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Abstract

Null mutations in genes involved in V(D)] recombination cause a block in B- and T-cell development, clinically presenting as
severe combined immunodeficiency (SCID). Hypomorphic mutations in the non-homologous end-joining gene DCLRE1C
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(encoding ARTEMIS) have been described to cause atypical SCID, Omenn syndrome, Hyper IgM syndrome and inflammatory
bowel disease—all with severely impaired T-cell immunity. By whole-exome sequencing, we investigated the molecular defect
in a consanguineous family with three children clinically diagnosed with antibody deficiency. We identified perfectly
segregating homozygous variants in DCLRE1C in three index patients with recurrent respiratory tract infections, very low B-cell
numbers and serum IgA levels. In patients, decreased colony survival after irradiation, impaired proliferative response and
reduced counts of naive T cells were observed in addition to a restricted T-cell receptor repertoire, increased palindromic
nucleotides in the complementarity determining regions 3 and long stretches of microhomology at switch junctions. Defective
V(D)J] recombination was complemented by wild-type ARTEMIS protein in vitro. Subsequently, homozygous or compound
heterozygous DCLREIC mutations were identified in nine patients from the same geographic region. We demonstrate that
DCLRE1C mutations can cause a phenotype presenting as only antibody deficiency. This novel association broadens the clinical
spectrum associated with ARTEMIS mutations. Clinicians should consider the possibility that an immunodeficiency with a
clinically mild initial presentation could be a combined immunodeficiency, so as to provide appropriate care for affected

patients.

Introduction

Severe combined immunodeficiency (SCID) is a rare disorder pre-
senting in infancy with life-threatening infections (bacterial,
viral or fungal), failure to thrive and diarrhea (1). SCID can be
caused by mutations in various genes, predominantly affecting
T-cell immunity. In SCID, T-cell activation and function are im-
paired, or T-cell development is hampered causing low or absent
peripheral T cells. Distinct genetic forms of SCID can be subdi-
vided into T-B+, T-B— or T+B+ SCID, depending on the pres-
ence/absence of the respective cell line (2,3).

Among the genetic defects that cause T-B— SCID are biallelic
mutations in DCLRE1C, initially identified in a subset of T-B—
SCID patients with increased radiosensitivity (OMIM# 605988)
(4,5). DCLRE1C encodes ARTEMIS, a nuclease with intrinsic 5'-3
exonuclease activity on single-stranded DNA. After phosphoryl-
ation by and in complex with DNA-dependent protein kinase
catalytic subunit, ARTEMIS acquires endonuclease activity on
5" and 3’ overhangs, and hairpins. It is involved in non-homolo-
gous end-joining (NHE]) and is essential for opening hairpins,
which arise as intermediates during V(D)J recombination of the
immunoglobulin and T-cell receptor genes in T- and B-cell devel-
opment (6).

SCID with faulty V(D)J recombination can also be due to bial-
lelic mutations in the recombination activating genes 1 and 2
(RAG1/2, OMIM# 179615/OMIM# 179616) (7). Hypomorphic muta-
tions in either RAG1 or RAG2, which allow for residual recombin-
ation events, can be associated with clinical entities less severe
than typical SCID, such as Omenn syndrome, atypical SCID or
common variable immunodeficiency (CVID) (8,9).

Patients with hypomorphic mutations in DCLREIC and a clin-
ical diagnosis of atypical SCID, Omenn syndrome, Hyper IgM
syndrome or inflammatory bowel disease have recently been de-
scribed. Affected individuals presented with recurrent respira-
tory tract infections, candidiasis, immune dysregulation and
malignancies in childhood, adolescence or even adulthood
(10,11).

Patients with hypomorphic mutations in SCID genes present
with less severe clinical courses and therefore are reminiscent of
other primary immunodeficiencies (PID) such as antibody defi-
ciencies (e.g. CVID). Antibody deficiencies are typically treated
with immunoglobulin substitution, whereas SCID patients
receive hematopoietic stem cell transplantation (HSCT). It is
therefore essential, to validate or exclude the presence of hypo-
morphic mutations in SCID genes to consider appropriate treat-
ment options upon disease progression. Here, we report on
patients with DCLRE1C mutations who were diagnosed with an
antibody deficiency.

Results

Autosomal-recessive inheritance of an antibody
deficiency in a Turkish family

We first analyzed the genetic cause of an antibody deficiency in a
family from Turkey. Patients 1 (P1), P2 and P3 were the index pa-
tients (Family A, Fig. 1A). Onset of disease was after their second
year of life with recurrent respiratory tract infections, low B-cell
counts and normal T-cell counts. At their initial immunological
evaluation, all had reduced IgA levels and P3 also had low IgG
(Table 1 and Supplementary Material, Table S1). Therefore, P1
and P2 were diagnosed with possible CVID and P3 with probable
CVID at their initial presentation.

Identification of the candidate variant in DCLRE1C
(ARTEMIS)

To identify the disease-causing gene in Family A, we employed
whole-exome sequencing of P1, P3 and two healthy siblings. In
DCLREIC, encoding ARTEMIS, we detected a sequence variant
(c.194C>T) that met our filtering criteria and predicted a dam-
aging single amino acid change (p.T65I). Mutations in ARTEMIS
cause T-B-NK+ SCID in individuals with two null mutations or
combined immunodeficiency (CID) in individuals with at least
one hypomorphic mutation (5,11).

Because of the consanguinity of the parents in Family A, we
also employed homozygosity mapping. Multiple markers on
both sides of the identified variant in DCLRE1C were heterozygous
in at least one of the genotyped affected individuals; it appears
that the c.194C>T variant arose twice on different founder haplo-
types in Turkey. No other plausible candidate variants were
identified using homozygosity mapping.

Severely reduced expression of ARTEMIS in patients
with DCLRE1C variants

We used Sanger sequencing to test whether the variant segre-
gates perfectly with the disease status in Family A (Fig. 1A). All
affected individuals carried the ARTEMIS variant (c.194C>T;
p-T65I). Whereas P1, P2 and P3 were homozygous for the variant,
P4 and P5 were heterozygous. We therefore analyzed all coding
exons of DCLREIC in P4 and identified a frameshift variant in
exon 14 (c.1669_1670insA; p.T577Nfs*21). This heterozygous
variant was also detected in P5 (Fig. 1A).

We next screened other patients with low B cells, low IgA and
not severely reduced T-cell counts from the same center in
Turkey. Seven additional immunodeficient patients from four
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Figure 1. Autosomal-recessive DCLREIC variants in families with antibody
deficiency cause reduced ARTEMIS expression. (A) Segregation of DCLRE1C
variants with the phenotype. Circles, female; squares, male; open symbols,
unaffected; filled symbols, affected; slashes, deceased; double horizontal lines,
consanguineous marriage; P1-P12, patients; genotypes for the variants are
indicated (uncapitalized letters, mutated alleles; capitalized letters, wild-type
alleles). (B) Variants a (c.194C>T) and b (c.1669_1670insA) localize to distinct
domains of ARTEMIS. (C) Fibroblasts from P1 and P2 express reduced amounts
of ARTEMIS; P4 and P5 express full-length and the truncated protein at reduced
levels; the band corresponding to the truncated ARTEMIS protein runs slightly
lower than a shorter isoform of ARTEMIS also visible in the cells from the
control, from P1, and from P2; an additional band only faintly visible in P4 and
P5 most likely corresponds to a truncated form of the shorter isoform;
fibroblasts from a healthy control and ARTEMIS negative cells (Art-/-) were
used as controls; the beta-ACTIN control confirms equal loading.
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unrelated families were identified who had the homozygous
€.194C>T variant. Clinical and immunological findings are given
in Table 1; more detailed information (Supplementary Material,
Table S1) and case reports are available in this article’s supple-
ment. None of their unaffected relatives was homozygous for
the ¢.194C>T variant (Fig. 1A).

Western blot analyses demonstrated that ARTEMIS expression
in fibroblasts from P1 and P2 was severely reduced (Fig. 1C). P4 and
P5 fibroblasts also showed a reduced expression of ARTEMIS
protein. However, an additional band was visible, likely corre-
sponding to the truncated protein expressed from the allele
carrying the frameshift mutation. The frameshift leads to a pre-
mature stop codon, predicted to reduce the molecular mass by
~12 kDa. Western blot analyses of HEK293T cells transfected
with plasmids encoding either the missense or the frameshift
variant also yielded reduced expression of those ARTEMIS
variants (Supplementary Material, Fig. S1). These observations
suggest that the disease-causing mechanism is associated with
ARTEMIS insufficiency.

Patient-derived fibroblasts show increased sensitivity
to ionizing radiation

ARTEMIS was first described to be mutated in radiosensitive SCID
patients (5). We therefore tested whether our patients have
increased sensitivity to irradiation. Irradiation causes DNA
double-strand breaks (DSBs) and stops progression through the
cell cycle until DSBs are repaired. Cells from patients with defects
in DNA DSB repair (e.g. ataxia telangiectasia) accumulate in G2/M
phase after irradiation. In fibroblasts from P1 and P2, cell-cycle
progression was not significantly altered 48 h after irradiation
with 1.5 Gy (Fig. 2A). This observation is consistent with previous
reports demonstrating that ARTEMIS is not required for cell-cycle
checkpoint arrest mediated by ATM (Ataxia-telangiectasia-
mutated, OMIM# 607585) (12).

However, radiosensitivity in fibroblasts from patients with
ARTEMIS variants was markedly increased, when analyzed inde-
pendently from cell-cycle progression in colony survival assays
after y-irradiation (Fig. 2B). The degree of sensitivity was compar-
able to fibroblasts from a patient with T-B— SCID owing to a
known homozygous mutation in DCLRE1C.

Patients’ T cells show a terminally differentiated
phenotype and reduced proliferative capacity

Low B-cell numbers and increased radiosensitivity are features of
faulty DSB repair and therefore suggested an NHE] defect. How-
ever, patients had normal or near normal T-cell numbers. To ex-
clude gene conversion to wild-type in T cells, or the maternal
origin of T cells, DCLREIC was sequenced from sorted CD3+CD8+
and CD3+CD4+ cells from P1. Both had the mutant germline con-
figuration (data not shown). We therefore assessed, by flow cyto-
metry, whether T-cell differentiation is affected in patients with
ARTEMIS variants. Frequencies of regulatory T cells were normal
(P1) or elevated (P4 and P5). Expression of marker cytokines (Inter-
feron-v, Interleukin-4 and Interleukin-17) for T-helper-cell differ-
entiation, which was measured after stimulation, indicated
normal capability to differentiate into T-helper-cell subsets in all
assessed patients (Supplementary Material, Fig. S2A). In contrast,
in peripheral lymphocytes from patients, a severe reduction of
naive T cells was observed whereas terminally differentiated
T cells were increased (Table 1 and Supplementary Material,
Table S1). Furthermore, CD4+ and CD8+ T cells from all tested pa-
tients showed reduced proliferation in vitro (Supplementary
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Table 1. Immunological data and clinical phenotype

Patient Age of onset ALC B cells T cells Naive CD4 Naive CD8 SerumIg Clinical phenotype
(cells/pl)  (cells/pl) (cells/pl) T cells® T cells® (mg/dl)

P1 4 years 3700 1118 1689 101 10.9 IgG: 1110  Respiratory infections, gastroenteritis, otitis
IgM: 97 media
IgA: | 6.6

P2 4 years 6000 480 2940 16.2 11.2 IgG: 1710  Respiratory infections
IgM: 159
IgA: ] 6.6

P3 2 years 2200 | 102 1562 n.e. n.e. IgG: | 4 Respiratory infections, granulomatous skin

10 months IgM: 88 lesions, Hashimoto’s thyroiditis, juvenile

IgA: | 1 idiopathic arthritis

P4 3 years 2170 238 1388 112.4 1119 IgG: 1340  Respiratory infections, gastroenteritis, diffuse
IgM: 157 varicella infection, vitiligo
IgA: | 6.6

P5 6 years 1791 131 1 490 143 15.6 IgG: | 489 Respiratory infections, granulomatous skin
IgM: 132 lesions, vitiligo
IgA: | 64.3

P6 2 years | 800 122 | 547 114 1 1.9 IgG: | 240 Verruca vulgaris, mycobacterial skin infection
IgM: | 35
IgA: | 6.6

P7 2 years 1400 1193 1532 1 6.1 124 IgG: | 363 Respiratory infections, otitis media,
IgM: 149 gastroenteritis
IgA: | 32.6

P8 4 years 2440 124 2025 122 123 IgG: 1140  Respiratory infections, severe varicella
IgM: 86.5 infection, brucellosis, verruca vulgaris
IgA: ] 6.6

P9 4 years 1 900 136 | 558 121.7 15.6 IgG: | 560 Verruca vulgaris
IgM: 54
IgA: 1 19

P10 10 years 1220 124 1 683 119 118 IgG: 1190  Verruca vulgaris, respiratory infections
IgM: | 86.9
IgA: 1 4.5

P11 S years 1240 113 | 603 16.3 n.e. IgG: 1040  Respiratory infections
IgM: | 20.9
IgA: | 24

P12 2 years 2000 116 1 540 149 n.e. IgG: | 135 Respiratory infections, aphtous stomatitis,
IgM: | 15 undefined skin lesions
IgA: | 25

Bold numbers indicate values outside of the reference range; arrows indicate an increase or reduction compared to the reference range. Ig, Immunoglobulins; n.e., not

evaluated.
#(% of CD3+CD4+ cells).
(% of CD3+CD8+ cells).

Material, Fig. S2B). As reduced T-cell proliferation is a criterion for
T-cell deficiency [new clinical diagnostic criteria of the European
Society for Immunodeficiencies (13)], these findings indicate that
patients with ARTEMIS variants have a subclinical combined
immunodeficiency, without clinical signs of T-cell dysfunction.

Restricted T-cell receptor repertoires and elongated
palindromes at TCRp coding joints in patients with
ARTEMIS variants

Based on the reduction of naive T cells and limited T-cell prolifer-
ation, we hypothesized that in patients with ARTEMIS variants,
T-cell numbers are maintained by few cells that complete matur-
ation in the thymus and subsequently proliferate excessively in

the periphery. We therefore assessed, by spectratyping on cDNA,
whether there is a skewed or restricted T-cell receptor (TCR)
repertoire. Indeed, P1 and P2 had oligoclonally expanded TCRB se-
quences with dominant recombination events within a polyclonal
background. TCRy length distribution was even more restricted,
and TCRS rearrangements were also oligoclonal (Fig. 3A).
ARTEMIS nuclease opens DNA hairpins, which occur as inter-
mediates during V(D)J] recombination, at the tip or next to it (6).
When ARTEMIS is defective, yet unknown mechanisms open
these hairpins, however with slower kinetics and further away
from the tip. Thus, ARTEMIS insufficiency results in elongated
palindromic sequences at coding joints (14). In P1, we found sig-
nificantly higher frequencies of TRBD1 and TRBD2*2 (two of the
three possible TCRB D segments) with adjacent palindromes
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Figure 2. Increased radiosensitivity in fibroblasts from patients with DCLRE1C mutations. (A) Fibroblasts from P1 and P2 show normal cell-cycle progression after irradiation.
HD, healthy donor fibroblasts; AT, fibroblasts from a patient with ataxia telangiectasia as a disease (positive) control; percentages of cells in S-Phase, G;-Phase or G,-Phase are
indicated; DAPI, 4',6-diamidino-2-phenylindole. (B) Decreased colony survival in fibroblasts from both homozygous (P1, P2) and compound heterozygous (P4, P5) DCLRE1C
mutation carriers after irradiation, comparable to fibroblasts from a patient with ARTEMIS-SCID (Art-SCID); Error bars indicate standard error of the mean.

than in controls (Fig. 3B). In summary, our analyses of TCR V(D)J
recombination in vivo suggest that the recombination defect is
caused by the variant ¢.194C>T in DCLRE1C.

Increased use of alternative end-joining during class
switching to IgA

DNA DSBs occur physiologically in early B- and T-cell develop-
ment when antigen receptors are re-arranged during V(D)] recom-
bination. Additionally, mature B cells rearrange the constant part
of the Ig heavy chain during class-switch recombination (CSR).
CSR mainly depends on NHE]J (15), but alternative end-joining,
which sometimes depends on sequence homology between two
DNA ends, is preferred when classical NHE] is dysfunctional (16).
We assessed whether CSR in our patients is accomplished by
alternative end-joining instead of NHE]J. For this purpose, switch
junctions from P1 and P2 were compared with published se-
quences from adult healthy controls (17). In P1 and P2, we found
that 23% of the Sp-Sa junctions (indicating a switch from IgM to
IgA) had a significantly increased microhomology of >9 bp com-
pared with 3% in controls (Table 2). This contrasts with a previous
report in which atypical SCID patients with hypomorphic DCLRE1C
splice-site mutations did not show increased usage of long micro-
homology (18). However, in typical SCID patients and a progressive
CID patient caused by DCLREIC gene deletions or mutations, 39%
of Sp-Sa junctions showed microhomology of >9 bp (17).
Comparing Sp-Sy junctions from P1 and P2, the use of 1-3 bp
microhomology was decreased, whereas the use of >3 bp was
marginally increased. Furthermore, no sequential switching
was detected (i.e. switching from IgM through one IgG subclass
to a different IgG subclass located downstream in the IgH locus)
in Sp-Sy junctions from P1 and P2. An excess of such junctions

has been reported in a patient with progressive CID owing to
mutated ARTEMIS (17).

Taken together, in contrast to previously described patients
with hypomorphic ARTEMIS mutations, class-switch to IgA was
dependent on microhomology in P1 and P2, but not to the same
degree as in ARTEMIS-SCID patients.

Complementation of defective V(D)] recombination
by ARTEMIS

Our data indicated an NHE] defect with residual V(D)J recombin-
ation. For confirmation, fibroblasts from patients were subjected
to a plasmid-based reporter assay for inversional V(D)] recombin-
ation. After co-transfection of RAG1 and RAG2 expression plas-
mids and the recombination substrate, recombination efficiency
in cells from P1 and P2 increased only slightly above background
(cells not co-transfected with RAG2). However, in ARTEMIS com-
pound heterozygous cells from P4 and P5, residual recombination
of ~40% of control levels was retained (Fig. 4A).

To assess whether the V(D)] recombination defect could be
rescued by wild-type ARTEMIS protein, fibroblasts were co-trans-
fected with a wild-type ARTEMIS expression vector and RAG1/2
plasmids (Fig. 4B). Wild-type ARTEMIS restored the recombin-
ation efficiency to different degrees compared with control cells
(P1: 61% of control cell level; P2: 69%; P4: 105%; P5: 116%, Fig. 4B).

We sought to investigate the individual activity of each
ARTEMIS mutation by subjecting ARTEMIS negative fibroblasts
to the V(D)J recombination assay after transfecting them with ei-
ther the missense (c.194C>T) or the frameshift (c.1669_1670insA)
mutation. The missense mutation yielded a recombination effi-
ciency of 40% of wild-type ARTEMIS whereas the frameshift muta-
tion showed a recombination efficiency of 76%. This supports the
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hypothesis that the frameshift mutation retains more enzymatic
activity on the reporter plasmid than the missense mutation.

These results demonstrate that both homozygous and com-
pound heterozygous ARTEMIS mutations cause a defect of V(D)J
recombination in patients of this study and show that the
missense mutation causes a more severe phenotype than the
frameshift mutation.

Discussion

This report identifies homozygous and compound heterozygous
mutations in DCLREIC as genetic causes for PID ranging

from antibody deficiency to atypical SCID. Whole-exome sequen-
cing identified homozygous variants in DCLREIC segrega-
ting with the phenotype in P1, P2 and P3 in the index family
(Family A). The disease-causing gene DCLREI1C localizes in
an interval where many markers are heterozygous, demonstrat-
ing a pitfall in homozygosity mapping in a consanguineous
background.

The index patients (P1, P2 and P3) presented at ages of 2 to 8
years with recurrent respiratory infections. All developed B-cell
lymphopenia, whereas T-cell numbers were normal throughout
their clinical courses. Reduced B-cell numbers have also been re-
ported in patients with atypical SCID owing to mutations in
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Table 2. Characterization of Sp-So. and Sp-Sy junctions
Patients Perfectly matched short homology Total no. of
O0bp 1-3bp 4-6bp 7-9bp >10bp S fragments
Direct end-joining Small insertions
Sp-Sa
P1+2 2 (7%) 7 (23%) 7 (23%) 2 (7%) 5 (17%) 7 (23%)***1 30
ARTEMIS atypical SCID 9 (22%) 8 (20%) 11 (27%) 9 (22%) 3 (7%) 2 (5%) 41
ARTEMIS™~ 0 (0%)™) 6 (11%) 10 (19%) 8 (15%) 9(17%) 21 (39%)**t 54
Controls (adult) 28 (18%) 39 (25%) 56 (36%) 15 (10%) 11 (7%) 5 (3%) 154
Controls (1-13 years) 31 (17%) 42 (23%) 36 (20%) 29 (16%) 19 (10%) 26 (14%) 183
Sp-Sy
P1+2 6 (32%) 5 (26%) 5 (26%)*| 3 (16%) 0 (0%) 0 (0%) 19
Controls (adult) 12 (20%) 7 (12%) 37 (63%) 3 (5%) 0 (0%) 0 (0%) 59
ARTEMIS™/~ 5 (21%) 4 (17%) 14 (58%) 1(4%) 0 (0%) 0 (0%) 24
Controls (1-6 years) 13 (22%) 9 (16%) 26 (45%) 10 (17%) 0 (0%) 0 (0%) 58

Sp-Se, switch junctions owing to CSR from IgM to IgA; Sp-Sy, switch junctions owing to CSR from IgM to IgG; ARTEMIS atypical SCID, published switch junctions from a
patient with hypomorphic ARTEMIS mutations (18); ARTEMIS™~, published switch junctions from patients with ARTEMIS-SCID (n = 3) and progressive CID (n=1). The
Sp-Sy junctions were derived from the patient with progressive CID, as no Sp-Sy junctions could be amplified from the cells from the ARTEMIS-SCID patients (17);
Statistical analysis was performed using # tests, and significant differences are indicated in bold.

**P <0.01, **P < 0.001; Patients 1+2 and atypical ARTEMIS were compared with controls (adult), whereas ARTEMIS™~ were compared with controls (1-13 years). Arrows

indicate a significant increase or reduction compared with controls.

ARTEMIS (11). However, none of these patients had sustained
normal T-cell counts.

Reduced naive T cells in our patients with ARTEMIS mutations
indicated that T-cell development was affected, although total
counts of T cells were normal. The two-part hypothesis that a
hypomorphic mutation allows for residual V(D)] recombination
in T cells, which proliferate at compensatory levels in the periph-
ery, is confirmed by the restricted TCR repertoire in patients’
T cells. Although T-cell numbers were normal, we observed an
overall reduction of T-cell proliferation, presumably due to the ter-
minally differentiated phenotype of T cells, which have a limited
proliferative capacity. Despite a biased composition of T-cell sub-
populations, we did not find evidence of T-cell dysfunction.

ARTEMIS is proposed to play similar roles in V(D)J recombin-
ation for T and B cells. The observation of a stronger reduction of
B-cell than T-cell counts in our patients suggests however, that
the central compartment of B-cell progenitors might be more
prone to exhaustion than the T-cell compartment. It is also pos-
sible that the V(D)J recombination defect is not (or not only) due
to faulty enzymatic activity but also due to insufficient ARTEMIS
levels. Accordingly, ARTEMIS expression in fibroblasts from our
patients was only weakly detectable (Fig. 1D), as has been re-
ported for other patients with hypomorphic ARTEMIS mutations
(19). A previous study of mutant ARTEMIS transcripts revealed
differential expression among several cell types (18). Thus, tis-
sue-specific expression of mutant ARTEMIS might make B cells
more vulnerable than T cells.

Null mutations in ARTEMIS have been shown to affect CSR
(17,20). In contrast to previously reported patients with hypomorphic
ARTEMIS mutations, we observed a significant increase in long mi-
crohomologies at Sp-Sa junctions from P1 and P2. However, those
junctions were less frequent than those in ARTEMIS-SCID patients,
arguing that the homozygous ¢.194C>T mutation is hypomorphic.

In colony survival assays, patients with homozygous (P1 and
P2) and compound heterozygous ARTEMIS mutations all showed
increased radiosensitivity, comparable to a patient with ARTE-
MIS-SCID (Fig. 2B). These results suggest that the numerous DSBs
that occur after y-irradiation in vitro cannot be repaired. In vivo, sin-
gle DSBs during V(D)J recombination in one cell might be repaired
by a mutated NHE] factor with residual enzymatic activity.

The two hypomorphic ARTEMIS mutations identified in this
study have distinct effects on pathogenesis, as confirmed in a V
(D)] recombination assay. The c.194C>T mutation affects the me-
tallo-beta-lactamase domain of ARTEMIS, which is essential for
V(D)] recombination (21). Fibroblasts from P1 and P2 showed
only marginal recombination ability. In contrast, compound
heterozygous fibroblast from Patients P4 and P5 retained 40% of
wild-type recombination efficiency. As the paternal allele carries
the ¢.194C>T mutation, the defect of that ARTEMIS mutant is
identical as in patients P1 and P2. In contrast, the frameshift
mutation (c.1669_1670insA) on the maternal allele leads to a
truncated ARTEMIS that leaves the metallo-beta-lactamase and
beta-CASP domains unaffected and thus retains significant
enzymatic activity as shown by the expression of this variant in
an ARTEMIS-negative cell line (Fig. 3B).

The identification of seven additional patients from four un-
related families (P6 through P12) carrying the same homozygous
€.194C>T mutation enabled us to study the phenotypic variability
associated with this mutation. The surviving patients were 6 to
21 years old when this report was prepared. Clinical signs of im-
paired T-cell immunity were milder than those in atypical SCID
patients with hypomorphic ARTEMIS mutations who had severe
opportunistic infections. Signs of T-cell dysfunction were limited
to generalized varicella infections in P4 and P8. P6, P8, P9 and P10
had verruca vulgaris and P12 aphtous stomatitis. Gastroenteritis
is common in combined immunodeficiencies, however was pre-
sent only in P1, P4 and P7. Autoimmune cytopenia was observed
in patients carrying hypomorphic ARTEMIS mutations (11), but
not in our cohort. P4 and P5 showed vitiligo, which is regarded
as an autoimmune phenomenon. P3 was the only patient with
widespread immune dysregulation, manifesting as Hashimoto’s
thyroiditis and juvenile idiopathic arthritis. She had formation of
granulomatous skin lesions, which were described in a subset of
RAG-deficient patients with hypomorphic mutations and were
proposed to serve as a criterion for the differential diagnosis of
a combined immunodeficiency in patients with a CVID diagnosis
(8,22). P5, P6, P12 and a previously published patient with a hypo-
morphic ARTEMIS mutation (18) also had granulomatous skin le-
sions, suggesting that granuloma formation could also be a
common feature among patients with hypomorphic ARTEMIS
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Figure 4. Reversion of defective recombination by ARTEMIS. In vitro V(D)J
recombination in fibroblasts transfected with the V(D)] recombination substrate
and an RAG1 expression vector (—RAG2, negative control). Cells were co-
transfected with RAG2 (+RAG2) or both RAG2 and ARTEMIS (+RAG+ARTEMIS)
expression vectors; error bars indicate standard deviation from three
independent experiments. (A) Dramatically reduced recombination in patients
with homozygous (P1, P2) and heterozygous (P4, P5) DCLRE1C mutations; HD,
healthy donor; +RAG?2, transfection of the substrate plus RAG1 and RAG2
expression vectors. (B) The recombination defect in patients with homozygous
DCLRE1C mutations is considerably attenuated (P1; P2) and completely rescued
in patients with heterozygous DCLRE1C mutations (P4; P5) by ectopic expression
of ARTEMIS. (C) Expression of mutated ARTEMIS only partially rescues the
phenotype in ARTEMIS-negative fibroblasts. msART, plasmid expressing the
missense mutation (c.194C>T); fsART, plasmid expressing the frameshift
mutation (c.1669_1670insA).

mutations. However, in P6 these were attributed to a probable
mycobacterial skin infection. Different types of malignancies
are described for hypomorphic ARTEMIS patients (11), but none
of our patients developed solid tumors or hematological neopla-
sias to date. This difference in the clinical course may be due to
specific characteristics of the ¢.194C>T mutation.

While this manuscript was in preparation, a patient suffering
from T-B-NK+ atypical SCID with the same missense mutation
(c.194C>T) was published (23). However, the relationship between
genotype and phenotype cannot be evaluated, because the mis-
sense mutation was only found on one allele (the mutation status
of the other allele was stated as being not available).

Our findings emphasize that normal T-cell counts do not ne-
cessarily imply intact T-cell immunity and vice versa. P9 was con-
sidered healthy before we identified the same mutation in his DNA
as in his sister (P8) who was found to be immunodeficient 4 years
earlier despite having normal T-cell numbers. Upon his first im-
munological evaluation, he presented with B- and T-cell lympho-
penia and had low IgG and IgA levels. Thorough laboratory and
genetic evaluations of apparently unaffected family members
are required, particularly when evaluating possible donors for
HSCT (24). The variable phenotype of patients with identical mu-
tations may be attributed to genetic (epigenetics, modifying genes)
and environmental (antigenic diversity, nutrition) factors.

The fact that patients with mutations in SCID-causing genes
might present with an antibody deficiency should raise the
awareness of physicians working in the field of PID. Exposure to
X rays has to be minimized during the clinical management in
such patients (e.g. by performing magnetic resonance imaging
instead of computed tomography when evaluation for lung in-
volvement and avoiding routine X rays at dentist check-ups).
Live vaccines should not be administered because on the one
hand it is unlikely that patients achieve protective antibody
titers; on the other hand, they might not be able to clear the
attenuated virus. Furthermore, upon progression of disease,
evaluation of HSCT should be initiated earlier, then it is currently
done in other antibody deficiencies [e.g. severe cases of CVID (25)]
and the patient’s radiosensitive status has to be considered when
choosing a chemotherapeutic regimen for conditioning to avoid
additional adverse effects (26).

In this study, whole-exome sequencing—but not homozygos-
ity mapping—led to the identification of disease-causing muta-
tions in DCLRE1C in patients with antibody deficiency. Like in
RAG deficiency, hypomorphic mutations in DCLRE1C may cause
combinations of symptoms less severe than those observed in
atypical SCID, with a high heterogeneity of laboratory and clinical
findings, even among patients from the same family with identi-
cal disease-causing mutations.

Patients, Materials and Methods
Study participants

Informed consent/assent was obtained from all healthy indivi-
duals and patients according to local ethics committees’ require-
ments. This study has been approved by the Medical Ethics
Committee of the University of Freiburg (protocol number 295/13).

Homozygosity mapping

P1, P3, two unaffected siblings and both unaffected parents were
genotyped using the Affymetrix Genome-wide Human SNP Array



6.0 as described (27). Homozygosity mapping was done using the
in-house software findhomoz (28), searching for intervals in
which markers were perfectly segregating with autosomal-reces-
sive transmission of the disease and both genotyped, affected
children are homozygous for the same haplotype. In light of se-
quencing results, markers in or near DCLRE1C on chromosome
10 were analyzed individually.

Whole-exome sequencing and data analysis

Genomic DNA from Patient 1, Patient 3 and two healthy siblings
the DNA was analyzed by whole-exome sequencing at Beijing
Genome Institute. The sequenced reads were mapped against
the human reference genome build UCSC hg19 using Bowtie 2
v2.2.3 (29), reordered, sorted and converted to bam format, fol-
lowed by the removal of PCR duplicates with Picard v1.115. Local
realignment around InDels and base quality score recalibration
as well as variant calling and variant quality score recalibration
were performed with the GATK v3.1 (30) according to their best
practice recommendations. Analysis of genetic variant data in
the form of VCF files was conducted using the VCFtools program
package (31).

For the annotation of variants with the IDs from the short gen-
etic variants database dbSNP v138, we used SnpSift, which is part
of the main distribution of the toolbox SnpEff v3.6 (32). Because Pa-
tients 1 and 3 were born to consanguineous parents, autosomal-
recessive inheritance was assumed and variants not homozygous
in the patients or homozygous in the unaffected siblings were ex-
cluded. The common variants [frequency >0.01 in dbsnp138 or
ExAC(33)] were then eliminated. Genes were designated as related
to the immune system as previously described (34). Candidate var-
iants (Supplementary Material, Table S2) were prioritized accord-
ing to frequency, a reported function in the immune system, and
software predictions for a possible damaging effect of the variant
(35,36).

Immunoblot analysis

Equal amounts of whole cell lysates, prepared from primary fi-
broblasts, were separated on 8% SDS-PAGE gels and blotted
onto polyvinylidene difluoride membranes. Non-specific binding
was blocked with 5% nonfat dry milk in TBS-T (137 mM sodium
chloride, 20 mmM Tris-HCL pH 8.0, 0.1% Tween 20). The following
antibodies were used: rabbit anti-ARTEMIS (Cell Signaling, Frank-
furt, Germany) and mouse anti-beta-ACTIN (Novus Biologicals).
Signals were detected with horseradish peroxidase-coupled
anti-rabbitIgG (#7074, Cell Signaling) and a chemiluminescent re-
agent (LumiGlo, Cell Signaling) using a Fusion-FX7 CCD camera
(Peqglab, Erlangen, Germany).

Radiosensitivity assays

Cell-cycle analysis of irradiated fibroblasts was performed as pre-
viously described (37). For colony survival assays, primary skin fi-
broblasts were harvested during exponential growth. As a disease
control, fibroblasts from an ARTEMIS-SCID patient (homozygous
mutation c.110A>G, p.D37G) were used. Cells were irradiated and
subsequently seeded in culture dishes coated with gelatin. After
14 days, dishes were washed, stained with 0.5% crystal violet, and
colonies were counted. Plating efficiency for each dish was calcu-
lated (number of colonies divided by the number of seeded cells).
Survival was determined by dividing plating efficiency of irra-
diated samples by plating efficiency of untreated samples. For
each sample, three independent experiments were performed.
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Sanger sequencing

Genomic DNA from family members was isolated using standard
methods. Coding genomic regions including flanking intronic se-
quences of DCLRE1C were amplified from genomic DNA by stand-
ard PCR. PCR primers were used for Sanger sequencing according
to standard techniques. Primer sequences are available on request.

Amplification and analysis of in vivo generated switch
junctions

Genomic DNA was extracted from PBMCs or whole blood using a
commercially available kit (QIAamp DNA mini kit, Qiagen, Hil-
den, Germany). The amplification of Sp-Sa (38,39) and Sp-Sy
(40) junctions and analysis (41) was performed as described.

T-cell receptor spectratyping and rearrangement studies

TCRB, TCRy and TCRS spectratyping was performed from RNA iso-
lated from PBMCs using a commercially available kit (RNeasy
mini kit, Qiagen) following synthesis of oligo dT-primed cDNA
as described previously (42). All fluorescent fragments were ana-
lyzed on an ABI 3130-XL capillary sequencer (Life Technologies).

V(D)] recombination assay in fibroblasts

V(D)] recombination assays were performed as described
previously (43).

Cell culture

Peripheral blood mononuclear cells were isolated from whole
blood by ficoll density gradient centrifugation, stored in the gas
phase of liquid nitrogen and thawed for individual experiments.
Primary skin fibroblasts were obtained from skin biopsies pre-
treated with collagenase type IV (Worthington, Lakewood, NJ,
USA), dispase II (Roche, Mannheim, Germany) and subsequently
cultured in Dulbecco’s modified Eagle medium supplemented
with 10% fetal calf serum and 100 U/ml penicillin-streptomycin
(all from Gibco, Life Technologies, Darmstadt, Germany). All cells
were cultured at 37°C and 5% CO, in a humidified atmosphere.

Flow cytometry

Flow cytometric analyses were performed on a Becton Dickinson
Canto II (BD Biosciences, Heidelberg, Germany) and analyzed on
FlowJo software version 10 (Treestar, Ashland, OR). Cells were
stained with antibodies against:

TCRab (APC, IP26), CD4 (PerCp-Cy5.5, PRA-T4), CD21 (PE, HBS),
CD27 (APC, 0323), CD127 (PE, eBioRDR5), FOXP3 (AF488, PCH101),
IL-4 (APC, 8D4-8), IL-17 (PE, eBio64DEC17, all from eBioscience,
Frankfurt, Germany), TCRgd (PE, IMMUS510), CD16 (PE, 3G8), CD56
(PE, N901), all from Beckman Coulter, Krefeld, Germany), CD24
(BV510, ML5), CD38 (BV421, HIT2), CD45 (PerCP, HI30, all from Bio-
Legend, London, UK), HLA-DR (FITC), CD3 (APC-H7, SK7), CD8
(PerCP-Cy5.5, SK1), CD19 (PE-Cy7, SJ25C1), CD25 (APC, 2A3), CD28
(PE, 1.293), CD45RA (PE-Cy7), CD45RO (PE-Cy7, UCHL-1), IFN-y
(FITC, B27, all from BD) and IgD (FITC, Life Technologies). Cell via-
bility was analyzed with 7 AAD staining solution (BioLegend) and
fixable viability dye (eFluor506, eBioscience). For the detection of
regulatory T cells, commercially available reagents (eBioscience)
were used, following the manufacturer’s instructions.
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Cytokine expression and proliferation of T cells

For cytokine measurements, 500 000 peripheral blood mono-
nuclear cells were incubated overnight in Iscove’s modified Dul-
becco’s medium supplemented with 10% fetal calf serum and
100 U/ml penicillin-streptomycin (all from Gibco). Cells were
treated with brefeldin A (Sigma-Aldrich, Steinheim, Germany)
and stimulated with 50 U/ml IL-2 (Novartis, Niirnberg, Germany),
phorbol 12-myristate 13-acetate (PMA; 0.05pg/ml, Sigma-
Aldrich) and ionomycin (1 pg/ml, Sigma-Aldrich) for 4 h at 37°C.
Cells were then stained with antibodies against CD3, CD4,
CD45RO0 and fixable viability dye. After fixation and permeabil-
ization with Cytofix/Cytoperm (BD), cells were stained with
antibodies against IL-17, IL-4 and IFN-y and analyzed by flow
cytometry. Only CD3*, CD4", CD45RO" cells were analyzed for
cytokine expression levels.

For measuring proliferation, peripheral blood mononuclear
cells were labeled with the fluorescent dye carboxyfluorescein
succinimidyl ester (CFSE, Molecular Probes, Life Technologies)
for 15 min at 37°C with gentle agitation and washed with PBS.
CFSE-labeled peripheral blood mononuclear cells (50 000 in 200 ul
IMDM/10% FCS) were stimulated either with phytohemagglutinin
(PHA; 10 pg/ml, Sigma-Aldrich) or with anti-CD3 and anti-CD28
coupled beads (Dynabeads, Life Technologies) at 37°C. No stimu-
lants were added to control cells. After 5 days, cells were washed,
surface-stained with anti-CD3, anti-CD4 and anti-CD8 and
analyzed by flow cytometry.

High-throughput sequencing of TCRp CDR3 region

The complementary-determining region 3 (CDR3) sequences of
T-cell receptor beta (TCRp) rearrangements were analyzed by a
multiplex PCR assay combined with high-throughput sequen-
cing as previously described (44). DNA was extracted according
to standard protocols from sorted CD4+ and CD8+ T cells from a
healthy donor and from PBMCs of P1 at one time point. Generated
sequence data (9 545 772 reads on CD4+ T cells, 8 343 301 reads on
CD8+ T cells and 648 715 reads on PBMC from P1) were analyzed
by the open-source software MiTCR (45). Detection of palindrom-
ic nucleotides was performed by the alignment of 6-bp-long
sequences spanning 5’ nucleotides of the D segments and palin-
dromic nucleotides, respectively.

Western blot of transfected ARTEMIS variants

HEK293T cells were transfected using the Amaxa Cell Line Nu-
cleofactor Kit V (Lonza, Cologne, Germany) with 5ug empty
pcDNA6/myc-His Version A plasmid, or plasmids coding for ei-
ther wild-type or mutated versions of ARTEMIS fused to the
myec-His tag. For the determination of transfection efficiencies,
cells were co-transfected with 1 ug pmaxGFP plasmid (Lonza)
encoding the green fluorescent protein. After 24 h, cells were har-
vested and lysed in the lysis buffer [SO mm Tris-HCI pH 8.0,
62.5 mM EDTA, 1% (w/v) NP-40, 0.4% (w/v) sodium deoxycholate].
Lysates were spun down in a microcentrifuge at 14 000xg to pel-
let-insoluble debris. Protein concentrations of the lysates were
determined by the BioRad Dc Protein assay (BioRad, Hercules).
A 30 pg portion of each lysate was run on an 8% SDS-polyacryl-
amide gel. The proteins were transferred to Immobilon-P mem-
branes (Millipore, Billerica), and the blots were developed using
monoclonal mouse anti-myc (Novex, Life Technologies, Darm-
stadt, Germany) and polyclonal rabbit anti-B-ACTIN (Abcam,
Cambridge, UK) antibodies. Secondary antibodies used were
goat anti-mouse IgG (H+L)-HRP-conjugate and goat anti-rabbit
IgG (H+L)-HRP-conjugate (BioRad).

Supplementary Material

Supplementary Material is available at HMG online.
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