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Resistance of T-cells to apoptosis in autoimmune
diabetic (NOD) mice is increased early in life and is
associated with dysregulated expression of Bcl-x
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Summary Activated lymphocytes of autoimmune
non-obese diabetic (NOD) mice exhibit an increased
resistance to programmed cell death (PCD) following
withdrawal of interleukin-2 (IL-2). In the present
study, we found that resistance of NOD T lympho-
cytes to PCD was increased as early as 1 week of
age, hence several weeks before the invasion of the
pancreas by inflammatory cells, which is compatible
with a role of the NOD apoptotic phenotype in the
autoimmune susceptibility of this strain. In the thy-
mus, mature single positive but not double positive
or double negative thymocytes were more resistant
to PCD in NOD compared to B6 mice. Moreover, in
both NOD and B6 mice, CD4+ T cells were more re-

sistant to PCD induced by IL-2 deprivation than
CD8+ cells. As a result, NOD CD4+ T cells were re-
markably resistant to cell death induced in this man-
ner. In relation with this increased resistance to apop-
tosis, expression of the anti-apoptotic Bcl-x protein
was upregulated in activated T cells of NOD mice,
most notably after 24 h of IL-2 deprivation. These re-
sults should help us to understand the relationship of
the NOD apoptotic phenotype to the emergence of
the NOD mouse autoimmune disease. [Diabetologia
(1998) 41: 178-184]

Keywords Apoptosis, ontogeny, T lymphocyte, auto-
immunity, diabetes mellitus.

Apoptosis plays an essential role in the homeostasis
of the immune system, as demonstrated by the obser-
vation of autoimmune symptoms in mouse stains
bearing the /pr and gld mutations [1]. These muta-
tions inactivate the Fas (CD95) and Fas-ligand
(CD95L) genes, respectively, whose products play an
important role in the delivery of apoptotic signals [2,
3]. Bel2-transgenic mice have also been shown to de-
velop lupus-like manifestations of autoimmunity [4].
In these models, the causative link between the ge-
netic alteration of apoptosis and the onset or the ac-
celeration of autoimmunity is direct and monogenic,

Corresponding author: Dr. H.-J.Garchon, INSERM U25,
Hopital Necker, 161 rue de Sévres, F-75743 Paris Cedex 15,
France

Abbreviations: NOD, Non-obese diabetic; mAb, monoclonal
antibody; IL-2, interleukin-2; PBS, phosphate buffered saline;
PCD, programmed cell death; CBG, corticosteroid-binding
globulin.

although modifyer genes also play a significant role
[5].

Most autoimmune diseases, however, are under
multifactorial control. Little is known about the
apoptotic behaviour of lymphoid cells in common au-
toimmune diseases. The NOD (non-obese diabetic)
mouse strain provides a remarkable model for the
study of insulin-dependent diabetes mellitus [6]. Mul-
tiple loci influencing disease susceptibility at various
stages have now been mapped in the mouse genome
[7]- In this context, apoptosis has been shown to be
decreased in NOD mouse lymphocytes compared to
those from non-autoimmune strains [8, 9]. The actual
contribution of this trait to the autoimmune process
now needs to be determined. In the present study,
we have further investigated the cellular and molecu-
lar basis of this differential apoptotic behaviour of
NOD T cells.
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Fig.1A-C. Correlation of apoptosis evaluation by flow cyto-
metry using the forward and side scatters (A) and by propi-
dium iodide (PI) staining of dead, Rl-gated, and live, R2-
gated, cells (B and C, respectively)

Materials and methods

Mice, antibodies and other reagents. NOD, C57BL/6J, DBA/2,
and BALB/c mice were bred in our facilities under strict pa-
thogen-free conditions.

The following monoclonal antibodies (mAb) were used:
phycoerythrin-conjugated rat anti-L3T4 (YTS191.1; Caltag,
San Francisco, Calif., USA), rat anti-CD8 (YTS169.4, Caltag),
depleting anti-CD4 (RL172.4 [10]) and anti-CD8 (3.155 [11]),
anti-mouse Bcl-x (clone 4; Transduction laboratories, Santa-
Cruz, Calif., USA), anti-mouse tubulin o (Amersham, Slough,
UK). Purified human recombinant interleukin-2 (IL-2)
(RU49637) was generously provided by Dr. D.Lando (Rous-
sel-UCLAF, Romainville, France).

Induction of apoptosis in splenocytes and thymocytes. Spleno-
cytes were enriched in T cells by using anti-Ig-coated Petri
dishes. In some experiments, enriched T cells were depleted
of CD4 or CDS8 cells by treatment with anti-CD8 or anti-
CD4 mAb and Low-Tox rabbit complement (Cederlane La-
boratories, Westbury, N.Y., USA). Dead cells were removed
by centrifugation through a Ficoll gradient. Viable cells were
polyclonally activated for 3 days in the presence of ConA
(2.5 ug/ml) as described previously [8]. Cells were then expan-
ded for 2 additional days in the presence of IL-2. After sever-
al washes, cells were resuspended at a concentration of
1 x 10° cells/ml in 24-well culture plates in medium alone (in-
duction of apoptosis by IL-2 deprivation) or in the presence
of IL-2.

Freshly harvested thymus cells were directly cultured for
24 h in RPMI 1640 medium supplemented with 10 % fetal calf
serum, 2 mmol/l glutamine, 50 umol/l 2-mercaptoethanol. In
some experiments, thymus cells were enriched in single posi-
tive cells prior to culture by two consecutive treatments with
anti-CD4 and anti-CD8 mAb and rabbit complement.

Apoptotic cells were detected by flow cytometry as de-
scribed previously [8, 12]. By comparison with viable cells,
they were characterized by a decreased forward scatter and
an increased side scatter. These two parameters correlated
well with cell death measured by Trypan Blue exclusion [8,
12], or by propidium iodide uptake: the majority of dead
cells in the R1 gate were stained with propidium iodide
whereas very few live cells in the R2 gate were PI positive

(Fig.1).

Western blotting detection of Bcl-x expression. Cells were
lysed as previously described [13]. Protein concentration was
determined using the BCA method (Pierce, Rockford, IIl.,
USA). Fifteen micrograms of protein per sample was migra-
ted on a denaturing SDS-12 % polyacrylamide gel electro-
phoresis (SDS-PAGE) [14] and electroblotted onto nitrocel-
lullose membranes. Staining with Ponceau Red confirmed
that an equivalent amount of material had been loaded on
each lane. Filters were blocked for 1 h with phosphate buf-
fered saline containing 5 % non-fat milk. All subsequent im-
munostaining steps and washes were performed in PBS-
Tween 20 at room temperature. Filters were incubated with
the primary antibody for 1h (anti-Bcl-x, or non-immune
mouse IgG, 1 ug/ml, or anti-tubulin a). After several washes,
biotinylated anti-mouse IgG rabbit antibodies were added
for 30 min, followed by horseradish peroxidase conjugated to
streptavidin. Membranes were then incubated with the en-
hanced chemoluminescence (ECL) detection solution (Amer-
sham) and exposed to X-ray films. To quantitate Bcl-x expres-
sion, films were scanned with a densitometer and peak areas
for Bcl-x and tubulin-a were determined with the ScanAnaly-
sis software (Biosoft, Cambridge, UK). Normalization ratio
between NOD and B6 was obtained by dividing tubulin-o
peak area of NOD over B6.

Statistical analysis. Proportions of apoptotic cells in NOD and
in B6 strains were compared with Student’s ¢-test. The influ-
ence of the strain and of the T-cell subset on T-cell death was
also evaluated using a logistic regression model. Given the
small size of the data set, exact calculations were performed
with the LogXact-Turbo program (Cytel Software Corpora-
tion, Cambridge, Mass., USA).

Results

Our initial studies showing an increased resistance
of NOD T lymphocytes was performed on spleno-
cytes from adult mice. Enriched T-cells were poly-
clonally activated for 3 days, further expanded for
2 days in the presence of IL-2, and programmed
cell death (PCD) was then induced by withdrawal
of IL-2. Investigation of peripheral blood and lymph
node T cells using the same protocol yielded similar
results (our unpublished data), indicating that this
apoptotic behaviour was a common feature of most
NOD peripheral T cells. Similarly, T cells from
males and females showed no difference in their
sensitivity to induction of apoptosis. To understand



180 S.-E.Lamhamedi-Cherradi et al.: PCD resistance and Bcl-x dysregulation in NOD T lymphocytes

R1 R2 R3
: l A 3 R5 = 12.38 B | 3 Rs=3056 Cc RE=4612 p
< ] y R2 ] 7 R
[ape= - -
NOD 3 3 ; =
R3 3 E
.j_[lllll-l I:]III|| TT I T rIr O T T T T T T L T T T T
(9]
E D 5 5
3 ; E 3 R5 = 20.99 F| I rs=2743 G| I Rs5=6616 H
E | E E . E
Er ] ] 7 ]
SR
o 3 ] ]
TTTTIIT T T I TTTTIm T T T T T T T T T T T

CD8

Fig.2 A-H. Flow cytometric measurement of apoptosis in
NOD (A-D) and B6 (E-H) thymocytes. After a 24-h culture
period, thymocytes were labelled for CD4 and CD8 surface an-
tigens and analysed by flow cytofluorimetry (A, E). CD4 single
positive (B, F), double positive (C, G), and CD8 single positive
(D, H) cells were electronically gated (gates R1-R3, respec-
tively) and assessed for size and density. Apoptotic cells were
characterized by a decreased forward scatter (FSC) and an in-
creased side scatter (gate R5) compared to living cells

Table 1. Ontogeny of increased resistance of NOD activated
peripheral T lymphocytes to induction of apoptosis by IL2 de-
privation

Cell death (%)

Strain NOD B6 pvalue
Age (weeks)
1 39+1.1 56.1£2.1 0.0005
2 36.8+£1.7 52.8+7 0.0352
3 29.8£0.5 451£0.3 < 0.0001
4 37.4£28 544+14 0.0017
5 303£0.9 57.6£0.6 < 0.0001
6 224404 40.1£0.3 < 0.0001
7 551+£3.1 741£39 0.0064
11 623+43 76.7£52 0.0392
20 409+2.6 653+1.9 0.0004

Data are mean = SD

There were three mice per group.

At 1 week of age, lymph node T cells were tested instead of
spleen cells

better the relationship of this feature with the NOD
mouse disease, we next sought to characterize its
ontogeny; i.e. (i) the time course of its appearance
in young mice, and (ii) its relation to thymic differ-
entiation.

FSC

Ontogeny of the resistance of NOD T cells to induc-
tion of apoptosis. Analysis at serial time points in-
dicated that the resistance of NOD T lymphocytes
to PCD was significantly increased as early as
1 week of age, therefore unambiguously preceding
disease onset, and as late as 20 weeks, consistently
resulting in a 1.5- to 2-fold increased survival of
NOD compared to C5S7BL/6 (B6) lymphocytes (Ta-
ble 1).

Apoptosis of NOD and B6 lymphoid cells was then
compared in the thymus. To this end, a short-term cul-
ture protocol was used. Apoptosis was measured after
24 h of incubation of adult thymus cells in medium
alone, or in medium after addition of dexamethasone,
or after initial exposure to ionizing radiations. Cells
were then labelled for CD4 and CD8 markers and the
number of apoptotic cells was determined by flow cy-
tometry in single positive and in double CD4+CD8+
positive subsets after electronic gating, as shown on
Figure 2. Both CD4+ and CDS8+ single positive sub-
sets, when incubated in medium alone, were more re-
sistant to PCD in NOD mice (Figs.2 and 3). This differ-
ential response between NOD and B6 was also seen
after incubation with dexamethasone and exposure
to gamma-irradiation but was abrogated by addition
of IL-2. In contrast, the death rate of double positive
cells tended to be increased in NOD mice. To deter-
mine which was the primary phenomenon, the de-
creased death of single positive thymus cells or the in-
creased death of double positive cells, death of single
positive thymus cells was directly evaluated in experi-
ments in which each subset was enriched before cul-
ture by treatment with the appropriate antibody
against the other subset. Such a treatment eliminated
the double positive cells. As shown on Table 2, single
positive CD4+ and CD8+ cells died at a lower rate in
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Fig.3. Increased resistance of NOD single positive thymus
cells to induction of apoptosis. Thymus cells from NOD ([])
and B6 mice (Jl) (3 mice per group, 6 week-old) were cultured
for 24 h in medium alone, or in the presence of IL2 (225 U/ml),
or dexamethasone (0.4 nmol/l), or after vy-irradiation
(5 Grays). Cell death was then measured as shown on Figure 2.
These results are representative of four separate experiments.
*p<0.05;"p <0.01; "p <0.005; “*p < 0.001

Table 2. Increased resistance of NOD single positive thymo-
cytes to PCD

Apoptotic cells (%)
Strain NOD Bo6 p value
Depletion® subset
anti-CD4 CDS8 532+31 733+33 0.0071
DN 443 +4.7 539142 N.S
anti-CD8 CD4 16428 27.1+1.1 0.0075
DN 549+9.8 652123 N.S

Data are mean = SD

There were three mice in each group.

@ Thymus cells from 3 week-old mice of the indicated strain
were treated with anti-CD4 or anti-CD8 mAb and rabbit com-
plement. Remaining cells were incubated for 24 h in medium
alone and were assayed for apoptosis by flow cytometry. Gates
for the indicated subset were similar to those shown in Figure 2

Table 3. Increased resistance of CD4 spleen T cells to PCD in-
duced by IL-2 deprivation

Cell death (%)
Subset” CD4 CD8 p value
Strain
Exp 1 NOD 111+£1.2 342+1.9 1074
B6 39.8+9.2 71.9+3.8 0.0054
Exp 2 NOD 19.5+22 53.7+0.4 0.0002
B6 37.7+1.7 80.7+2.7 0.0003
Exp 3 NOD 10.3+£0.6 44716 0.0003
B6 20+1 55.7+2.1 1074

Data are mean + SD

There were 3 mice per group

2 Enriched T splenocytes from 6 week-old mice were treated
with anti-CD4 or anti-CD8 mAb and rabbit complement, and
were polyclonally activated and expanded in the presence of
IL-2. Apoptosis was measured after 24 h of IL-2 deprivation

NOD than in B6 mice whereas PCD of double nega-
tive cells was similar in both strains.

Altogether, these data indicate that NOD periph-
eral T cells display an increased resistance to PCD
early in life and that, in the course of T-cell ontogeny,
this apoptotic behaviour can be detected at the stage
of single positive thymocytes.

Increased resistance of CD4 T cells to apoptosis. Strik-
ingly, the death rate of CD4 single positive thymus
cells was consistently lower than that of CDS8 single
positive cells, whether in NOD or in B6 mice (Ta-
ble 2). This difference between the two subsets, which
had not been visible using unpurified thymus cells,
was confirmed in two other experiments (not shown).
However, it was most significant in spleen cells (Ta-
ble 3). In three separate experiments, CD4+ cells
showed dramatically reduced apoptosis compared to
CD8+ cells (p <10~* by logistic regression analysis,
odds ratio = 0.63). Again also, NOD T cells were
more resistant to PCD than B6 cells (p < 10~ by lo-
gistic regression analysis, odds ratio = 0.56). Thus,
both the T-cell subset (CD4/CDS8) and the strain
(NOD/B6) strongly influenced IL-2 deprivation-in-
duced apoptosis of T cells. As a result, NOD CD4+
T cells were remarkably resistant to cell death in-
duced in this manner.

Decreased death rate in NOD T lymphocytes corre-
lates with dysregulation of Bcl-x expression. Proteins
of the Bcl-2 superfamily play an essential role in the
modulation of lymphoid cell sensitivity to death sig-
nals [15]. Among these proteins, Bcl-x protects
against PCD induced by a broad array of stimuli
[16], notably against PCD induced by IL-2 depriva-
tion in activated T cells [17]. Freshly harvested non-
activated spleen T cells expressed Bcl-x markedly at
4 weeks of age (Fig.4A), but at a much lower level
at 18 weeks (Fig.4B), indicating that constitutive ex-
pression of Bcl-x was dependent on age. This basal
expression was not different between NOD and non-
autoimmune B6, DBA/2, or BALB/c mice (normal-
ized ratio between NOD and each non-autoimmune
strain: 0.9, 0.9, and 1.2, respectively). In contrast,
after activation and IL-2 driven expansion, NOD T
cells expressed 1.5-2 fold higher levels of Bcl-x
(Fig.4C-E). This difference was most pronounced,
up to 4-fold, 24 h after induction of apoptosis by IL-
2 withdrawal. These data indicated that expression
of Bcl-x was abnormally regulated following activa-
tion in the NOD strain compared to three other non-
autoimmune common laboratory strains.

Discussion

In this work, we have further characterized the cellu-
lar basis of the resistance of NOD T cells to induction
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of apoptosis in order to gain insight into the mechan-
isms underlying this phenotype and its relationship
with the autoimmune susceptibility of NOD mice.
We focused our study on T cells taken from outside
the inflammatory sites, as our primary purpose was
to investigate their intrinsic apoptotic properties
prior to any selection bias. Apoptosis of inflamma-
tory cells, notably islet-infiltrating cells, nevertheless
deserves a separate study.

Studying the ontogeny of the apoptotic behaviour
of NOD T lymphoid cells, we found that, as early as
1 week of age, NOD T cells exhibited an increased re-
sistance to induction of apoptosis when compared to
B6 T cells. We are currently investigating earlier
time points, during the fetal and perinatal period.
However, as characterized in this study, the differen-

Fig.4 A-E. Western blot analysis of Bcl-x expression. Enriched
spleen T cells from 3-4 week-old (A, C) or 18-week-old (B)
mice were processed freshly harvested (A, B) or were poly-
clonally activated for 3 days, expanded for 2 additional days
in the presence of IL-2, and then deprived of IL-2 for the indi-
cated time (in hours) (C). Cell extracts were prepared and as-
sayed for Bcl-x expression (top) as described in materials and
methods. Blots were then incubated with an anti-tubulin o
mADb to control for the amount of loaded proteins (bottom).
Control non-immune mouse Ig showed no specific staining
(not shown). Strain designation: N, NOD; B, C57BL/6; D,
DBA/2J; C, BALB/c. Arrows on the right indicate the position
of the 30 kDa M. W. marker. (D) Plot of normalized Bcl-x ex-
pression in NOD relative to nonautoimmune lymphocytes (y-
axis) at the indicated time-points after IL-2 deprivation (x-
axis) as determined in the experiment shown in (C). (E) Plot
of normalized Bcl-x expression in NOD relative to C57BL/6
lymphocytes in four independent experiments, of which one is
shown in (C). Expression of Bcl-x was normalized between
NOD and each non-autoimmune strain using tubulin-a as a re-
ference. The mean + standard deviation of individual values is
indicated at each time-point

tial apoptotic response of NOD T lymphocytes is al-
ready the most precocious distinctive immunologic
feature described in this strain. It precedes by 2 to
3 weeks the invasion of the pancreas by mononuclear
cells [18, 19]. This inflammatory infiltration proceeds
first around the ducts, the vessels and the islets at 3—
4 weeks of age, and represents the earliest manifesta-
tion of the NOD mouse disease, several weeks before
the onset of insulitis and diabetes.

The earlier increase of the resistance of NOD peri-
pheral T cells to death suggests that it could contri-
bute to the emergence of autoimmune anomalies.
The possible mechanisms by which this could occur
are suggested by several studies. In the model of ex-
perimental allergic encephalomyelitis, recovery from
disease is closely associated with specific elimination
by apoptosis of autoreactive CD4* T cells in the cen-
tral nervous system [20-24]. In mice bearing the ipr
mutation, elimination of specific T-cell clones follow-
ing in vivo neonatal injection of a superantigen is in-
complete and of short duration [25]. Finally, in mice
bearing a Bcl-2 transgene, the antibody response fol-
lowing antigen stimulation is prolonged [26]. These
observations indicate that apoptosis is associated
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with the sedation of an autoimmune response and,
conversely, that resistance to apoptosis causes prolon-
gation of an immune response or delays clonal down-
sizing. Such apoptosis could be induced in particular
by the decrease in IL-2 production which occurs at
the end of the immune response and results in limited
availability of this growth factor. Conceivably, there-
fore, increased resistance of NOD lymphocytes to
PCD induced by growth factor withdrawal could facil-
itate the survival of emerging autoreactive clones.

Our finding that peripheral T cells and also single
positive mature thymocytes but not double positive
thymocytes exhibit an increased resistance to induc-
tion of apoptosis is at variance with that of Leijon et
al. [9]. However, in their study, apoptosis was induced
in vivo by injection of glucocorticoids. Additional fac-
tors, notably the pharmacodynamics of the drug,
could explain the discrepancy between our two stu-
dies. In this regard, in two other models of autoimmu-
nity, the diabetic BB rat and the Obese chicken, a
model of Hashimoto’s thyroiditis, an altered affinity
of corticosteroid-binding globulin (CBG) caused by
a point mutation and an elevated level of CBG, re-
spectively, were reported [27, 28]. Likewise, NOD
mice develop an abnormal corticosterone response
to a stimulation by IL-1a [29]. Such alterations of
the immune endocrine system could influence auto-
immune susceptibility by modulating sensitivity of
autoreactive clones to apoptosis independently of
their intrinsic resistance to PCD.

The resistance to PCD induced by IL-2 depriva-
tion was greater in CD4+ than in CD8+ T cells, in
both NOD and B6 mice, but it was also more pro-
nounced in NOD mice. In relation to this observa-
tion, CD4* and CD8* subsets use distinct PCD path-
ways, at least following CD3/TCR ligation. In CD4*
T cells and predominantly in Th1 cells, the T-cell re-
ceptor mediates activation-induced death through
the Fas-ligand-Fas receptor interaction whereas TNF
mediates apoptosis of CD8 cells through the p75
TNF-receptor [30-32]. It will be important to deter-
mine whether a subset of NOD CD4 T cells accounts
for the increased resistance to death, or CD4* T cells
behave homogeneously in response to IL-2 depriva-
tion. In the former, fine characterization of the
PCD-resistant subset could provide clues to the pa-
thogenic T-cell subset in NOD mice.

Linkage of periinsulitis and sialitis to the Bcl-2 lo-
cus [33] had spurred our analysis of apoptosis in
NOD lymphocytes [8]. However, we found no struc-
tural or quantitative polymorphism of the Bcl-2 pro-
tein to support a role for the Bcl-2 gene itself in the
NOD apoptotic phenotype (our unpublished data),
which otherwise, is influenced by a locus on chromo-
some 6 [34]. Our observation of a dysregulated ex-
pression of Bcl-x in NOD activated lymphocytes in
response to IL-2 withdrawal (Fig.4), is therefore of
great interest. Bel-x and Bcl-2, two potent and closely

homologous anti-death factors, exert their action
through a common pathway [35], but greatly differ
in the regulation of their expression [16, 17, 36-38].
Thus, Bcl-2 is mostly expressed in resting lympho-
cytes but not in thymus cells and is modestly upregu-
lated following activation. In contrast, Bcl-x is ex-
pressed in cortical thymocytes at a high level, is re-
pressed in quiescent cells, and is again induced at a
high level following activation, notably through liga-
tion of the CD28 coreceptor and the IL-2 receptor y-
chain [39, 40]. Bcl-x is eventually downregulated at
the end of the stimulation. In addition, our study re-
vealed that constitutive expression of Bcl-x in lym-
phoid cells was also subject to an age-dependent reg-
ulation. Interestingly, downregulation of Bcl-x was
recently reported in male germinal cells at 3—4 weeks
of age [41]. Dysregulation of Bcl-x is a good explana-
tion for the increased resistance of NOD activated T
lymphocytes to induction of apoptosis. Whether this
dysregulation is a primary anomaly, or is secondary
to another still unknown defect, remains to be deter-
mined.

In human IDDM, the decreased expression of
CD095 at the surface of T lymphocytes might provide
an alternative molecular mechanism leading to al-
tered apoptosis [42]. Although there is presently no
genetic evidence that the product of the CD95 gene
or its ligand contribute to diabetes susceptibility in
NOD mice, the CD95-CD95 ligand interaction has
been shown to be central to the destruction of beta
cells in these mice [43] and perhaps also in humans
[44]. In any event, in the same manner as the ipr mu-
tation has been the source of invaluable insight into
the mechanisms of cell death, the study of the NOD
mouse strain should teach useful lessons on the regu-
lation of PCD in the immune system.
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