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Chapter 1 

General Introduction 

The immune system is designed to eliminate invading pathogens and malignant cells. In higher 

organisms the first line of defense is mediated by components of the innate immunity. The 

macrophages and neutrophils of the innate immune system recognize pathogens by means of 

receptors that bind repeating structural motifs of microorganisms. If pathogens can breach this 

early defense mechanism an adaptive immune response will ensue. The specificity of the 

adaptive immune system is determined by the antigen receptors on B cells (B cell receptor) and 

T cells (T cell receptor). The B cell receptor consists of immunoglobulin domains able to bind 

specific antigen. The secreted forms of immunoglobulins (antibodies) exert the humoral effector 

function of B cells: eradicating pathogens in the extracellular spaces of the body. CD4 and CD8 

positive T cells can be activated if their T cell receptor detects antigen-derived peptides 

presented by major histocompatibility complex (MHC) class II and class I molecules, 

respectively. MHC class I molecules bind peptides derived from cytoplasmic proteins and are 

expressed on all nucleated cells, reflecting the specialized effector function of CD8* T cells: 

specific killing of any infected or mutated cell. MHC class II molecules are expressed on 

professional antigen-presenting cells (i.e. dendritic cells, B cells and macrophages) that are 

specialized for processing and presenting exogenous antigens. The main function of CD4* T 

cells that recognize the MHC class II molecules is to help other cells of the immune system (i.e. 

B cells, CD8+ T cells and macrophages) to fulfill their function. 

Regulation of the adaptive immune response 

After encountering pathogen-derived antigens, naïve T cells clonally expand and acquire 

effector cell properties. In mice, it has been estimated that precursor populations of antigen-

specific CDS* T cells increase in size from 100-200 cells up to 1 * 107 cells during bacterial and 

viral infections1"3. After this expansion phase more than 90% of the effector T cell pool 

experiences contraction via apoptosis (Figure 1). The remaining population of T cells has 

acquired the ability to generate a more rapid and greater response in case of re-infection with 

the same pathogen and is maintained for a long time4. This property of remembering adaptive 

immune responses, entitled as immunological memory, is exploited for vaccination of humans 

with a dead or attenuated form of the pathogen. 

Primary responses of naïve CD8* T cells to non-inflammatory immunogens are CD4* T cell help 

dependent. This support of CD4+ T cells acts either directly to CD8+ T cells or indirectly through 

stimulating antigen-presenting cells that prime CD8+ T cells, and involves signals delivered 

through the tumor necrosis factor (TNF) family member CD40 ligand (CD154) and its receptor5" 
8. Although, primary CD8+ T cell responses to infectious agents such as viruses and bacteria are 

generally unaffected by the absence of CD4+ T cells9"11, the memory CD8* T cell response to 

these pathogens requires help from CD4+ T cells12'14. 
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Figure 1. The antigen-specific T 
cell response. The three phases 
of the response are indicated at 
the top. The increase in cell 
number during the expansion 
phase is due to clonal expansion 
of T cells undergoing cell division. 
After antigenic clearance, the 
contraction phase ensues and the 
number of antigen-specific T cells 
decreases because of apoptosis. 
The remaining population 
stabilizes and can be maintained 
for lifetime. In general, the 
magnitude of the CD4* T cell 
response is lower than that of the 
CD8" T cell response. 

Days post antigenic challenge 

The expansion phase 

Priming of CD8+ T cells can occur within several hours after infection and within 2 days active 

killer T cells appear. After the initial antigenic encounter, CD8+ T proliferation is independently of 

further antigenic stimulation and the CD8+ T cells are committed to at least 8 cell divisions15"18. 

However if the antigenic stimulation is less than 4-6 hour the programmed proliferative response 

is abortive19. Recruitment of CD8+ T cells ends between 48 and 96 hours after antigenic 

challenge as a consequence of a feedback regulation of primed CD8* T cells that eliminates the 

activated antigen-presenting cells20. 

During the expansion phase both naive CD4+ and CD8+ T cells can differentiate into at least two 

functional subsets of effector cells characterized by cytokine production profiles21. Type 1 T cells 

produce cytokines such as interferon-y (IFN-y), tumor necrosis factor (TNF) and interleukin-2 

(IL-2) and promote cell-mediated immunity. Type 2 T cells, which secrete cytokines including IL-

4, IL-5, IL-6 and IL-10, have an important role in the humoral immune response. The 

differentiation into these polarized cytokine profiles correlates with the chromatin remodeling of 

the expressed cytokine2223. Important factors that influence the decision of becoming either type 

1 or type 2 are the presence of IL-12 or IL-4, respectively, at the initial activation. Generally, 

cytokine production by CD8* T cells occurs in a rapid on/off fashion tightly regulated by 

antigenic contact24. Besides acquiring the ability to produce cytokines, CD8* T cells are also 

equipped with the cytolysis-inducing molecules perforin and granzyme and the apoptosis-

inducing CD95 ligand (FasL/APO-1L) to execute antigen-bearing target cells25. 

The contraction phase 

After expansion, antigen-specific CD8+ T cell responses are programmed to subsequently 

contract, independently of the duration of infection or amount of antigen displayed26. However, 

the contraction phase is not entirely unmodifiable. Both positive and negative factors can 

modulate this stage of the T cell response. The administration of IL-2 during expansion phase 

results in higher levels of antigen-specific T cells27 whereas the effector cell molecules perforin 

and IFN-y have a downsizing influence28. The role of the death domain containing TNF receptor 

family member CD95 in apoptosis of mature T cells is controversial. While some report that 

CD95 is involved in death of activated T cells in wVo29"31 others do not32"36. Whether other 

expansion memory 

CD8*T cells 

CD4* T cells 
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factors also have contraction-modulating properties remains to be investigated. Candidate 
cytokines are IL-4, IL-7 and IL-15 because these cytokines can reduce the death of T cells in 
vitro as well as in vivo by supporting survival and proliferation37. Apparently, the importance of 
downregulating activated T cells is to prevent immunopathology since excessive expansion or 
defective contraction of T cells (particularly CD8*) results in severe or even fatal outcome38,39. 
This collateral damage to the host is primarily caused by the same lytic machinery and 
cytokines (mainly IFN-y) involved in pathogen clearance. 

The memory phase 
During clonal expansion and the ensuing contraction memory T cells progressively acquire40 

quantitative and qualitative properties to control infections more effectively after challenge with 
the same pathogen: 
-The precursor frequency of antigen-specific T cells in antigenic challenged animals is 
considerably increased (>1000-fold) as compared to naive animals. 
-Memory T cells are endowed with the capacity to faster cell division and to produce important 
mediators such as interferon-y, RANTES, and the cytotoxic molecules perforin and granzyme B 
in larger quantities and more rapidly than naïve T cells41"44. 
-Naive T cells express primarily the molecules CD62L and CCR7, which facilitate migration into 
peripheral lymph nodes4546. Memory T cells are categorized, based on expression of these 
homing molecules, into two subsets: the CD62LhlCCR7* central memory T cells and the 
CD62Ll0CCR7" effector memory T cells47. The lack of these molecules on effector memory T 
cells allows these cells to circulate into non-lymphoid tissues48, the site where microbial 
infections generally commence. 
-The secondary CD8+ T cell contraction is delayed as compared to primary contraction, 
reflecting increased resistance to apoptosis of secondary effectors4950. In addition, the memory 
T cells situated in peripheral tissues are more resistant to apoptosis than those in lymphoid 
organs51. 
-Memory T cell populations are stably maintained for a long time; especially in case of CD8+ T 
cell memory52. This replenishment of memory T cells, entitled as homeostatic proliferation, is 
MHC interaction independent5354 and driven by the cytokines IL-15 and IL-7 for CD8+ T cell 
memory55"57. Factors influencing memory CD4+ T cell numbers have not been identified yet. In 
contrast to memory T cells, naïve T cells require self MHC tickling58 and are maintained, albeit 
for shorter periods, by an IL-7 driven proliferation59. 

Requirement and modulating effects of costimulation in T cell responses 
Effective activation of T cells not only requires signals from the T cell receptor after its 
interaction with peptide-MHC complexes but also costimulatory signals. Costimulatory 
molecules affect the level of T cell activation by enhancing T cell receptor signaling60 and/or 
providing additional signals that increase expansion of T cell populations and their responses. 
The best defined costimulatory signals are mediated by interactions between CD28-B7 and 
ICOS-ICOSL belonging to the immunoglobulin family61 and between TNF receptor family 
members and their ligands62, exemplified by CD27-CD70, OX40-OX40L, and 4-1BB-4-1BBL 
(see for details Figure 2). Although costimulatory molecules share their ability to enhance TCR-
driven T cell expansion, they possess distinct properties. First, whereas some costimulatory 
molecules act early (CD28) to augment T cell receptor-derived signals other support late T cell 
responses (OX40-OX40L and 4-1BB-4-1BBL)6364. Second, the effects on CD4* and CD8* T 
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cells can vary: deficient OX40 signaling impairs CD4+ T cell responses, whereas CD8+ T cell 

responses are largely unaffected65"67. In contrast, 4-1BB signals appear to modulate CD8" T cell 

responses preferentially68"71. Third, costimulatory signals have diverse outcome on cytokine 

production. Whereas CD28 delivers a potent IL-2 production signal72, ICOS derived signals 

stimulate production of IL-1073. Whether signals of the costimulatory TNF receptor family 

members favor a particular cytokine profile is poorly examined. Besides their critical role in 

expansion of T cells, costimulatory molecules might also influence the contraction phase by 

inducing anti-apoptotic molecules belonging to the Bcl-2 family74"76. 

CD28-mediated signals are counterbalanced by the homologous inhibitory CTLA-4 receptor77, 

thereby preventing an otherwise fatal overstimulation of the immune system78,79. Thus far 

counteracting molecules for the costimulatory TNF receptor family members have not been 

identified. 

Figure 2. Representation of the costimulatory 
ligands of the TNF family and their receptors. 
Ligands of the TNF family are homotrimeric type II 
transmembrane proteins with a carboxy-terminal 
extracellular domain and an amino-terminal 
intracellular domain. The C-terminal extracellular 
domain (also known as the TNF homology 
domain) has 20-30% amino acid identity between 
the superfamily members. The TNF receptor family 
molecules are type I transmembrane monomers 
(extracellular N-terminus and intracellular C-
terminus) and are thought to trimerize when 
interacting with their ligands. The receptors are 
characterized by cysteine rich repeats in the 
extracellular domain. Soluble forms of receptors 
have been identified. 

Manipulation of costimulatory interactions for therapeutic strategies 

Given the critical role T cells play in control and clearance of viral infections and malignant cells, 

strategies to enhance T cell responses may have important clinical applications80"82. One such 

strategy is the exploitation of T cell costimulation. Several methods have been used to 

incorporate therapeutic approaches for treatment of malignancies based on costimulation 

enhancement: transfection of tumors with costimulatory molecules83"89, blocking or neutralizing 

the inhibitory CTLA-4 receptor of B7 thereby increasing CD28-B7 interaction90 and specific 

targeting of costimulatory receptors with agonistic monoclonal antibody71,91"93. The latter 

approach has also been shown to enhance viral-specific T cell responses94.T cell responses 

have, however, a dark side. Their lytic machinery can have detrimental consequences to the 

host when T cells migrate excessively into inflammatory tissues or are directed against self-

antigens as in autoimmune disorders, transplanted tissues during transplant rejection and host 

tissues in graft-versus-host disease. In these cases, abrogation of costimulatory interactions 

could have therapeutic benefits. Indeed, several mouse studies have shown the potential of 

blocking costimulatory interactions in treating allergic lung inflammation9596, rheumatoid 

arthritis97, experimental autoimmune encephalomyelitis9899 and graft-versus-host disease100"102. 

CD27L CD134L 
CD70 OX40L 

4-1 BB 
CD137 

TRAF binding doma 

Cysteine-rich doma 
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Scope of this thesis 

Because of the complexity of the numerous costimulatory interactions, it is not clear which 

interactions are essential for generating an effective immune response and whether 

costimulatory molecules have unique or overlapping functions. Insight into the nature of 

costimulatory signals might provide important concepts to enable successful immunotherapeutic 

approaches. 

This thesis focuses on the role of CD27-CD70 interactions in adaptive immune responses. The 

TNF receptor family member CD27 is constitutively expressed on the majority of T cells and on 

subsets of antigen-experienced B cells, NK cells and hematopoietic progenitor cells103"107. In 

contrast, expression of its ligand CD70 is tightly regulated and only transiently found on 

activated T cells, B cells and dendritic cells108"110. Thus far, in vitro studies have revealed a 

costimulatory role of CD27-CD70 interactions for T cells106111. However, the nature of CD27-

CD70 costimulatory signals in vivo remained indistinct. 

To assess the role of CD27-CD70 interactions in vivo, a mouse model was generated in which 

CD27 was permanently ligated by constitutive expression of CD70 on B cells (chapter 2). These 

CD70 transgenic mice show an increased differentiation toward IFN-y producing effector-

memory type T cells and exhibit a progressive B cell depletion mediated by the T cell-derived 

IFN-y. In chapter 3 the role of CD27-CD70 interactions in the instructional program of antigen-

specific T cell development was examined. It was found that CD27 ligation enhances antigen-

specific CD8+ T cell responses to influenza virus and tumors quantitatively and qualitatively. 

Importantly, this CD70-mediated improvement of effector CD8+ T cell formation efficiently 

protected to lethal tumor challenge. Nevertheless, as described in chapter 4, in the long run 

constitutive CD27-CD70 interactions are not beneficial because they eventually exhaust the 

immune system. In chapter 5, we sought to determine factors counterbalancing the CD70-

induced effector-cell formation and found that IFN-y and particularly CD95 are important 

regulators. In chapter 6 signaling through CD70 was investigated, and indicated that CD70 

ligation on B cells results in cell cycle entry and concomitantly inhibits IgG production. In chapter 

7 we examined the outcome of the progressive B cell depletion in the CD70 transgenic mice on 

the different macrophage subsets. Finally, in chapter 8 a general discussion of the preceding 

chapters is presented. 
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Abstract 

In vivo priming of antigen-specific CD8+ T cells results in their expansion and 

differentiation into effector T cells followed by contraction into a memory T cell 

population that can be maintained for life. Recent evidence suggests that after initial 

antigenic stimulation, the magnitude and kinetics of the CD8+ T cell response are 

programmed. It is however unclear to what extent CD8+ T cell instruction in vivo is 

modulated by costimulatory signals. Here, we have found that constitutive ligation of the 

TNF receptor family member CD27 by its ligand CD70 quantitatively augments CD8+ T 

cell responses to influenza virus infection and EL-4 tumor challenge in vivo by 

incrementing initial expansion, protracting the contraction phase and maintaining higher 

numbers of antigen-specific T cells in the memory phase. Concomitantly, the quality of 

antigen-specific T cells improved as evidenced by increased IFN-y production and a 

greater cytotoxic potential on a per cell basis. As an apparent consequence, the superior 

effector T cell formation induced by CD70 protected against a lethal dose of poorly 

immunogenic EL4 tumor cells in a CD8+ T cell and IFN-y dependent manner. Thus, CD70 

costimulation, even when not presented in direct context of viral or tumor antigens, 

enhances antigen-specific CD8+ T cell responses. 

Introduction 

In response to viruses, intracellular bacteria and a wide range of tumors, antigen-specific CD8" 

T cells have to expand for host defense (1,2). Characteristically, an antigen-specific CD81" T cell 

response consists of three phases. In the expansion phase antigen-specific T cells rapidly 

increase in numbers by cell divisions and effector functions are acquired. Following viral 

clearance about 90% of the effector T cells are eliminated by apoptosis. This contraction phase 

gradually converts into the maintenance phase in which the surviving antigen-specific T cells 

form the long-lived memory CD8+ T cell population (3,4). 

After initiation, the transition through these stages of CD8+ T cell development is directed by an 

instructional program that commits CD8" T cells to proceed with their differentiation (5-8). The 

duration of antigenic stimulation appears to determine whether clonal expansion is abortive or 

extensive (9). The fine-tuning mechanisms on the phases and quality of this program are poorly 

investigated. Thus far, it has been shown that the cytokine IL-2 delays the contraction phase 

(10) whereas the opposite has been found for IFN-y(11). Although it can be assumed that 

signals transmitted via costimulatory receptors also influence this instructional program, for 

many costimulatory interactions the nature of these changes has not been established. 
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The TNF receptor family member CD27 is constitutively expressed on the majority of T cells and 

on subsets of antigen-experienced B cells, NK cells and hematopoietic progenitor cells (12-15). 

In contrast, expression of its ligand CD70 is tightly regulated and only transiently found on 

activated lymphocytes and dendritic cells (16-18). In vitro studies showed that CD27-CD70 

interactions are implicated in T cell expansion (12, 19, 20) and in the enhancement of 

differentiation of CD8+ T cells into effector cytotoxic T cells (21 -23). Studies with CD27"'" mice 

revealed impaired expansion of antigen-specific T cells in primary and memory T cell responses 

to influenza virus infection (24). Complementary to these results, increased generation of 

effector-type T cells was found in B-cell specific CD70 transgenic (Tg) mice that was dependent 

TCR triggering (25, 26). Importantly, the effects of CD70 transgenesis are abolished in CD27"'" 

mice, indicating that B cell specific CD70 expression can be used to prove the effect of CD27 

stimulation (25, 26). We here addressed the question whether CD27-CD70 interactions modify 

quantitative and qualitative aspects of the instructional program of antigen-specific CD8+ T cell 

development. The results show that CD27 triggering enhances both the expansion and the 

functional activity of antigen-specific effector T cells. As an apparent consequence of this, CD70 

Tg mice are protected from otherwise lethal tumors. 

Results 

Increased antigen-specific effector CD8+ T cell expansion and protracted contraction in 
CD70 Tg mice following influenza infection. 

To test the impact of CD27 ligation on the kinetics of the immune reaction in a physiological 

virus infection model, influenza virus-specific CD8+ T cell responses of intranasally influenza 

virus infected wild-type and CD70 Tg mice were compared longitudinally using MHC class I 

tetramers. At the peak of the response, at day 9 post-infection, influenza-specific CD8+ T cell 

frequencies as measured by NP366-374 tetramer staining in peripheral blood were moderately 

increased in CD70 Tg mice as compared to wild-type mice (Fig. 1, A and B). Analyses of the 

ensuing time points revealed a markedly slower contraction of the influenza-specific CD8+ T cell 

pool in peripheral blood of CD70 Tg mice (Fig. 1 B). Finally, percentages of tetramer-binding T 

cells remaining long after viral clearance (day 27) were significantly higher in the CD70 Tg mice 

than in wild-type mice (Fig. 1 B). The kinetics and magnitude of the influenza-specific CD8+ T 

cells paralleled the expression of the effector cell marker 1B11 (27), recognizing the activation-

associated glycoform of CD43, on the total CD8+ T cell population (data not shown). 

At the peak of the response the absolute numbers of NP366.374-specific CD8+ T cells in spleen 

and lung were significantly increased in CD70 Tg mice as compared to wild-type mice (Fig. 1 

C). In lung-draining lymph nodes, the absolute numbers of NP366-373-specific CD8* T cells were 

slightly but not significantly increased in CD70 Tg mice (Fig. 1 C, left panel). Comparable results 

were obtained with tetramers loaded with the PA224-233 epitope of influenza virus (Fig. 1 D). 

Although no difference in contraction of the influenza virus-specific CD8+ T cell populations in 

lung and DLN was found, a delayed contraction of NP366.373 and PA224-233-specific CD8+ T cell 

populations in the spleen was observed (Fig. 1 C, D). To exclude the possibility that the 

increased numbers of antigen-specific CD8* T cells in the CD70 Tg mice was caused by 

differences in viral clearance we determined the viral titers in the lung of infected mice at several 

timepoints. At day 9 post-infection the viral titers were lower, but not significantly, in CD70 Tg 

mice compared to wild-type mice (data not shown). At day 14 and at day 23 after viral infection 

no viral titers could be detected in both groups of mice. 
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Figure 1. Increased generation of antigen-specific CD8* T cells in CD70 Tg mice after influenza 
virus infection. Wild-type and CD70 Tg mice were infected intranasally with influenza virus. (A) 
Representative F ACS profiles of blood cells collected at day 0 and at day 9 after infection showing H-2Db-
NP366-374 tetramer staining versus CD8. Numbers indicate the percentages of H-2Db-NP366.374-specific 
cells within the CD8* T cell compartment. No cells were stained with Moloney virus specific (H-2Db-
GagL85.93) tetramers (data not shown). (B) Frequency of H2-Db-NP366-374 tetramer positive cells among 
CD8* T cells in blood at the indicated days after influenza virus infection. Data represent mean values and 
standard error from 10 mice per group. Significant differences were determined with two-tailed Student's t 
test (*P<0.05, **P<0.005). (C) Absolute numbers of NP366.374-specific and (D) PA224-233-specific CD8* T 
cells in spleens, DLN, and lungs 9 days after infection. Shown data are mean and standard error from 6 
mice per group. Significant differences were determined with two-tailed Student's t test (* P<0.05, ** 
P<0.005). Both groups of mice showed no difference in kinetics of viral clearance. 
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The above results indicate that CD27 ligation on CD8* T cells enhances the expansion of 

antigen-specific CD8+ T cells and delays the contraction phase of these cells upon influenza 

virus infection. These findings might either be due to a broadening of the T cell repertoire 

specific for a given influenza antigen or to increased accumulation of the progeny of a similar 

repertoire of T cells. To determine the effects of CD27 stimulation on a monoclonal antigen-

specific CD8+ T cell population, we bred mice transgenic for the MHC class l-restricted TCR 

recognizing the influenza virus epitope NP366-374 (F5 TCR Tg; 28) with CD70 Tg mice. After 

influenza infection, CD70 Tg x F5 TCR Tg mice showed increased frequencies of CD8+ T cells 

with a CD43hl effector phenotype in peripheral blood as compared to F5 TCR Tg mice, which 

started at day 2 post-infection and was maintained until day 31 (Fig. 2 A). At the peak of the 

response, around day 9 post-infection, frequencies as well as absolute numbers of CD43hCD8+ 

effector T cells were significantly increased in both spleen and draining lymph nodes, but not in 

lung tissue of CD70 Tg x F5 TCR Tg as compared to F5 TCR Tg mice (Fig. 2, B and C)., 

indicating that CD70-costimulation enhances expansion of monoclonal CD8+ T cells. Taken 

together, triggering of CD27 augments initial expansion, delays the contraction phase and 

maintains higher numbers of T cells in the memory stage of CD8* effector T cells upon influenza 

virus infection. 
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Figure 2. Increased effector CD8* 
T cells in NP-specific TCR Tg x 
CD70 Tg mice. F5 TCR Tg and F5 
TCR Tg x CD70 Tg mice were 
infected intranasally with 
influenza virus. (A) Frequency of 
CD43h' expressing CD8" T cells in 
blood at the indicated days after 
influenza virus infection. Data 
represents average values and 
standard error of 5 mice per group. 
Significant differences were 
determined with two-tailed Student's 
t test (* P<0.05, ** P<0.005). (B) 
Representative FACS profiles of 
spleen, lung and DLN collected at 
day 9 after influenza virus infection 
showing CD43 staining on gated 
CD8* T cells of TCR Tg mice 
(shaded histograms) and TCR Tg x 
CD70 Tg mice (solid lines). Numbers 
indicate the percentage of CD43h' 
cells within the CD8' T cell 
compartment. (C) Absolute numbers 
of CD43h'CD8* T cells in spleen, 
lung and DLN at day 9 post
infection. Data represents average 
values and standard error of 5 mice 
per group Significant differences 
were determined with two-tailed 
Student's t test (**P<0.005). 
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Increased antigen-specific CD8+ T cell expansion upon tumor challenge. 

The effects of CD27 ligation in vivo on anti-tumor CD8* T cell responses were analyzed using 

EL4 tumor cells transfected with the virus-derived NP366.374 epitope. These tumor cells induce an 

NP366-374 -specific CD8+ T cell response and tumor rejection in normal mice (29). Subcutaneous 

inoculated EL4-NP tumor cells were rejected in wild-type and CD70 Tg mice with similar kinetics 

(Fig. 3 fl). The percentage of NP366-374-specific CD8* T cells at the peak of the response (day 13 

post-tumor challenge) and on consecutive days was ~2 to 3 fold increased in the blood of CD70 

Tg mice (Fig. 3 B). Similarly, the absolute number of NP366-374-specific CD8+ T cells was 

significantly increased in the spleen of CD70 Tg mice and slightly increased in DLN (Fig. 3 C). 

As in influenza infection, increased percentages of CD43hlCD8+ T cells were observed in the 

peripheral lymphoid organs of CD70 Tg mice (data not shown). It is unlikely that the B cell 

depletion occurring in CD70 Tg mice is involved in the observed effects on CD8+ T cell 

responses because B cell deficient mice show similar CD8' T cell responses after EL-4NP 

challenge (data not shown). Taken together, these data show that CD27 stimulation augments 

expansion and maintenance of the antigen-specific T cell pool after tumor challenge. 
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Figure 3. (A) Increased generation of NP-specific CD8* T cells in CD70 Tg mice after EL4-NP tumor 
challenge. Wild-type and CD70 Tg mice were challenged subcutaneously with 1 x 106 EL4-NP tumor 
cells and tumor size measured at the indicated days after tumor challenge. Data represents average 
values and standard error of 6 mice per group. (B) Frequency of NP366.374-specific CD8' T cells in blood of 
wild-type and CD70 Tg mice. Significant differences were determined with two-tailed Student's t test (* 
P<0.05). (C) Absolute numbers of NP366.374-specific CD8* cells in spleens and DLN at day 13 post tumor 
challenge. Significant differences were determined with two-tailed Student's t test (* P<0.05). 

Increased acquisition of effector cell properties after CD27 ligation. 

It is unsettled whether signals transmitted via TNF receptor family members improve effector T 

cell responses in a qualitative fashion (30). To assess whether CD27 stimulation contributes to 

the competence of antigen-specific T cells, we analyzed the acquisition of effector cell 

properties of NP366-374-specific T cells directly ex vivo. At the peak of the CD8+ T cell response to 

EL4-NP tumor cells, splenic NP366-374-specific CD8+ T cells were analyzed for their capacity to 

produce IFN-yand TNF-o. after in vitro stimulation with NP366.374 peptide. The percentage splenic 
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CD8* T cells after NP366-374 peptide stimulation producing IFN-y was significantly increased in 

CD70 Tg mice (4.1 ±1.0% in wild-type versus 7.2±1.2 % in CD70 Tg mice, n=5, P<0.05), which 

may in large part be explained by the increased size of the antigen-specific CD8+ T cell 

compartment. Remarkably, the IFN-y production on a per cell basis was reproducibly higher 

(316 ± 68 mean fluorescence intensity (MFI) wild-type versus 582 ± 98 MFI CD70 Tg mice, n=5, 

P<0.05) (Fig. 4 A). Constitutive CD27 ligation had no effect on TNF-a production in CD8+ T cells 

(Fig. 4 A). The contribution of CD27-CD70 interactions to the development of cytotoxic activity 

to NP366-374-peptide loaded EL4 cells was examined using a recently described flow cytometric 

CTL assay (31). On a per cell basis, the ex vivo cytotoxicity of splenic NP-specific CD8* T cells 

was enhanced in CD70 Tg mice as compared to wild-type mice (Fig. 4, B and C). Furthermore, 

the increase in cytotoxic activity in T cells of CD70 Tg mice was associated with augmented 

granzyme B expression in both CD8* T cells and NP-specific CD8* T cells in terms of intensity 

and percentages (Fig. 4 D). As predicted, granzyme B expression was primarily found in the 

CD43+ effector T cell subset. Also after influenza infection, splenic antigen-specific CD8+ T cells 

in CD70 Tg mice had increased IFN-y expression and cytotoxic activity (data not shown). Thus, 

apart from increasing the size of the effector T cell pool, CD27 stimulation enhances the 

capacity of CD8+ effector T cells to produce IFN-y and to execute cytolysis of antigen-bearing 

target cells. 

CD8+ T cell and IFN-y dependent tumor regression in CD70 Tg mice. 

The above findings showed that in the presence of a strong CD27 signal, both quantity and 

quality of CD8* T cell responses improve. To evaluate the possible benefits of this for increased 

immunity, the ability of CD8+ T cells to control growth of poorly immunogenic tumors was 

evaluated in CD70 Tg and wild-type mice. To this purpose, we examined the response to EL4 

tumor cells and EL4 tumor cells transduced with a retroviral vector containing GFP and the 

Moloney derived MHC class I restricted GagL85.93 epitope. The GagL epitope encoded by the 

Moloney retrovirus is derived from an alternative translation initiation site and presentation of 

this epitope is insufficient to allow immune control of EL4-GFP tumors in wild-type mice (29). 

EL4 and EL4-GFP tumor cells grew progressively in wild-type mice, while in CD70 Tg mice both 

EL4 and EL4-GFP tumors regressed at day 9 after tumor inoculation (Fig. 5, A and B). At day 9 

post-tumor challenge, spleens and tumors of CD70 Tg mice challenged with EL4-GFP 

contained increased percentages of tumor-specific CD8+ T cells as compared to wild-type mice 

challenged with EL4-GFP (Fig. 5 C). Furthermore, immunohistochemistry of tumor tissue at day 

9 post-tumor challenge showed that in CD70 Tg mice the tumors contained larger infiltrates of 

CD8+T cells (Fig. 5 D). 

To analyze the contribution of the CD4+ and CD8+ T cell subsets in the CD70-mediated EL4 

tumor regression, CD70 Tg mice were treated with either anti-CD4 or anti-CD8 mAbs to deplete 

CD4* or CD8+ T cells. As shown in Figure 5 E, treatment of CD70 Tg mice with mAb to CD8, but 

not to CD4, prevented the rejection of tumors in CD70 Tg mice, indicating that CD8+ T cells play 

a key role in the CD70-mediated tumor rejection. When EL4 cells were inoculated 

subcutaneously in IFN-y";" mice or IFN-y"'" x CD70 Tg mice, the EL4 cells grew progressively in 

both strains of mice indicating a critical requirement for IFN-y in the CD70-mediated tumor-

rejection (Fig. 5 F). Together these results show that CD27 ligation protects against lethal tumor 

challenge in a CD8+ T cell- and IFN-y dependent manner, and this protection can be correlated 

to an enhanced number and efficacy of tumor-specific effector CD8* T cells. 
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Figure 4. Increased IFN-yproduction and cytotoxic activity in CD70 Tg mice. Phenotypic analysis of 
splenic CDS' T cells of wild-type and CD70 Tg mice collected 12 days after challenge with 1 x 106 EL4-
NP tumor cells. (A) Intracellular IFN-y and TNF-a staining of NP366.374-specific CD8" T cells. Intracellular 
IFN-y and TNF-a levels were measured in spleen cells after 5 h incubation in presence or absence of 
NP3G6-374 peptide. The percentage and MFI of IFN-y and TNF* cells within the CD8* gate are indicated. 
Background (no peptide) was <0.2%. (B) Cytotoxic activity of NP366.374-specific CD8' T cells. Target cells 
(EL4 cells) were fluorescently labeled, pulsed with NP366.374 peptide or unpulsed, and subsequently 
cocultured with effector cells (NP366.374-specific CD8* T cells) at different effector to target cell ratios, in 
which effector populations from wild-type and CD70 Tg mice were equalized based on the percentage of 
NP-specific cells. Killing of target cells was assessed by a flow cytometric CTL assay detecting the 
induction of caspase activity in target cells. Histograms are gated on EL4 target cells and numbers 
indicate the percentage caspase positive cells. The solid and dotted lines represent peptide-pulsed or 
unpulsed target cells, respectively. (C) Measurement of cytotoxicity as described in B with different 
effector to target cell ratios. Results are displayed as mean and standard error (n=5). (D) Ex vivo 
intracellular granzyme B staining. CD8* T cells and NP366.374-specific CD8* T cells were stained for CD43 
and intracellular granzyme B. Gated CD8" and NP366.374-specific CD8' T cells are shown. The numbers 
indicate the percentages of cells within the designated quadrant and are representative of five mice. 
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challenge. (D) CD8* T cell infiltrates in EL4-GFP tumors from wild-type and CD70 Tg mice at day 9 post 
tumor challenge as determined by immunohistochemistry. (E) CD8* T cells are critically involved in EL4 
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y~ and IFN-y ' x CD70 Tg mice were measured at the indicated days after tumor challenge. Data 
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Discuss ion 

In the present study we have shown that in vivo costimulation of T cells by constitutive triggering 

of CD27 by its ligand CD70, results in increased numbers as well as more competent antigen-

specific CD8 ' T cells upon challenge with either influenza virus or EL4-NP366-374 cells. Moreover, 

challenge with a lethal dose of poorly immunogenic EL4 lymphoma cells results in a CD8* and 

IFN-y dependent rejection of the tumor in CD70 Tg mice but not in wild-type mice. 

The observed CD70-mediated enhancement of antigen-specific CD8+ T cell responses is both 

quantitative and qualitative. With respect to the quantitative effects, the increased numbers of 

antigen-specific CD8* T cells in CD70 Tg mice after influenza virus infection and tumor 

challenge presumably enhance the efficacy of the primary response. Recently, it was shown 

that the contraction of the CD8+ T cell compartment occurs independently of the continuous 

presence of antigen (8). Here, we have found that constitutive CD27-CD70 interaction results in 

delayed contraction of influenza-specific CD8+ T cells in peripheral blood and spleen (Fig. 1 B, 

C, D) indicating that the contraction phase can be modulated by CD8+ T cell extrinsic factors, 

i.e. provided by members of the TNF receptor family. We would like to stress that this 

conclusion is in line with the regulation of ligands of various TNF receptor family proteins, that 

are induced relatively late in immune reactions and with the phenotypes of CD27"'", 4-1BB"'" and 

OX40"'" mice that are all impaired in their ability to mount adequate effector T cell responses 

(30). Since endogenous CD70 expression on activated lymphocytes and dendritic cells is 

transient and under tight control of the presence of antigen, the contribution of CD27 to T cell 

expansion, maintenance and contraction will normally depend on the amount and persistence of 

antigen. Whether the modulation by CD70 takes place at the initiation and/or throughout the 

different phases of the T cell response remains to be established. 

As to the qualitative aspects of in vivo ligation of CD27, we found an increased ex vivo cytotoxic 

activity of antigen-specific CD8+ T cells (Fig. 4, B and C), correlating with a higher granzyme B 

expression (Fig. 4D). This finding is consistent with previous in vitro studies, and shows that 

CD27-CD70 interactions boost the cytotoxic capacity of CD8* T cells (21-23), thereby improving 

outcome of viral infections and tumor challenge. Finally, the CD27-mediated induction of type 1 

IFN-y producing T cells (Fig. 4 A) might also contribute to the observed enhanced immunity 

since these T cells tend to migrate to the site of infection (32). Actually, we have found 

numerous IFN-y producing T cells at the effector site (data not shown) along with splenic IFN-y 

producing T cells (Fig 4 A). In addition, IFN-y secreted by antigen-specific CD8+ T cells might 

further enhance immunity by its pleiotropic effects on the immune system, including increased 

presentation of peptides by MHC class I (33). 

The enhanced CD8* T cell responses by constitutive CD70 expression on B cells is most likely 

due to direct ligation of CD27 on CD8* T cells rather than CD27 ligation on CD4+ T cells, 

thereby increasing the T helper cell activity, since: a.) in viral infections the primary CD8+ T cell 

responses are known to be unaffected when CD4* T cells are absent (34-36) b.) increased 

CD8* T cell responses were also observed after influenza infection on a MHC class I restricted 

TCR background (Fig. 2) c.) the EL4-NP366.374 tumor response is MHC class I restricted and 

independent of MHC class II (29) and d.) we have shown here that the rejection of the EL4 

tumor in CD70 Tg mice is CD4+ T cell independent (Fig. 5 E). 

The costimulatory effect of CD27 is dependent on TCR triggering (26) indicating that CD27 

derived signals synergize with TCR derived signals, which may lower the T cell activation 

threshold for antigenic stimulation. CD27-derived costimulatory signals might also upregulate 

anti-apoptotic molecules, thereby promoting T cell survival. In fact, we recently found 
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upregulation of Bcl-xL expression after CD27 triggering on T cells (M.F. van Oosterwijk, 

unpublished data), which is in line with data obtained with the CD27 relatives OX40 and 4-1BB 

(37, 38). These data suggest that the prolonged duration of antigen-specific CD8+ T cells 

responses in CD70 Tg mice may at least in part be explained by an anti-apoptotic effect of 

CD27 triggering. In addition, prolonged survival of antigen-specific cells enables these cells to 

receive additional activation and differentiation signals. 

Previously it was found that absence of CD27-CD70 interactions leads to diminished antigen-

specific T cell numbers after influenza virus infection (24). Here, we have found that constitutive 

CD27 ligation results in increased influenza-specific CD8+ T cells during the expansion, 

contraction and memory phase by stimulating the progeny of a similar repertoire of T cells. 

These complementary findings show that CD27-CD70 interactions play a regulatory role in T 

cell responses to influenza virus. There are no a priori reasons to assume that there is not a 

similar role for CD27-CD70 interactions in other antiviral responses. In humans with latent 

cytomegalovirus (CMV) infection the number of antigen-specific CD27" CD8* T cells was found 

to be linearly related to the total number of CMV-specific CD8+ T cells (L.E. Gamadia, 

unpublished data). As these CD27' cells are most likely the consequence of interaction with 

CD70, this suggests a prominent role for CD27-CD70 interactions in driving T cell expansion 

during viral infections. 

Our finding that constitutive CD70 expression on B cells results in improved anti-tumor immunity 

is in line with earlier studies showing that tumors transfected with CD70 have an enhanced 

capacity to induce anti-tumor immune responses (39-41). Interestingly, our data indicate that 

CD70 needs not to be present on the tumor itself to have its potent effects on anti-tumor 

immunity. Thus targeting of CD27 might be a therapeutic tool to enhance antigen-specific T cell 

responses. Because we have shown that chronic stimulation of CD27 eventually results in lethal 

immunodeficiency due to exhaustion of the naive T cell pool (26), it is essential to regulate the 

amount and duration of T cell CD27 stimulation in vivo to avoid detrimental effects. 

In summary, our study shows that in vivo CD27 ligation by constitutive CD70 expression on B 

cells enhances the primary CD8+ T cell response to influenza virus and tumors. CD27 

stimulation results in increased antigen-specific CD8+ T cell numbers, delayed contraction of the 

antigen-specific response and increased IFN-y production as well as increased cytotoxicity on a 

per cell basis. This suggests that CD27 stimulation by CD70, even when presented outside the 

viral or tumor environment may prove useful as a strategy for enhancing CD8* T cell responses 

to viruses and tumors. 
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Materials and Methods 

Mice. 

C57BL/6, CD70 Tg (25), F5 TCR Tg (28), IFN-y7" mice and CD70 Tg mice crossed with F5 TCR Tg or 

IFN-y" m i c e were maintained at the animal department of the Netherlands Cancer Institute (Amsterdam, 

The Netherlands). All mice used were 6-9 weeks of age and were handled in accordance with institutional 

and national guidelines. 

Antibodies, tetramers and peptides. 
The following monoclonal antibodies were used: allophycocyanin-conjugated anti-CD8 (clone 53-6.7, 
Pharmingen), FITC-conjugated anti-CD43 (clone 1B11. Pharmingen), allophycocyanin-conjugated anti-
IFN-y (clone XMG1.2, Pharmingen), PE-conjugated mouse anti-human Granzyme B (clone GB11, CLB, 
Amsterdam) and PE-conjugated mouse lgG1 isotype control (Becton Dickinson). Rat anti-mouse CD4 
(clone GK1.5) and rat anti-mouse CD8 (clone 2.43) used in depletion experiments and rat anti-mouse 
CD8 (clone 53-6.7) used for immunohistochemistry were purified from hybridoma culture supernatant. 
The influenza virus-specific H2-Db-NP366-374 and H2-Db-PA224-233. and the Moloney virus-specific H2-Db-
Gagl-85-93 tetramers were prepared as described (42-44). The nucleoprotein (NP)-derived peptide 
ASNENMDAM (366-374) was produced using standard F-moc chemistry. 

Virus infection. 
Purified influenza A virus was provided by dr. R. Consalves (National Institute for Medical Research, 
London, U.K.) and grown in the department of Virology, Erasmus University Rotterdam, The Netherlands. 
Mice were anesthetized and infected intranasally with 25 HAU of influenza virus. 

Tumor challenge and T cell depletion. 
Tumor cells used were EL4, EL4-NP, and EL4-GFP (29). Tumor cells were maintained in IMDM 
supplemented with 5% heat-inactivated fetal calf serum, 5 x 10"5 M [3-mercaptoethanol, 100 U/ml penicillin 
and 100 ug/ml streptomycin. Mice were challenged subcutaneously in the right flank with 1 x 106 tumor 
cells. Every 3-4 days, tumor size was measured in two dimensions. Mice were sacrificed when tumors 
reached diameters >15 mm. 

In vivo depletion of CD4* and CD8* T cells was accomplished by intraperitoneal injections with 0.6 mg rat 
anti-mouse CD4 mAb (clone GK1.5) or 0.6 mg rat anti-mouse CD8 mAb (clone 2.43), respectively, at day 
-4, 0, 3, 7, 9, 12, and 15 in relation to tumor challenge. The absence of CD4* or CD8* T cells was 
determined by FACS analysis with FITC-conjugated anti-CD4 (clone MT4) and PE-conjugated anti-CD8 
(clone 53-6.7), respectively. 

Detection of antigen-specific immune responses and cytotoxicity assay. 

• Flow cytometry. At indicated time points, blood was drawn from the tail vein and single-cell suspensions 

from spleen, lymph nodes, lungs, and tumors were obtained by mincing through cell strainers. 

Erythrocytes in spleen and blood were lysed with ammonium chloride solution. Cells were counted and 

incubated at room temperature for 15 min with antibodies and tetramers. Live cells were selected based 

on propidium iodide (2 ug/ml) exclusion. Absolute numbers of antigen-specific T cells were calculated 

from the frequency of H-2Db tetramer* CD8* cells and the total numbers of cells recovered. Intracellular 

staining for granzyme B was performed with PE-labeled mouse anti-human granzyme B and PE-labeled 

mouse lgG1 (isotype control) using a Cytofix/Cytoperm Kit (Pharmingen) according to manufacturer's 

guidelines. Flow cytometric analyses were performed on a FACSCalibur using CellQuest software 

(Becton Dickinson). Statistical analyses were performed with a two-tailed Student's Mest. 

• Intracellular cytokine staining. Spleen cells (1 x 106/well) were stimulated for 5 h at 37 °C and 5% C 0 2 

conditions in flat bottom 96 well plates in 200 ul IMDM medium (Life Technologies) with recombinant 

human IL-2 (20 U/ml) and 1 u.g/ml brefeldin A (Sigma) in the presence or absence of 1 ug/ml NP366-374 

peptide. After stimulation, cells were first surface stained for CD8 and subsequently intracellular cytokine 

staining was performed for IFN-y using a Cytofix/Cytoperm Kit (Pharmingen) according to manufacturer's 

guidelines. 

• Flow cytometry CTL assay. The flow cytometry CTL assay (31) (Oncolmmunin, Gaithersburg, Maryland) 

was performed according to the guidelines from the manufacturer with some modifications as described 
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below. To obtain effector cells, spleens of wild-type and CD70 Tg mice challenged with EL4-NP tumor 
cells were collected at day 9 post-tumor challenge and single cell suspensions were prepared by mincing 
through cell strainers. T cells were purified using Thy1.2 microbeads and the MACS system (Miltenyi). 
Purified T cells (>95%) were stained with anti-CD8 mAb and H-2Db-NP366.374-tetramers to define effector 
cell numbers (i.e. NP366.374-specific CD8+ cells). Target cells (EL4 cells) were suspended in IMDM 
containing 10% FCS at 1 x 106 cells/ml, fluorescently labeled and pulsed with 10 ug/ml NP366-374-peptide 
for 1 h at 37 °C and 5% C 0 2 conditions. Target cells were incubated with effector cells at various effector 
to target cell ratios in a 96-well plate for 2.5 h at 37°C in a 5% C 0 2 incubator. After washing, cells were 
incubated with caspase substrate for 40 min, washed and analyzed by flow cytometry. 

Immunohistochemistry. 

CD8* T cell infiltrates in tumor tissue were assessed by immunohistochemistry. Tumors were cut into 
pieces, frozen in TissueTek (Sakura Finetek, The Netherlands) at -70CC and 6 urn cryostat sections were 
prepared. These sections were applied on gelatin-coated microscope glass slides, fixed in dehydrated 
acetone for 10 min, air-dried and rehydrated with 2% NBCS in PBS. The sections were incubated for 45 
min with biotinylated rat anti-mouse CD8 mAb, washed 3 times with PBS and subsequently incubated for 
30 min with Alexa 594-conjugated streptavidin (Molecular Probes). Sections were washed with PBS, 
nuclei were counter stained with Hoechst 33342 and finally coverslipped with Fluorostab (ICN/Cappel, 
OH, USA). Fluorescence was analyzed using a Nikon Eclipse E800 microscope, connected to a digital 
camera. 
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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. 
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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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Abstract 
It has been proposed that HIV-1, in addition to directly infecting and killing CD4+ T cells, 
causes T cell dysfunction and T cell loss by chronic immune activation. We analyzed the 
effects of chronic immune activation in mice that constitutively express CD70, the ligand for 
the tumor necrosis factor receptor family member CD27, on B cells. CD70 transgenic (CD70 
Tg) mice showed a progressive conversion of naïve T cells into effector-memory cells, 
which culminated in the depletion of naïve T cells from lymph nodes and spleen. T cell 
changes depended on continuous CD27-CD70 interactions and T cell antigen receptor 
stimulation. Despite this hyperactive immune system, CD70 Tg mice died aged 6-8 months 
from Pneumocystis carinii infection, a hallmark of T cell immunodeficiency. Thus, persistent 
delivery of costimulatory signals via CD27-CD70 interactions, as may occur during chronic 
active viral infections, can exhaust the T cell pool and is sufficient to induce lethal 
immunodeficiency. 

Introduction 
The outcome of adaptive immune reactions depends on interactions between an abundance of cell 

surface receptors on lymphocytes and their cognate ligands'. These receptor-ligand systems not 

only control the size of the expanded antigen-specific lymphocyte pool but also its effector functions 

and migratory potential. Receptors fall into distinct protein families—such as the immunoglobuline 

supergene family and the cytokine receptor superfamily— and signaling outcome is largely dictated 

by evolutionary conserved signaling domains, located in their cytoplasmic portions. Cellular 

responses after receptor triggering depend on other receptors that are ligated in series and/or in 

parallel, and the strength and duration of receptor-ligand interactions. Therefore, the coordination of 

immune reactions relies highly on the regulated expression of genes encoding relevant receptors 

and ligands. 

The tumor necrosis factor receptor (TNFR) family is a group of type I transmembrane molecules 

that share sequence homology in their cysteine-rich, extracellular, ligand-binding domains. Based 

on their cytoplasmic sequences, TNFR family members can be divided into two classes. Receptors 

that contain a death-domain can convey an apoptotic signal2, whereas receptors that contain a 

TNFR-associated factor (TRAF)-binding-domain regulate diverse immunological processes 

including proliferation, survival, effector function and migration34. Although a number of TNFR 
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molecules bind similar TRAF molecules, gene knock-out strategies have revealed distinct, non-

redundant roles for individual molecules in regulating T cell immunity. OX-40"'" mice and OX-40L"'" 

mice show impeded CD4+ T cell responses, which is reflected in a poor delayed-type-

hypersensitivity response5,6. In contrast, 4-1BB"'" mice show impaired CD8+T cell responses to viral 

pathogens7, whereas in CD27"'" animals, both CD4+ and CD8+ T cell responses are reduced after 

influenza virus challenge8. In part, these differences might originate from the distinct expression 

patterns of these receptors. 

In addition to these loss-of-function mutations, which highlight the biological relevance of TNFR 

family members, several gain-of-function mutations have shown that receptor signaling needs to 

be limited to maintain homeostasis within the immune system. In humans, recessive mutations 

in the extracellular portion of TNFR type I have been identified that prevent physiological 

receptor cleavage. The inability to desensitize this receptor leads to a clinical syndrome with 

periods of fever and serositis9. In mice, targeted expression of TNF to the synovium is sufficient 

to induce arthritis, whereas transgenic (Tg) expression of TNF in the (3 cells in the pancreas 

contributes to the breakdown of tolerance to these cells and finally to diabetes10. Constitutive 

expression of BAFF (B cell-activating factor belonging to the TNF family) induces B cell 

hyperactivation and a systemic lupus-like syndrome11. The CD27 ligand CD70 is an activation 

molecule that is predominantly expressed on stimulated lymphocytes after antigenic 

stimulation12"14. Chronic expression of CD70 might therefore reflect alterations in the immune 

system that may occur during persistent infection. Transgenic expression of CD70 on B cells 

strongly promotes effector T cell formation15. We now show here that chronic activation of CD27 

in mice leads to depletion of the naïve T cell compartment and subsequent death from 

opportunistic infection. These results infer that persistent immune activation per se can result in 

a state of lethal immunodeficiency. 

Results 

Enhanced T cell proliferation in CD70 Tg mice 

Transgenic expression of CD70 on B cells (CD70 Tg) enhances the formation of both CD4+ and 

CD8+ effector-memory, interferon-y (IFN-y)-secreting T cells15. Signaling via TRAF-binding 

TNFR family molecules can affect T cell functions through several mechanisms, including the 

lowering of thresholds for signals generated by mitogenic receptors such as T cell antigen 

receptor (TCR)-CD3, enhancing cell cycle activity and inhibiting apoptosis. To address the 

mechanism by which transgenic CD70 expression enhances effector T cell numbers, in vivo 5-

bromodeoxyuridine (BrdU) pulse-chase labeling experiments were done. After a 10-day period 

of drinking BrdU-containing water, compared to WT mice, CD70 Tg mice showed an 

approximate threefold increase in the percentage of BrdU-labeled CD3+ T cells both in 

peripheral lymph nodes (PLNs) and spleen (Fig. 1a). The percentages of labeled cells rapidly 

dropped when BrdU feeding was stopped, which suggested that the increased labeling was not 

due to impaired apoptosis, but rather reflected increased cell division. 

To analyze this directly we measured the percentages of cycling and apoptotic cells within the T 

cell pool of PLNs and spleen. As measured by Ki-67 expression, CD70 Tg mice had increased 

percentages of T cells in cycle in PLN (3.3% in CD70 Tg versus 1.3% in WT) and spleen (14.5% 

in CD70 Tg versus 3.3% in WT) (Fig. 1b). FACS analysis of annexin V and propidium iodide 

(PI) staining was done to estimate the percentage of apoptotic cells (annexin V+ PI" or annexin 

V+ Pl+). T cell death rates appeared to be relatively constant in WT mice and no differences 

were observed with CD70 Tg mice of 4, 8 and 13 weeks of age (data not shown). In 20-week-
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old CD70 Tg mice, a small increase in percentage of apoptotic cells was seen in the PLN (40% 

in CD70 Tg versus 27% in WT, P < 0.05) and the spleen (42% in Tg versus 23% in WT, P < 

0.05 (data not shown). 

The ability of T cells to undergo clonal expansion was measured (Fig. 1c). Irrespective of age, 

lymph node T cells from CD70 Tg mice showed a reduced ability to divide upon stimulation with 

monoclonal antibody (mAb) to CD3 in vitro: mean [3H]thymidine incorporation ranged from 48% 

to 68% compared to WT mice. In contrast, proliferation in response to phytohemagglutinin was 

normal in 4-week-old mice (mean [3H]thymidine incorporation was 180% compared to WT mice) 

but dropped as the animals aged (at 20 weeks, mean [3H]thymidine incorporation was reduced 

to 62% compared to WT mice). Thus, T cells from CD70 Tg mice showed increased proliferation 

in vivo and had a decreased ability to divide upon polyclonal stimulation in vitro. 
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Figure 1. T cell proliferation in CD70 Tg 
mice. Flow cytometry was done to measure 
(a) T cell expansion and (b) T cell division. 
Four-week-old mice were given BrdU in their 
drinking water for 10 days and the 
percentage of BrdU* and Ki-67' cells within 
the CD3* population from spleen or PLNs 
derived from WT or CD70 Tg mice killed at 
the indicated ages were determined. Each 
symbol represents data from an individual 
mouse; lines represent the mean values 
from two to six mice, (c) Proliferative 
responses of T cells from CD70 Tg mice. T 
cells were purified from mesenteric lymph 
nodes derived from WT or CD70 Tg mice at 
4, 8 and 13 weeks of age and stimulated 
with PHA or CD3r mAb. The stimulation 
index is defined as the mean [3H]thymidine 
incorporation of three transgenic mice 
divided by the mean [ H]thymidine 
incorporation of three WT mice. Mean ± s.d. 
data from two experiments are shown. The 
[3H]thymidine incorporation range: 1396-
10219 cpm (PHA stimulation) and 1975-
32966 cpm for CD3 mAb stimulation. 

Age (weeks) 

D i m i n u t i o n of naive T cel ls in C D 7 0 Tg mice 

To investigate the long-term effects of enhanced T cell proliferation in vivo, T cell numbers in the 

lymphoid organs of CD70 Tg mice were analyzed longitudinally. T cell numbers in PLNs were 

increased in transgenic mice of 4 and 8 weeks of age compared to WT (Fig 2a). Both CD4+ and 

CD8+ T cells contributed to this increase15 (data not shown). As mice aged, lymph node T cell 

numbers dropped sharply. At 20 weeks, PLNs had strongly involuted and T cell numbers in 

CD70 Tg mice were below 10% of the amount found in WT mice (Fig. 2a). In contrast to the T 
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cell numbers in PLNs, splenic T cell numbers were increased compared to WT mice irrespective 

of age (Fig 2b). However, the accumulation of effector-memory cells appeared to be 

progressive and at 20 weeks of age the majority of splenic T cells, both CD4+ and CD8+, were of 

the effector-memory CD44hlCD62L" phenotype (Fig. 2d). The combined changes in spleen and 

PLNs resulted in an almost complete diminution of the naive T cell population in older CD70 Tg 

animals. The CD4:CD8 ratio was not significantly different between CD70 Tg and WT mice, 

neither in young nor aged mice (data shown). 

Thymocyte numbers were similar in CD70 Tg and WT mice until 13 weeks of age; however, at 

20 weeks of age only thymic remnants with low cellularity could be recovered from the Tg 

animals (Fig. 2c). Thymocyte differentiation—as judged by CD4 and CD8 expression—was 

unchanged in CD70 Tg mice (data not shown). Thus, constitutive expression of CD70 results in 

reduced naive T cell numbers in the secondary lymphoid organs and in diminished production of 

naïve T cells in aged mice. 
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Figure 2. T cell cellularity and phenotype in CD70 Tg mice. Absolute numbers of CD3* T cells in (a) 
PLNs and (b) spleen from WT and CD70 Tg mice aged 4, 8, 13, and 20 weeks were determined. T cell 
numbers were calculated by multiplying the number of mononuclear cells with the percentage of CD3* T 
cells, as determined by flow cytometry, (c) Thymic cellularity was determined by counting lymphocyte 
numbers of WT and CD70 Tg mice at the indicated ages. Mean ± s.d. data from four to six mice are 
shown. Differences between the mean values for WT and CD70 Tg at the indicated ages were considered 
significant (*) if P < 0.05 (by Student's t-test). (d) Phenotypes of CD4* and CD8* splenic T cells 
determined by flow cytometry. Naive T cells were defined as CD44"eg/l°CD62L.'"; effector-memory cells as 
CD44l"CD62L"e9. The percentages of cells in each quadrant are indicated. 
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Requirements for effector-memory cell formation 

In contrast to a number of other ligands of the TNF superfamily—such as TNF, TRAIL (TNF-

related apoptosis inducing ligand) and LIGHT—CD70 appears to have only one receptor, CD27. 

The excessive formation of effector-memory T cells in CD70 Tg mice was completely abolished 

when these mice were crossed with CD27 " animals (Fig. 3a). This finding was in agreement 

with the observation that T cell and IFN-y-dependent B cell depletion in CD70 Tg mice can be 

rescued on a CD27" background15. In addition, expansion of effector-memory T cells was 

dependent on continuous CD27-CD70 interaction, as treatment of 4-week-old CD70 Tg mice 

with blocking CD70 mAb reduced the number of effector-memory cells compared to WT 

numbers (Fig. 3b). These results demonstrated that the mechanism of enhanced effector-

memory T cell formation was not only initiated but subsequently also maintained by CD27-CD70 

interaction. 
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Figure 3. Requirements for enhanced T cell expansion and differentiation in CD70 Tg mice, (a) 
Dependence on CD27-CD70 interactions. The phenotype of splenic CD3*CD8* cells derived from 20-
week-old WT, CD70 Tg (F13. CD27 and CD27 x CD70 Tg mice was determined by flow cytometry. 
The percentages of naive (CD44ne9/l0CD62Lhl) and effector-memory (CD44'"CD62Lne9) T cells are 
indicated, (b) Dependence on persistent CD27-CD70 interactions. Four-week-old CD70 Tg mice were 
treated for 3 weeks with control hamster mAb or hamster-anti-CD70 (mAb 3B9). Absolute numbers of 
splenic naive, effector-memory T cells were determined at the end of the treatment T cell numbers were 
calculated by multiplying the number of mononuclear cells with the percentage of the indicated 
populations, as determined by flow cytometry. Mean ±s.d. values are shown (n -3). 

To test whether the interaction between CD27 and CD70 in the absence of a signal delivered 

through the TCR sufficed to expand the effector-memory pool, CD70 Tg mice were crossed with 

mice with a major histocompatibility complex (MHC) class l-restricted transgenic TCR specific 

for influenza A virus (TCR Tg), which was not present in the mouse colony. In these double 

transgenic mice, CD70 expression did not enhance CD8+ effector-memory T cell formation. The 

CD8+ T cell compartments of both TCR Tg and TCR Tg x CD70 Tg mice (which were largely 

composed of TCR Tg T cells) was composed of naïve T cells (Fig. 4a, b). In contrast, the non-

transgenic CD4+ T cell compartment in the TCR Tg x CD70 Tg mice predominantly contained 

effector-memory T cells, as shown by expression of the effector T cell marker CD4316 (Fig. 4b). 
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After intranasal infection with influenza virus, TCR Tg x CD70 Tg mice generated effector-

memory T cells much more efficiently than single TCR Tg mice (Fig. 4c), which corroborated 

that the effects of persistent CD27-CD70 interactions on T cells require activation of the TCR by 

antigen. In CD70 Tg mice these signals were likely provided by environmental antigens. 

CD70 Tg mice have increased numbers of IFN-y-secreting T cells and the in vivo effects of this 

regulatory cytokine are reflected by enhanced MHC class II expression and inhibitory action on 

B cell precursor cells15. IFN-y may also play a role in selection and maintenance of the effector-

memory T cell pool17. Therefore, to test whether IFN-y has a regulatory role on effector-memory 

T cell formation in the CD70 Tg mice, we analyzed subset distribution and T cell cycling in vivo 

of 20-week-old IFN-y /"xCD70 Tg mice. In these mice, we also observed a skewing towards 

effector-memory T cells (Fig. 5a) and an increase in the percentage of cycling cells, as shown 

by Ki-67 staining (Fig. 5b); these observations were similar to our findings in IFN-y-proficient 

CD70 Tg animals (Fig 1b). Thus, excessive formation of effector-memory cells in CD70 Tg mice 

was dependent on CD27-CD70 interactions and foreign antigens, but independent of IFN-y. 
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Figure 4. Effector T cell phenotype of CD70 Tg mice is dependent on stimulation of the TCR by 
antigen, (a) Representative FACS profiles of splenic CD3*CD8~ cells derived from 16-week-old WT, 
CD70 Tg, MHC-class l-restricted F5 TCR Tg and F5 TCR Tg x CD70 Tg mice were determined by flow 
cytometry. The percentages of naive (CD44"eg/l0CD62Lt") and effector-memory (CD44hiCD62L) T cells are 
shown, (bj The percentages of CD43* (1B11) cells within the splenic CD4* and CD8* populations of WT, 
CD70 Tg, TCR Tg and TCR Tg x CD70 Tg mice, (c) Representative histogram plots showing CD43 
(1B11) staining of CD8* lymphocytes in blood of TCR Tg and TCR Tg x CD70 Tg mice at day 0 and day 9 
after intranasal infection with influenza A virus. The numbers indicate the percentages of CD43* cells 
within the CD8* population. One representative of three independent experiments is shown. 
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Lymph nodes 
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CD62L • 

Figure 5. T cell characteristics of IFN-y1' x CD70 Tg 
mice, (a) Flow cytometric analysis of splenic CD4" and 
CD8* cells from 20-week-old IFN-y and IFN-y x CD70 
Tg. The percentages of naive and effector-memory T cells 
Indicated are shown, (b) Flow cytometry was done to 
determine the percentages of Ki-67* within the CD3* cell 
populations from spleen and PLNs derived from 20-week-
old IFN-y and IFN-y x CD70 Tg mice. 

During the first months of life CD70 Tg mice appeared healthy, showed enhanced delayed-type 

hypersensitivity reactions and mounted normal primary antibody responses to protein antigens 

(unpublished data). However, as CD70 Tg mice aged they failed to thrive so that at 20 weeks 

they had a body mass of - 8 0 % of that of WT animals (Fig. 6a). Most 20-week-old CD70 Tg 

mice suffered from Pneumocystis carinii pneumonia (Fig. 6b), an opportunistic infection usually 

seen in situations of severe T cell immunodeficiency7; this was accompanied by a premature 

death at an average age of 28 weeks (Fig. 6c). This inability to cope with opportunistic 

pathogens appeared to be a direct result of the enhanced effector-memory cell formation and 

the concurrent collapse of the naïve T cell compartment because Pneumocystis carinii 

pneumonia was not observed in CD27"/"x CD70 Tg nor in TCR Tg x CD70 Tg mice (data not 

shown). IFN-y"'"x CD70 Tg animals also had infections, which resulted in premature death at an 

average age of 30 weeks (Fig. 6c). Thus, premature death in CD70 Tg mice appeared to be 

directly related to the demise of the naive T cell compartment and was caused by opportunistic 

infections. 

• A PLN 
• Spleen 

5 

IFN-y'" IFN-r 'x 
CD70 Tg 

Premature death of CD70 Tg mice 
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Figure 6. Clinical symptoms in CD70 Tg mice, (a) Cachexia in CD70 Tg mice. Male WT and CD70 Tg 
mice were weighed at 4, 8, 13 and 20 weeks of age. Mean ± s.d. data are shown (n > 6). Significant 
differences (where P < 0.05 Student's t-test) between the mean values for WT and CD70 Tg mice are 
indicated by asterisks (*). (b) Pneumocystis carinii pneumonia in CD70 Tg mice. Hematoxylin-eosin 
staining (upper panels), and Grocott staining (lower panels) were done on formalin-fixed lung tissue 
sections derived from WT and CD70 Tg mice. Grocott staining shows cysts of Pneumocystis carinii in 
sections derived from CD70 Tg mice. Magnification: x62.5. (c) Shortened lifespan of CD70 Tg mice. 
Cumulative survival curves for WT. CD70 Tg, IFN-y and IFN-y x CD70 Tg mice. 

Discussion 

Here we showed that chronic stimulation of murine T cells via CD70 induced excessive effector-

memory T cell formation in a CD27- and antigen-dependent, but IFN-y-independent, manner. At 

the same time, the naive T cell population was progressively depleted from the lymph nodes, 

which undermined the integrity of the immune system and ultimately led to host death through 

opportunistic infection. At least two complementary mechanisms may account for the selective 

depletion of T cells from the lymph nodes but not spleen. First, T cell activation initiates a 

differentiation process in which migratory properties change. Effector-memory T cells lose 

CCR7, a chemokine receptor that directs homing towards secondary lymphoid organs. CCR7"'" 

T cells have a severely impeded potential to localize in lymph nodes, whereas migration towards 

the spleen is intact18. As most T cells in CD70 Tg mice have an effector-memory phenotype 

(CD44hiCD62L), it is likely that these cells home to the spleen and other parts of the body but 

are excluded from lymph nodes. Second, we found that as CD70 Tg mice aged, thymic 

cellularity sharply dropped. Thymic involution appeared to be related to the enhanced antigen-

driven effector-memory cell formation because thymocyte numbers were normal in TCR Tg x 

CD70 Tg mice (numbers in TCR Tg x CD70 Tg mice ranged from 49 x 106 to 72 x 106, 

compared to 3.9 x 106 to 9.1 x 106 in CD70 Tg mice). Probably, exhaustion of the naïve T cell 

source strongly reduced seeding of these cells to the secondary lymphoid organs and 

contributed to the involution of the PLNs. 
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The reason for thymus dysfunction in the CD70 Tg mice is unclear. A direct effect of CD70 on 

maturation of developing thymocytes is unlikely because only occasional transgenic CD70+ B 

cells could be found in the thymus (data not shown). Also there is no evidence for functional 

CD27-CD70 interactions in the thymus because CD27 expression on thymocytes, which is 

down-modulated after CD70 binding, is normal15. At the time of thymus involution, B cells had 

virtually disappeared from the secondary lymphoid organs. As this disappearance resulted from 

inhibition of B cell development in the bone marrow, we considered it unlikely that residual 

mature B cells would preferentially be localized in the thymus. On the other hand we considered 

the possibility that—in analogy to what has been described in other circumstances—chronic 

immune activation induced a stress response that, through the action of corticosteroids, 

impedes thymic output19. 

Effects of TRAF-binding TNFR family members on lymphocyte function are diverse and include 

increased expansion, acquisition of effector functions and up-regulation of chemokine receptors. 

Several mechanisms may contribute to the observed expansion of effector-memory T cells in 

CD70 Tg mice. TNFR-type molecules may act as costimulatory receptors that convert 

suboptimal signals delivered through TCR-CD3 to mitogenic ones2021. Up-regulation of anti-

apoptotic molecules such as Bcl-xL and Bcl-2 is induced by OX40 stimulation and enhanced 

expression of these molecules increases the pool of antigen-primed T cells22. TNFR family 

members, such as 4-1BB, may also increase T cell proliferation23. It seems clear that these 

mechanisms are not mutually exclusive and, in addition, may depend on the strength, duration 

and context of the specific signal given. In CD27"'" animals a decreased antigen-specific T cell 

pool was found after influenza virus challenge8. Costimulation of purified murine T cells in vitro 

via CD27 is independent of T cell division and suggests that CD27 regulates cell survival8. On 

the other hand, experiments in CD70 Tg mice provided evidence of enhanced cell cycle activity, 

which was in line with the observation that CD70 transfectants induce strong CFSE dilution in 

CD3 mAb-stimulated naive human T cells (unpublished data). Thus, CD27 signaling may 

enhance the size of the antigen-stimulated T cell compartment by several mechanisms. 

Because antigenic triggering of lymphocytes determines CD70 expression, CD27-CD70 

interaction directly couples the size and function of the antigen-primed population to the amount 

of antigen. Under physiological conditions, this will lead to an appropriate pool size that will 

contract when the antigen-bearing pathogen is neutralized or eliminated. However, as 

suggested by our observations observed in CD70 Tg mice, this feedback loop of effector cell 

formation may be harmful to the host in situations of chronic immune activation. In CD70 Tg 

mice a conspicuous number of phenomena are found that are considered hallmarks of HIV-1-

induced immunodeficiency: evidence for increased T cell turnover24; initial lymphadenopathy 

followed by depletion of lymph nodes25; diminution of the naive CD4+ and naive CD8* T cell 

populations26; and a progressive inability of T cells to respond ex vivo to antigen and mitogenic 

stimuli27. 

For a long time, it was thought considered that direct28 or indirect29 cytopathic effects of HIV-1 

accounted for the abundant immune abnormalities in HIV-1. However, it has since been 

suggested that chronic immune activation, resulting from the inability of the immune system to 

control HIV-1 replication, might contribute substantially to, and could be the main determinant in, 

the erosion of the immune system in HIV-1-infected individuals3031. Our studies with CD70 Tg 

mice show that persistent immune activation per se can result in a state of lethal 

immunodeficiency. Neutralizing CD70 rnAb can reverse most features of immune activation, 

which demonstrates the dependence of the hyperimmune status on persistent CD27-CD70 
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interaction. Activated T cells from HIV-1 -infected individuals also have enhanced CD70 

expression32 and HIV-infected individuals have increased percentages of CD4+CD27" T cells33, 

which could hint at augmented CD27-CD70 interactions in these patients. We consider it likely 

that multiple immunomodulators are dysregulated in HIV-infected individuals. Still, if CD27-

CD70 interactions are instrumental in driving hyperimmune activation leading to T cell depletion 

in HIV infection, it is of interest to consider targeting CD27-CD70 interactions to avoid 

detrimental consequences of persistent immune activation. 

Materials and Methods 
Mice. C57BL/6, CD70 Tg15, CD27"'"8, F5 TCR Tg34, IFN-y'" (C57BL/6-ifn'm1Ts)35 mice, all on a C57BL/6 
background, were bred in the facilities of the Netherlands Cancer Institute and Sanquin Research under 
specific pathogen-free conditions. Identification of mutant mice was performed by PCR analysis of tail DNA or 
by FACS analysis of peripheral blood cells. All animal experiments were done according to institutional and 
national guidelines and approved by the Experimental Animal Committees of the respective institutes. 

mAbs. The following antibodies were obtained from PharMingen (San Diego, CA): allophycocyanln-CD3e-
(clone 145-2C11), CD4-fluorescein isothiocyanate (FITC)-CD4, peridinin chlorophyll protein (PerCP)-CD4 
(clone RM4-5), phycoerythrin (PE)-CD8a, PerCP-CD8a (clone 53-6.7), FITC-CD43 (clone 1B11), PE-CD44 
(clone IM7) and FITC-CD62L (clone MEL-14). Anti-CD3c (clone 145-2C11) and anti-CD70 (clone 3B9) 
(unpublished data) were purified from hybridoma culture supernatant following standard procedures. 

Flow cytometry. Single-cell suspensions were obtained from spleen, lymph nodes (axillary, brachial, and 
inguinal or mesenteric) and thymus by grinding the tissues through nylon sieves. Cells (4 x 105) were 
collected in 96-well U-bottomed plates in FACS staining buffer (PBS with 0.5% bovine serum albumin). All 
samples were preincubated for 10 min with anti-CD16-CD32 (FcBlock, clone 2.4G2, PharMingen, CA) and 
subsequently stained for 30 min at 4 °C with antibodies. After cell-surface staining, intracellular BrdU and Ki-
67 staining was done following the manufacturer's instruction with a BrdU-FITC Flow kit and a Ki-67-PE set, 
respectively (PharMingen). Annexin V and PI staining was done with an APOPTEST-FITC kit (Nexins 
Research BV, Kattendijk, The Netherlands). FACS analysis was done on a FACSCalibur with Cell Quest 
software (Becton Dickinson, San Jose, CA). 

BrdU labelling. Four-week-old mice were given drinking water containing BrdU (0.8 mg/ml) (Sigma, St. 
Louis, MO) for 10 days. Mice were killed at 5.5, 6.5, 8.5 and 10.5 weeks of age (that is, 0, 1, 3 and 5 weeks 
after stopping BrdU administration). 

Proliferation assay. T cells were purified from mesenteric lymph nodes by negative depletion with rat anti-
MHC class II, rat anti-B220, goat anti-rat IgG microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and 
MACS (BS) depletion columns following the manufacturer's instructions. Purified T cells (> 90% CD3+, as 
analyzed by flow cytometry) were cultured in Iscove's modified Dulbecco's medium supplemented with 10% 
fetal calf serum and stimulated with 1 ug/ml of PHA (105 cells/well, Murex, Lenexa, KS) or 10 ug/ml of anti-
CD3f (clone 145-2C11, immobilized). [3H]thymidine (0.4 uCi, Amersham International, Little Chalfont, UK) 
was added for the last 16 h of a 96-h culture period. 

Immunohistochemistry. Hematoxylin-eosin staining and Grocott staining were done on formalin-fixed lung 
tissue sections following standard procedures. 

Antibody treatment. Mice were given anti-murine CD70 (3B9) or control hamster mAb (250 ug per 
intraperitoneal injection) twice weekly for a period of 3 weeks. 

Influenza virus infection. F5 TCR Tg and F5 TCR Tg x CD70 Tg were anesthetized and infected 
intranasally with 25 HAU of influenza virus strain A/NT/60/68 for infection. Before (day 0) and at day 9 
after infection, blood from tail was collected, erythrocytes were lysed and cells were analyzed by 
flowcytometry. 
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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. 

73 



Chapter 5 

a. 

b. 

d. 

Spleen 

| 5 -

J 4 -j 
3 3 -

h -

ïo 2 -
Q 
O 1 -

Spleen 

• naive 

• effector 

2 3_ 2 3_ 
wild-type CD70 Tg 

2 3_ 
Ipr/lpr 

2 3_ weeks 
/pr//pr x 
CD70 Tg 

Q 
2 3_ 

wild-type 
2 3 

CD70 Tg 
2 3_ 
Ipr/lpr 

2 3_ weeks 
Ipr/lpr x 
CD70 Tg 

Lymph nodes - 5 n 
X 
5 4 . 
E 
I 3 -

CO 

8 1-

Lymph nodes 

2 3_ 2 3 
wild-type CD70 Tg 

2 3_ 
Ipr/lpr 

2 3_ weeks 
Ipr/lpr x 
CD70 Tg 

100 

2 3 2 3_ 
wild-type CD70 Tg 

Spleen;CD8' gate 

2 3 
Ipr/lpr 

2 3_ weeks 
Ipr/lpr x 
CD70 Tg 

• wild-type 

• CD70 Tg 

| Ipr/lpr 

| Ipr/lpr xCD70Tg 

2 3 2 3 2 3_ 
wild-type CD70 Tg Ipr/lpr 

2 3 weeks 
Ipr/lpr x 
CD70 Tg 

2 3 
wild-type 

2 3 
CD70 Tg 

2 3 
Ipr/lpr 

2 3 weeks 
/pr//pr x 
CD70 Tg 

74 



Persistent CD27 Signaling Sensitizes for CD95-lnduced Apoptosis 

10° i o ' IO2 IO3 IO4 _ IO° I01 IO2 IO3 IO4 "*10° i o ' IO2 IO3 IO4 _ ! 0 ° i o ' IO2 IO3 IO4 " l O 0 101 102 IO3 IO4 

• 
CD62L 

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. 

75 



Chapter 5 

50 -, 

40-

30-

20-

10 -

d. 

a 

O 

° 0 

75-

50-

zr-

-

IFN-v 
•CD70 

. Ipr/lpr 

L IFN-; J 
IFN-y • Ipr/lpr 

| IFN-y " 
I «CD70Tg v 

L 

— P , 
10 20 30 

Age (weeks) 

Spleen 

IFN-y IFN-y • IFN-Y " IFN-y 
CD70 Tg Ipr/lpr Ipr/lpr > 

CD70 Tg 

„ 2 0 - , 
o 
S. 16-
£ 
I 12-
C 

1 8-
i -

s 4-
o 

0-

Spleen 

fl.l 

12 n 

1 9-
2 
I 6J 

3 1 

IFN-y'- IFN-y • IFN-Y ' IFN-y ' 
CD70 Tg Ipr/lpr Ipr/lpr x 

CD70 Tg 

Lymph nodes 

IFN-y I F N - Y • I F N - Y • IFN-y "x 
CD70 Tg Ipr/lpr Ipr/lpr x 

CD70 Tg 

FN-y • 

IFN-y • 
Ipr/lpr -

? C D 7 0 T g 

- 4 1 o 

r 3 -
0) 
a 
E 
| 2 
S 
m 1 

0 

- 20 

c 

I 16 
E 12 
c 

I 8 

S 4 

o 
0 

12 

ö 
I 9 
« 

| 6 

! 3 
G 

° 0 

Lymph nodes 

IFN-y IFN-y » IFN-y • IFN-y • 
CD70 Tg Ipr/lpr Ipr/lpr -

CD70 Tg 

Spleen 
• naive 

IFN-y IFN-y • IFN-y 
CD70 Tg Ipr/lpr Ipr/lpr x 

CD70 Tg 

Lymph nodes 

[ 
n 

IFN-y IFN-Y ' l F N - ' ; ' ' IFN-y • 
CD70 Tg Ipr/lpr Ipr/lpr x 

CD70 Tg 

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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Abstract 

The marginal zone in the spleen is a unique compartment that separates the lymphoid 
white pulp from the surrounding red pulp. Due to the splenic vasculature and 
orchestration of specialized macrophages and B cells flanking a marginal sinus, this 
compartment plays an important role in the uptake of blood-borne antigens and it gives 
the spleen its specialized function in anti-bacterial immunity. In this study we 
demonstrate that both development and maintenance of this marginal zone is highly 
dependent on the presence of B cells. Spleens from B cell-deficient mice were found to 
lack both metallophilic and marginal zone macrophages as well as MAdCAM-1+ 3 sinus 
lining cells. Using a transgenic mouse model in which B cells are gradually depleted due 
to overexpression of the TNF family member CD70 (CD70TG mice), we could show that 
the integrity and function of an established marginal zone was also dependent on the 
presence of B cells. Preventing the ongoing B cell depletion in CD70TG mice by crossing 
these mice on a CD27' or TCRct"'" background could also effectively prevent the loss of 
all cellular subsets from the marginal zone. It can therefore be concluded that B cells are 
not only important for the development, but also for the maintenance of the marginal 
zone. This direct correlation between circulating B cells and the function of the spleen 
implies an increased risk for B cell lymphopenic patients with bacterial infections. 

Introduction 

The spleen is the largest secondary lymphoid organ in the mammalian body and plays an 

important role in the filtration of blood and the defense against pathogens. In order to effectively 

perform its function, the spleen has been organized in different compartments, each with its own 

specific cell types and microarchitecture. The white pulp contains distinct areas for T and B 

cells, which provide an environment for the efficient initiation of antigen-specific immune 

responses. These lymphoid areas are confined by a marginal zone, which separates the white 

pulp from the blood-filled sinuses of the red pulp (reviewed in (1)). This marginal zone receives 

a substantial part of the blood flow that enters the spleen, since the sinus it comprises is 

connected to the arteriolar network of the organ (2). Blood-borne lymphocytes that arrive in the 

marginal zone are able to enter the white pulp by extravasating the marginal sinus through 

fenestrated MAdCAM-l* sinus lining cells (3). Furthermore, specialized macrophages in the 

marginal zone give this compartment also an important role in antigen uptake: the inner side of 

the marginal zone harbors the marginal metallophilic macrophages (MMM), whereas the outer 

side contains the marginal zone macrophages (MZM) and the marginal zone B cells (MZB) 

(reviewed in (4)). The marginal zone and its constituents are unique for the spleen and give this 

organ the ability to mount T cell independent immune responses (5). 
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During ontogeny in mice, the spleen develops and becomes populated with white blood cells 
during embryonic life, but it is far from being fully mature at birth, as there is no clear 
compartmentalization and the marginal zone is still absent (6; 7). The first cells that initiate the 
formation of the white pulp are B cells, as they can be found even before birth as small clusters 
surrounding the early central arterioles (7;8). Around day 2 the murine spleen becomes readily 
populated with T cells, which correlates with the large efflux of T cells from the thymus at day 2 
(8;9). During these first neonatal days, the macrophages that will later enter into the marginal 
zone can be found dispersed throughout the entire spleen, while the actual formation of the 
marginal zone starts around day 5 in mice. From this day on these macrophages start to localize 
at the interface of red and white pulp and establish the marginal zone, which is then also 
populated by MZB ((10-12) and personal observations). 

The mature spleen plays an important role in B cell development, since it is the site of terminal 
differentiation for developing B cells after they leave the bone marrow. So far, the following 
developmental stages have been defined in the spleen: transitional type 1 (T1) B cells are 
recent immigrants from bone marrow and can subsequently develop into transitional type 2 (T2) 
B cells, which in turn form the precursors for mature follicular B cells (13). The special 
population of MZB is thought to be derived from mature B cells, but it is also possible that these 
cells can develop directly from T2 B cells. Thus, B cells depend on the spleen for their 
development. Yet, since B cells are the first cells to enter the developing white pulp and are 
continuously in close contact with the cells from the marginal zone in the mature spleen, we 
questioned whether B cells can influence the integrity of this compartment. A direct effect of B 
cells on the development of the marginal zone has been suggested previously (14-16), but no 
data exists concerning the role of B cells in the maintenance of this compartment. We therefore 
analyzed spleens from mice that either completely lacked B cells or that gradually lost their B 
cells over time. A gradual loss was described in our transgenic mouse model in which the TNF-
family member CD70 is overexpressed on B cells. These CD70TG mice were shown to have 
profound T cell activation, due to continuous interaction with its receptor CD27, which results in 
depletion of the entire B cell population within the first 3-4 months (17). This model allowed us to 
examine the dependency of the marginal zone on the presence of B cells. Our findings reveal 
that B cells are important for the maintenance of the marginal zone, since the marginal zone 
disappeared concurrent with the B cell depletion. Our data further elucidate the mechanisms 
that regulate the physiology of this important splenic compartment. 

Results 
The developing marginal zone is dependent on the presence of B cells 
To determine whether the absence of B or T cells affects the development of the marginal zone, 
we examined this compartment in both B cell deficient (BCR~'~) and T cell deficient (TCR''") mice. 
TCR"'" mice were found to have normal populations of both MMM and MZM as compared to 
wild-type (WT) mice (Figure 1), as well as MAdCAM-1 expression, while other macrophage 
populations in the spleen and FDC clusters were also normally present (Table 1). In contrast, in 
the absence of B cells neither MMM nor MZM could be found (Figure 1), while MAdCAM-1 
expression and FDC clusters were also absent (Table 1). This was not due to a general defect 
in myeloid development, since F4/80+ macrophages in the red pulp and MOMA-2+ macrophages 
in the white pulp were normally present in BCR'" mice (Table 1). These findings demonstrate 
that B cells, but not T cells, are a prerequisite for normal development of the marginal zone. 
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Figure 1: B cell deficient, but not T cell deficient mice, lack a normal marginal zone. Spleens from 
WT (left). TCRd' (middle) and BCR mice (right) were analyzed for the expression of SER-4' MMM 
(upper panel in red) and ER-TR9* MZM (lowerpanel in red). Sections were also stained for B cells (in WT 
and TCRd' mice) or T cells (in BCR" mice) in green. 
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Lymphocytes 
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(B220) 
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T cells 
(CD3) 

+ 

Cells in red and white pulp 

FDC RPM 
(FDC-M2) (F4/80) 

+ + 

W P M 
(MOMA-2) 
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Cells in the marginal zone 

Sinus lining 
cells 
(MAdCAM-1) 

+ 

MZM 
(ER-TR9) 

+ 

MMM 
(Sialo-
adhesin) 

+ 

M<t> in MZ 
(MARCO) 

+ 

Table 1: Splenic phenotype of several genetically deficient mice. The respective molecule or mAb that 
was used to detect these cells is indicated between brackets. At least three mice were analyzed for 
each of the indicated genotype. 
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Concomitant loss of B cells and marginal zone in CD70TG mice 

Since development of the marginal zone could depend on cellular interactions that are 

subsequently not required for its maintenance, we investigated the fate of a well-developed 

marginal zone during gradual decline of B cell numbers. In a previous study we have shown that 

overexpression of CD70 led to a gradual depletion of the entire B cell pool due to massive 

expansion of effector-type T cells (17). Analysis of developing B cell subsets in these CD70TG 

mice, as previously defined by the differential expression of surface markers IgM, IgD, and 

CD21 (see (13) and Figure 2a), revealed that both T1 and mature B cells were significantly 

reduced at 4 weeks of age and gradually declined over time (Figure 2b). T2 B cells and MZB 

were maintained at normal numbers up to 6-8 weeks, but finally also declined and disappeared 

in older mice (Figure 2b). 

We therefore examined whether this gradual loss of B cells affected the integrity of the spleen in 

general and the marginal zone in particular. Constitutive interaction between CD27 and CD70 

was found to have no effect on the development of the splenic compartments, since CD70TG 

mice of 3-4 weeks old had normal white pulp areas with distinct T and B cell compartments and 

an obvious marginal zone (Figure 3a). Macrophages expressing the marginal zone markers 

sialoadhesin (MMM) and MARCO (MZM and MMM), as well as the MAdCAM-1" sinus lining 

cells were clearly present in this compartment, although the number of ER-TR9+ MZM was 

reduced (Figure 3a). Furthermore, other macrophage-subsets in red and white pulp, like F4/80+ 

RPM and MOMA-2* WPM, were normally present, as were FDC-clusters in the follicles (Table 

2)-
When 8 weeks old CD70TG mice were examined, a strong reduction in the size of the B cell 

follicles could be seen (Figure 3a), which agrees with our previous report (17). In addition, we 

observed that macrophages from the marginal zone were gradually depleted: MZM were absent 

after 5 weeks of age, whereas the population of MMM declined more slowly and was almost 

undetectable at 12 weeks (Figure 3a). The few MMM that were still present in 10-12 weeks old 

mice generally colocalized with residual B cells, as seen in Figure 3a. Staining for acid-

phosphatase, a macrophage-related enzyme that is normally abundantly expressed in MMM 

and MZM, was not detectable in the marginal zones of older CD70TG mice (data not shown), 

confirming the loss of these macrophages, rather than downregulation of their distinctive cell-

surface markers. In contrast, the F4/80* macrophages in the red pulp, as well as MOMA-2* 

macrophages and CD11c+ dendritic cells in the white pulp of CD70TG mice remained present 

throughout life, indicating that the myeloid populations outside the marginal zone remained 

unaffected (Figure 3a and Table 2). Furthermore, the cellular depletion in these mice was not 

restricted to MMM and MZM, since MAdCAM-1* sinus lining cells and FDC-clusters gradually 

disappeared as well and were finally absent after 24 weeks (Table 2). Staining for endothelial 

cells with anti-ICAM-1 and MECA-32 antibodies indicated that the vasculature of the marginal 

sinus was still intact (data not shown). It is therefore likely that the disappearance of the 

MAdCAM-1+ sinus lining cells is rather a result of downregulation of the MAdCAM-1 molecule 

than a complete disappearance of these cells. 
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Figure 2: All developmental stages of splenic B cells are gradually depleted in CD70TG mice. (A.) For 
analysis of developing B cell populations, B220* splenocytes are separated into IgD' and IgD' cells and 
further defined by their expression of CD21 and IgM (13). The cells that are not included in the indicated 
regions, have not been previously defined. (B.) The relative number of T1, T2, MZB and mature follicular 
B cells was analyzed in spleens of WT and CD70TG mice at various ages. Asterisks denote a significant 
difference (p<0.05) as determined by Student's t test. 
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Figure 3: B cell depletion in CD70TG mice coincides with a functional loss of macrophages in the 
marginal zone. (A.) Spleens from WT mice and 4-, 8-, and 12 weeks old CD70TG mice were stained 
for the following cell types: in left column: B cells (6B2 in green) and MMM (SER-4 in red), in middle 
column: B cells (6B2 in green) and MZM (ER-TR9 in red), and in right column: MMM and MZM (ED31 
in green) and WPM (MOMA-2 in red). Data shown are representative for 3 mice per age. (B.) 
Localization of 500 kD Dextran-FITC (in green) was examined 40 min after intravenous injection in WT 
mice and CD70TG mice of 4 and 10 weeks old. SER-4* MMM (upper panel) and ER-TR9* MZM (lower 
panel) were stained in red. 
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Age 

3 

4 

5 

8 

12 

16 

24 

Lymphocytes 

B cells T cells 
(B220) (CD3) 

+ 

+ 

+/-

+/-

+/-

-

-

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Cells in red 

FDC 
(FDC-M2) 

+ 

+ 

+ 

+/-

+/-

+/-

and white 

RPM 
(F4/80) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

pulp 

WPM 
(MOMA-2) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Cells in the marginal zone 

Sinus lining 
cells 
(MAdCAM-1) 

+ 

+ 

+ 

+ 

+/-

+/-

MZM 
(ER-TR9) 

+/-

+/-

-

-

-

-

-

MMM 
(Sialo-
adhesin) 

+ 

+ 

+ 

+/-

+/-

-

-

M<J> in MZ 
(MARCO) 

+ 

+/-

+/-

+/-

-

-

-
Table 2: Splenic phenotype of CD70TG mice at different weeks after birth. Presence of several splenic 
cell types was represented as +: normal; +/- (severly) reduced; - absent. 

We have previously shown that B cell depletion in CD70TG mice was not due to an intrinsic 

defect of these cells, but was mediated by CD27 and T cells, since normal B cell numbers were 

found in CD70TG x CD27"'" mice, as well as CD70TG x TCRa"y" mice, respectively (17). 

Examination of the spleens of these mice revealed that both CD70TG x CD27"'" and CD70TG x 

TCRof" mice expressed a well-developed marginal zone, as did non-transgenic CD27"'" and 

TCRtt"'" mice (Table 1). Together, these data demonstrate that overexpression of CD70 itself 

does not negatively affect the marginal zone, but that its disintegration is caused by the loss of B 

cells. 

Loss of MZM results in impaired antigen uptake 

To confirm that the marginal zone was functionally absent in CD70TG mice, we injected mice of 

different ages intravenously with Dextran-FITC to examine antigen uptake in the spleen. Under 

normal circumstances, this antigen can rapidly be taken up by MZM, not by MMM, since MZM 

are highly specific for neutral polysaccharides, such as Dextran and Ficoll (18;19). Uptake of 

this fluorescent antigen was normal in WT mice, but strongly reduced in 4 weeks old CD70TG 

mice and completely absent in CD70TG mice of 10 weeks of age (Figure 3b), which correlated 

with the loss of expression of the MZM-marker ER-TR9 in these mice. 

Expression of lymphotoxin is normal on CD70TG B cells 

Although it has not yet been fully clarified which molecular interactions regulate the integrity of 

the marginal zone, it is known that membrane-bound lymphotoxin (LTo.1p2) plays a crucial role in 

this respect. This molecule is normally expressed at low levels on B cells (20) and inhibition of 

its function has been shown to cause loss of the marginal zone (21). We therefore tested 

whether overexpression of CD70 on B cells could have affected the expression of L T a ^ and 

thereby the marginal zone depletion in CD70TG mice. However, we found that the expression of 

L T a ^ of CD70TG B cells was comparable with WT B cells (Figure 4a), irrespective of the age 

of the mice (data not shown). In addition, when these B cells were stimulated with CD40 mAb, 

which is a potent inducer of LTaiB2 expression (22), CD70TG B cells could adequately 

upregulate this molecule (Figure 4b). It can therefore be concluded that CD70TG B cells are 

intrinsically normal and have normal expression and regulation of LTaiB2. 
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Unstimulated B cells 

Wildtype 
LTcr'-

— CD70TG 

Stimulated B cells: 

LTr/|i LTap 

Figure 4: CD70TG B cells have normal expression and regulation of membrane-bound LTa1p2 (A.) 
Freshly isolated lymphocytes were gated for B220' B cells and the expression of LTccif32 was analyzed 
using a LTfiR-IgG fusion protein. Dead cells were excluded with 7AAD. Shown are cells from 3 weeks old 
WTmice (filled grey graph) and CD70TG mice (thick black line). Cells from LTd1' mice (dashed black line) 
served as negative controls. (B.) Freshly isolated lymphocytes were cultured for 40 hours with oCD40 
mAb, in order to induce B cell activation and subsequent upregulation of LTaip\. Cells were gated for 
B220* B cells, excluded for dead cells and analyzed for LT^fe expression. Data are representative for 2 
mice per experiment and the experiment has been performed 3 times with similar results. 

Normal marginal zone in chronically activated mice 

As previously described, overexpression of CD70 on B cells causes constitutive ligation of CD27 

on naïve T cells and thereby induces a massive expansion of effector T cells (17). To exclude 

the possibility that depletion of the marginal zone in CD70TG mice was caused by chronic 

exposure to an activated immune system instead of the ongoing B cell depletion, we examined 

spleens of both gld/gld (CD95L- or FasL-deficient) and Ipr/lpr (CD95- or Fas-deficient) mice. As 

a result of defective apoptosis induction, these mice develop generalized lymphoproliferation 

and suffer from persistent inflammatory conditions due to severe autoimmune disorders 

(23;24;25). Still, in both types of mice the marginal zone was properly developed at various ages 

(Table 2), which argues against the fact that the ongoing massive T cell activation would be the 

major cause of the loss of integrity of this compartment. 

In summary, these data clearly demonstrate that the marginal zone is phenotypically as well as 

functionally lost when solely B cells are depleted from the spleen, thereby revealing an 

important role for B cells in maintaining the integrity of the splenic microenvironment. 

Discussion 

The spleen harbors a large variety of different cellular subsets from both erythroid, lymphoid, as 

well as myeloid origin and most of these populations are confined to their own well-organized 

compartment. Interactions between various subsets and compartments might occur, but the 

nature, frequency and relevance of such contacts is not known. This study shows that B cells 

not only play an important role in the development, but also in the maintenance of the various 

cell types that constitute the marginal zone. Mice lacking all mature B cells from birth do not 

have MMM, MZM nor MAdCAM-1+ sinus-lining cells (Figure 1), which is in accordance with 

previous findings (14-16). Thorough analysis of CD70TG mice, in which B cells are gradually 

depleted, revealed that all cells from the marginal zone disappeared concomitantly (Figure 3a). 
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The splenic phenotype of CD70TG x CD27", gld/gld and Ipr/lpr mice indicated that the loss of 
integrity of the marginal zone in CD70TG mice was not due to an intrinsic effect of CD70 
overexpression or to the chronic immune activation that these mice suffer from (Table 1). 
Besides, CD70TG x TCRu" mice also maintained their marginal zone, again excluding the 
possibility that loss of this compartment is caused by a direct effect of CD70-expressing B cells 
on CD27-expressing hematopoietic stem cells in the bone marrow (26). In particular, the 
findings presented here demonstrate that the disappearance of the marginal zone in CD70TG 
mice is caused by the concurrent loss of B cells. 

More insight in the ongoing B cell depletion in the CD70TG mice was obtained by detailed 
analysis of the various B cell populations. As we found that both T1 B cells in the spleen (Figure 
2b) and immature B cells in the bone marrow (17) were strongly reduced, it can be concluded 
that the generation of B cells is disturbed in CD70TG mice. Still, the gradual decline of the 
mature follicular B cells and MZB suggests that depletion of B cells in the periphery occurs as 
well, since these long-lived populations can survive under normal circumstances for several 
months in the absence of influx from the bone marrow (27). Based on the slow decline of the 
MZB (Figure 2b, 3a, and data not shown) and their specific location, it could be anticipated that 
MZB are more important for the marginal zone than follicular B cells. However, the fact that Pyk-
2~' mice, which lack only the MZB and not the follicular B cell population, express normal MMM 
and MZM subsets (28), indicates that the presence of these macrophages is not (solely) 
dependent on MZB, but also on follicular B cells. 
The dependency of the marginal zone on the presence of B cells is most likely associated with 
the TNF family member LT. Mice deficient for the expression of LTc. or LTp\ but also the LTp-
receptor, are not only exhibiting defects in splenic organization, such as non-segregated T/B cell 
areas and absence of germinal centers and FDC, but also completely lack all cells normally 
present in the marginal zone (29;30-33). Additionally, inhibition of LT|3-receptor signaling in adult 
mice also leads to loss of a well-developed marginal zone (21). Strong evidence for the 
importance of lymphotoxin on B cells during ontogeny comes from a recent study in which the 
LT(3 gene was specifically deleted from B cells, resulting in a defective marginal zone (34). In 
our study, we found that B cells from CD70TG mice expressed normal levels of LTa.iP2 at all 
ages and were able to upregulate it upon stimulation (Figure 4). We therefore conclude that 
CD70TG mice lost their most important source of LTa,p2 when B cells were depleted, which 
consequently resulted in loss of the marginal zone. This was supported by the observation that 
the last few MMM present in older CD70TG mice were always found adjacent to residual B cell 
clusters (Figure 3a). 
Although it is not yet known how LTa^ expressing B cells interact with cells in the marginal 
zone in order to preserve its integrity, local stromal cells could be involved in this process. This 
is in accordance with the development and maintenance of T and B cell areas, where it has 
been shown that interaction of LTa,^ on B cells with the LT|3-receptor on stromal cells in the 
white pulp is required for normal production by these cells of lymphocyte-specific chemokines, 
such as CCL19, CCL21 and CXCL13 (35-38). In spleens from 12 weeks old CD70TG mice we 
could still detect significant protein expression for both CCL21 and CXCL13 (data not shown), 
which indicates that, once the production of these chemokines has been established, B cell-
derived LTa!p2 is no longer required for the maintenance of their expression. This is consistent 
with previous experiments that showed that CCL21 and CXCL13 were still expressed in spleens 
of adult WT mice that had received bone marrow from LTa"'~ mice (36). 
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Although CCL21 and CXCL13 are not involved in the microarchitecture of the marginal zone, it 

could be that a similar process underlies the formation, as well as the maintenance of the 

marginal zone: interaction of LTa1[52-expressing B cells with local stromal cells could elicit the 

production of marginal zone-specific chemokines, in order to attract specific macrophages or 

their precursors. Alternatively, stromal cells could produce growth factors that influence the final 

maturation of macrophage-precursors locally in the marginal zone, although a direct cell-cell 

contact between macrophages and B cells might also be of critical importance. Further research 

will be required to address these questions. 

As our study indicates that B ceils are important for the maintenance of the marginal zone, 

similar defects could be expected in other mouse models in which gradual B cell depletion has 

been reported. Mice that overexpress costimulatory molecules, such as CD80 (39;40), CD86 

(40;41), and CD137L (42), are of special interest in this respect, since they resemble the 

phenotype of CD70TG mice. In addition, loss of B cells was also manifest in mice that 

overexpress IFNy (43) as well as in SOCS-1"'' mice, which are hyper-responsive to this cytokine 

(44). Detailed information on the condition of the marginal zone in these mice could potentially 

contribute to the understanding of their phenotype. 

The splenic phenotype of CD70TG mice illustrates that the marginal zone is susceptible to 

major changes in lymphocyte number and their activation state. As this compartment gives the 

spleen its important function in host defense against bacterial infections, this implies that 

impaired immune responses during B cell deficiencies could also be the result of lacking 

populations of phagocytic cells. Indeed, we demonstrated that mice that have lost most B cells 

and as a consequence also their marginal zone, are unable to take up blood-borne neutral 

polysaccharides (Figure 3b), which serve as model antigens for bacterial capsules. 

Furthermore, it has also been reported that lack of mature B cells and macrophages in the 

marginal zone correlates with susceptibility to viral infections (45;46), since these macrophages 

are capable to control the virus spread during the acute phase (47). In this respect, our findings 

may also be important from a clinical point of view. It can be anticipated that treatment of a B 

cell lymphoma with B cell-specific monoclonal antibodies has destructive side effects for the 

architecture of lymphoid organs. Therefore, it should be taken into consideration that B cell-

ablative therapy could have additional disadvantages for the patient's anti-pathogenic defense 

mechanism. 
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Materials and Methods 
Mice 

CD70TG mice were generated by expression of the murine CD70 gene under control of the human CD19 
promoter region, as previously described (17). C57BL/6, CD27 " mice (48), and TCRa"" mice (49) were 
bred and kept in the animal facility of the Netherlands Cancer Institute (Amsterdam) under specific 
pathogen-free conditions. LToc'7" mice (29) were maintained under similar conditions at the animal facility 
of the VU Medical Center. CD95"'" (Fas lpr; (23)) were purchased from Jackson Laboratories (BarHarbor, 
ME, USA). CD95L"'" mice (FasLgld; (24)) were kindly provided by Dr. J.P. Medema (Leiden University 
Medical Center, Leiden) and BCR mice (muMT; (50)) were kindly provided by Dr. M. Schreurs 
(Netherlands Cancer Institute). 

Immunohistochemistry 
For immunohistochemical analysis, isolated spleens were frozen in Tissue-Tek (Sakura Finetek, The 
Netherlands) and 7 (am cryostat sections were prepared. These sections were applied on gelatin-coated 
microscopic glass slides, fixed in dehydrated aceton for 10 min, air-dried and rehydrated with 2% NBCS in 
PBS (NPBS). For immunofluorescent staining, splenic sections were successively incubated for 45 min 
with unconjugated rat anti-mouse mAbs and Alexa 594-conjugated anti-rat IgG (Molecular Probes). In 
case of double-immunofluorescence, sections were blocked for 5 min with 20% normal rat serum and 
subsequently incubated with biotinylated rat anti-mouse mAbs and Alexa 488-conjugated streptavidin 
(Molecular Probes). The following rat anti-mouse mAbs were used: 6B2 (anti-B220), KT3.1 (anti-CD3), 
FDC-M2 mAb (AMS Biotechnology, UK), SER-4 (anti-sialoadhesin), ER-TR9 (anti-MZM), MOMA-2, F4/80 
(anti red pulp macrophages (RPM)), ED31 (anti-MARCO), MECA-367 (anti-MAdCAM-1). The mAbs 6B2 
and ED31 were purified from culture supernatant from hybridoma cells with protein G-Sepharose 
(Pharmacia, Sweden) and biotinylated in our laboratory according to standard procedures. Sections were 
extensively washed with PBS between each step and finally coverslipped with Fluorostab (ICN/Cappel, 
OH, USA). Fluorescent stainings were analyzed using a Nikon Eclipse E800 microscope, connected to a 
digital camera. 

In vivo antigen uptake 
The functional capacity of the marginal zone was examined by the ability to take up fluorescently labeled 
polysaccharides. Therefore, mice were injected intravenously in the tail vene with 200 ul of 500 kD lysine-
fixable dextran-FITC (Molecular Probes, The Netherlands) at 2 mg/ml in sterile saline. After 40 min, the 
mice were sacrificed and their spleens were frozen in Tissue-Tek and subjected to immunohistochemical 
analysis. 

Flow cytometric analysis of lymphotoxin expression 
Single-cell suspensions from freshly isolated spleen and lymph nodes (axillary, brachial, inguinal and 
mesenterical) were obtained by mincing and gently pressing the tissue through a fine nylon mesh, while 
frequently rinsing with NPBS. Erythrocytes from spleen were lysed by incubation for 5 min at room 
temperature in ACK lysis buffer (150 mM NH4CI, 1.0 mM K H C 0 3 and 0.1 mM Na2EDTA, pH 7.4) and 
lymphocytes were washed and resuspended in NPBS. 

For four-color analysis of developing B cell subsets, 1x106 cells per sample were pretreated on ice with 
Fc-block (clone 2.4G2) and subsequently incubated for 30 min with CD21-FITC (clone 7G6; Pharmingen. 
San Diego, CA), IgD-PE (clone 11.26; Southern Biotechnology Associates, Birmingham, AL), IgM-biotin 
(clone R6-60.2; Pharmingen) and B220-APC (clone RA3-6B2; Pharmingen). Streptavidin-PerCP-Cy5 
(Pharmingen) was used as second-step reagent and cells were analyzed by flow cytometry on a FACS 
Calibur (Becton Dickinson, CA, USA) using Cellquest software (Becton Dickinson). 
Lymphotoxin (LT) expression on B cells was examined on either freshly isolated cells or on lymphocyte 
suspensions that had been cultured for 40 hours in the presence of 10 ug/ml anti-mouse CD40 (clone 
1C10, (51); kindly provided by Dr. Fran Lund, Trudeau Institute, NY, USA) at 3 x 106 cells/ml in RPMI 
1640 supplemented with 10% FCS. Membrane-bound LT0C1P2 was detected by pretreating the cells with 
Fc-block supplemented with 5% normal mouse serum for 30 min and subsequently incubating them for 60 
min with a LT|5R-lgG fusion protein (20) (a kind gift of Dr. Paul Rennert, Biogen, MA, USA). Anti-human-
PE (Jackson ImmunoResearch, PA, USA) was used as a second step conjugate and B cells were 
detected with Alexa 488-conjugated anti-B220 (6B2). Splenocytes isolated from LToc''" mice were used as 
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negative controls. Dead cells were excluded by using 7-aminoactinomycin D (7AAD; Molecular Probes). 
Cells were analyzed by flow cytometry on a FACScan (Becton Dickinson, CA, USA). 
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Abstract 
CD70, the cellular ligand of the TNF receptor family member CD27, is expressed 
transiently on activated T and B cells and constitutively on a subset of B-CLL and large 
B-cell lymphomas. In the present study we used B cells constitutively expressing CD70 
to study the functional consequences of signaling through CD70. In vitro, CD70 ligation 
with anti-CD70 mAbs strongly supported proliferation and cell cycle entry of B cells sub-
mitogenically stimulated with either anti-CD40 mAb, LPS or IL-4. In this process the cell 
surface receptors CD25, CD44, CD69, CD95, and GL7 were upregulated whereas the 
expression of CD21, CD62L, slgM and slgD was decreased. Signaling through CD70 on B 
cells was dependent on the initiation of both PI3K and MEK pathways. In vivo exposure 
to either CD70 mAb or the CD70 counterreceptor CD27, downregulated CD62L and slgM 
on CD70-positive B cells. Addition of CD70 mAb to low dose LPS-stimulated CD70-
positive B cells strongly diminished IgG secretion and enhanced production of IgM. CD70 
signaling during T cell-dependent immune responses also decreased IgG specific 
antibody titers. Together, the in vitro and in vivo data demonstrate that CD70 has potent 
reverse signaling properties in B cells initiating a signaling cascade that regulates 
expansion and differentiation. 

Introduction 
After encountering antigens, B cells undergo a series of activation and maturation events, 

eventually leading to the formation of antibody-secreting plasma cells and memory cells. In T-

cell dependent B cell responses, initial B cell activation is linked to cell-contact-mediated 

interactions and to stimulation by cytokines. In delivering contact-dependent signals, members 

of the TNF-TNFR family guide survival, proliferation, and the formation of memory cells and 

plasma cells1. 

Fine-tuning of the signals from the TNF and TNFR family members is largely achieved by tight 

regulation of their expression. Most of the effects of TNFR-TNF interactions have been 

attributed to intracellular signaling events evoked by members of the TNFR family that can 

couple to two principal classes of cytoplasmic adaptor proteins: TRAFs (TNF receptor-

associated factors) and death domain containing molecules2. However, functional experiments 

have also provided evidence for signaling through TNF family members (also called reverse 

signaling). In particular, TNF3, CD153 (CD30L)4, CD154 (CD40L)5, CD197 (CD95L)6, CD137 (4-

1BBL)7, CD134 (OX40L)8, TRANCE9, TRAIL10 and LIGHT" have been shown to possess signal 

transduction capacity. Thus bidirectional signaling might be a general phenomenon in 

interactions of TNF-TNFR family proteins thereby abrogating the discrimination between 

receptor and ligand. 
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The TNFR family member CD27 is expressed on the majority of T cells and thymocytes and on 

subsets of natural killer cells, antigen-experienced B cells and hematopoetic stem cells12"15. Its 

ligand CD70 is transiently expressed on the surface of activated B, T and dendritic cells16;17. 

Functional studies have shown that CD27 ligation promotes TCR-driven T cell expansion and 

effector cell formation18"21. In addition to these costimulatory effects on T cells, several in vitro 

studies have indicated that CD27 ligation on B cells augments differentiation of B cells into 

antibody-secreting plasma cells22"24. 

In contrast to the tightly regulated physiological expression of CD70, constitutive expression of 

human CD70 is found on several malignancies including leukemias and lymphomas25"27, 

carcinomas2829, and brain tumors30. Previously, we showed that in vitro crosslinking of CD70 on 

CD70-expressing malignant B cells augmented proliferation raising the possibility that CD70 

functions as an activation receptor on malignant B cells27. To directly examine the 

consequences of CD70 signaling on B cell responses in vitro and in vivo, we used B cells 

constitutively expressing CD70. Our results demonstrate that CD70 ligation results in B cell 

proliferation and differentiation, especially in conjunction with Toll-like receptor 4, CD40 and IL-4 

receptor occupation. 

Results 
Enhanced B cell proliferation after CD70 ligation 

To study the effects of CD70 signaling in B cell responses, we used B cells from mice that 

constitutively express murine CD7021 on their surface and concomitantly lack CD2720, thereby 

preventing signaling via this molecule (Figure 1A). Crosslinking of CD70 with anti-CD70 mAbs 

modestly enhanced proliferation of these B cells as evidenced by thymidine incorporation 

(Figure 1A). In contrast, addition of anti-CD70 mAbs had no effect on proliferation of B cells 

obtained from WT or CD27"'" mice (Figure 1B). 

Upon stimulation through cell surface receptors such as CD40, Toll-like receptor 4 (TLR4) and 

BCR, resting B cells become activated and proliferate. To test whether CD70-derived signals act 

synergistically with other B cell stimuli, CD70+B cells were cultured with bacterial LPS, anti-

CD40 mAb, anti-IgM Ab or IL-4 either in the presence or absence of anti-CD70 mAb. Increased 

[3H]-thymidine incorporation was observed in response to suboptimal concentrations of LPS, a 

stimulus that activates B cells independently of BCR signaling via TLR4 (Figure 1C). In addition, 

CD70 ligation also synergized with anti-CD40 mAb or IL-4, whereas only marginal additive 

effects of anti-CD70 mAb on [3H]-thymidine incorporation were found with (sub)optimal anti-IgM 

Ab stimulation. Thus, CD70 crosslinking on B cells, either alone or in combination with TLR4, 

CD40, and IL-4 receptor derived signals enhanced B cell proliferation. 
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Figure 1. Enhanced B cell proliferation after CD70 ligation. (A) Purified splenic B cells were stained 
for B220 and anti-CD70 mAbs. Spleens of WT. CD27 and CD27 x CD70 Tg mice were isolated and B 
cells were purified using MACS magnetic separation system. (B) Increased CD70-induced B cell 
proliferation. Purified splenic B cells from wild-type. CD27 and CD27 x CD70 Tg mice were cultured in 
triplicates in 96-well microplates in presence of 5 /tg/mI anti-CD70 mAb (black bars) or control antibody 
(white bars). Proliferation was measured by [3H]-thymidine incorporation during the last 16 hour of a 3-day 
culture. The data are displayed as the mean cpm values ± standard error of one representative 
experiment out of three. (C) CD70-induced B cell proliferation is enhanced by CD40, TLR4 and IL-4R 
signaling. Purified splenic B cells from CD27~~ x CD70 Tg mice were stimulated with the indicated 
concentrations of (pg/ml) lipopolysaccharide (LPS). anti-CD40 mAb. polyclonal F(ab)2 goat anti-mouse 
IgM, or IL-4 (ng/ml) in presence of 5 jug/ml anti-CD70 mAb (black bars) or control mAb (white bars). 
Proliferation was measured as in (B). The data are displayed as the mean cpm values ± standard error of 
one representative experiment out of three. 

CD70 ligation on B cells promotes cell cycle entry 

The increased [3H]-thymidine incorporation observed after CD70 ligation might reflect enhanced 

cell survival, increased cell cycle progression or both. To distinguish between these possibilities, 

we first examined cell viability by flow cytometric detection using PI staining. However, no 

obvious increase in survival of CD70+ B cells was found after CD70 ligation (data not shown). 

Cell cycle progression was assessed at various time points after stimulation by monitoring 

CFSE dilution. We observed a strongly increased entry into the cell cycle of CD70-triggered B 

cells in combination with LPS or anti-CD40 mAb stimulation when compared to LPS or CD40 

stimulation alone (Figure 2). Remarkably, a fraction of the activated B cells without CD70 

ligation had undergone more cell divisions than that of CD70-triggered B cells. Similar results 

were found with IL-4 addition but not with addition of anti-IgM Ab (data not shown). Thus, CD70 

ligation on B cells promotes cell cycle entry. 
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Figure 2. CD70 ligation promotes cell cycle entry. For B cell division measurement, purified B cells of 
CD27 x CD70 Tg were labeled with the fluorescence dye CFSE, and incubated with 0.25 ,ug/ml LPS or 
1 jug/ml anti-CD40 in presence or absence of 5 jug/ml anti-CD70 mAb. Loss of CFSE fluorescence, 
indicating cell division progression, was measured by flow cytometry on day 2, 3 and 4. Dead cells were 
excluded by propidium iodide staining. Solid lines indicate CD70-activated cells and shaded histograms 
indicate controls. Data are representative of three independent experiments. 

CD70 ligation mediates expression of B cell activation and differentiation molecules 

Activation of B cells changes the expression of various molecules thereby reflecting the altered 

activation and maturation state. We examined the effects of CD70 ligation on the expression of 

cell surface B cell markers by flow cytometry. At day 3 after stimulation expression of CD25, 

CD44, CD69, CD86, CD95 and GL7 was increased on B cells triggered with anti-CD70 mAb 

and in combination with either LPS or anti-CD40 mAb, whereas expression of slgM, slgD, and 

CD62L was downregulated (Figure 3A). Comparable effects on the expression of B cell surface 

markers were found in presence of IL-4, whereas stimulation in combination with anti-IgM Ab 

only had marginal effects (data not shown). The anti-CD70 mAb had no effect on CD70-

negative WT and CD27"' B cells (data not shown). Increase of CD54 and CD23 was only found 

after CD70 ligation in combination with LPS whereas CD21/CD35 was found to be 

downregulated in combination with anti-CD40 mAb (Figure 3A). In addition, spleen-derived B 

cells showed comparable expression patterns of B cell surface molecules after CD70 signaling 

as B cells derived from peripheral lymph nodes (data not shown). 

The effect of CD70 ligation on the B cell activation was dose-dependent; higher concentrations 

of anti-CD70 mAb increased the expression of CD69 (Figure 3B) as well as the expression of 

CD25 and CD95 (data not shown). In addition, F(ab)2 fragments of anti-CD70 mAb resulted in 

similar findings as with whole antibody thereby excluding FcReceptor mediated effects (data not 

shown). In summary, stimulation through CD70 on B cells not only promotes cell cycle entry but 

also induces changes in cell surface expression of activation and differentiation molecules. 
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Figure 3. CD70 ligation mediates expression of B cell activation and maturation molecules. (A) 
Effects of CD70 signaling on B cell surface markers. Purified splenic B cells from CD27 x CD70 Tg mice 
were cultured in medium alone or stimulated with 0.25 ,ug/ml LPS or 1 ug/ml anti-CD40 mAb in presence 
of either 5 ug/ml anti-CD70 mAb (solid line histograms) or control mAb (shaded histograms). After 1 day 
of culture in medium alone or 3 days after LPS or CD40 stimulation B cells were analyzed by flow 
cytometry for surface expression of CD25. CD44. CD69. CD86, CD95 (Fas/APO-1), GL-7, CD62L. 
CD21/35, CD23, CD54. slgM and IgD. (B) Dose-dependent effects of CD70-induced upregulation of 
CD69 by anti-CD70 mAb. Cells were stimulated with 1 ug/ml LPS and increasing amounts of anti-CD70 
mAbs. Data represents the mean fluoresence intensity (MFI, black bars) and percentage of CD69* 
samples (white bars). All in vitro activation assays are representative of al least three independent 
experiments. Only live cells were analyzed, as dead cells were excluded by propidium iodide staining. 

CD70 signaling couples to PI3K and MEK pathways 

To elucidate the molecular basis of CD70 signaling, signal transduction pathways activated by 

CD70 triggering were analyzed. Therefore, CD27'" x CD70Tg B cells were treated with specific 

inhibitors of signal transduction pathways and subsequently cultured in presence of anti-CD70 

mAb or control mAb. Cell surface expression levels of CD25 and CD69 were determined by flow 

cytometry after 24 h as readout. CD70-mediated upregulation of CD25 and CD69 was blocked 

by preincubation with the phosphoinositide 3-kinase (PI3K) inhibitor LY294002 and the mitogen-

activated protein kinase/extracellular signal-regulated kinase kinase (MEK) inhibitors PD98059 

and U0126, whereas the p38 mitogen-activated protein kinase (MAPK) inhibitor SB203580, the 

mammalian target of rapamycin kinase (mTOR) inhibitor rapamycine, the Src tyrosine kinase 

inhibitor PPI and the Gicx-protein inhibitor pertussis toxin had no effect (Figure 4A). To 

demonstrate that CD70 signaling couples to PI3K and MEK pathways, we determined whether 

their downstream targets, protein kinase B (PKB) and extracellular signal-regulated kinase 

(ERK) respectively, were activated. Crosslinking of CD70 increased phosphorylation of PKB and 
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ERK1/2 without altering PKB and ERK1/2 protein levels (Figure 4B). Finally, while LY294002 

inhibited the CD70-mediated phosphorylation of PKB but not ERK1/2, U0126 inhibited 

phosphorylation of ERK1/2 but not PKB (Figure 4B). This indicates that CD70-mediated 

induction of these pathways apparently works in parallel rather than in series. Taken together, 

CD70 engagement on B cells couples to both PI3K and MEK pathways resulting in 

phosphorylation of their targets PKB and ERK1/2. 
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Figure 4. CD70 signaling couples to PI3K and MEK pathways. (A) CD70-induced enhancement of 
CD69 upregulation is blocked by the PI3K inhibitor Ly294002 and the MEK inhibitors U0126 and 
PD98059. Purified CD27 ' x CD70 Tg B cells were pretreated with 10 jM SB203580, 10 ,uM Ly294002, 2 
ng/ml rapamycine, 100 ng/ml pertussis toxin, 10 /uM PP1, 50 /WW PD98059 and 10 ,uM U0126 for 1 h and 
then cultured with 5 ,ug/ml anti-CD70 mAb or control mAb for 24 h. The cells were then collected and 
stained for cell surface expression of CD25 and CD69. (B) Engagement of CD70 on CD2T'~ X CD70 Tg B 
cells enhances activity of the PI3K target Akt and the MEK target ERK. Immunoblot analysis of total 
cellular lysates for Erk and PKB phosphorylation (pAkt and pErk) and expression (Erk and PKB). Before 
stimulation, purified B cells were pretreated for 30 min with 10 uM Ly294001 (the PI3K inhibitor) or 10 uM 
U0126 (the MEK inhibitor). Subsequently, cells were stimulated with anti-CD70 mAb for 5 and 15 min or 
left unstimulated (0 min). Data are representative of three independent experiments. 

Effects of CD70 ligation in vivo 

To test whether the CD70-mediated changes on B cell surface molecules can also occur in vivo, 

we analyzed the effect of CD70-specific mAb on B cells in CD27"'" x CD70 Tg mice. Ligation of 

CD70 in vivo with anti-CD70 mAb increased CD44 expression and decreased slgM and CD62L 

expression, consistent with the data obtained in vitro (compare Figure 3a and 5a). 
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To investigate whether CD70 ligation could also be accomplished by its natural counterreceptor 
CD27, we adoptively transferred CD27"/" or CD27"'" x CD70 Tg B cells into Ly5.1 (CD27+/+) mice. 
At day 4 after transfer, CD27"" x CD70 Tg (Ly5.2+) B cells in recipients displayed increased 
CD44 expression and decreased CD62L and slgM expression as compared to non-CD70 Tg B 
cells, indicating that CD27 contact is capable of modifying the phenotype of CD70-expressing B 
cells (Figure 5b). In addition, also fluorescently labeled CD27"'' x CD70 Tg B cells adoptively 
transferred into wild-type (CD27+/+) recipient mice displayed the characteristic CD44+CD62L 
lgMlow phenotype compared to CD27"'" recipient mice. In summary, these data indicate that 
ligation of CD70 on B cells either by CD70 mAb and its cellular ligand CD27 results in 
substantial B cell activation. 
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Figure 5. CD70 signaling in 
vivo. (A) Induction of CD70 
signaling in B cells by CD70 
mAb in vivo. CD27~~ and 
CD27 x CD70 Tg mice were 
injected with 500 ug anti-CD70 
mAb (solid line) or control mAb 
(shade histogram). At day 4, 
splenic B cells were isolated and 
stained with antibodies to the 
indicated cell surface markers. 
(B) Induction of CD70 signaling 
by CD27 in vivo. B cells from 
CD27 or CD27 " x CD70 Tg 
mice (Ly5.2) were adoptively 
transferred independently into 
Ly5.1 recipient mice. Gated 
Ly5.2 CD27 (shaded histo
gram) and Ly5.2 CD27' x 
CD70 Tg (solid line) B cells are 
shown. A representative result 
from two indepen-dent adoptive 
transfer experiments is shown. 
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Inhibition of plasma cell formation after CD70 ligation 
The hallmark of terminal differentiation of B cells is the formation of plasma cells and their 
secretion of immunoglobulins. Morphologically, B cells stimulated with both LPS and CD70 
exhibited less plasma cell features (such as eccentric nuclei, pale Golgi zone and basophillic 
cytoplasm) than B cells stimulated with LPS alone (Figure 6A). An additional indicator of plasma 
cell differentiation is the presence of cells positive for CD138 (Syndecan-1). B cell cultures 
stimulated with LPS and CD70 showed a decrease of CD138 positive B cells compared to 
cultures stimulated with LPS alone (Figure 6B). In presence of anti-CD40 mAb, CD70-triggered 
B cells had a more blastoid appearance, notably at day 4 after stimulation. In all CD40-
stimulated B cell cultures low frequencies of CD138 positive cells were found (Figure 6B). Taken 
together, signaling through CD70 inhibits the formation of plasma cells. 
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Inhibition of IgG secretion after CD70 ligation 

Engagement of CD70 in vitro on LPS-stimulated B cells caused an increase in the cumulative 

concentration of IgM antibodies after 7 days of culture, whereas IgG secretion was inhibited 

(Figure 7A). When B cells were stimulated with anti-CD40 mAb, CD70 ligation had no effect on 

IgM production but inhibited IgG production (data not shown). To test the effects of CD70 

signaling on antibody responses in vivo we compared the T cell-dependent antigen response to 

TNP-KLH in alum in CD27"'"xCD70 Tg mice with or without anti-CD70 mAb treatment. Whereas 

the TNP-specific IgM levels were similar, a considerable decrease in IgG levels was observed at 

day 7 (Figure 7B) and at day 14 (data not shown). To corroborate that CD27-CD70 interactions 

influence plasma cell differentiation in vivo we examined T cell-dependent antibody response to 

alum-precipitated TNP-KLH in CD70 Tg mice that do express CD27. Despite lower B cell 

numbers, caused by excessive IFN-y secretion in these mice21, the serum TNP-specific IgM 

antibody levels were increased as compared to WT mice whereas lower NP-specific IgG titers 

were found (Figure 7C). In CD70 Tg mice on an IFN-y deficient background, which have normal 

B cell numbers21, decreased TNP-specific IgG levels and similar IgM levels were found (Figure 

7D). Together, the in vitro and in vivo data suggest an inhibitory effect of CD70 ligation on the 

differentiation of IgG-secreting plasma cells. 
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Figure 6. CD70 ligation inhibits 
immunoglobulin secretion. (A) 
Morphological characterization in 
response to CD70 ligation. Enriched 
CD27 x CD70 Tg B cells were 
stimulated with LPS or anti-CD40 
mAb in presence or absence of 
CD70 triggering with 5 pg/ml anti-
CD70 mAb and at day 4 and 7 after 
stimulation cells were analyzed by 
staining with Jenner-Giemsa 
solution. Original magnification, 100 
x 10. (B) Decreased expression of 
the plasma cell marker CD 138 
(Syndecan-1) after CD70 ligation. 
Purified CD27 x CD70 Tg B cells 
stimulated with LPS or anti-CD40 
mAb in presence (solid line) or 
absence (shaded histogram) of 
CD70 triggering with anti-CD70 
mAb were analyzed at day 4 after 
stimulation for CD 138 expression. 
Data are representative of three 
independent experiments. 
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Figure 7. CD70 ligation inhibits immunoglobulin secretion. (A) Immunoglobulin secretion after CD70 
ligation in vitro. Enriched CD27 x CD70 Tg B cells were stimulated with 1 pg/ml LPS in presence or 
absence of CD70 triggering with 5/.ig/ml anti-CD70 mAb. The immunoglobulin concentrations in the 
supernatant of the B cell cultures were measured by ELISA at day 7 after stimulation. Data are displayed 
as optical density (y-axis) versus 3-fold dilution steps (x-axis). The data shown are representative of three 
independent experiments. (B. C. D) T cell-dependent antibody response. (B) 6-week-old CD27"" xCD70 
Tg mice injected with 0.5 mg anti-CD70 mAb or control mAb, (C) wildtype versus CD70 Tg mice and (D) 
IFN-y versus IFN-f~ x CD70 Tg mice were immunized with 100 /jg of TNP-KLH emulsified in alum. 
Isotype specific anti-TNP titers were determined in sera by TNP-specific ELISA on day 7 after 
immunization. Data are expressed as average values of five mice per group. 

104 



CD70 Signaling in B cells 

Discussion 
Effects of CD70 signaling on B cell terminal differentiation 
In the present study we have investigated the consequences of CD70 ligation in B cell activation 

and differentiation. By using B cells from mice constitutively expressing CD70, but lacking 

CD27, we were able to specifically examine the role of CD70 ligation without effects of CD27 

signals. Addition of CD70 mAb to these B cells promoted entry into the cell cycle (Figure 2) and 

altered expression of cell surface markers, especially in combination with TLR4, CD40 and IL-

4R derived signals (Figure 3, 5). Moreover, CD70 signaling inhibited plasma cell formation and 

IgG secretion (Figure 6, 7). 

Upon activation, B cells migrate towards the boundary of B and T cell zones due to altered 

expression of chemokine receptors31. At this particular site, B cells interact with activated, 

antigen-specific CD4+T cells, receiving costimulatory signals. Since activated B cells express 

CD7016'17 and activated T cells highly express CD2732, it might be that costimulation also occurs 

through CD70. In addition, expression of both CD70 and CD27 has been demonstrated on 

germinal center B cells in mice (Y. Xiao and J. Borst, unpublished data) and in human33. Thus 

signaling through CD70 on B cells at the T-B cell boundary as well as in germinal centers might 

influence the outcome of humoral immune responses. 

A previous study showed that addition of CD27 transfected cells to T-cell dependent human B 

cell cultures resulted in marked decreased IgG levels22, which may now be explained by our 

observation that signaling through CD70 inhibits IgG production. Although CD70 ligation 

promoted cell cycle entry, in presence of LPS or anti-CD40 mAb the CD70-triggered B cells 

underwent less cell divisions than cycling B cells without CD70 stimulation. This may explain the 

inhibitory effect of CD70 ligation on IgG production, given that IgG isotype switching is related to 

cell division number34. In contrast to the effects of CD70 signaling, signaling through CD27 on B 

cells results in enhanced plasma cell formation and increased IgG production22"24. Thus CD70 

and CD27-transduced signals in B cells appear to have opposing effects in the fine-tuning of B 

cell responses. 

Signal transduction pathways induced by CD70 signaling 

Although signaling through TNF receptor family members by the TRAF and death domain, have 

been extensively studied2, relatively little is known about the downstream signaling pathways 

employed by TNF family members. Although the cytoplasmic domains of individual TNF family 

members are evolutionary conserved across species, comparison between different family 

members showed relatively little homology and therefore provided no clues as to a generic 

signaling mechanisms used. It has been reported that a casein kinase I (CKI) consensus 

sequence is conserved in the cytoplasmic domains of human and mouse TNF, CD40L, CD95L, 

CD30L, 4-1 BBL, and of human, but not mouse CD7035. However, signaling properties have 

been described of TNF ligand family members lacking CKI motifs including OX40L, TRANCE, 

TRAIL, and mouse CD70 (our results). By deletion mutant studies it was shown that the 

sequence RPRFER of the cytoplasmic portion of OX40L was important for induction of c-jun and 

c-fos36. Furthermore, involvement of p38 MAPK was found in signaling through TRANCE9 and 

TRAIL10 on T cells. Here we found that signaling through murine CD70 on B cells results in 

phosphorylation of both AKT and ERK, being direct targets of PI3K and MEK, respectively 

(Figure 4). The activation of AKT and ERK likely associates with the response of the CD70-

triggered B cell, since these pathways are critically involved in anti-apoptotic signal transduction 

as well as cell cycle progression. Although it has been shown that BCR-induced phosphorylation 
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of ERK is dependent on PI3K via the Ras pathway , we found that CD70 triggering can activate 

MEK in a PI3K-independent manner. This implies either a common upstream signaling 

intermediate or multiple independent signaling pathways initiated by CD70 signaling. 

Role of CD70 signaling in malignancies 

Besides the restricted expression of CD70 in normal tissues, strong CD70 expression was found 

on Hodgkin's lymphoma, B-cell chronic lymphocytic leukemia and large B-cell lymphomas25"27. 

In addition to these hematological malignancies CD70 has also been reported to be present on 

various other malignancies28"30. The apparent deregulated expression of CD70 on malignant B 

cells suggests that CD70 might function as an agonistic receptor for malignant B cell growth27. A 

possible role for this interaction in lymphomagenesis is suggested by the observations that 

aggressive non-Hodgkin's lymphomas abundantly express CD70 and that blastoid 

transformation of mantle cell lymphoma coincides with the upregulation of CD7038. In this 

respect it is of interest to note the paradox that certain malignancies with a poor prognosis (e.g. 

Hodgkin's disease and anaplastic larger cell lymphoma) are characterized by a high infiltration 

of T cells3940. Potentially these infiltrating T cells can provide the CD27 as ligand for CD70 on 

the tumor cell. Alternatively, some tumor cells express CD70 together with CD27, suggesting 

that this interaction may constitute an autocrine circuit regulating malignant cell function. 

Taken together, our results provide evidence that signals through the TNF family member CD70 

in B cells results in enhanced cell cycle entry while preventing differentiation into IgG secreting 

plasma cells. We also suggest that CD70 signaling might be important in CD70-expressing 

malignancies. Therefore, modulation of the CD70 signaling pathway might be able to control the 

extent of (malignant) B cell responses and potentially provide therapeutic benefits to treat 

certain immune system disorders. 

106 



CD70 Signaling in B cells 

Materials and Methods 
Animals 

C57BL/6, CD27" 2 0 , CD70 Tg21 and CD27"'" x CD70 Tg mice on a B6 background were bred and 
maintained in the facilities of the Netherlands Cancer Institute. All mice used were 6-12 week-old. All 
animal experiments were performed according to institutional and national guidelines. 

Immunization and adoptive transfers 

Mice were immunized by intraperitoneal injection with 100 ug TNP-KLH emulsified in alum (Biosearch 
Technologies, Novato, CA). Sera were collected at day 0, 7, and 14. Anti-TNP-specific immunoglobulin 
(Ig) levels were determined by ELISA as described below. In vivo CD70 crosslinking was accomplished 
by intraperitoneal injection with 0.5 mg anti-mouse CD70 mAb (clone 6D8). For adoptive transfer purified 
splenic B cells (20 x 106) were resuspended in PBS and injected intravenously. 

B cell purification 
Single-cell suspensions of splenocytes were obtained by mincing through cell strainers, and erythrocytes 
were lysed with ammonium chloride solution. B cells were positively enriched by using CD19 MACS 
microbeads and the MACS system according to the manufacturers guidelines (Miltenyi Biotec, Bergisch 
Gladbach, Germany). The purity of the isolated cells was verified by flow cytometric analysis (>95% 
B220+). 

Determination of B cell characteristics in vitro 
Cell Culture. Purified B cells were cultured in IMDM medium (Gibco BRL, Gaithersburg, MD) 
supplemented with 10% heat-inactivated FCS, L-glutamine, gentamycin, and 5 x 10"5 M p-
mercaptoethanol. B cells were seeded at 1 or 5 x 105 cells/well in a final volume of 200 ul in 96-well flat-
bottom plates and incubated for the indicated time periods at 37°C in a humidified atmosphere containing 
5% C 0 2 . 

B cell activation. Cells were stimulated with various concentrations of either LPS (Sigma), anti-CD40 mAb 
(clone HM-40.3, Pharmingen), goat-anti-mouse-IgM F(ab')2 (Jackson ImmunoResearch, West Grove, PA), 
or IL-4 (50 units/ml) in presence or absence of anti-mouse CD70 mAb (clone 6D8). 
B cell proliferation assays. Cultures were pulsed with 0.2 |.iCi of [3H]-thymidine during the last 16 h of 3 
days, and incorporation was determined by using an automatic cell harvester and liquid scintillation 
counter. Data are displayed as mean ± SEM of triplicate cultures. Each experiment was performed three 
times yielding similar results, and the results of one representative experiment are shown. 
Cell cycle analysis. Cell cycle progression was analyzed by flow cytometry using CFSE 
(carboxyfluorescein diacetate succinimidyl ester). B cells (1 x 107) were washed three times with PBS, 
and subsequently CFSE was added to a final concentration of 5 uM in PBS. After 10 min at 37°C, labeling 
was stopped by adding 10% FCS-containing IMDM and cells were washed two times. CFSE labeled cells 
were cultured as described above with 0.25 ug/ml LPS or 1 ug/ml anti-CD40 in presence of anti-CD70 
mAb or control mAb for 2, 3 or 4 days. 

Inhibition of signal transduction pathways. The following signaling inhibitors were used: SB203580 at 10 
uM (Calbiochem), LY294002 at 10 uM (Sigma), rapamycine at 2 ng/ml (Sigma; all three kindly provided 
by L. Evers), PP1 at 10 uM. (Sanver Tech; kind gift from H. Versteeg), pertussis toxin at 100 ng/ml 
(Sigma; kindly provided by J. Wormmeester), PD98059 at 50 uM (Biomol) and U0126 at 10 uM (Biomol). 
All stock solutions were made in DMSO, except for rapamycin and pertussis toxin, which were dissolved 
in ethanol and RPMI, respectively. Purified B cells were pretreated with the inhibitors for 1 hour at 37°C 
prior to activation and the inhibitors were present in culture during the stimulation period. 
Morphological analysis. After 4 or 7 days culturing, B cells (3 x 104) were mounted on a glass slide by 
cytospin and fixed with 70% methanol for 3 min, followed by incubation with Jenner solution for 3 min and 
Giemsa staining solution for 13 min. 
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Flow Cytometry 

Cells (1-4x105) were incubated with antibodies for 30 min at 4CC in staining buffer (PBS containing 0.5% 
BSA and 0.05% azide). All stainings included preincubation with the anti-Fc receptor (CD16/CD32) 
antibody 2.4G2 (Pharmingen) to reduce Fc receptor-mediated binding. Propidium iodide (2 ug/ml) was 
added to samples before acquisition to exclude apoptotic or necrotic cells. Data acquisition was 
performed with FACS Calibur and analysis was carried out using CellQuestPro software (Becton 
Dickinson). Monoclonal antibodies used were: FITC, PE, or APC-labeled anti-B220. CD21/CD35, CD23. 
CD25, CD44, CD54, CD62L, CD69, CD86. CD95, CD138 and GL-7 (Pharmingen). FITC-labeled anti-IgM 
and PE-labeled anti-lgD were purchased from Southern Biotechnology Association. 

Determination of immunoglobulin titers by ELISA 

Maxisorb 96-well plates (Nunc, Roskilde. Denmark) were coated with 1 ug/ml TNP-BSA in 0.1 M 
sodiumcarbonate buffer (pH 9.7) for 16 hours at 4 'C . After blocking for 1 h with 2 % milk in PBS at room 
temperature, sera was added at an initial dilution of 1:100 with high performance ELISA (HPE) buffer CLB 
and 1:3 sequential dilutions and incubated for 3 h at room temperature. Plates were subsequently washed 
6 times and incubated with 0.1 ug/ml biotinylated rat-anti-mouse-lg (Southern Biotechnology Associates, 
Birmingham, AL) of the indicated isotype in HPE buffer for 1 hour at room temperature. After washing, 
plates were incubated with streptavidin-conjugated horse radish peroxidase streptavidin-HRP for 45 min, 
washed and developed with TMB substrate. The reaction was stopped with 2 M H2S04 and OD was 
measured at 450 nm. 

For measurement of Ig concentrations in 7-day-old cultures, plates were coated with 1 ug/ml unlabeled 
rat-anti-mouse-lg of the indicated isotype and collected supernatant were 1:10 diluted in HPE buffer. 
Subsequent steps were performed as described above. Ig concentrations were calculated from linear 
standard curves generated with affinity-purified mouse Ig (SBA). 

Immunoblotting 

B cells (1 x 107) were stimulated with anti-CD70 mAb (25 ug/ml) for 5 and 15 min, and subsequently lysed 
in ice-cold lysis buffer (50 mM Tris-HCI (pH 7.4), 1 % NP-40, 137.5 mM NaVI, 1 % glycerol, 1 mM sodium 
orthovanadate and 0.5 mM EDTA (pH 8.0). After centrifugation, cell lysates were resolved by 9% or 
10,5% SDS-PAGE and electroblotted to PVDF membrane. Blots were blocked in 2 % milk and incubated 
with primary antibodies. Anti-PKB, anti-phosphoPKB, anti-ERK1/2, and anti-phoshoERK1/2 antibodies 
were purchased from Cell Signaling Technology. After incubation with horseradish peroxidase-conjugated 
goat anti-rabbit, bound immunoglobulins were detected using enhanced chemiluminescence (ECL; 
Amersham Biotech) according to manufacturer's instructions. 
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General Discussion 

T cells play a crucial role in immune responses against bacteria, viruses and malignant 

cells. Specific activation of T cells is initiated by recognition of MHC-peptide complexes 

on antigen-presenting cells by clone-specific T cell antigen receptors. However, effective 

T cell responses require not only specific antigen recognition but also adequate 

provision of costimulatory signals. Two main families of costimulatory molecules have 

been found: the immunoglobulin-like CD28-B7 family and the tumor necrosis factor 

(TNF) receptor family and their ligands. 

In this thesis we studied the role of the co-stimulatory TNF receptor family member 

CD27 and its ligand CD70 in adaptive immune responses. CD27 is expressed on the 

majority of T cells and on subsets of B cells, NK cells and hematopoietic progenitor 

cells1"4. CD70 is an activation molecule, found on recently activated lymphocytes and 

dendritic cells5"7. Previous studies had indicated that CD27 ligation costimulates T cell 

proliferation and enhances differentiation of cytotoxic T cells in vitro8'™. To gain insight 

into the potential functions of CD27-CD70 interactions in vivo, we developed a mouse 

model in which CD70 is constitutively expressed on B cells and serves as a dominant 

costimulatory ligand for T cells. 

Effects of CD27-CD70 interactions on T cell expansion 

In response to antigen, naive T cells undergo clonal expansion and differentiation into 

effector T cells. Antigen-specific CD8^ T cell responses to influenza virus and tumor 

cells were quantitatively enhanced in CD70 Tg mice. Concomitantly, the quality of 

antigen-specific CD8+ T cells improved: on a per-cell basis the expression of IFN-yand 

cytotoxic capacity increased (chapter 2). Without deliberate antigenic challenge effector 

CD4* and CD8+ T cells accumulated in CD70 Tg mice (chapter 3). This process is likely 

driven by environmental antigens since we found that effector cell formation in CD70 Tg 

mice is dependent on antigen recognition by TCR/CD3 (chapter 4). The expansion of 

effector T cells was more pronounced for the CD8+ T cell compartment, which may 

reflect the higher intrinsic proliferative capacity of CD8* T cells compared to CD4+ T 

cells13,14. The T cell expansion-promoting effects of CD27 ligation are corroborated by 

studies in CD27 deficient mice, which showed in essence the reversed phenotype: both 

CD4+ and (antigen-specific) CD8+ T cell numbers were profoundly decreased after 

primary influenza virus infection as compared to wild-type mice15. Thus, CD27-CD70 

interactions appear to regulate the size of antigen-primed T cell populations. 

The CD27-mediated enlargement of the effector T cell population might be the 

consequence of increased cell division, enhanced survival or both. The T cells in the 

CD70 Tg mice exhibited enhanced cell cycle activity (chapter 4). This in vivo 

observation was confirmed by in vitro experiments showing that CD70 transfectants 

induce strong CFSEa dilution in CD3-stimulated T cells (K.Tesselaar and M.F. van 

Oosterwijk, unpublished data). Whether CD27 can upregulate cell cycle molecules (e.g. 

cyclins and cyclin-dependent kinase inhibitor p27kip1), as reported for 4-1BB16, awaits 

a The cell-permeable fluorescent dye carboxyfluorescein diacetate succimidyl ester (CFSE) 
can be used to label populations of cells homogenously. When a cell divides CFSE is equally 
distributed between daughter cells, allowing measurement of cell divisions. 
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further study. On the other hand, CFSE-dilution experiments using CD27 deficient T 

cells pointed to involvement of CD27-CD70 interactions in promoting survival rather than 

increasing cell divisions15 (and J. Hendriks et al., in press). The molecular basis of 

survival induction by CD27 has recently been studied and we found that, like the TNF 

receptor family members OX-4017 and 4-1 BB18, CD27 was capable to specifically 

upregulate the anti-apoptotic bcl-2 family member Bcl-xL (M.F. van Oosterwijk, 

unpublished data). Thus, in analogy to what has been described for homologous 

molecules, CD27-CD70 interactions can induce both proliferation and survival signals 

resulting in enhanced T cell expansion. It is unclear at this moment if the magnitude 

and/or duration of the CD27 signal is important for the signaling outcome (e.g. affecting 

survival versus cell cycle activity). 

Effects of CD27-CD70 interactions on T cell differentiation 

Effector CD4* and CD8* T cells in CD70 Tg mice showed preferential production of IFN-

Y but not of TNF, IL-2 or IL-4 (chapter 3), indicating that CD27 co-stimulation can play a 

role in T cell differentiation. CD27 signals could directly instruct T cells for TH1 cytokine 

production or alternatively license naive T cells to respond to differentiation-inducing 

stimuli. In the latter permissive scenario, CD27 stimulation enables T cells to respond to 

cytokines such as IL-12 and IL-18 that promote differentiation into IFN-y-secreting type 

1 T cells19. Involvement of permissive rather than instructive signals is suggested by the 

observation that CD27 triggering upregulates IL-12 receptor expression, which 

subsequently enables T cells to vigorously respond to IL-12 (M.F. van Oosterwijk, 

unpublished data). In addition, enhanced survival of activated T cells (by e.g. CD27 

mediated Bcl-xL induction, see above) allows extended exposure to differentiation 

signals. Whether the effects of CD27-CD70 interactions on the T cell differentiation 

depend exclusively on enhanced survival of effector T cells might be elucidated by 

analyzing CD70 Tg mice and CD27"'" mice bred with Bcl-xL"'' and Bcl-xL Tg mice, 

respectively. To reveal whether CD27 signaling can instruct T cells to secrete IFN-y it is 

necessary to test if CD27 ligation alters expression or function of transcription factors 

that directly control the IFN-y locus (e.g. T-bet and Stat4)20 and/or inhibits IL-4 promoting 

transcription factors (e.g. GATA-3 and Stat6)21. Back-crossing CD70 Tg mice to a type 2 

skewed background, such as BALBc mice, could also provide insight to this matter. If 

indeed CD70 instructs T cells to preferentially secrete IFN-y it is expected that these 

mice also contain increased percentages of IFN-y secreting T cells. 
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Involvement of CD27-CD70 interactions in death of effector T cells 

Two major pathways are involved in apoptosis of effector T cells. Passive apoptosis 

occurs through deprivation of survival signals, causing loss of expression of anti-

apoptotic proteins, mainly of the Bcl-2 family. Active apoptosis (or activation-induced cell 

death) is mediated by the death receptors CD95 and CD120a (TNFRI). Whereas 

passive apoptosis is thought to eliminate excess cells after transient exposure to 

antigen, active apoptosis is thought to limit responses to continuous or repeated 

antigenic stimulation2223. 

We found that after primary influenza virus infection contraction of the antigen-specific 

CD8+ T cell population was delayed in CD70 Tg mice as compared to wild-type mice, 

which may be caused by CD27-induced Bcl-xL (chapter 2). On the other hand, CD27 

stimulation renders T cells to become more sensitive to CD95-mediated apoptosis. 

Indeed, we found that CD70-mediated effector T cell formation was critically dependent 

on the CD95 system for negative feedback regulation in vivo (chapter 5). Finally, we 

found that IFN-y has down-modulating effects on CD27-mediated effector T cell 

formation, and operates complementary to the CD95 system (chapter 5). Thus CD27 

costimulation inhibits passive but favors active apoptosis mechanisms. This dual role of 

CD27-CD70 interactions allows efficient maintenance of effector T cells in response to 

transient antigens and at the same time limits excessive T cell formation in the case of 

persisting antigen. A similar function has been described for the cytokine IL-222,23. 

Withdrawal of IL-2 causes passive apoptosis by reducing expression levels of anti-

apoptotic bcl-2 family members2425. On the other hand, IL-2 sensitizes for active 

apoptosis by decreasing FLIP levels during S phase of the cell cycle26. Together, these 

data and our studies indicate that distinct mechanisms, IL-2 and CD27-CD70 

interactions, can act in balancing immune responses. 

CD27-CD70 interactions and memory T cell responses 

A fraction of effector T cells survives the massive elimination and constitutes the long-

lived memory T cells population, able to respond more rapidly and effectively to re

infection. Studies in CD27"'" mice have demonstrated that CD27-CD70 interactions are 

involved in memory immune responses to influenza viruses15. CD70 Tg mice have, 

compared to wild-type animals, higher percentages of tumor-specific CD8+ T cells upon 

secondary tumor challenge (R. Arens, unpublished data). The latter might be related to 

the increase in the size of the memory T cells population (chapter 2). However, whether 

CD27 ligation also manipulates qualitative properties of memory T cells, as shown for 

effector T cells (chapter 2), is unclear at this moment. In this respect it will be important 

to determine if CD27-triggered memory T cells have an enhanced ability to divide, 

execute effector functions, survive and migrate than "CD27-naive" memory T cells 

(obtained from CD27"" mice). Clarification of these issues will not only provide insight 

into the function of CD27-CD70 interactions in memory T cell formation but also may 

reveal critical signals involved in the generation of T cells memory. 
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Balancing effector and memory T cell formation via CD27-CD70 interactions 

Based on the findings described in this thesis, we propose a model in which CD27-

CD70 interactions are implicated in balancing antigen-specific T cell responses from 

naive to effector and memory cell formation. Ligation of CD27 on T cells by CD70 

enhances TCR-induced expansion on effector T cells by increasing proliferation and 

survival (I). The molecular basis for enhanced cell cycle activity is unknown but 

promotion of survival most likely occurs via upregulation of the anti-apoptotic Bcl-2 

family member Bcl-xL. Via instructive or permissive mechanisms CD27 stimulation 

concomitantly drives differentiation of effector T cells that preferentially express IFN-y, 

and increases the production of IFN-y and granzyme B on a per-cell basis (II). The 

qualitative and quantitative effects on effector T cells result in enhanced T cell immunity 

against viruses and tumors. Concomitant with these positive effects on effector T cell 

formation, CD27 ligation renders T cells less sensitive for passive apoptosis (III), but 

more susceptible for active apoptosis by CD95 (IV). The effector T cells that escape 

active and passive apoptosis form the long-lived memory cells (V). Thus, CD27-CD70 

interactions balance the passive and active apoptotic mechanisms in such a way that 

adequate numbers of memory T cells survive, and hence proper immunological memory 

is instilled. 

passive 
apoptos is 

? activated 

• 

CD70 V * - * < act ive 
apoptos is 

Ag 

The role of CD27-CD70 interactions in antigen-specific T cell responses. The effect of CD27 
stimulation is described in the text. Initially antigen-presenting cells take up antigen and presents 
peptides to antigen-specific T cells that become activated. CD27 signals enhance TCR-driven T 
cell expansion and concomitantly increase IFN-y and granzyme B expression on a per-cell 
basis. After expansion, antigen-specific T cell numbers rapidly decline by passive and active 
apoptotic mechanisms. CD27 ligation inhibits passive apoptosis, which occurs after exposure to 
transiently expressed antigens due to deprivation of survival signals, by increasing Bcl-xL levels. 
In case of continuous or repeated TCR triggering, known to induce active apoptotic mechanisms, 
the expansion of T cells is counterbalanced by CD27 stimulation that increases the susceptibility 
to CD95-mediated apoptosis. The cells that escape these death pathways form the long-lived 
memory cells. It should be noted that CD27 triggering can occur in naive T cells, effector T cells 
and memory cells. It is unresolved whether the outcome of CD27 signaling on these populations 
is fundamentally different. 
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Detrimental long-term effects of persistent CD27-CD70 interaction 

The detrimental effects of constitutive CD70 expression in our transgenic mice show 

why expression of TNF-like ligands has to be strictly regulated during normal immune 

responses. We found that the T cell compartment in the CD70 Tg mice showed a 

progressive diminution of the naïve T cells in both spleen and lymph nodes during 

ageing (chapter 4). As a consequence of this downfall of the naïve T cell compartment, 

CD70 Tg mice were susceptible to opportunistic infections such as Pneumocystis carinii 

pneumonia and died prematurely at the age of 28 weeks. This finding favors the 

concept that chronic immune activation (as takes place in HIV infection) by itself, 

contributes substantially to attrition of the immune system. Based on our data and given 

that expression of CD70 on T cells and sCD27 levels are elevated in HIV* people27"29, it 

can be speculated that CD27-CD70 interactions could contribute to HIV pathogenesis. 

As a consequence of the activated T cell compartment, B cells in CD70 Tg mice were 

progressively depleted. By performing adoptive transfers with T cells that lack either one 

of the effector T cell mechanisms (i.e. perforin, CD95L, TNF and IFN-y), we found that 

the B cell depletion was mediated by T cell derived IFN-y (chapter 2). This effect of 

constitutive CD27 ligation on the B cell compartment might be a common phenomenon 

of co-stimulatory molecules since similar effects have been observed in mice 

overexpressing B7 molecules3031, 4-1BB ligand32 and LIGHT33. A side effect of the 

progressive B cell depletion is that particular macrophage subsets (metallophilic and 

marginal zone macrophages) involved in anti-bacterial mechanisms, which require the 

presence of B cells, are diminished (chapter 6). 

Manipulation of CD27-CD70 interactions: tools for therapeutic strategies? 

Earlier studies showed that tumors transfected with CD70 leads to enhanced anti-tumor 

T cell responses as compared to mock transfected tumors34"36. We found that CD70 Tg 

mice rejected poorly immunogenic tumors in a CD8+ T cell and IFN-y dependent 

manner, whereas in wild-type mice these tumors grew progressively (chapter 2). 

Apparently, CD70-mediated quantitative (increased antigen-specific T cell numbers) and 

qualitative effects (increased IFN-y expression and cytotoxic capacity) contribute to the 

improved clearance of otherwise lethal tumors. These findings, together with the 

observed augmented anti-viral T cell responses as a result of CD27 stimulation, suggest 

that CD27 stimulation is suitable for boosting T cell responses in vaccines and in 

treatment of infections and malignancies. 

In diseases in which unwanted T cell responses occur such as autoimmune, 

inflammatory and graft-versus-host diseases, blocking of costimulation (including CD27-

CD70 interactions) might result in clinical benefit. Also, as previously stated, in chronic 

viral infections (e.g. HIV) costimulatory molecules might drive the overstimulated 

immune system, and therefore inhibiting costimulatory interactions (e.g. by 

administering blocking antibodies) might be an option to avoid immune erosion. 
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Concluding remarks 

The data presented here establish that CD27-CD70 interactions are implicated in the 

magnitude and quality of antigen-specific T cell responses. Control of CD70 expression 

is central to establish a proper balance between beneficial and potential harmful effects. 

These observations raise the prospect that targeting of CD27 might prove clinically 

valuable in combating viral infections and malignant cells and/or in dampening its 

pathological side effects in other disease states. 
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The T cells of the adaptive immune system can recognize millions of antigens by means 

of their specific T cell receptor (TCR). Upon recognition of the TCR with peptide 

fragments bound to major histocompatibility complex (MHC) molecules, T cells clonally 

expand and acquire effector cell properties. After antigen clearance, the effector T cell 

population experiences contraction via apoptosis. The remaining population comprises 

memory T cells, able to respond more rapidly and effectively to re-exposure of the same 

antigen. For effective T cell responses not only signals through the TCR are required but 

also adequate provision of costimulatory signals (chapter 1). This thesis focuses on the 

role of the costimulatory receptor-ligand pair CD27-CD70 in adaptive immune responses 

in vivo. CD27 belongs to the tumor necrosis factor (TNF) receptor family. Expression of 

CD27 is found on the majority of T cells and on subsets of B cells, NK ceils and 

hematopoietic progenitor cells. The ligand of CD27, CD70, is expressed on recently 

activated lymphocytes and dendritic cells. Several in vitro studies show that signals 

through CD27 costimulate T cell proliferation. To gain insight into the potential in vivo 

functions of CD27-CD70 interactions, we developed a mouse model in which CD70 is 

constitutively expressed on B cells and serves as a dominant costimulatory ligand for T 

cells. In these CD70 transgenic (Tg) mice functional interaction takes place between B 

cell CD70 and T cell CD27, as evidenced by downmodulation of CD27 on T cells at sites 

where T-B cell interactions take place (chapter 3). 

In chapter 2, the effects of CD27 ligation by CD70 on the instructional program of 

antigen-specific CD8+ T cell formation were examined. The antigen-specific CD8+ T cell 

response to influenza virus and tumor was, as determined by MHC-tetramer staining, 

quantitatively enhanced at the peak of the response as well as during the contraction 

and memory phase in CD70 Tg mice. The quality of the antigen-specific CD8* T cells 

improved concomitantly: on a per-cell basis the expression of IFN-y and the cytotoxic 

capacity increased. As a result of this improved effector T cell formation, CD70 Tg mice 

challenged with poorly immunogenic tumor cells resulted in a CD8* T cell and IFN-y 

dependent rejection of the tumor, whereas in wild-type mice the tumor grew 

progressively. 

Without deliberate antigenic challenge CD70 Tg mice had increased peripheral CD4+ 

and CD8+ T cell numbers (chapter 3). The T cells in CD70 Tg mice showed increased 

differentiation toward effector-type T cells (CD43hi9hCD44h'9hCD62L) and preferentially 

produce IFN-y but not TNF and IL-2. The B cells in CD70 Tg mice were progressively 

depleted in primary and secondary lymphoid organs. Adoptive transfer experiments with 

T cells deficient in either one of the effector T cell mechanisms (perforin, CD95L, TNF 

and IFN-y) showed that the B cell depletion was caused by T cell derived IFN-y. The 

latter finding was corroborated by crossing CD70 Tg mice with TCRa and IFN-y deficient 

mice. 

The detrimental long-term effects of constitutive CD70 expression show why CD27-

CD70 interactions have to be strictly regulated (chapter 4). During ageing the T cell 

compartment of CD70 Tg mice showed a progressive conversion of naïve T cells into 
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effector T cells, which eventually resulted in absolute diminution of naïve T cells in 
peripheral lymphoid organs. By using mice that were CD27 deficient and mice that 
express transgenic TCR specific for influenza nucleoprotein we found that the effector T 
cell formation was critically dependent on CD27 and TCR triggering, respectively. As a 
consequence of the downfall of the naive T cell compartment, CD70 Tg mice were 
susceptible to opportunistic infections such as Pneumocystis carinii pneumonia and died 
prematurely at the age of 28 weeks. This finding favors the concept that chronic immune 
activation (as occurs during HIV infection) by itself causes erosion of the immune 
system. 

Several mechanisms function to terminate immune responses to antigen. The lack of 
CD95 (Fas/APO-1) in CD70 Tg mice causes rapid accumulation of effector T cells that 
produce IFN-y (chapter 5). These effector T cells infiltrated liver, and mice die at the 
age of 4 weeks. Both in vitro and in vivo experiments showed that CD27 stimulation 
increases the susceptibility to CD95-mediated apoptosis of T cells. In addition, we found 
that the lack of IFN-y in CD70 Tg mice and CD95-deficient CD70 Tg mice exacerbates 
the expansion of effector T cells. Thus, the CD95 system and IFN-y secretion are 
feedback mechanisms for CD70-driven effector T cell formation. 

By using B cell deficient mice and mice with progressive depletion of B cells (CD70 Tg 
mice) we tested whether the marginal zone in the spleen requires the presence of B 
cells not only for development but also for maintenance (chapter 6). Spleens from B cell 
deficient mice were found to lack both metallophilic and marginal zone macrophages. 
The CD70 Tg mice showed that the progressive disappearance of the B cells was 
accompanied with the loss of the integrity and function of an established marginal zone, 
indicating that preservation of the marginal zone critically depends on B cells. 
In chapter 7 we investigated the consequences of reverse signaling through CD70. 
Ligation of CD70 on B cells in vitro with anti-CD70 mAb alone and in conjunction with 
lipopolysaccharide, anti-CD40 mAb and IL-4 mediates expression of surface B cell 
activation/differentiation molecules and results in proliferation by promoting cell cycle 
entry. This signaling through CD70 was dependent on the activation of PI3K and MEK 
pathways. Ligation of CD70 on B cells in vivo either by CD70 mAb or by its natural 
counterreceptor CD27 resulted also in B cell activation. The plasma cell formation and 
IgG secretion was found to be inhibited by CD70 ligation. 

Chapter 8 discussed the data presented in this thesis. Our findings show that CD27 
ligation by CD70 increases the size and quality of antigen-specific T cells responses. 
Tight regulation of CD70 expression is central to establish an appropriate balance 
between beneficial effects and potential harmful effects. These observations propose 
that targeting of CD27 as a therapeutic strategy might prove clinically valuable in 
combating acute infections and malignant cells and/or in dampening its pathological 
side effects in other disease states. 
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De T cellen van het specifieke immuunsysteem kunnen miljoenen verschillende 
antigenen herkennen door middel van hun T cel receptoren (TCR). Na interactie van de 
TCR met peptide fragmenten gebonden aan major histocompatibility complex (MHC) 
moleculen gaan T cellen expanderen en verwerven ze effector T cel eigenschappen 
zoals cytotoxische capaciteit. Als het antigeen verwijderd is, ondergaat de meerderheid 
van de effector T cellen contractie door middel van geprogrammeerde cel dood 
(apoptose). De overgebleven cellen vormen de zogeheten geheugen (memory) cellen, 
die bij een volgende blootstelling aan hetzelfde antigeen een snellere en betere immuun 
respons verzorgen. Voor een effectieve T cel respons zijn echter niet alleen signalen via 
de T cel receptor nodig, maar zijn er ook co-stimulatie signalen nodig (hoofdstuk 1). Dit 
proefschrift heeft zich gericht op het co-stimulatoire receptor-ligand paar CD27 and 
CD70 in specifieke immuun-responsen in vivo (in het lichaam). CD27 behoort tot de 
tumor necrose factor (TNF) receptor familie. Expressie van CD27 wordt gevonden op de 
meeste T cellen en op subsets van B cellen, NK cellen en hematopoietische voorloper 
cellen. Het ligand van CD27, CD70, is een activatie molecule en wordt alleen tot 
expressie gebracht op geactiveerde lymfocyten en dendritische cellen. Verscheidene in 
vitro (in de kweekschaal) studies hebben laten zien dat signalen door CD27 T cel 
proliferatie costimuleren. Om inzicht te krijgen in de mogelijke functies van CD27-CD70 
interacties in vivo, hebben wij een muizen model ontwikkeld waarin CD70 permanent tot 
expressie wordt gebracht op B cellen en zo dient als een dominant costimulatoir ligand 
voor T cellen. In deze CD70 transgene muizen treedt een functionele interactie op 
tussen CD70 op de B cel en CD27 op de T cel, omdat de expressie van CD27 op T 
cellen duidelijk verlaagd is op alle locaties waar er interactie optreedt tussen B en T 
cellen (hoofdstuk 3). 

In hoofdstuk 2 werden de effecten van CD27 stimulatie door CD70 op de antigeen-
specifieke CD8+ T cel ontwikkeling bestudeerd. De antigeen-specifieke CD8+ T cel 
respons tegen influenza virus en tumoren was in de CD70 transgene muis kwantitatief 
verhoogd tijdens de piek van de respons evenals tijdens de contractie en memory fase. 
Tegelijkertijd was ook de kwaliteit van de antigeen-specifieke effector T cellen 
verbeterd: per cel was de expressie van het cytokine IFN-y en de cytotoxische capaciteit 
verhoogd. Als een klaarblijkelijk resultaat van deze verbeterde effector T cel formatie, 
konden CD70 transgene muizen op een T cel en IFN-y afhankelijke manier tumoren 
afstoten die dodelijk waren voor normale muizen. 

Zonder opzettelijk antigeen stimulatie, bevat de CD70 transgene muis meer CD4+ en 
CD8+ T cellen (hoofdstuk 3). De T cellen van de CD70 transgene muizen lieten een 
verhoogde effector T cel differentiatie zien en ze produceerden preferentieel IFN-y maar 
niet TNF en IL-2. De B cellen in de CD70 transgene muis werden progressief 
gedepleteerd in primaire (beenmerg) en secundaire lymfoide organen (milt, lymfe 
knopen and bloed). Door middel van het overbrengen van T cellen die één van de 
effector T cel mechanismen (perforin, CD95L, TNF en IFN-y) ontbeerden kon worden 
vastgesteld dat de B cel depletie veroorzaakt werd door IFN-y afkomstig uit de T cel. 
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Deze bevinding werd bevestigd door de CD70 transgene muizen te kruisen met muizen 

die geen T cellen of IFN-y hadden. 

De schadelijke lange-termijn effecten van permanente CD70 expressie laten zien 

waarom CD27-CD70 interacties nauw gereguleerd dienen te worden (hoofstuk 4). 

Tijdens het ouder worden van de CD70 transgene muis laat het T cel compartiment een 

toenemende omschakeling zien van naïeve T cellen naar effector T cellen. Uiteindelijk 

resulteert dit in een volledige ondergang van het naïeve T cel compartiment in de 

perifere lymfoide organen. Door gebruik te maken van muizen die CD27 deficiënt zijn en 

van muizen die een transgene TCR tot expressie brengen die alleen influenza virus kan 

herkennen vonden we dat de effector T cel ontwikkeling afhankelijk was van CD27 en 

TCR stimulatie. Als een gevolg van de achteruitgang van de naïeve T cel aantallen 

werden de CD70 transgene muizen gevoeliger voor opportunistische infecties zoals 

Pneumocystis carinii pneumonia en overleden de muizen vroegtijdig op een leeftijd van 

28 weken. Deze bevinding versterkt de hypothese dat chronische immuun activatie 

(zoals in HIV infectie) er uiteindelijk zelf voor zorgt dat het immuun systeem aftakelt. 

Er zijn verschillende mechanismen die er voor zorgen dat immuun responsen worden 

beëindigd. Als de CD70 transgene muizen niet meer gebruik kunnen maken van het 

apoptose inducerend molecule CD95, treedt er een snelle accumulatie op van effector T 

cellen die IFN-y produceren (hoofdstuk 5). Deze effector T cellen brengen veel schade 

toe door onder andere de hematopoiese te remmen en te infiltreren in vitale organen 

zoals de lever met een vroegtijdige dood als gevolg (4 weken na geboorte). Zowel in 

vitro als in vivo experimenten lieten zien dat CD27 stimulatie zorgt voor een grotere 

gevoeligheid voor CD95-gemedieerde apoptose. Verder vonden we dat het gebrek van 

IFN-y in CD70 transgene muizen en in de CD95-deficiënte CD70 transgene muizen er 

voor zorgde dat de expansie van effector T cellen nog verder toenam. Dus, CD95 en 

IFN-y fungeren als negatieve terugkoppeling mechanismen voor de effector T cel 

ontwikkeling die veroorzaakt wordt door CD27-CD70 interacties. 

Door te gebruik te maken van muizen die geen B cellen hebben (B cel deficient) of die B 

cellen progressief depleteren (CD70 transgene), hebben we getest of de marginale 

zone in de spleen niet alleen afhankelijk was van de aanwezigheid van B cellen voor 

zijn ontwikkeling maar ook voor zijn behoud (hoofdstuk 6). In de milten van B cel 

deficiënte muizen ontbraken de macrofagen die zich specifiek in de marginale zone 

bevinden. In de CD70 transgene muis vonden we dat de progressieve verdwijning van 

de B cellen samenging met het verdwijnen van de integriteit en functie van een reeds 

aanwezige marginale zone. Deze laatste bevinding duidt er op dat het in stand houden 

van de marginale zone afhankelijk is van B cellen. 

In hoofdstuk 7 hebben we de gevolgen onderzocht van signalering door CD70. De 

activatie van CD70 op B cellen in vitro met CD70 antistoffen en met anti-CD70 

antistoffen in combinatie met lipopolysaccharide, CD40 antistoffen en IL-4 resulteerde in 

verandering van de expressie van activatie/differentiatie moleculen. Ook resulteerde de 

CD70 activatie voor een verhoging van de proliferatie van de B cellen door de cel cyclus 

te bevorderen. De effecten van CD70 signalering zijn afhankelijk van de signaal 
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transductie paden PI3K en MEK. Activatie van CD70 in vivo met CD70 antistoffen of 

met CD27 resulteerde ook in B cel stimulatie. De plasma cel ontwikkeling en de 

immunoglobuline G secretie werden geremd door CD70 signalering. 

In hoofdstuk 8 worden de data bediscussieerd die worden gepresenteerd in dit 

proefschrift. Onze bevindingen laten zien dat CD27 stimulatie door CD70 de grootte en 

kwaliteit van de antigeen-specifieke T cel respons laten toenemen. De regulatie van 

CD70 expressie staat centraal om een juiste balans te krijgen tussen de gunstige en 

mogelijk schadelijke effecten. Deze observaties voorspellen dat CD27 stimulatie een 

mogelijke klinische waarde heeft in de strijd tegen infecties en maligniteiten en/of dat 

remming van CD27-CD70 interacties verlichting kan geven in zijn mogelijke 

pathologische bijwerkingen tijdens chronische infecties. 
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