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A

poptosis plays an important role in shaping the repertoire
of lymphocytes and in regulating the size of the mature
lymphocyte pool. In the T cell compartment, nonfunctional cells as well as self-reactive cells are eliminated by apoptosis. The same process regulates the number of lymphocytes in
peripheral lymphoid organs following Ag exposure, when the
rapid expansion of Ag-specific cells is followed by a reduction in
cell number when the Ag is cleared (1– 4). The best-defined regulators of apoptosis in T cells are members of the Fas and Bcl
families. Fas (CD95) induces apoptosis in activated T cells when
they are repeatedly stimulated by Ag and functions to maintain T
cell tolerance by deleting autoreactive cells (reviewed in 5, 6). The
Bcl family proteins, particularly Bcl-2 and Bcl-xL, prevent T cells
from undergoing apoptosis when they are deprived of activating
stimuli or growth factors and when they are exposed to ionizing
radiation (reviewed in 7, 8).
The functional roles of Fas and Bcl proteins in the immune
system have been examined in a variety of experimental models,
including cell lines, as well as transgenic and mutant mice (e. g.,
9 –13). The results of such studies support the idea that the Fas/
FasL pathway is critically involved in the elimination of mature,
self-reactive lymphocytes, and Bcl proteins are important for lymphocyte survival in response to growth factors and various activating stimuli (reviewed in 14). However, whether these pathways
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serve distinct or overlapping functions is an issue of considerable
uncertainty. Importantly, little has been done to explore the functions of these pro- and antiapoptotic proteins in the physiologic
responses of homogeneous lymphocyte populations specific for
defined Ags. To address this issue, we have bred a TCR transgene
into lpr mice, which lack functional Fas (5, 6), and into mice that
constitutively express Bcl-2 in T cells (11). We have analyzed the
responses of these T cells to their cognate Ag in vivo, and to the
Ag expressed as a “self ” protein in transgenic mice. Our results
support the hypothesis that Fas and Bcl-2 regulate pathways of
apoptosis that are largely distinct and serve different physiologic
functions.

Materials and Methods
Generation of TCR transgenic mice
All mice used were 6 to 10 wk old and were maintained in accordance with
the guidelines of the Committee on Animals of Harvard Medical School
and those prepared by the Committee of Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National Research
Council. Mice expressing the transgenic 3A9 TCR, specific for HEL46 – 61
1 I-Ak (15), were kindly provided by Dr. M. Davis (Stanford University,
Palo Alto, California). The 3A9 transgene was expressed on a B10.BR
(H-2k) background. MRL-lpr/lpr mice were obtained from The Jackson
Laboratory, Bar Harbor, Maine. To generate TCR transgenic mice that
lacked functional Fas, 3A9 TCR transgenic mice were backcrossed with
MRLlpr/lpr mice for four to six generations. Mice expressing human Bcl-2
under the control of the EmPm promoter element were also obtained from
The Jackson Laboratory. This strain of Bcl-2 transgenic mice constitutively
expresses human Bcl-2 in all immature and mature T cells (11), on a
C57BL/6J (H-2b) background. To generate TCR transgenic mice that carry
a Bcl-2 transgene, 3A9 TCR transgenic mice (H-2k) were initially crossed
directly with the commercially available Bcl-2 transgenic mice (H-2b). It
was discovered that the T cells bearing the 3A9 TCR transgene do not
mature normally in mice that are heterozygous (H-2k/b) at the MHC locus,
and CD41 T cells derived from 3A9 (H-2k/b) mice respond poorly to
HEL46 – 61 peptide (L.V.P., unpublished data). Therefore, the Bcl-2 transgene was first backcrossed onto an H-2k background (B10.BR) for two
generations, until H-2k homozygous Bcl-2 transgenic mice were available
to mate with 3A9 TCR transgenic mice. 3A9 mice that expressed the lpr
mutation (3A9/lpr) or the Bcl-2 transgene (3A9/Bcl-2), or were wild-type
0022-1767/98/$02.00
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Apoptotic cell death is an important mechanism for maintaining homeostasis in the immune system and for regulating the fates
of lymphocytes following encounters with self and foreign Ags. To study the physiologic roles of the proapoptotic Fas pathway and
the antiapoptotic protein, Bcl-2, in T cell maturation and homeostasis, a TCR transgene has been bred into mice lacking functional
Fas and mice that express Bcl-2 constitutively. In vitro, Fas-deficient T cells are resistant to activation-induced cell death, whereas
Bcl-2-overexpressing T cells are resistant to death induced by withdrawal of growth factors. In vivo, Bcl-2-overexpressing mice
accumulate T cells in the thymus and peripheral lymphoid tissues in the absence of Ag, but these cells are deleted normally after
Ag administration. In contrast, Fas-deficient mature T cells are present in normal numbers in the absence of Ag, but are resistant
to Ag-induced deletion. Both Fas-deficient and Bcl-2 overexpressing thymocytes are deleted when exposed to transgene-encoded
circulating self Ag, indicating that the pathways of apoptosis controlled by these proteins are not critical for negative selection of
developing thymocytes. Moreover, deficiency of Fas, but not Bcl-2 overexpression, results in the accumulation of autoreactive T
cells in peripheral lymphoid tissues. These results demonstrate that Fas and Bcl-2 regulate different pathways of apoptosis that
may serve distinct functions in lymphocyte homeostasis and in the maintenance of T cell tolerance. The Journal of Immunology,
1998, 160: 2065–2071.
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at both loci (3A9/1), and all homozygous for the H-2k haplotype were used
in the experiments presented here.
To generate TCR transgenic mice that also expressed a “self ” Ag, 3A9
TCR transgenic mice were crossed with mice that expressed high serum
concentrations (approximately 20 ng/ml) of soluble4 hen egg white lysozyme (sHEL, ref. 16). sHEL transgenic mice were kindly provided by
Dr. C. Goodnow (John Curtin School of Medicine, Canberra, Australia).
Since the sHEL transgene was expressed on a C57BL/6 (H-2b) background, sHEL mice were first backcrossed four generations with MRL
1/1 or MRL-lpr/lpr mice, to generate mice that were homozygous for
H-2k, and either wildtype (sHEL/1) or Fas-mutant (sHEL/lpr). To generate TCR transgenic mice expressing a “self ” Ag, which lacked functional
Fas or expressed a Bcl-2 transgene, 3A9/lpr mice were bred with sHEL/lpr
mice, and 3A9/Bcl-2 mice were bred with sHEL/1 mice. H-2k homozygous 3A9 mice that expressed both HEL and mutant Fas (3A9 3 HEL/lpr),
or a Bcl-2 transgene (3A9 3 HEL/Bcl-2), or control mice (3A9 3 HEL/1)
were used in the experiments presented here.

Genotyping TCR transgenic mice

Phenotypic analysis of TCR transgenic mice
The numbers of lymphocytes of various types present in the 3A9 mice were
calculated by multiplying the total number of viable cells found in lymphoid organs by the percentage of the total cells that each lymphocyte
population represented in that organ. The frequency and phenotype of lymphocytes in 3A9 mice were determined by staining an aliquot of 106 viable
cells. The mAbs used were FITC-conjugated anti-Vb8 and anti-CD3; phycoerythrin (PE)-conjugated anti-CD4, anti-CD8, and anti-B220; and CyChrome C (CyC)-conjugated anti-CD4 (all from PharMingen, San Diego,
California). Analyses were performed on a FACScan flow cytometer (Becton Dickson, San Francisco, California).

In vitro cell death assays
To assay the induction of apoptotic cell death induced by growth factor
withdrawal, naive CD41 T cells, purified using CD4 Dynabeads (Dynal
A. S., Oslo, Norway) were cultured in 1 ml of RPMI 1640 supplemented
with 1 mM L-glutamine, penicillin, streptomycin, nonessential amino acids,
sodium pyruvate, and HEPES (all from Life Technologies, Grand Island,
New York) for 1 to 3 days. At daily intervals, the level of apoptotic cell
death was assessed by propidium iodide staining (20). Activation-induced
cell death (AICD) was studied in T cells that had been activated by culturing 2 3 105 naive CD41 T cells in 1 ml in the presence of 2 3 106
syngeneic APCs and 1 mg/ml HEL46 – 61 peptide. After 3 days, the activated
cells were collected and cultured overnight in medium containing 50 U/ml
IL-2. To assay AICD, these cells were cultured with 50 U/ml IL-2 in the
presence or absence of plate-bound anti-CD3 (1 mg/ml) for 24 h, and
apoptosis was assessed by propidium iodide staining.

In vivo T cell deletion assay
Mice were injected i.p. with PBS or 100 mg of HEL46 – 61 peptide in a
volume of 200 ml. Peptide injections were repeated daily for a total of three
doses. The thymus, spleen, and lymph nodes of treated and control mice
were harvested for staining and flow cytometric analysis 4 or 8 days after
the first injection.

4
Abbreviations used in this paper: s, soluble; AICD, activation-induced cell death;
HEL, hen egg white lysozyme.

In vitro assay for autoreactive T cells
Graded numbers of purified CD41 T cells (0 –1 3 106) were cultured with
2 3 106 syngeneic APCs in 1 ml of media supplemented with 50 U/ml of
IL-2. After 3 to 4 days, 200-ml aliquots of cells were pulsed for 6 h with
[3H]TdR to assay proliferation.

Results
Lymphocyte populations in TCR transgenic mice
We first asked whether Fas deficiency or Bcl-2 overexpression
would alter the maturation of T cells, by comparing the numbers
and phenotypes of T cells in the thymi and peripheral lymphoid
tissues of 3A9/1, 3A9/lpr, and 3A9/Bcl-2 mice. Vb8 staining was
used to estimate the numbers of T cells expressing the transgenic
TCR. Phenotypic analysis showed that 3A9/lpr mice have a normal distribution of immature and mature subsets in the thymus.
Since the 3A9 TCR is class II MHC restricted, CD41 cells are
preferentially selected in the 3A9/1 (and 3A9/lpr) transgenic
mice. 3A9/Bcl-2 mice, in contrast, show markedly increased numbers of total thymocytes, with a significant increase in the numbers
of Vb81CD41 cells, as well as Vb81CD81 single-positive cells
(Fig. 1 and Table I). Both Vb81CD41 and Vb81CD81 thymocytes in these mice express the 3A9 TCR, as determined by staining with a clonotype-specific mAb (data not shown). This suggests
that Bcl-2 promotes the survival of thymocytes that are not positively selected because they do not express CD4, the appropriate T
cell coreceptor. It is possible that these thymocytes express a second (class I-restricted) TCR, which would allow them to complete
maturation. We have not detected expression of other Vb elements
on Bcl-2 transgenic Vb81CD81 thymocytes (data not shown), but
they may express an endogenous TCRa-chain (20). Vb81CD81 T
cells are also found in significantly increased numbers in the peripheral lymphoid tissues of 3A9/Bcl-2 mice (Fig. 1 and Table I).
More than 80% of these cells express the 3A9 TCR (data not
shown), as well as surface markers characteristic of mature, naive
T cells (L-selectinhigh, CD69, and CD25low).
The numbers and distribution of T cells expressing Vb8 and
CD4 in the peripheral lymphoid tissues is identical in both 3A9/1
and 3A9/lpr (Fig. 1 and Table I). In 3A9/Bcl-2 mice the numbers
of these cells is significantly increased. However, in all 3A9 mouse
strains, more than 80% of Vb81CD41 cells also express the 3A9
TCR, and these T cells exhibit identical proliferative responses and
cytokine secretion to Ag in vitro (data not shown). These findings
suggest that Bcl-2 promotes the survival of T cells in the absence
of antigenic stimulation because overexpression of this molecule
leads to dysregulation of T cell maturation and homeostasis in
vivo, but does not alter the response of T cells to Ag in vitro.
Bcl-2 and Fas regulate distinct pathways of T cell apoptosis in
vitro
Before analyzing the response of 3A9 T cells to Ag in vivo, we
examined whether a deficiency of Fas or overexpression of Bcl-2
would affect apoptosis induced under different conditions. T cells
undergo passive cell death when they are cultured without activation signals or growth factors (21). The assay we have used for this
type of cell death is to culture naive T cells in medium, without
adding Ag or cytokines, and to measure apoptosis by propidium
iodide staining at daily intervals. As shown in Figure 2A, naive
3A9/1 and 3A9/lpr T cells undergo apoptosis, but 3A9/Bcl-2 T
cells remain viable for 3 days in culture under these conditions,
demonstrating that Bcl-2 makes T cells resistant to passive cell
death. Activated T cells can be induced to undergo AICD by exposing them to high concentrations of Ag or anti-TCR/CD3 Ab in
vitro (13, 21–24). As shown in Figure 2B, activated 3A9/lpr T cells
remain viable when cultured with high concentrations of anti-CD3,
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The genotype of all mice used here was determined by PCR analysis of tail
DNA. The following PCR primers were used to identify the various transgenes and mutant genes studied: 3A9 (15), 59 GCA GTC ACC CAA AGC
CCA AG 39 and 59 CCC CAG CTC ACC TAA CAC TG 39, yielding a
PCR product of 371 bp; lpr (13), 59 GTA AAT AAT TGT GCT TCG TCA
G 39 and 59 TAG AAA GCT GCA CGG GTG TG 39, yielding PCR fragments of 212bp (lpr) and 184bp (wildtype); Bcl-2 (17), 59 GCA ACT GAT
GAA TGG GAG CAG TGG 39 and 59 GCA GAC ACT CTA TGC CTG
TGT GG 39, yielding a PCR fragment of 381 bp; sHEL (18), 59 GAG CGT
GAA CTG CGC GAA GA 39 and 59 TCG GTA CCC TTG CAG CGG TT
59, yielding a PCR product of 160 bp; I-Ak/b (19), 59 CAT GGG CAT AGA
AAG GGC AGT CTT TGA ACT 39, 59 CAT AGC CCC AAA TGT CTG
ACC TCT GGA GAG 39, and 59AGT CTT CCC AGC CTT CAC ACT
CAG AGG TAC 39, yielding PCR products of 155 bp (I-Ab), as well as 210
bp and 780 bp (I-Ak).
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confirming that they are resistant to AICD (13, 21). In contrast,
both 3A9/1 and 3A9/Bcl-2 T cells become apoptotic in this assay,
demonstrating that AICD is not blocked by Bcl-2 expression. Furthermore, 3A9/1 and 3A9/Bcl-2 T cells become apoptotic when
cultured with an anti-Fas Ab, while Fas-deficient 3A9/lpr T cells
remain viable (data not shown). These results indicate that Fas and
Bcl-2 regulate different pathways of apoptosis. Therefore, TCR
transgenic T cells lacking Fas or constitutively expressing Bcl-2
provide models for studying the consequences of disrupting either
of these two death pathways, and thus for elucidating the functions
of these death pathways in vivo.
Ag-induced deletion of mature T cells in vivo is regulated by
Fas, but not Bcl-2
To compare the roles of Fas and Bcl-2 in Ag-induced deletion of
specific T cells in vivo, we first studied T cell deletion in 3A9/lpr
and 3A9/Bcl-2 mice treated with high doses of HEL46 – 61 peptide
i.p. We, and others, have previously shown that this protocol leads
to the deletion of the majority of TCR transgenic T cells in the
thymus, spleen and lymph nodes of wild-type mice (13, 25). In

3A9 mice treated with peptide, most TCR transgenic T cells in the
spleen and lymph nodes are activated by day 3 (data not shown).
In wild-type mice, these peripheral Ag-specific cells are subsequently deleted by day 8 (Fig. 3). The deletion of mature Agspecific cells is greatly reduced in the spleen and lymph nodes of
3A9/lpr mice. This is consistent with earlier studies showing that
peripheral T cell deletion is defective in Fas-deficient mice (13). In
contrast, mature Ag-specific T cells are deleted in Bcl-2 transgenic
mice, demonstrating that Bcl-2 does not inhibit this process (Fig.
3). The extent of deletion in 3A9/Bcl-2 mice is typically less than
that seen in wild-type mice. A significant fraction of the surviving
T cells express activation markers (20 – 60% in Ag-treated 3A9/
Bcl-2 mice, 0 –30% in similarly treated 3A9/1 mice; data not
shown), indicating that they have responded to Ag and are not new
thymic emigrants. These cells may represent activated T cells that
are not programmed to undergo AICD, and are instead eliminated
by passive cell death when Ag is cleared. Because Bcl-2 plays a
major role in protecting T cells from passive cell death (Fig. 2,
refs. 8, 14), more activated cells would be expected to survive after
peptide treatment in Bcl-2 transgenic mice than in wildtype mice.

Table I. Thymocyte and spleen cell populations in 3A9 TCR wild-type, Fas-deficient, and Bcl-2 transgenic mice a
Thymus
1

Total

3A9/1
3A9/lpr
3A9/Bcl-2

93.4 6 15.0
89.3 6 12.8
215.0 6 38.2

CD4 CD8
Cells

1

50.4 6 12.3
46.4 6 11.9
68.8 6 9.3

1

Spleen
1

1

Total CD4
Cells

Vb8 CD4
Cells

32.2 6 6.2
34.9 6 8.9
83.9 6 14.5

29.9 6 7.2
32.4 6 4.8
76.2 6 12.1

1

1

1

Total CD8
Cells

Vb8 CD8
Cells

4.1 6 0.6
3.4 6 1.0
46.7 6 10.4

1.8 6 0.9
1.8 6 0.4
44.0 6 9.2

Total

Vb81CD41
Cells

Vb81CD81
Cells

86.1 6 3.8
97.7 6 5.1
127.6 6 29.6

12.1 6 3.4
12.6 6 2.6
41.9 6 8.3

7.7 6 1.3
9.7 6 3.7
18.5 6 4.4

a
Thymi and spleens were harvested from 6- to 10-wk-old wild-type (3A9/1, n 5 12), lpr (3A9/lpr, n 5 12), and Bcl-2 transgenic (3A9/Bcl-2, n 5 12) mice that expressed
the 3A9 TCR transgene alone (3A9) or in conjunction with a transgene for HEL protein (3A9 3 HEL). The total cell counts obtained were multiplied by the frequencies of the
relevant cell populations, as determined by FACS, in order to obtain cell counts for individual cell populations. All values are 3 1026, and the error represents the SD of the
mean obtained by averaging the results for all mice analyzed.
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FIGURE 1. Phenotypes of T cells in the thymus and spleen of 3A9/1, 3A9/lpr, and 3A9/Bcl-2 mice. Thymus and spleen cells were harvested from
8-wk-old 3A9/1, lpr, and Bcl-2 mice, and stained with mAbs to Vb8, CD4, and CD8. The percentage of cells in each quadrant of the dot plots is indicated.
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Alternatively, Bcl-2 expression may play a minor role in protecting
mature T cells from AICD. This interpretation cannot be excluded
but is not consistent with in vitro data with primary murine T cells
(Fig. 2, ref. 26). Also, developing thymocytes are deleted by
peptide administration in 3A9/1, 3A9/lpr, and 3A9/Bcl-2 mice,
suggesting that Fas and Bcl-2 are not involved in negative selection in the thymus.
Role of Fas and Bcl-2 in thymic selection induced by an
endogenous “self ” Ag
A limitation of this approach is that administering a peptide Ag in
multiple large doses is not a physiologic way of mimicking selection induced by a self Ag, which is present throughout the development of the animal. To circumvent this problem we have bred
our HEL-specific 3A9/1, lpr, and Bcl-2 mice with mice that express soluble HEL (approximately 20 ng/ml) in the serum (16). A
quarter of the offspring from these crosses express both the 3A9
TCR and HEL protein, and are called 3A9 3 HEL mice. In these
mice, HEL is effectively a self protein and leads to the deletion of
the majority of TCR-bearing thymocytes. As shown in Table II,
negative selection of HEL (“self ” Ag)-reactive 3A9 T cells occurs
equivalently in the thymus of 3A9 3 HEL/1 and 3A9 3 HEL/lpr
mice. This confirms previous results reported by us and others that
Fas is not required for negative selection in the thymus (13, 21,
27). The total number of thymocytes in 3A9 3 HEL/Bcl-2 mice is
also significantly reduced (Table II). However, the thymus in these
mice is still much larger than in 3A9 3 HEL wild-type or lpr mice.
This is not due to a Bcl-2-induced block in the deletion of TCR
transgenic T cells, because the reduction in CD41 T cells in the
Bcl-2 transgenic mice is equivalent to that seen in wild-type and
Fas-deficient mice. The fraction of surviving CD41 cells that express Vb8 is significantly reduced after Ag exposure, suggesting
that most of these CD41 cells are not HEL46 – 61 specific (Table II).
An equally striking reduction in Vb8hi-expressing cells is seen in
the double positive thymocyte population in 3A9 3 HEL mice,

FIGURE 3. Peripheral T cell deletion is defective in 3A9/lpr, but not
3A9/Bcl-2, mice. 3A9/1, lpr, and Bcl-2 mice were treated with 100 mg
HEL46 – 61 peptide or PBS i.p. once daily for 3 days. The total number of
cells in the thymi, spleens, and lymph nodes of experimental mice was
determined at 8 days after the first injection, and the percentage of
Vb81CD41 cells was assessed by flow cytometry. Total numbers of
Vb81CD41 cells were obtained by multiplying total cell counts by
Vb81CD41 percentages. Data were averaged from three experiments, and
the error bars depict the SDs calculated. A total of 12 3A9/1 (6 per experimental condition), 8 3A9/lpr (4 per experimental condition), and 4
3A9/Bcl-2 (2 per experimental condition) mice were analyzed.

again suggesting that the surviving cells are not Ag responsive.
The increased cellularity seen in the thymi of 3A9 3 HEL/Bcl-2
transgenic mice compared with wild-type and lpr mice results
from the accumulation of a large number of thymocytes that are
CD4282 or CD81. Presumably, these cells do not respond to
HEL46 – 61 and are, therefore, not negatively selected. The increased number of double-negative thymocytes found in HELtransgenic 3A9/Bcl-2 mice compared with nontransgenic 3A9/
Bcl-2 mice is probably not Ag-dependent because these cells are
mostly Vb82 (data not shown). Instead, their increased numbers
may result from their enhanced survival, due to Bcl-2 expression,
as well as other compensatory mechanisms. These results indicate
that Bcl-2 overexpression promotes the survival of developing thymocytes that do not recognize Ag (see also Fig. 1, Table I), but
does not protect from negative selection. Since introducing the
cognate Ag as a circulating protein leads to deletion of T cells in
the thymus, these mice do not contain mature 3A9 T cells. Therefore, they cannot be used for studying AICD of peripheral T cells.
Autoreactive T cells and lymphoproliferation in Fas-deficient
and Bcl-2-overexpressing mice
It is believed that one consequence of the failure of peripheral T
cell deletion in lpr mice is the accumulation of autoreactive T cells,
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FIGURE 2. Susceptibility of 3A9/1, 3A9/lpr, and 3A9/Bcl-2 T cells to
passive cell death and AICD. A, Passive cell death: naive 3A9/1, lpr, and
Bcl-2 T cells were cultured in vitro in medium for the indicated time. B,
AICD: activated 3A9/1, lpr, and Bcl-2 T cells were cultured for 24 h with
anti-CD3 or control Ab in the presence of IL-2. In both cultures, apoptotic
cell death was assessed by staining an aliquot of cells with propidium
iodide. The results represent the average of three independent experiments,
and the error bars depict the SDs calculated.
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Table II. Negative selection of thymocytes in 3A9 3 HEL wild-type, Fas-deficient, and Bcl-2-overexpressing mice a

3A9/1
3A9 3 HEL/1
3A9/lpr
3A9 3 HEL/lpr
3A9/Bcl-2
3A9 3 HEL/Bcl-2

Total

CD41 (% Vb81)

CD81

CD41CD81 (%Vb81)

CD42CD82

93.4 6 15.0
6.7 6 3.2
89.3 6 12.8
9.5 6 4.1
215.0 6 38.2
112.3 6 34.2

32.2 6 6.2 (93.7%)
1.2 6 0.2 (36.7%)
34.9 6 8.9 (94.8%)
3.0 6 2.1 (33.9%)
83.9 6 14.5 (95.3%)
12.5 6 7.6 (46.1%)

4.1 6 0.6
0.4 6 0.1
3.4 6 1.0
0.8 6 0.4
46.7 6 10.4
38.6 6 5.6

50.4 6 12.3 (43.5%)
1.0 6 0.2 (19.6%)
46.4 6 11.9 (39.5%)
1.6 6 0.1 (12.4%)
68.8 6 9.3 (42.3%)
18.7 6 2.6 (22.3%)

7.8 6 1.5
4.3 6 1.9
7.4 6 3.7
4.8 6 1.0
19.2 6 4.1
50.4 6 16.3

a
Thymi were harvested from 6- to 10-wk-old wild-type (3A9/1, n 5 12; 3A9 3 HEL/1, n 5 12), lpr (3A9/lpr, n 5 12; 3A9 3 HEL/lpr, n 5 12), and Bcl-2 transgenic
(3A9/Bcl-2, n 5 12; 3A9 3 HEL/Bcl-2, n 5 6) mice that expressed the 3A9 TCR transgene alone (3A9), or in conjunction with a transgene for HEL protein (3A9 3 HEL).
The total cell counts obtained were multiplied by the frequencies of the relevant cell populations, as determined by FACS, in order to obtain cell counts for individual cell
populations. All values are 3 1026, and the error represents the SD of the mean obtained by averaging the results for all mice analyzed. The percentage of thymocytes that express
Vb8 was determined by triple staining with Abs to Vb8, CD4, and CD8, and gating on the appropriate populations. The values given are the averages for the mice analyzed.

FIGURE 4. Purified CD41 T cells from lpr, but not Bcl-2, mice are
autoreactive. Naive CD41 T cells were purified from the spleens of 3A9
and non-TCR transgenic/1, lpr, and Bcl-2 mice, and cultured with syngeneic APCs. Autoproliferation of non-TCR transgenic (A) and 3A9 (B) T
cells was assayed by [3H]TdR incorporation at 72 h. The results represent
the average of triplicate wells, and the error bars depict the SDs calculated.
Data shown are from one representative experiment of two performed.

CD31B2201 cells. This is additional evidence that Bcl-2 overexpression does not result in manifestations of autoimmunity. Also,
as seen with autoreactive T cells (Fig. 4), introducing the 3A9 TCR
transgene eliminates the accumulation of double-negative cells and
the lymphoproliferation of lpr mice (Table III). In contrast, the
presence of the 3A9 TCR transgene does not prevent the accumulation of T cells in Bcl-2 transgenic mice, indicating that this expansion is not Ag-dependent.

Discussion
The goal of this study was to examine the regulation of apoptosis
by Fas and Bcl-2 in normal T cells and to establish the roles of
these proteins in vivo. This was achieved by breeding the lysozyme (HEL)-specific 3A9 TCR transgene into mice that were
Fas deficient or that expressed human Bcl-2 as a transgene. Analysis of the T cells from these mice showed that, in vitro, Bcl-2
prevents T cells from undergoing passive cell death, while Fas is
involved in AICD (Fig. 2). Thus, Fas and Bcl-2 regulate pathways
of apoptosis that are induced by different stimuli and are presumably biochemically distinct as well. The question of whether Fasinduced and Bcl-2-regulated pathways of apoptosis are discrete or
intersecting is controversial and not fully resolved. Some experiments with transfected lymphoid cell lines, and studies of hepatocytes in Bcl-2 transgenic mice, have shown that Bcl-2 can inhibit
Fas-mediated apoptosis (29 –31). Other experiments, however,
show that Bcl-2 does not block apoptosis induced by the Fas pathway (17, 32, 26), and our results support this conclusion. It is
possible that the effects of Bcl-2 depend on the levels of expression
or vary in different cell types. However, our results, and those of
others (17, 26), show that under conditions where Bcl-2 is functional in untransformed lymphocytes, because it blocks passive
cell death, it does not prevent AICD. It is also possible that different members of the Bcl family, e.g. Bcl-2 and Bcl-xL, may have
different functional effects in T cells. However, these molecules
perform identical functions when they are expressed as transgenes
in T cells (33, 34).
Regardless of the mechanistic relationships between the Fas
pathway and Bcl proteins, the approach we have used allows us,
for the first time, to compare the biologic roles of these proteins in
an Ag-specific T cell population whose activation status and functional responses can be readily manipulated by physiologic stimuli.
Our studies using TCR transgenic mice with defects in Fas or
overexpression of Bcl-2 reveal distinct functions of the two pathways of apoptosis. Fas-dependent AICD, which is disrupted in lpr
mice, appears to be uniquely involved in deleting mature CD41 T
cells that are stimulated by large doses of Ags (Fig. 3). Previous
studies using superantigens and TCR transgenic mice are all consistent with this conclusion (e. g., 13, 21, 27). The accumulation of
autoreactive T cells seen in untreated lpr mice (Fig. 4 and Table
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which rapidly expand in vitro upon culture without overt stimulation (28). Since the breedings for the mice, described in experimental procedures, also resulted in animals not expressing the 3A9
transgene, it was possible to compare the lpr and Bcl-2-transgenic
mice for the presence of autoreactive T cells. Culture of CD41 T
cells from lpr mice with syngeneic APCs results in the rapid outgrowth of autoreactive T cells, but this is not seen with Bcl-2
transgenic T cells (Fig. 4). Expression of the 3A9 TCR transgene
prevents the expansion of autoreactive T cells in lpr mice (Fig. 4),
presumably because of allelic exclusion of endogenous TCRs, including those that could be self-reactive. This is the likely reason
why the 3A9/lpr mice do not produce anti-dsDNA autoantibodies
and do not develop autoimmune disease (data not shown). These
results demonstrate that Fas, but not Bcl-2, regulates the survival
and/or expansion of autoreactive T cells in vivo.
One of the manifestations of autoimmunity in lpr mice is lymphoproliferation, due to the accumulation in peripheral lymphoid
tissues of double-negative (CD42CD82) T cells that aberrantly
express the B cell marker, B220. As shown in Table III, by 8 to 12
wk of age, lpr mice (not expressing the 3A9 TCR transgene) contain CD31B2201 cells in peripheral lymphoid tissues. Although
Bcl-2-overexpressing mice have enlarged lymph nodes and
spleens, this is not due to an accumulation of abnormal
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Table III. Spleen cell populations in normal and 3A9 TCR wild-type, Fas-deficient, and Bcl-2-overexpressing mice a
Total

CD31 cells

B2201 cells

CD31 B2201 cells

Normal mice
MRL/1
MRL/lpr
Bcl-2 transgenic

75.1 6 7.8
111.1 6 28.0
117.6 6 14.3

13.9 6 2.3
27.3 6 8.1
42.1 6 13.2

63.7 6 14.7
88.5 6 10.0
70.7 6 19.6

3.1 6 2.2
18.7 6 5.9
1.7 6 1.1

3A9 TCR transgenic mice
3A9/1
3A9/lpr
3A9/Bcl-2

94.3 6 12.6
107.0 6 19.7
153.6 6 18.4

22.8 6 5.2
26.6 6 8.3
67.1 6 12.7

70.5 6 5.1
76.5 6 7.8
75.5 6 14.5

2.7 6 1.9
2.4 6 1.6
3.1 6 2.9

a
Spleens were harvested from 8- to 12-wk-old wild-type (MRL/1, n 5 8; 3A9/1, n 5 12), lpr (MRL/lpr, n 5 8; 3A9/lpr, n 5 12), and Bcl-2 transgenic (Bcl-2 transgenic,
n 5 8; 3A9/Bcl-2, n 5 6) mice that expressed the 3A9 TCR transgene (3A9), or from transgene-negative littermates. The total cell counts obtained were multiplied by the
frequencies of the relevant cell populations, as determined by FACS, in order to obtain cell counts for individual cell populations. All values are 3 1026, and the error represents
the SD of the mean obtained by averaging the results for all mice analyzed.
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III) suggests that Fas-mediated AICD also controls responses to
certain self Ags. It is likely that these self Ags are abundantly and
widely expressed, since AICD is induced only when numerous T
cells respond coordinately to high concentrations of Ag. The
pathologic consequences of defects in the Fas pathway are autoimmune reactions directed against such abundant self Ags, presumably triggered by class II-restricted autoreactive helper T cells.
In contrast to the Fas pathway of AICD, which controls responses to persistent Ag stimulation, the Bcl-2-regulated pathway
of apoptosis appears to be most important for promoting the survival of lymphocytes, even cells that do not receive adequate activating stimuli. Thus, constitutive expression of Bcl-2 results in
enhanced survival of naive T cells cultured without Ag (Fig. 2) and
increased accumulation of T cells that are not positively selected in
vivo (Fig. 1 and Table I). However, Ag-induced deletion of mature
CD41 T cells is not blocked by Bcl-2, and this is reflected in the
absence of autoreactive T cells in the Bcl-2 transgenic mice (Fig.
4) and the lack of an autoimmune phenotype in such mice (Table
III, and data not shown).
Finally, the results presented here show that Fas and Bcl-2 do
not control deletion of CD41CD81 thymocytes induced by high
doses of Ag or by the transgenic expression of a “self ” Ag (Fig.
2 and Table II). Previous studies have shown that Bcl-2 fails to
inhibit thymic deletion of self-reactive CD81 T cells, as well as of
thymocytes that react with endogenous superantigens (10). It has
also been shown that Fas is not required for deletion of thymocytes
induced by administration of cognate Ag or superantigens (13, 21,
27), although there may be particular timepoints or thymocyte subpopulations in which negative selection is Fas dependent (35, 36).
Acute exposure to a peptide administered at high doses may not be
the physiologic counterpart of exposure to a self Ag. Our results
with a transgene-encoded endogenous “self ” Ag are closer to the
physiologic situation of negative selection by self Ags than the
studies in which peptides, superantigens, or polyclonal activators
are administered at high doses. Based on our findings (Table II),
we feel it is unlikely that Fas plays an obligatory role in the self
Ag-induced negative selection of the majority of thymocytes.
The identification of pathways of apoptosis in mature T cells
with distinct induction and control mechanisms, and different biologic roles, leads to predictions about the pathophysiologic consequences and practical implications of disrupting or augmenting
these pathways. It is likely that Bcl proteins will be the key to
prolonging lymphocyte survival, which may be useful for enhancing protective immunologic memory. Modulating the Fas
pathway may, on the other hand, be most useful for controlling
autoreactivity.
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