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Abstract

Purpose—DNA Ligase 4 (LIG4) is a key factor in the non-homologous end-joining (NHEJ)
DNA double-strand break repair pathway needed for V(D)J recombination and the generation of
the T receptor and immunoglobulin molecules. Defects in L/G4 result in a variable syndrome of
growth retardation, pancytopenia, combined immunodeficiency, cellular radiosensitivity, and
developmental delay.

Methods—We diagnosed a patient with LIG4 syndrome by radiosensitivity testing on peripheral
blood cells, and established that two of her four healthy siblings carried the same compound
heterozygous L/G4 mutations. An extensive analysis of the immune phenotype, cellular
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radiosensitivity, telomere length, and T and B cell antigen receptor repertoire was performed in all
siblings.

Results—In the three genotypically affected individuals, variable severities of radiosensitivity,
alterations of T and B cell counts with an increased percentage of memory cells, and
hypogammaglobulinemia, were noticed. Analysis of T and B cell antigen receptor repertoires
demonstrated increased usage of alternative microhomology-mediated end-joining (MHMEJ)
repair, leading to diminished N nucleotide addition and shorter CDR3 length. However, overall
repertoire diversity was preserved.

Conclusions—We demonstrate that LIG4 syndrome presents with high clinical variability even
within the same family, and that distinctive immunologic abnormalities may be observed also in
yet asymptomatic individuals.

Keywords

Ligase 4 deficiency; DNA repair; Telomere length; Immune repertoire; Microhomology-mediated
end-joining

Introduction

DNA Ligase 4 (LIG4) is a component of the ubiquitous non-homologous end-joining
(NHEJ) DNA double-strand break (DSB) repair pathway that is also involved in the process
of V(D)J recombination [1]. After the Variable (V), Diversity (D), and Joining (J) elements
of the T cell receptor (TCR) and immunoglobulin genes have been targeted at recombination
signal sequences by the recombination-activating gene 1 (RAG1) and RAG2 endonuclease
complex [2], DNA ends are stabilized by the Ku70 and Ku80 proteins. The holoenzyme
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is then recruited to stabilize
the complex and to activate the endonuclease ARTEMIS, which opens the hairpins formed
at the DNA coding ends [3]. Before these are joined, nucleotides may be added or deleted at
the junctions between coding elements, thus contributing further to diversity. In particular,
nucleotides resulting from asymmetric resolution of the hairpin lead to introduction of
palindromic sequences (P-nucleotides), whereas additional nucleotides may be added by the
enzyme terminal deoxynucleotidyl transferase (TdT) [4]. The nucleotides inserted between
V and D, or V and J segments, are referred to as N1, and those introduced between D and J
segments, are referred to as N2 nucleotides. Eventually, the coding ends are ligated by DNA
Ligase 4 (L1G4) and its co-factors XRCC4 and XLF [5, 6].

The V(D)J recombination process is specific for lymphocytes and mandatory for T and B
cell development. Consequently, severe defects of the NHEJ pathway lead to absence of T
and B cells, and manifest as severe combined immunodeficiency (SCID). However, defects
allowing partial function may result in milder presentations of combined immunodeficiency
(CID) or “leaky SCID” [7]. In addition, defects of the NHEJ pathway cause increased and
generalized cellular sensitivity to ionizing radiation (IR).

The LIG4 syndrome (OMIM#606593) is an autosomal recessive genetic disorder caused by
hypomorphic mutations in the L/G4 gene. Complete absence of LIG4 function causes late
embryonic lethality due to impaired neuronal development [8, 9]. Patients with LIG4
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deficiency manifest short stature, microcephaly, variable degrees of CID, developmental
delay, pancytopenia, and severe cellular radiosensitivity [10-15]. LIG4 deficiency is also
associated with chromosomal instability [16], and an increased risk of malignancies [11, 13,
17-19]. The fact that some patients have a more severe immunodeficiency, consistent with
SCID or Omenn syndrome (OS) [17, 18, 20, 21], and present severe neurological
abnormalities [22], while others have less pronounced immune defects and develop
normally[19, 23], is illustrative of the variable clinical expressivity of LIG4 syndrome. In
some patients, the diagnosis of LIG4 deficiency is made even during adulthood [24].

The severity of the clinical presentation of LIG4 deficiency has been correlated with the
nature and the position of the mutations. In particular, mutations affecting the XRCC4-
binding domain are associated with “microcephalic primordial dwarfism” (MPD),
resembling what recently reported also in XRCC4-deficient patients [25], whereas earlier
truncations on one or both alleles of the L /G4 gene result in more severe phenotypes [26].
Besides growth failure, patients mutated in XRCC4 showed neurological presentations,
severe radiosensitivity, but no immunodeficiency, and no abnormalities in V(D)J
recombination in particular [27].

In this manuscript we demonstrate intrafamilial phenotypic variability of L1G4 deficiency.
Among three siblings who shared the same bi-allelic L/G4 mutations, the index patient
manifested moderately severe features of LIG4 syndrome, whereas the remaining two
mutated siblings were largely asymptomatic. This clinical heterogeneity was associated with
variable abnormalities of the immunological phenotype, of cellular sensitivity to IR, and of
composition of the T cell receptor B (7/B) and immunoglobulin heavy chain (/GH)
repertoires.

Methods

Patients and samples

Blood samples from all patients and controls were obtained upon informed consent
according to Boston Children’s Hospital IRB protocol 04-09-113R. Generation of a
fibroblast cell line established from P2 has been previously reported [16].

DNA sequencing

DNA was isolated from PBMCs using the Puregene blood kit from Qiagen (Qiagen Inc.,
Valencia CA, USA). The two L/G4 mutations in P2 have been reported previously [16]. For
sequencing of the other siblings, the regions around the mutations were amplified using
Choice Taq™ DNA polymerase (Denville Scientific Inc., South Plainfield, NJ, USA); primer
sequences are reported in the Supplementary Material. Samples were gel-purified and
Sanger sequencing was performed by Eton Bioscience Inc. (Charlestown, MA, USA).

Analysis of lymphocyte subsets

Analysis of B and T cell subsets was performed by flow cytometry on whole blood after red
blood cell lysis (BD Pharm lyse, BD Biosciences, San Jose, CA, USA), using mouse anti-
human CD3 (FITC, Biolegend, San Diego, CA), CD4 (PE, Biolegend), CD8 (APC,
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Biolegend), CD19 (PerCP-Cy5.5, Biolegend), CD21 (PE, BD Bioscience), CD24 (APC,
Biolegend), CD27 (APC, eBioscience, San Diego, CA), CD38 (FITC, eBioscience),
CDA45RA (FITC, Biolegend), CD45R0O (PerCP-Cy5.5, Biolegend), CCR7 (Pacific Blue,
Biolegend), IgM (PE, Southern-Biotec, Birmingham, AL), IgD (FITC, BD Bioscience).
Data were acquired on an LSR-Fortessa (BD Bioscience) and analyzed with FlowJo
software (Version 9.6.4).

Radiosensitivity Testing

Radiosensitivity testing was performed on fibroblasts from P2 upon irradiation with 5Gy as
described previously8. Confocal imaging was performed on a Fluoview FV 1000
microscope (UplanApo 10x and 60x/1.2na water lenses, Olympus). The numbers of nuclear
foci per cell were counted manually or with Volocity software (PerkinElmer) after careful
setup.

PBMCs were irradiated with 10Gy, fixed after 1h, 6h, 24h and 40h using the Fix&Perm
permeabilization kit (Invitrogen Inc/Life Technologies, Grand Island, NY, USA) and chilled
methanol, and stained for CD45 (mouse anti-human CD45, BD Pharmigen™ #557833), CD3
(BV421 mouse anti-human CD3, BD Horizon™ #562426) and phospho Histon H2A.X
(clone JBW301, mouse monoclonal FITC, Millipore, #16-202A) or Isotype (Mouse 1gG1 k,
clone MOPC-21, FITC-conjugate, Milli-Mark™, # FCMAB299F), respectively. Mean
fluorescence intensities (MFI) of YH2AX were evaluated on gated CD45*CD3"*
lymphocytes. The fold inductions were calculated from the MFIs of unirradiated cells and
irradiated cells after given time points.

Telomere length

Telomere length was measured on peripheral blood mononuclear cells using flow cytometry
and fluorescence in situ hybridization (FISH) [28]. The telomere length in lymphocytes and
granulocytes was individually plotted relative to a nomogram of healthy controls.

Next generation sequencing of TRB and IGHC rearranged products

CD3™" lymphocytes were isolated from PBMCs by MACS purification (Miltenyi Biotec, San
Diego, CA, USA). Genomic DNA was isolated from CD3* lymphocytes using the Purgene
blood kit (Qiagen Inc.). Next generation sequencing [29] at the 7/RB locus was performed
according to a protocol by Adaptive® Biotechnologies (Seattle, WA, USA) [29].

NGS of /GH products was performed on cDNA obtained from isolated CD19* B cells, using
primers for the human immunoglobulin heavy chain (HIGH) from iRepertoire® (iRepertoire
Inc, Huntsville, AL, USA) as reported previously2®. Libraries were sequenced using GS
Junior 454 (Roche, Mannheim, Germany).

Raw data for 7/RB and /GH CDR3 sequences were provided by iAdaptive® and
iRepertoire®, respectively. Cumulative sequences were analyzed in Microsoft Excel, and
diversity indices were calculated with the software PAST as described [30]. Heat maps were
generated with GENE-E (www.broadinstitute.org) using raw data formatted in Excel. For all
other analysis, raw data were formatted from .csv files in Excel into FASTA files using
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Genious® software. Subsequently, FASTA files were uploaded into the ImMMunoGeneTics
(IMGT) database and analyzed with the IGMT/high V quest tool [31], followed by the IgAT
analysis tool [32]. For /GH sequencing, the two healthy brothers and one unrelated healthy
individual served as controls; for 7/B sequencing, data from age matched controls (18-35y)
provided from Adaptive® were used. Since the controls from Adaptive® had too large data
sets to be analyzed by IgAT (more than 300,000 unique sequences), the 25,000 most
abundant unique sequences were selected for analysis.

Statistical analysis

Results

Distributions of 7/RB and /GH sequences were compared based on a two-tailed unpaired
students ftest, and statistical significance was determined at p < 0.05.

Clinical features

The index patient (P2) (Fig. 1) is the fourth child of a Caucasian Northern American family.
She presented at the age of 7 years with recurrent pneumonias and sinusitis. Laboratory
investigations at the age of 13 years showed severe panhypogammaglobulinemia associated
with lymphopenia, and low B cell count in particular. The patient was started on IVIG
treatment and antibiotic prophylaxis with trimethoprim-sulfamethoxazole. At the age of 13
years, her short stature (Fig. S1) and small head circumference (occipital frontal
circumference — OFC - < 2" percentile) prompted investigation for a DNA repair defect.
Upon irradiation of peripheral blood mononuclear cells (PBMC) with 10Gy, increased DNA
damage and delayed kinetics of DNA repair, as shown by elevated levels of phosphorylated
H2AX (yH2X) (Fig. S2), were consistent with what we had previously demonstrated for
various L1G4-deficient cell lines [16], and were therefore suggestive of LIG4 syndrome.

By contrast, P1 and P3 did not show increased susceptibility to infections (other than one
episode of walking pneumonia in P1). Whereas P1 was small for his age (OFC is not
known), P3 has normal height and weight and an OFC on the 25t percentile (Fig. S1 and
data not shown).

Genetic diagnosis

Sequencing of the L/G4 gene in P2 revealed two compound heterozygous mutations, c.
1345A>C (p.K449Q), and ¢.2440C>T (p.R814%*) (Fig. 1, Fig. S3). Screening of family
members revealed that P2’s father and mother were heterozygous for the p.K449Q and the
p.R814* mutation, respectively. Unexpectedly, the older brother (P1) and the younger sister
(P3) were compound heterozygous for both mutations. Finally, two other healthy brothers
(111.2 and 111.3) were either heterozygous for one L/G4 mutation or homozygous for wild-
type alleles.

The p.R814* mutation, leading to a late truncation of the protein in the XRCC4-binding
domain, has been frequently reported in patients with LIG4 syndrome [26]. Homozygosity
for this mutation is associated with mild disease, whereas compound heterozygosity with
another mutation affecting the catalytic domain has been reported in patients with

J Clin Immunol. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Felgentreff et al.

Page 6

moderately severe disease. The p.K449Q mutation affects the enzymatic domain and has not
been reported previously. It is predicted to have a deleterious effect according to PolyPhen?2
[33] and SIFT [34] and has a scaled CADD score of 24.9 [35]. According to the genome
browser of the Exome Aggregation Consortium (ExAC), Cambridge, MA (URL.: http://
exac.broadinstitute.org) [02/2016], p.K449Q is a single nucleotide variant (SNV)
(rs138156481) with an allele frequency of 8.238E-6, compared to 8.237E-5 for the p.R814*
mutant.

Laboratory investigations

Immunological studies revealed lymphopenia with low CD3* T cell count in both P2 and P3,
whereas P1 had a normal lymphocyte count, and his T cell count was modestly decreased
(Table 1). However, the proportion of naive CD4* and CD8* T cells was markedly decreased
in all three siblings. T cell proliferation to mitogen stimulation was modestly impaired in P2
and P3, and was not analyzed in P1.

While P2 had been diagnosed with panhypogammaglobulinemia, P3 had slightly reduced
levels of serum IgG, but increased levels of IgA, and normal serum IgM. P1 had normal
levels of 1gG, and was not investigated for IgA and IgM at his own request. P2 and P3 had
protective titers of antibodies to tetanus toxoid; however upon immunization with a 23-
valent pneumococcal polysaccharide (PPSV23) vaccine, protective antibody responses were
detected against only 2 and 5 of 23 serotypes in P2 and P3, respectively. All three siblings
manifested severe B cell lymphopenia, but some differences were noticed in the distribution
of B cell subsets. In particular, the percentage of switched and unswitched memory B cells
was markedly reduced in P2, but was normal in P3. All three siblings had an increased
proportion of CD21'°CD38!oW CD19* B cells, which are enriched for self-reactive
specificities [36]. However, autoantibodies were not detected in any of the three siblings
(data not shown). Moderate anemia was present in P3, and the red cell mean corpuscular
volume was elevated in all three siblings. The absolute neutrophil count (ANC) was slightly
decreased in P1 and P3.

Cellular radiosensitivity testing and telomere length

Compared to a fibroblast cell line obtained from a patient with severe LIG4 syndrome
(411BR) and a healthy control, P2’s fibroblasts showed intermediate radiosensitivity,
suggesting a mild cellular phenotype caused by the p.K449Q and the p.R814* mutations
(Fig. 2a). Following the unexpected discovery that also P1 and P3 carried the same bi-allelic
L /G4 mutations, comparative testing of IR sensitivity was performed on T cells from all
three siblings. Upon exposure of PBMCs to 10Gy, induction and resolution of DNA damage
were measured at various time points. As shown in Fig. 2b and Fig. S2, increased DNA
damage and delayed kinetics of DNA repair were observed in P2 and P3, as compared to
what observed in T cells from the healthy siblings I11.2 (C1) and 111.3 (C2). However, a
milder phenotype was detected in P1.

Telomere length was markedly reduced (<15t percentile) in both lymphocytes and
granulocytes of all three genotypically affected siblings, but not in their healthy brothers C1
and C2 (Fig. 2c—d).
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Analysis of TRB and IGHC repertoire diversity and composition

In order to investigate whether the increased susceptibility to infections in P2, but not in P1
or P3, could also reflect differences of T and B cell repertoire diversity and composition, we
performed NGS of 7RBand /GH rearrangements. The two genotypically unaffected siblings
(C1 and C2) and an unrelated healthy subject (C3) served as internal controls. Ecology
parameters were used to analyze diversity of amino acid sequences used in the TRB and
IGH repertoire (Shannon’s H index) and unevenness of their distribution among the T and B
cell populations (frequency of top 100 clones). As shown in Fig. 3a, 7RB repertoire
diversity was significantly different between controls and patients, however, this was not the
case for the /GH repertoire (Fig. 3b). To further document the presence of clonotypic
expansions, we selected the top 100 most abundant unique clones, and analyzed what
fraction of the total sequences they represented. The most abundantly expressed 7RB
clonotypes accounted for a much higher fraction of all clonotypes in each of three L1G4-
mutated siblings as compared to controls (Fig. 3c), whereas expansion of /GH clonotypes
was observed in P2 and P3 only (Fig. 3d). The presence of 7/RB clonotypic expansions in all
three L1G4-mutated siblings was confirmed when measuring the D50 diversity index, which
estimates the minimal percentage of unique sequences that account for 50% of the total
sequences expressed (Fig. 3e). By contrast, abnormalities of evenness of the /GH repertoire
were more subtle (Fig. 3f).

Next, we analyzed pairing of individual VVand Jgenes in unique 7RB and /GH sequences.
As compared to controls, reduced 7RBWI TRBJ pairing diversity was observed in P1, P2,
and P3 (Fig. 4). Along with lack or marked reduction in the frequency of rearrangements
containing certain 7RBV/genes (6.8, 7.7, 6.9, 16.1), increased frequency of other 7RBV/
TRBJgene pairing (V5.1-J1.1/J1.2; V6.5-J1.1/J1.2; VV5.1-J2.7; V7.2-J2.7) was appreciated,
especially in P2 and P3. When analyzed at the gene family level, increased frequency of
unique sequences containing 7RBV5and 7RBJ1, and reduced frequency of sequences with
no 7RBD gene and of those containing 7RBJ2, were present. Interestingly, these
abnormalities were either detected in P2 and P3 only, or were more pronounced in them than
in P1 (Fig. S4). By contrast, no distinctive restriction of individual /GHV/IGHJgene
rearrangements was observed in the LIG4-mutated siblings (Fig. S5), although there was
increased frequency of unique sequences using no /GHD gene and of sequences containing
IGHJ3 gene family, and decreased usage of those with /GHJ4 (Fig. S6).

The complementarity determining region 3 (CDR3) of T and B cell receptor molecules plays
a critical role in antigen binding [29], and abnormalities of IGH CDR3 length and
hydrophobicity profile have a major impact on immune competence and self/non-self
discrimination [37, 38]. A shorter CDR3 length was observed for both total and unique 7RB
(Fig. 5a-b) and /GH (Fig. 5c—d) sequences in all three affected siblings, but was more
pronounced in P2 and P3. Possible mechanisms accounting for shorter CDR3 length include:
reduced D gene usage, preferential usage of shorter D gene segments, increased nucleotide
deletions, or reduced nucleotide additions. No evidence for increased deletion of nucleotides
at coding joins was observed in 7RB and /GH sequences from the affected siblings (data not
shown). By contrast, N nucleotide addition was consistently reduced. In particular, an
increased proportion of unique 7RB-CDR3 sequences without N nucleotide addition were
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detected in P2 (N1: 2.5 fold more than in controls, £ SD 9.38; N2: 1.2 fold, + SD 5.48), and
a similar trend was observed also for P3 (Fig. 6a—b). On the other hand, there were fewer
sequences with larger amounts of N nucleotides added, especially for P2 and P3. A similar
phenotype was observed for /GH-CDR3 sequences, especially in P2 and P3 (Fig. 6¢—d).

On average, the CDR3 region of unique 7RB clonotypes contained 1.2 less N1 and 1.2 less
N2 nucleotide insertions in the patients vs. controls (Fig. S7a). In 7RB clones characterized
by direct V-J joining (without D gene contribution), N1 was on average 2.9 nucleotides
shorter in patients than in controls, and this difference was even higher for P2 and P3 (3.4
nucleotides) (Fig. S7b). Similarly, the CDR3 region from unique /GH sequences contained
on average 0.8 less N1 and 1.0 less N2 nucleotides in the three affected siblings than in
controls (Fig. S8a), and 0.4 less N1 nucleotides in clones without D gene usage (Fig. S8b).

Small alterations of amino acid composition of the CDR3 region of /GH transcripts were
present in the patients as compared to controls, with reduced abundance of Tyrosine (Y)
residues in P2 and P3, and greater abundance of the hydrophobic Alanine (A) in all patients
(data not shown). However, these differences did not significantly alter the IGH-CDR3
hydrophobicity profile (data not shown).

Increased usage of microhomology-mediated end-joining in TRB and IGH sequences from
LIG4-mutated siblings

In the absence of LIG4, DNA DSBs can be repaired by an alternative end-joining pathway
involving microhomology-mediated end joining (MHMEJ) and the enzymes LI1G3 and
PARP1, or another back-up pathway involving LIG1 [39]. In this process, short stretches of
microhomology (as little as 2bp) are paired with the complementary DNA strand and
overhangs are deleted. To analyze the frequency of MHMEJ during V(D)J recombination,
we focused our attention on the most abundantly used V-(D)-J rearrangements in both 778
and /GH unique clonotypes from the L1G4-mutated siblings (as an example, frequencies of
all possible 7RBV-D joins are shown in Fig. S9). Sequences joined by MHMEJ do not
involve N nucleotide addition, so only sequences without N nucleotides were analyzed.
MHMEJ was defined as the use of at least 2bp microhomology, followed by at least 5bp of
the clearly identifiable adjacent segment. The frequency of unique clonotypes with evidence
of MHMEJ was assessed for each of these V-(D)-J joins in the patients, and in
corresponding joins from healthy controls. In the 7RB repertoire, an increased frequency of
MHMEJ was observed in all three LIG4-mutated siblings (P1<P2/P3), as compared to
controls (Fig. 7a). In /GH, evidence of MHMEJ was mainly found in P2 and in fewer
clonotypes (Fig. 7b). Interestingly, we observed increased direct joining between /GHVand
/IGHJelements in P2 and P3. In two cases, direct V-J joining in P2 was the result of
MHMEJ. However, MHMEJ represented a very rare event, occurring in about 0.3-0.4% of
overall unique sequences analyzed in P2.

Discussion

We report on three siblings who shared bi-allelic mutations in L/G4, but had a variable
clinical presentation. In particular, two of them (P1, P3) had no significant history of
infections, and P3 had normal growth. This variability of clinical severity was paralleled by
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differences in the degree of immunological abnormalities. In particular, while all three
affected siblings manifested B cell lymphopenia, this was more pronounced in P2 and P3
than in P1. Moreover, P2 suffered from panhypogammaglobulinemia, whereas 1gG serum
levels were modestly reduced in P3 and normal in P1. Yet, severe B cell lymphopenia was
observed in all three siblings, and is a typical finding also in patients with other
hypomorphic NHEJ defects [40]. DNA rearrangements in the B cell lineage are not
restricted to V(D)J recombination, but also include class switch recombination (CSR).
Insufficient repair of DNA DSBs in LIG4-mutated B cells may lead to apoptosis and
contribute to severe B cell lymphopenia. In the T cell compartment, depletion of naive cells
and increased proportion of memory T cells may reflect compensatory mechanisms of
homeostatic proliferation.

Pancytopenia is a common feature of L1G4-deficiency, and can mark progression to bone
marrow failure, which occurs in about 70% of the patients [26]. Some degree of
pancytopenia was documented in P3. It is likely that environmental or infectious triggers
may lead to accumulation of DNA DSBs in myeloid progenitors affecting cell survival.
Early exhaustion of the hematopoietic stem cell niche has been documented in a mouse
model [41]. The extent of exposure to such triggers could contribute to phenotypic
variability, even in patients sharing the same genetic defects.

We documented abnormally short telomere length in both lymphocytes and granulocytes
from the L1G4-mutated siblings. It is likely that the reduced telomere length in LIG4
syndrome reflects replicative stress in the setting of poor cell survival. In addition to short
telomere length, the overlap between primary telomeropathies and L1G4 syndrome also
includes bone marrow failure and radiosensitivity [42, 43], and therefore these features do
not allow differential diagnosis.

Analysis of cellular radiosensitivity demonstrated that all three LIG4-mutated siblings
showed increased sensitivity towards ionizing radiation with delayed repair kinetics
characteristic for LIG4 deficiency, but with slightly different levels of severity. Correlation
between the magnitude of DNA DSB repair capacities and the severity of clinical features
has also been observed by others [44].

Hypomaorphic mutations in genes involved in V(D)J recombination may affect composition,
richness, and diversity of T and B cell receptor repertoires. In particular, restriction and
skewing of T and B cell repertoires have been documented in patients with FAG mutations
[45, 46]. Although diversified 7TRB and /GH repertoires were documented in the three LIG4-
deficient patients studied here, clonotypic expansions and preferential usage of some gene
families were noticed, especially in the 7RB repertoire. In particular, the V5 family was
used significantly more often by P2 and P3, and JB1 was preferred over Jp2.

Previous studies had shown that CSR junctions of Lig4/LIG4-deficient mouse and human B
cells are biased towards MH usage [47, 48]. We have observed an increased rate of MHMEJ
in the patients — particularly in P2, and less prominently in P1 - than in controls. When
MHMEJ is used during V(D)J recombination, the addition of N nucleotides to facilitate
joining cannot take place. Indeed, reduced N nucleotide addition, including a significantly
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increased percentage of joins without any N nucleotides, was observed in the 7RBand /IGH
repertoires of LIG4-mutated patients, thus contributing to the shorter length of the CDR3
sequences. Although shorter CDR3 length and reduced N nucleotide addition have been
previously described in patients with LIG4 syndromel8, to our knowledge this is the first
time that evidence for increased MHMEJ in freshly isolated T and B lymphocytes from
these patients has been documented. We also found that gene families preferentially used in
the patients show an advantage for MH when joined with certain D or J genes. This was
particularly true for the 7RB repertoire, where increased usage of the 7RBV5.1, TRBV6.5
and 7RBV/7.2genes was documented in the LIG4-mutated patients.

Aberrant direct /GHV-IGHJjoins were observed at higher frequency in the LIG4-mutated
siblings, especially P2. In two cases, we obtained evidence that the direct V-J join was the
product of MHMEJ. This pathway may allow joining of DNA ends flanking targeted /GH V-
IGHJsegments that cannot be joined by NHEJ, because such joining would contradict the
12-23 rule. The increased usage of MHMEJ in LI1G4-mutated patients has important
implications also for genomic instability. In fact, it is well established that MHMEJ may
allow joining of unrepaired RAG-induced DNA DSB with a reciprocal genomic partner,
thereby increasing the risk for chromosomal translocations [49] (in particular,
interchromosomal fusions with MH at the fusion points mediated by LIG3 [50]) and cancer
development. Finally, although MHMEJ accounted only for a minority of joins detected in
the LIG4-mutated patients reported here, it is important to recognize that this may represent
an underestimate of the real frequency with which MHMEJ operates, because this
mechanism of DNA repair is often associated with the introduction of deletions, which may
impede recognition of MH. Furthermore, MH may happen after N nucleotides have been
added.

The identification of immunological abnormalities in clinically asymptomatic subjects
represents an important challenge in medicine. Together with recent reports of adult patients
with mild clinical presentation, our description of LI1G4 mutations in asymptomatic
individuals indicates that the clinical spectrum of LIG4-deficiency is broader than previously
anticipated. Shorter telomere length, reduced proportion of naive T cells, B cell
lymphopenia, and increased cellular radiosensitivity represent important laboratory
biomarkers that should prompt considering LIG4 deficiency even in yet asymptomatic
subjects. Presymptomatic identification of LIG4 deficiency may have important prognostic
implications, because progressive accumulation of DNA DSBs in stem and progenitor cells
may eventually lead to cell exhaustion and development of clinical symptoms, including
infections, bone marrow failure, and malignancies. It may further impact treatment decisions
in regard to DNA-damaging alkylating agents, since increased toxicity can be anticipated
[19]. As clinical manifestations develop later in life, it could be assumed that only severe
cases will be identified at newborn screening.
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Fig. 1. Two compound heterozygous L1 G4 mutations are found in the index patient and two of
her siblings
Diagram of the pedigree and annotation of L/G4 genotypes. The mutation ¢.1345A>C

(K449Q) was found on one allele in the father, and ¢.2440C>T (R814X) in the mother. Both
mutations were inherited by siblings P1, P2, and P3. 111.3 is heterozygous for the ¢.2440C>T
mutation. The symbol “+” denotes the wild type allele.
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Fig. 2. Increased sensitivity to ionizing radiation (IR) and short telomere length in genotypically
affected siblings

Fibroblasts of P2 were irradiated with 5Gy and yH2AX foci were counted in at least 50 cells
using a Fluoview FV 1000 confocal microscope (Olympus) with an UplanApo 60x/1.2na
water lens (Olympus) at given time points after IR. Numbers of yH2AX foci/cell are
compared to the established L1G4-deficient cell line 411BR [11] and a healthy control (a).
PBMCs from patients P1-P3 and two controls C1-C2 (healthy siblings 111.2 and 111.3) were
irradiated with 10Gy, and yH2AX was assessed by flow-cytometry. The yH2AX fold
induction was calculated by dividing the mean fluorescence intensities (MFI) of unirradiated
cells by the MFI of irradiated cells of each time point (* p<0.05) (b).

Telomere length in lymphocytes (c) and granulocytes (d) is expressed relative to healthy
age-matched controls. The colored lines represent percentile thresholds. In two controls,
granulocyte event numbers were too low to measure the telomere length with confidence.
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Fig. 3. Evaluation of TRB and IGH repertoire diversity shows modest clonal expansions
The Shannon Entropy index (H) was used to measure repertoire diversity in unique 778 (a)

and /GH (b) sequences in each patient and controls. Groups of 3 controls and 3 patients (P1-
P3) are shown, black bars indicate mean values, colored bars the SD. The top 100 most
abundant unique 7RB(c) and /GH (d) clones were considered, and their frequency was
reported as referred to the cumulative number of sequences in the whole data set. Horizontal
bars indicate mean value (***, p<0.001). The cumulative frequencies of total 775 (e) and
IGH (f) sequences are plotted against the cumulative frequencies of unique sequences in
controls (C1-C3) and patients (P1-P3).
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Fig. 4. The TRB repertoire of LIG4-deficient patients P1-P2 shows minimal skewing
The global usage of unique 7RB sequences is demonstrated for 3 healthy controls and P1-P3

on a heat map showing 7CRBV genes joint with 7TCRBJ genes. The frequency of gene
usage is color-coded, using yellow and red to indicate rare and most common pairing of V-J
genes, respectively. Blank boxes indicate absence of that specific rearrangement in the total
population of sequences obtained.
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Fig. 5. Shorter length of the CDR3 regions in L1G4-deficient individuals
The relative frequency with which CDR3 sequences of indicated length (expressed as

number of nucleotides, nt) occur is expressed as percentage of total (a) and unique (b) 7RB
CDR3 sequences, and total (c) and unique (d) /GH CDR3 sequences for P1-P2, as compared
to mean control values. Error bars on control columns indicate SD.
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shown for 7RB (a, b) and /GH (c, d). N1 nucleotides are added between V and D or V and J
gene elements, and N2 nucleotides between D and J elements. No N nucleotide addition is
indicated as 0, each 3 additional N nucleotides added are shown in one bar up to more than
16 (16+) N nucleotides; error bars indicate SD (* p<0.05; ** p<0.01).
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IGHDJ5*01
IGHDJ5*02

IGHDJ6*01

IGHDJ6*01

Fig. 7. MHMEJ of V(D)J elements is more frequently used in L1G4-deficient patients than in

controls

MHMEJ was found in joins of V-D and D-J elements of 7/RB sequences (a). The diagram
shows the frequency of specific joins mediated by MH, expressed as percentage of all
unique sequences. Corresponding sequences found in the joint region are shown below.
Some joins of TRBV5.1, TRBV5.4, TRBV5.6 with TRBD1 had 1nt deletion.

In contrast, MHMEJ was found only in three joins of the /GH locus, and almost exclusively
in P2 (b). Some sequences had a 1nt insertion (indicated in blue) in the corresponding J

segment.
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Table 1

Cell counts and antibody titers of L1G4-deficient siblings.
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P1 P2 P3 Reference Values
Age at evaluation (y) 23 17 (129 12
WBC (x103/ul) 441 ¥ 8.72 3.08 ¥ P2/P3:5.5-9.3
P1:5.0-10.0
Lymphocytes (x10%/l) 1.15 0.82 ¥ 0.52 ¥ P2/P3: 1.17-2.3
P1:0.95-2.04
Neutrophils (x103/ul) 247 ¥ 73 % 217 ¥ P2/P3: 3.04-6.06
P1: 3.54-7.52
Hemoglobin (g/dl) 16.7 125 10.6 ¥ P2/P3:11.3-13.4
P1:11.4-151
MCV (fl) 93 924 955 P2/P3: 82.1-87.7
P1:82-92
Platelet (x103/ul) 228 238 197 P2/P3: 189-342
P1: 150-450
Immunoglobulins
19G (mg/dL) 942 238017(1495 ¥) | 628 ¥ 639-1344 (584-1509)
P1: 751-1560
1gA (mg/dL) n.a.c <7 ¥ (109 ¥) 321 % 70-312 (45-237)
IgM (mg/dL) n.a. <5 ¥ (182 ¥) 44 40-240 (49-230)
IgE (units/ml) n.a. <1 211 P2: <200
P3: <500
Lymphocyte subsets
T cells

CD3* (x103/ul) (%)

891 ¥ (77%)

771 ¥ (82%)

444 ¥ (69%)

1000-2600 (56-84%)

CD3*CD4* (x103/ul) (%)

396 ¥ (34%)

308 ¥ (33%)

213 ¥ (33%)

530-1500 (31-52%)

CD3*CD8* (x103/pl) (%) 469 (41% 1) | 410 (44% ) 195 (30%) 330-1100 (18-35%)
Naive CD4*CD45RA*CCR7* (%) 8.65 ¥ 21% 10.7 ¥ P2/P3: 31.3-69.6
P1:21-61.4
Effector memory CD4*CD45RA™CCR7~ (%) 26.6 23.9 309 P2/P3:7.8-25.9
P1:7.6-25.1
Central memory CD4*CD45RA"CCR7* (%) 63t 73.7 56.8 P2/P3:21-41.3
P1:26.8-62.1
Naive CD8*CD45RA*CCR7* (%) 432% 21% 7.7 % P2/P3: 31.1-73.2
P1:11.4-66.5
Effector memory CD8*CD45RA-CCR7~ (%) 42.3 478 * 63.2 % P2/P3: 8.8-44.4
P1:16.8-54.6
Central memory CD8*CD45RA™CCRT7* (%) 418 % 485 * 24 P2/P3: 2.6-8.7
P1:3.7-23.2

B cells

CD19*/ul (%)

53 ¥ (5% ¥)

12 ¥ (1% ¥)

10 ¥ (2% ¥)

110-570 (6-23%)

Naive IgD*CD27~ B cells (%) 46.7 ¥ 76.3 63.8 P2/P3: 51.3-82.5
P1: 48.4-79.7
Switched memory IgD~"CD27* B cells (%) 225 7% 14.7 P2/P3: 8.7-25.6

P1:8.3-27.8
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P1 P2 P3 Reference Values
Unswitched memory 1gD*CD27* B cells (%) 253 % 11% 16.2 P2/P3: 4.6-18.2
P1:7-23.8
Transitional CD24"CD38" B cells (%) 7.05 5.8 133 P2/P3: 5.3-18.9
Plasmablasts CD24'°CD38" (%) 24 1.6 79 P2/P3: 0.3-2.5
CD19*CD21'vCD38'ow B cells (%) 16.6 * 39.7 % 257 % P2/P3:1.1-11.9
Marginal zone-like CD24MCD38'" B cells (%) 353 324 22.7 P2/P3:10.7-39.1

NK cells

CD3*CD56*/ul (%)

202 (17%)

140 (15%)

171 (27% 1)

70-480 (3-22%)

T cell response to mitogen stimulation

serotypes) after vaccination with PSV23

Con A (CPM) n.a. 69450 43145 74586-1943
PHA (CPM) n.a. 55617 89873 104415-319
Anti-CD3 (CPM) n.a. 97836 57283 78423-2054
T cell mitogen background (CPM) n.a. 2496 1742 321-2510
Response to immunization

Tetanus (1U/ml) n.a. 0.47% 2.19 0.15-7
Pneumococcal titers (# serotypes with protective titers / 23 n.a. 2/231 5/23

aBefore start IVIG treatment
b
Under IVIG treatment

C .
Not available
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