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ABSTRACT The lpr gene encodes a defective form of Fas,
a cell surface protein that mediates apoptosis. This defect
blocks apoptotic deletion of autoreactive T and B cells, leading
to lymphoproliferation and lupus-like autoantibody produc-
tion. The effects of the lpr Fas mutation on other kinds of
physiologically relevant apoptosis are largely undocumented.
To assess whether some of the apoptosis known to occur after
ionizing radiation might be mediated by FasyFas ligand
(FasL) interactions, we quantitated in vitro apoptosis by f low
cytometry measurement of DNA content in splenic T and B
cells from irradiated 5- to 8-month-old B6ylpr mice. Total
apoptosis of both lpr and control cells was substantial after
treatment; however there was a significant difference between
B6 (73%) and lpr (25%) lymphocyte apoptosis. Thy1, CD4,
CD8, and IgM cells from lpr showed much lower levels of
apoptosis than control cells after irradiation. Apoptosis in-
duced by heat shock was also impaired in lpr. The finding that
g-irradiation increased Fas expression on B6 cells and that
irradiation-induced apoptosis could be blocked with a Fas–Fc
fusion protein further supported the possible involvement of
Fas in this form of apoptosis. FasyFasL interactions may thus
play an important role in identifying and eliminating dam-
aged cells after g-irradiation and other forms of injury.

Fas (CD95) is a cell surface protein that mediates rapid
apoptosis when crosslinked by antibody or by Fas ligand (FasL)
(1). Recently, the autoimmune and lymphoproliferative dis-
ease of lpr and gld mice has been attributed to defects in the
genes encoding Fas and FasL, respectively (2). Mice which are
homozygous for the autosomal recessive lpr gene produce
autoantibodies similar to those seen in human systemic lupus
erythematosus and develop massive lymphadenopathy (1).
The lymph nodes and spleens of lpr mice are characterized by
progressive infiltration with CD42CD82Thy11 T cells that
bear surface molecules which are not characteristic of normal
resting T cells, such as B220, PC.1, CD69, Ly-6C, and Ly-24 (1).
The involvement of Fas in antigen-specific apoptosis, both

through the T cell antigen receptor (TCR) (3–7) and through
membrane Ig (8, 9), is well documented. The consequences of
the Fas and FasL mutations might be solely due to defective
antigen-driven apoptosis. We undertook this study to use the
Fas and FasL mutant mice to ask whether some of the
apoptosis known to occur after other stimuli, such as ionizing
radiation, might also be mediated in part by FasyFasL inter-
actions. Apoptosis after exposure to g-radiation occurs rapidly
and is mediated both by nuclear and membrane events (10).
Because lpr mice are deficient in surface Fas, their sensitivity
to cell death induced by g-irradiation could be compared with

that of normal mice to determine the participation of Fas in
this phenomenon.

MATERIALS AND METHODS

Mice. C57BLy6 (B6), C57BLy6-lprylpr (B6ylpr), and
C57BLy6-gldygld (B6ygld) mice were bred in our colony. The
B6ylpr and B6ygld strains were originally obtained from The
Jackson Laboratory. By 5 months of age, the B6ylpr mice
develop lymphadenopathy, splenomegaly, and autoantibodies
to chromatin and to IgG (11). Mice used in the experiments
were 5–8 months old, except for the Fas expression studies in
which 2- to 8-month-old animals were used and the Fas–Fc
blocking experiments in which 3- to 4-month-old animals were
used.
Irradiation-Induced Apoptosis. Immediately prior to re-

moval of spleen cells for culture, mice were exposed to 150 rad
of whole body irradiation from a 137Cs source. In some
experiments, cell suspensions were irradiated in 15 cc or 50 cc
conical test tubes.
Heat Shock-Induced Apoptosis. Spleen cells were harvested

and washed several times and maintained for 30 min at 438C
in a shaking water bath (12). Temperature was constantly
monitored and cells were shaken during this treatment to
ensure uniform heating. The cells were then cultured at 378C
after the hyperthermic exposure and examined after 18 h.
Preparation of Cell Suspensions. Spleen cell suspensions

were made by mashing the splenic capsule between frosted
ends of glass slides and washing twice with Hanks’ balanced
salt solution containing 15 mM Hepes, 0.1% L-glutamine,
calcium and magnesium, and 3% fetal calf serum (HBSS
complete) (University of North Carolina Cancer Center Tissue
Culture Facility, Chapel Hill). Erythrocytes were lysed with
ammonium chloride for 5 min at 48C. In most experiments,
three spleens were pooled per group.
Cell Culture. Cells were cultured for 18 h at 378C in a 5%

CO2y95% air humidified atmosphere in 24-well plates at a
concentration of 2 3 106yml medium (RPMI 1640 mediumy
10% fetal calf serumy15 mM Hepesy100 units/ml penicilliny
100 mg/ml streptomyciny2 mM L-glutaminey1 mM sodium
pyruvateynonessential amino acids). To some cultures Fas–Fc,
a fusion protein composed of the extracellular domain of Fas
linked to the Fc region of human IgG1 (13), or a purified
human IgG1 myeloma protein was added. As a control for
Fas-mediated killing, anti-Fas (Jo2, hamster IgG; PharMin-
gen) was added to short-term cultures of thymocytes. To some
cultures, dexamethasone at a concentration of 1026 M was
added to induce apoptosis.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright q 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424y97y945750-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: FasL, Fas ligand; TCR, T cell antigen receptor; HBSS,
Hanks’ balanced salt solution; TNP, 2,4,6-trinitrophenyl; PI, pro-
pidium iodide; FITC, fluorescein isothiocyanate.
*To whom reprint requests should be addressed at: Department of
Medicine, Division of Rheumatology, CB#7280, 3330 Thurston
Building, University of North Carolina, Chapel Hill, NC 27599.
e-mail: philco@med.unc.edu.

5750



Immunofluorescence Staining. Fluoresceinated anti-IgM
(Ily41, rat IgG2a), anti-CD4 (RM4–5, rat IgG2a), anti-CD8
(53–6.7, rat IgG2a), anti-Fas (Jo2, hamster IgG), anti-2,4,6-
trinitrophenyl (TNP) (UC8–4B3, hamster IgG), and anti-
Thy1.2 (53–2.1, rat IgG2a) were obtained from PharMingen.
For staining, samples were washed twice in complete HBSS
and labeled with fluoresceinated antibodies as described (14).
Briefly, f luoresceinated antibodies were added to 13 106 cells
for 30 min at 48C in 96-well microtiter plates. The cells were
washed once with complete HBSS followed by two washes in
PBS with 0.1% NaN3. To permeabilize cell membranes for
DNA staining, 3 ml of unlabeled 70% ethanol (per sample of
1 3 106 cells) was added to the pelleted cells, which were then
vortex mixed, incubated for 1 h at 48C, and washed twice. For
DNA staining (15), 0.1 ml of 1 mgyml RNase A (Sigma) was
added per sample with vortex mixing, followed by 0.2 ml of 100
mgyml propidium iodide (PI) (Sigma). Cells were incubated for
20 min in the dark at 48C and were then analyzed with a
FACScan (Becton Dickinson) with Cytomation data acquisi-
tion and software (Fort Collins, CO) for green and red
fluorescence. Anti-Fcg receptor antibody (2.4G2, mouse
IgG2b; American Type Culture Collection) was used in most
experiments to block nonspecific staining.
Analysis of Apoptotic Cells. Apoptotic cells appeared in the

,2N DNA peak identified by PI immunofluorescence (16).
They could also be distinguished from necrotic cells by ana-
lyzing the light scatter profile. Cell death by necrosis resulted
in a large decrease in forward-angle light scatter (FSC) and
side scatter (SSC), while apoptotic cells showed a smaller
decline in FSC and an increase in SSC (17).
Samples were collected in list mode, so that when cell

surface phenotypic markers were used, the percentage of cells
undergoing apoptosis could be determined by gating on flu-
orescein isothiocyanate (FITC)-stained cells and subsequently
analyzing DNA staining (16). Data were plotted on a 4-decade
logarithmic scale, except for DNA staining, which was always
plotted linearly. At least 20,000 events were collected per
sample in all experiments, and 30,000 events were collected for
most experiments.
Statistical Analysis. Student’s t-test was used to determine

the statistical significance of differences between groups.

RESULTS

Lymphocytes from 5- to 8-Month-Old lprMice Showed Less
Radiation-Induced Apoptosis When Compared with Cells
from 1y1 Mice. To test if some of the apoptosis known to
occur after ionizing radiation might be mediated by FasyFasL
interactions, we quantitated apoptosis using two-color flow
cytometry of splenic lymphocytes from irradiated B6ylpr and
B6 mice in a short-term in vitro culture system. Total apoptosis
from both strains was substantial after irradiation, yet B6 cells
underwent significantly more apoptosis than cells from B6ylpr
mice (73% versus 25% apoptotic cells using PI staining). Fig.
1 shows data from a representative experiment. It is evident in
the forward angle versus side scatter histograms that the
majority of cells in the irradiated lpr sample fell into the live
region, while in contrast, the majority of cells in the irradiated
B6 sample fell in the apoptotic region. This difference is also
reflected in the DNA histograms. In seven experiments, cells
from irradiated B6 mice showed significantly less apoptosis
than cells from B6ylpr (P 5 0.0019, Fig. 2). Because the
amount of apoptosis was variable from experiment to exper-
iment, data within a single experiment are paired (Fig. 2).
T Cells from lpr Mice Showed Markedly Diminished Apo-

ptosis. Two-color immunofluorescence was utilized to study
apoptosis in specific cell populations. Cells were stained for
both DNA content and for cell surface markers (Thy1.2, CD4,
and IgM). Thy1.21 cells from lpr mice showed less apoptosis
after g-irradiation compared with T cells from normal mice

(Fig. 3A). In multiple experiments, the amount of apoptosis of
Thy1.21 cells after radiation and overnight culture was signif-
icantly less in lpr than in B6 cells (Fig. 3B). Data within a single
experiment are paired as in Fig. 2 to account for variability
between experiments.
Decreased Radiation Sensitivity Was Not Limited to the

Abnormal CD42CD82 T Cells in lprMice. To test whether the

FIG. 2. The percent apoptosis determined by PI staining of 5- to
8-month-old B6 (Left) and lpr (Right) irradiated spleen cells that were
cultured as in Fig. 1 is shown. Data points represent individual
experiments where three spleens were pooled in each group per
experiment. Values determined for cells from mice in the same
individual experiments are connected with a line. The mean %
apoptotic cells from B6 was 68.9 6 4.4 and 40.1 6 7.8 for B6ylpr.
Numbers after the mean represent the standard error. The difference
between the groups was significant to a P value of 0.0019.

FIG. 1. Spleen cells from 8-month-old B6 (Upper) and B6ylprmice
(Lower) were cultured overnight after 150 rads of g-irradiation. (Left)
Forward angle versus side scatter histograms. (Right) DNA histo-
grams. Numbers above bracketed areas indicate the percent of cells
with subdiploid DNA content, representing cells undergoing apopto-
sis. These data are from an experiment representative of seven
experiments. Three spleens were pooled in each group per experiment.
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diminished radiation-induced apoptosis seen in lpr cells was a
property of the abnormal double negative (DN) population
(2), lpr T cells were stained for CD4 and the DN T cells
excluded from the analysis. CD41 T cells from lprmice showed
much less apoptosis upon g-irradiation, indicating that the
apoptotic differences seen in lpr cells were not merely due to
a special radiation resistance of the DN population (Fig. 4).
Variability between experiments is accounted for by pairing
data within a single experiment. Parallel results were obtained
when the apoptosis differences between CD81 cells from lpr

and B6 mice after radiation and overnight culture were
compared (data not shown).
B Cells from lprMice Show Decreased Radiation Sensitivity

Compared with B6 B Cells. Because B cells are also known to
be relatively radiation sensitive (18), spleen cells were stained
with an antibody to surface IgM and apoptosis was quantitated
in the positive population after irradiation and overnight
culture. Similar to the results obtained after staining with T cell
antibodies, lpr B cells showed much less apoptosis upon
exposure to ionizing radiation (Fig. 5). Data within a single
experiment are paired as in Fig. 2 to account for variability
between experiments.

FIG. 3. (A) Spleen cells from 8-month-old B6 (Upper) and lprmice
(Lower) were cultured overnight after irradiation and stained with
FITC-labeled monoclonal antibody to Thy1.2. (Left) Surface expres-
sion of FITC. Positive cells appear under the gates. (Right) DNA
content of Thy1.21 cells. Apoptotic cells appear under the gates to the
left of the 2N DNA peak. (B) The percent of Thy1.21 cells undergoing
apoptosis for B6 (Left) and lpr (Right) irradiated spleen cells is shown.
Data points represent individual experiments where three spleens
were pooled in each group per experiment. Results from individual
experiments are connected with a line. The mean % apoptotic T cells
from B6 was 34.4 6 5.6 and 11.5 6 2.5 for B6ylpr. Numbers after the
mean represent the standard error. The difference between the groups
was significant to a P value of 0.0015.

FIG. 4. (A) Spleen cells stained with anti-CD4 from B6 (Left) and
lpr mice (Right) were cultured overnight after irradiation and assessed
for apoptosis by quantitating DNA content. Data shown represent the
DNA content of CD41 cells from a 7-month-old animal and are from
a representative experiment. (B) The percent apoptosis of CD41 B6
(Left) and lpr (Right) irradiated spleen cells that were cultured as in Fig.
1 is shown. Data points represent individual experiments where three
spleens were pooled in each group per experiment. Data from the
same experiment are connected with a line. The mean % apoptotic
CD41T cells fromB6was 19.16 6.3 and 5.46 1.8 for B6ylpr. Numbers
after the mean represent the standard error. The difference between
the groups was significant to a P value of 0.0383.
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In Vitro Irradiation of Spleen Cells Parallels Results of in
Vivo Irradiation of Spleen Cells. To determine if in vitro
irradiation of spleen cells would produce the same results as in
vivo whole body irradiation of mice, spleen cell suspensions
were first prepared and then cells were irradiated. Results
obtained paralleled the results of the in vivo experiments (see
below).
Fas Expression Is Up-Regulated in Normal Mice After

g-Irradiation. Our results demonstrated that lpr cells, which
are defective in Fas, showed decreased apoptosis after g-irra-
diation. It was possible that FasyFasL interactions, which could
take place in the normal but not the lpr cell cultures, were
responsible for the consistently greater degree of apoptosis
seen in irradiated normal cells compared with those from lpr.
We wondered whether irradiation might even increase the
expression of Fas on the B6 cells, thus enhancing FasyFasL
apoptosis. We thus quantitated Fas expression on cells from
normal B6 mice before and after irradiation. As a positive
control, B6 thymocytes were stained with Fas–FITC, and as
expected 100% of the cells were positive for Fas.
By immunofluorescence staining, Fas was up-regulated in

B6 spleen cells after g-irradiation (Fig. 6). Fig. 6 Upper shows
the FITC histograms for live cells before and after irradiation.
Fig. 6 Lower shows FITC histograms for Fas expression on the
apoptotic cells. It can be seen in both cell populations that Fas
was up-regulated. No positive staining was found on the same
cell populations stained with a monoclonal hamster anti-TNP
of the same IgG isotype. In 10 experiments, the percent of Fas1
cells increased significantly (P 5 0.0002) after g-irradiation of
B6 mice (24.8 6 5.2 before irradiation compared with 40.0 6
7.9 after irradiation). Thus, normal B6 spleen cells contain
increased numbers of Fas1 cells after irradiation.

In additional experiments, lymphocytes from 1y1 and lpr
mice were treated with dexamethasone (Dex) and apoptosis
and Fas expression was measured. In contrast to g-irradiation,
Dex did not increase Fas expression on B6 cells after overnight
culture nor was apoptosis significantly diminished in cells from
lpr mice after Dex culture compared with cells from normal
mice (data not shown).
lpr Cells Show Diminished Apoptosis in Response to Heat

Shock Treatment. To determine if the relative resistance to
injury-induced apoptosis of lpr lymphoid cells was unique to
g-irradiation, cells were exposed to heat shock. Heat shock-
induced apoptosis was also impaired in lymphocytes from lpr
mice compared with normal cells (Fig. 7).
Lymphocytes from gld Mice Paralleled the Results Found

with Cells from lprMice. To determine if cells from Fas ligand
mutant gld mice were also relatively resistant to irradiation-
induced apoptosis, spleen cells from 8-month-old gld mice
were put into short-term in vitro culture. Apoptosis was
quantitated after g-irradiation as described above. Gld cells
showed less radiation-induced apoptosis when compared with
cells from1y1mice and thus paralleled the results found with
lpr cells (Fig. 8).
Irradiation-Induced ApoptosisWas Blocked with High Con-

centrations of Fas–Fc Fusion Protein. To assess more directly
the role of Fas in radiation-induced apoptosis, a Fas–Fc fusion

FIG. 5. The percent of B cells undergoing apoptosis in B6 (Left)
and lpr (Right) irradiated spleen cells that were cultured as in Fig. 1 is
shown. Data points represent individual experiments where three
spleens were pooled in each group per experiment. Results from
individual experiments are connected with a line. The mean %
apoptotic B cells from B6 was 37.8 6 6.3 and 11.5 6 4.1 for B6ylpr.
Numbers after the mean represent the standard error. The difference
between the groups was significant to a P value of 0.0111.

FIG. 6. Unirradiated B6 splenocytes (Left) and in vivo irradiated
(150 rads) B6 splenocytes (Right) from 5-month-old mice were cul-
tured overnight and stained for Fas using FITC hamster IgG anti-Fas
(right fluorescence profile in each histogram). In each histogram, the
peak on the far left represents the same cells stained with the isotype
control hamster IgG anti-TNP–FITC and was negative on all popu-
lations. (Upper) Histograms represent the FITC profile of viable cells.
(Lower) FITC profiles for apoptotic cells from the same B6 spleno-
cytes. Apoptotic and viable cells were identified by their forward angle
versus side scatter profile. These histograms are representative of 10
experiments. Anti-Fc receptor antibody was used to block nonspecific
binding.

FIG. 7. The DNA profiles of cells from 6 month old B6 (Left) and
lpr (Right) after heat shock is shown. This experiment was repeated six
times with similar results.
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protein (13) was added to irradiated normal cells. This Fas–
human IgG1 Fc fusion protein was successful in inhibiting
Fas-mediated apoptosis of thymocytes (Fig. 9). When irradi-
ated spleen cells were incubated with Fas–Fc, apoptosis was
inhibited by '60% (Fig. 10); a human IgG1 myeloma protein
had no effect (Fig. 10). It was necessary to use concentrations
of Fas–Fc over 100 mgyml, as lower concentrations failed to
block radiation-induced apoptosis but blocked anti-Fas apo-
ptosis of thymocytes (data not shown). This suggested that the
FasyFasL interactions involved in radiation-induced apoptosis
were of high avidity and thus difficult to block.

DISCUSSION

We have observed that cells from Fas-deficient lpr mice are
relatively resistant to the apoptosis induced by ionizing radi-
ation. This resistance was noted for cells bearing markers
associated with normal B and T cells, as well as for cells
expressing the aberrant ‘‘double negative’’ phenotype associ-
ated with the lpr lymphoproliferative state, making it unlikely
that the radiation resistance was due to the abnormal differ-
entiation state of the abnormal lpr T cells. Because the lprmice
differed from controls only in their lack of Fas expression,
these observations raised the possibility that Fas itself may
participate in the apoptosis induced by ionizing radiation.

Ionizing radiation induces apoptosis both by direct effects
on the nucleus and through effects on plasma membranes,
probably through hydrolysis of sphingomyelin to ceramide
(10). As Fas has been shown to signal at least in part via this
pathway (19–21), it seemed possible that Fas-deficient lpr cells
might be lacking in signaling intermediaries whose levels might
be linked to the normal levels of surface Fas. Amore intriguing
possibility is that a portion of radiation-induced apoptosis
might actually be mediated by Fas, and that therefore radiation
would induce less apoptosis in lpr. This hypothesis is supported
by our finding that surface Fas expression increases on normal
lymphocytes exposed to radiation, potentially allowing their
destruction by FasL-bearing T cells, and that radiation-
induced apoptosis can be blocked in part with high concen-
trations of a Fas–Fc fusion protein. The Fas-mediated effects
of radiation need not only be through increased surface levels
of Fas, but might also influence overall functioning of the
intracellular arm of this pathway (see below).
It has already been established that Fas expression is

induced by lymphocyte activation, both T (22) and B (23), and
it has been proposed that the increase in Fas expression may
provide a means whereby activated cells may be eliminated
once they have served their function in the immune response
(24). Our observations suggest an additional function of
inducible Fas. Surface expression of this receptor increases
after irradiation, and probably also after heat shock. It may be
that multiple sources of cellular injury lead to increased Fas
expression, and that increased Fasmay serve as amarker which
targets injured cells for destruction by FasL-bearing T lym-
phocytes. In effect, induction of Fas expression may serve as
a means whereby the immune system can perform a sort of
immunological surveillance to identify and eliminate not only
activated cells, but also cells that have undergone injury and
that require induction of apoptotic death and subsequent
elimination. This mechanism would supplement the direct
apoptosis-inducing effects of radiation, heat shock, and other
forms of physical injury, as well as other pathways which induce
apoptosis, such as tumor necrosis factor a.

FIG. 8. Spleen cells from 8-month-old B6 (Left), B6ylpr (Center),
and B6ygld (Right) were cultured overnight after 150 rads of g-irra-
diation. DNA histograms are shown and numbers above bracketed
areas indicate the percent of cells undergoing apoptosis. These exper-
imental data are representative of four separate experiments.

FIG. 9. Thymocytes from three pooled 3- to 4-month-old B6 mice
were cultured overnight (Upper Left), incubated with 1 mgyml of
anti-Fas during culture (Upper Right), incubated with 1 mgyml of
anti-Fas with the addition of 100 mgyml of Fas-Fc during culture
(Lower Left), or incubated with 1 mgyml of anti-Fas with the addition
of 100 mgyml of a purified human IgG1 myeloma protein during
culture (Lower Right). Viable and apoptotic cells are depicted in the
outlined regions as labeled. Viable and apoptotic cells in each panel
are as follows: no treatment, 63% viable and 21% apoptotic; anti-Fas
treatment, 24% viable and 44% apoptotic; anti-Fas plus Fas–Fc, 57%
viable and 22% apoptotic; and anti-Fas plus human IgG1 myeloma
protein control, 22% viable and 51% apoptotic.

FIG. 10. Spleen cells from 3 month-old B6 mice were cultured
overnight (Upper Left), irradiated with 150 rads and cultured overnight
(Upper Right), irradiated and cultured overnight with 200 mgyml
Fas–Fc (Lower Right), or irradiated and cultured overnight with 200
mgyml of a purified human IgG1 myeloma protein (Lower Right).
Viable and apoptotic cells are depicted in the outlined regions as
labeled. Viable and apoptotic cells in each panel are as follows: no
treatment, 45% viable and 36% apoptotic; irradiated, 25% viable and
50% apoptotic; irradiated plus Fas–Fc, 35% viable and 20% apoptotic;
and irradiated plus human IgG1 myeloma protein control, 26% viable
and 51% apoptotic.
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The proposed role for FasLyFas interactions in inducing
death of damaged cells raises questions about the nature of the
interaction between FasL and Fas-bearing cells. In general,
these cellular interactions are believed to be cognate, and to be
mediated by TCR recognition of major histocompatibility
antigen complexes on the surface of Fas-bearing cells (7). It is
possible that the interactions we propose also require such
TCR-mediated interactions, or that the death of Fas-
expressing cells does not require contact with antigen-specific
T cells. In this regard, recent data indicate that the level of Fas
expression is only one factor regulating the susceptibility to
Fas-mediated apoptosis (24). Exposure to radiation or to other
forms of stress may lead to apoptosis not only by increasing
surface Fas, but also by affecting intracellular signaling path-
ways that facilitate Fas-mediated killing.
The list of functions for FasyFasL continues to grow. It

includes, beside mediation of TCR-mediated killing, T and B
cell tolerance, and immunoregulation (24). These observations
provide evidence that this system may be involved in policing
against injured cells, and lead to testable notions about the
nature and significance of this phenomenon.
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