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Abstract
Objective Ataxia telangiectasia (AT) is a rare genetic, multi-
system disorder characterized by neurodegeneration, chromo-
some instability, B and T cell immunodeficiency and a pre-
disposition to cancer. We examined immunologic parameters
reflecting cell development and proliferation and their rele-
vancy to the clinical phenotype in affected individuals.
Patients and Methods AT patients from the AT National
Clinic in Israel underwent immunological investigation. Their
T and B cell workup included lymphocyte subset counts,
immunoglobulin levels, responses to mitogenic stimulations,
TCR-Vβ families and BCR immunoglobulin heavy chain
spectratyping, TCR rearrangement excision circles (TRECs)
and Kappa-deleting recombination excision circles (KRECs).
Results Thirty-seven AT patients (median age 12.7 years,
range 4.2–25.1) were evaluated. CD20 B and CD3 T

lymphocytes were decreased in 67% and 64% of the patients,
respectively, while only 33 % of the patients had reduced
lymphoproliferative responses. Almost all AT patients
displayed extremely low TRECs and KRECs levels, irrespec-
tive of their age. Those levels were correlated to one another
and to the amounts of CD3+ and CD20+ cells, respectively.
Abnormal TCR-Vβ repertoires were found with different
degrees of clonality or reduced expression in these AT pa-
tients. There was no clear clustering of expansions to specific
TCR-Vβ genes. PCR spectratyping analysis of the FR2 IgH
BCR gene rearrangements in peripheral blood was abnormal
in 50 % of the patients.
Conclusion The immunodeficiency associated with AT is
combined, remains low over time and not progressive. It is
characterized by low TREC and KREC copies suggestive of
abnormal T and B cell neogenesis.
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Abbreviations
AT Ataxia telangiectasia
ATM AT mutated
BCR B-cell receptor
CJ Coding joints
CPM Counts per minutes
IGH Immunoglobulin heavy chain
IVIG Intravenous immunoglobulin
KREC Kappa-deleting recombination excision circles
ND Not done
PMBC Peripheral blood mononuclear cell
RQ-PCR Real-time quantitative polymerase chain reaction
SJ Signal joints
TCR T-cell receptor
TREC T-cell receptor excision circle

Introduction

Ataxia telangiectasia (AT) is a rare, multi-systemic, autoso-
mal recessive disorder characterized by neurodegeneration,
chromosome instability, radiosensitivity, immunodeficiency
and a predisposition to cancer. The defective gene in AT, AT
mutated (ATM), is a Ser/Thr key protein kinase that is
involved in the DNA damage response (1). A variation of
both B and T cell immunodeficiencies has long been recog-
nized in AT patients. B cell immunodeficiency is character-
ized by decreased or absent serum IgA, IgE, and IgG2 and
impaired antibody responses. T cell immunodeficiency in-
cludes lymphopenia with diminished numbers of CD4 T
lymphocytes, impaired lymphoproliferative responses to mi-
togens and antigens, and anergy (2). Absence or a rudimen-
tary appearance of a thymus gland, the main organ for T cell
development, is also a well-described immune abnormality
associated with AT (3). It is widely accepted that ATM
deficiency results in abnormal surface T cell receptor
(TCR) expression in CD4 + CD8+ cells and inefficient
thymocyte selection (4). Functional T and B cell receptors
(TCRs and BCRs, respectively) are created through the
ligation of coding joint (cj) recombination sites. During
these processes, the byproducts, TCR rearrangement exci-
sion circles (TRECs) and Kappa-deleting recombination ex-
cision circles (KRECs), are formed through signal joint (sj)
recombination sites (5). TRECs and KRECs can be used as
DNA markers of thymic and bone marrow outputs, respec-
tively, since they are present exclusively in naïve T and B
cells that have recently emigrated from these organs (6).
Consequently, the cj and sj ratio of these recombination sites

reflects T and B cell homeostasis. Both sj-TRECs and sj-
KRECs levels are extremely low in the peripheral blood of
AT patients (7). In addition, quantitation of TRECs and
KRECs by a single Guthrie card punch was recently used
in original samples obtained from AT patients: it revealed
marked reductions of both markers and reflected reduced
development of T and B cell immunity (8). Indeed, T cell
lymphopenia in newborns was recently found to be a feature
of AT, as revealed by TREC screening followed by exome
sequencing (9). Measurements of TRECs and KRECs, to-
gether with assessment of TCR and BCR repertoires reflect
T and B cell homeostasis (10). These markers are affected
by thymic and bone marrow cell production, respectively, as
well as by their peripheral reduction due to cell expansions
(5). A systematic evaluation of the levels of these markers in
the peripheral blood of AT patients, specifically with regard
to their clinical disease and associated malignant and infec-
tious complications, was conducted in our study, in order to
understand the immunologic mechanisms involved in AT.

Methods

Patients

Thirty-seven patients followed at the Ataxia Telangiectasia
National Clinic at the Edmond and Lily Safra Children Hos-
pital, ShebaMedical Center in Israel were enrolled in this study
which was approved by the Institutional Review Board. The
diagnosis of AT was made in according to typical clinical
findings plus one of the following: (1) a proven mutation in
the ATM gene, (2) deficient ATM protein proven by Western
blotting, and (3) elevated α-fetoprotein, cerebellar atrophy on
magnetic resonance imaging (MRI), and immune deficiency/
chromosomal breakage/T-cell lymphoreticular malignancy.
Parents provided signed informed consent to obtain blood from
their children. The medical records of the patients were retro-
spectively evaluated. Recurrent infections in patients were
defined as two or more sinopulmonary infections per year.

Immune function

Cell surface markers of peripheral blood mononuclear cells
(PBMCs) were determined by immunofluorescent staining
and flow cytometry (Epics V; Coulter Electronics, Hialeah,
FL) with antibodies purchased from Coulter Diagnostics.
Lymphocyte proliferation in response to phytohemaggluti-
nin and anti-CD3 was determined by tritiated thymidine
incorporation as previously described (11). Age-adjusted
normal values for the cell surface markers were obtained
from Shearer et al. (12). For lymphocyte proliferation stud-
ies, the cells were harvested 3 days after collection, and
samples were counted in a liquid scintillation counter. All
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assays were performed in triplicates, and counts per mi-
nutes (cpm) were obtained. Serum concentration of immu-
noglobulins was measured by nephelometry.

Quantification of TRECs and KRECs

The amount of TRECs was determined by real-time quan-
titative (RQ)-PCR. Reactions were performed by using
0.5 μg genomic DNA extracted from the patient’s PBMCs.
PCRs contained TaqMan universal PCR master mix (Ap-
plied Biosystems), specific primers (900 nM), and FAM-
TAMRA probes (250 nM) as previously described (13).
RQ-PCR was carried out in an ABI PRISM 7900 Sequence
Detector System (Applied Biosystems). The standard curve
was constructed by using serial dilutions of a known TREC
plasmid (generously provided by Dr. Daniel Douek, Vac-
cine Research Center, National Institute of Allergy and
Infectious Diseases, Bethesda, MD). The dilutions
contained 103 to 106 copies of the sj-TREC plasmid. The
number of TRECs in a given sample was automatically
calculated by comparing the obtained Ct value of a patient’s
sample to the standard curve using an absolute quantifica-
tion algorithm. The amount of signal and coding joint of
KRECs was determined by RQ-PCR as described above for
TRECs. Amplification of RNAseP (TaqMan assay, Applied
Biosystems) served as a quality control to verify similar
amounts of genomic DNA that were used in the assays for
both the TREC and KREC analyses. The specific primers
and probe combinations for KREC detection were as pre-
viously described (10). Thirty-six age-matched normal in-
dividuals were used as controls. Each experiment was per-
formed in triplicate, and the threshold for Ct determination
was positioned at the same level each time.

BCR and TCR gene rearrangement analyses

Representatives of specific TCR-Vβ families were de-
tected and quantified using flow cytometry (Becton-
Dickinson, Calibur) according to the manufacturer’s in-
structions (Beckman Coulter) and as previously described
(10). Normal control values were obtained from the
IOTest Beta Mark-Quick Reference Card (Beckman
Coulter, Fullerton, CA). The BCR gene rearrangement
analyses were performed on genomic DNA obtained
from the patient’s PBMCs without specific cell enrich-
ment, as previously described (6). Briefly, the immuno-
globulin heavy chain (IGH) genes were amplified by
PCR using fluorescence-labeled Vh primers according
to the s tandard ized Biomed 2 pro toco l (14) .
Fluorescence-labeled PCR products (1 μl of each) were
added to a mixture of 8.5 ml deionized formamide and
0.5 μl GeneScan 500TM Rox internal lane standard (PE
Applied Biosystem, Germany), and separated using the 3500T
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Genetic Analyzer (Applied Biosystem). Results were analyzed
using the GeneMapper software (Applied Biosystem). BCR
repertoire profiles were characterized as “oligoclonal” if they
contained 4 or fewer peaks, as “polyclonal skewed” if they had
more than 4 peaks but were not Gaussian-like, and as “poly-
clonal” if they had more than 4 peaks in a Gaussian-like
distribution.

Statistics

Data were analyzed by the SPSS (version 21) program. A p
value <0.05 was considered significant. Categorical variables
were compared using the Chi-square test, and continuous
variables by the t-test (presented as means with standard
deviations [SD]) or by the Mann Whitney test (medians with

Table 2 Immunologic findings in 37 AT patients

Patient Lymphocytes
count/mm3

IgG
(mg/dL)

IgA
(mg/dL)

IgM
(mg/dL)

CD3/mm3 CD20/mm3 PHA 25
Mitogen
(CPM)

Anti-CD3
Mitogen
(CPM)

TREC-SJ
Copies
(per 0.5 μg)

KREC-SJ
Copies
(per 0.5 μg)

KREC-CJ
Copies
(per 0.5 μg)

P1 1150 n\a n\a n\a 512 268 n\a 17350 57.3 279.1 3313.9

P2 2360 529 * UD 139 576 461 54300 16000 9.6 505.00 7380.0

P3 3100 301 * UD 121 1069 130 32500 26400 35.3 70.8 6091.1

P4 170 571 * UD <17 269 78 105700 78300 21 n\a n\a

P5 1170 1600 UD 262 675 73 8830 11741 16.6 21 371

P6 1240 699 63 167 868 460 145500 48400 180.5 136.8 9677.7

P7 2390 125 * 129 282 1256 70 11100 13700 n\a n\a n\a

P8 1020 826 * 49 258 254 146 1320 1400 6.4 16.3 703.7

P9 1500 1634 UD 94 38 246 23298 15352 23.3 21.8 289

P10 n\a 1500 * UD 92 958 98 51400 39000 9.1 UD 1406

P11 1070 1065 152 213 598 39 719000 70800 8.9 34.6 191.3

P12 1400 1280 * UD 240 989 253 65300 64400 10.3 20.9 488.0

P13 2440 1039 148 179 1567 770 56000 12500 318.9 813 3561.6

P14 2180 n\a n\a n\a 3629 756 n\a n\a 245.6 1018.2 4323.4

P15 180 224 * UD <16.8 899 95 n\a n\a 8.4 62.2 549.8

P16 2160 994 UD 210 1317 106 71200 54200 22.6 51.6 642.0

P17 1270 1800 * UD 281 804 102 75700 44300 18.7 43 1040.0

P18 3520 1633 39 172 2256 85 59500 19800 31.2 6.3 1082.2

P19 1170 876 * UD 48 451 55 n\a n\a UD 30.9 332.2

P20 1580 900 * 142 957 1615 184 73900 31200 25.4 10.2 1457.5

P21 2530 1600 * 297 210 1474 223 68700 23000 n\a n\a n\a

P22 1670 995 546 135 n\a n\a 49100 46350 43.6 UD 132.4

P23 3170 1040 UD 173 1920 217 22800 9000 24 UD 1094.6

P24 1260 984 * 81 454 659 23 63800 20000 4.9 UD 225.4

P25 1350 475 * UD <17.6 669 0 33000 46900 UD UD 380

P26 1650 1770 * 393 170 1159 99 76200 52000 338.7 68.1 1445.5

P27 1000 949 * UD 269 361 75 78500 80700 4 22.5 745.3

P28 2630 1580 * UD 175 1390 266 99350 60700 16.9 34.4 1648.1

P29 2100 1720 * <4 435 1090 171 86200 55400 22.2 38.8 1745

P30 1200 823 * UD 46.4 983 13 35900 19300 23.2 UD 254.3

P31 1210 1757 187 n\a n\a n\a n\a n\a 51.9 138.1 1602

P32 1620 694 166 181 842 210 75344 20349 38 87.5 9998.9

P33 530 945 * 72.3 201 252 26 1372 2382 40.4 42.8 235

P34 850 1540 * UD 194 938 176 n\a n\a 18.9 UD 279.8

P35 1070 1300 35 n\a 753 63 72917 41515 84 75.50 2842.8

P36 560 2509 535 167 527 53 82600 37700 33.4 15.1 418.1

P37 710 868 UD 130 383 57 58100 35800 28.4 46.9 1775.2

*On monthly IVIG replacement therapy

CPM counts per minute; n/a not available; UD undetectable

J Clin Immunol (2014) 34:561–572 565



interquartile range [IQR]). Correlations between continuous
variables were evaluated using the Spearman's rho test.

Results

Clinical findings

The study cohort consisted of 37 AT patients (median
age 12.7 years, range 4.2–25.1 years; 22 males). The
diagnosis of AT was confirmed by mutation analysis in
29 patients, molecular tests (e.g., abnormal ATM protein
expression or abnormal chromosomal breakage) in 4
patients, or based solely upon clinical presentation in 4
patients. There was a family history of AT in 24 patients
and parental consanguinity in 28. The main presenting
symptom, which became evident at a median age of
3.3 years (range 1.4–17 years), was ataxia in 30 patients.
Twenty-seven patients had recurrent infections consisting
mainly of pneumonia (20 patients). There were 21

patients who were on intravenous immunoglobulin
(IVIG) replacement therapy and 10 were on prophylactic
antibiotics. The median age at IVIG initiation was 7 years
(range 1.8–14). Twenty-one patients required the use of a
wheelchair. Ten patients developed malignancies that in-
cluded T-cell acute lymphoblastic leukemia, germinoma,
renal cell carcinoma and teratoma. The clinical and ge-
netic findings of the reported patients are summarized in
Table 1.

Lymphocyte number and in vitro T cell function

Lymphocyte subsets and immunoglobulin levels were
determined in 34 of the patients (Table 2). IgG levels
were decreased in 6 of them (6/34, 18 %), and 20
patients with normal IgG levels were on IVIG replace-
ment treatment during the period of data collection. IgA
levels were decreased or absent in 21 of these patients
(21/34, 62 %), and 8 of them (8/32, 25 %) had high IgM
levels. Twenty-one of the AT patients were lymphopenic
(21/34, 62 %). CD20+ B lymphocytes were decreased in
23 patients (23/34, 67 %: Fig. 1a), and CD3+ T
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lymphocytes were decreased in 22 patients (22/34, 64 %:
Fig. 1b). There was a significant correlation between the
CD20+ B and CD3+ T lymphocytes (Rs = 0.39, p=
0.02). Functional evaluations of T lymphocytes were
performed in 32 patients. Reduced lymphoproliferative
responses were found in 12 patients (12/32, 37 %:

Fig. 2a) following PHA mitogenic stimulation, and in
10 patients (10/32, 31 %: Fig. 2b) following CD3 mito-
genic stimulation.
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TREC and KREC levels

Thymic and bone marrow outputs were quantified by mea-
suring sj-TREC and sj-KREC levels (Table 2). Almost all
AT patients displayed extremely low levels of TRECs and
KRECs in comparison with age-matched healthy individ-
uals (Fig. 3a). These findings were age-independent
(Fig. 3b and c). The TREC and KREC levels correlated
significantly (Rs = 0.49, p=0.003), indicating concomitant
combined T and B cell immunodeficiency. The median
TREC levels were very low in the AT patients (23.2
copies/0.5 μg DNA, range 0–338.7 copies/0.5 μg DNA)
compared to the healthy controls (1065.7 copies/0.5 μg
DNA, range 298.2-4676.3 copies/0.5 μg DNA). TREC
levels did not correlate with the lymphocyte numbers (Rs
= 0.26, p=0.13), nor with the response to the PHA (Rs =
0.14, p=0.43) or anti-CD3 (Rs = 0.2, p=0.28) mitogenic
stimulations. They did, however, correlate with CD3+ cell
numbers (R = 0.33, p=0.05). Patients with lymphopenia
(defined as a lymphocyte count <1500/mm3) had lower
TREC levels compared to patients with a lymphocyte count
>1500/mm3 (mean=30.5 and 90.16 copies/0.5 μg DNA,

respectively, p=0.038). TREC levels were significantly
associated with the use of a monthly IVIG replacement
therapy regimen (p=0.002) and prophylactic antibiotics
(p=0.04), but not with recurrent infections (p=0.104)
(Fig. 4).

The median sj-KREC levels for the AT patients was 34.5
copies/0.5 μg DNA (range 0–1018.2 copies/0. 5 μg DNA)
compared to 447.8 copies/0.5 μg DNA for the healthy con-
trols (range 86.2-2471.9 copies/0. 5 μg DNA). The median cj-
KREC levels for the AT patients was 1061.1 copies/0.5 μg
DNA (range 132–9998.9 copies/0.5 μg DNA), compared to
2083.1 copies/0.5 μg DNA for the healthy controls (range
590.7-5281.7 copies/0. 5 μg DNA). The sj-KREC levels
correlated significantly with the CD20+ cell numbers (Rs=
0.46, p=0.007), but not with the total lymphocyte numbers or
with the use of IVIG (p=0.12), prophylactic antibiotics (p=
0.73) or recurrent infections (p=0.11). The ratio between
genomic sj-KRECs and cj-KRECs reflects both B cell
neogenesis and peripheral replication of B lymphocytes. This
ratio in our cohort study was significantly lower in the AT
patients (median=2.8 %, IQR = 0.67-8.1 %) compared to the
healthy controls (median = 21.3 %, IQR = 14.6-28.8, p
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≥0.0001, Fig. 5). This finding is suggestive of either reduced
B cell neogenesis or increased peripheral proliferation of B
lymphocytes.

TCR and BCR repertoires

Flow cytometry analysis of the TCR-Vβ repertoire on total
lymphocytes obtained from 19 patients (data not shown)
revealed abnormal TCR-Vβ repertoires with different degrees
of clonality or reduced expression in all of those patients.
Significant abnormalities (i.e., above or below the highest
and lowest normal values) were observed in 41 % of the 24
TCR-Vβ genes investigated in each patient. There was no
clear clustering of expansions to certain TCR-Vβ genes,
however, the TCRs expression tended to have the lowest
values with increased age. Thus, clonality seemed to decrease
with age, while reduced expression of different TCRs seemed
to increase with age (Fig. 6).

PCR spectra-typing analysis of the FR2 IgH BCR gene
rearrangements in peripheral blood was performed on 30
patients, and abnormal results (oligoclonal or polyclonal
skewed) were detected in 15 of them (Fig. 7). An abnormal
IgH BCR repertoire was not associated with sj-KREC levels,
presence of malignancies or patient’s age.

Discussion

AT is a well-defined combined type of immunodeficiency
involving both T and B cell immunity. Here, we show low
TREC and KREC levels in AT patients, irrespective of their
age, reflecting impaired T and B cell neogenesis. Significant
clonal abnormalities of both TCR and BCR were observed in
most of the patients. Thus, our findings suggest that a devel-
opmental defect is the central mechanism underlying the
immunodeficiency of AT.

S

S

P

P

O

P

O

S

O

S

P

S

P

S

P

O O P

P P P

P P P

O S P

P O S

P8

P15

P1

P23

P30

P9

P18

P2

P25

P31

P11

P19

P3

P26

P32

P12

P20

P4

P27

P34

P13

P21

P5

P28

P35

P14

P22

P6

P29

P36

Fig. 7 BCR rearrangement analysis. FR2 IgH BCR gene rearrangement
was detected in 30 AT patient’s PBMCs by PCR using fluorescence-
labeled Vh primers followed by Gene Scan analysis. One of the three

possible patterns (polyclonal, polyclonal skewed, oligoclonal) of the IgH
BCR repertoire was obtained for each patient. P polyclonal; S polyclonal
skewed; O oligoclonal

J Clin Immunol (2014) 34:561–572 569



Increased susceptibility to infections could be expected to
be a dominant characteristic of AT as a result of a variety of
cellular and humoral immunodeficiencies. The immune sys-
tem of AT patients is considered as being abnormal from birth,
however, and they do not have increased frequency or greater
severity of immune abnormalities with age (2). Recurrent
sinopulmonary infections may occur during the first 2 years
of life (15). Indeed, 73 % of our young patients displayed
recurrent infections, similar to the frequency reported by
others (16). Importantly, this finding could not be attributed
to a progression of their immunodeficiency insofar as it
remained stable. Recurrent pulmonary infections and progres-
sion in lung disease, therefore, could be secondary to ineffec-
tive ability to cough, abnormal airway secretion clearance,
oropharyngeal dysphagia and recurrent aspiration, and even
to ATM abnormal function in pulmonary epithelial cells (17).
In addition, some patients are wheelchair-bound at an early
age and their neurological disease may contribute to further
respiratory deterioration. Indeed, interstitial lung disease is
found in a significant number of AT patients even in the
absence of overt immune deficiency (18). Moreover,
mycobacteria and opportunistic pathogens (such as fungi or
pneumocystis) that characterize severe immunodeficiency
rarely cause pulmonary infection in AT (2). In our study, not
finding any correlation between both TREC and KREC levels
and the occurrence of recurrent infections reinforces the above
notion that mechanisms other than low TREC and KREC
levels are responsible for the increased numbers of recurrent
infections in AT patients. Interestingly, while KREC levels
were not associated with the different therapeutic interven-
tions (IVIG replacement therapy or prophylactic antibiotics)
in AT patients, we found that lower TREC levels were signif-
icantly associated with these therapeutic interventions. This
suggests that lower TREC levels are not necessarily an indi-
cator for these therapeutic interventions but may rather only
reflect the low CD3+ cells which are apparently not the cause
of recurrent infections in these patients.

We observed steadily low TREC and KREC levels irre-
spective of the patient’s age. These markers were highly
correlated, thus suggestive of combined immunodeficiency.
They were also in correlation with CD3+ and CD20+ cell
counts, respectively, reflecting mainly reduced production of
T and B cells. Since these may be early markers of the disease
(8), AT patients might be diagnosed through neonatal screen-
ing programs using TREC and KREC measurements. In fact,
recent results of exome sequencing and analysis of 2 new-
borns who screened positively for severe combined immuno-
deficiency led to the diagnosis of AT (9). Moreover, 7 samples
of 13 older AT patients for whom newborn dried blood spots
had been stored tested positive for severe immunodeficiency
under the criteria of that newborn screening program (9).

Two possible mechanisms can explain the immunological
defects in AT patients, abnormal T and B cell development or

impaired peripheral activation of T and B cells. In T cells,
thymic hypoplasia is characteristic of both human patients and
ATM −/− mutant mice (3, 4), pointing to a primary develop-
mental defect. Indeed, there is delayed TCR alpha coding joint
formation that results in a reduction of alpha/betaTCR-
expressing immature cells and leads to inefficient thymocyte
selection in ATM deficiency (4). Moreover, this deficiency
disrupts TCR alpha locus integrity and the maturation of CD4
+ CD8+ thymocytes (19), and ATM-deficient mouse thymo-
cytes are altered when passing through the β- or γδ-selection
checkpoint, suggesting early thymic developmental failure of
T cells (20). It has recently been shown that ATM plays an
important role in the development of T cells, including the
TCR beta rearrangements, generation of the TCR beta CDR3
repertoires and efficient TCR beta-dependent T cell develop-
ment (21). This is reinforced by the presence of terminally
differentiated effector memory cells and normal numbers of
circulating memory and effector CD4+ and CD8+ T cells,
indicating prior activation as well as dramatic reduction of
thymus output content (22, 23). On the other hand, it was
found that abnormal intracellular signal transduction leading
to reduced responsiveness to antigenic stimulation accounts
for the reduced T cell activation in AT patients (23). Our
current findings support a T cell developmental defect rather
than an activation defect since there were both low TREC
levels and reduced immune repertoire diversities in the pa-
tients of our cohort. Furthermore, most of our patients
displayed normal responses to mitogenic stimulations. Simi-
larly, a normal T cell response to PHAwas observed in the 2
young patients who were diagnosed through newborn screen-
ing (9). The presence of reduced TRECs and skewed but not
clonal diversity of the alpha/beta T cell repertoire, even in
babies with AT, further supports that thymic activity is affect-
ed in AT patients (7). Thus, our findings of low TREC levels,
relatively normal responses to mitogenic stimulations and a
skewed TCR repertoire point to a predominant developmental
abnormality rather than an abnormal peripheral cell activation
and clonal expansion as being responsible for the T cell
immunodeficiency in AT patients.

The research on the development of B cells in AT patients
has been less extensive despite the known B cell immunode-
ficiencies. The application of a murine model for investigating
B cell function in human ATM deficiency is less valuable
given that ATM−/−mice display preserved B cell functions
and AT patients do not (24). On the other hand, most AT
patients have a restricted IgH repertoire (23) and a marked
reduction of sj-KRECs in dried blood spots obtained from AT
samples on Guthrie cards (8). AT patients were recently
shown to display disturbed naive B-cell homeostasis, as evi-
denced by low cell numbers, increased proliferation, a large
proportion of CD21, low CD38, low anergic B cells, and
decreased antigen receptor repertoire diversity (22). A reduc-
tion of transitional and naive mature B cell counts is the
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hallmark of the abnormal naive B cell homeostasis detected in
AT patients. These latter studies suggest that a developmental
defect plays a critical role in the immunodeficiency of B cells
in AT patients, and the results of our current study support this
hypothesis. While the detection of unchanging low numbers
of B cells and sj-KREC copies, regardless of the patient’s age,
together with the abnormal repertoire of the BCRs clearly
point to a developmental defect, the low numbers of sj-
KRECs could rather be the consequence of peripheral B cell
activation and secondary dilution or low bone marrow output.
Indeed, the low ratio between sj-KREC and cj-KREC
displayed by our patients could reflect both abnormal B cell
neogenesis and a high replication history of the B lymphocyte
subsets, all of which suggest that B cell activation also plays
an important role in the B cell immunodeficiency in AT.

Taken together, our findings revealed disturbed B cell and
T cell homeostasis in AT patients. The predominant reduction
of T and B cell neogenesis, as reflected by reduced TREC and
KREC levels, respectively, was unrelated to the patient’s age.
As such, it follows that these abnormalities can be detected by
newborn screening assays for T and B cell immunodeficiency.
We therefore suggest that a developmental defect rather than
activation and proliferation defects in T cells predominate in
the immunodeficiency in AT. We also propose that both of
those mechanisms in B cells underlie the immunodeficiency
in AT.

Acknowledgments The Jeffrey Modell Foundation (JMF), the Legacy
Heritage Biomedical Science Partnership Program of the Israel Science
Foundation and the Chief Scientist Office of the Ministry of Health for
their support of Dr. Somech. Esther Eshkol is thanked for editorial
assistance. This work was performed in partial fulfillment of the M.D.
thesis requirements of the Sackler Faculty of Medicine, Tel Aviv Univer-
sity (M.K.).

The authors have no financial relationships relevant to this article to
disclose.

The authors have no conflicts of interest relevant to this article to
disclose.

Funding
None.

References

1. Mavrou A, Tsangaris GT, Roma E, Kolialexi A. The ATM gene and
ataxia telangiectasia. Anticancer Res. 2008;28(1B):401–5. Epub
2008/04/04.

2. Nowak-Wegrzyn A, Crawford TO, Winkelstein JA, Carson KA,
Lederman HM. Immunodeficiency and infections in ataxia-
telangiectasia. J Pediatr. 2004;144(4):505–11. Epub 2004/04/08.

3. Lavin MF. Ataxia-telangiectasia: from a rare disorder to a paradigm
for cell signalling and cancer. Nat Rev Mol Cell Biol. 2008;9(10):
759–69. Epub 2008/09/25.

4. Vacchio MS, Olaru A, Livak F, Hodes RJ. ATM deficiency impairs
thymocyte maturation because of defective resolution of T cell re-
ceptor alpha locus coding end breaks. Proc Natl Acad Sci U S A.
2007;104(15):6323–8. Epub 2007/04/05.

5. Somech R. T-cell receptor excision circles in primary immunodefi-
ciencies and other T-cell immune disorders. Curr Opin Allergy Clin
Immunol. 2011;11(6):517–24. Epub 2011/10/06.

6. Somech R, Lev A, Simon AJ, Hanna S, Etzioni A. T- and B-cell
defects in a novel purine nucleoside phosphorylase mutation. The
Journal of allergy and clinical immunology. 2012;130(2):539–42.
Epub 2012/05/15.

7. Micheli R, Pirovano S, Calandra G, Valotti M, Plebani A, Albertini
A, et al. Low thymic output and reduced heterogeneity of alpha/beta,
but not gamma/delta, T lymphocytes in infants with ataxia-
telangiectasia. Neuropediatrics. 2003;34(3):165–7. Epub 2003/08/
12.

8. Borte S, von Dobeln U, Fasth A,Wang N, Janzi M,Winiarski J, et al.
Neonatal screening for severe primary immunodeficiency diseases
using high-throughput triplex real-time PCR. Blood. 2012;119(11):
2552–5. Epub 2011/12/02.

9. Mallott J, Kwan A, Church J, Gonzalez-Espinosa D, Lorey F, Tang
LF, et al. Newborn screening for SCID identifies patients with ataxia
telangiectasia. J Clin Immunol. 2013;33(3):540–9. Epub 2012/12/25.

10. Lev A, Simon AJ, Bareket M, Bielorai B, Hutt D, Amariglio N, et al.
The kinetics of early T and B cell immune recovery after bone
marrow transplantation in RAG-2-deficient SCID patients. PLoS
One. 2012;7(1):e30494. Epub 2012/02/02.

11. Amariglio N, Lev A, Simon A, Rosenthal E, Spirer Z, Efrati O, et al.
Molecular assessment of thymus capabilities in the evaluation of T-
cell immunodeficiency. Pediatr Res. 2010;67(2):211–6. Epub
2009/10/28.

12. Shearer WT, Rosenblatt HM, Gelman RS, Oyomopito R, Plaeger S,
Stiehm ER, et al. Lymphocyte subsets in healthy children from birth
through 18 years of age: the Pediatric AIDS Clinical Trials Group
P1009 study. The Journal of allergy and clinical immunology.
2003;112(5):973–80. Epub 2003/11/12.

13. Lev A, Simon AJ, Broides A, Levi J, Garty BZ, Rosenthal E, et al.
Thymic function in MHC class II-deficient patients. The Journal of
allergy and clinical immunology. 2013;131(3):831–9. Epub 2012/12/
12.

14. van Dongen JJ, Langerak AW, Bruggemann M, Evans PA,
Hummel M, Lavender FL, et al. Design and standardization of
PCR primers and protocols for detection of clonal immuno-
globulin and T-cell receptor gene recombinations in suspect
lymphoproliferations: report of the BIOMED-2 Concerted
Action BMH4-CT98-3936. Leukemia. 2003;17(12):2257–317.
Epub 2003/12/13.

15. Bott L, Lebreton J, Thumerelle C, Cuvellier J, Deschildre A, Sardet
A. Lung disease in ataxia-telangiectasia. Acta Paediatr. 2007;96(7):
1021–4. Epub 2007/05/26.

16. Demuth I, Dutrannoy V, Marques Jr W, Neitzel H, Schindler D,
Dimova PS, et al. New mutations in the ATM gene and clinical data
of 25 AT patients. Neurogenetics. 2011;12(4):273–82. Epub
2011/10/04.

17. Berkun Y, Vilozni D, Levi Y, Borik S, Waldman D, Somech R, et al.
Reversible airway obstruction in children with ataxia telangiectasia.
Pediatr Pulmonol. 2010;45(3):230–5. Epub 2010/02/11.

18. Schroeder SA, Swift M, Sandoval C, Langston C. Interstitial lung
disease in patients with ataxia-telangiectasia. Pediatr Pulmonol.
2005;39(6):537–43. Epub 2005/03/25.

19. Matei IR, Gladdy RA, Nutter LM, Canty A, Guidos CJ, Danska JS.
ATM deficiency disrupts Tcra locus integrity and the maturation of
CD4 + CD8+ thymocytes. Blood. 2007;109(5):1887–96. Epub
2006/11/02.

20. Isoda T, Takagi M, Piao J, Nakagama S, Sato M, Masuda K, et al.
Process for immune defect and chromosomal translocation during
early thymocyte development lacking ATM. Blood. 2012;120(4):
789–99. Epub 2012/06/20.

21. Hathcock KS, Bowen S, Livak F, Hodes RJ. ATM influences the
efficiency of TCRbeta rearrangement, subsequent TCRbeta-dependent

J Clin Immunol (2014) 34:561–572 571



Tcell development, and generation of the pre-selection TCRbeta CDR3
repertoire. PLoS One. 2013;8(4):e62188. Epub 2013/04/30.

22. Driessen GJ, Ijspeert H,Weemaes CM, Haraldsson A, TripM,Warris
A, et al. Antibody deficiency in patients with ataxia telangiectasia is
caused by disturbed B- and T-cell homeostasis and reduced immune
repertoire diversity. The Journal of allergy and clinical immunology.
2013;131 (5):1367–75 e9. Epub 2013/04/10.

23. Giovannetti A, Mazzetta F, Caprini E, Aiuti A, Marziali M,
Pierdominici M, et al. Skewed T-cell receptor repertoire, decreased
thymic output, and predominance of terminally differentiated T cells
in ataxia telangiectasia. Blood. 2002;100(12):4082–9. Epub
2002/10/24.

24. Xu Y. ATM in lymphoid development and tumorigenesis. Adv
Immunol. 1999;72:179–89. Epub 1999/06/11.

572 J Clin Immunol (2014) 34:561–572


	Disturbed B and T cell homeostasis and neogenesis in patients with ataxia telangiectasia
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Patients
	Immune function
	Quantification of TRECs and KRECs
	BCR and TCR gene rearrangement analyses
	Statistics

	Results
	Clinical findings
	Lymphocyte number and in�vitro T cell function
	TREC and KREC levels
	TCR and BCR repertoires

	Discussion
	References


