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Abstract
Inborn errors of immunity include multiple genetic abnormalities affecting different components of the innate and adaptive immune systems. More than 450
genes have been described so far including DNA repair defects which may result in predisposition to infections, but also malignancies, neurologic
abnormalities and growth retardation. The group of patients with DNA repair and methylation defects exhibit impaired adaptive immunity, which increases
susceptibility to infections due to impaired repertoire diversity. In this context, we aimed to investigate the TCRvβ repertoire and its interaction with clinical
entities in a group of IEI patients with DNA repair defects including ATM, DCLRE1C, DNA-PRKDC, DNA ligase-4, and BLM.

Thirty-nine patients with evidence of DNA repair defects and radiosensitivity and 15 age-matched healthy controls were included in this study. Peripheral
lymphocyte subset and TCR-vβ repertoire analyses were performed by flow cytometry. To contrast TCR-repertoire in patients with DNA repair defects to healthy
controls, we extracted data on lymphocyte phenotype, thymic function, immunoglobulins, and analysis of the TCRvβ repertoire from a prior study.

The entire TCR-vβ repertoire was detected in all patients. However, compared with the control group, 9 of 24 clones (37.5%) were statistically significantly
lower, whereas only 3 clones had high levels (p < 0.05). In addition, 62.5% of all clones had lower values than the control group. Some unique vβ clones have
been associated with some clinical entities. Clonotypes associated with infections, autoimmunity and lymphoid proliferation were detected in the patient
group. Lower TCR-vβ-9 and TCR-vβ23, higher TCR-vβ7.2 were detected in the patients with pneumonia (n = 13) (respectively p = 0.018, p = 0.044 p = 0.032). In
addition, AT patients with pneumonia (n = 10) had a lower TCR-vβ-9 clone than patients without pneumonia (n = 25) (p = 0.008).

In summary, we observed skewed clonal proliferation of most TCR-vβ clones in DNA repair defects, especially AT. In addition, our study demonstrated that
some TCR-vβ clones might be predictive of some clinical entities. To further investigate the impact of the diversity of the TCR repertoire on the clinical
phenotype, future studies should focus on the analysis of naïve and memory T cells, the detection of the source of oligoclonality, and the relationship between
clonality and clinical entities.

Introduction
Inborn errors of immunity (IEI) include multiple genetic abnormalities affecting different components of the innate and adaptive immune systems1. IEI make
affected individuals more susceptible to infections, autoimmune diseases, and malignancies2. The group of IEI patients with DNA repair and methylation
defects exhibit impaired adaptive immunity, which increases susceptibility to infections due to impaired repertoire diversity3.

T-cell receptors (TCRs) are one of the most important molecules of the adaptive immune system, located on the surface of T cells4. Their function is to
recognize peptides bound to one of the cell surface products of major histocompatibility complex (MHC) genes5. TCRs are composed of two distinct chains: α
and β or γ and δ. Each of these chains carries constant and variable regions. The diversity of the variable regions accounts for the specificity of TCRs6.

Recombination of variable (V), diverse (D), and joining (J) gene segments accounts for the diversity of the antigen repertoire. In addition, diversity is further
enhanced by junctional diversity, terminal deoxynucleotidyl transferase (TdT) and ARTEMIS activity7. These molecules provide non-templated (N) nucleotide
additions at the V-D and D-J junctions and random deletion of nucleotides at the recombination edges7. In addition, selection of the TCR repertoire and
interaction with antigens occurs in the thymus. The complex of recombination-activating genes 1 and 2 (RAG1 and RAG2) provides DNA double-strand breaks
(DSBs) near the V-, D-, and J-coding gene segments and recombination signal sequences8. This process is known as V (D) J recombination. RAG1 and RAG2
gene mutations can cause severe combined immunodeficiency (SCID) 7.

Homologous recombination (HR) and non-homologous DNA end joining (NHEJ) are two important DNA repair pathways. In both physiological and
pathological DSBs, the only DNA repair mechanism is NHEJ, which is also the most rapid9. Abnormal NHEJ leads to susceptibility to DNA damage and
predisposition to immunodeficiency, which manifests in neurologic abnormalities, growth retardation, and infections9. Specific genes are part of this process;
for example, ataxia-telangiectasia mutated kinase (ATM) plays a role in both pathways. Moreover, these specific gene defects cause combined
immunodeficiency, namely RAG deficiency (TCRβ and B-cell receptor (BCR) 10, ataxia-telangiectasia (AT) (TCRα and BCR) 7, Cernunnos deficiency (TCRβ, TCRδ
and BCR) 3, Wiskott-Aldrich syndrome (TCRβ) 11, and common variable immunodeficiency (CVID) (TCRβ, BCR) 12.

Ataxia-telangiectasia (AT) (OMIM #208900) is caused by mutation of the ATM gene, which encodes a protein belonging to a family of protein kinases with a
phosphatidylinositol 3-kinase (Pi3K) domain13. The main function of the ATM protein is to regulate the DSB-induced DNA damage response, mediate the
cellular antioxidant response, and activate the tumor suppressor p53 to regulate cell cycle arrest, apoptosis, senescence, and metabolism14. ATM is essential
for the phosphorylation activity of DNA PKcs15. DNA PKcs is necessary for hyperphosphorylation of Artemis protein, and both play important roles in IR
(ionizing radiation)-induced DSB repair16. ATM is also involved in telomere maintenance, carbon metabolism, and angiogenesis. ATM has a complementary
role in V(D)J recombination. ATM -deficient patients have shorter complementarity determining region 3 (CDR3) lengths in the variable regions of the β-chain
of the TCR (TCR V-Beta), resulting in more pathology-associated TCRs7.

The clinical picture is characterized by progressive debilitating neurodegeneration, cerebellar ataxia, oculocutaneous telangiectasia, recurrent sino-pulmonary
infections, hypersensitivity to ionizing radiation, insulin-resistant diabetes, and increased risk of malignancies17,18. In addition, growth failure, poor pubertal
development, gonadal atrophy, skin abnormalities, and cardiovascular disorders have also been reported in A-T patients17,18. However, the clinical picture
exhibits high variability that correlates with residual ATM kinase activity19. In 2006, a prospective study reported a median survival of 25 years20. Immunologic
manifestations in AT patients include low immunoglobulin (Ig)A and IgG2 subclasses, B- and T-cell lymphopenia, and impaired diversity of the T-cell receptor
(TCR) repertoire21.
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To measure TCR diversity and clonality, the first technique is to amplify CDR3 and visualize the length distribution ("spectra typing"). This method is routinely
used in clinical practice in the evaluation of hematologic malignancies to demonstrate clonality. Results can be classified as clonal, oligoclonal, or polyclonal
in a standardized international consensus for clinical testing (BIOMED2 consortium agreement)22,23. However, results are still largely qualitative and over- or
under-represented due to polymerase chain reaction (PCR) bias.

The other technique, high-throughput sequencing (HTS), has allowed T-cell clonotypes to be defined more precisely, and the precise use of V, D, and J gene
segments and junctional diversity of each clonotype has been revealed. However, these large data sets require sophisticated bioinformatics support24. As with
the first technique, HTS-TCR can be compromised by PCR biases and errors25.

Alternatively, Vβ-specific antibodies can assess the diversity of the TCR repertoire with flow cytometric analysis. Although this method does not cover all
TCRvβ families and fewer vα genes, it assesses actual protein expression on the cell surface. Moreover, it is a simple method and can be performed in centers
with flow cytometry26.

We aimed to investigate the TCRvβ repertoire and its interaction with clinical entities in a group of IEI patients with DNA repair defects including ATM,
DCLRE1C, DNA-PRKDC, DNA ligase-4, and BLM.

Material And Methods

Patients
All patients with genetic evidence of DNA repair defects underwent clinical exome (CES) or whole exome sequencing (WES). 39 IEI patients with evidence of
DNA repair defects and radiosensitivity and 15 age-matched healthy controls were included in this study. To contrast TCR-repertoire in patients with DNA
repair defects to healthy controls, we extracted data on lymphocyte phenotype, thymic function, immunoglobulins, and analysis of the TCRvβ repertoire from a
prior study.27, 28

Approvals were obtained from the human research at Istanbul University-Cerrahpasa Faculty of Medicine, Ethics Committee (08.07.2022–431711). Informed
consent for the performed tests was obtained from all patients and/or their parents. All patients were diagnosed with IEI based on the updated clinical
diagnostic criteria of the European Society for Immunodeficiencies (ESID).29

Immunological Assessments

Peripheral lymphocyte subset and TCR-Vβ repertoire analyses were performed by flow cytometry according to previous studies27. Whole blood was incubated
with monoclonal antibodies against surface markers in the dark at room temperature for 20 minutes. After red cell lysis, cells were washed and proceeded with
flow acquisition30,31. Staining of the Beta Mark TCRVβ Repertoire kit was performed according to the manufacturer's instructions (Beckman Coulter, FR).
Stained cells were captured using the Navios EX cytometer (Beckman Coulter). Cytobank software (Beckman Coulter) was used to analyze all available
samples using the Navios Bechman Coulter cytometer.

Shannon entropy, species richness, and species evenness were calculated for each TCRβ repertoire using the R package Vegan. Shannon entropy was defined
using the following equation:

where pi is the proportion of species i and S is the number of species in a repertoire. Species richness was defined as the number of species found in a
population, and species evenness was defined as Shannon entropy divided by the logarithm of species richness. The Shannon index H measures the diversity
of the repertoire, and the Gini coefficient indicates the homogeneity of the repertoire32.

Statistical Analysis
PASW Statistics 18 program for Windows was used for data entry and statistical analysis. Descriptive statistics and graphs were used to present the results.
The Kolmogorov-Smirnov distribution test was performed to determine the normal distribution of the analyzed data. Mann Whitney U test was used to
compare two groups. Statistical significance was accepted as p < 0.05. In addition, some statistical analyzes and graphical plots were performed using
GraphPad Prism 9 (GraphPad Software Inc, San Diego, CA) and SPSS 20 (IBM, Chicago, IL, USA).

Results

Demographic characteristics of patients
After performing WES or CES, 39 IEI patients with mutations in DNA repair and methylation genes were recruited for this study. According to molecular
diagnosis, we divided our patients into two groups, including atypical SCID (n = 3; DCLRE1C- OMIM #602450) (n = 1), DNA-PRKDC-OMIM #615966 (n = 1), DNA
ligase-4-OMIM #606593 (n = 1), and combined immunodeficiency with DNA repair defects with syndromic features (n = 36; Bloom syndrome-OMIM # 210900
(n = 1), AT-OMIM #208900 (n = 35)). (Fig. 1A, Table 1).
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Table 1
Clinical and demographic features of the patients.

Patient Subgroup Genetic Defect Gender,
Age
(mo)

Age

at
diagnosis
(mo)

Age
at
onset

Infections Other clinical
findings

Treatment

P1 AT ATM p.Vol1506*
(c.4514delC)

F, 90 31 18 None Ataxia, NDD, Short
stature (+)

IgRT sc

P2 AT ATM (c.6047A > G,
P.Asp2016Gly)

F, 176 53 6 Rec RTI, Candida
albicans (+)

NDD, Short stature IgRT sc;
Azithromycin a
TMP-SMZ px

P3 AT ATM (c.6047A > G,
P.Asp2016Gly)

F, 74 18 18 None Lymphadenopathy,
NDD, Short stature

IgRT sc,
Azithromycin 

P4 AT ATM p.Phe2387(c.7159-
7160insAGCC)

F, 120 24 64 Rec RTI, Rec Otitis media
and sinusitis

Factor 11 deficiency,
Bronchiolitis
obliterans, Atopic
dermatitis, NDD,
Short stature

IgRT sc

P5 AT ATM p.Phe2387(c.7159-
7160insAGCC)

F, 39 6 13 None Congenital
hypothyroidism, NDD

IgRT sc

P6 AT ATM p.A2622V (c.7865C > 
T)

M, 162 72 18 None Febrile convulsion,
NDD, Short stature

None

P7 AT ATM p.K1192K (c.3576G > 
A)

M, 171 143 18 Rec RTI and diarrhea Alopecia, Dystonia,
Scoliosis, Enuresis,
Encopresis, NDD,
Short stature

IgRT IV

P8 AT ATM p.Glu2014(c.6040G > 
T)

F, 58 24 18 Rec RTI (S. Pneumoniae
+), Urinary tract
infections, moniliasis

Autoimmune
hemolytic anemia,
Hepatosplenomegaly,
Lymphadenopathy,
Protein-losing
enteropathy, NDD,
Short stature, arterial
aneurysm,
Congenital
hypothyroidism

IgRT sc

P9 AT ATM c.B050 C > T (p.
Gln2684*)

M,92 25 10 Rec RTI NDD, Short stature IgRT IV,
Azithromycin a
TMP-SMZ px

P10 AT ATM c.3576G > A (p.K1192) M, 134 84 60 None NDD TMP-SMZ px

P11 AT ATM c.6701T > c
(p.L2234P) (novel)

M, 162 119 14 Rec Otitis media and
sinusitis

NDD IgRT IV;
Azithromycin a
TMP-SMZ px

P12 AT ATM p.Arg.35 (c.103C > T)
heterozygous, (c.2251-4A > 
G) heterozygous

F, 225 72 48 Herpes Zoster Non-Hodgkin's
lymphoma

None

P13 AT ATM c.6046G > 
p.Asp2016Tyr

M, 183 162 18 Rec Otitis media Atopic dermatitis,
Dysmorphic face

IgRT IV and TM
SMZ px

P14 AT ATM p.Gln852*(c.2554 > T) F, 80 47 12 Rec Otitis media, Septic
arthritis

Granuloma at skin,
Dysmorphic face,
Hepatosplenomegaly,
Lymphadenopathy,
NDD, Short stature

IgRT IV, TMP-S
px,
hydroxychloro

ATM: Ataxia telangiectasia mutated

RTI: respiratory tract infections

NDD: neurodevelopmental delay

IgRT: Immunoglobuline replacement therapy

Px: prophylaxis

TMP-SMZ: trimethoprim sulfamethoxazole

WPW: Wolf Parkinson White



Page 5/16

Patient Subgroup Genetic Defect Gender,
Age
(mo)

Age

at
diagnosis
(mo)

Age
at
onset

Infections Other clinical
findings

Treatment

P15 AT ATM c.4973delC M, 63 25 13 Rec sinusitis, Atelectasis
in thorax CT

Dysmorphic face,
Hepatomegaly, T cell
leukemia, Chronic
diarrhea, NDD, Short
stature

IgRT IV,
Voriconazole a
6-MP

P16 AT ATM c.3576G > A,
p.Lys1192=

F, 114 73 13 None Atopic dermatitis,
Dysmorphic face,
NDD

None

P17 AT ATM c.6583_6584delCA
(p.H2195X)

F, 111 54 11 Rec RTI, Urinary tract
infections

Dysmorphic face,
NDD, Short stature

Azithromycin 

P18 AT ATM c.3576G > A,
p.Lys1192=

F, 124 103 18 None NDD TMP-SMZ px

P19 AT ATM c.8122 G > A
(p.Asp2708Asn)
heterozygous,
c.8024_8026delGAG
(p.Gly2675del)heterozygous

F, 93 72 15 None Epilepsy, Short
stature

None

P20 AT ATM c.3802delG (p.
Val1268Terfs)

M, 110 73 14 Rec RTI, sinusitis and
diarrhea

Nephrolithiasis,
Dismorphic face,
Cleft lip and palate,
NDD, Short stature

TMP-SMZ px

P21 AT ATM c.4973delC c.4973delC M, 91 27 12 Rec RTI Dismorphic face,
Autoimmun
thyroiditis, Short
stature

IgRT IV and TM
SMZ px

P22 AT ATM c.2921 + 1G > A M, 62 30 15 Rec Otitis media and
sinusitis

NDD None

P23 AT ATM c.7788G > A
(p.Glu2596=)

M, 101 18 12 None NDD None

P24 AT ATM c.3576G > A
(p.Lys1192=)

F, 37 36 24 None NDD, Vitiligo None

P25 AT ATM c.3576G > A
(p.Lys1192=)

M, 97 96 24 None NDD, Vitiligo None

P26 AT N/A F, 42 40 21 None None IgRT IV

P27 AT ATM c.2284_2285delCT
(p.Leu762ValfsTer2)

M, 57 52 12 Rec RTI None IgRT IV

P28 AT ATM
c.756_757delTG(p.Cys252*)
heterozygous/ c.7865C > 
T(p.Ala2622Val)
heterozygous

M, 65 41 24 Rec RTI (S. Pneumoniae,
H. İnfluenza,
Rhinovirus,Parainfluenza
virus)

Lymphadenopathy,
Short stature

IgRT IV

P29 AT ATM
c.756_757delTG(p.Cys252*)
heterozygous/ c.7865C > 
T(p.Ala2622Val)
heterozygous

F, 29 12 12 Rec RTI (S. Pneumoniae,
H. İnfluenza,
Rhinovirus,Parainfluenza
virus)

None IgRT IV

P30 AT ATM p.Glu2596=(c.7788G > 
A)

F, 137 91 60 Rec RTI, Rec Otitis media
and sinusitis, Oral
moniliasis, Persistent
fever

NDD, Short stature,
Corneal punctuate
epitheliopathy,
Febrile seizure

IgRT IV

ATM: Ataxia telangiectasia mutated

RTI: respiratory tract infections

NDD: neurodevelopmental delay

IgRT: Immunoglobuline replacement therapy

Px: prophylaxis

TMP-SMZ: trimethoprim sulfamethoxazole

WPW: Wolf Parkinson White
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Patient Subgroup Genetic Defect Gender,
Age
(mo)

Age

at
diagnosis
(mo)

Age
at
onset

Infections Other clinical
findings

Treatment

P31 AT ATM p.Asp2016Gly
(c.6047A > G)

F, 153 82 72 Persistent fever, Rec RTI Lymphadenopathy,
NDD, Short stature,
Bronchiectasis

IgRT IV

P32 AT N/A F, 69 15 13 Rec RTI (S. Pneumoniae,
H. İnfluenza, Adenovirus)

Short stature,
Bronchiectasis

IgRT IV

P33 AT ATM p.Glu2596Glu
(c.7788G > A)

F, 115 63 24 None Dismorphic face,
NDD, Short stature,
WPW Syndrome

None

P34 AT ATM p.Glu2596Glu
(c.7788G > A)

F, 80 54 12 None NDD, Short stature None

P35 AT ATM p.Glu2596Glu
(c.7788G > A)

F, 61 36 12 None NDD, Short stature None

P36 Bloom
Syndrome

BLM chr15.91346925,
c.3535del
(p.Thr1179LeufsTer3)

M, 132 125 1 Rec RTI Dismorphic face,
Short stature,
Hyperpigmented
macules

IgRT IV

P37 DNA
PRKDC
Deficiency

PRKDC c.10423_10426dup
(p.Glu3476Alafs*48)
heterozygous, c.7783C > T
p(Arg2595Cys)
heterozygous

F, 53 46 37 Rec diarrhea and
recurrent abscess, Oral
moniliasis

Anal fistula,
Inflammatory bowel
disease like
symptoms,
Dysmorphic face,
Lymphadenopathy,
Sclerosing
cholangitis, NDD,
Short stature

IgRT IV

P38 Artemis
Deficiency

DCLRE1C c.632G > T
homozygous

M, 85 83 77 Rec RTI Bronchiectasis IgRT IV and TM
SMZ px

P39 DNA
Ligase 4
Deficiency

LIG4 c833G > A,
p.Arg278His,
c.724_725delTT,
p.Leu242llefsTer5
compound heterozygous

M, 221   18 Rec RTI and Otitis media,
persistent fever

Atopic dermatitis,
Dysmorphic face,
NDD, Short Stature,
Vitiligo, Epilepsy,
Microcephaly

IgRT IV and TM
SMZ px

ATM: Ataxia telangiectasia mutated

RTI: respiratory tract infections

NDD: neurodevelopmental delay

IgRT: Immunoglobuline replacement therapy

Px: prophylaxis

TMP-SMZ: trimethoprim sulfamethoxazole

WPW: Wolf Parkinson White

A total of 39 patients (n = 17 (43.5%) males and n = 22 (56.5%) females) with a median age of 93 months (IQR 25–75: 63–134 months) were included. Thirty-
one (79.5%) of all patients were from a blood-related family. The median age of all patients at symptom onset was 18 months (IQR 25th-75th: 12–24 months),
and the median age at diagnosis was 54 months (IQR 25th-75th: 30–82 months). The median duration of diagnostic delay was 31 months in all groups (IQR
25th-75th: 12–57 months), and it was shorter in AT patients (36.8 months) than in the others (88.5 months). However, these differences were not statistically
significant (p = 0.110).

Clinical Findings and Immunological Results of Patients
Clinical findings of the patients are given in Table 1, Fig. 1B and Table S1.

Immunological work-up revealed absolute T-cell, B-cell and total CD4 + and CD8 + T cell counts which is consistent with previous studies, only T-cell and CD4 + 
T-cell counts were lower than in previous studies.7,21,33 The immunological parameters are given in Table S2, Table S3 and Fig S1.

Oligoclonality of the TCR repertoire and correlation with clinical phenotype

In general, TCR repertoires are thought to be dynamically variable, with diversity decreasing with age34. Therefore, previous studies have included age-matched
controls7,21. When analyzing the TCR-β repertoire in patients with different pathogenic backgrounds, we also included 15 age-matched healthy controls to
compare the diversity and complexity of the repertoire.
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Overall, the entire TCR-vβ repertoire was detected in all patients. However, compared with the control group, 9 of 24 clones (37.5%) were statistically
significantly lower, whereas only 3 clones had high levels (p < 0.05). In addition, 62.5% of all clones had lower values than the control group (Figs. 2 and 3).

The statistically significantly lower clones were TCR-Vβ 7.1(p < 0,01 p = 0,006), Vβ3 (p = 0.01), Vβ9 (p < 0,01 p = 0,005), Vβ17 (p < 0,01 p = 0,009), Vβ2 (p = 0),
Vβ22(p < 0,05 p = 0,021), Vβ21.3 (p < 0,01 p = 0,005), Vβ11(p < 0,01 p = 0,004), and Vβ4 (p = 0). And the statistically significant higher clones were TCR-Vβ-20 (p 
< 0,01, p = 0,004), Vβ12 (p < 0,01 p = 0,004), Vβ14 (p < 0,05 p = 0,037)(Fig. 2).

In other words, the TCR-vβ repertoire of AT patients showed limited diversity compared to healthy controls (HC). Richness is measured by the number of
unique TCRs in a given sample. Evenness indicates how evenly distributed the frequencies of each unique TCR are in the estimated population. Shannon
entropy considers both richness and evenness to measure diversity. In our study, restriction by low Shannon's H-index (p < 0.05 p = 0,019) and the evenness of
clonality by higher Gini coefficient (p < 0.05 p = 0.008; Figs. 4A and 4B) confirmed. This situation predisposed to oligoclonality. These results were also true for
all patient groups compared to HC (Shannon's H index (p < 0,05 p = 0.012) and Gini coefficient (p < 0.01 p = 0.002)). When comparing atypical SCID and healthy
controls, repertoire diversity using the Shannon H index and evenness of clonality using the Gini coefficient were not statistically evaluated because only 3
patients had atypical SCID.

In addition, some unique Vβ clones have been associated with some clinical entities. Clonotypes associated with infections, autoimmunity and lymphoid
proliferation were detected in the patient group. Lower TCR-vβ-9 and TCR-vβ23, higher TCR-vβ7.2 were detected in the patients with pneumonia (n = 13)
(respectively p = 0.018, p = 0.044 p = 0.032, Fig. 5A1). In addition, AT patients with pneumonia (n = 10) had a lower TCR-vβ-9 clone than patients without
pneumonia (n = 25) (p = 0.008; Fig. 5A2).

Moreover, some additional clones, including TCR-vβ23, TCR-vβ21.3, TCR-vβ22, and TCR-vβ13.2, were associated with chest imaging findings (TFI;
consolidation, atelectasis, bronchiectasis, pulmonary nodules; n = 10) and were observed in lower frequency in patients with TFI (Fig. 5B1). As expected, the
Gini coefficient indicated heterogeneity of the repertoire and was significantly higher compared to patients without findings in the chest radiograph (p = 0.041,
Fig. 4C). When comparing TFI (+) AT patients (n = 8) and TFI (-) AT patients (n = 27), TCR-vβ11 and TCR-vβ5.2 were significantly lower in the AT group with TFI
than when comparing HC and all patients (p = 0.023 and p = 0.039, respectively) (Fig. 5B2).

The number of patients with bronchiectasis was too small to compare statistically, but clones with similar statistical significance to patients with thorax
findings in imaging were detected as possibly associated with pulmonary pathologies (Fig. 5C). The Gini coefficient was also higher than in patients without
bronchiectasis (p = 0.024, fig. S3). In addition, sinusitis (n = 6) and otitis media (OM, n = 7) were also associated with some clones. However, their statistical
significance was limited (Fig. 5D1). Moreover, the same TCR-vβ clone was significantly lower than in the patients with OM, when comparing AT patients with
and without OM (Fig. 5D2). The oligoclonality could be attributed to recurrent or chronic infections causing selective expansion of some clones.

The patients with lymphoproliferation (lymphadenopathy and/or hepatosplenomegaly, n = 9) had some distribution abnormalities, including TCR-vβ2 higher
than in the lymphoproliferative patient group (p = 0.041, Fig. 6). Expansions of TCR-vβ9, TCR-vβ5.1, TCR-vβ22, and TCR-vβ14 were detected in two patients
affected by malignancy (T-cell leukemia, n = 1 and non-Hodgkin's lymphoma, n = 1, respectively p < 0.001, p = 0.009, p = 0.009, p = 0.013).

Distribution abnormalities, including clonal expansion of TCR-vβ4 and TCR-vβ2 and clonal decrease of TCR-vβ11 and TCR-vβ5.1, were shown in patients with
autoimmunity (n = 4, respectively p = 0.033, p = 0.026, p = 0.012, p = 0.044, Fig. 5E1). TCR-vβ4, TCR-vβ11 and TCR-vβ5.1 showed the same pattern when
comparing AT patients with (n = 4) and without autoimmunity (n = 31) (respectively p = 0.038, p = 0.007 p = 0.028; Fig. 5E2). Consequently, we suggest that the
TCR-vβ repertoire in DNA repair defects, especially in AT patients, is biased by either underutilization or oligoclonal expansion of most vβ families.

Restriction of TCR repertoire and correlation with immunological phenotype
We found that some immunological parameters were significantly associated with certain Vβ clones. CD4 + T-cell lymphopenia was associated with decreased
TCR-vβ5.3 and TCR-vβ11 (p = 0.042, p = 0.012, respectively, Fig. 7A). CD8 + T-cell lymphopenia showed an association with decreased TCR-vβ18 (p = 0,
Fig. 7B). The same pattern was seen when compared within AT patients.

In addition, TCR-vβ11 levels showed a weak positive correlation with the number of CD4 + T cells (Pearson correlation analysis, r = 0.347), and TCR-vβ7.1
levels also showed a weak positive correlation with the number of CD8 + T cells (Pearson correlation analysis, r = 0.386), but not statistically significant with a
group of CD8 + lymphopenic compared to a group of normal CD8 + T cells. This abnormal distribution may predict normal levels of CD4 + T cells and CD8 + T
cells correlate with a normal TCR repertoire.

Discussion
We performed flow cytometry analysis of TCRvβ in 39 IEI patients with DNA repair defects. Different TCR repertoire characteristics in different disease groups
and clinical phenotypes were detected in the cytometry data compared with healthy controls. The results provide evidence for clinical entities associated with
specific TCR clones and indicate the function of ATM and other DNA repair genes during V(D)J recombination.

Successful VDJ recombination is very important for the adaptive immune system. The results of its failure have been shown in IEI such as TB-NK + SCID, in
which components of the VDJ recombination mechanism are deficient or absent35. In addition, other immunodeficiencies such as Omenn syndrome, Wiskott-
Aldrich syndrome (WAS), immune dysregulation, polyendocrinopathy, enteropathy, and X-linked syndrome (IPEX), and common variable immunodeficiency
(CVID) have been studied in terms of antigen receptor diversity, particularly in the TCR repertoire36–38.
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ATM function is required for both mechanisms (NHEJ and HR) of DSB repair9. Other DSB repair defects (including DCLRE1C, DNA-PRKDC, DNA ligase-4, BLM)
also affect DNA instability7,15,39,40. The diversity of the TCR repertoire is an important parameter for the immune response to antigenic challenge. Because the
severity of T-cell deficiency determines the T-cell repertoire, the diversity of the TCR repertoire is more limited in patients with severe clinical phenotypes41. Our
results confirm previous studies on DNA repair defects; in particular, AT patients were characterized by significantly reduced diversity of the TCR
repertoire7,21,42. However, the results should be evaluated with caution because of the limited sample size of the atypical SCID group in this study.

From a clinical perspective, we consider the TCR repertoire as a comprehensive biomarker that should be included in the assessment of immune parameters.
Because at present, the identification of complete T-cell epitopes seems to be far away to cover all clinical entities. In this study, it was found that
underutilization or oligoclonal expansion of most vβ families causes bias in the TCRvβ repertoire in DNA repair defects, especially in AT patients. These results
confirm and extend previous observations on the clonality of the TCRvβ repertoire of AT7,21. Giovannetti et al showed that diffuse oligoclonal expansions
distort the TCRvβ repertoire of AT patients and also investigated that the restriction of the TCR repertoire at AT depends on TCR generation limitations. They
observed expansion of TCRvβ genes in the CD4 subset in various clones, with the exception of TCR-vβ14 from our study21. Our study also did not examine vβ
gene expression.

Fang et al illustrated TCRβ recombination in DNA repair and methylation defects7. As in our study, TCRβ rearrangements were detected in all patients. The
TCRβ repertoire of patients from AT was severely restricted. This restriction concerned the diversity of the repertoire, as indicated by a low Shannon's H index,
and also the evenness of clonality, as represented by a higher Gini coefficient compared with HC. Our study revealed a low Shannon's H index and a high Gini
coefficient in all patients and AT patients compared with HC. Similarly, abnormalities in relative TCR-vβ utilization in healthy subjects were approximately 60–
70% of T cells expressing TCR-vβ. In our study, this ratio was % 62.6, and TCR-vβ19 usage in AT and TCRvβ 7.3 usage in ICF2 were significantly reduced
compared with HC. Our study did not include these two clones7. Our study showed expansion of three clones (TCR-vβ20, TCR-vβ12, and TCR-vβ14) and
reduction of several clones.

In CVID patients, clonality of the TCRβ repertoire is clearly increased independent of clinical phenotype, age, and gender.43 In our study, age or gender did not
affect TCR diversity.

These expansions and oligoclonality likely originate from the relatively few cells that have functional TCR rearrangements21. Chronic infections, particularly
the viral infections EBV and CMV, which are associated with detectable T-cell activation, induce clonal expansions in healthy individuals44. However, chronic
infection is unlikely to cause these expansions. This is because CD8 + T cells are the predominant cells of antigenic stimulation45 and oligoclonality
predominates in CD4 + T cells. Accordingly, our patients had no proven infection with EBV or CMV.

Another study included 8 patients with MHC-II and showed some distribution abnormalities, including clonal expansion of different clones in different
patients. However, relatively minor differences in the TCR repertoire of CD4 + T cells were described in that study46. Two patients with IPEX had an abnormal
repertoire of CD4 + T cells that included expansions of TCR-vβ8 and TCR-vβ2237. Unfortunately, we did not observe the TCR repertoire of CD4 + or CD8 + T
cells.

The reduction of naive CD4 + T cells contributes to the alteration of the TCR repertoire. In addition, expansion of CD8 + T cells affects the TCR repertoire.
Ozturk et al discovered that some parameters of immune reconstitution were associated with specific vβ clones: TCR-vβ5.2 and TCR-vβ18 clones were higher
in patients with CD4 + T-cell reconstitution than in patients with lower CD4 + T-cell counts27. In parallel with these parameters, some clones were associated
with CD4 + T-cell lymphopenia and CD8 + T-cell lymphopenia in our study. However, the significance of these clones is speculative at present.

Given the reduced repertoire diversity, we predicted that there would be limited T-cell-dependent antibody response, leading to frequent infections. To assess
this, we examined repertoire diversity against specific infections, such as pneumonia, otitis media, and sinusitis.

We also evaluated the findings of chest imaging and bronchiectasis, as an indicator of the inflammatory process, with no or detectable findings. We also
observed increased skewness in the patients with pneumonia and bronchiectasis. Other infections were also associated with specific clones. Similarly, Wong
et al demonstrated a decrease in repertoire diversity and requirement of more antibiotic courses per year in CVID patients with moderate-to-severe
bronchiectasis12. T-cell repertoire diversity assessment might predict infection risk better than numerical T-cell count. These parameters could be useful in
predicting clinical prognosis if their relevance is demonstrated in larger studies.

We also found evidence of clonal TCR-vβ restriction in patients with lymphoproliferation. Autoimmunity was also associated with specific TCR-vβ clones.
However, the accuracy of these correlations is limited by patient heterogeneity. In addition, pediatric patients have not yet been able to develop autoimmune
disease. There is limited evidence in the literature of an association between these clinical entities and the TCR repertoire. In CVID patients, TCR repertoire
limitation is not related to the presence or absence of autoimmunity43,47,48. However, there are several hypotheses that autoreactive TCRs and BCRs cause
autoimmunity due to impaired selection in patients with hypomorphic mutations49. Furthermore, the appearance of autoantibodies often precedes the
appearance of clinical findings of autoimmune disease, and the same process has been hypothesized for TCRs50. Therefore, clonotypic blood analysis may
warn of the development of autoimmunity in the future, which is a very valuable tool for people with antibody deficiency41.

In summary, we observed skewed clonal proliferation of most TCR-vβ clones in DNA repair defects, especially AT. In addition, our study demonstrated that
some TCR-vβ clones might be predictive of some clinical entities. In a previous study, Fang et al7 evaluated this skewness as an immunological "signature".
However, a match of the specific vβ families in the skewed clones was not found in the studies. In addition, it should be noted that the oligoclonality in
repertoire diversity in our study was due to a case-control study with limited sample size. A case-control study may show different patterns with respect to
some repertoire parameters in an independent large population. Also, the CD4 and CD8 T cell repertoire was not evaluated in this study.
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Future studies should describe normal repertoire diversity in age-matched healthy populations. In addition, patients with DNA repair defects should be
evaluated by examining complete T-cell epitopes. However, this identification still seems distant and difficult. Measuring the TCR repertoire is an important
step for this identification. To further investigate the impact of the diversity of the TCR repertoire on the clinical phenotype, future studies should focus on the
analysis of naïve and memory T cells, the detection of the source of oligoclonality, and the relationship between clonality and clinical entities.
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Figure 1

The Genetic Diagnosis and Clinical Findings of the Patients

Figure 2
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TCR-Vβ Repertoire Comparing Between Healthy Controls and Patient Group. The red arrow shows statistically significantly diminished clones, and the green
arrow indicates statistically significantly expanded ones.

Figure 3

The heat map (grayscale) graphic shows the diversity of TCRvβ repertoires from patient groups and healthy controls. Each rectangle indicates a specific
TCRvβ clone, and the color of the rectangle corresponds to its frequency. Patient group (n=39), Healthy control (n=15).



Page 14/16

Figure 4

TCR-vβ repertoire diversity correlates with the clinical phenotype. Scatter plot of Shannon’s H diversity index (A), Gini skewing index of unevenness (B), Gini
skewing index of unevenness in the patients with lower respiratory tract infections (RTI)(C), The asterisk indicates the significance tests between each group
and healthy controls, and the asterisk above the line are p-values between the two groups in the ends of the line (p≤0.05 *, p ≤ 0.01**)

Figure 5
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Oligoclonality of TCR repertoire correlates with some clinical phenotype. A Proportion of clones associated with different clinical phenotypes, including LRTI
(A1), LRTI inside AT patients, the patients that consolidation, atelectasis, bronchiectasis, and nodules, were detected in thorax imaging (TFI+) (B1), AT patients
with TFI or without TFI(B2) , bronchiectasis (C), sinusitis and otitis media(D1), otitis media inside AT (D2),autoimmunity (E1), AT patients with autoimmunity
or without autoimmunity(E2) were visualized. LRTI: Lower respiratory tract infections, OM: otitis media, TFI: thorax findings at imaging. The asterisk above
each group indicates the significance tests between each group is phenotype (+) or (-) patients (p≤ 0.05 *, p ≤ 0.01**).

Figure 6

Oligoclonality of TCR repertoire correlates with lymphoproliferation. The asterisk above each group indicates the significance tests between each group is
phenotype (+) or (-) patients (p ≤ 0.05 *)
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Figure 7

TCR-vβ repertoire diversity correlates with the immunological phenotype. The scatter plot shows the abnormal distribution of specific TCR- vβ clones of the
patients group with CD4+ (A) and CD8+ (B) lymphopenia compared to the normal lymphocyte group. Asterisk above each group indicate the significance of
tests between the two groups (p ≤ 0.05 *, p ≤ 0.0001 ****).
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