25 with anti-CD3/anti-CD28 and phytohemag-
glutinin (PHA) were detected in  CD8+ T cells of patients 
(p = 0.005 and p < 0.0001 for proliferation and p = 0.004 
and p = 0.0002 for CD25 upregulation, respectively). How-
ever, there was no significant difference in  CD4+ T cells of 
patients, although diminished  CD4+ T-cell proliferation was 
detected in P7 and P11 for anti-CD3/anti-CD28 stimulation 
and in P3, P7, and P9 for PHA stimulation (Fig. 2 C and D).

Decreased T and NK Cells and Increased Age Are 
Associated with Gastrointestinal Involvement

We performed correlation analysis of  CD3+ T-,  CD3+CD4+ 
T-,  CD16+CD56+ NK-cell counts, and  CD4+/CD8+ T ratio 
with the cumulative number of GIS involvements. The fea-
tures of GIS involvement are provided in Table 1. The cumu-
lative number of GIS involvements negatively correlated with 
 CD3+ T-,  CD3+CD4+ T-,  CD16+CD56+ NK-cell counts and 
 CD4+/CD8+ T-cell ratios (r =  − 0.66, p = 0.010; r =  − 067, 
p = 0.010; r =  − 0.63, p = 0.030; r =  − 0.57, p = 0.040, 
respectively) (Fig. 3A–D). After controlling for age factor 
by categorizing lymphocyte subpopulations as normal or low 

according to the age-matched healthy donor reference data, 
we still found negative correlations between cumulative GIS 
involvements and low levels of  CD3+ (r =  − 0.63, p = 0.020) 
or  CD4+ (r =  − 0.90, p < 0.001) T cells. Moreover, the current 
age of patients was positively correlated with the cumulative 
number of GIS involvements (r = 0.63, p = 0.02) (Fig. 3E).

Expanded  cTFH and Decreased Treg Cells 
with Increased  TH2‑Like T‑cell Responses in ICF 
Patients

We investigated circulating T-helper cell subtypes, 
including circulating T follicular helper cells  (cTFH, 
 CD4+CXCR5+CD45RA− and  CD4+CXCR5+PD1+), non-
cTFH memory T-helper cells  (CD4+CXCR5−CD45RA−), Treg 
cells  (CD4+CD25hiCD127lo) and circulating follicular regula-
tory T cells  (cTFR,  CD4+CXCR5+CD45RA−CD25hiCD127lo). 
The gating strategy is presented in Figure  S1. The fre-
quency of the  cTFH cells was significantly elevated in ICF 
patients compared to healthy controls. Moreover, these 
cells enclosed more PD-1 expression, indicating their 
activated status (p = 0.010 and p = 0.030, respectively) 
(Fig. 4A–D). Further, when we evaluated the subtypes of 
 cTFH in the patients, they displayed more  TH2-like-cell 
phenotype  (CD4+CXCR5+CD45RA−CD25loCD127hi 

CXCR3−CCR6−) than healthy controls, regarding 
that  TH1-cell-like  (CD4+CXCR5+CD45RA−CD25lo 

CD127hiCXCR3+CCR6−) and  TH17-cell-like  (CD4+ 

CXCR5+CD45RA−CD25loCD127hiCXCR3−CCR6+) 
phenotypes were decreased compared to healthy con-
trols (p = 0.040, p = 0.040, and p = 0.030; respectively) 
(Fig. 4 E and F). We also observed an increased  TH2-like 
 (CD4+CXCR5−CD45RA−CXCR3−CCR6−) response in non-
cTFH memory T-helper cells (p = 0.010); however, in those 
cells,  TH1-like  (CD4+CXCR5−CD45RA−CXCR3+CCR6−) 
and  TH17-like  (CD4+CXCR5−CD45RA−CXCR3−CCR6+) 
responses were not significantly different in comparison to 
healthy controls (Fig. 4 G and H). The epigenetic changes 
may alter the Treg cell phenotype in ICF patients [33, 53]; 
thus, we investigated the percentage of Treg cells in our 
cohort. We observed declined frequency of Tregs in patients 
than healthy controls (p = 0.002) (Fig. 5 A and B). Simi-
lar to other T-helper cell phenotypes, expanded  TH2-like 
Treg cells  (CD4+CD25hiCD127loCXCR3−CCR6−) were 
observed in the patients, indicating their  TH2-cell-like 
reprogramming. In contrast,  TH17-like Treg cells 
 (CD4+CD25hiCD127loCXCR3−CCR6+) decreased com-
pared to healthy controls (p = 0.009 and p = 0.006, respec-
tively) (Fig. 5 C and D). Since the frequency of Treg cells 
was diminished, we wondered whether the patients also dem-
onstrated reduced  cTFR cells. The results showed that the 
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percentages of the  cTFR cell population were lower in patients 
than in healthy controls (p < 0.0001) (Fig. 5 E and F).

Other Observed Complications in ICF Patients

P10 and P12 had a pubertal delay, and P10 showed renal 
insufficiency due to vesicoureteral reflux. P1 experienced 
bone fracture due to osteoporosis. At 8  years, P2 was 
diagnosed with perforated acute suppurative appendicitis 
(Table 1).

Treatment and Outcome of ICF Patients

All patients had received intravenous immunoglobulin 
replacement therapy (IgRT) and antibacterial prophy-
laxis. All patients received trimethoprim–sulfamethoxa-
zole and fluconazole prophylaxis except P12. IgRT and 

antimicrobial prophylaxis greatly decreased the incidence 
of systemic infections, except for two patients with recur-
rent pneumonia who developed bronchiectasis as a com-
plication (P1, P11). Hematopoietic stem cell transplanta-
tion (HSCT) was not performed in our patients.

Two treated patients (P1 and P2) died during the follow-
up (OS 83.3%). The common feature of these patients was 
the development of liver cirrhosis. P1 died due to pneumonia 
at the age of 22 years, and P2 died due to esophageal variceal 
bleeding at the age of 13 years (Table 1). The increased 
infection rate (n = 12) was the most common feature of the 
disease. It was frequently combined with GIS manifestations 
(n = 7) and rarely with autoimmunity (n = 2). Notably, both 
these features were more prevalent in the deceased patients, 
as illustrated in Fig. 1E. However, in our cohort, GIS and 
lung involvements and autoimmunity did not significantly 
impact the probability of survival (Fig. S2A-D).

Fig. 2  Immunological features of ICF patients. A Serum Ig G, M, 
and A levels of patients. The proportion of levels is presented as 
decreased or normal. B The bar graphs show the lymphocyte subsets 
of the ICF patients. According to the healthy age-matched reference 
values for the indicated parameters, the proportion of cells is shown 
as increased, decreased, or normal. Red bars with dots represent 
increased cell numbers or percentages, yellow bars with dots repre-
sent decreased cell numbers or percentages, and white bars with dots 
represent normal cell numbers or percentages for patients (CM  CD4+ 
T cells: central memory  CD4+ T cells, EM  CD4+ T cells: effector 
memory  CD4+ T cells; TEMRA  CD4+ T cells: terminally differ-
entiated effector memory  CD4+ T cells, CM  CD8+ T cells: central 
memory  CD8+ T cells, EM  CD8+ T cells: effector memory  CD8+ 

T cells; TEMRA  CD8+ T cells: terminally differentiated effector 
memory  CD8+ T cells; RTE cells: recent thymic emigrant cells; DNT 
cells: double negative T cells; CS B cells: class-switched B cells; NK 
cells: natural killer cells). C Representative flow cytometric analysis 
of percentages of CD25 and proliferation in  CD4+ and  CD8+ T cells 
of the patient and healthy control with unstimulated and stimulated 
condition (anti-CD3/CD28 and PHA). D The percentage of CD25 
upregulation and proliferation in  CD4+ and  CD8+ T cells of patients 
(n = 8) and healthy controls (n = 8) with unstimulated and stimulated 
conditions (anti-CD3/CD28 and PHA). Pt, patients; HC, healthy con-
trols; US, unstimulated; PHA, phytohemagglutinin, αCD3/CD28: 
anti-CD3/CD28. **p < 0.01, ***p < 0.001, ****p < 0.0001, two-way 
ANOVA with Sidak’s multiple comparisons test
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Discussion

We described the genetic, clinical, and immunological fea-
tures and outcomes of 12 patients with ICF syndrome. We 
detected expanded  cTFH cells and reduced Treg and  TFR cells 
with a skewing to a  TH2-like phenotype in all tested sub-
populations that could be crucial to further understanding 
the immunological changes in this syndrome. We identi-
fied two previously unknown mutations of ZBTB24, all of 
which were predicted to decrease the DNA binding activity 
of the protein. As previously reported, all mutations found 
in DNMT3B were mainly detected in the catalytic methyl-
transferase domain [19, 45, 46, 54]. The location of these 
mutations in the DNMT3B protein has been shown to reduce 
enzyme dimerization, DNA binding affinity, and the meth-
yltransferase activity of the enzyme [55, 56].

Several clinical features are different between ICF1 and 
ICF2 patients. The ICF1 patients have tended to be diag-
nosed earlier than the ICF2 patients, probably due to the 
higher incidence of infections associated with and more 
severe hypogammaglobulinemia [19, 23]. In our study, we 
also detected earlier ages of symptom onset and diagnosis 
in ICF1 compared to ICF2 patients. A recent study reported 
that ICF2 patients presented with more severe mental retar-
dation than ICF1 patients [19]. This feature can be asso-
ciated with the role of ZBTB transcription factors in the 

differentiation of the hippocampal neurons, which play a 
crucial role in cognition and memory formation over time 
[57, 58]. Another study demonstrated that 70% of ICF1 
patients had normal intelligence [23]. Our study revealed 
mental retardation in 20% of ICF1 and 100% of ICF2 
patients.

The most commonly reported infectious manifestations 
of ICF are respiratory tract infections due to insufficient 
antibody responses [19]. Recurrent infections most often 
occur in the first year of life, usually characterized as the 
first manifestation of the disease. On the other hand, some 
patients have T-cell defects that may justify opportunistic 
infections such as candidiasis, Pneumocystis pneumonia, 
and progressive multifocal leukoencephalopathy [20, 59]. 
Overall, sepsis and fungal infections were reported more 
frequently in ICF1 compared to ICF2 patients [19]. EBV or 
CMV viremia and infections seem relatively common [59, 
60]. In our cohort, two patients of ICF1 and one of ICF2 
patients had CMV pneumonia and viremia, respectively. At 
the same time, there were no patients with detected EBV 
infection.

When comparing our cohort with other large cohorts, 
we found that recurrent upper and lower respiratory tract 
infections were the most common clinical phenotype 
among the patients [19, 23]. We also noticed GIS find-
ings more frequently, and severe involvement was linked 

Fig. 3  Correlations between lymphocyte subsets and GIS involve-
ments. Reversal correlation analysis of A  CD3+ T-cell counts, B 
 CD3+CD4+ T-cell counts, C  CD16+CD56+ NK-cell counts, and D 

 CD4+/CD8+ T-cell ratios with the cumulative number of GIS involve-
ments. E A positive correlation between current age and cumulative 
number of GIS involvements. Pearson’s correlation test 
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to dysregulated immune responses. Evaluating the B-cell 
populations displayed hypogammaglobulinemia and low 
class-switched B cells, akin to other large cohorts, and all 
of our patients were receiving IgRT [20, 59]. The mortal-
ity rates without transplantation in our and Japanese [59] 
cohorts were 16% and 27%, respectively. Certainly, the 
only curative option for the immunodeficiency associated 
with ICF can be provided with HSCT, which has been 
reported in a few cases of ICF1 and one case of ICF2 with 
NK dysfunction and EBV-driven malignancy [20, 61–64]. 
Two of the 12 transplanted patients died due to RSV infec-
tion, severe autoimmunity, and pancytopenia [20, 23]. 
Other reported patients apparently had enough immune 
recovery following either myeloablative or reduced-
intensity conditioning, while data regarding suitable regi-
mens and long-term follow-up after post-HSCT is scarce. 
Since the prognosis is unfavorable in patients with severe 

infections, failure to thrive, malignancy, and evidence of 
T-cell dysfunction, HSCT can be considered a prompt and 
viable option to restore the immune system before more 
clinical deterioration.

In our cohort, we detected higher serum IgG levels in 
ICF2 patients than in ICF1 patients. Serum IgM levels were 
reported to be low to normal in patients with both ICF1 
and ICF2 [3]. A recent study has shown that three patients 
with ICF1 were found to have high levels of serum IgM 
[59]. We have detected decreased serum IgM levels in all 
our ICF1 and ICF2 patients. IgA levels were usually dimin-
ished in patients with ICF syndrome (ICF1 and ICF2) [3, 
20, 65]. Similarly, we detected low serum IgA levels in 9 of 
12 patients (75%).

T-cell reduction has been reported in ICF patients, 
particularly with disease progression [25, 59, 66]. 
This can be attributed to a decline in the proliferation 

Fig. 4  Expansion of  cTFH cells and skewed  TH2-like response in 
ICF patients. A Representative plots of  cTFH cells of the patient and 
healthy control. B The percentages of the  cTFH cells of the patients 
and healthy controls. C Representative histogram of PD-1 expres-
sion in  cTFH cells. D Mean fluorescence intensity of PD-1 in patients 
and healthy controls. E Representative plots of subtypes of the  cTFH 
cells. F The percentages of subtypes of the  cTFH cells compared with 

healthy controls. G Representative plots of subtypes of the non-cTFH 
memory T cells. H The percentages of subtypes of the non-cTFH 
memory T cells compared with healthy controls. Pt, patients; HC, 
healthy controls; MFI, mean fluorescence intensity;  cTFH, circulating 
T follicular helper cell; PD-1, programmed cell death protein 1. ns, 
non-significant, *p < 0.05, Student unpaired t-test
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capacity caused by the hypomethylation of subtelomeric 
regions [67]. This, in turn, results in impaired prolif-
eration induced by PHA or IL-2 [3] and an increased 
apoptosis rate following activation [68]. As stated, in 
our ICF patients, we also detected decreases in T cells 
with age and reduced lymphocyte proliferation, particu-
larly in  CD8+ T cells. Previously, Von Bernuth et al. 
[28] reported one ICF2 patient who suffered from auto-
immune manifestations and cirrhosis with decreased 
 CD4+ T cells, resembling combined immune deficiency. 
Further, Sterling et al. [23] defined autoimmune hep-
atitis in ICF due to a T-cell mediated disorder in the 
absence of autoantibodies, characterized by expansion 
of  CD8+CD45RA−CCR7− effector memory T cells in 
the peripheral blood. Akin to this T-cell predominance 
in ICF, studies with partial DiGeorge syndrome or com-
mon variable immune deficiency also demonstrated 
diminished levels of naive  CD4+CD45RA+ T with an 
expansion in the memory pool over time, delineating the 
T-cell mediated pathology [69, 70]. Increased apopto-
sis with skewed memory phenotype and decreased Treg 
functions due to the methylation defects can explain the 
T cell-mediated autoimmunity and organ infiltrations in 
ICF syndrome [24, 31, 33, 53]. In this line, we found 
a reduction of Treg and  cTFR cells, concomitant with 
heightened  cTFH responses. These immune deviations 
were also described more obviously in other IEI disor-
ders, especially in Tregopathies like LRBA deficiency 

and CTLA4 insufficiency [39, 71, 72]. Interestingly, a 
skewed  TH2 response was observed in these cell popula-
tions without noticeable high IgE levels, supporting the 
defective class-switched mechanism in ICF syndrome. 
It is well known that the configuration of DNA meth-
ylation, leading to various chromatin accessibility, can 
regulate the threshold of cytokine production in differ-
entiated  CD4+ T cells [34, 73]. Thus, our results reveal 
new findings characterized by dysregulated regulatory 
and effector T-cell responses that can contribute to clini-
cal phenotypes of ICF.

Furthermore, in our study, GIS involvement was 
observed in seven patients, and the cumulative number 
of GIS involvements negatively correlated with  CD3+ 
T-,  CD3+CD4+ T-,  CD16+CD56+ NK-cell counts, and 
 CD4+/CD8+ T-cell ratios. In contrast, it was correlated 
positively with the age of patients. Therefore, close and 
regular immunological monitorizations are required 
to detect and avoid end-organ damage, predominantly 
observed with age.

The absence of  CD19+CD27+ memory B cells was also 
identified in our patients, which can be associated with the 
impaired methylation process required for full B-cell activa-
tion and differentiation [13, 74–76]. The ZBTB24 protein is 
highly expressed in the B-cell pool, and defective memory 
B-cell formation can be attributed to insufficient ZBTB24 
function [12]. On the other hand, normal and low T-cell 
receptor excision circle results were reported in ICF patients 

Fig. 5  Decreased Treg and  cTFR cells with expanded  TH2-like 
response in ICF patients. A Representative plots of Treg cells of the 
patient and healthy control. B The percentages of the Treg cells of 
the patients and healthy controls. C Representative plots of subtypes 
of Treg cells. D The percentages of subtypes of the Treg cells in the 

patients compared with healthy controls. E Representative plots of 
 cTFR cells. F The percentages of the  cTFR cells of the patients and 
healthy controls. Pt, patients; HC, healthy controls; Treg, regulatory 
T cells;  cTFR, circulating T follicular regulatory cell. ns, non-signifi-
cant; **p < 0.01, ****p < 0.0001, Student unpaired t-test
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[25, 59, 77]. We observed decreased RTE in four patients 
with ICF1 and one with ICF2, confirming the imperfect 
maturation of T cells in the thymus.

In conclusion, our study underscores that ICF syndrome 
exhibits a broader clinical spectrum, encompassing multi-
ple organ involvements such as liver cirrhosis and chronic 
lung disease. Reduced  CD3+ and  CD3+CD4+ T-cell counts, 
accompanied by inverted  CD4+/CD8+ T-cell ratios and 
decreased  CD16+CD56+ NK-cell counts, may indicate 
potential associations with end-organ complications. Dys-
regulated T-cell responses, including increased  cTFH and 
decreased Treg cells, expand our knowledge regarding the 
abnormal immune changes in ICF syndrome. Further studies 
are warranted to clarify these findings.
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