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Abstract 
The interaction between the TNF receptor family member CD27 and its ligand CD70 

provides a costimulatory signal for T cell expansion. Normally, tightly regulated 

expression of CD70 ensures the transient availability of this costimulatory signal. Mice 

expressing constitutive CD70 on B cells had higher peripheral T cell numbers that 

showed increased differentiation towards effector-type T cells. B cell numbers in CD70 

transgenic (TG) mice progressively decreased in primary and secondary lymphoid 

organs. This B cell depletion was caused by CD27-induced production of IFNyin T cells. 

We conclude that apart from its role in controlling the size of the activated T cell pool, 

CD27 ligation contributes to immunity by facilitating effector T cell differentiation. 

Introduction 
Adaptive immune responses to pathogens require proper activation, expansion, differentiation 

and migration of antigen-specific lymphocytes. T cell activation is initiated by ligation of the TCR 

by peptide-MHC complexes. However, proliferation and acquisition of effector functions by naive 

T cells only ensues when additional or costimulatory signals are provided by antigen presenting 

cells (APC). The Ig superfamily member CD28, a receptor for both CD80 and CD86 molecules, 

is considered to be the primary co-stimulatory receptor for inducing high-level IL-2 production 

and survival of T cells (Chambers and Allison, 1997). However, not all T cell-mediated immune 

responses are CD28 dependent, and additional co-stimulatory receptors have been identified 

including the CD28 relative ICOS and members of the TNF receptor (TNFR) family, e.g. CD27, 

OX-40 and 4-1BB (Watts and DeBenedette, 1999). Whether or not distinct costimulatory 

receptors alter the outcome of T cell activation in qualitative terms is still poorly explored. 

TNFR family members are type 1 membrane proteins containing cysteine-rich repeats, 

and can be divided into two groups on the basis of their cytoplasmic domains (Chan et al., 2000; 

Screaton and Xu, 2000). The death domain (DD) containing family members such as CD120a 

(TNFR1), CD95 (Fas/Apo-1), DR3, DR4 and DR5 can activate caspase cascades leading to 

apoptosis. The non-DD containing TNFR family members include CD120b (TNFR2), LT-pR, 

CD27, CD30, CD40, OX40, 4-1 BB, HVEM (ATAR, TR2), RANK (OPG), and GITR which affect 

expansion, differentiation and survival. These TNFR family members can bind TRAF adaptor 

molecules, which are able to relay signals to the intracellular compartent. Most TNF ligand 

family members are type II membrane molecules, and likely exist as homotrimers. The TNF-like 
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ligands exert their physiological effects by binding to TNFR family members. Still, reverse 
signalling properties have been reported for CD70 (CD27L), CD153 (CD30L), CD154 (CD40L), 
CD134L (OX40L) (Bowman et al., 1994; Stuber et al., 1995; van Essen et al., 1995; Wiley et al., 
1996; Lensetal., 1999). 

Murine and human CD27 is expressed on T cells, B cells, and NK cells (van Lier et al., 1987; 
Klein et al., 1998; Sugita et al., 1992; Gravestein et al., 1995). Recently, CD27 expression has 
also been found on murine hematopoietic progenitor cells (Wiesmann et al., 2000). The 
expression of CD27 on naive T cells is constitutive, but after activation via the TCR-CD3 
complex CD27 is strongly upregulated (de Jong et al., 1991). Subsequent, interaction between 
CD27 and its ligand CD70 induces a decrease of CD27 membrane expression and the release 
of its soluble form (Hintzen et al., 1994). Loss of CD27 expression markedly coincides with the 
acquisition of effector functions in humans (Hamann et al., 1997) as well as in mice (Baars et 
al., unpublished). CD70 is an activation molecule which is transiently upregulated on both 
murine and human T and B cells after stimulation (Hintzen et al., 1994; Lens et al., 1996a; Lens 
et al., 1997; Tesselaar et al., 1997; Oshima et al., 1998), and recently found to be expressed on 
stimulated murine dendritic cells (Akiba et al., 2000). Expression of CD70 on stimulated T and B 
lymphocytes appears to be under direct control of antigen since withdrawal of the antigen-
receptor signal results in a rapid loss of cell surface expression. This regulation may provide the 
immune system with a mechanism that allows clonal expansion of T cells in an adaptive 
response to the presence of antigen. Although antigen receptor and costimulatory signals are 
the major inducers of CD70 on both T and B cells, expression of the molecule is under strict 
cytokine regulation. Pro-inflammatory cytokines such as IL-1a, IL-12, and TNF strongly enhance 
CD70 expression whereas anti-inflammatory cytokines like IL-4 and IL-10 decrease CD70 
expression (Lens et al., 1997). 

The cytoplasmic tail of CD27 has been found to associate with TRAF2 and 5, and 
thereby to signal to Jun N-terminal kinase and to NF-KB (Akiba et al., 1998; Gravestein et al., 
1998). In addition, Siva-1, a pro-apoptotic protein, has been reported to bind to the cytoplasmic 
moiety of CD27 (Prasad et al., 1997). In vitro studies revealed that both in human and mouse 
CD27/CD70 interactions are involved in T cell costimulation for expansion and effector cell 
differentiation (van Lier et al., 1987; Hintzen et al., 1995; Gravestein et al., 1995; Tesselaar et 
al., 1997; Oshima et al., 1998; Goodwin et al., 1993). It is of interest that whereas CD28 ligation 
strongly augments IL-2 synthesis and cell cycle progression (Fraser et al., 1991; Boonen et al., 
1999), CD27 ligation does not. Rather, in vitro triggering of CD27 has been suggested to 
enhance TNF secretion (Hintzen et al., 1995), promote the generation of cytolytic T cells 
(Goodwin et al., 1993; Brown et al., 1995) and prolong survival of CD3-stimulated T cells 
(Hendriks et al., 2000). 

When infected with influenza virus CD27-deficient mice display an impaired expansion of 
antigen-specific T cells in both primary and secondary responses (Hendriks et al., 2000). These 
observations infer that CD27/CD70 interactions co-regulate the size of the expanded T cell pool 
in vivo. Additionally, the fact that ligation of CD27 not only induces loss of its membrane 
expression but also the induction of effector functions may suggests that CD27/CD70 
interactions are instrumental in generating effector T cells. To create a situation, in which CD70 
is present as a dominant co-stimulatory ligand for T cells, TG mice were generated that 
constitutively express CD70 on B cells. Studies in these CD70TG mice demonstrate that the 
CD27/CD70 system is a highly potent activator of T cells in vivo and plays a regulatory role not 
only in expansion but also in effector cell formation. 
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Results 
Generation of B cell specific CD70TG mice 
In normal immune responses CD70 is only transiently expressed on activated B cells (Lens et 

al., 1996a). To obtain constitutive CD70 expression in B cells, a construct containing the 

mCD70 gene under control of the human CD19 promoter region (Kozmik et al., 1992) was used 

to generate TG mice (Figure 1A). The hCD19-mCD70 construct was injected into fertilized 

oocytes of C57BL/6 mice. Genomic Southern Blot analysis identified three founder mice 

carrying 4-5 copies of the transgene (Figure 1B). Two founder lines transmitted the transgene 

successfully (lines 12 and 13). FACS analysis of splenic cells of 4-week-old CD70TG mice, 

using anti-B220 and anti-CD70 antibodies, confirmed B cell-specific expression (Figure 1C). 

The TG lines 12 and 13 both gave specific expression of CD70 on B cells, and the copy 

numbers of respectively 4 and 5 correlated with the amount of CD70 expression. The amount of 

CD70 expressed on founder line 12 was in the same order of magnitude as that on in vitro 

activated B cells (data not shown). The experiments presented below were performed using 

both TG lines. 
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Figure 1. Generation of TG mice overexpressing CD70 in the B cell compartment. 
(A) Schematic representation of the hCD19-mCD70 DNA construct, showing the human CD19 promoter 
region (hatched box), and the three exons of the mCD70 gene: the 5' and 3' untranslated regions (open 
boxes), the intracellular part (blocked box), the transmembrane region (black box), and the extracellular 
part (dotted box). 
(B) Southern Blot analysis of tail DNA isolated from WT and CD70TG mice (founder lines 10, 12, and 13). 

P-labelled mCD70 cDNA was used as probe for the presence of the CD70 transgene. 
(C) Representative flow cytometric analysis of CD70 expression. Splenocytes of 4-week-old WT and 
CD70TG mice (lines 12 and 13) were stained with FITC-conjugated anti-CD70 mAb (clone 3B9) and 
APC-conjugated anti-B220 mAb and subjected to f low cytometry. 
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Expansion and activation of the T cell compartment in CD70TG mice 

Based on the expression patterns of CD4 and CD8 (Figure 2A) and thymic cellularity (data not 

shown), CD70 overexpression on B cells had no overt consequences for T cell development in 

the thymus. Next, we examined the amount of membrane expressed CD27 as a hallmark for 

functional interaction between CD70 on B cells with CD27 on T cells. A strong reduction of 

CD27 expression on T cells was observed in spleen and lymph nodes of CD70TG mice as 

compared to wild-type (WT), whereas in the thymus CD27 expression was normal (Figure 2B). 

Thus, only in the secondary lymphoid organs where B-T cell interactions can occur, 

downmodulation of CD27 was observed. 

CD70TG mice of 4- and 8-week-old had lymphadenopathy, most prominent in axillary, brachial 

and inguinal lymph nodes. Compared with WT mice, the absolute numbers of CD4+ and CD8+ T 

cells in spleen and lymph nodes of CD70TG mice were significantly increased (Fig 3A). 

CD70TG mice of 4-week-old had an average increase of 18% of CD4+ and 28% of CD8+ T cells 

in the spleen and of 40% of CD4+ and 44% of CD8+ T cells in the lymph nodes. At the age of 8 

weeks, CD70TG mice had an average increase of 23% of CD4+ and 3 1 % of CD8* T cells in the 

spleen and of 5 1 % of CD4+ and 53% of CD8+ T cells in the lymph nodes. The forward scatter 

profile of gated CD3* cells, showed that CD70TG mice contained a higher percentage of large, 

blastoid T cells in spleen and lymph nodes (Figure 3B). In summary, transgenically expressed 

CD70 functionally interacts with CD27 on T cells in the secondary lymphoid organs and induces 

T cell expansion and activation in the absence of deliberate antigenic challenge. 

CD4 CD27 • 

Figure 2. Normal T cell development and CD27 expression in thymus, but downmodulation of 
CD27 expression in peripheral lymphoid organs of CD70TG mice. 
(A) Normal T cell development in thymus of 4-week-old CD70TG mice. Thymocytes were stained with 
FITC-conjugated anti-CD4 mAb and PE-conjugated anti-CD8 mAb. 
(B) CD27 expression is downmodulated on T cells of 4-week-old CD70TG mice in spleen and peripheral 
lymph nodes but not in thymus. Cell suspensions of thymus, spleen and lymph nodes from WT and 
CD70TG mice were stained with FITC-conjugated anti-CD27 mAb and PE-conjugated anti-Thy1.2 mAb. 
Numbers indicate the percentages of total viable cells (based on forward scatter and side scatter 
properties) within defined regions. Shown are representative results of 8 independent experiments. 
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Figure 3. Increased T cell numbers and an activated T cell compartment in CD70TG mice. 
(A) Increased T cell numbers in spleen and peripheral lymph nodes of 4 and 8-week-old CD70TG mice 
(black bar) as compared to WT mice (white bar). Cells from spleen and peripheral lymph nodes were 
counted and analyzed by flow cytometry after staining with FITC-conjugated anti-CD4-mAb and PE-
conjugated anti-CD8-mAb. Data represent the mean values ± standard deviations of 6-10 individual mice. 
Asterisks denote a significant difference (p<0.05) as determined by Student's t test. 
(B) Histogram profiles of splenic CD3' T cells for forward scatter (FSC, linear scale) from 8-week-old WT 
and CD70TG mice. The percentages indicate the relative amount of blastoid cells within the T cell 
compartment. 

Chronic expression of CD70 drives differentiation towards memory/effector-type. 

CD27neg T cells appear to represent effector type cells both in humans (Hamann et al., 1997) 

and in mice (Baars et al., manuscript in preparation). In vitro studies have shown that CD70 

transfected cell lines not only reduce CD27 expression but also induce a number of effector 

functions in T cells (Goodwin et al., 1993; Brown et al., 1995). We tested if CD27/CD70 

interactions are involved in memory/effector cell formation in vivo. For both CD4+ and CD8+ T 

cells of CD70TG mice a strong increase in the number of T cells with a memory/effector 

phenotype, i.e. CD44hlCD62Lne9 (Sprent and Tough, 1994), was found when compared to WT 

(Figure 4A). The activation-associated isoform of CD43 was shown to be a reliable marker for 

effector CD8+ T cells (Harrington et al., 2000). Expression of this CD43 epitope was found to be 

enhanced on CD4* and CD8 ' T cells from CD70TG mice thereby corroborating increased 

effector cell differentiation in these animals (Figure 4B). The increase of T cells with a 

memory/effector phenotype was evident not only in spleen but also in peripheral blood and 

lymph nodes. Expression of the early activation markers CD69 and CD25 was not significantly 

different between WT and CD70TG mice (data not shown). 

Cytokine expression was determined by intracellular staining of T cells that had been stimulated 

with phorbol ester and ionomycin. Comparable percentages of IL-2 and TNF producing splenic 

CD4+ and CD8+ cells were found in CD70TG mice and their WT littermates (Fig 4C). However, a 

significant increase in IFNy producing T cells was found in both CD4+ and CD8* T cells (Fig 4C). 
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Figure 4. Increased differentiation towards memory/effector-type T cells in CD70TG mice. 
(A) Increased percentages CD44h'CD62Lne9 cells in spleen of CD70TG mice compared to WT mice. 
Single cell suspensions of spleens, isolated from 8-week-old WT and CD70TG mice, were stained with 
FITC-conjugated anti-CD62L mAb and PE-conjugated anti-CD44 mAb and analyzed by flow cytometry. 
Numbers represent the percentages of positive cells in indicated regions within the CD3* gate. Separate 
analyses of CD4* and CD8+ T cells gave similar results (not shown). Shown are representative results out 
of 8 independent experiments. 
(B) Increased expression of the high molecular weight isoform of CD43 on CD4* and CD8* T cells of 
CD70TG mice. Splenocytes were isolated from 8-week-old WT (dotted lines) and CD70TG mice (solid 
lines), and stained with PE-conjugated CD43 (1B11) mAb, and PerCP-conjugated anti-CD4 mAb or anti-
CD8 mAb. Numbers represent the percentages of CD43h' cells within the CD4+ or CD8* gate. 

(C) Increased percentages of IFNy-producing T cells in CD70TG mice. Spleen cells of 8-week-old WT 
and CD70TG mice were stimulated for 4 h with PMA and ionomycin in the presence of the protein-
secretion inhibitor Brefeldin A and subsequently intracellularly stained for IL-2, TNF and IFNy. The 
percentage of positive cells within the CD4* and CD8* gated cells are indicated. Each dot represents the 
cytokine production of the cells of one individual mouse (n=8). Asterisks denote significant differences 
(p<0.05) as determined by Student's t test. 

(D) Higher expression of IFNy-responsive genes in CD70TG mice. Single cell suspensions of bone 
marrow and spleen from 8-week-old WT (dotted lines) and CD70TG mice (solid lines) were stained with 
anti-Sca-1 (Ly6A/E) mAb and anti-MHC-class II mAb, Data presented are gated on total cell population 
for Sca-1, and gated on B220' cells for MHC-class II. 

In addi t ion, the mean express ion of IFNy w a s on ave rage 1.5 fold increased in T cel ls of 

C D 7 0 T G mice (data not shown) . T h e enhanced IFNy product ion cor re la ted wi th upregu la t ion of 

IFNy-responsive genes such as MHC-c lass II on splenic B cel ls and Sca-1 (Ly-6A/E) on bone 

mar row der ived cells (F igure 4D) . Final ly, levels of IL-4 we re be low detect ion th resho lds in both 

W T and C D 7 0 T G an imals (data not shown) . These data indicate that C D 7 0 potent ly s t imulates 

the deve lopmen t of C D 4 * and C D 8 + memory /e f fec tor T cel ls. 

C D 7 0 T G mice s h o w a progress ive decl ine in B cell n u m b e r s 

In ma rked contrast to increased cel lu lar i ty of the T cell compar tmen t , B cell numbers were 

reduced in all l ympho id o rgans of C D 7 0 T G mice . C o m p a r e d to W T mice, 4 -week-o ld C D 7 0 T G 

mice had on ave rage an 8 3 % reduct ion in absolute B cell n u m b e r s in bone mar row and 5 8 % in 

the sp leen . At this age a normal a m o u n t of B cel ls w a s found in lymph nodes (F igure 5A) . The 

decrease in B cell numbers p rogressed in 8-week-o ld C D 7 0 T G mice to 9 3 % in bone mar row, 

7 2 % in sp leen and 5 0 % in l ymph nodes (Figure 5A). 
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Figure 5. Progressive reduction of B cell numbers and reduced immunoglobulin levels in CD70TG 
mice. (A) Progressive reduction of B cell numbers in bone marrow, spleen and lymph nodes in 4- and 8-
week-old CD70TG mice. Cells from bone marrow, spleen and peripheral lymph nodes of 4- and 8-week-
old WT (white) and CD70TG (black) mice were counted and stained with anti-B220-APC and analyzed by 
flow cytometry. Data represent the mean values ± standard deviations of 8 to 10 different mice. Asterisks 
denote significant differences (p<0.05) as determined by Student's t test. 
(B) Serum immunoglobulin levels of 4 and 8-week-old WT (open circles) and CD70TG mice (filled circles). 
Concentrations of different immunoglobulin isotypes were determined by iso-type-specific ELISA. Each 
circle represents an individual mouse. Asterisks denote significant differences (p<0.05) as determined by 
Student's t test. 
(C) Immunohistochemical staining of B and T cells in the spleen of 4- and 8-week-old WT and CD70TG 
mice. Cryostat sections were double stained for B220' B cells (blue) and CD3* T cells (red). 
(D) Reduction in numbers of immature and mature B cells in CD70TG mice. Representative flow 
cytometric analysis of single cell suspensions of 4-week-old WT and CD70TG mice from bone marrow 
and spleen. Cells were stained with mAbs specific for IgM, IgD and B220. Numbers indicate the 
percentages of the total gated viable cell populations that fall into the indicated squares. 
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In 12-week-old mice, B cells were hardly detectable in the lymphoid organs (98% reduction in 

bone marrow, 94% in spleen and 86% in lymph nodes). In addition, also peritoneal B1 cells 

(lgM+CD5+) were diminished in CD70TG mice (data not shown). The serum immunoglobulin 

levels in 4- and 8-week-old CD70TG mice were reduced, especially lgG2a, lgG2b and lgG3 

(Figure 5B). 

Immunohistochemical analyses of spleen sections of 4- and 8-week-old CD70TG mice with 

anti-CD3 and anti-B220 antibodies showed a characteristic segregation in the white pulp of T 

and B cell areas (Figure 5C) but enlarged T cell areas and diminished B cell follicles were 

observed. Interestingly, in most cases B cell areas of CD70TG mice contained more T cells than 

those of WT mice (note the section of 8-week-old CD70TG mice, Figure 5C). 

The progressive decrease in B cell numbers could either be due to a block in B cell 

development by an intrinsic property of the CD70TG B cells or by an elimination mechanism 

that is not cell autonomous. The in vitro responses of purified CD70TG B cells to 

lipopolysacharide (LPS), anti-CD40 mAb and anti-IgM mAb were comparable to those of WT B 

cells, indicating no intrinsic deficiency of the CD70TG B cells to respond to general stimuli (data 

not shown). In addition normal antibody responses were found after primary immunization with a 

T cell-dependent antigen (TNP-KLH), but lower T cell independent antibody responses (TNP-

Ficoll) were found (Tesselaar et al., manuscript in preparation). 

Analysis of the B cell compartment in bone marrow of 4-week-old CD70TG mice and that of WT 

mice revealed that the immature/mature fraction (B220+lgM+) of B cells was relatively more 

reduced than the pro/pre-B cells (B220*lgM"; Figure 5D). In contrast, peripheral B cell subsets 

categorized into fractions I, II, and III, based on the relative levels of IgM versus IgD (Hardy et 

al., 1982), displayed modest differences in their relative profiles (Figure 5D). Together, these 

results indicate that CD27/CD70 interactions negatively regulate B cell development in the bone 

marrow. 

B cell depletion in CD70TG mice is dependent on CD27 and mediated by T cells 

To determine whether interaction of the CD70 molecule with CD27 is required for the B cell 

depletion, CD70TG mice were crossed with mice deficient for the CD27 gene. CD27"'" mice 

have an undisturbed development of the lymphoid compartment and normal T and B cell 

numbers (Hendriks et al., 2000). Since CD27'" x CD70TG mice have normal B cell numbers in 

both the primary and secondary organs (Table 1, Figure 6), it can be concluded that CD27 is 

essential for the reduced B cell numbers in CD70TG mice and corroborates the notion that 

CD70TG B cells have no intrinsic impairment. 

Expression of CD27 in mice is found on T cells, B cells, NK cells and progenitor cells. Either of 

these cell types could be responsible for disturbed B cell development in CD70TG mice. Since 

only antigen-experienced B ceils express CD27, a direct effect of CD27 triggering on B cells is 

unlikely to be responsible for the decrease in B cell numbers. NK cell depletion with anti-NK1.1 

antibodies did not alter the reduction in B cell numbers in CD70TG mice as compared to control 

antibody treated CD70TG mice (data not shown). To test T cell involvement, CD70TG mice 

were crossed with mice lacking T cells due to genomic deletion of the TCRa locus. The number 

of B cells in the bone marrow, spleen and lymph nodes of TCRa"'" x CD70TG mice was normal 

(Table 1) which strongly implies that B cells are eliminated during development in a T cell-

dependent fashion. Furthermore, since CD27 expression on progenitor cells in TCRa"'" x 

CD70TG mice is normal (data not shown), it is unlikely that constitutive CD27 ligation on stem 

cells is responsible for the alterations within the B cell compartment. 
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To directly assess the role of T cells in the B cell depletion, syngenic WT T cells were adoptively 

transferred into CD27"'" x CD70TG mice. The recipients had a comparable B cell reduction as 

the CD70TG mice (Figure 6A). A modest reduction of B cell numbers occurs upon adoptive 

transfer of effector cells into WT mice (data not shown), indicating that the activation and 

differentiation towards effector T cells is dependent on the repeated interaction between CD27 

and CD70. Thus, the reduced B cell numbers in the CD70TG mice is a consequence of the 

interaction between CD70-expressing B cells and CD27-expressing T cells. 

T cell-mediated B cell depletion in CD70TG mice is caused by IFNy 

Both CD4+ and CD8' T lymphocytes can eliminate other cells by three effector mechanisms: the 

perforin/granzyme system, the CD95/CD95L system and secretion of cytokines such as IFNy 

and TNF (Shresta et al., 1998). To investigate which of these effector mechanisms was involved 

in the T cell-mediated B cell depletion in the CD70TG mice, adoptive transfers of T cells derived 

from mice deficient in cytotoxic effector mechanisms were performed. Figure 6B shows that T 

cells derived from mice deficient in perforin, CD95L or TNF were as capable as WT T cells to 

reduce B cell numbers in CD27"'" x CD70TG mice. In marked contrast, T cells from IFNy'" mice 

did not affect B cells numbers. 

To substantiate that IFNy secretion is the effector mechanism mediating B cell depletion, 

CD70TG mice were crossed with IFNy'" mice. Like CD70TG mice, IFNy' x CD70TG mice have 

an activated T cell compartment as shown by enlarged lymph nodes and accumulation of 

CD44hlCD62Lneg T cells (data not shown). Still, B cell numbers were normal when compared 

with IFNy'" mice (Table 1). Importantly, this observation not only formally rules out the possibility 

that the B cell depletion is caused by CD70 ligation on TG B cells by CD27, but establishes that 

constitutive triggering of CD27 on T cells in vivo results in IFNy-mediated B cell depletion. 

Table 1. 

Mice 

Total B cell numbers of CD70TG mice on CD27"', TCRcx"' 

Bone Marrow Spleen 
B220+lgM- B220+lgM+ B220+ 
(x106) (x106) (x106) 

and IFNy'" backgrounds 

Lvmph nodes 
B220+ 
(x106) 

WT 3.4 + 1.0 1.810.9 56.7 ±7.8 5.7 + 1.6 
CD70TG 0.5 ±0.1* 0.1 ±0.05* 14.0 ±9.6* 2.7 ±1.7* 

CD27"'" 3.7 ± 1 . 5 1.910.6 44.1 ± 9 . 0 4.3 ±2 .1 
C D 2 7 ' x CD70TG 4.1 ± 1 . 0 2 .6±1 .0 41.3 ±10 .7 3.7 ± 2.5 

TCRoc"'" 2.4 + 0.9 1.1 ± 0 . 4 45.1 ± 7 . 1 n.d. 
TCRoc"' x CD70TG 2.5 ± 0.6 0.9 ± 0 . 2 40.8 ± 3.5 n.d. 

IFNy'" 4.2 ± 0 . 6 1.6 ± 0 . 7 39.6 ± 4 . 6 3.0 ± 0.4 
IFNy"'" x CD70TG 3.5 ± 0.9 1.3 ± 0 . 4 39.7 ± 6.2 2.7 ± 0.3 

Values (± standard deviation) represent results obtained from 4-8 different mice of 8-week-old. B cell 
numbers were calculated based on the percentage of lymphocytes expressing the indicated cell 
surface markers as determined by two-color immunofluorescence analysis with anti-IgM mAb and anti-
B220 mAb of cell suspensions of bone marrow, spleen and lymph nodes. 
* The percentage of cells were significantly less than in control littermates (p<0.05; Student's t test). 
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Figure 6. B cell depletion depends on interaction with CD27 on T cells and is mediated by IFNy, 
but not by CD95L, perforin or TNF. 

(A) Flow cytometric analysis of single-cell suspensions of spleens isolated from CD27 , CD70TG and 
CD27 x CD70TG mice with or without adoptively transferred WT T cells. B cells were stained with FITC-
conjugated anti-IgM mAb and APC-conjugated anti-B220 mAb. 
(B) B cell numbers of CD2T/~ and CD27' x CD70TG mice which were untreated or injected 
intravenously with T cells from WT, CD95L ', perforin1', TNF'' or IFNy' mice. Data represent the mean 
values ± standard deviations of 3-6 different recipients. Asteriks denote a significant difference (p<0.05) 
as determined by Student's t test. For adoptive transfer, lymph nodes were isolated from either wild type, 
CD95L ', perforin"'', TNF'•''' or IFNy' mice and T cells were purified as described under Expehmental 
Procedures. Syngenic recipients (CD27 or CD27 x CD70TG mice) were intravenously injected with 
20x106 T cells. Purity of CD3* cells was >95%. After 21 days single cell suspensions from bone marrow 
and spleen were analyzed. 

Discussion 
CD27/CD70 interactions regulate T-cell expansion 
Numerous in vitro studies have established that CD27 transmits co-stimulatory signals for T-cell 
expansion. However, in these assays the effects of CD27 ligation are relatively moderate when 
compared to the consequences of CD28 triggering. Remarkably, the studies in the B cell-
specific CD70TG mice here show that the CD27/CD70 system is a very potent stimulator of T 
cell expansion in vivo. In agreement with this presumed role, CD27"'" mice show a diminished 
expansion of antigen-specific T cells after influenza virus infection (Hendriks et al., 2000). The 
signal transduced via CD27 is qualitatively different from the CD28 derived signal since CD27 
ligation does not augment the production of IL-2 nor does it enhance cell cycle entry or activity 
in vitro (Hintzen et al., 1995; Hendriks et al., 2000). Indeed, although T cell activation is evident 
in CD70TG mice, the percentage of IL-2 producing T cells is comparable to that of WT mice. 
These studies appear to be in agreement with earlier observations that CD27 signaling does not 
exert its major effect via the induction of IL-2 (Goodwin et al., 1993). 
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The TNFR family members OX40 and 4-1BB share a number of signaling components with 

CD27, notably TRAF 2 and 5. As these receptors and their respective ligands can be expressed 

during the same stages of immune responses they may work either in series and/or parallel with 

CD27 to determine the size of expanded T cell pool. Recently, it has been shown that mice 

which can not utilize either OX40 or 4-1BB receptor systems have, like CD27"/_ mice, problems 

in mounting adequate immune responses to protein and viral antigens (DeBenedette et al., 

1999; Tan et al., 1999; Kopf et al., 1999; Chen et al., 1999). Still, all these mutant mice retain a 

certain capacity to respond to antigenic challenge, suggesting that co-stimulatory receptors may 

compensate for the loss of others. 

CD27/CD70 involvement in the generation of effector T cells 

In the B cell-specific CD70TG mice we observed a striking accumulation of CD27ne9CD43hl 

CD44'"CD62Lne9 memory/effector type T cells that produce increased amounts of IFNy but not 

IL-2. Studies in the human system have provided indirect evidence for the involvement of 

CD27/CD70 interactions in the generation of effector-type cells. CD70 induces downmodulation 

of CD27 and release of its soluble form (Hintzen et al., 1994). Concomitantly, CD27 triggering 

causes acquisition of CD8+ T cell effector function (Goodwin et al., 1993; Brown et al., 1995). 

Other studies have indicated that CD27 negativity can be regarded as a stable trait of both 

CD4* and CD8+ cells effector T cells (Hamann et al., 1997). In support of their effector type 

status, CD27neg peripheral T cells also lack CCR7 expression which renders unable them to 

recirculate to lymph nodes but rather implies that they migrate to solid tissues (Gamadia et al., 

2001). The data obtained in the human system together with the findings of the CD70TG mice 

suggest that CD27/CD70 interactions are important in effector cell differentiation. In this 

scenario the amount of CD70 that is induced during infections is an important parameter for the 

number of effector T cells that are generated. It is unclear at this moment whether CD27 

signaling itself is sufficient to drive differentiation towards IFNy secreting effector T cells or 

whether CD27/CD70 interactions only sensitizes for differentiation-inducing signals such as IL-

12. Furthermore, as has been discussed for the regulation of expansion of antigen-primed T 

cells, it is likely that to a certain extent the CD27 signal can be bypassed by other receptors 

since CD27-deficient mice have a normal capacity to generate IFNy producing T cells (Hendriks 

e ta l . ,2000) . 

Effects of CD70 outside the T cell compartment depend on enhanced secretion of IFNy 

In CD70TG mice a strong reduction of B cell numbers in lymphoid organs and bone marrow is 

found. This B cell depletion is not due to an intrinsic defect of CD70TG B cells because their 

capacity to proliferate to a variety of stimuli is similar to that of WT B cells and they mount 

adequate antibody responses to T cell-dependent antigens. Rather, depression of the B cell 

system is due to the effect of IFNy secreting T cells that inhibit the outgrowth of B cells in the 

bone marrow (Figure 5D and 6B). A direct effect of IFNy would be in accordance with several in 

vitro experiments showing inhibitory effects of IFNy on proliferation of B cell precursors 

(Grawunder et al., 1993; Gimble et al., 1993; Garvy and Riley, 1994). Furthermore, IFNyTG 

mice have a similar reduction of B cells in bone marrow, spleen and lymph nodes (Young et al., 

1997). Finally, SOCS-1 deficient mice that are hyper-responsive to IFNy have a complex 

phenotype including severe B cell depletion. As for CD70TG mice these clinical features are 

eliminated on an IFNy' background (Alexander et al., 1999). 
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CD70TG mice have a similar B cell phenotype as CD80 (B7.1) or CD86 (B7.2) TG mice. Both 

types of mice have decreased B cell numbers in bone marrow (Sethna et al., 1994; Fournier et 

al., 1997; Van Parijs et al., 1997). CD86 expressing B cells are specifically eliminated during 

their maturation due to interactions with T cells by an unknown mechanism (Fournier et al., 

1997). A similar mechanism might underlie the B cell depletion in CD80TG and CD86TG mice 

as reported here for B cell depletion in CD70TG mice. CD70 and CD80/CD86 are unlikely to 

play successive roles in the same co-stimulatory pathway because CD70TG B cells do not have 

increased levels of CD80/CD86 molecules (Arens, unpublished observations) nor do CD86TG B 

cells express CD70 (S. Fournier, personal communication). Expansion of the T cell 

compartment appears to be more prominent in CD70TG than in either CD80TG or CD86TG 

mice. This may partially be a technical issue related to the differences in the promoters used for 

expression of the transgene. Alternatively, CD28 signaling is physiologically counteracted by 

CTLA-4 signaling, but a competitor of CD27 signaling has not been identified. In the absence of 

a natural antagonist, T cells may be unable to escape from the CD70 signal. Collectively, data 

obtained with CD80TG, CD86TG and CD70TG mice show that deregulated delivery of co-

stimulatory signals may have a severe impact on cells outside the T cell lineage. It is important 

to note that in none of the described genetically modified mice (SOCS-1"'", IFNyTG, CD70TG, 

CD80TG, and CD86TG) deliberate antigenic challenge is needed to induce the effects on the B 

cell lineage. This suggests that either environmental antigens, present under specific pathogen 

free conditions, can induce levels of T cell activation sufficient for these effects or that chronic 

co-receptor ligation in vivo is not a neutral event but has a stimulatory effect for the T cell 

compartment even in the absence of TCR ligation. 

Pathophysiology of deregulated CD70 expression 

In agreement with its strict regulation by antigen and cytokines, CD70 is only sparsely detected 

in normal human lymphoid tissue (Lens et al., 1999). Still, abundant CD70 expression has been 

documented in Hodgkin's and Reed-Sternberg cells, on lymphocytes from chronic B-cell 

lymphocytic leukemia patients (Gruss and Dower, 1995;). Markedly, also in chronic viral 

infections, prototypically HIV infection, enhanced expression of CD70 and aberrant CD27 

expression have been reported (Wolthers et al., 1996). Finally, several studies in mouse tumor 

models have demonstrated that CD70 is a potent adjuvant to induce anti-tumor T cell immunity 

(Nieland et al., 1998; Couderc et al., 1998; Lorenz et al., 1999). Based on the findings reported 

here, this may be related to the fact that CD27/CD70 could be instrumental in the expansion of 

effector-type T cells. If indeed no counter-acting mechanisms for the CD27 signal are 

operational this would make CD70 an attractive candidate adjuvant to promote effector T cell 

differentiation, alone or in combination with other co-stimulatory ligands, to include in anti-tumor 

vaccines. 
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Materials and Methods 
Generation of CD70TG mice 
DNA encoding the mCD70 gene was isolated from a P1 plasmid (Tesselaar et al., 1997) and cloned into 
the Hindl l l site of pBluescript (KS+/-). Subsequently, a 6 kb DNA fragment containing the human CD19 
promoter (kindly provided by M. Busslinger, Research Institute of Molecular Pathology, University of 
Vienna, Austria) was cloned into the Notl site of this plasmid, resulting in a 14 kb construct. The construct 
was digested with Xhol and Sstll to release the 11 kb DNA fragment (Figure 1A). DNA was microinjected 
into pronuclei of C57BL76 fertilized oocytes and implanted into pseudopregnant female C57BL/6 mice. TG 
founders were identified by Southern Blot analysis of tail DNA and propagated by mating with WT 
C57BL/6 mice. Offspring was tested for presence of the transgene by flow cytometric analysis of 
peripheral blood cells with anti-mCD70-FITC (clone 3B9). Mice were maintained under specific-pathogen-
free conditions in the animal facility of the NKI. 

Mice 

Mice strains used: C57BL/6, CD27'" mice (Hendriks et al . , 2000), and TCRa mice (Mombaerts et al., 
1992) were bred and kept in the animal facility of the NKI. CD95L"'' (FasL9ld) and TNF"' mice (Pasparakis 
et al . , 1996) were kindly provided by Dr. J.P. Medema (Leiden University Medical Center, Leiden), 
perforin-deficient mice (Kagi et al., 1994) were kindly provided by Dr. Ossendorp (Leiden University 
Medical Center, Leiden), and IFNy ' " (C57BL/6-lfng ,m,Ts) mice (Dalton et al., 1993) were purchased from 
Jackson Laboratories (BarHarbor, ME). All mice strains were on a C57BL/6 background, except for 
TCRa"'" mice, which were on a mixed background of C57BL/6 and 129/Ola. Identification of mutant mice 
was performed as described by PCR analysis of tail DNA or by FACS analysis of peripheral blood cells. 

Southern Blot analysis 
Genomic DNA was obtained from tail biopsies and digested with Hindll l , separated on a 0.8% agarose 
gel, transferred to Hybond membrane, and hybridized with 32P-labeled mCD70 cDNA probe, followed by 
washes and autoradiography. The probe was prepared by PCR with the primers 5'-
GGATGCCGGAGGAAGGTCGCCC-3 ' and 5-CAAGGGCATATCCACTGAACTC-3' , and with mCD70 
cDNA as template. 

Flow cytometry 
Single cell suspensions were obtained from spleen, lymph nodes (axillary, brachial, inguinal and 
mesenteric), and thymus by grinding the tissues through nylon sieves, as well as from bone marrow 
(femurs and tibias) by flushing the bones with a needle. Erythrocytes in spleen, bone marrow and blood 
preparations were lysed with ammonium chloride solution. Cells (4 x 105) were collected in 96-well U-
bottomed plates in FACS staining buffer (PBS, 0.5% bovine serum albumin, 20 mM NaN3). All samples 
were preincubated for 10 min with anti-CD16/CD32 (FcBlock, clone 2.4G2, Pharmingen) and 
subsequently stained for 30 min at 4°C with antibodies. Finally, analysis was performed on a 
FACSCalibur™ using Cell Quest software (Becton Dickinson). Viable populations were gated on the basis 
of forward scatter and side scatter, and 20,000 cells/sample were analyzed. 

The following antibodies were obtained from Pharmingen (San Diego, CA): CD3s-allophycocyanin (APC) 
(clone145-2C11), CD4-fluorescein isothiocyanate (FITC) or peridinin chlorophyll protein (PerCP) (clone 
RM4-5), CD5-phycoerythrin (PE) (clone 53-7.3), CD8a-PE or PerCP (clone 53-6.7), CD25 (clone 7D4), 
CD40-FITC (clone HM40-3), CD43-PE (clone S7, clone 1B11), CD44-PE (clone IM7), CD45R/B220-FITC, 
biotin or APC (clone RA3-6B2), CD62L-FITC (clone MEL-14), CD69-FITC (clone H1.2F3), CD80-PE (B7-
1, clone 16-10A1), CD86-PE (B7-2, clone GL1), Ly-6A/E-Biotin (Sca-1, clone D7), NK-1.1 (clone PK136), 
and Thy1.2-PE (clone 51-8). Antibodies obtained from Southern Biotechnology Association (Birmingham, 
AL, USA) were: IgM-FITC (clone 1B4B1) and IgD-PE (clone 11-26). The following antibodies were 
purified from hybridoma supernatants and conjugated to FITC or biotin according to standard procedures: 
CD3 (clone 145-2C11), CD4 (clone MT4), CD8 (clone 2.43), CD27 (clone LG.3A10), CD70 (clone 3B9 
and 6D8; Tesselaar et al., manuscript in preparation), MHC-class II (clone M5/114), NK1.1 (clone PK136). 
For detection of biotinylated antibody, streptavidin-PE (Caltag Laboratories, CA) or streptavidin-APC 
(Pharmingen) was used. 

50 



CD70-lnduced Effector Cell Formation 

Intracellular staining for cytokines 
Single cell suspensions of spleen and lymph nodes were stimulated for 4 h with 1 ng/ml PMA and 1 u.M 
ionomycin in the presence of the protein-secretion inhibitor Brefeldin A (1 ug/ml, all from Sigma Chemical 
Co., St. Louis, MO). After cell-surface staining with FITC-conjugated anti-CD4-mAb and PE-conjugated 
anti-CD8 mAb in FACS staining buffer, cells were washed followed by fixation (5 min, 4% PFA in PBS) 
and permeabilization (30 min, 0.1% saponin in FACS staining buffer). Next, cells were incubated for 30 
min in FACS staining buffer supplemented with 0.1% saponin, 5% normal mouse serum and 2.5 ng/ml 
CD16/CD32 Fc Block. Cells were then incubated for 30 min with APC-conjugated anti-IL2 (clone JES6-
5H4), or APC-conjugated anti-TNF mAb (clone MP6-XT22) or biotinylated anti-IFNy mAb (clone XMG1.2) 
(all from Pharmingen) in FACS staining buffer with 0.1% saponin. Incubation with streptavidin-APC 
(Pharmingen) was used to complete IFNy staining. 

Immunohistochemistry 
Spleen and lymph nodes from 4 and 8-week-old WT and CD70TG mice were isolated and snap-frozen in 
liquid nitrogen, cryostat sections were double stained for B220 and CD3. The primary antibodies used 
were biotinylated anti-B220 mAb and FITC-conjugated anti-CD3 mAb (Pharmingen). For the detection of 
the biotinylated antibody, alkaline phosphatase-labeled streptavidin (DAKO) was used whereas the FITC-
conjugated antibody was detected with a horseradish-peroxidase labeled rabbit-anti-FITC antibody 
(DAKO). 3.3-amino-9-ethylcarbozole (AEC) and 5-bromo-4-chloroindothyl phosphate (Sigma) was used 
as subtrate for development. 

Analysis of immunoglobulin levels 
Levels of immunoglobulin subclasses in sera were measured by sandwich ELISA, using unlabeled and 
biotinylated anti-mouse immunoglobulin isotype-specific antibodies (Southern Biotechnology Associates). 
Diluted plasma was incubated at room temperature for 3 h, peroxidase and tetramethylbenzidine 
(MERCK, Darmstadt, Germany) was used as substrate. Antibody concentrations were calculated by using 
purified immunoglobulin isotypes as standards. 

Adoptive transfer into CD27''" and CD27"'" x CD70TG mice 
Lymph nodes (superficial cervical, axillary, brachial, inguinal and mesenteric) were isolated from 6-week-
old WT, CD95L"'", perforin"'", TNF"'~ and IFNy"'" mice. Cells were incubated with rat-anti-MHC-class II and 
rat-anti-B220 antibodies, washed once and then incubated with goat-anti-rat IgG microbeads (Miltenyi 
Biotec, Bergisch Gladbach, Germany). After washing, cells were magnetically separated and effluent 
fractions were consistently found to be >95% CD3* as evidenced by flow cytometry. Syngenic recipients 
(CD27"'" or CD27"'" x CD70TG mice) were injected with T cells. After washing with PBS, T cells (20 x 106 

per recipient) were injected intravenously into tail of 6-week-old sex-matched CD27"'" and CD27"'" x 
CD70TG syngenic mice. After 21 days, the recipients were sacrificed and single cell suspensions were 
made from bone marrow (femurs and tibia), spleen and lymph nodes (axillary, brachial, inguinal). Cells 
were counted and analyzed by flow cytometry to determine B220+ cells. 

Statistical Analysis 
All data are shown as mean values ± standard deviations. Student's t test was used to determine the level 
of significance of differences in population means. 
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