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Abstract 
Apoptosis is vital to maintain homeostasis of antigen-stimulated T cells. After cessation 
of antigen, cytokine withdrawal initiates an apoptotic pathway that depends on 
mitochrondrial release of cytochrome c, whereas repetitive antigenic stimulation induces 
expression of CD95-ligand and renders T cells susceptible for CD95-induced cell death1. 
TRAF-binding members of the TNF-receptor family, such as OX40, 4-1BB and CD27, 
antagonize mitochondrion-dependent cell death by upregulating anti-apoptotic bcl-2 
family molecules such as Bcl-xL and Bfl-12. We here show that triggering of CD27 
sensitizes T cells for CD95-induced apoptosis. CD95-deficient (Ipr/lpr) T cells massively 
expanded and differentiated into IFN-y-secreting effector cells in transgenic mice that 
chronically express the CD27-ligand, CD70. CD95-deficient/CD70-transgenic mice 
became moribund by 3 to 4 weeks of age with severe liver-pathology and bone marrow 
failure. Thus, CD95 is a critical regulator of effector T cell homeostasis in chronic 
immune activation. 

Introduction 
CD70 transgenic (Tg) mice represent a model for chronic stimulation of the immune system as 

seen in persisting, active viral infections e.g. HIV3. Constitutive CD27 triggering in CD70 Tg mice 

enhanced CD8+ T cells responses to influenza virus infection (Arens et al., chapter 2). This 

expansion promoting effect might be due to the induction of anti-apoptotic bcl-2 family members 

that protect antigen-primed T cells from passive cell-death, initiated by cytokine withdrawal2. 

Still, in spite of the chronic delivery of anti-apoptotic signals, the antigen-primed effector T cell 

pool contracted 4 to 5 fold after the peak of the response (Arens et al., chapter 2). We 

questioned whether CD95 induced cell-death, which in mature T cells is not inhibitive by anti-

apoptotic Bcl-2 family molecules, has a role in the regulation of expansion of T cells stimulated 

by co-stimulatory TNF-like ligands. 

Results 

Influenza-specific TCR Tg T cells and CD95-deficient {Ipr/lpr) influenza-specific TCR Tg T cells 

were adoptively transferred into either CD27"'" or CD27"'" x CD70 Tg mice and numbers of 

influenza-specific T cells were counted 6 and 11 days after infection of the recipient mice with 

influenza virus. CD95-deficiency did not affect the size of the influenza-specific population in the 

spleen when T cells were transferred into CD27"'" animals but strongly enhanced T cell 

expansion in CD70 Tg x CD27'" mice (Fig. 1a). Further, in vitro experiments showed that CD70-

costimulation enhanced CD95 expression on anti-CD3 mAb stimulated T cells (Fig. 1b) and 

sensitizes T cells for CD95-mediated apoptosis (Fig. 1c). 
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Figure 1. Increased susceptibility of CD95-mediated apoptosis by persistent CD27 costimulation. 
(a). CD95-deficient (Ipr/lpr) TCR Tg or TCR Tg T cells were transferred into either non-CD70 Tg (CD27~~) 
or CD70 Tg (CD27~~ x CD70 Tg) recipients. At day 6 and 11 after influenza virus infection numbers of 
V/311 positive CD8* T cells in spleens and lymph nodes of recipient mice were determined, (b) Elevated 
CD95 expression on CD27 costimulated T cells. Lymph node T cells were stimulated with anti-CD3 mAb 
in presence or absence of CD70" B cells (i.e. CD27" or CD27" x CD70 Tg B cells) and CD95 
expression was analyzed at day 2 after stimulation by flow cytometry, (c) CD27 stimulation by CD70 
facilitates CD95-mediated apoptosis in vitro. Lymph node T cells were cultured with anti-CD3 mAb alone 
or with anti-CD3 mAb and anti-CD95 mAb in presence or absence of CD70* B cells. After 2 days 
apoptotic cells were analyzed by flow cytometry. 

Thus, in analogy to what has been shown for CD40 signaling in the B cell system4,5, CD27 

signaling appears to protect antigen-expanded T cells from passive cell death but concomitantly 

primes these cells for CD95-mediated deletion. 

To test the importance of this regulatory pathway for T cell homeostasis in vivo CD70 Tg mice 

were generated on a CD95-deficient (Ipr/lpr) background. These animals were born at the 

expected Mendelian frequency and looked healthy at birth. After 3 weeks however the mice 

became sick and died at around 4 weeks of age (Fig. 2a). Spleen and lymph nodes (LN) had a 

normal size but histology revealed that normal splenic and LN architecture was disrupted (Fig. 

2b and data not shown). Furthermore, a severe atrophy of the thymus was observed. Diffuse 

lymphocytic infiltrates were seen in the liver but not in heart, kidney, lungs or gut. A near 

complete depression of the hematopoietic lineages was seen in bone marrow (Fig. 2b). 
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Figure 2. Premature death accompanied with disrupted splenic architecture and lymphopenic 
bone marrow in CD95-deficient CD70 Tg mice, (a) Accelerated morbidity of CD95-deficient (Ipr/lpr) 
CD70 Tg mice in comparison with CD70 Tg mice, (b) The normal histological appearance of spleen and 
bone marrow in WT. Ipr/lpr (CD95-deficient), and CD70 Tg is contrasted with the disruption of the splenic 
architecture and bone marrow of CD95-deficient CD70 Tg mice. Autopsies were performed and included 
both gross and microscopic evaluations. Tissues were fixed in 10% buffered formalin and embedded in 
paraffin blocks and sections were cut and stained with hematoxylin and eosin by conventional techniques. 
Representative sections are shown from spleen and bone marrow of animals 3 weeks of age. 

Concerning the composition of the peripheral lymphoid compartments, in spleens and LN of 

Ipr/lpr x CD70 Tg mice normal T cell numbers were found (Fig. 3a, b) but the percentage of 

activated effector T cells (defined by a CD62l0WCD44brl9h'CD43h'9,1 phenotype) was strongly 

increased compared to the various control animals (WT, CD70 Tg and Ipr/lpr). Comparison of 2-

week with 3-week old mice showed that the accumulation of effector T cells was progressive 

and was most prominent in the CD8* subset (Fig 3a, b). In agreement with the enhanced 

effector cell formation, CD4* and CD8* T cells from Ipr/lpr x CD70 TG mice had an increased 

ability to synthesize IFN-y and IL-10 but a reduced capacity to produce IL-2 (Fig. 3c, d). Finally, 

the progressive B cell depletion observed in CD70 Tg mice6 was greatly accelerated in Ipr/lpr x 

CD70 Tg mice (Fig 3e). 
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Expression of TCR-V[3 elements did not differ between Ipr/lpr x CD70 TG mice and controls 

(data not shown), which suggests that, as in CD70 Tg mice3, innocuous environmental or auto 

antigens may drive effector T cell formation. In support of this, crossing Ipr/lpr x CD70 Tg mice 

with transgenic mice expressing a MHC class-l restricted, influenza-specific TCR inhibits CD8+ 

effector T cell formation whereas in these animals the CD4+ compartment largely consists of 

effector-type T cells (Fig. 3f). As an apparent consequence of the reduced effector T cell 

formation in comparison to Ipr/lpr x CD70 Tg, premature death is postponed to around 12 weeks 

of age in Ipr/lpr x CD70 Tg x TCR Tg mice (Fig. 2a). Thus, CD95 deficiency gives excessive 

antigen-induced effector T cell formation in mice with a chronically activated immune system 

and leads to premature death. 

SOCS"'' mice have an exaggerated response to IFN-yand develop a complex neonatal disease7 

which has, with respect to bone marrow and liver pathology, conspicuous similarities to the 

pathology observed in Ipr/lpr x CD70 Tg mice. We have shown that IFN-y is responsible for 

progressive B cell depletion in CD70 Tg mice6. Since the formation of IFN-y-producing effector T 

cells is strongly enhanced in Ipr/lpr x CD70 Tg mice we crossed Ipr/lpr x CD70 Tg mice on an 

IFN-y background to test whether IFN-y is responsible for the pathology in these mice. Although 

survival of Ipr/lpr x CD70 Tg x IFN-y'" mice is as short as of Ipr/lpr x CD70 Tg mice (Fig. 4a), 

histological analysis revealed that the pathology was completely distinct. The size of spleen and 

LN of Ipr/lpr x CD70 Tg x IFN-y'" mice was substantially larger than of Ipr/lpr x CD70 Tg and 

CD70 Tg x IFN-y"'" mice. Moreover, reminiscent of findings in CTLA-4"'" mice8,9, focal 

perivascular infiltrates of lymphocytic blasts were found in lung, kidney and liver (Fig. 4b). 

Although B cell numbers in Ipr/lpr x CD70 Tg x IFN-y"'" mice were 2 to 3 times higher than in 

Ipr/lpr x CD70 Tg mice, a strong reduction is apparent compared to wild-type mice (Fig. 4c). T 

cell numbers in spleen and LN were strongly increased with an overrepresentation of effector-

type T cells (Fig. 4d). These T cells produced, as in Ipr/lpr x CD70 Tg mice, normal levels of 

TNF and reduced levels of IL-2 compared to wild-type controls. However, IL-10 secretion was 

not detectable in these T cells (data not shown). The massive expansion of T cells would be in 

line with the suggested function of IFN-y in the promoting contraction of effector T cell 

populations10,11. The difference in pathology between IFNy-competent and -deficient mice infer 

that although excessive IFNy has detrimental effects on liver and bone marrow functions also 

other pathological changes related to disturbed homeostasis of effector T cells are incompatible 

with life. 
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Figure 3. Massive effector T cell formation in CD95-deficient CD70 Tg mice. T cell analysis of wild-
type, CD70 Tg, Ipr/lpr (CD95-deficient), and Ipr/lpr x CD70 Tg mice. Absolute numbers of naive 
(CD62L'"9"CD43ne9/low) and effector (CD62Ll0WCD43t"9h) CD4* and CD8+ T cells were determined by flow 
cytometry in (a) spleen and (b) lymph nodes of 2 and 3 week-old mice, (c) Functional analysis of CD4' 
and CD8* T cells. Splenocytes were stimulated for 5 h with PMA/ionomycin in presence of brefeldin A and 
then analysed by intracellular cytokine staining for TNF, IL-2, IFN-y, and IL-10. (d) Functional analysis of 
lymph node CD4* and CD8* T cells as described in c (e) Severe B cell depletion in Ipr/lpr x CD70 Tg 
mice. Splenic and lymph node B cells were measured by flow cytometry (B220"'gh). (f) Representative 
F ACS profiles showing CD44 versus CD62L staining of splenic CD4* and CD8" T cells of 8-week-old 
Ipr/lpr, Ipr/lpr x CD70 Tg, TCR Tg, Ipr/lpr x TCR Tg and Ipr/lpr x CD70 Tg x TCR Tg. Data shown 
represents average values of 4-8 mice. 

Discussion 

We conclude that CD95-mediated apoptosis is crucial to maintain homeostasis of effector T 

cells in a situation where the immune system is chronically activated via TNF-R family members 

that signal via TRAFs, such as CD27. Repeated triggering of these receptors may occur in 

situations of persisting pathogens since many of the TNF-R ligands are activation molecules 

that are upregulated by antigen-specific activation. The mechanism of priming for CD95-induced 

cell-death by CD27 signaling is unknown. A direct effect on inhibition of passive cell death is 

unlikely since Ipr/lpr x Bcl-2 Tg mice suffer from severe lymphadenopathy and autoimmunity but 

do not experience massive effector cell expansion or premature death1213. IL-2 has been 

described as a key regulator of propriocidal apoptosis by blocking passive cell-death and 

promoting death-receptor-induced apoptosis1. We failed to find evidence for a role of IL-2 in 

Ipr/lpr x CD70 Tg mice since neither IL-2 production (Fig. 3c, d) nor expression of the IL-2R 

(data not shown) was altered in these mice. Rather, it seems that multiple independent signaling 

pathways that generate extensive expansion of immune cells at the same time sensitize these 

cells for death receptor mediated deletion thereby providing a negative feedback mechanism 

controlling unlimited growth and persistence. 

Thus homeostasis of effector T cells is dependent on the proper balance between signals 

provided by TRAF-binding and DD-containing TNF-receptor family members. Inter-individual 

variation in the regulation of expression of ligands of the TRAF-binding TNF-R-like molecules 

may have important consequences for immune regulation. 
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Figure 4. Early lethality accompanied with massive effector T cell formation and lymphocytic 
infiltration into liver, lung and kidney of CD95-deficient CD70 Tg mice lacking IFN-y. (a) Accelerated 
morbidity of CD95-deficient (Ipr/lpr) CD70 Tg mice lacking IFN-y in comparison with IFN-y x CD70 Tg 
mice, (b) Lymphocytic infiltrates in liver, lung, and kidney of IFN-y x Ipr/lpr x CD70 Tg mice in 
comparison with IFN-y , IFN-y x CD70 Tg. and IFN-y x Ipr/lpr mice. Autopsies were performed and 
included both gross and microscopic evaluations. Tissues were fixed in 10% buffered formalin and 
embedded in paraffin blocks and sections were cut and stained with hematoxylin and eosin by 
conventional techniques. Representative sections are shown from spleen and bone marrow of animals 3 
weeks of age. (c) Minimal prevention of B cell depletion in CD95-deficient IFN-y x CD70 Tg mice. 
Splenic and lymph node B cells were measured by flow cytometry (B22(f"gh). (d) Absolute numbers of 
naive (CD62Lhl9hCD43ne9/low) and effector (CD62LlowCD43hl9h) CD4* and CD8* T cells in spleen and lymph 
nodes of 3 week-old IFN-y . IFN-y x CD70 Tg, IFN-y ' x Ipr/lpr, and IFN-y x Ipr/lpr x CD70 Tg mice. 
Data represents the average values of 4-8 mice. 
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Materials and methods 

Mice 

The mice strains used were C57BL/6, CD70 Tg6, CD27"'"14, F5 TCR Tg1 5 (kindly provided by Dr. D. 

Kioussis), IFN-y"''16 and Ipr/lpr' mice (purchased from Jackson Laboratories, BarHarbor, ME, USA). All 

mice strains are on a C57BL/6 background. CD70 Tg mice were crossed with CD27'", F5 TCR Tg, Ipr/lpr, 

and IFN-y"'" mice. All the above-described mice were bred in the animal facility of the Netherlands Cancer 

Institute (Amsterdam) under specific pathogen-free conditions. CD27"'", IFN-y'" and Ipr/lpr mutant mice 

were genotyped by PCR analysis of tail DNA. CD70 Tg and F5 TCR Tg mice were genotyped by FACS 

analysis using CD70 mAb and Vp11 mAb, respectively. 

Cell preparation and flow cytometry 
Single-cell suspensions were prepared from freshly isolated spleens, lymph nodes (axillary, brachial, 
inguinal and mesenteric) and thymus by mincing and gently pressing the tissues through cell strainers. 
Bone marrow (femurs and tibias) single cell suspensions were prepared by flushing the bones with a 
needle. Erythrocytes were lysed with ammonium chloride buffer. Surface staining for flow cytometry was 
performed as described6 using antibodies to CD4, CD8, CD62L, CD44, CD45R/B220, CD43 (clone 1B11) 
and CD95 (Pharmingen (San Diego, CA). Intracellular staining for cytokines was performed essentially as 
described6 after 5 h stimulation with PMA/ionomycin in the presence of the protein-secretion inhibitor 
Brefeldin A using antibodies to IL-2, TNF, IFN-y, IL-10 (Pharmingen). 

Lymphocyte purification 
To purify wild-type T cells, lymph node cell suspensions from 6-8 week-old wild-type mice were incubated 
with rat-anti-mouse MHC-class II and rat-anti-mouse B220 antibodies for 30 min at 4°C, washed once and 
then incubated with goat-anti-rat IgG microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) for 20 
min at 4'JC. After washing, cells were magnetically separated with the MACS (negative selection T cells). 
To purify B cells, splenic cell suspensions from CD70 Tg and CD27 ' mice were incubated with mouse 
CD19 microbeads (Miltenyi Biotec) for 20 min at 4°C. After washing, cells were magnetically separated 
with the MACS (positive selection B cells). The T and B cell fractions were consistently found to be >95% 
CD34 and >95% B220+, respectively, as evidenced by flow cytometry. 

T cell activation, CD95 expression and CD95-mediated apoptosis assay 

T cells (1 x 106 cells/ml) were stimulated with 1 ug/ml coated CD3 mAb (purified from hybridoma 
supernatants, clone CRL 1975) and cultured 1:1 with either purified CD27~" x CD70 Tg B cells or purified 
CD27"'" B cells in IMDM medium containing 10% Fetal Cal fs Serum. CD95 expression on T cells was 
analyzed after 24 h by flow cytometry with PE-conjugated anti-CD95 mAb (clone Jo2, PharMingen) and 
APC-conjugated anti-CD3 mAb (PharMingen). For CD95-mediated apoptosis purified hamster anti-mouse 
CD95 mAb (5 ug/106 cells, clone Jo2, PharMingen) was added and after 48 h cells were subjected to flow 
cytometric analysis. Propidium iodide was used to identify apoptotic cells and APC-conjugated anti-CD3 
mAb to identify T cells. 

Adoptive transfers 

For the adoptive transfers, 8 x 106 enriched T cells from spleen and LN cells (>75% V(i11*CD8~ T cell) of 

TCR Tg and Ipr/lpr x TCR Tg were injected i.v. into either CD27"'" or CD27"'" x CD70 Tg recipients. Two 

days after cellular transfer, recipient mice were infected with 25 HAU influenza virus. At day 6 and day 11 

after viral challenge, the expansion of the donor population was quantitated in spleen by flow cytometry 

using antibodies to CD8 and v p i 1. 
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