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Abstract
Background: In this study, we aimed to report long-term follow-up of our pediatric 
and adult patients with DCLRE1C (DNA cross-link repair 1C) hypomorphic mutation 
who were diagnosed leaky severe combined immunodeficiency (SCID).
Methods: Eighteen patients (13 children and five adults), aged between 6 and 29 years 
were included. Clinical and immunological features, including immunoglobulin levels, 
T and B cells, natural killer cell subsets, regulator T (Treg) cell ratios/markers, and 
cytokines, were assessed before and after hematopoietic stem cell transplantation 
(HSCT) and compared with healthy controls.
Results: Recurrent infections (78%) and skin manifestations (61%) such as granulomatous 
skin lesions, warts, and vitiligo were the most common clinical findings. Autoimmune 
diseases were observed in 33% and malignancy in 17%. Most patients had low serum 
IgA and B-  and T-cell lymphopenia at the first admission. Recent thymic emigrants 
(RTE), Tnaive, Bnaive, CD56dimCD16+ cell ratios were significantly lower in the patients 
than in control; however, follicular helper T TFH and Th1 [interferon gamma (IFN-γ)] cell 
ratios were significantly higher than the control. Although, Treg ratio and its functional 
receptors tend to be high but not significant. Eleven patients (61.1%) were treated with 
HSCT. Median follow-up times of transplant patients was 56 (9–67) months.
Conclusion: Patients with hypomorphic DCLRE1C mutations may present with vari-
able clinical and laboratory findings at different ages. Our study showed a helper T 
(Th)1-dominant immune response before and after HSCT. Increased IFN-γ and TFH 
cells ratio could be a reason of chronic inflammation and autoimmunity developing 
before and after HSCT. Long-term follow-up of these patients after HSCT will help to 
better understand the disease and its pathophysiology.

K E Y W O R D S
artemis, combined immune deficiency, DCLRE1C, leaky severe combined immunodeficiency, 
severe combined immune deficiency
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1  |  INTRODUC TION

Artemis (DCLRE1C) is a complex protein that functions the Variable (V), 
Diversity (D) and/or Joining (J) recombination process and generates di-
versity in T-cell receptor and immunoglobulins (Ig). It has both endonucle-
ase and exonuclease activity and encodes a V(D)J recombination/DNA 
repair factor that belongs to the metallobetalactamase superfamily.1,2

Most of the mutations in DCLRE1C destroy endonuclease activity 
and V(D)J recombination, which is a critical step in the development of 
both B and T lymphocytes, then results in severe combined immuno-
deficiency (SCID) in humans with a lack of T and B lymphocytes.3 The 
patients' dermal fibroblasts and hematopoietic cells have been shown to 
be sensitive to ionizing radiation due to the general nonhomologous end 
joining (NHEJ) DNA double-strand break (DSB) repair defect.3,4 On the 
other hand, hypomorphic mutations in this gene allow residual endonu-
clease activity and V(D)J recombination with reduced efficacy.4 This not 
only results in a milder immunodeficiency but also leads to susceptibility 
to autoimmunity, lymphoproliferation, and malignancy.5,6 Mechanism of 
increased autoimmunity and malignancy in these patients are not clear.

Patients with hypomorphic DCLRE1C mutation may present at dif-
ferent ages from infancy to adulthood with different clinical manifes-
tations, ranging from recurrent infections, granulomatous skin lesions, 
autoimmunity to malignancy. To date, only 16 hypomorphic mutations 
in the DCLRE1C gene have been reported in 35 patients, causing a 
leaky SCID phenotype that most likely resembles the combined immu-
nodeficiency (CID) phenotype (Table 1, Figure 1).4,7–14 The mutations 
in the patients included in our study were first described as hypomor-
phic mutations in the DCLRE1C gene in 2015.11 Only two of the pa-
tients with hypomorphic DCLRE1C mutation identified to date were 
adults, and malignancy was prominent in these cases. The remaining 
patients were pediatric and presented with recurrent infections or 
granulomatous skin lesions (Table  1, Figure S1).4,7–14 Hematopoietic 
stem cell transplantation (HSCT) is known as only curative therapy 
for both SCID and leaky SCID. Despite management, immunological 
phenotypes, and treatment strategies of SCID are well-defined, diag-
nosis and treatment for patients with leaky SCID due to hypomorphic 
DCLRE1C mutations are not fully clear.11,15–19 Only a few studies have 
evaluated the long-term follow-up and outcomes of HSCT in patients 
with leaky SCID with hypomorphic DCLRE1C mutation.4,7,8,10,12 In this 
study, we aimed to report the long-term clinical and laboratory out-
comes of our cohort with hypomorphic DCLRE1C mutation, including 
six new patients ranging in age from childhood to adulthood, and to 
share our long-term experience.

2  |  MATERIAL S AND METHODS

2.1  |  Study design and patients

The study was carried out between 2003 and 2023 at Necmettin 
Erbakan University, Department of Pediatric Immunology and 
Allergy. Eighteen patients with DCLRE1C mutation (16 patients: 
c.194C > T; two patients: c.194C > T, c.1669_1670insA) were included 

in the study. Demographic and laboratory data of the patients in-
cluding gender, age, lymphocyte counts, serum immunoglobulin (Ig) 
levels (IgG, IgM, IgA), T, B and natural killer (NK) cell subsets, spe-
cific antibody responses, their therapies including immunoglobulin 
replacement therapy (IgRT), antibiotic prophylaxis, and HSCT results 
were retrospectively recorded. Five mililiters blood were obtained 
from patients and healthy controls for flow cytometric and cytokine 
analysis.

2.2  |  Flow cytometry analysis

The following antibodies were used for evaluation of T, B, and NK cell 
subsets; CD3 (SK7), CD4 (SK3), CD8 (SK1), CD19 (SJ25C1), CD16-
56 (3G8), CD57(NK1), CD27(L128), IgM(G20-127), IgD(IA6-2), 
CD38(HB-7), CD21(B-IJ4), CD45RA(HI100), CC-chemokine re-
ceptor 7 (CCR7) (150503), C-C chemokine receptor type (CXCR5) 
(RF8B2), CXCR3(1C6), CCR6(11A9), programmed cell death protein 
(PD1) (EH12.1), and forkhead box P3 (Foxp3) (236A/E7). When re-
quired, after surface staining, cells were fixed and permeabilized 
with a fixation/permeabilization kit (eBioscience) for intracellular 
staining. In T-cell subsets, CD4 + CD45RA + CD31+ recent thymic 
emigrant (RTE); CD45RA + CCR7+ naive T cell (Tnaive); CD45RA-/
CCR7-; CD4+ and CD8+ effector memory T (TEM) cell; CD45RA-/
CCR7+, central memory T (TCM) cell; CD45RA+/CCR7-, termi-
nally differentiated effector memory (CD4 + TEMRA); follicular 
helper (TFH), Th1 and CD4 + FoxP3+ regulator T (Treg) cell ratios 
were evaluated. In NK cell subset, CD56bright, CD56dimCD16+ and 
CD56+CD57+ cell ratios were analyzed. In addition, expressions 
of cytotoxic T-lymphocyte-associated protein (CTLA)-4, Helios, 
inducible co-stimulatory molecule (ICOS) and glucocorticoid-
induced TNFR-related protein (GITR) on Treg cells were also ana-
lyzed. Samples were analyzed with Becton Dickinson Canto II (BD 
Biosciences, Heidelberg, Germany) device and the results were 
analyzed with the Flow-Jo 10.1r5 software.

2.3  |  Cytokine staining analysis

Cytokine staining was performed as previously described.20 Briefly, pe-
ripheral blood mononuclear cell (PBMC) was cultured with interleukin 

Key message

Our study shows the pre-transplant and post-transplant 
immunology evaluation of patients with hypomorphic 
Artemis mutation and the long-term follow-up of these 
patients. It also draws attention to the fact that these 
patients do not always present with infection in terms of 
clinical presentation. It also draws attention to the fact that 
these patients do not always present with infection.
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(IL)-2 and T-cell activation kits (Miltenyi Biotec) for 72 h at 37°C in 5% 
CO2. Then, T cells were stimulated with phorbol 12-myristate 13-acetate 
(PMA) (10 ng/mL; Sigma-Aldrich) plus ionomycin (1 μg/mg; Sigma-
Aldrich) in the presence of Golgi-Plug (BD) for 4–5 h. Cells were first 
stained with surface monoclonal antibody (mAbs) including CD3 and 
CD4, then fixed/permeabilized with the FoxP3 Staining Buffer S (eBio-
science) and stained with intracellular antibodies including IL-4 (8D4-
8), IL17A (TC11-18H10) and interferon (IFN)-γ (B27). Results were 
analyzed on a Becton Dickinson Canto II (BD Biosciences, Heidelberg, 
Germany) device and analyzed with the FlowJo software.

2.4  |  Histological analysis and 
immunohistochemistry

The preparations and blocks of the cases were extracted from the ar-
chive. 3-micron sections were taken from the blocks on positively 
charged slides for immunohistochemical CD-68 and histochemical Ziehl–
Neelsen (EZN) staining. Slides were transferred to the Ventana XT device 
for CD68 staining. Following to incubation with EDTA, EZN staining was 
applied manually. H&E, CD-68, and EZN stained slides were reevaluated 
under a light microscope (Olympus BX 46) by a single pathologist.

2.5  |  Hematopoietic stem cell transplantation

A high-resolution genotyping method was employed to analyzed 
all patients and donors. All patients received Fludarabine 30 mg/m2 
for 5 days, and cyclophosphamide 10 mg/kg for 4 days for a non-
myeloablative conditioning regimen including anti-thymocyte globu-
lin (ATG Fresenius) at a total dose of 15–30 mg/kg. One patient's 
HSCT was rejected and transplanted again from another donor with 
a myeloablative conditioning regimen with the same agents, including 
Fludarabine and ATG, and replacing cyclophosphamide with treosul-
fan at a dose of 12 g/m2. All patients were administered a calcineurin 
inhibitor for graft-versus-host disease (GVHD) prophylaxis in combi-
nation with short-course 6 mg/m2 methotrexate. Neutrophil engraft-
ment was considered to be the first of three consecutive days with an 
absolute neutrophil count (ANC) ≥0.5 × 109/L, and platelet recovery 
was defined as the first of three consecutive days with a platelet count 
greater than ≥20 × 109/L for seven consecutive days.21 However, 
some patients' neutrophil or platelet levels did not decrease enough 
for transfusion support because the conditioning regimen was non-
myeloablative; therefore, the day with the lowest count was recorded 
as engraftment day. Based on modified Glucksberg and NIH criteria, 
respectively, acute GVHD (aGVHD) and chronic GVHD (cGVHD) were 
diagnosed and graded. IgRT was administered whenever the IgG level 
was less than 400 mg/dL. In cases of an increased viral load of cy-
tomegalovirus (CMV), preemptive ganciclovir treatment was adminis-
tered for a minimum of 21 days. Event-free survival (EFS) was defined 
as the survival probability without evidence of rejection or death by 
any cause. Overall survival (OS) was defined as the time from the date 
of transplantation to the last visit or death by any cause.Re
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2.6  |  CD25 activation test

For CD25 activation, PBMCs were isolated by gardinet centrifugation. 
After PBMC isolation, they were stained with CD3 (PE), CD4 (FITCH), 
CD8 (PerCp), and CD25 (APC) mAb according to the surface staining 
protocol for basal CD25 expression and flow cytometric analysis was 
performed. Then, PBMCs were incubated with IL-2 and T-cell activation 
kits (Miltenyi Biotec) for 72 h at 37°C in 5% CO2. After 72 h, staining 
was performed again and CD25 expressions were detected. CD25 ex-
pressions were evaluated separately in CD3 + CD25+, CD4 + CD25+, 
and CD8 + CD25+ cells. Samples were analyzed with Becton Dickinson 
Canto II (BD Biosciences, Heidelberg, Germany) device, and the results 
were analyzed with the Flow-Jo 10.1r5 software. After 72 h of incuba-
tion, CD25 expression percentage was compared with the basal CD25 
expression percentage to determine CD25 expression change.

2.7  |  In silico analysis of commonly seeing 
hymomorphic DCLRE1C mutation in our cohort

We used the CADD calculator (https://​cadd.​gs.​washi​ngton.​edu/​snv) 
to compute the Combined Annotation Dependent Depletion (CADD) 
score for the variant identified in the DCLRE1C gene, c.194C > T.22 We 
performed multiple sequence alignment (MSA) of the amino acid se-
quences obtained from Ensembl database for primates, rodents, and 

lagomorphs (Table S1) using the ClustalΩ method in the JalView tool.23 
We obtained the tertiary structure of the Artemis protein from the 
Protein Data Bank (6WO0). Using the PremPs tool, we calculated the 
stability change of the amino acid alteration resulting from the variant 
in the protein structure and obtained the mutated protein structure.24

2.8  |  Statistical analysis

Mean and standard deviation were used for patients' ages, follow-
up times, and delay in diagnosis. Demographic data were given as 
mean ± standard deviation. The GraphPad 6 software was used for 
statistical analysis. Mann–Whitney–U-tests were used to compare 
to the groups. Survival analyses were performed with the Kaplan–
Meier test. p < .05 were evaluated as significant.

3  |  RESULTS

3.1  |  Summary of demographic, clinical, and 
laboratory features

Demographic and clinical findings of the patients are summarized 
in Table 2. Eighteen patients (13 female/five male) from 10 families 
were included in this study. Among the patients in our cohort, those 

F I G U R E  1 Identified hypomorphic mutations in the DCLRE1C gene to date.
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aged ≥18 were considered adults, and patients aged <18 were pedi-
atric (according to the World Health Organization). Thirteen of them 
were children (72%) and five were adults (28%).

The mean age at diagnosis and evaluation was 6.69 ± 4.36 years 
(median: 5.5 years) and 16.3 ± 5.5 (median: 15 years), respectively. 
The diagnostic delay was 3.04 ± 2.41 years (median: 2.25). The mean 
follow-up period was 8.6 ± 4.29 years (median: 8-years). P17 was 
diagnosed prenatally through genetic analysis of the cordocentesis 
sample due to the presence of hypomorphic mutation in her two 
siblings.25

Recurrent respiratory infections (78%) and skin manifestations 
(61%) such as granulomatous lesions, warts, and vitiligo were the 
main prominent presentations of the patients (Table 2, Figure S1). 
The onset of the skin manifestations was between three and 5 years 
of age. Autoimmunity was found in six patients (33%), One of the 
patients had juvenile idiopathic arthritis, autoimmune hypothyroid-
ism, and three had vitiligo (Table 2). Two patients with vitiligo (P5, 
P15) developed autoimmunity at second and fourth years of HSCT 
including autoimmune hemolytic anemia (AIHA) and Haschimato 
thyroiditis. Three patients (17%) were diagnosed with malignancy, 
including non-Hodgkin lymphoma (NHL at 12 years of age), acute 
lymphoblastic leukemia (ALL at 5 years of age), and Hodgkin lym-
phoma (HL at 13 years of age). All patients received immunoglob-
ulin replacement (IgRT) and antibiotic prophylaxis therapy, and 11 
patients (61%) underwent to HSCT (eight patients had matched 
unrelated donors and three patients had matched related donors). 
Patients with a suitable donor within the family were referred di-
rectly to the transplant center. Patients without a suitable donor 
were referred to national and international stem cell and cord banks. 
Patients with a suitable donor from the bank were transferred to 
the transplant center after the procedures were completed. Patients 
without suitable donors were followed up with medical treatment 
by updating their screening intermittently. We were able to access 
detailed transplant data for eight of the 11 transplanted patients. All 
patients who underwent HSCT were alive, but three patients died 
in the overall cohort when searching for suitable donor. Four pa-
tients are still searching for suitable donor. The follow-up periods of 
surviving patients (n = 15) and deceased patients (n = 3) until death 
are summarized in Table 2. Median follow-up times of transplanted 
patients was 56 (9–67) months. Three patients died during the donor 
screening period for HSCT. One patient died at the age 15 due to 
respiratory failure resulting from pneumonia. Another patient died 
at the age of seven because of pneumonia, and another patient died 
due to myelopathy following radiotherapy for lymphoma treatment.

Result of immunological parameters are shown in Table 3. Ten pa-
tients (61%) had lymphopenia at initial presentation. The most strik-
ing laboratory feature was low serum IgA levels, which were present 
in almost all patients (94.4%). Serum IgA level was below 7 mg/dL 
in 14 (78%) patients. Low IgG and IgM were detected in 61% and 
39% of patients, respectively. In our patients under 14 years of age 
(n = 10.), whom we followed for a long time (4–21 years) until HSCT, 
we found that lymphopenia became evident with age, and there was 
a significant decrease lymphocyte count, CD4 + Th, CD19 + B cells, 

and serum IgA levels (Figure 2A–D). Isohemagglutinin titer was eval-
uated in 16 and anti-HBs in 13 patients. These values were negative 
in nine (56%) and 12 patients (92%), respectively. Twelve patients 
(67%) were evaluated for serum Rubella IgM levels. Rubella IgM lev-
els were positive in five patients with granulomatous skin lesions. 
The patients' anti-tetanus and anti-pneumococcal antibodies results 
could not be evaluated.

Skin biopsy of the patients revealed granuloma formation and 
necrosis in all patients with skin granulomas. No acid-fast bacteria 
were detected in the lesions with Ziehl–Neelsen stain (ZN stain) 
(Figure S2). These lesions did not respond to either antituberculo-
sis treatment or local and systemic steroid therapy even when ad-
ministered at different times. The size of the granulomatous skin 
lesions, warts, and vitiligo markedly decreased after HSCT; however, 
a patient developed new granulomatous lesions 1 year after HSCT. 
Rubella could not be in skin biopsy specimens using polymerase 
chain reaction (PCR).

3.2  |  Hematopoietic stem cell transplantation

The characteristics of patient and transplant are summarized in 
Table 4. Detailed data were available for eight of the transplanted 
patients from a single center. The median age of patients who un-
derwent HSCT from this center was 10 years, and all had a matched 
(9/10 or 10/10) unrelated donor. All donors were CMV IgG- and EBV 
IgG-positive, IgM-negative. All patients were successfully had either 
full or mixed chimerism at the last follow-up, except one patient who 
had primary graft rejection and was subsequently retransplanted 
with a myeloablative regimen, resulting in full chimerism. All patients 
were alive at the last follow-up, with a median survival of 56 months.

In the non-HSCT group, 42.8% of the patients (3/7) died, with a 
median survival of 11 years (95% CI for the median: 4–11) and a mean 
survival of 12.07 ± 3.06 years (mean ± SEM). There were no deaths in 
the HSCT (0/11) group, and the average survival was 14.9 ± 0 years. 
Overall (18) survival appears to be 16.83 ± 1.65 (mean ± SEM) years 
(Figure S5). The only GVHD complications were three cases of grade 
2 acute GVHD and two cases of mild chronic GVHD, all of which had 
completely resolved at the most recent follow-up.

The most frequent complication was CMV viremia, followed by 
engraftment syndrome, autoimmunity, and adenovirus infection to 
a lesser extent (Table 4). IgRTwas administered to three of eight pa-
tients after HSCT due to low IgG levels or as prophylaxis for fre-
quent infections. Six of all transplanted patients receive IgRT.

3.3  |  Results of T, B and NK cell subsets

At the time of diagnosis, the majority of exhibited T-cell (83.3%) 
and B-cell (94.4%) lymphopenia. When we evaluated B-cell subsets, 
the B-cell ratio was significantly lower in patients before and after 
HSCT than in controls (p < .05). Although B-cell ratios increased 
after HSCT, this increase was not statistically significant (p > .05) 

 13993038, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.14260 by A

L
A

N
Y

A
 A

L
A

A
D

D
IN

 K
E

Y
K

U
B

A
T

 U
N

I, W
iley O

nline L
ibrary on [27/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  9 of 16HAZAR et al.

TA
B

LE
 3
 
La
bo
ra
to
ry
 c
ha
ra
ct
er
is
tic
s 
of
 p
at
ie
nt
s 
(n
e:
 N
ot
 e
va
lu
at
ed
, y
: Y
ea
rs
, m
: M
ou
th
).

Pa
tie

nt
s

A
ge

 a
t 

ev
al

ua
tio

n
A

LC
 (c

ou
nt

/m
m

3 ) 
(n

or
m

al
 ra

ng
e26

)
Ig

G
 (m

g/
dL

)
Ig

M
 (m

g/
dL

)
Ig

A
 (m

g/
dL

)
CD

3+
 T

 c
el

ls
 

(c
ou

nt
/m

m
3 )

CD
4+

 T
 c

el
ls

 
(c

ou
nt

/m
m

3 )
CD

8+
 T

 c
el

ls
 

(c
ou

nt
/m

m
3 )

CD
19

+
 B

 c
el

ls
 

(c
ou

nt
/m

m
3 )

A
nt

iH
Bs

İs
oh

em
ag

lu
tin

in

P1
9 
ye
ar
s

37
80
 (1
20
0–
47
00
)

11
10
 (8
42
–1
94
3)

97
 (5
4–
39
2)

6.
6 
(6
2–
39
0)

16
89
 (1
00
0–
49
00
)

69
5 
(5
00
–2
70
0)

15
57
 (3
00
–2
10
0)

11
8 
(2
00
–2
20
0)

ne
½

P2
5 
ye
ar
s

38
40
 (1
40
0–
55
00
)

17
10
 (7
45
–1
00
4)

15
9 
(7
8–
26
1)

6.
6 
(5
7–
28
2)

29
40
 (1
90
0–
36
00
)

15
60
 (6
00
–2
00
0)

19
80
 (3
00
–1
30
0)

48
0 
(3
00
–1
20
0)

ne
1/

8

P3
4 
ye
ar
s

22
00
 (1
40
0–
55
00
)

4 
(6
40
–2
01
0)

88
 (5
2–
29
7)

1 
(4
4–
24
4)

15
62
 (1
90
0–
36
00
)

83
6 
(6
00
–2
00
0)

68
2 
(3
00
–1
30
0)

10
2 
(3
00
–1
20
0)

ne
½

P4
5 
ye
ar
s 
6 
m

21
70
 (1
40
0–
55
00
)

10
50
 (7
45
–1
00
4)

10
0 
(7
8–
26
1)

6.
6 
(5
7–
28
2)

13
88
 (1
90
0–
36
00
)

98
8 
(6
00
–2
00
0)

47
7 
(3
00
–1
30
0)

23
8 
(3
00
–1
20
0)

2
1/

64

P5
9 
ye
ar
s 
3 
m

79
1 
(1
20
0–
47
00
)

48
9 
(8
42
–1
94
3)

13
2 
(5
4–
39
2)

64
 (6
2–
39
0)

49
0 
(1
00
0–
49
00
)

24
5 
(5
00
–2
70
0)

19
0 
(3
00
–2
10
0)

31
 (2
00
–2
20
0)

4.
5

1/
16

P6
3 
ye
ar
s 
6 
m

80
0 
(1
40
0–
55
00
)

24
0 
(6
40
–2
01
0)

35
 (5
2–
29
7)

6.
6 
(4
4–
24
4)

54
7 
(1
90
0–
36
00
)

21
7 
(6
00
–2
00
0)

26
7 
(3
00
–1
30
0)

22
 (3
00
–1
20
0)

0.
58

1/
1

P7
4 
ye
ar
s 
2 
m

14
00
 (1
40
0–
55
00
)

36
3 
(7
45
–1
00
4)

14
9 
(7
8–
26
1)

32
.6
 (5
7–
28
2)

53
2 
(1
90
0–
36
00
)

22
0 
(6
00
–2
00
0)

30
8 
(3
00
–1
30
0)

19
3 
(3
00
–1
20
0)

0
1/

8

P8
7 
ye
ar
s

24
40
 (1
20
0–
47
00
)

11
40
 (7
64
–2
13
4)

86
.5
 (6
9–
38
7)

6.
6 
(7
0–
30
3)

20
25
 (1
00
0–
49
00
)

90
3 
(5
00
–2
70
0)

10
00
 (3
00
–2
10
0)

24
 (2
00
–2
20
0)

5
½

P9
5 
ye
ar
s

90
0 
(1
20
0–
47
00
)

56
0 
(7
45
–1
00
4)

54
 (7
8–
26
1)

18
 (5
7–
28
2)

55
8 
(1
90
0–
36
00
)

20
7 
(6
00
–2
00
0)

24
3 
(3
00
–1
30
0)

36
 (3
00
–1
20
0)

3.
5

1/
16

P1
0

20
 ye
ar
s

12
20
 (1
20
0–
41
00
)

11
90
 (9
13
–1
88
4)

86
 (8
8–
32
2)

4 
(1
39
–3
78
)

68
3 
(1
10
0–
41
00
)

26
8 
(6
00
–2
40
0)

43
9 
(4
00
–1
50
0)

24
 (2
00
–1
40
0)

0.
16

1/
16

P1
1

8 
ye
ar
s 
6 
m

16
00
 (1
20
0–
47
00
)

10
40
 (8
42
–1
94
3)

20
 (5
4–
39
2)

24
 (6
2–
39
0)

60
2 
(1
00
0–
49
00
)

22
9 
(5
00
–2
70
0)

39
6 
(3
00
–2
10
0)

13
 (2
00
–2
20
0)

1.
35

¼

P1
2

3 
ye
ar
s 
9 
m

20
00
 (1
40
0–
55
00
)

13
5 
(6
40
–2
01
0)

15
 (5
2–
29
7)

6.
6 
(4
4–
24
4)

54
0 
(1
90
0–
36
00
)

16
0 
(6
00
–2
00
0)

24
0 
(3
00
–1
30
0)

17
 (3
00
–1
20
0)

0.
4

½

P1
3

3 
ye
ar
s 
8 
m

10
00
 (1
40
0–
55
00
)

47
0 
(6
40
–2
01
0)

42
0 
(5
2–
29
7)

6.
6 
(4
4–
24
4)

49
0 
(1
90
0–
36
00
)

18
0 
(6
00
–2
00
0)

42
0 
(3
00
–1
30
0)

90
 (3
00
–1
20
0)

0.
5

1/
1

P1
4

6 
ye
ar
s

60
0 
(1
20
0–
47
00
)

24
0 
(7
45
–1
00
4)

12
 (7
8–
26
1)

6.
6 
(5
7–
28
2)

39
0 
(1
00
0–
49
00
)

36
 (5
00
–2
70
0)

31
2 
(3
00
–2
10
0)

0 
(2
00
–2
20
0)

33
1/

1

P1
5

10
 m

30
30

 (3
20

01
23

00
)

65
 (4
63
–1
00
6)

11
3 
(4
6–
15
9)

6.
6 
(1
7–
69
)

14
24
 (2
40
0–
81
00
)

60
6 
(1
40
0–
52
00
)

11
51
 (6
00
–3
00
0)

27
2 
(5
00
–3
60
0)

0
½

P1
6

6 
ye
ar
s

70
0 
(1
80
0–
18
,7
00
)

45
6 
(7
45
–1
00
4)

17
9 
(7
8–
26
1)

6.
6 
(5
7–
28
2)

53
2 
(1
00
0–
49
00
)

39
9 
(5
00
–2
70
0)

12
6 
(3
00
–2
10
0)

12
6 
(2
00
–2
20
0)

ne
1/

32

P1
7

2 
m

20
20
 (2
90
0–
11
,4
00
)

48
2 
(3
76
–6
85
)

19
 (3
6–
77
)

6.
6 
(9
–3
0)

13
53
 (2
40
0–
81
00
)

17
8 
(1
40
0–
52
00
)

20
2 
(6
00
–3
00
0)

20
 (5
00
–3
60
0)

ne
ne

P1
8

11
 ye
ar
s 
6 
m

11
46
 (1
40
0–
42
00
)

10
70
 (8
35
–2
09
4)

16
3 
(6
7–
43
3)

6.
1 
(4
7–
48
4)

56
1 
(1
10
0–
41
00
)

22
9 
(7
00
–2
50
0)

43
5 
(4
00
–1
50
0)

18
9 
(2
00
–1
40
0)

1.
1

ne

 13993038, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.14260 by A

L
A

N
Y

A
 A

L
A

A
D

D
IN

 K
E

Y
K

U
B

A
T

 U
N

I, W
iley O

nline L
ibrary on [27/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 16  |     HAZAR et al.

(p > .05) (Figure 4A). Bnaive cell ratio was lower in patients than in 
controls and post-transplant patients (p < .05). Although switched 
memory B-cells ratio slightly lower in patients than in controls, it 
was not significant (p > .05) (Figure  4B). Low lymphocyte count, 
T-cell and B-cell lymphopenia became more pronounced with 
age, especially toward adulthood. Regarding T-cell subsets, CD4+ 
and CD8+ TEM cell ratios were higher in patients than in controls 
(p < .05). Although effector TEM cell ratio decreased after HSCT, it 
remained higher than controls (p > .05). CD4+ and CD8+ TCM cell 
ratios were higher compared to controls before HSCT, but these ra-
tios were similar to controls after HSCT (p > .05). CD4 + TEMRA cell 
ratio was lower in patients before HSCT than in controls, but after 
HSCT, this ratio became like controls. In contrast, CD8 + TEMRA 
cell ratio was higher in patients than in controls before and after 
HSCT. The changes in CD4+ and CD8+ TEMRA cells were not sta-
tistically significant (p > .05) (Figure 3C,D).

When the patients evaluated in terms of other T-cell subsets 
and cytokines; TFH and Th1 cell ratios (both IFN-γ and CXCR3+ 
T cells) were significantly higher in patients before and 1–2 years 
after HSCT than in controls (p < .05) (Figure  3E,F). RTE cell ratio 
(CD4 + CD45RA + CD31+) was significantly lower in patients than 
in controls (p < .05) before HSCT but returned to similar levels 

after HSCT (p > .05) (Figure 4G). However, Treg cell ratios and its 
functional markers including CTLA-4, Helios, ICOS, and GITR ex-
pression on the Treg cells were slightly higher in patients than in 
controls although this difference was not statistically significant 
(Figure S3a–e).

When comparing NK cell subsets between patients and controls, 
CD56dimCD16+ NK cells were very significantly lower in patients 
than in controls (p < .05). However, CD56bright NK cells, which are 
potent producers of cytokines, were slightly lower in patients than 
in controls, although this difference was not statistically significant 
(p > .05) (Figure 3H).

3.4  |  CD25 activation results

CD25 activation assay was performed to evaluate T-cell functions. 
CD25 activations could be evaluated both before and after HSCT 
in six patients. A 3.05-fold, 2.23-fold, and 8.40-fold increase in 
CD25 expression was detected in pre-HSCT CD3, CD4, and CD8 
cells, respectively. After HSCT, 181-fold, 86.4-fold, and 127-fold in-
creases in expression were detected in CD3, CD4, and CD8 cells, 
respectively. In healthy controls, a 227-fold, 260-fold, and 212-fold 

F I G U R E  2 Changes in lymphocyte, CD4+ Th cell, CD19+ B cell and IgA levels depending on age of patients (The data presented are the 
mean and standard deviation of the values observed in patients). (Patients included for analysis: P1, P4, P5, P6, P7, P8, P9, P11, P14, and 
P16). (A) Lymphocyte; (B) CD4+ Th cell; (C) CD19+ B cell; (D) Serum IgA.
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increase in CD25 expression was detected in CD3, CD4, and CD8 
cells, respectively (Figure S4).

3.5  |  In silico analysis of artemis variant

The variant c.194C > T identified in the DCLRE1C gene causes a 
Thr165Ile amino acid change in the β-lactam domain of the Artemis 
protein (Figure 4A). The CADD score for the variant identified in the 
DCLRE1C gene was 26.5. After performing multiple sequence align-
ment (MSA) using the amino acid sequences of Artemis proteins 
from four primates, one lagomorph and one rodent, we observed 
that Thr65 was phylogenetically conserved (Table S1). We calculated 
the ΔΔG value as 1.02 (kcal/mol) based on the amino acid change 
in the post-variant protein structure and observed that the Artemis 
protein was destabilized. Changes in intramolecular hydrogen bonds 

occurred due to the amino acid change. In the wild-type condition, 
the Thr65 amino acid residue forms a hydrogen bond with Gly118 
(2.98 Å) and two different hydrogen bonds with Ser62 (2.931 Å and 
3.064 Å), while after the variant, the hydrogen bond with Gly118 
and one of the hydrogen bonds with Ser62 are lost. The Ile65 amino 
acid formed a cryptic hydrogen bond with Cys64 after the variant 
(3.165 Å) (Figure 4A–C).

4  |  DISCUSSION

DCLRE1C deficiency typically results in causes T-B-  SCID within 
opportunistic infections during the first year of life. Hypomorphic 
mutations with residual protein activity led to milder clinical 
forms of inborn error of immunity (IEI) typically present later in 
life (Table 1).4,7–14 However, information on the clinical, laboratory, 

F I G U R E  3 Comparison of ratios of B, T, NK cell subsets and cytokine expressions before and after HSCT in patients and healthy 
controls by flowcytometry. (A) CD19+ B cells, (B) B cell subsets, (C) CD4+ T memory cell subsets, (D) CD8+ T memory cell subsets, (E) 
Surface markers of T helper cell subsets, (F) Cytokines of T helper cells, (G) RTE, (H) NK cell subsets, (I) CD4 + Foxp3+ Treg cells. (HSCT: 
Hematopoietic stem cell transplantation, CM, Central memory; Teff, Effector memory T cell; TEMRA, Terminally differentiated effector 
memory T cell; RTE, Recent thymic emigrant; Treg, Regulator T cell). *p < .05, **p < .005, ***p < .001.

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)
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and demographic characteristics of diseases caused by hypomor-
phic mutations. Our study presents 20 years of clinical experience, 
documenting changes in clinical and laboratory findings, long-term 
follow-up, and post-transplant outcomes in DCLRE1C deficiency. Our 
study is also in terms of including both adult and pediatric patients.

Recurrent sinopulmonary infections, skin symptoms such as 
granulomas, warts, and vitiligo are the most prominent clinical find-
ings in patients with hypomorphic DCLRE1C mutation and other 
IEIs including Ataxia Telangiectasia, X-linked agammaglobulinemia, 
CID, SCID (RAG, DCLRE1C, PRKDC deficiency), and chronic granu-
lomatous disease.8,11,13,15,16,27–31 Most of our patients had expe-
rienced recurrent sinopulmonary infections and skin involvement 
consistent with findings reported in the literature. The mechanism 
of granuloma formation in IEI is fully understood. However, recent 
reports have demonstrated that Rubella vaccine strain can chron-
ically infect M2 macrophages and keratinocytes in patients with T-
cell deficiency, leading to granuloma formationss.32 All patients in 
this cohort received measles, mumps, and rubella (MMR) vaccines 
at 1 year of age according to the national immunization program. 
However, only four patients aged 2–6 had cutaneous granulomas. 
We were able to measure serum Rubella IgM level in only 12 patients 
with/without granuloma, and it was positive in all four patients with 
granulomas. However, serum Rubella IgM was positive in only one 
patient without cutaneous granulomas. We did not perform PCR for 
Rubella virus on the biopsy samples because this test was not avail-
able in our center. We were unable to detect acid-fast bacteria in 
skin biopsies taken from granulomas. However, all the patients with 

granulomatous skin lessions had decreased CD56dimCD16+ NK cell 
ratio. This may contribute to the development of granulomatous skin 
lesions in these patients.

Artemis, encoded by the DCLRE1C gene Artemis, plays a criti-
cal role in the V(D)J recombination, its main function as a compo-
nent of the NHEJ pathway of DNA repair is to process specific DNA 
double-strand breaks that are repaired in a slow kinetic process.33 
In silico analyses we conducted in our study showed that the amino 
acid interactions in the Artemis protein formed as a result of the 
hypomorphic DCLRE1C gene variant change and an unstable protein 
is formed. This was the first time that it was shown that this resulted 
in destabilization of the protein. This can be explained by the fact 
that unlike the variants in the DCLRE1C gene that result in complete 
loss of function of the Artemis protein and cause SCID, hypomorphic 
variants do not change the protein level but affect the stability of the 
protein, causing a milder clinical course.

The frequency of autoimmunity and malignancy is 5 to 30 times 
higher in individuals with IEI than in the general population.34 Similar 
to other IEIs, patients with SCID or hypomorphic mutations in the 
DCLRE1C gene have an increased susceptibility to autoimmunity and 
malignancy.4,10–14,16,35,36 Similar to the literature, we found the fre-
quency of autoimmunity and malignancy in our cohort to be 33% and 
17%, respectively. A possible mechanism of malignancy and immune 
dysregulation is that mutation in DCLRE1C results with ineffective 
DNA repair with genomic instability, with a consequent clinical pic-
ture of SCID/leakySCID associated with radiosensitivity. Diffuse 
large B-cell lymphoma (NHL), large granular lymphocytic leukemia, 

F I G U R E  4 (A) Schematic representation of the structural regions of the Artemis protein. (B) Wild-type Artemis protein. (C) Mutant 
Artemis protein resulting from the c.194C > T variant and its interaction with other amino acids [Blue dashed lines represent hydrogen 
bonds, and numbers on blue dashed lines represent bond lengths in Angstrom units (Å)].
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in situ carcinoma, HL have been reported in the patients with hypo-
morphic DCLRE1C mutation. Malignancy was detected in 21% (n = 6) 
of all patients with the hypomorphic DCLRE1C gene variant reported 
in the literature.9,12,14,37 The malignancy rate in our cohort was 17% 
(n = 3), which is consistent with the rates reported in the literature. 
During the follow-up of our patients, one was diagnosed with HL 
and another with NHL. Additionally, one patient was diagnosed with 
ALL during family screening. This shows importance of screening of 
family members regarding the mutation, if they have malignancy or 
autoimmunity even no history of infection. Moshous et al. described 
the presence of polyclonal T and B lymphocyte, and chromosomal 
instability in their patients with an EBV-associated lymphoma, which 

may responsible development of malignancy in these patients.4 
Jacobs et al. reported that dysfunctional Artemis activity combined 
with p53 inactivation predisposes to thymic lymphomas.34 We only 
showed increased radiosensitivity in some of our patient in our pre-
vious report.11 The average time to diagnosis of malignancy in pa-
tients with the hypomorphic DCLRE1C gene variant is 10.2 months 
(9–264), and all patients with malignancy generally died due to in-
fections.4,9,12,14 In our cohort, the average time to detect malignancy 
was 10 (60–156) months, and one patient died. While the mortality 
rate in our total cohort was 17%, the mortality rate following the 
development of malignancy was 33% and was found to increase 
approximately twofold. The literature data and data in our cohort 
show that the development of malignancy significantly increases the 
risk of mortality in these patients. Therefore, we believe that careful 
consideration of the risk of malignancy and prompt transplantation 
are crucial for the survival of patients.

The patients with the hypomorphic DCLRE1C variant have an ap-
proximately 37% risk of developing autoimmune disease.4,10,11,14 In 
our cohort, the rate of autoimmune disease was 33%. Vitiligo, which 
was present at diagnosis in two patients and developed during fol-
low-up in one patient, has not been previously reported in other 
patients with DCLRE1C deficiency in the literature (two of these 
patients were previously reported, Volk et al.11) In our cohort, two 
patients developed autoimmunity after HSCT. Nahum et  al. could 
be evaluated Treg ratio in only two of their four patients with hypo-
morphic DCLRE1C mutation and was found to be lower than healthy 
control.13 However, we found increased ratio of Treg cell and its re-
ceptors including CTLA4, Helios, ICOS, GITR, and CD25 on Treg cell 
in our patients compared with controls. We could not check Treg 
function by suppression assay and its repertoire. A decrease in the 
number and/or dysfunction of Treg cells leads to a loss of immune 
tolerance and the development of autoimmune diseases.35 However, 
Treg cells are not the sole contributors to this condition; they in-
teract with other Th subsets in the development of autoimmune 
diseases.38,39 Increased IFN-γ expression originating from Th1 cell 
may contribute to the development of autoimmune diseases by sup-
pressing Th17 responses.40 High levels of INF-γ + T cells along with 
low levels of IL-17 + Th17 cells, detected in our study may affect Treg 
cell functions.TFH cells are an essential part of humoral immunity by 
assisting B cells to produce high-affinity antibodies. The production 
of high-affinity pathogenic antibodies appears to be crucial for most 
autoimmune disorders.41 TFH cell ratio was significantly increased in 
our patients compared to controls. The increased count of TFH did 
not return to normal levels despite HSCT. Increased TFH cell ratio 
in these patients may be related to autoimmunity. Further mecha-
nistic studies will help to understand the role of the DCLRE1C gene 
in autoimmunity.

Lymphopenia, low serum IgA level, T/B cell lymphopenia, and 
low RTE ratio were the most important laboratory findings of our 
patients. Lymphopenia was present in 55.5% of patients at initial 
presentation, but similar to the literature, it developed in all patients 
during follow-up.4,7–14 In the presence of the hypomorphic DCLRE1C 
variant, the Artemis protein cannot fully perform its function.2 In 

TA B L E  4 HSCT characteristics and outcomes.

Characteristic Value

Age at Tx (median, years) 10.7 (5.8–14.5)

Gender

Male 2 (25%)

Female 6 (75%)

MUD HLA match

10/10 3 (38%)

9/10 5 (62%)

Conditioning regimen

Cy Flu ATG 7 (88%)

Treo Flu ATG 1 (12%)

GVHD prophylaxis

Tacr+Mtx 5 (62%)

CsA + Mtx 3 (38%)

Stem cell source (×106/kg) (median, range)

BM 2 (25%)

PBSC
CD34 (×106/kg)

6 (75%)
6.4 (3.1–11.4)

Engraftment (median days, range)

Neutrophil 9.5 (5–18)

Platelet 8 (5–17)

Chimerism (%)

First 37 (2–96)

Last 98 (2–100)

Acute GvHD grade 2 3 (38%)

Chronic GVHD (mild) 2 (25%)

Complications

CMV 5

Adenovirus 1

Engraftment syndrome 3

AIHA 1

Follow-up (months, median, range) 56 (9–67)

Survival (n = 8) 100%

EFS (n = 8) 88%

Abbreviation: AIHA, autoimmune hemolytic anemia.
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this case, V(D)J recombination does not work properly, and T-cell 
development is negatively affected. Failure of T cells to develop 
properly leads to decreased production of mature T cells in the thy-
mus. There are few studies evaluating T-cell subset including CD4+ 
and CD8+ CD45RA + CD45RO+ in the patients with hypomorphic 
DCLRE1C mutation.8,10,11 In these studies, the proportion of these 
cells was found to be lower than in controls.

In Artemis deficiency, unrepaired DNA fragments may leak into 
the cytosol and initiate type I IFN production, leading to chronic 
inflammation. We have previously shown higher levels of IFN- α 
2a and IP-10 in patients than in controls.42 In this study, we have 
shown that type II IFN (IFN-γ) levels are also increased in these 
patients as additional cytokines contributing to chronic inflamma-
tion such as granulomatous skin lesions and bronchiectasis. The 
increased ratio of Th1 cells did not return to normal levels despite 
HSCT. When we evaluated NK cell subsets, the CD56dimCD16+ NK 
cells, being active mediators of natural and antibody-dependent 
cellular cytotoxicity were significantly lower in patients than in 
controls. Five patients in our cohort had warts, which may be re-
lated to decreased NK cell subsets contributing to skin viral infec-
tions, including warts.

5  |  CONCLUSIONS

As a results, the hypomorphic variant in the DCLRE1C (c.194C > T) 
gene causes the Artemis protein to become unstable. Depending on 
the type of hypomorphic variant, the degree of stabilization of the 
protein may vary, and accordingly, patients carrying the hypomorphic 
DCLRE1C variant may have variable clinical presentation and immuno-
logical findings. Our study showed a Th1-dominant immune response 
in patients before and after HSCT. Increased IFN-γ production, TFH 
cell ratio and decreased NK subsets may be a reason for chronic in-
flammation, skin lesions, or autoimmunity. Although patients have 
CD4+ Th and CD19+ B cell lymphopenia and low serum IgA levels 
at the time of diagnosis, it is noteworthy that this low level continues 
after diagnosis. Long-term follow-up of these patients after HSCT will 
help to better understand the disease and its pathophysiology.
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