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DNA ligase IV deficiency is a rare autosomal recessive disorder associated with impaired
DNA repair mechanisms. Most patients with DNA repair defects present with neurologic
deficits, combined immunodeficiency, bone marrow failure, and/or hematologic
neoplasia. We present 3 unrelated cases of ligase IV deficiency with different clinical
presentations. Patient 1 presented at the age of 5 with bone marrow failure, dysmorphic
features, and T and B lymphopenia. A compound heterozygous variant L19W/K635fs in
the LIG4 gene was identified. Patient 2 presented at the age of 16 with recurrent
infections. He had agammaglobulinemia and absent B cells. A homozygous R278H in
the LIG4 gene was identified. Patient 3 was referred for vitiligo and B-cell lymphopenia (low
class-switched B cells) and hypogammaglobulinemia. Homozygous R278H in LIG4 was
also identified. In the last few years, the spectrum of clinical manifestations caused by
ligase IV deficiency has widened, making it very difficult to establish an accurate clinical
diagnosis. The use of NGS allows a proper diagnosis and provides a better prognosis and
adequate family counseling.
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INTRODUCTION

Every day, our body cells are exposed to 10–50 DNA double-strand breaks (DNA-dsb) resulting
from intracellular (DNA replication, meiosis) and extracellular events (reactive oxygen species,
drugs, ionizing radiation). In order to prevent DNA damage, several proteins are involved in
recognition and correction of DNA-dsb (1–3).

Two pathways are important to resolve the damage and maintain genome stability following
DNA-dsb: homologous recombination and non-homologous end-joining (NHEJ) (3, 4). The first
one requires an extensive sequence homology between the broken DNA and a donor DNAmolecule
and entails a templated DNA synthesis as a key step in the repair process. In mammalian cells, the
classical repair mechanism is NHEJ, a rapid, high-capacity pathway that joins two DNA ends with
minimal reference to the DNA sequence (5).
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A number of proteins are involved in the NHEJ repair
pathway and are conserved throughout evolution, indicating
their critical role in maintaining genomic stability (4).

DNA repair machinery proteins also have a crucial role in the
adaptative immune system through the generation of T- and B-cell
receptors and immunoglobulins (2). In this process, the variable
(V), diversity (D), and joining (J) elements of the T-cell receptor and
immunoglobulin genes are targeted by recombinase activating gene
(RAG)1 and RAG2 proteins that introduce DNA-dsb. The resulting
DNA ends are recognized and resolved by the proteins of the NHEJ
pathway: DNA ends are stabilized by a Ku70/Ku80 heterodimer,
allowing the recruitment of the DNA-PK catalytic subunit (DNA-
PKcs) and activation of Artemis, which opens the hairpin-sealed
DNA coding ends; finally, the coding ends are ligated by DNA ligase
IV and its cofactors XRCC4 and XLF (6–8).

Defects in a number of these proteins may lead to
mutagenesis and premature cell death by apoptosis (1).
Because the V(D)J recombination process is mandatory for T
and B lymphocyte development, defects in the NHEJ pathway
may lead to the dysfunction of T and B cells, resulting in
combined immunodeficiency (6). Most of these patients share
a syndrome of neurologic deficits, combined immunodeficiency,
bone marrow failure, and/or hematologic neoplasia (2).

DNA ligase IV, encoded in the LIG4 gene, is a component of the
NHEJ pathway essential for the development of a healthy immune
system as well as for the protection of genome integrity (9). The
LIG4 deficiency syndrome is an extremely rare autosomal recessive
disorder associated with impaired DNA-dsb repair mechanisms.
The knockout models of the gene LIG4 resulted in embryological
lethality, suggesting that a nullmutationmight also be nonviable in
human beings (6, 8, 9). This is why known human mutations are
hypomorphic, leading to significant impaired NHEJ but still
maintaining some activity (1, 2).

Since the first description in 1990 (10, 11), LIG4-deficient
patients have classically been described as microcephalic with
facial dysmorphism, developmental delay, growth failure, a
severely compromised immune system, bone marrow failure,
and a predisposition to lymphoid malignancy. However, more
recently, it has been shown that the LIG4 deficiency syndrome
presents with a wide range of phenotypes (1, 2, 9). Clinical
manifestations result from mutagenesis and apoptosis due to a
progressive accumulation of DNA-dsb in fetal neurons and
hematopoietic pluripotent stem cells (1).

Herein, we present 3 unrelated cases of ligase IV deficiency
with varied clinical presentations ranging from characteristic
neurodevelopment and hematologic features to asymptomatic
lymphopenia and depigmented areas of the skin.
CASE REPORTS

Patient 1 (P1) is the third male child of unrelated parents, born in
Angola. Pregnancy was complicated by intrauterine growth
restriction confirmed by an ultrasound scan, and he was born
at 36 weeks of gestation with low birth weight. He had recurrent
wheezing but did not show recurrent infections. At the age of 3,
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he presented thrombocytopenia and mild anemia but
microcephaly without facial dysmorphic features was noted
(Figure 1A). He also presented a partial syndactyly of the toes,
as well as severe growth impairment and neurodevelopment
delay. At the age of 5, he returned to our attention because of
bone marrow failure with transfusion dependence, requiring
regular platelet and blood transfusions (Table 1).

Bone-marrow biopsy and aspiration showed low cellularity and
a left shift. Peripheral blood flow cytometry immunophenotyping
revealed T, B and NK lymphopenia with preserved proliferations
and immunoglobulin levels (Table 1).

The clinical presentation, in particular combined
immunodeficiency and microcephaly, was suggestive of a DNA
repair defect. The analysis of a whole exome sequencing-based
455 gene virtual panel, specifically designed for primary
immunodeficiencies, revealed a compound heterozygosity in
the LIG4 gene (L19W/K635fster). The known pathogenic
K635fster variant was inherited from the mother, who did not
carry the L19W variant. Unfortunately, the father was
unavailable for genetic testing, but the patient’s healthy sister
was heterozygous for the L19W variant, allowing the conclusion
that the L19W was inherited from the father.

The L19Wmutation is unique to this patient: it was never found
in humans, e.g., it is absent frommore than 120,000 subjects in the
gnomAD database and predicted to be pathogenic by all
bioinformatic tools (CADD score 25; Mutation taster-Disease
causing; Polyphen and SIFT-Damaging). Like the previously
described A3V and T9I variants, it falls on the N-terminus of the
protein, where theDNA-binding domain is located, and is expected
to moderately impair the catalytic function of the protein.
Nowadays, the patient is transfusion dependent while waiting for
hematopoietic stem cell transplantation (HSCT).

Patient 2 (P2) is also an African boy who presented recurrent
perianal abscesses and suppurative hidradenitis that required
chirurgical attention, starting at the age of 16.

Five years later, he was admitted for pneumonia with
empyema with positive blood cultures for type b Haemophilus
influenzae. Chronic changes in the lung structure with
bronchiectasis were identified on the CT scan. On physical
examination, he had no microcephaly or dysmorphic features
and had normal physical and mental development. The physical
examination revealed hypopigmented lesions on extremities
(Figures 1B, C). The laboratory workup showed a normal
complete blood count but marked hypogammaglobulinemia
(very reduced levels of serum IgG and undetectable serum
levels of IgA and IgM). Immunological studies revealed absent
B cells, a diminished proportion of naïve CD4+ and CD8+ T cells,
and impaired T-cell proliferation to mitogen stimulation. There was
no clinical or laboratory evidence of autoimmunity (Table 1).

Whole exome sequencing (WES) revealed a homozygous
missense R278H mutation, inherited from his healthy parents.
R278H was previously reported to cause LIG4 deficiency. The
patient was started on subcutaneous immunoglobulin replacement
therapy and has been free of severe infections since then.

Patient 3 (P3) is a 7-year-old boy from African-origin
nonconsanguineous parents that presented depigmented
May 2022 | Volume 13 | Article 869728
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macules and patches with acrofacial and genital distribution
since the age of 6 (Figures 1D, E), as well as persistent
lymphopenia and hypogammaglobulinemia. The lymphocyte
subpopulations further revealed persistent naive T-cell
Frontiers in Immunology | www.frontiersin.org 3
lymphopenia, as well as B-cell lymphopenia with reduced
class-switched memory B cells (Table 1). Moreover, his past
medical history was uneventful. The next-generation sequencing
(NGS) PID 455 gene panel revealed the same homozygous
A B D EC

FIGURE 1 | Clinical features: (A) microcephaly in P1; (B, C) hypopigmented skin lesions in P2; and (D, E) hypopigmented skin lesion in P3.
TABLE 1 | Immunologic study results and clinical features from all 3 patients.

P1 P2 P3 Reference

IgG (g/L) 18.40 3.18 9.74 P1/3: 5.93-17.30; P2: 7-16;
IgA (g/L) 1.94 <0.23 <0.26 P1/3: 0.33-3.60; P2: 0.7-0.4
IgM (g/L) 0.67 <0.17 0.45 P1/3: 0.55-2.1; P2: 0.4-2.3
Lymphocytes (/µl) 750 1,260 1,395 P1/3: 1,237-6,856; P2: 877-4,792
Lymphocyte subsets (/µl)
B cells 36 0 11.8 P1/3: 157-1,637
Pregerminal 14.7 – 9.5 P1/3: 70.4-1,348
Postgerminal 21.3 – 2.3 P1/3: 35-491
Unswitched 5.1 – 0.65 P1/3: 18-333
Switched 14.1 – 1.6 P1/3: 14-199
T cells 626 961 887 P1/3: 852-5,333; P2: 611-3,477
CD4+CD8- 276 501 599 P1/3: 516-3,448; P2: 361-1,900
Naive 102 13.5 43.3 P1/3: 264-2,901; P2: 89-1,484
Central memory 160 413 374 P1/3: 152-802; P2: 121-885
Effector memory 13.1 73.9 170 P1/3: 9-222
Effector TD 0.25 12 P1/3: 0-79.3
CD8+CD4- 284 419 206 P1/3: 188-1,805; P2: 160-1,189
Naive 191 21.3 25.8 P1/3: 94-1,130; P2: 37-986
Central memory 49.5 119 65.3 P1/3: 26-456; P2: 54-427
Effector memory 11.8 2,2 12.6 P1/3: 0-151; P2: 2-515
EffectorTD CD27+d 12 56.9 45.1 P1/3: 0-385; P2: 0-144
EffectorTD CD27- 19.6 219 57.1 P1/3: 1-735; P2: 1-284
T – TCRgd+ 54.9 41.7 73.7 P1/3: 44-748; P2 11-470
T – TCRgd- 9.5 8.7 P1/3: 3-104
NK cells 88.3 299 496 P/31: 106-1,759; P2: 81-1,021
Clinical Features
Genetics (LIG4) L19W/

K635
R278H
R278H

R278H
R278H

Age at initial symptoms (years) 3 16 6
Age at diagnosis (years) 5 21 7
Developmental delay No No No
Recurrent infections No Yes No
Skin involvement No Yes Yes
Microcephaly Yes No No
Bone marrow failure Yes No No
May 2
Bold text signify values outside the reference ranges.
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missense R278H mutation in the LIG4 gene. Today, he remains
asymptomatic without treatment.
DISCUSSION

Most ligase IV-deficient patients reported in the literature are
microcephalic children with growth retardation, beginning with
an in utero, typical facial appearance (beak-like nose, prominent
midface, receding forehead, and micrognathia) with developmental
and mental delay, radiosensitivity, variable immunodeficiency, and
pancytopenia (1, 9, 12). However, today, approximately 86 cases
have been reported with heterogenous phenotypes, which have been
reviewed in detail by Staines et al. (2, 4, 9, 13–17)

This heterogeneity in disease severity is probably linked to the
amount of residual activity of DNA ligase IV and correlated with the
type and position of mutations. The LIG4 gene contains two exons,
with exon 2 encoding the 911-amino acid protein. In general,
biallelic truncating LIG4 mutations are associated with a more
severe phenotype than the compound-heterozygous missense and
truncating variants. Furthermore, severity is correlated with the
position of mutation with early truncating mutations, resulting in
severe growth retardation and severe combined immunodeficiency
(SCID), whereas late truncation mutations are associated with
milder symptoms. However, patients with similar genotype may
display variable phenotypes suggesting that additional factors may
influence manifestations and severity of LIG4 syndrome (9, 18).

According to the 2019 Update on the Classification from the
International Union of Immunological Societies Expert Committee,
LIG4 syndrome is a type of SCID (19). Yet, varying degrees of
susceptibility to infection, hypogammaglobulinemia and combined
T and B lymphopenia have been described and most patients with
this syndrome do not fulfill the criteria of SCID (2, 6, 14, 15, 20).

Flow cytometric analysis revealed CD4+ naïve and B-cell
lymphopenia in all 3 patients. The depletion of naïve T cells and
increased proportion ofmemory T cells may reflect the compensatory
mechanisms of homeostatic proliferation at the expense of
compromised ability to resist infections (6). Only P1 presented with
typical T and B lymphopenia. NK cells may be normal or decreased
in ligase IV-deficient patients (13). He had preserved serum
immunoglobulin levels, likely due to the ability of the remaining B
cells to develop into plasma cells and produce antibodies (13). P2 and
P3 presented with an unusual phenotype: recurrent infections (P2)/
autoimmunity (P3) with hypogammaglobulinemia and B-cell
lymphopenia in the absence of microcephaly, dysmorphic features,
developmental delay, or hematologic manifestations, resembling
common variable immunodeficiency disease (CVID).

Pancytopenia, a strongly discriminative diagnostic feature of
ligase IV deficiency, was only present in P1. The extent of exposure
to endogenous or exogenous triggers could contribute to phenotypic
variability, even in patients sharing the same genetic defects (6).

Asymptomatic and mildly symptomatic patients are also at
risk of late-onset aplastic anemia and malignancy because of
continuing accumulation of dsDNA breaks (2).

Short telomere length in white blood cells has also been found in
LIG4 patients. So, the differential diagnosis of patients with the typical
Frontiers in Immunology | www.frontiersin.org 4
LIG4 syndrome (P1) includes diseases such as Fanconi anemia or
dyskeratosis congenita, which can also present with dysmorphic
features, bone marrow failure, and radiosensitivity (16, 21, 22).

The additional reported features of ligase IV deficiency
include skin conditions such as photosensitivity, psoriasis,
eczema, hypopigmentation, and extensive plantar warts (1, 23).
P2 and P3 presented with hypopigmentation similar to previous
reports (Figures 1B–E) (24).

Our genetic findings were also consistent with the literature.
P1, the one with the most severe phenotype, was compound
heterozygous for the missense and truncating variants of the
LIG4 gene (L19W/K635fster), while P2 and P3 were homozygous
for a missense mutation (R278H) (Table 2).

With the known K635fster pathogenic mutation, DNA ligase
IV lacks the C-terminal region responsible for XRCC4 binding
and LIG4 stability and activity; therefore, this might be a null
mutation or have very low residual activity. These patients
present growth retardation beginning in utero, syndactyly, and
developmental delay but bone marrow failure was not described
before in patients with K635fster mutation (12, 20). The unique
L19W missense variant identified in heterozygosity in this
patient has not been previously reported.

The LIG4 R278H mutation (P2 and P3) was the first LIG4
mutation reported in humans. It is located in the conserved motif
close to the active center and impairs ATP binding. As a typical
hypomorphic mutation, it does not affect protein expression but
reduces DNA ligase IV adenylation and ligase activity to
approximately 5%–10% of wild-type protein (11, 14, 23, 25).
This mutation may allow normal development, and patients
harboring this variant are not expected to display overt
immunodeficiency despite pronounced radiation sensitivity
(25). The residual DNA ligase IV activity is probably sufficient
for V(D)J recombination but does not suffice for the efficient
repair of radiation-induced DNA-dsb (11).

P2 and P3 share the same genotype, and both had
hypop igmented l e s ions , B -ce l l l ymphopen ia , and
hypogammaglobulinemia. Interestingly, the immunological
impairment observed in P2 was more severe than in P3.
Moreover, P2 had recurrent infections while P3 did not. This
could be explained by the younger age of the patient of P3, as P2
developed these symptoms later in life. Nevertheless, Girard et al.
(2004) demonstrated that polymorphisms in DNA ligase IV can
impact upon function, particularly when coupled with the
R278H mutational change, and this may also underlie the
difference in clinical severity between LIG4 syndrome patients
(26). Interestingly, previously described patients with the R278H
mutation have been reported to either present recurrent
infections starting at the age of 6, or leukemia as the first
manifestation of the disease at the age of 14 (2).

The treatment of ligase IV deficiency is supportive. It aims to
prevent life-threatening infections by administering antibiotic
chemoprophylaxis, immunoglobulin substitution, transfusion
support on a regular basis, and the avoidance of unnecessary
exposure to ionizing radiation (1). Antibiotic prophylaxis was
started in P1 and immunoglobulin substitution in P2.
Hematopoietic stem cell transplantation is a curative treatment
May 2022 | Volume 13 | Article 869728

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Castro et al. Manifestations of Ligase IV Deficiency
for a combined immunodeficiency phenotype and might reduce
the long-term risk of developing lymphoid malignancy. It has
been considered in some patients with varying results. High
mortality has been reported as conditioning regimens are poorly
tolerated in these highly susceptible patients (1, 9).
CONCLUSIONS

We presented the clinical and immunologic manifestations of
three unrelated patients with different phenotypes of ligase IV
deficiency: a classical presentation and two unusual presentations
resembling CVID. We also report a novel genetic variant paired
with a known pathogenic mutation in heterozygous compound
state in a patient with classic phenotype of the ligase IV syndrome.

In the last few years, the spectrum of clinical manifestations
caused by ligase IV deficiency has widened, making it very difficult
to establish an accurate clinical diagnosis. So, although the LIG4
syndrome diagnosis should be considered in the presence of
characteristic stigmata, today, we know that the diagnostic
suspicion must go beyond these features since many patients can
be asymptomatic or present with a mild clinical disease.
Lymphopenia with diminished B cells and a reduced proportion
of naïve T cells represent important laboratory biomarkers that
should prompt a consideration of LIG4 syndrome in yet
asymptomatic patients. Although it is unclear what the best
approach to these patients is, a presymptomatic identification of
the ligase IV deficiency has important prognostic implications and
impacts treatment decisions, in particular regarding DNA-
damaging agents and exposure to ionizing radiation (11, 17).

The acknowledgment that LIG4-deficient patients can present
very different clinical manifestations, in many cases overlapping
with other diseases, makes the use of NGS essential for the
proper diagnosis of this condition, thus allowing better prognosis
and adequate family counseling.
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