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Spontaneous and oxidative stress-induced programmed cell death in lymphocytes
from patients with ataxia telangiectasia (AT)
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SUMMARY

T cell lymphopenia in the peripheral blood lymphocytes (PBL) of patients with AT is mainly caused by
a decrease of naive CD45RA'/CD4" cells followed by a predominance of memory CD45RO™
lymphocytes. To relate these findings to the regulation of programmed cell death, we investigated
the activation state and apoptotic level of PBL in 12 patients and healthy controls by flow cytometry. In
accordance with previous investigations, the number of naive CD4"/CD45RA™ cells was significantly
decreased in patients compared with healthy controls. This disturbed balance of CD45RA and CD45RO
was also reflected in higher amounts of activated HLA-DR and CD95 expressing cells, with a con-
comitant decrease of Bcl-2 protected lymphocytes in the T cell population. With regard to its role in
preventing oxidative-induced cell death, we analysed Bcl-2 expression and apoptosis in the presence of
oxidative stress. In culture, cells of patients are more susceptible to spontaneous programmed cell death.
However, in our stress-inducing system (hypoxanthine/xanthine oxidase system) the number of cells
undergoing apoptosis was lower in patients’ cell populations compared with controls. In addition,
preliminary results suggest that Bcl-2 expression and level of spontaneous apoptosis in patients can be

modified by IL-2 and interferon-gamma.
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INTRODUCTION

The syndrome of AT is caused by a single autosomal recessive
gene defect on 11q22-23 and includes a variety of apparently
unrelated findings such as progressive cerebellar ataxia, telangiec-
tasia, thymic dystrophia with immunodeficiency, chromosomal
instability, radiosensitivity, and cancer susceptibility [1-3].
Decline of peripheral lymphocytes in the T cell population is
one of the main phenomena of the immunological aspect of the
disease. The diminished level of circulating T lymphocytes is mainly
due to the absence of CD47/CD45RA™ cells, which leads to an
imbalance between naive and memory cells in the lymphocyte
population [4]. This is supported by the diminished functionality of
the T cells, including reduced proliferation to mitogens and
impaired production of IL-2 and interferon-gamma (IFN-v) [5,6].
Increased spontaneous apoptosis had been observed in vitro in AT
lymphocytes derived from Am-deficient mice [7,8]; in analogy
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oxidative stress

hypoxanthine/xanthine oxidase system

patients with AT also show an increase in spontaneous apoptosis in
lymphoblasts and lymphocytes compared with healthy controls [9].

A defect in the ‘cell surveillance network’ has been proposed
to explain the chronic cell loss in the immune system and also in
the cerebellum in AT, suggesting that the damaged ataxia telan-
giectasia-mutated (ATM)-gene product leads to a fault in the cell
cycle control and DNA repair [10]. This defect in repairing
spontaneous and induced DNA damage leads to increased genomic
instability, increased cancer predisposition and an inappropriate
regulation of the apoptosis program in AT cells. Features of this
dysregulation are reflected in high sensitivity to radiation and
radiomimetic drugs, while response is intact in AT cells treated
with UV or topoisomerase inhibitors [11-13]. One hypothesis to
explain the sensitivity of AT cells to apoptosis is the inability to
counteract the effects of reactive oxygen species (ROS) [14]. In
high concentrations, these molecules are responsible for DNA
damage and the induction of apoptosis [15].

A molecule playing an important role in preventing pro-
grammed cell death in an anti-oxidant pathway is the proto-
oncogen product Bcl-2 [16,17]. Recently, it has been shown that
over-expression of Bcl-2 blocks apoptosis after oxidative damage
[18]. Expression of Bcl-2 is down-regulated in T cells after
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conversation from CD45RA to the CD45RO phenotype invitro
[19]. The elevated apoptosis in AT cells might be due to a decrease
in Bcl-2 protection.

In this context, we characterized the CD4™" cell population in
AT patients by flow cytometry to analyse their state of activation
and their anti-apoptotic level. For this purpose, we studied the
expression of HLA-DR, CD95 (Fas/APO-1) and Bcl-2 in relation
to the ratio of naive (CD45RA™) and memory (CD45RO™) cells in
the AT lymphocyte population. As expected, the expression of
these molecules was altered in patients with AT [20,21].

In addition, we investigated spontaneous apoptosis and the
influence of oxidative stress on AT lymphocytes in cell culture
using an oxygen radical producing system (hypoxanthine/xanthine
oxidase system) [22—24]. Our data demonstrate that AT patients
are more susceptible to spontaneous apoptosis, but are more resistant
to oxygen radicals. Given the high level of spontaneous apoptosis,
we investigated whether this could be modified by addition of
cytokines. In preliminary experiments we found that IL-2 and I[FN-y
were effective in modifying Bcl-2 expression and spontaneous
apoptosis in AT patients.

SUBJECTS AND METHODS

Subjects

We studied 12 patients with AT checked regularly at the Frankfurt
University Hospital, aged 5—-24 years, median 14 years, sex distri-
bution female:male 6:6. AT was diagnosed clinically and by means
of increased a-fetoprotein in all patients. Controls for lymphocyte
phenotyping were matched for age, and the study of spontaneous
and induced apoptosis was carried out with healthy controls.

Lymphocyte phenotyping
Whole blood samples containing EDTA were stained with the
following MoAbs directly labelled with FITC or PE: UCHT-1
(CD3),B9.11 (CD8), J4.119 (CD19), ALB11 (CD45RA), UCHL-1
(CD45RO0) from Coulter-Immunotech (Marseilles, France), RPA-
T4 (CD4), 3G8 (CD16), DX2 (CD95) from PharMingen (San Diego,
CA),MY31 (CD56), L-243 (HLA-DR) from Becton Dickinson (San
Jose, CA), and C124 (Bcl-2) from Dako Diagnostics (Glostrup,
Denmark). After staining, erythrocytes were lysed (FACS-lysing
solution; Becton Dickinson), washed with PBS and fixed with 1%
paraformaldehyde. For intracellular Bcl-2 staining, cells were fixed
and permeabilized with solution A and B (Fix & Perm; An der
Grub, Vienna, Austria), Bcl-2 was added to solution B. In each
case cells were incubated for 15 min at room temperature.
Samples were analysed by a flow cytometer (FACScan; Becton
Dickinson) equipped with an air-cooled 488-nm argon-ion laser.
On each sample, 10000 events were collected and data analysis
was performed with Lysis II software (Becton Dickinson).

Hypoxanthine/xanthine oxidase system

Peripheral blood mononuclear cells (PBMC) were separated from
heparinized blood by density gradient centrifugation on Ficoll—
Hypaque and washed three times with RPMI 1640. Cells were
cultured at 37°C, 5% CO, in RPMI 1640 supplemented with 10%
fetal calf serum (FCS), 1% penicillin/streptomycin, 1% HEPES,
2% glutamine and 0-2% gentamycin at a concentration of 1x 10°
cells/ml. For induction of in vitro apoptosis, PBMC were incubated
in the presence of hypoxanthine (HX) and xanthine oxidase (XO).
As shown in Fig. 2, we used the human lymphoblastoid Jurkat
cell line to equilibrate the oxidative stress system. As oxygen

radical scavengers we used superoxide dismutase (SOD) (100—
10000 U/ml) and catalase (CAT) (10—1000 U/ml) (Boehringer,
Mannheim, Germany).

In order to modulate spontaneous apoptosis, IL-2 (Biotest
Pharma, Dreieich, Germany) 100 U/ml or IFN-y (Genzyme, Riissel-
sheim, Germany) 250 ug/ml were added to the culture.

Detection of apoptosis

Flow cytometry was used to measure the percentage of apoptosis
after 7-aminoactinomycinD (7AAD) staining [25,26]. Briefly,
cells were incubated with 20 ug/ml of 7AAD (in PBS/Azide) for
20 min at 4°C in the dark, afterwards cells were analysed within
30 min in their staining solution. For staining cells with hypotonic
citrate solution propidium iodide (PI), lymphocytes were washed
once with PBS, then 250ml staining solution (50 ug of PI in
0-1% sodium citrate plus Triton-X; Sigma Aldrich, Deisenhofen,
Germany) were added [27]. Cells were kept overnight at 4°C before
analysis.

Statistical analysis
Results were expressed as mean *s.d. and analysed using the
Mann—Whitney U-test. P <0-05 was regarded as significant.

RESULTS

Lymphocyte phenotyping

In accordance with previous investigations, the analysis of AT
patients’ lymphocyte distribution in peripheral blood (PB) revealed
a significant absolute and relative reduction of CD3*" and CD19™
cells (Table 1). T cell lymphopenia was found in all patients, but
B cells were reduced in just 75% of the patients. The decrease
in T cells, particularly in the CD4 population, was caused by a
deficiency of naive CD45RA™ cells (P<0-001). The absolute
number of CD45RO™ cells was not significantly higher compared
with healthy controls. However, the reduction of naive cells led to a
relative predominance of activated cells in AT cell populations
(P<0-001). These findings were supported by a significant up-
regulation of HLA-DR-expressing T cells in relative cell numbers
(P<0-001). Furthermore, we found a relative increase of natural
killer (NK) cells in the PB of AT patients (P <0-001).

As expected, the apoptosis-related cell surface molecule CD95
(Fas/APO-1) was significantly increased in the CD4™" cell popula-
tion (P <0-001). The numbers of CD95™" cells correlated well with
the amount of memory lymphocytes. Absolute as well as relative
numbers of Bcl-2-protected cells were reduced in the CD4%
population (P <0-05, P <0-01). The reduction of Bcl-2 expression
was mainly seen in CD45RO™ lymphocytes (a typical dot plot
analysis is displayed in Fig. 1).

The hypoxanthine/xanthine oxidase system

Standardizing the HX/XO system, we used the lymphoblastoid
Jurkat cell line stimulated with various doses of HX and XO for
24h. To examine spontaneous and oxidative stress-induced pro-
grammed cell death invifro, membrane permeabilization was
detected by 7AAD [26]. We distinguished JAAD™ and 7AAD™
(TAADY™/7AADP" ") cells for the differentiation of live and
apoptotic cells (early/late apoptotic, dead cells, respectively). As
a second method to measure apoptosis, we used PI according to
Nicolletti et al. [27]. The detection of both 7AAD as well as PI
staining indicates an increase in apoptotic cells after treatment with
raised concentrations of oxidative stress (Fig. 2). The staining of
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Table 1. Relative and total numbers of lymphocytes in the peripheral blood of AT patients and controls

Controls (n=15)

Patients (n =12)

Cells/pl % Cells/pl %
cD3* 2140 * 1083 71+8 883 + 296 #52+ 11
CD4" 1278 = 730 42+10 463 + 209 #4407 + 12
cD8* 745 + 332 2710 #70 + 152 21 %6
cD19* 383 + 283 12+6 103 = 100 w6+ §
CD3 /(CD16" +CD56") 380 + 231 136 615 + 347 ¥36+ 16
CD3*/HLA-DR* 167 = 90 9+4 301 +219 ¥34 + 17
CD45RA™ 2269 * 1327 73+9 *901 + 316 *54 + 17
CD4"/CD45RA™ 665 + 384 55+ 16 #108 * 121 03 + 24
CD45RO™ 855 =+ 442 30+ 12 778 + 329 w45 + 10
CD4*/CD45RO* 414 + 265 38 +20 398 + 194 #86 + 11
CD95+ 935 + 498 32+8 1043 = 437 #60 = 15
CDY5+/CD4™ 373 %232 30+ 11 382+ 169 *85 + 11
Bcl-2* 2838 + 1679 905 %1432 + 422 #HAG] 7
Bcl-2H/CD4™ 1272 = 850 94+ 4 *378 + 176 #82 + 9

Results are shown as mean = s.d. *P<0-001; **P <0-005; ***P<0-01; ****P <0-05.

hypoploid DNA after oxidative stimulation by PI resulted in a
lower rate of apoptosis than 7AAD staining. This reflects the
differences of the staining methods as shown by Schmidt ez al.
[25]. In order to detect all kinds of programmed cell death,
including early and late apoptosis, we used the 7AAD staining
method for further experiments. Apoptosis induced by the HX/XO
system was prevented by extracellular CAT but not by SOD
(Fig. 3). These results indicate that hydrogen peroxide rather
than the superoxide radical is responsible for oxidative stress-
induced apoptosis. The effect of CAT and SOD was analysed in a
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Fig. 1. Dot plots from a single representative flow cytometric analysis of
CD95/CD45RO (upper panels) and Bcl-2/CD45RO (lower panels) double-
stained lymphocytes of AT patients compared with a healthy control.

time kinetic over 144 h (at 24, 48, 72 and 144 h). There was no
difference in CAT and SOD action over the whole period (Fig. 4).

Spontaneous and oxidative stress-induced apoptosis in AT
lymphocytes

We detected spontaneous and oxidative stress-induced apoptosis in
AT lymphocytes in medium and after 24-h treatment with 1 mm
HX and 10mU XO. These concentrations were chosen after a
series of various stimulations of PBMC (data not shown). Our data
of unstimulated apoptosis confirm the results of earlier investiga-
tions: AT cells exhibit a higher rate of spontaneous apoptosis
(P<0-05). In contrast, oxidative stress leads to a lower rate of
apoptotic cells in AT patients compared with controls (Fig. 5). No
differences were observed after phytohaemagglutinin (PHA) stimu-
lation. Simultaneously, the number of Bcl-2-protected cells was

Number of positive cells (%)

0
0/0 0-05/10 0-1/10  1-0/10

HX (mm)/X0 (mU)

1-0/50 1-0/100

Fig. 2. Evaluation of the hypoxanthine/xanthine oxidase (HX/XO) system
for the induction of oxidative stress in the lymphoblastoid Jurkat cell line.
Stimulation of apoptosis was prepared by various doses of HX and XO after
24 h stimulation and detected by 7-aminoactinomycinD (7AAD; #) and
propidium iodide (PI; W) incorporation. Values represent the means = s.d.
of three separate experiments.
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Fig. 3. Lymphocytes of healthy individuals treated with hypoxanthine (HX)/xanthine oxidase (XO) (1-0 mm/10 mU/ml),HX and XO alone
(left). Dose-dependent effect of catalase (M) and superoxide dismutase (SOD; @) on cells treated with HX (1.0 mm) and XO (10 mU) for
24 h (right). One hundred percent means 1000 U catalase and 10000 U SOD. Mean values * s.d. of (a) 7-aminoactinomycinD (7AAD)
incorporation (n = 8) and (b) number of Bcl-2-expressing cells (n =4) detected by flow cytometry.

lower in AT patients compared with controls in all experiments
(Fig. 5).

Next, we investigated the influence of oxidative stress over a
period of 144 h. Both apoptotic and Bcl-2-protected lymphocytes
were detected after isolation of PBMC and after 24, 48, 72 and
144 h. At all times patients’ lymphocytes displayed a higher rate of
apoptosis cultured in medium alone, whereas AT cells were more
resistant to oxidative stress compared with controls (Fig. 6).
Analogous to 7AAD experiments mentioned above, we analysed
the effect of CAT and SOD on the number of Bcl-2-expressing
cells. CAT but not SOD prevented the down-regulation of Bel-2*
cells (Fig. 3). These results were also true for the time kinetic
experiments (Fig. 4).

In accordance with phenotyping experiments shown in Table 1,
the relative amount of Bcl-2-protected cells was significantly lower
in the AT cell population than in controls at all times, with an
exception at 24 h. At 24 h a sharp rise of Bcl-2* cells was recorded,
whereas control cells exhibited a constant number of Bcl-2-
expressing lymphocytes during culture (Fig. 6). No significant
differences could be found when cells were stimulated by the HX/
XO system.

Given the high level of spontaneous apoptosis, we addressed
the question of whether this can be modified by addition of
cytokines, e.g. IL-2 and IFN-y. Since spontaneous apoptosis in

patients and controls showed the clearest difference after 72h
culture, we chose this point of time for further experiments.
Although only three patients were studied due to lack of material,
Table 2 indicates that cytokines may prevent spontaneous apopto-
sis. At least in two of three patients spontaneous apoptosis was
suppressed when cells were co-cultured with IL-2 (100 U/ml) or
IFN-y (250 pg/ml). Moreover, Bcl-2-expressing cells were up-
regulated in lymphocytes of AT patients (Table 2).

DISCUSSION

A number of studies describe lymphopenia, recurrent infections
and cancer in AT. The cellular mechanisms causing lymphopenia,
particularly in the CD4" population, are not fully elucidated, but it
is suggested that the decrease of cells is due to a defect in cell cycle
control and DNA repair [1-3,10].

Our investigations confirm earlier findings indicating that the
lack of lymphocytes is predominantly located in the CD45RA™/
CD47* population, accompanied by a relative increase of activated
memory cells [4]. Dysplastic changes of the thymus and a defect in
the interconversion of naive and memory lymphocytes in the
CD4% population are discussed as possible explanations for the
relative predominance of the low molecular weight CD45 isoform
[6,28]. Since B cell numbers and the capacity for antibody
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Fig. 4. Measurement of (a) 7-aminoactinomycin D (7AAD) incorporation
and (b) number of Bcl-2-expressing cells from four healthy individuals by
flow cytometry. Lymphocytes were cultured in the presence of hypox-
anthine (HX)/xanthine oxidase (XO) (1-0 mm/10 mU/ml), HX and XO alone
over a period of 144 h. With regard to the inhibitory effect of the radical
scavengers catalase (100 U/ml) or superoxide dismutase (SOD) (1000 U/ml)
were added to cell cultures treated with the HX/XO system. Four healthy
controls with a strong sensitivity to oxidative stress were examined. Results
are shown as mean values.

production are reduced in AT, the increase of CD45RO™ cells
possibly represents a further component in providing help for
antigen-induced immune response [29].

The predominance of activated memory cells is accompanied
by a significant increase of HLA-DR- and CD95-expressing lym-
phocytes, reflecting the activation level of these cells. These results
have two features in common, as suggested by Saxon [20]: lym-
phocytes in patients with immunodeficiency exhibit a higher level
of activation and an altered apoptotic profile. This is in keeping
with our data and a recent report which shows a higher rate of
spontaneous apoptosis in AT lymphocytes [9].

The higher activation level of lymphocytes in patients with
immunodeficiency, especially seen in AT, might be a pathogenic
factor in the course of the disease. In this context, the influence
of ROS in signal transduction has been described [30,31]. The
susceptibility to ROS is supported by the constitutive activation of
the transcription factor NF-kB in AT lymphoblasts [32—34]. The
excessive formation of ROS leads to DNA damage and to an
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Fig. 5. Apoptotic measurement after 24-h stimulation with medium alone,
phytohaemagglutinin (PHA) 1 pg/ml and hypoxanthine (HX) 1 mm/xanthine
oxidase (XO) 10mU of AT lymphocytes (l) in comparison with healthy
controls ([J). Mean values * s.d. of the (a) 7-aminoactinomycin D (7AAD)
incorporation and (b) the number of Bcl-2-expressing cells were detected
by flow cytometry; *P <0-05.

apoptotic signal to the cell. A probable sensor of ROS levels and
oxidative DNA damage in lymphocytes is the ATM gene product
which is involved in the co-ordination of cell cycle control [35].

Taking the importance of ROS in the apoptotic process into
account, we applied the HX/XO system which primarily generates
superoxide anions and hydrogen peroxide to study oxygen-induced
apoptosis in AT cells. The HX/XO system provides a mild form of
oxidative stress and was observed to induce apoptosis [22,23].
Induction of apoptosis could be blocked by the radical scavenger
CAT, whereas SOD had no effect, indicating that hydrogen peroxide
rather than the superoxide radical is responsible for oxidative stress-
induced apoptosis. Contrasting with earlier findings that AT fibro-
blasts demonstrate a higher sensitivity to ROS, we showed that
patients’ lymphocytes were more resistant to oxidative stress-
induced apoptosis than controls, although no statistical signifi-
cance was reached [31,36]. These data are surprising considering
the increased spontaneous apoptosis and are difficult to explain.
The hypersensitivity to ionizing radiation and radiomimetic drugs
on one hand and the resistance to oxygen radicals on the other may
indicate a delayed reaction against cell stress-inducing agents,
suggesting that both aspects reflect two distinct characteristics of
AT. In analogy, this has also been shown by Enns et al., who did
not find any association between radiosensitivity of AT fibroblasts
and deregulated apoptosis [37].

A crucial molecule in preventing apoptosis is Bcl-2. As
described, expression of Bcl-2 is diminished in CD45RO™ T lym-
phocytes in patients and controls with acute infections, and con-
sequently T lymphocytes are destined to perish by apoptosis
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Table 2. Modulation of spontaneous apoptosis by addition of IL-2 and IFN-y

TAAD™ cells (%) Bel-27 cells (%)
Medium Medium Medium Medium
Medium +1IL-2 + IFN-y Medium +1IL-2 + IFN-y
Patients
1 27-39 14-32 17-01 79-98 96-8 80-84
2 41-56 22-94 21-19 69-37 83-88 78-56
3 16-27 20-75 16-88 81-73 94-37 85-66
Controls
1 20-09 19-31 13-08 83-62 88-14 83-02
2 17-32 13-42 871 88-13 95-35 88-68
3 592 13-92 7-60 92-57 97-97 94.72

Peripheral blood mononuclear cells (PBMC) from three patients and three controls were cultured in medium
alone and in the presence of either IL-2 (100U/ml) or IFN-y (250 ng/ml). 7-aminoactinomycinD (7AAD)
incorporation and the number of Bcl-2-expressing cells were detected by flow cytometry.
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[21,38]. We used Bcl-2 as a marker for protection against apop-
tosis. Recent studies suggest that the protection is provided by an
anti-oxidant pathway [16]. Reduced Bcl-2 expression in AT cells
could be demonstrated, whereby the decrease was mainly located
in the CD45RO™ population. Similar to the results of lymphocyte
phenotyping in whole blood, the level of Bcl-2-expressing cells
was significantly decreased in culture. However, only slight
reduction of Bcl-2% cells was found after stimulation with PHA
and with the HX/XO system.

An interesting area for further studies is the possibility of using
cytokines for modulating the apoptotic state in patients with AT.
Since it was previously shown that IL-2 and IFN-vy can restore
Bcl-2 expression and promote cell survival of activated T cells
derived from individuals with viral infections, we used these
cytokines to modify apoptosis. Preliminary experiments in three
patients show that this was indeed the case. In this regard it is
interesting to note that reduced Bcl-2 mRNA and protein levels
have been observed in the cerebellum of mutant mice which
experience Purkinje cell degeneration [39].

In conclusion, the number of activated cells reflects the high
risk of apoptosis in blood-derived lymphocytes of patients with
AT. Interestingly, in our culture system patients’ cells were more
resistant to oxygen agents such as hydrogen peroxide than control
lymphocytes. Moreover, high levels of spontaneous apoptosis can
be modified by addition of IL-2 and IFN-vy. Further studies are
necessary to investigate to what extent the imbalance between life
and death of AT cells can be modulated by cytokines.
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