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CD27 promotes CD8+ effector T cell accumulation 
via the Pim kinase pathway

Victor Peperzak, Anna M. Keller, Elise A.M. Veraar, Yanling Xiao and Jannie Borst

Division of Immunology, The Netherlands Cancer Institute,
1066 CX Amsterdam, The Netherlands

ABSTRACT

Stimulation of TNF receptor family member CD27 by its ligand CD70 is important for CD8+ T 
cell expansion and the generation of effector and memory CD8+ T cells after viral and tumor 
challenge. CD27/CD70-mediated costimulation increases the size of effector and memory 
populations at least in part by promoting CD8+ T cell survival. Here, we reveal molecular 
mechanisms underlying the pro-survival effect of CD27. Various approaches, including 
genome-wide mRNA expression profi ling indicated that in CD8+ T cells, CD27 upregulates 
expression of the anti-apoptotic Bcl-2 family member Bcl-xL, but also directly targets the Pim1 
gene that encodes a pro-survival serine-threonine kinase with unique properties. Genetic 
reconstitution of CD27-/- CD8+ T cells with Bcl-xL alone, or in combination with Mcl-1 did 
not complement their defective accumulation after infl uenza virus infection, even though 
together these proteins are expected to neutralize the mitochondrial apoptosis pathway. In 
contrast, introduction of the Pim1 gene in CD27-/- CD8+ T cells rescued their capacity to form 
an effector pool at priming and tissue sites to a signifi cant extent. Thus, the pro-survival 
effect of CD27 does not solely rely on inhibition of the mitochondrial apoptosis pathway, but 
also on additional effects of the anti-apoptotic and pro-metabolic Pim kinase pathway.  

INTRODUCTION

Induction of T cell immunity to pathogen-, tumor-, 
or protein challenge relies on engagement of 
the TCR, costimulation and cytokine input. 
Collectively, these signals shape the magnitude 
and quality of the T cell response. Generally, CD28 
is seen as the essential costimulatory receptor 
that overrules tolerizing signals and dictates 
immunogenicity. However, in recent years, 
attention has been increasing for the important 
costimulatory contributions that are made by 
certain members of the TNF receptor family (1). 
While many of these receptors - such as 4-1BB 
and OX40 - are induced upon T cell activation, 

CD27 is constitutively expressed by naïve T cells 
and already comes into play during priming (1,2). 
CD27 is activated upon binding of its ligand 
CD70, which is induced on conventional DC and 
B cells by Toll-like receptor- and CD40 signals 
(3). CD70 expression is ordinarily transient, 
since it is dictated by presence of antigen. Upon 
constitutive CD70 expression in B cells or DC by 
transgenesis, the effects of CD27 costimulation 
became very profound and revealed the ability 
of CD27 costimulatory signals to convert CD8+ T 
cell tolerance into potent anti-viral and anti-tumor 
immunity (4,5).
Using a model of intranasal infl uenza virus 
infection, we have shown that the contributions of 
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CD28 and CD27 to accumulation of CD8+ effector 
T cells are complementary (6). At the priming site 
- the mediastinal lung-draining lymph nodes in 
this model - CD28 and CD27 contributed in equal 
measure to clonal expansion, but by different 
mechanisms. While CD28 promoted cell cycle 
entry and progression, CD27 had no effect on 
cell division, but promoted CD8+ T cell survival 
throughout successive cell cycles. The concept 
that CD28 and CD27 act complementary to 
each other during CD8+ T cell clonal expansion 
was corroborated by studies using protein 
immunization (7) and organ transplantation (8). 
In the infl uenza virus model, CD27, 4-1BB and 
OX40 all impacted on the size of same antigen-
specifi c CD8+ effector and/or memory pools (9), 
most likely by their (partially) sequential action 
throughout the priming, effector and contraction 
phases of the T cell response (2). 
Collective data indicate that CD27 and its 
close relatives support the generation of CD8+ 
effector and memory T cells to a large extent 
by pro-survival signaling (1). However, the 
downstream molecular pathways by which this 
is accomplished have not been fully elucidated. 
Throughout their existence, T cells are kept alive 
by various environmental signals (10). When 
they are naïve or in the memory state, the TCR 
and homeostatic cytokines provide survival input. 
When T cells are challenged by antigen, however, 
costimulatory receptors provide key survival 
signals, with support from cytokines (11,12). Life/
death decisions in lymphocytes at steady state 
or during acute infections primarily proceed via 
the mitochondrial pathway for caspase activation 
(12,13). This pathway is controlled by Bcl-2 family 
members, with inhibitory Bcl-2 family members 
blocking it and the concerted action of BH3-only 
and Bax/Bak family members inducing it. BH3-
only proteins are the sentinels that respond to 
cellular stress and propagate the apoptotic 
signal (13). Especially rapidly dividing T cells 
experience stresses of various kinds. Metabolic 
stress, such as glucose deprivation, is sensed 

by Bad and Noxa (14,15). Cytokine deprivation 
or DNA damage are sensed by Puma and/or 
Noxa (16). In the contraction phase, which is 
characterized by withdrawal of cytokines and 
costimulatory ligands, BH3-only protein Bim 
plays a key role (17,18). Importantly, BH3-only 
and Bax/Bak proteins interact with inhibitory 
Bcl-2 family members in a selective manner. In 
particular, Bcl-xL can bind Bim, Bad and Puma, 
but not Noxa, which is only bound by Mcl-1 and 
Bfl -1. Also, Bcl-xL can interact with both Bax 
and Bak, while Bcl-2 only binds to Bax (19,20). 
This selectivity has important implications 
for inhibition of the mitochondrial apoptosis 
pathway, which should be accomplished by 
combined overexpression of inhibitory Bcl-2 
family members that can saturate all BH3-only 
and Bax/Bak proteins.
A link between TNFR family members and 
Bcl-2 proteins has been established. In T cells, 
OX40 upregulates Bcl-2 and Bcl-xL

 (21), 4-1BB 
upregulates Bcl-xL and Bfl -1 and downregulates 
Bim (22,23,24) and CD27 upregulates Bcl-xL (in 
human CD4+ T cells) (25). Genetic reconstitution 
experiments argued that OX40 mediated CD4+ T 
cell survival is regulated via Bcl-xL induction (21). 
CD27 and its relatives do not activate tyrosine 
kinase pathways as do cytokine receptors 
and CD28. In stead, they bind TRAF adaptor 
molecules and signal to NF-B (1), which 
counteracts apoptosis via the transcriptional 
induction of inhibitory Bcl-2 family member Bfl -1 
and and other anti-apoptotic proteins (26). Two 
other potent survival signaling pathways are 
those initiated by the PKB/Akt and Pim serine/
threonine kinases, which are primarily implicated 
downstream from cytokine receptors (27). 
These pathways are critical for rapidly dividing 
cells, because they inhibit apoptosis and at the 
same time stimulate cell metabolism and protein 
synthesis. 
Both Akt and Pim target Bcl-2 family members. 
In particular, they phosphorylate and inhibit 
Bad, while the Akt pathway furthermore induces 
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Bcl-xL and inhibits Bim expression (27,28). 
Moreover, the Akt pathway increases glucose 
uptake and induces the transition from oxidative 
phosphorylation towards glycolysis (29). It 
can also activate target of rapamycin (TOR), 
which regulates protein synthesis by coupling 
amino acid uptake with increased translation 
rate (27,30). A connection between CD28, the 
Akt pathway and Bcl-xL upregulation has been 
established (31,32). In addition, evidence has 
been presented that OX40 employs Akt signaling 
to induce cell survival, possibly via Bcl-xL (33). 
Pim-1 was originally defi ned as an oncogene 
that promotes T-cell lymphomagenesis (34) 
and is part of a three-member family that acts 
in a partially redundant fashion (35). The Pim 
kinases are constitutively active and are primarily 
regulated at the level of gene transcription and 
protein turnover (27). The exact mechanism 
of action of Pim kinases remained elusive 

until it was demonstrated that they counteract 
mitochondrial apoptosis as well as stimulate 
metabolism and protein synthesis, independent 
of the mTOR and Akt pathways (36-38).
Here, we report a novel mechanism of action 
of a costimulatory receptor: CD27 not only 
increments Bcl-xL expression, but also directly 
targets the Pim1 gene. Reconstitution of CD27-
defi cient CD8+ T cells with the BclxL gene, either 
alone or in combination with the Mcl1 gene did 
not rescue their potential to clonally expand 
and form an effector pool of adequate size in 
response to infl uenza virus infection. However, 
reconstitution with the Pim1 gene rescued these 
capabilities to a signifi cant extent. These data 
argue that the Pim kinase pathway contributes 
to effector CD8+ T cell survival downstream of 
CD27 by unique activities that are unrelated to 
inhibition of the mitochondrial apoptosis pathway. 
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Figure 1. CD27 ligation promotes Bcl-xL expression. 
OT-I or CD27-/- OT-I T cells were stimulated with aAPC that expressed CD80 alone or together with CD70 as 
indicated. (A) At 72 h of co-culture, lysates of OT-I cells were prepared and subjected to Western blot analysis 
using antibodies to detect the indicated proteins. Data are representative of three independent experiments. (B) 
At the indicated time points of co-culture, OT-I cells were isolated and quantitative real time PCR was performed 
for the BclxL gene. Data are means of two independent reactions.  
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RESU LTS

CD27 signaling promotes Bcl-xL expression
Since CD27 costimulation rescued activated 
CD8+ T cells from apoptosis, we examined 
whether CD27 directed the expression of 
Bcl-2 family members. An in vitro CD8+ T cell 
stimulation assay was used for this purpose, 
which reliably revealed the anti-apoptotic 
action of CD27 (39). In this system, fi broblasts 
engineered to present the ovalbumin (OVA)257-264 
peptide in the context of H-2Kb (40) were used 
as artifi cial antigen presenting cells (aAPC) and 
OT-I TCR transgenic (tg) CD8+ T cells (41) are 
used as responder cells. In the experimental set-
up employed, these cells additionally expressed 
the CD28 ligand CD80 either alone, or together 
with the CD27 ligand CD70. Wild-type or CD27-/- 
OT-I TCR transgenic CD8+ T cells that recognize 
the OVA/H-2Kb complex were used as responder 
cells. Using comparative setttings with the 
CD27-CD70 axis in place or not, we examined 
the impact of CD27 signaling on expression of 
the key inhibitory Bcl-2 family members Bcl-xL, 
Bcl-2, Mcl-1 and Bfl -1, as well as the BH3-only 
proteins Bim and Bad. In addition, we examined 
expression of the Survivin protein that had been 
implicated in pro-survival signaling by OX40 
(42). In this in vitro model, CD27 engagement 
results in a signifi cant increase in OT-I CD8+ T 
cell survival at 72 and 96 h after stimulation (39). 
OT-I T cells were isolated at 72 h of culture and 
expression of the relevant proteins was examined 
by Western blotting. In repeated experiments, 
an increased Bcl-xL protein expression was 
observed in the presence of CD27 signaling, 
whilst none of the other Bcl-2 family members 
examined, nor Survivin responded in consistent 
manner to CD27 signaling (Figure 1A). 
Quantitative real time PCR indicated that levels 
of Bcl-xL mRNA were consistently increased as a 
result of CD27 signaling at early time points after 
stimulation (Figure 1B). These data indicate that 
in primed CD8+ T cells, Bcl-xL is upregulated at 

the mRNA and protein level as a result of CD27 
costimulation.  

Constitutive Bcl-xL expression does not 
improve the in vivo response of CD27-/- CD8+ 
T cells
To examine whether Bcl-xL upregulation was 
responsible for the pro-survival effect of CD27 
in vivo, we made use of transgenic mice with 
constitutive Bcl-xL expression in T cells (43). 
The Bcl-xL transgene was crossed into the 
CD27-/- line and the resulting offspring of the 
indicated genotypes was analysed. Bcl-xL 
overexpression in transgenic naive CD8+ T cells 
was validated by Western blotting (Figure 2A). 
To correct for potential background effects in the 
transgenic mice, adoptive T cell transfer was 
performed. Purifi ed T cells from WT, CD27-/-, 
Bcl-xLtg and Bcl-xLtg;CD27-/- mice - that were 
all of CD45.2 allotype - were labeled with the 
fl uorescent dye CFSE and transferred into WT 
CD45.1 recipients. Next, these recipients were 
intranasally infected with infl uenza virus. CFSE 
labeling of transferred T cells allowed us to track 
T cells that had divided and therefore could be 
defi ned as responders. The gating strategy for 
fl ow cytometric analysis of a spleen sample 
isolated at day 8 after infection is shown in 
Figure 2B. Total numbers of responding CD8+/
CD45.1-/CFSE- T cells were determined in the 
lung-draining lymph nodes (DLN), spleen and 
lung. In the absence of CD27, accumulation of 
effector CD8+ T cells was signifi cantly impaired, 
as demonstrated previously (6,9,44). Although 
transgenic Bcl-xL expression signifi cantly 
improved accumulation of CD27-profi cient CD8+ 
T cells in the spleen and lung, it  did not improve 
the defective accumulation of CD27-/- CD8+ T 
cells in DLN, spleen or lung (Figure 2C). Similar 
results were obtained for CD4+ responder T cells 
that were also included in the analysis (results 
not shown). These data indicate that constitutive 
Bcl-xL overexpression is not suffi cient to rescue 
the survival defect of virus-responsive CD27-/- 
CD8+ T cells.
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Combined Bcl-xL and Mcl-1 expression does 
not improve the in vivo response of CD27-/- 
CD8+ T cells
We considered that Bcl-xL might not be able to 
counteract the pro-apoptotic activity of Noxa, a 
BH3-only protein that has been implicated in the 
T cell apoptosis following glucose deprivation 
(15). Therefore, we also examined the potential 

of Mcl-1 to rescue the survival defect of CD27-/- 
responder CD8+ T cells, since this anti-apoptotic 
Bcl-2 family member can bind Noxa, while Bcl-
xL cannot (19). In these experiments, we made 
use of F5 TCR transgenic CD8+ T cells that 
are specifi c for the immunodominant infl uenza 
virus epitope NP366-374 in the context of H-2Db 

(45) and have been used previously to examine 
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Figure 2. Trangenic expression of  Bcl-xL does not rescue accumulation of CD27-/- T cells in vivo. 
(A) Transgenic expression of Bcl-xL in naïve CD8+ T cells from the spleen of Bcl-xLtg;CD27-/- mice was confi rmed 
by Western blot. (B,C) Purifi ed splenic T cells from naïve WT, CD27-/-, Bcl-xLtg and Bcl-xLtg;CD27-/- (all CD45.2+) 
were labeled with CFSE and injected into CD45.1+ recipients, which were subsequently infected with infl uenza 
virus. At the indicated days after infection, cells from draining lymph nodes (DLN), spleen and lungs were isolated, 
enumerated and analysed by fl ow cytometry. (B) Representative dot plots of spleen samples show gating on 
donor T effector cells (CD45.1-) that had diluted CFSE (divided multipel times) and therefore qualifi ed as anti-
viral responder cells. (C) Absolute numbers of CD8+ responder T cells derived from donor mice were calculated 
from the percentage of CD8+/CD45.1-/CFSE- cells and the total numbers of cells per organ. Bars represent mean 
values from 3 mice per time point (+SEM). The data shown is representative of three independent experiments. 
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Figure 3. Overexpression of Bcl-xL alone or combined with Mcl-1 does not rescue accumulation of CD27-/- T cells. 
WT or CD27-/- F5 T cells were retrovirally transduced with either Bcl-xL-IRESGFP, both Bcl-xL-IRESYFP and 
Mcl-1-IRESGFP or empty vector (ev)-IRESYFP and mixed in a 1:1:1 ratio, followed by injection into CD27-/- recipient 
mice. The 3 groups of transduced WT F5 T cells were injected in different recipient mice than the 3 groups of 
transduced CD27-/- F5 T cells were. The recipient mice were subsequently infected with infl uenza virus. (A) 
Bcl-xL and Mcl-1 protein expression was shown by Western blot in transduced CD27-/- F5 T cells before adoptive 
transfer. (B) The gating strategy is shown for a representative sample from the lung. (C) At day 8 after infection, 
the absolute numbers of transduced F5 T cells in the draining lymph node (DLN), spleen and lung were calculated 
from the total number of cells per organ and the percentage of GFP+, YFP+ or GFP+YFP+ CD8+ T cells. Shown 
are the absolute numbers of donor F5 T cells per organ. (D) At day 8 after infection, the fold increase of donor 
WT or CD27-/- F5 T cells transduced with the indicated gene was determined as compared to transduction with 
an empty vector (ev) control. Bars represent mean values of 4 mice per time point (+SEM). The data shown is 
representative of two independent experiments. Td: transduced.
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the response of WT versus CD27-/- CD8+ T cells 
(6,39). Wil d-type (WT) or CD27-/- TCR transgenic 
F5 T cells were retrovirally transduced to express 
Bcl-xL alone or in combination with Mcl-1, while 
empty vector (ev)-transduced cells served as a 
reference. Bcl-xL and Mcl-1 overexpression after 
T cell transduction was validated by Western 
blotting (Figure 3A). The different donor T cell 
populations could be discriminated because the 
retroviral vectors encoded a bicistronic message 
enabling coexpression of either GFP or YFP. 
The transduced and fl ow cytometrically sorted T 
cell populations were mixed in a 1:1:1 ratio and 
injected into the same CD27-/- recipient mice. 
The recipient mice were subsequently infected 
with infl uenza virus. 
This strategy allowed us to examine the effects 
of constitutive overexpression of Bcl-xL and 
Mcl-1 in WT or CD27-/- F5 T cells during an 
immune response in the same recipient mice. At 
day 8 after infection - the peak of the primary 
response in this model - the absolute numbers 
of transduced F5 T cells in the DLN, spleen and 
lung were determined based on the absolute 
number of cells per organ and the percentage 
of GFP- and/or YFP- positive cells. Figure 
3B shows an example of the gating strategy 
in the lung. Overexpression of Bcl-xL alone, 
or Bcl-xL and Mcl-1 combined, enhanced the 
accumulation of both WT and CD27-/- F5 T cells 
in all tissues examined (Figure 3C). However, 
the enhanced accumulation occurred to a similar 
extent for both WT and CD27-/- cells, since the 
fold increase of Bcl-xL or Bcl-xL/Mcl-1 transduced 
WT or CD27-/- cells over their empty vector (ev) 
counterparts was similar in all organs (Figure 
3D). We conclude therefore that combined 
constitutive overexpression of Bcl-xL and 
Mcl-1 does not suffi ce to rescue the impaired 
accumulation of antigen-specifi c CD27-/- CD8+ T 
cells in this well defi ned, physiological model of 
infl uenza virus infection.                                                                                                 

Pro-survival protein kinase Pim-1 is a target 
of CD27 in primed CD8+ T cells
To gain further insight into the nature of CD27 
target genes that may mediate its pro-survival 
effect, we performed genome-wide mRNA 
expression profi ling of primed CD8+ OT-I T 
cells. WT or CD27-/- responder OT-I T cells were 
stimulated with aAPC that expressed CD70 and/
or CD80 in all relevant combinations with the 
CD27-CD70 axis as a variable (Figure 4 A,B). In 
this way, the consequences of CD27 stimulation 
in the presence or absence of CD28 input could 
be examined and controlled for possible intrinsic 
differences between naïve WT and CD27-/- T cells. 
Gene expression was followed kinetically at 2, 4, 
8 and 14 hours after co-culture with aAPC. From 
all isolated OT-I cells, mRNA was hybridized to 
oligonucleotide arrays that represented 72% of 
all known mouse genes. Genes regulated by 
CD27 were identifi ed as those with a p value 
below 0.01 and those appearing in at least 
two different experimental set-ups. A heat map 
was constructed that included in the hierarchy 
the fold differential expression and the number 
of experimental set-ups in which the gene 
was found to be differentially expressed. In 
the comparative setting of WT versus CD27-/- 
OT-I cells, the CD27 gene emerged as most 
strongly and consistently differentially regulated, 
confi rming the validity of the approach (Figure 
4A). This analysis revealed a set of about 120 
potential CD27 target genes (data not shown). 
This set did not include cell cycle regulators, in 
agreement with the concept that CD27 primarily 
supports activated T cell survival in the mouse. 
Interestingly, amoung the CD27 targets the Pim1 
gene was signifi cantly induced at the 2 hour time 
point in all four in vitro conditions (Figure 4A). To 
validate this fi nding, quantitative real time PCR 
was performed on the samples of the 2 hour time 
points, which confi rmed the results obtained by 
microarray analysis (Figure 4B). From these 
data, we can conclude that the Pim1 gene is a 
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direct CD27 target and that Pim1 transcription is 
induced by CD27 signaling at early time points 
after CD8+ T cell priming.
   
Constitutive Pim-1 expression partially 
rescues the accumulation defect of CD27-/- 
CD8+ T cells in vivo 
To examine whether Pim-1 expression was 
instrumental in the pro-surival effect of CD27 in 
CD8+ T cells in vivo, we again used the genetic 
reconstitution approach. WT or CD27-/- TCR 
transgenic F5 T cells were retrovirally transduced 
with either Pim1-IRESYFP or with an empty vector 
(ev)-IRESGFP. These cells were mixed in a 1:1 
ratio and injected into CD27-/- recipient mice. 
The recipient mice were subsequently infected 
with infl uenza virus. Pim-1 protein expression 
as result of T cell transduction was validated by 

Western blotting (Figure 5A). At days 6 and 8 after 
infection, the absolute numbers of transduced 
F5 T cells in the DLN, spleen and lung were 
quantifi ed. This number is based on the absolute 
number of cells per organ and the percentage 
of GFP- or YFP positive cells. Figure 5B shows 
an example of the gating strategy in the lung. 
Overexpression of Pim-1 resulted in increased 
accumulation of both WT or CD27-/- F5 T cells 
in all tissues examined (Figure 5C). However, 
when the data were expressed as fold increase 
in numbers of Pim-1 transduced- versus empty 
vector transduced F5 T cells, it became apparent 
that CD27-/- F5 T cells profi ted signifi cantly more 
from Pim1 gene transduction than WT F5 T cells, 
both at the priming and tissue sites (Figure 5D). 
Together, these data indicate that Pim-1 acts 
downstream of CD27 to direct survival of CD8+ 
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Figure 4. Pro-survival protein 
kinase Pim-1 is a target of CD27 in 
primed CD8+ T cells. 
(A) Comparative microarray 
experiments were performed on 
OT-I T cells stimulated by aAPC, 
hereby varying CD70 on the 
aAPC or varying CD27 on the 
OT-I T cells as indicated. Both 
types of analysis were done in the 
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of the CD28 ligand CD80 on the 
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stimulation. Up-regulated genes 
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For every individual array a dye-
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samples used for microarray were 
subjected to quantitative real time 
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T cells that participate in an anti-viral immune 
response.

DISCUSSION

In this study, we demonstrate that CD27 promotes 
the survival of primed CD8+ T cells via the Pim 
kinase pathway. Specifi cally, Pim1 proved to be a 
CD27 target gene, and its constitutive expression 
in CD27-/- CD8+ T cells partially rescued their 
accumulation defect at priming and effector 
sites after infl uenza virus infection. Importantly, 
we show that CD27 upregulates Bcl-xL, but that 
Bcl-xL expression alone, or together with Mcl-1 in 
CD8+ T cells did not suffi ce to complement their 
accumulation defect in vivo. These data indicate 
that the Pim kinase pathway acts downstream 
of CD27 to promote clonal expansion of CD8+ T 
cells and their accumulation at the effector site 
by mechanisms that are distinct from inhibition of 
the mitochondrial apoptosis pathway.
We have previously shown that after intranasal 
infl uenza virus infection, CD27 promotes 
clonal expansion of CD8+ T cells at the site of 
priming in equal measure as CD28 does (6). In 
addition, CD27 in particular promoted survival of 
CD8+ (and CD4+) T cells at the site of infection 
(the lung). We found subsequently that CD27 
mediates its pro-survival effect on CD8+ T cells 
via an IL-2 dependent and an IL-2 independent 
mechanism (39). During clonal expansion in 
the lung-draining lymph nodes, CD27-mediated 
CD8+ T cell survival was IL-2 independent, while 
at the tissue site, CD27 promotes the survival 
of effector CD8+ T cells by stimulating autocrine 
IL-2/IL-2 receptor signaling (39). 
To investigate the manner in which CD27 
mediates survival of activated CD8+ T cells 
was investigated, we fi rst focussed on Bcl-xL. 
The up-regulation of Bcl-xL expression after 
CD27 stimulation observed in our study and 
by others (25) suggested that it plays a role in 
CD27-mediated T cell survival. This was all 

the more plausible, since the closely related 
costimulatory receptors 4-1BB and OX40 also 
upregulate Bcl-xL expression (21-23). Moreover, 
retroviral transduction of OX40-defi cient CD4+ 
T cells was reported to rescue their survival 
defect in vivo (21). We used two approaches 
to express Bcl-xL in primary CD8+ T cells: use 
of Bcl-xL transgenic cells, as well as retroviral 
transduction with the Bcl-xL gene. Adoptive 
transfer approaches were taken, to rule out 
effects of Bcl-xL transgenesis that were not T-cell 
intrinsic. Constitutive Bcl-xL overexpression 
resulted in improved accumulation of both WT 
and CD27-/- CD8+ effector T cells after acute 
infl uenza virus infection, but it could not rescue 
the impaired accumulation of CD27-defi cient 
T cells. The inclusion of WT CD8+ T cells was 
essential to determine the capacity of Bcl-xL to 
specifi cally correct the defi ciency of CD27-/- CD8+ 
T cells. Using this approach, we could conclude 
unambiguously that Bcl-xL expression alone 
did improve the survival of activated CD8+ T 
cells, but did not specifi cally complement the 
survival defi ciency of CD27-/- CD8+ T cells. Since 
the control of WT T cell reconstitution was not 
included in the study by Rogers et al. (2001), 
it is possible that also in the case of OX40-
defi cient CD4+ T cells, Bcl-xL expression alone 
is not suffi cient to correct their defect. This is all 
the more likely, since it has been reported that 
conditional deletion of Bcl-xL in T cells under 
control of the lck promoter did not affect the 
ability of CD8+ T cells to generate effector and 
memory pools in response to Listeria infection 
(46). The conclusion of these authors that Bcl-
xL is dispensable for these events is not fully 
justifi ed however, since it cannot be excluded 
that compensatory up- or downregulation 
occurred of other Bcl-2 family members. Only 
Bcl-2 was examined in this respect (46).
Bcl-xL can counteract apoptosis induction 
via the mitochondrial pathway by interaction 
with Bax, Bak and BH3-only proteins, which 
together mediate mitochondrial outer membrane 
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Figure 5. Overexpression of the Pim1 gene rescued the defective accumulation of CD27-/- T cells. 
WT or CD27-/- F5 T cells were retrovirally transduced with either Pim1-IRESYFP or empty vector (ev)-IRESGFP 
and mixed in a 1:1 ratio, followed by injection into CD27-/- recipient mice. The recipient mice were subsequently 
infected with infl uenza virus. (A) Pim-1 protein expression was shown by Western blot in transduced WT or 
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permeability. BH3-only proteins are selective 
in their interaction with inhibitory Bcl-2 proteins 
(13,19,20). Important in this context is that Bcl-xL 

cannot bind to Noxa, whereas Noxa is likely 
to play a part after T cell activation. Noxa can 
induce apoptosis in T cells under conditions of 
glucose deprivation, a situation that can occur 
during T cell clonal expansion (15). Noxa can be 
effi ciently neutralized by inhibitory Bcl-2 family 
member Mcl-1 (13,19,20). Although Mcl-1 was 
not upregulated in response to CD27 signaling, 
it was possible that Noxa was downregulated, 
an effect we could not address, since the 
required reagents to examine this at the protein 
level are lacking. We had no evidence for up- 
or downregulation of Bcl-2 family members 
other than Bcl-xL at the mRNA level from 
gene array experiments, but regulation at the 
protein level of could not be excluded. The 
combined overexpression of both Bcl-xL and 
Mcl-1 improved infl uenza virus-specifi c CD8+ 
T cell accumulation at priming and tissue sites, 
validating their pro-survival effect. However, we 
again performed the essential control to examine 
their capacity to rescue the survival defi ciency of 
CD27-/- CD8+ T cells: Bcl-xL and Mcl-1 were also 
co-expressed in WT virus-specifi c CD8+ T cells 
and the improved accumulation was expressed 
as fold increase as compared to empty-vector 
transduced T cells, which were present in the 
same recipients. This analysis allowed us to 
conclude that combined expression of Bcl-xL and 
Mcl-1 did not compensate for the survival defect 
of CD27-/- CD8+ T cells. A comparable approach 
has not yet been taken to examine the relevance 
of Bcl-xL and/or Bfl -1 for survial signaling by 
4-1BB and OX40. Bcl-xL or Mcl-1 together are 
expected to bind to the complete spectrum of 
BH3-domain only proteins (13,19,20). Therefore, 
we conclude that there is another mechanism by 
which CD27 promotes the survival of primed T 
cells. This mechanism must address another 
pathway than the intrinsic mitochondrial pathway 
for caspase activation, since together Bcl-xL and 

Mcl-1 should fully counteract apoptotic execution 
via this route.
In this context, it is intriguing that we found the 
Pim1 gene to be induced very early after CD27 
triggering. Given the kinetics of induction, Pim1 
must be a CD27 target gene. Most studies 
implicate Pim gene induction downstream 
from cytokine receptors as results of Jak-Stat 
signaling (27). However, Pim1 gene induction 
via NF-B downstream from the TNF receptor 
family member CD40 has been reported (47). 
In addition, BLyS upregulated Pim-1 and Pim-
2 in B cells, albeit with late kinetics that do 
not exclude an indirect effect (48). The Pim1 
gene has orginally been defi ned by insertional 
mutagenesis as an oncogene that promotes 
T-cell lymphomagenesis (34). Pim-1 and its 
close relatives Pim-2 and -3 are serine/threonine 
kinases that are constitutively active. They are 
regulated by induction at the transcriptional 
level and display a high turnover at the protein 
level, suggesting that their activity must be 
carefully controlled (49). Overexpression of 
Pim family members has been observed in 
tumors of various tissue types, making these 
molecules attractive targets for cancer therapy 
(27). Only in recent years, the exact mechanism 
of action of Pim kinases was clarifi ed when 
Pim-2 and to a lesser extent Pim-1 appeared 
to support cytokine-driven blastogenesis and 
survival of hematopoietic cells in the presence 
of rapamycin, an inhibitor of the mTOR pathway 
(36-38). The Pim kinases appear to mediate 
an mTOR- and Akt-independent pathway 
for cell survival that is essential for rapidly 
dividing cells. Upon mitogenic stimulation, cells 
prepare for cell division by an increase in cell 
size (blastogenesis), which requires greatly 
enhanced macromolecular synthesis. Moreover, 
to meet the energy demands during rapid 
cell division, cells become less dependent on 
oxydative phosphorylation and switch to aerobic 
glycolysis (30). The Pim kinases appear to 
play an important role in the various functional 
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adaptations that rapid cell division requires. Their 
activities range from inhibition of Bad-mediated 
apoptosis to stimulation of aerobic glycolysis and 
improvement of the effi ciency of translation (27). 
Here, we report that Pim-1 is a CD27 target 
gene and that reconstitution with the Pim1 
gene partially rescued the survival defect of 
primed CD27-/- CD8+ T cells. For this reason, 
we conclude that the Pim-1 pathway contributes 
to CD27-mediated CD8+ T cell survival. Double 
defi ciency of Pim-1 and -2 strongly impaired 
TCR/CD28 driven murine T cell expansion in 
vitro when mTOR was inhibited (37). In these 
T cells, Pim-1 protein expression was induced 
within one hour after TCR/CD28 stimulation 
and maintained for at least 12 h, while Pim-2 
was induced at 12 h, indicating a differential 
role fo these kinases. Since CD70 is expressed 
on activated T cells (2), CD27-signaling may 
have taken place in the described experiments. 
Also, IL-2 receptor signaling plays a role in 
these assays (39). Therefore, future in vitro 
experiments that discriminate between these 
signals should delineate the relative capacitities 
of CD27, CD28 and the IL-2 receptors to induce 
expression of the Pim kinases and to rely on 
their function to mediate the survival of activated 
T cells. Previously, we have reported a non-
redundant role of CD27 and CD28 to drive clonal 
expansion of CD8+ T cells (6). We showed that 
CD28 impacted primarily during entry of T cells 
into mitosis, while CD27 promoted cell survival 
throughout successive divisions. Colembetti et 
al showed that prolonged CD28 engagement 
can drive IL-2 independent clonal expansion of T 
cells via mTOR (50). This observation fi ts within 
a potential division of labour between CD28 and 
CD27, where CD28 promotes T cell survival via 
the mTOR pathway and CD27 via the Pim kinase 
pathway. 
As stated, during clonal expansion in DLN, 
CD27 stimulates CD8+ T cell survival in an IL-2 
independent manner. According to the current 
study, this pro-survival pathway downstream of 

CD27 involves Pim kinase signaling. It may in 
addition rely on Bcl-xL upregulation, or as yet 
undefi ned effects, since Pim-1 ovcerexpression 
could not fully rescue the CD27-defi cient 
phenotype. Retroviral transduction with the Pim-1 
gene also improved CD8+ T cell accumulation 
in the lung, while expression of Bcl-xL alone or 
in combination with Mcl-1 had no effect. Since 
CD27-mediated CD8+ T cell survival in the lung 
relies on autocrine IL-2 signaling, we conclude 
that the Pim kinase pathway can also partially 
rescue the survival defi cit due to IL-2 withdrawal, 
as expected (27). Future work should establish 
whether Bcl-xL in combination with Pim kinases 
account fo the full pro-survival effect of CD27 at 
priming and/or tissue sites. 

MATERIALS AND METHODS

Mice
WT, CD27-/- (44), OT-I (41), CD27-/-;OT-I, Bcl-
xLtg (43), Bcl-xLtg;CD27-/-, F5 (45) and CD27-/-

;F5 mice on a C57BL/6 background were used 
for experiments at 7 to 14 weeks of age. Mice 
were of the CD45.2 allotype, unless otherwise 
indicated. Mice were bred and handled in 
accordance with national guidelines and 
experiments were approved by the Experimental 
Animal Committee of The Netherlands Cancer 
Institute (DEC). 
Western blotting
In vitro activated OT-I or CD27-/- OT-I T cells were 
harvested on day 3 of culture and lysed with 1% 
Nonidet P-40 in 10 mM triethanolamine-HCl pH 
7.8, 150 mM NaCl, 5 mM EDTA and protease 
inhibitors. Protein concentration was determined 
using the Bio-Rad protein assay. Equal amounts 
of total protein per sample were separated on 
NuPage Novex 8-14% Bis-Tris Gels (Invitrogen 
Life Technologies) and proteins were transferred 
to Protran nitrocellulose membrane (Schleicher 
and Schuell, BioScience). The membrane was 
blocked with 5% powdered non-fat milk (Nutricia) 
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in Tris-buffered saline with 0.05% Tween-20 
(TBS-T). Next, the membrane was incubated 
with antibodies to Bcl-xL (7B2.5, AbCam), 
Bcl-2 (3F11, BD), Mcl-1 (rabbit polyclonal, 
Biolegend), Bfl -1 (rabbit polyclonal, AbCam), 
Survivin (60.11, AbCam), Bim (rabbit polyclonal, 
Sigma), Bad (clone 48, BD), actin (C4, Millipore) 
or Pim-1 (12H8, SantaCruz) in TBS-T with 
1% milk overnight at 4°C, washed with TBS-T 
and incubated with peroxidase-conjugated 
secondary antibody for 2h in TBS-T with 1% 
milk at 4°C. After washing, secondary Ab was 
detected using enhanced chemiluminescence 
(ECL; Biosciences, Amersham).

T cell stimulation in vitro
For in vitro priming of OT-I T cells, the engineered 
fi broblast cell lines MEC.B7.SigOVA expressing 
CD80 and H-2Kb molecules loaded with OVA257-

264 or MEC.SigOVA, lacking the expression 
of CD80, were used as aAPC (40). These cell 
lines were retrovirally transduced stably express 
mouse CD70. The adherent fi broblast APCs 
were seeded at 105 cells per well in 24-well 
plates and cultured overnight. The next day, 
wells were washed twice with medium to remove 
any non-adherent cells or cell debris. OT-I or 
CD27-/- OT-I T cells (0.5 x 106) were added to 
the monolayer of aAPCs in 2 ml of medium and 
plates were centrifuged at 900 g for 1 min. The 
non-adherent T cells were removed after 2, 4, 8, 
or 14 h for microarray or real time PCR purposes 
or were gently transferred after 20 h to empty 
new wells and incubated for an additional 52 h 
before analysis by Western blot. 

Flow cytometry
Lungs, spleens and lung-draining lymph nodes 
(DLN) were forced through a nylon mesh 
in IMDM with 4% FCS to acquire single cell 
suspensions. Erythrocytes were lysed on ice 
for 1 min in 0.14 M NH4Cl, 0.017 M Tris-HCl, 
pH 7.2. Next, cells were incubated with specifi c 
antibodies conjugated to FITC, PE, or APC. 

APC-labeled tetramers of murine MHC class I 
H-2Db heavy chain, 2-microglobulin, and the 
infl uenza nuclear protein (NP)366–374 peptide 
(ASNENMDAM) were prepared as desc ribed 
(Altman et al., 1996) and used in combination 
with anti-CD8 mAb. Cells were analyzed using 
a FACSCalibur (Beckton Dickinson, Mountain 
View, CA) or Cyan (Dako Cytomation) and 
FCS Express (De Novo Software, Thornhill, 
Ontario, Canada) or FlowJo Analysis software 
(Tree Start Inc.). Propidium iodide-stained dead 
cells were excluded from analysis. mAb used 
for immunofl uorescence were anti-CD8 (53-
6.7), anti-CD4 (L3T4), anti-CD70 (FR70), anti-
CD80 (1610A1), Vβ5.1/5.2 (MR9-4), anti-CD27 
(LG.3A10), anti-CD45.1 (A20), anti-V11 (RR3-
15). All these antibodies were obtained from 
BD Biosciences or prepared as purifi ed Ig from 
available hybridomas. 

Virus infection
Infl uenza virus strain A/NT/60/68 was grown, 
purifi ed and tested for hemagglutinin activity and 
infectious titers in the Department of Virology, 
Erasmus University Rotterdam. Mice were 
anesthetized and infected intranasally with 50 
l of HBSS containing 25 hemagglutinin units of 
virus to induce primary responses. 

Retroviral transduction
F5 or F5;CD27-/- splenocytes were activated in 
vitro using 2 g/ml Concanavalin A (ConA) and 
1 ng/ml recombinant IL-7 (Peprotech) for 48 h at 
37°C. Retroviral supernatants were obtained by 
co-transfection of pMX-BclxL-IRES-GFP, pMX-IRES-
YFP, pMX-BclxL-IRES-YFP, pMX-Mcl1-IRES-GFP, 
pMX-Pim1-IRES-YFP or pMX-IRES-GFP together 
with pCL-ECO into NX-ECO packaging 
cells. Splenocytes were resuspended in viral 
supernatant at 2x106 cells/0,5ml per well in non-
tissue culture treated 24 well plates coated with 
Retronectin. Plates were spun for 90 min at 450 
g and cells were cultured for 20 h at 37°C.
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Adoptive transfer
Transduced splenocytes were incubated on ice 
for 30 min with APC-conjugated anti-CD8 mAb. 
Cells were sorted by fl ow cytometry for GFP 
and/or YFP and APC. The resulting purifi ed 
transduced T cells were used for adoptive 
transfers. T cells were suspended in HBSS and 
injected i.v. at  5 x 103 cells in 100 μl of HBSS per 
recipient mouse. Mice  were infected immediately 
after T cell transfer with infl uenza virus.

RNA isolation and amplifi cation
RNA from purifi ed WT and CD27-/- OT-I T 
cells was isolated using the RNeasy Micro kit 
(Qiagen, Hilden, Germany). Isolated total RNA 
was subsequently DNase-treated by using 
the Qiagen RNase-free DNase kit (Qiagen, 
Hilden, Germany) and dissolved in RNase-
free H2O. cDNA was generated by Superscript 
II reverse transcriptase using total RNA as 
template and an oligo(dT) primer containing a T7 
polymerase recognition site. Amplifi ed RNA was 
generated by in vitro transcription using T7 RNA 
polymerase (Megascript T7 kit, Ambion, Austin, 
TX). Amplifi cation yields were 1000- to 2000-
fold. The same amount of amplifi ed RNA was 
used for each sample.

Gene expression profi ling

Microarrays spotted with the Operon v3 
oligonucleotide libraries were obtained from the 
central microarray facility of The Netherlands 
Cancer Institute (http://microarrays.nki.nl). 
Amplifi ed RNA was labelled using Cy5- and 
Cy3-ULS (ULS aRNA Fluorescent labeling kit, 
Kreatech, Amsterdam, The Netherlands) and 
fragmented into stretches of 60-200 bases 
(RNA fragmentation reagents, Ambion, Austin, 
TX), before adding the probes to the microarray 
slides. Microarrays were scanned on an Agilent 
microarray scanner (Agilent Technologies, 

Palo Alto, CA) and data extraction was done 
using Imagene 6.0 (BioDiscovery Inc., Los 
Angeles, CA). Each experiment consisted of two 

microarrays, to allow for dye reversal between 

the samples, thus reducing systemic errors due 
to oligonucleotide-specifi c dye preferences. 
Figure 4A was created using TIGR (The Institute 
for Genomic Research) MultiExperiment Viewer 
software, version 3.1. The p-value is based on 
various parameters, including signal intensity 
(A value), ratio of representation (M value) and 
signal quality. 

Quantitative real time PCR
Expression of mRNA for Bcl-xL, Pim-1 and 
HPRT were measured in the samples used 
for microarray analysis by real-time PCR 
(Roche, Lightcycler 480 Real-Time PCR 
system). Fast SYBR green master mix (Apllied 
Biosystems) was used together with 10 ng 
cDNA template and 1 M oligo’s. The oligo’s 
used to amplify the template DNA are: BclxL 
fwd: 5’-GTGCCCGTGGAGAGCTGGTG, BclxL 
rev: 5’-AACCCCTGGTGGGCTTCCCC, Pim1 
fwd: 5’-ACGACCTGCACGCCACCAAG, Pim1 
rev: 5’-GAAGCCACCGCTGCCCAACA, Hprt 
fwd: 5’-CTGGTGAAAAGGACCTCTCG and Hprt 
rev: 5’-TGAAGTACTCATTATAGTCAAGGGCA. 
Levels of mRNA for the household gene Hprt 
were used for standardization.  
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