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Abstract
Purpose Immunodeficiency, centromeric instability, and fa-
cial anomalies (ICF) syndrome is an extremely rare autosomal
recessive disease. The immune phenotype is characterized by
hypogammaglobulinemia in the presence of B cells. T cell
lymphopenia also develops in some patients. We sought to
further investigate the immune defect in an ICF patient with
a novel missense mutation in DNMT3B and a severe
phenotype.
Methods Patient lymphocytes were examined for subset
counts, immunoglobulin levels, T and B cell de novo produc-
tion (via excision circles) and receptor repertoire diversity.
Mutated DNMT3B protein structure was modeled to assess
the effect of a mutation located outside of the catalytic region
on protein function.
Results A novel homozygous missense mutation, Ala585Thr,
was found in DNMT3B. The patient had decreased B cell
counts with hypogammaglobulinemia, and normal T cell
counts. CD4+ T cells decreased over time, leading to an

inversion of the CD4+ to CD8+ ratio. Excision circle copy
numbers were normal, signifying normal de novo lymphocyte
production, but the ratio between naïve and total B cells was
low, indicating decreased in vivo B cell replication. T and B
cell receptor repertoires displayed normal diversity.
Computerized modeling of the mutated Ala585 residue sug-
gested reduced thermostability, possibly affecting the enzyme
kinetics.
Conclusions Our results highlight the existence of a T cell
defect that develops over time in ICF patient, in addition to
the known B cell dysfunction.With intravenous immunoglob-
ulin (IVIG) treatment ameliorating the B cell defect, the extent
of CD4+ lymphopenia may determine the severity of ICF
immunodeficiency.
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Introduction

The immunodeficiency, centromeric instability, and facial
anomalies (ICF) syndrome is an extremely rare autosomal
recessive disease [1], with only several dozen patients diag-
nosed worldwide to date [2]. The majority of ICF patients
display mutations in one of two genes, the DNA methyltrans-
ferase 3B gene (DNMT3B), termed ICF-1, and the Zinc finger
and BTB (bric-a-bric, tramtrack, broad complex)-domain-
containing 24 (ZBTB24) gene [3, 4], termed ICF-2.
Additional complicit genes were recently discovered [5], and
the genetic etiology in some patients remains unknown
(termed ICF-X). Mutations in DNMT3B, an enzyme respon-
sible for de novo methylation, result in reduced methylation
across the genome, primarily in transcriptionally inactive re-
gions [6], such as the centromere-adjacent heterochromatic
regions of chromosomes 1, 16, and 9. Hypomethylation leads
to increased DNA rearrangements, which in turn lead to
breaks, whole-arm deletions, and branching of this region,
the cytogenetic hallmark of ICF [7, 8].

The facial anomalies seen in ICF patients are typically mild
and often consist of hypertelorism, flat nasal bridge,
epicanthal folds, and low set ears [9]. Congenital defects such
as cleft palate and syndactyly are present in a minority of
patients, however, with increased prevalence compared with
the general population. Growth and developmental delay and
mild to moderate mental retardation have also been reported.

Immunodeficiency, characterized primarily by low or ab-
sent immunoglobulins in the presence of B cells, is almost
universal in ICF patients, and recurrent infection is often the
presenting symptom [2, 9]. T cell counts and function, normal
at birth, decline in some patients over time [10]. Despite being
the leading cause of death in ICF patients, the extent and the
underlying mechanisms of this immunodeficiency remain
poorly understood.

Here, we present a female patient with ICF syndrome
caused by a novel mutation in DNMT3B. Using advanced
molecular and genomic assays, we attempt to better character-
ize the immunologic phenotype of ICF-1 within the context of
the current literature. In addition, we highlight new insights
into DNMT3B structure-function relationship. As it has in
other extremely rare diseases, it is our hope that incremental
advances in the understanding of ICF pathogenesis will add
up to a quicker diagnosis and better, more informed
management.

Methods

Clinical Data

Patient record was obtained from the e-record registry of our
hospital. The patient was examined by the authors. Informed

consent was obtained, and all procedures performed were in
accordance with the ethical standards of the institutional and/
or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical
standards.

Lymphocyte Subset Determination

Cell surface markers of peripheral blood mononuclear cells
(PBMCs) were determined by immunofluorescent staining
and flow cytometry (Epics V; Coulter Electronics, Hialeah,
FL) using anti-CD3, anti-CD19, anti-CD16, and anti-CD56
from BD Biosciences and anti-CD4 and anti-CD8 from
Beckman Coulter Immunotech.

Quantification of sjTRECs, sjKRECs, and iRSS-Kde
Rearrangements

Signal joint excision circles are by-products of V(D)J
recombination at the TCR α/β locus (sjTREC) or IGH
locus (sjKREC) and are present only in recent emigrants
from the thymus and bone marrow, respectively. Their
enumeration allows the quantification of naïve T and B cell
production. An intronic rearrangement termed iRSS-Kde is
present in all mature B cells. Thus, B cell replication history
can be deduced by dividing iRSS-Kde (all B cells) by sjKREC
(newly formed B cells). Signal Joint T cell Receptor Excision
Circles (sjTREC) copy numbers were determined using
quantitative real-time PCR (RQ-PCR). PCR reactions were
performed as previously described [11] using as template
0.5 μg genomic DNA (gDNA) extracted from the patients’
PBMCs. RQ-PCR was carried out using an ABI PRISM 7900
Sequence Detector System (Applied Biosystems). A standard
curve was constructed by using serial dilutions containing 103

to 106 copies of a known sjTREC plasmid. Patient and control
samples were tested in triplicate, and the number of sjTRECs
in a given sample was calculated by comparing the obtained
cycle threshold (Ct) value of the sample to the standard
curve using an absolute quantification algorithm. The
amount of sjKRECs and intron Recombination Signal
Sequence Kappa deleting element (iRSS-Kde) rearrange-
ments was determined by RQ-PCR as previously described
[12]. The threshold for Ct determination was positioned at
the same level each time. Amplification of RNAseP
(TaqMan assay, Applied Biosystems) served as a quality
control of DNA amplification for both the sjTREC and the
sjKREC/iRSS-Kde assays.

Cell Surface Analysis of T Cell Receptor Vβ Expression

Surface expression of individual TCR-Vβ families was ana-
lyzed using flow cytometry and a set of 24 Vβ-specific fluo-
rochrome-labeled monoclonal antibodies (Beckman Coulter)
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as described [11]. Normal control values were obtained from
the IOTest Beta Mark-Quick Reference Card (Beckman
Coulter).

B Cell Receptor Repertoire

Complementarity determining region 3 (CDR3) length distri-
bution for a cluster of B cell receptor heavy chain (IGH) Vand
J gene segment pairings was assessed by means of PCR am-
plification according to the standardized BIOMED-2 protocol
[13]. Fluorescence-labeled PCR products (1 μL) were added
to a mixture of 8.5 μL of deionized formamide and 0.5 μL of
GeneScan 500 Rox internal lane standard (Applied
Biosystems) and separated with the 3500 Genetic Analyzer
(Applied Biosystems). Results were analyzed with Gene
Mapper software (Applied Biosystems).

Exome Sequencing Analysis

The BWA mem algorithm (version 0.7.12) [14] was used for
alignment of the sequence reads to the human reference ge-
nome (hg19). The HaplotypeCaller algorithm of GATK ver-
sion 3.4 was applied for variant calling, as recommended in
the best practice pipeline [15]. KGG-seq v.08 [16] was used
for annotation of detected variants, and in house scripts were
applied for further filtering.

Structural Bioinformatics

The DNMT3B protein model was obtained using ModWeb
[17] server which applies the modeler homology modeling
program. The DNMT3B protein structure served as a template
in this procedure.

SCCOMP [18] was used for side chain modeling over a
fixed backbone. This program uses contact surface areas as
the core of its scoring function. Structural alignment was done
using the TriangleMatch structural alignment program [19].
Jmol (www.jmol.org) was used for 3D visualization and
graphics.

Thermostability predictions, based on the structural data,
were performed using Duet [20], MCSM [21], SDM [22],
Maestro [23], and i-mutant2 [24].

Results

Clinical Description

The proband is the first born child of consanguineous parents
(first cousins, Fig. 1a) of Palestinian descent. She was born
small for gestational age (2 kg) at term following an uncom-
plicated, but minimally monitored, pregnancy. She was noted
to have mild facial dysmorphism (Fig. 1b), with no limb

malformations. She encountered feeding difficulties immedi-
ately after birth, and over the course of the first year of her life,
she developed severe gastroesophageal reflux disease and in-
tractable diarrhea. Repeated stool exams were negative for
pathogenic bacteria and parasites, as well as Clostridium
Difficile toxin. Proteinuria, present on several urine analyses,
prompted sonographic examination of the kidneys which
demonstrated a bilaterally echogenic cortex with mild left pel-
vis dilatation (data not shown), suggestive of parenchymatic
renal disease. The patient suffered from severe, intractable
failure to thrive (4 kg at 2 years old), and after multiple dietary
adjustments yielded minimal weight gain, was placed on total
parenteral nutrition (TPN). She continued to show minimal
weight gain, and at times even weight loss, on TPN.

The patient suffered from recurrent respiratory infections
and was hospitalized several times for pneumonia, treated
with antibiotics. Hypogammaglobulinemia of all gamma
globulin isotypes was detected, and she began treatment with
monthly IVIG infusions. An extensive immunological work-
up was performed, the results of which are detailed below.

At the age of one and a half years old, the patient developed
sepsis with septic shock. Blood cultures revealed
polymicrobia, including Klebsiella pneumoniae, Escherichia
coli, and Enterobacter. She was treated with antibiotics with
resolution of the infection and normalization of blood pres-
sures. Additional, possibly iatrogenic infections, with
Staphylococcus epidermidis and Candida parapsilosis, were
successfully treated with antibiotics and antifungals.
However, following the septic episode, she began exhibiting
a neurologic decline and hand tremor at rest. Brain MRI
showed expansion of cisterns and ventricles with signs of
atrophy (data not shown), as well as multiple hypointensity
foci in the left cerebellum and left frontal lobe. EEG demon-
strated encephalopathy without epileptic activity (data not
shown). Several months following her release from our hos-
pital, she had passed away at home.

Immunological Assessment

Phenotypic analysis of the patient’s lymphocytes revealed de-
creased B cell counts with normal to mildly elevated T cell
subsets and normal counts of NK cells (Table 1). Serum im-
munoglobulins were consistently absent or, when taken for
trough values during IVIG treatment, extremely decreased
(Table 2). Serum albumin levels were consistently normal,
indicating the hypogammaglobulinemia was unrelated to gas-
trointestinal loss from diarrhea or renal loss from the patient’s
kidney disease. CD4 to CD8 ratio, normally between 0.9 and
1.9 and known to be reversed on occasion in ICF patients, was
normal at 1.7 years of age (1.18), but reversed at 2.4 years of
age (0.46) (Table 1). The patient’s de novo lymphopoiesis
capability, as measured by sjTREC and sjKREC copy num-
bers, was normal (Table 3). iRSS-Kde/sjKREC in the patient
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reported here suggested a limited B cell replication history,
despite a very significant infectious history (Table 3). In order
to assess diversity of the T cell receptor repertoire, surface
membrane expression of 24 different TCR Vβ (TRBV) fam-
ilies was analyzed by flow cytometry compared to healthy
controls. All 24 Vβ families were expressed on patient’s T
cells, with four Vβ families mildly under-expressed compared
with healthy controls (Fig. 2a). Overall, the patient exhibited a

normal T cell receptor repertoire. B cell receptor diversity was
characterized bymeasuring the CDR3 length distribution for a
cluster of IGH V and J gene segment pairings. The patient’s
CDR3 length distribution exhibited a normal, Gaussian-like
distribution, similar to that of a healthy control (Fig. 2b).

Genetic Evaluation

In order to identify the genetic cause of the clinical manifes-
tations of our patient, whole exome sequencing (WES) was
performed. Due to parental consanguinity, autosomal reces-
sive analysis was performed and yielded 4293 homozygous
variants which affect protein sequences. This list of variants
was subsequently reduced to 105 (Table S1, Supplementary
Appendix) rare variants, by filtering out variants present in
≥0.01 of our in-house exomes (n = 250) and variants present
with a minor allele frequency (MAF) ≥ 0.01 in either the 1000
Genomes Project (1KG; http://browser.1000genomes.
org/index.html) or dbSNP 135 database or the NHLBI
Exome Sequencing Project (ESP) (http://evs.gs.washington.
edu/EVS/).

This list of variants included a novel missense mutation in
exon 16 of the DNA methyltransferase 3B (DNMT3B) gene
(c.1753G >A; p. Ala585Thr, GCG to ACG) (NM_006892)
(Table S1 marked in red). Mutations in DNMT3B are known
to cause ICF type 1, a syndrome whose clinical manifesta-
tions, in particular the immunological phenotype, are similar
to those found in our patient. The mutation was validated in
the patient’s family by Dideoxy Sanger sequencing (Fig. 3a),

Table 1 Lymphocyte counts and subsets

Lymphocytes, % Patient HDa

1.7 years old 2.4 years old

Total 41.6 43.0

CD3+ 87 83 65 (53–75)

CD3+CD4+ 45 25 41 (32–51)

CD3+CD8+ 38 54 20 (14–30)

CD20+ 7 3 25 (16–35)

CD3−CD56+ 7 28 7 (03–15)

Lymphocytes, no. × 108/L

Total 4.52 4.12 5.5 (3.6–8.9)

CD3+ 3.93 3.42 3.55 (2.1–6.2)

CD3+CD4+ 2.03 1.03 2.16 (1.3–3.4)

CD3+CD8+ 1.71 2.22 1.04 (0.62–2.0)

CD20+ 0.317 0.124 1.3 (0.72–2.6)

CD4+/CD8+ 1.18 0.46 0.9–1.9

a Healthy donors, ages 1–2 years, with percentages/counts presented as
median (10th and 90th percentiles) [39]

a

P1

M

S1

F

b

Fig. 1 Genetics and clinical
phenotype of DNMT3B mutated
patient. a Family pedigree of the
affected family. Slashed solid
symbol indicates the deceased
affected patient P1, and open
symbol unaffected sister S1.
Square indicates male subject
(Father), and circles female
subjects. b Patient mild facial
dysmorphism: Hypertelorism,
epicanthal folds, low and
posteriorly rotated ears, and
micrognathia
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segregated with the disease and occurred in an evolutionary
highly conserved position in vertebrate species (Fig. 3b).

Mutated Protein Structure

Pathogenic mutations in the DNMT3B catalytic domain have
been previously reported [25, 26]. Most of these mutations are
located in the methyltransferase domain in the c-terminal part
of the protein (Fig 4a). The mutations can be divided into
mutations which affect interaction with the methyl donor, af-
fect interaction with DNMT3L, a required partner for the en-
zymatic activity, affect interaction with the DNA, or affect
protein stability [26]. Currently, there is no resolved structure
of DNMT3B protein product (DNMT3B_HUMAN). The
most reliable structural information is based on structures of
DNMT3A_HUMAN which were recently published [27].
Human DNMT3B and DNMT3A share about 70 % identity
in the methyltransferase domain. We modeled the DNMT3B
catalytic domain based on the DNMT3A domain using
ModWeb [17]. A general view of the model is shown in
Fig. 4b. Alanine 585, which is the mutated residue in our
patient, is not located in a very close proximity to the DNA
or to the area directly involved in catalysis. It is located close
to the cofactor (methyl donor) binding site but does not create
direct contact with it. The side chain is facing the opposite
direction of the cofactor. The catalytic domain in general and
the Ala585 region are structurally highly conserved through-
out evolution. Figure 4c shows structural alignment between
the human DNMT3Bmethyltransferase domain and its equiv-
alent from Haemophilus haemolyticus, a gram negative bac-
teria [28]. Despite low sequence identity of about 18 %, the
structures are well aligned with a root mean square deviation
of 1.5 Å. The cofactors, present in both structures, are perfect-
ly superimposed. The residue in equivalent position to
DNMT3B 585 in the bacteria protein is Glycine, which is

even smaller than the Alanine found in the human protein. A
mutation in Ala585 has been previously reported (Ala585Val)
in an ICF patient [29] and even though Val and Thr have
different physicochemical properties, both have similar size,
significantly larger than the wild type Alanine. We modeled
our mutation while rearranging the side chain conformations
in the vicinity, using the SCCOMP side chain modeling pro-
gram [18]. Even in the most optimized combination of side
chain conformations, there is still clashing between the side
chain of the mutated Thr585 and spatially adjacent residues—
Gly614 and Ile622 (Fig. 4d). SCCOMP, like other side chain
modeling programs, cannot predict backbone changes, but the
clashing suggests that backbone rearrangements must take
place. Such rearrangements are very likely to affect the con-
formation of the nearby cofactor binding site. We also exam-
ined the changes in thermostability due to the Ala585Thr mu-
tation (Table S2, Supplementary Appendix). Most of the tools
indeed suggest modest reduced thermostability for this
variant.

Discussion

Here, we present a girl with immunodeficiency, centromeric
instability, and facial anomalies syndrome type 1 (ICF-1),
caused by a novel mutation in the DNMT3B gene. As this is
an extremely rare syndrome, with only several dozen diag-
nosed patients on record to date, we sought to review the
literature and draw new insights into the clinical presentation,
immunological phenotype, and protein structure-function re-
lationship in ICF.

The clinical manifestations of the syndrome in our patient
were prototypical of ICF. Her mild facial dysmorphism, which
consisted of hypertelorism, micrognathia, epicanthal folds,
and low and posteriorly rotated ears, is consistent with previ-
ous reports [30]. Recurrent infections of both viral and bacte-
rial etiologies were accentuated in our patient by the drastic
failure to thrive (FTT) to which they contributed. FTTstrongly
correlates with poor prognosis in ICF patients [2, 9], as it did
in oursas it did in ours, and was likely the result of the in-
creased metabolic demands of recurrent infection, chronic di-
arrhea, and feeding difficulties. Chronic diarrhea, of both in-
fectious and non-infectious etiologies, is present in many ICF
patients [9]. No viral or parasitic etiology was found in our
patient. The patient had feeding difficulties as a neonate,

Table 2 Serum immunoglobulin
levels Isotype (mg/dl) 1.5 years old 1.7 years old 2.9 years old Reference values

IgGa 199 153 15.1 470–1230

IgA Undetectable Undetectable Undetectable 21–145

IgM Undetectable 17.5 Undetectable 56–208

a Trough values during IVIG treatment

Table 3 T and B cell
receptor excision circle
copy numbers

Patient HDa

sjTREC 1684 1065

sjKREC 486 447

iRSS-Kde 1027 2083

iRSS-Kde/sjKREC 2.11 4.65

a Thirty-five healthy pediatric donors,
median
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possibly mechanical due to her micrognathia. Though difficult
to assess, neurological development in our patient appeared to

be age appropriate prior to developing cortical atrophy follow-
ing a septic episode, which manifested clinically in acute

Fig. 2 T and B cell receptor
repertoire analyses. a Flow
cytometry analysis of surface
membrane expression of 24 T cell
receptor β variable segments in
our ICF-1 patient compared to
average expression on healthy
controls. Error bars indicate
standard deviation (SD) across
controls. b Polyclonal (gaussian)
distribution of CDR3 length at the
immunoglobulin heavy chain
(IGH) locus across patient and
control B cell populations

a

b
c.1753G>A; p. Ala585Thr

carrier

WT

patient

DNMT3B EXON 16

H.Sapiens 546   LQAFFTSDTGLEY--EAPKLYPAIPAARRRPIRVLSLFDGIATGYLVLKE   593
P.Troglodytes 546   LQAFFTSDTGLEY--EAPKLYPAIPAARRRPIRVLSLFDGIATGYLVLKE   593
M.Mulatta 516   LQAFFTSDTGLEY--EAPKLYPAIPAARRRPIRVLSLFDGIATGYLVLKE   563
C.Lupus 536   LQAFFTSDMGLEY--EAPKLYPAIPAARRRPIRVLSLFDGIATGYLVLKE   583
B.Taurus 630   LQAFFTSDPGLEY--EAPKLYPAIPANRRRPIRVLSLFDGIATGYLVLKE   677
M.Musculus 551   LQDFFTTDPDLEEFQEPPKLYPAIPAAKRRPIRVLSLFDGIATGYLVLKE   600
R.Norvegicus 551   LQDFFTTDPDLEEF-EPPKLYPAIPAAKRRPIRVLSLFDGIATGYLVLKD   599
G.Gallus 540   LQDFFTSDKGQEY--DAPKIYPAVPPAKRRPIRVLSLFDGIATGYLVLKD   587
D.Rerio 509   LQEFFVNDSGQEF--ESPKIYPAVPAEQRRPIRVLSLFDGIATGYLVLRD   556

A585T

Fig. 3 Mutation validation and
conservation. a Chromatograms
of the different DNMT3B
genotypes detected in the studied
pedigree. Arrows indicate the
position of the mutation
(c.1753G >A). b Alignment
analysis of vertebrate DNMT3B
proteins using the NCBI
HomoloGene tool was
performed. The mutated residue
(A535 in human) is boxed. The
aligned vertebrate orthologues
from top to bottom are human,
chimpanzee, gorilla, rhesus
macaque, wolf, bovine, mouse,
rat, chicken, and zebrafish
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neurologic decline and hand tremor at rest. Cortical atrophy
had been reported in several ICF patients [9, 10], albeit with-
out a specified infectious trigger, and may warrant a lower
threshold for brain imaging in the event of suspected neuro-
logic decline in these patients. Proteinuria and sonographic
findings consistent with parenchymatic renal disease found
in our patient are not commonly found in ICF patients.

The immunological hallmark of ICF is hypo- or agamma-
globulinemia in the presence of B cells which display an im-
mature phenotype with paucity of class switched, memory and
plasma cells, accounting for the lack of antibody production
[31–33]. Accordingly, our patient had consistently low to ab-
sent immunoglobulin levels, with decreased B cell counts.
The immunologic defect, however, appears to go beyond
hypogammaglobulinemia, as IVIG treatment, while certainly
beneficial [33], fails to completely ameliorate the disease, and
many ICF patients, ours amongst them, still succumb to

infection [10]. This would suggest that an additional, un-
known, element of immunodeficiency contributes to ICF pa-
tients’ susceptibility to infections. In support of this claim,
successful hematopoietic stem cell transplant, unlike IVIG
treatment, results in full immunocompetence [10, 33].

A review of the current literature suggests that a subtle T
cell defect develops over time in ICF patients who survive
past their early infancy [10]. T cell counts, normal at birth,
decline in some patients during the second decade of life,
along with neutrophil and thrombocyte counts [10]. It has
been hypothesized that the cause of T cell decline is decreased
proliferation capacity due to hypomethylation of subtelomeric
regions [34], a hypothesis supported both by a decreased
in vitro response to mitogen-induced proliferation with phy-
tohemagglutinin (PHA) or IL2 [10], and an increased rate of
apoptosis following activation, particularly in CD4+ cells [35].
Mice with homozygous missense mutations in the catalytic

Fig. 4 Structure view of DNMT3B Ala585Thr variant. a Schematic
view of the protein domain and distribution of known ICF pathogenic
variants. Position 585 is shown in red. Most of the mutations occur in the
methyltransferase domain and in the C-terminal part of the protein. b
Structural view of the DNMT3B model. The DNA is shown in gold.
Note the methylated base which flipped toward the enzyme. The
S-Adenosyl Homocysteine (SAH) methyl donor is shown in blue and
Cys 651 which is known to be the catalytic nucleophile of the reaction
is shown in purple. Ala585 is shown in red. c Structural alignment of the
catalytic domains of human DNMT3A and Haemophilus haemolyticus
methyltransferase demonstrates high structural conservation throughout

evolution, despite the low sequence similarity. The binding configura-
tions of the methyl donor are highly similar. The human methyltransfer-
ase appears in pink and the bacteria protein in light blue. The SAH appear
in red and blue in the two structures respectively in stick representation.
Ala585 and its equivalent Gly22 in the bacteria protein appear in spacefill
representation. d After modeling, the side chain conformation of the
mutated Threonine, steric clashes exist between the Thr side chain and
two other residues: Gly614 and Ile622 in the most energetically favorable
conformation, suggesting that backbone changes, which are not
accounted for by our modeling procedure, must take place in the area
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domain of DNMT3B likewise display normal T cells counts
(and thymocyte counts) at birth, but an increased rate of apo-
ptosis leads to rapidly developing Tcell lymphopenia [36]. An
inversion of the ratio between CD4+ and CD8+ Tcells has also
been reported in older ICF patients and was present even in
our patient, who died at the early age of 3 years old. It is
possible that this inversion, or simply a decline in CD4+, could
be prognostic of deterioration in immunological competence,
as it renders patients more susceptible to opportunistic
infections.

In an attempt to locate additional insults to the adaptive
immune system in ICF patients, we examined immunoglobu-
lin and T cell receptor assembly and repertoire diversity.
Normal receptor assembly via V(D)J recombination was in-
ferred by Ehrlich et al., who detected IgM and/or IgD on a
high percentage of B cells [32] and deduced that recombina-
tion, a process upstream to side chain expression, must have
occurred. We sought to demonstrate V(D)J recombination
more directly and quantify it. T and B cell excision circles,
episomal byproducts of successful V(D)J recombination, were
found in standard levels, indicating normal de novo produc-
tion of naïve, rearranged B and T cell in our patient. When a
lymphocyte replicates following activation, its episomal exci-
sion circle does not replicate, and the proportion of excision
circle containing lymphocytes is diluted. The ratio between B
cells carrying an excision circle and total B cells can thus
provide an estimate for in vivo replication history. The pa-
tient’s total to new B cell ratio was low compared with that
of healthy controls, in particular given the patient’s extensive
infectious history. This is consistent with recently reported
reduced in vitro proliferative capacity in B cells in ICF pa-
tients [33]. Similar to the reduced proliferation capacity de-
scribed in T cells, this phenomenon in B cells may likewise
result from subtelomeric hypomethylation. Receptor diversity,
as estimated by differential usage of variable (V) gene seg-
ments for T cell receptor and CDR3 region length distribution
for immunoglobulins, was normal in our patient.

Taken together, these data rule out defects in B cell produc-
tion and receptor repertoire diversification as causes of B cell
dysfunction in ICF, suggesting a combination of increased B
cell apoptosis and a maturation block prior to class switching
[31] are at fault. Regarding the presumed T cell defect, these
data help narrow the focus to T cell response, in terms of
proliferation and killing capacity, rather than recognition of
antigens. This is implied by our finding that the TCR reper-
toire was intact in our patient.

Based on the bioinformatics analysis of the mutated
DNMT3B protein structure (Fig. 4) in our patient, we suggest
that structural constraints preclude mutations to large amino
acids in the mutated Ala585 position, located on the boundary
of helix and loop, which actively participate in the cofactor
binding. It is likely that only Alanine (in humans and other
vertebrates) and Glycine (as in theHaemophilus haemolyticus

orthologue) are allowed in this position due to their small size.
Several other pathogenic mutations have already been report-
ed in the vicinity of Ala585 residue, around the methyl donor
binding site, most of them indeed change side chain size.
These include positions 603 [37], 606, and 613 [38]. The
accumulation of mutations in this conserved region, and its
high degree of structural similarity throughout evolution, both
suggest that the region is highly structurally optimized for
cofactor binding and catalytic efficiency.

In conclusion, our results highlight the fact that ICF immu-
nodeficiency extends past hypogammaglobulinemia and may
be better characterized as a combined immunodeficiency.
With IVIG treatment ameliorating the B cell defect, the extent
of CD4+ T cell decline may determine the severity of ICF
immunodeficiency and should factor into patient manage-
ment. ICF patients like ours, with early CD4+ decline, may
benefit from HSCT over prophylactic antibiotics regimens.
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