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CD27 mediates accumulation of CD8+ effector T cells in the 
draining lymph node via induction of CXCL10

Victor Peperzak, Elise A.M.Veraar, Yanling Xiao, Klaske Thiadens, Marieke Brugmans 
and Jannie Borst

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

ABSTRACT

TNF receptor family member CD27 mediates the accumulation of effector T cells in priming 
organs as well as in infected tissue in response to infection. While we have shown that CD27 
promotes the survival of CD8+ effector T cells in infected tissue by virtue of autocrine IL-2/
IL-2 receptor signaling, the mechanism of CD27-mediated CD8+ effector T cell accumulation 
in priming organs is currently unknown. We show here that CD27 signaling increases the 
expression of CXCL10 by CD8+ T cells. This promoted CD8+ T cell migration, but did not impact 
on CD8+ T cell survival. Upon retroviral reconstitution of infl uenza virus-specifi c CD27-/- CD8+ 
T cells with the Cxcl10 gene, the impaired accumulation of CD27-/- CD8+ effector T cells in the 
DLN was signifi cantly improved. Moreover, the CXCL10 produced by the reconstituted CD8+ T 
cells acted in trans, thereby strongly increasing the accumulation of endogenous CD27-/- CD8+ 
T cells. Thus, CD27-induced CXCL10 selectively controls the accumulation of CD8+ effector T 
cells in the DLN upon infection with infl uenza virus. 

INTRODUCTION

The fate of activated T cells is determined 
by the collective contribution of different co-
stimulatory and inhibitory molecules upon initial 
engagement of the T cell receptor (TCR) via 
peptide-MHC complexes. In addition to the pro-
proliferative and pro-survival effects of the Ig-like 
co-stimulatory receptor CD28, members of the 
Tumor Necrosis Factor Receptor (TNFR) family 
are recognized as key mediators of survival 
signaling in activated T cells (1-3).
Previously, it has been shown that triggering of 
TNFR family member CD27 by its ligand CD70 
is essential for adequate T cell expansion and 
generation of effector and memory T cells (4,5). 
Moreover, it was found that CD27 augments the 

accumulation of effector and memory populations 
in priming organs and in non-lymphoid tissues by 
promoting T cell survival (6). Recently, we have 
shown that CD27 mediated survival of CD8+ 
effector T cells in infected non-lymphoid tissue 
is controlled by autocrine IL-2/IL-2 receptor 
signaling (7). However, the mechanism of CD27 
mediated CD8+ effector T cell accumulation in 
priming organs is currently unknown. 
Activation of CD27 recruits TNF Receptor 
Associated Factors (TRAFs) 2 and 5 that 
subsequently activate the canonical and non-
canonical NF-B pathways (8-11). NF-B is a 
well-known mediator of survival signalling in T 
cells as it regulates the expression of inhibitory 
Bcl-2 family members, c-Flip, as well as IAPs and 
thereby can block apoptosis at different levels of 
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Figure 1. CD27 signaling induces CXCL10 expression.
(A) Micro-array. OT-I stimulation was performed with CD27 signaling as variable. In vitro, WT OT-I cells 
(constant) were stimulated with CD70+ versus CD70- aAPC, or WT versus CD27-/- were stimulated with CD70+ 
aAPC (constant) for  time periods indicated. In vivo, WT- versus CD27-/- OT-I T cells were stimulated by OVA 
immunization and isolated on day 3, 4 or 8 from DLN, spleen and lung. mRNA extracted from OT-I T cells that 
had received a CD27 signal or not was co-hybridized on the micro-arrays. A heat map was created to depict the 
hierarchy of differentially expressed genes according the mRNA signal intensity (shown as 2log ratio) and the 
criteria mentioned in the text. The Cxcl10 gene was found within the top 5 hits and its differential expression is 
shown. Differential Cd27 mRNA expression is shown as validation. (B) Levels of Cxcl10 mRNA were determined 
by quantitative real time PCR in the indicated samples (as in A) and related to mRNA levels of the household gene 
Hprt. Data are means of two independent reactions. (C) WT and CD27-/- OT-I cells were stimulated for indicated 
time periods with aAPC that expressed CD80 and CD70. CXCL10 protein was detected in the supernatant by 
Western blot (left panel). The absolute numbers of PI- (live) OT-I cells per tissue culture well during this experiment 
are shown (right panel). Data is representative of 3 independent experiments. Values are means of 3 samples 

(+ SEM). T-test indicated signifi cant differences for *P < 0.001.  
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caspase activation (12-14). In addition, NF-B 
signaling can also mediate the transcription of 
chemokines and thereby impact on cell migration 
(15). Since CD27 signals through the NFB 
pathway, we hypothesized that CD27 signalling 
may enhance the local accumulation of CD8+ 
effector T cells by infl uencing chemokine-
mediated cell migration. By performing genome 
wide microarrays, we show here that CD27 
stimulation increases the expression of CXCL10 
by activated CD8+ T cells. 
Therefore, the aim of our study was to investigate 
the role of CXCL10 expression in CD27-
mediated CD8+ effector T cell accumulation. 
We demonstrate that CD27-induced expression 
of CXCL10 promotes CD8+ T cell migration 
but does not impact on T cell survival. Using 
genetic reconstitution of primary T cells and 
adoptive transfer in an infl uenza virus infection 
model, we reveal here that CD27 promotes the 
accumulation of CD8+ effector T cells in the lung 
draining lymph node by attracting endogenous 
CD8+ T cells via the expression of CXCL10. 

RESULTS

CD27 signaling induces CXCL10 expression
To investigate transcriptional targets induced by 
CD27 signaling, ovalbumin (OVA) specifi c TCR 
transgenic CD8+ OT-I T cells were co-cultured 
with artifi cial antigen presenting cells that present 
OVA peptide in the context of H-2Kb (aAPC, 16). 
In the comparative settings, either CD27 on the 
T cells or CD70 on the aAPC was the variable. 
OT-I T cells were removed from the aAPC at 
indicated time points. In addition, WT or CD27-/- 
OT-I mice were immunized intranasally with OVA 
protein and H-2Kb-OVA tetramer positive T cells 
were isolated from the lung draining lymph node 
(DLN), spleen and lung at indicated days after 
immunization. Subsequently, the isolated OT-I 
T cells were subjected to genome wide micro-
array analysis covering 72% of all known mouse 

genes (7). Genes regulated by CD27 were 
selected on the following stringent criteria. They 
should be differentially expressed with a P-value 
below 0.00003 and should be found 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 
1A). This analysis revealed a set of about 30 
potential CD27 target genes (results not shown). 
Within the top 5 of most signifi cant hits, the 
chemokine CXCL10 was found to be differentially 
regulated by CD27 in OT-I T cells both in vitro 
and in vivo (Figure 1A). Increased expression 
of CXCL10 mRNA upon CD27 stimulation was 
confi rmed by quantitative real time PCR (Figure 
1B). Levels of CXCL10 protein were measured 
in the culture supernatant by Western blot at 
48, 72 and 96 hours after co-culture of aAPC 
with OT-I T cells (Figure 1C). The difference in 
CXCL10 expression was observed at all time-
points tested and this was not due to differences 
in cell numbers since cell numbers in the culture 
were similar after 48 and 72 hours (Figure 1C). 
In conclusion, stimulation of CD27 on OT-I T 
cells promotes the expression of CXCL10.   

CD27 induced CXCL10 promotes the 
migration of effector CD8+ T cells, but does 
not impact on T cell survival. 
To examine whether CXCL10, secreted upon 
CD27 stimulation on CD8+ T cells, can recruit 
CD8+ T cells, in vitro transwell migration assays 
were performed. Migration of concanavalin A 
(ConA) activated CD8+ T cells was observed 
when using recombinant murine CXCL10 as 
an attractant, which was not seen when using 
naïve CD8+ T cells as responder cells (Figure 
2A). The recruitment of activated CD8+ T cells 
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Figure 2. CD27 induced CXCL10 promotes migration of effector CD8+ T cells.
 (A) Transwell assay. Naïve or ConA-activated CD8+ T cells were used as responder cells in the upper transwell. 
Recombinant CXCL10 (rC10) was added in the lower well, either or not in combination with a CXCL10 neutralizing 
antibody (C10). Shown are the numbers of CD8+ T cells that migrated through the transwell. Data are 
representative of two independent experiments. (B) ConA-activated CD8+ T cells were used as responder cells. 
Supernatant of wild type (WT) or CD27-/- T cell cultures was added in the lower well, either or not in combination 
of a CXCL10 neutralizing antibody (C10). Shown are the numbers of CD8+ T cells that migrated through the 
transwell. Data are average of two independent reactions (+ ST.DEV). (C) Flow cytometry. Purifi ed T cells were 
activated in vitro with varying doses of ConA for 2 days at 37°C. Fluorescence intensity of CD69, CD62L and 

CXCR3 expression is shown when gated on CD8+ T cells. Data is representative of two independent experiments.
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could be completely blocked by addition of 
CXCL10 neutralizing antibodies, showing that 
the migration of cells was mediated by CXCL10 
(Figure 2A). Next, supernatant was isolated 
from WT or CD27-/- OT-I T cell cultures that had 
been activated by CD70-expressing aAPC. 
Supernatant from WT OT-I cells attracted more 
ConA activated CD8+ T cells in a transwell setting 
than the supernatant from CD27-/- OT-I cell T 
cultures (Figure 2B). Migration of CD8+ T cells in 
response to WT OT-I cell supernatant could be 
inhibited by the addition of CXCL10 neutralizing 
antibodies, demonstrating that the difference in 
recruitment capacity between supernatant from 
WT and CD27-/- T cell cultures was primarily due 
to CXCL10 production (Figure 2B). CXCR3, the 
unique receptor for CXCL10, is expressed by 
a relatively small proportion of naïve CD8+ T 
cells, but greatly induced upon T cell activation, 
which provides an explanation for the improved 
migration of activated compared to naïve CD8+ T 
cells (Figure 2C).
Since stimulation of CD27 by its ligand CD70 
promotes the survival of activated T cells (6,7), 
the potential impact of CXCL10 on T cell survival 
was investigated. Either WT or CD27-/- CD8+ T 
cells were stimulated using anti-CD3 antibodies 
in combination with an agonistic CD70 fusion 
protein (FcCD70), recombinant murine CXCL10 
(rCXCL10) and / or CXCL10 neutralizing 
antibodies (CXCL10) as indicated (Figure 3). 
In these cultures, FcCD70 greatly promoted 
the survival, but not division (not shown), of WT 
CD8+ T cells as expected. FcCD70 addition did 
not infl uence the accumulation of CD27-/- CD8+ T 
cells, demonstrating that this protein acted in a 
CD27-specifi c manner (Figure 3). The presence 
of recombinant CXCL10 or neutralizing anti-
CXCL10 antibodies did not infl uence the survival 
of WT or CD27-/- CD8+ T cells after 72 or 96 hours 
of culture (Figure 3). Therefore, CD27-induced 
CXCL10 expression promoted the migration of 
activated CD8+ T cells but did not impact on their 
survival.

Genetic reconstitution of the Cxcl10 gene in 
infl uenza virus-specifi c CD27-/- CD8+ T cells 
improves their accumulation at the site of 
priming.
To determine to which extent CXCL10 contributes 
to CD27 mediated accumulation of effector T 
cells during infection with infl uenza virus, WT 
or CD27-/- infl uenza virus-specifi c CD8+ T cells 
(F5 TCR transgenic T cells) were reconstituted 
with the Cxcl10 gene. Expression of CXCL10 
protein was determined by Western blot after 
retroviral transduction of CD27-/- F5 T cells with 
a CXCL10-IRES-GFP or an empty vector (ev)-
IRES-GFP retroviral construct (Figure 4A). Next, 
transduced WT or CD27-/- F5 donor cells were 
injected into CD27-/- recipient mice and these 
mice were subsequently infected with infl uenza 
virus. At day 7 and 8 after infection, the lung 
draining lymph node (DLN), spleen and lung 
were isolated and analyzed for the number of 
GFP positive F5 donor cells. At both day 7 and 
8, an impaired accumulation of empty vector 
transduced CD27-/- F5 donor cells was observed 
in DLN (Figure 4B), spleen and lung (not shown) 
when compared to empty vector transduced WT 
F5 donor cells. Expression of CXCL10 by WT 
donor cells did not alter their accumulation in 
any of the organs tested (Figure 4B and data not 
shown). In contrast, expression of CXCL10 in 
CD27-/- F5 donor cells signifi cantly improved their 
accumulation in the DLN (Figure 4B), but not in 
the spleen or lung (not shown). We conclude that 
CD27-directed CXCL10 production by primed 
CD8+ T cells contributes to their accumulation at 
the site of priming after virus infection.

Cxcl10 produced by reconstituted CD27-/- 
CD8+ T cells acts in trans to promote the 
accumulation CD8+ effector T cells at the site 
of priming.
Additionally, the endogenous T cell response 
was measured in this experimental setting. At 
day 8 after infection, the absolute number of 
endogenous CD8+CD62Llow effector T cells in 
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the DLN was found to be signifi cantly lower in 
mice that received empty vector  transduced 
CD27-/- F5 donor cells as compared to mice that 
received empty vector transduced WT F5 donor 
cells (Figure 4C). Strikingly, when CD27-/- F5 
donor T cells were reconstituted with the Cxcl10 
gene, the accumulation of CD27-/- recipient 
CD8+CD62Llow effector T cells in the DLN was 
completely restored when compared to CD27-/- 
mice that received empty vector transduced 
WT donor F5 cells (Figure 4C). This experiment 
revealed that CXCL10 expressed by F5 donor 
cells, impacts on the endogenous CD8+ T 
cells. No effect of CXCL10 expression by F5 
donor cells was observed in the spleen or lung 
(not shown). CXCL10 expression specifi cally 
promoted the accumulation of CD8+CD62Llow T 
cells, whereas no differences in the percentages 
of CD4+CD62Llow T cells were observed (Figure 

4D). 
To further examine the trans effect of CXCL10, 
CD27-/- F5 donor cells transduced with an empty 
vector (ev)-IRES-YFP were mixed with CD27-/- F5 
donor cells transduced with CXCL10-IRES-GFP 
in a 1:1 ratio before injection into CD27-/- recipient 
mice (group A). As a control, CD27-/- F5 donor 
cells transduced with either an ev-IRES-YFP or 
an ev-IRES-GFP construct were mixed in a 1:1 
ratio and injected into different CD27-/- recipient 
mice (group B). At day 6 or day 8 after infl uenza 
virus infection, the absolute numbers of GFP 
and YFP positive donor cells were determined in 
the DLN, spleen and lung of the recipient mice. 
Figure 5A shows the gating strategy for the GFP+ 
and YFP+ populations. At day 6 after infection, 
a signifi cantly higher number of CXCL10-IRES-
GFP-expressing donor cells were enumerated 
in the DLN (group A) compared to the number 
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of ev-IRES-GFP donor cells in the control group 
(group B) (Figure 5B). However, the number of 
ev-IRES-YFP expressing donor cells in group 
A was equal to the number of CXCL10-IRES-
GFP expressing donor cells in DLN of the same 
recipient mice (Figure 5B). Thus, the CXCL10 
chemokine expression by the GFP positive donor 
cells acted in trans to promote the accumulation 
of the empty-vector transduced YFP positive 
donor cells in the DLN. Again, in the spleen 
and the lung (not shown), no effect of CXCL10 
expression was observed. 
To examine the trans effect on endogenous CD8+ 
T cells, the absolute numbers of CD8+CD62Llow 
effector T cells of the recipient mice were 
determined at day 6 or 8 after infection. In 
the DLN at day 8, a signifi cant increase in the 
accumulation of CD8+ effector T cells was seen 
in mice that received CXCL10 expressing donor 
T cells (group A) compared to mice that received 
only ev transduced donor T cells (group B) 
(Figure 5C).  In summary, these experiments 
demonstrate that CD27-induced CXCL10 
promotes the accumulation of endogenous CD8+ 
effector T cells in the DLN.

DISCUSSION

The chemokine CXCL10 is a bona fi de 
transcriptional target of NFB and transcription 
of CXCL10 can be inhibited by NFB inhibitor 
IkB (17). CXCL10 was originally identifi ed as 
an IFN--inducable protein of 10 kDa (IP-10) 
and its expression has been demonstrated 
for many cell types such as keratinocytes, 
macrophages, fi broblasts and endothelial cells 
(18). Furthermore, CXCL10 is highly expressed 
by activated T cells, but not by resting T cells 
(19). Stimulation of CXCR3, the receptor for 
CXCL10, promotes reorganisation of the actin 
cytoskeleton and thereby induces cell migration 
(20). CXCR3 is expressed by roughly 40% of 
resting human CD8+ T cells (21,22) and on a 

selective population of naïve murine CD8+ T 
cells, but completely absent on naïve CD4+ T 
cells (23). CXCR3 expression on CD8+ T cells is 
strongly induced after TCR stimulation (23). On 
CD4+ T cells, CXCR3 is expressed primarily by 
Th1 cells, not by Th2 cells (24,25). In addition, 
CXCR3 can be expressed by CD27high natural 
killer (NK) cells (26) and plasmacytoid dendritic 
cells (pDC) but not on conventional DC (cDC) 
(27-29). 
While CD27 plays a crucial role in promoting the 
survival of activated T cells (6,7), we show here 
for the fi rst time that CD27 also impacts on CD8+ 
T cell migration. Previously, we have documented 
that CD27 promotes T cell accumulation at the site 
of infection as well as in the priming organs (4,5). 
The impaired accumulation of effector T cells in 
the absence of CD27 was shown to be caused, 
at least in part, by impaired survival of dividing T 
cells (6). Recently, we have shown that CD27-
mediated T cell survival in the infected tissue is 
controlled by autocrine IL-2 signaling. However, 
in this model we also revealed that IL-2 signaling 
could not rescue the impaired accumulation 
of CD27-/- CD8+ effector T cells in the priming 
organs (7). In the current report, we show that 
CXCL10 expression specifi cally regulates CD27 
mediated CD8+ effector T cell accumulation in 
the lung draining lymph node (DLN) in a model 
of infl uenza virus infection. This is an important 
fi nding since a role for CD27 in orchestrating cell 
migration has never before been described. In 
general, co-stimulatory molecules belonging to 
the TNF receptor family have been implicated 
in immunity by virtue of their ability to provide 
cell-intrinsic survival signals, or by stimulating 
cell division or cytokine production (1-3). This 
study clearly illustrates that TNF receptors may 
also act in other ways, namely the regulation of 
lymphocyte migration.  
CXCL10 is highly expressed at sites of 
infl ammation and CXCR3-dependent cell 
migration to infected tissues is well described 
(30-32). On the other hand, Yoneyama and 
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donor cells at day 6 in the DLN or spleen. (C) Absolute numbers (#) of endogenous CD8+ CD62L- T cells (Teff) at 
day 6 or 8 in DLN or spleen. (B,C) Data are mean values of 4 mice per group (+ SEM). T-test indicated signifi cant 
differences between the indicated groups for *P < 0.05. 
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colleagues showed that CXCL10 expressed by 
DC promotes the accumulation of TH1 cells in 
hepatic DLN which contributes to the immune 
response against Propionibacterium acnes 
(33). Moreover, there are studies that implicate 
CXCR3-dependent cell migration in the entry of 
cells into draining lymph nodes (DLN) via high 
endothelial venules (HEV) (34). In our model, 
the CD8+ effector T cell response in the lung 
is very large compared to the response in the 
DLN (7). Furthermore, we show by gene array 
experiments in this report that, in addition to 
the DLN, CD27 signifi cantly induces CXCL10 
expression by activated OT-I T cells in the lung. 
It is possible that chemokines may travel from 
sites of infl ammation into the DLN via the conduit 
system. For example, it has been shown that 
chemokine MCP-1 (CCL2) is highly expressed 
in infl amed skin but accumulates specifi cally in 
DLN where actual expression of MCP-1 is low 
(35). Moreover, ELC (CCL19) translocates to 
luminal surfaces of HEV in LNs upon injection in 
the footpad and participates in CCR7-mediated 
lymphocyte migration into the LN (36). CXCL10 
has been shown to accumulate in the basal 
lamina of HEV by binding to mac25 (IGFBP7) 
which is abundantly expressed in the HEV 
(37-39). It has therefore been suggested that 
CXCL10, when bound to mac25, helps CXCR3-
expressing cells to migrate from the HEV into the 
LN after they have crossed the endothelium of 
HEV via a potentially different mechanism which 
concerns the action of adhesion molecules 
and other chemokines (40). Thus, it is possible 
that in our experiments, CXCL10 produced by 
CD8+ effector T cells in the lung and spleen 
accumulates in the HEV and thereby attracts 
CD8+ T cells into the DLN, whereas no effect of 
CD8+ T cell specifi c CXCL10 expression can be 
seen in the lung or spleen. 
In our study, we observe a signifi cant increase 
in the absolute number of CD8+ effector T cells 
in the DLN which is mediated by CD27-induced 
CXCL10. An important question is, “How does 

CXCL10 mediate this local accumulation of CD8+ 
effector T cells?”. We propose the following three 
options; 1) activated CD8+ T cells migrate into 
the DLN, 2) CD8+ T cells primed in the DLN are 
unable to leave, or 3) naïve CD8+ T cells migrate 
into DLN via HEV. In the context of the fi rst 
option, Guarda et al have described that CD8+ 
effector T cells can migrate into DLN over HEV 
and kill antigen-bearing DC. The authors suggest 
that this might serve as a mechanism that 
terminates the ongoing immune response (41). 
However, in our model, CD27 strongly increases 
the expression of CXCL10 and we know from 
previous experiments (4-6) that CD27 does 
not dampen the immune reponse in any of the 
relevant organs. Concerning the second option, 
naïve CD8+ T cells primed in the DLN might be 
retained within T cell areas of the DLN by virtue of 
the local CXCL10 expression and can therefore 
account for an increased absolute number of 
CD8+ effector T cells, like has been shown for 
TH1 cells (33). Although it has been suggested 
by others that CXCL10-mediated immune cell 
accumulation in the DLN involves migration 
over the HEV (34,40), this theory remains a 
possibility in our model. Finally, concerning the 
third option, CXCR3-positive naïve CD8+ T cells 
might be selectively recruited to the DLN and 
subsequently be primed by antigen-bearing DC. 
Therefore, an increased attraction of naïve CD8+ 
T cells will allow for an increased proportion of 
CD8+ effector T cells participating in the immune 
response. We and others (23) have shown that 
a portion of naïve murine CD8+ T cells express 
the CXCR3 receptor, which, in theory, should 
be able to migrate towards a CXCL10 gradient. 
However, in our transwell assays we did not 
observe a specifi c migration of naïve CD8+ T 
cells towards recombinant CXCL10 protein. This 
can be explained by the fact that only about 15 
percent of naïve CD8+ T cells express CXCR3. 
Using a naïve CD8+ T cell population sorted for 
high CXCR3 expression might show that also 
naïve CD8+ T cells can migrate in response 
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to CXCL10 in a transwell assay. To test which 
of the three options provides the underlying 
mechanism for CXCL10-driven accumulation of 
CD8+ effector T cells in the DLN, we will inject 
naïve CD8+ T cells during the ongoing immune 
response against infl uenza virus in mice that 
received CD27-/- fl u-specifi c T cells transduced 
with either CXCL10 or empty vector. Two hours 
after injection of naïve CD8+ T cells, we will 
isolate the DLN and examine the number and 
nature of the injected CD8+ T cell responder 
population. If we observe a selective migration 
of CXCR3+ naïve CD8+ T cells into the DLN in 
mice that received CXCL10 expressing CD8+ fl u-
specifi c T cells, we can confi rm the third option 
is the most probable one. If no difference can 
be oserved within this timeframe, the other two 
options remain a possibility.
In conclusion, we show that CD27-mediated 
accumulation of CD8+ effector T cells in the 
DLN involves CXCL10-mediated CD8+ T cell 
migration. We suggest that CD27 stimulates the 
expression of CXCL10 in CD8+ effector T cells in 
the DLN, but also in the spleen and lung, which 
accumulates in the basal lamina of HEV. As a 
result, naïve CD8+ T cells, that express CXCR3, 
will be selectively attracted to the DLN and 
participate in the ongoing immune response. 

MATERIALS AND METHODS

Mice. WT, CD27-/- (4), OT-I (42), OT-I; CD27-/-, 
F5 (43) and F5;CD27-/- mice on a C57BL/6 
background were used for experiments at 7-12 
weeks of age. OT-I mice express a transgenic 
TCR with specifi city for OVA257-264 peptide in 
the context of H-2Kb and F5 mice express a 
transgenic TCR with specifi city for infl uenza 
virus NP366-374 peptide in the context of H-2Db. 
Mice were of the CD45.2 allotype. Experiments 
were approved by the Experimental Animal 
Committee of The Netherlands Cancer Institute 
(DEC) and performed in accordance with 

national guidelines. 

Western blotting. Supernatant of in vitro 
activated T cells was harvested at indicated 
timepoints of culture. 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) in Tris-buffered saline with 
0.05% Tween-20 (TBS-T). Next, the membrane 
was incubated with biotinylated goat polyclonal 
anti-CXCL10 (R&D) in TBS-T with 1% milk 
overnight at 4°C, washed with TBS-T and 
incubated with peroxidase-conjugated avidin for 
2h in TBS-T with 1% milk at 4°C. After washing, 
peroxidase-conjugated avidin was detected 
using enhanced chemiluminescence (ECL; 
Biosciences, Amersham).

Quantitative real time PCR
Expression of mRNA for CXCL10 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: Cxcl10 fwd: 
5’-CACACCCCGGTGCTGCGATG, Cxcl10 rev: 
5’-AGCAGCTGATGTGACCACGGC, Hprt fwd: 
5’-CTGGTGAAAAGGACCTCTCG and Hprt 
rev:5’-GAAGTACTCATTATAGTCAAGGGCA. 
Levels of mRNA for the household gene Hprt 
were used for standardization.

Cell culture. For in vitro priming of OT-I T 
cells, the engineered fi broblast cell lines 
MEC.B7.SigOVA expressing B7-1 and H2-
Kb molecules loaded with OVA257-264 or MEC.
SigOVA, lacking the expression of B7-1, were 
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used as artifi cial antigen presenting cells 
(16). The artifi cial APC lines were retrovirally 
transduced with a plasmid containing CD70-
IRES-GFP. The adherent fi broblast APCs were 
seeded at 105 cells per well 24-well plates and 
cultured overnight. The next day, wells were 
washed twice with medium to remove any non-
adherent cells or cell debris. CFSE-labeled OT-I 
or CD27-/- OT-I T cells (0,5x106) were added to 
the monolayer of APCs in 2 ml of medium and 
plates were centrifuged at 900 g for 1 min. After 
20 hours of co-culture, the non-adherent T cells 
were gently transferred to empty new wells. 
Recombinant murine CXCL10 (PeproTech) as 
used at 0.2 g / ml, neutralizing monoclonal rat 
anti-CXCL10 antibodies (R&D) were used at 20 
g / ml, anti-CD3 beads (Dynal), FcCD70 (46) 
was used at 0.5 g / ml, recombinant murine IL-7 
(PeproTech) was used at 10 ng / ml and Con A 
(Omnilabo, 2 g / ml) was used at concentrations 
indicated. 

Transwell assays. Transwells (Costar) were 
used with a 5 m pore size. T cells were purifi ed 
from 2 or 3 spleens of WT mice using a T 
lymphocyte enrichment set (BD) and activated 
in vitro with 2 g/ml Con A and 10 ng / ml IL-7 
(PeproTech). Transwells were coated o/n with 
RetroNectin (Takara Bio Inc., Otsu, Japan) 
at 50 g/ml and naïve or Con A (Omnilabo, 
2 g / ml) activated T cells were added to the 
transwells. In the lower wells, IMDM medium or 
T cell supernatant was added containing either 
recombinant murine CXCL10 (PeproTech), 
neutralizing monoclonal rat anti-CXCL10 
antibodies (R&D) or medium only. Migration 
of T cells trough the transwell was allowed for 
3 h at 37°C. The number of migrated cells was 
counted using a CASY cell counter (Scharfe 
System GmbH)  and subjected to fl ow cytometric 
analysis. 

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. Cells were analyzed using a FACSCalibur 
(Beckton Dickinson, Mountain View, CA) or Cyan 
(Dako, Glostrup, Denmark) and 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-CD69, 
Vβ5.1/5.2 (MR9-4), anti-CD27 (LG.3A10), anti-
V11 (RR3-15), anti-CD62L (MEL-14), anti-
CXCR3 (rabbit polyclonal). All these antibodies 
were obtained from BD Biosciences or prepared 
as purifi ed Ig from available hybridomas except 
the anti-CXCR3 antibody (Zymed). 

Antigenic challenge in vivo. Mice were 
infected intranasally with 25 hemagglutinin units 
of infl uenza virus strain A/NT/60/68 as decribed 
(4-6). Alternatively, mice were immunized 
intranasally with 500 μg OVA protein plus 1 μg 
cholera toxin (Sigma) in 50 μl HBSS (44).

Retroviral transduction. Retroviral packaging of 
the constructs was performed by co-transfection 
of pLZRS-CXCL10IRESGFP, pMXIRESGFP, 
or pMXIRESYFP together with pCL-Eco into 
Phoenix-ECO packaging cells (45), using 
FuGENE 6 (Roche). Supernatant containing 
retrovirus was collected 48 h after transfection. 
WT, CD27-/-, F5, or F5;CD27-/- splenocytes 
were cultured with 2 g/ml Con A (Omnilabo) 
and 1 ng/ml recombinant IL-7 (Peprotech) for 
48 h. For subsequent transduction, they were 
resuspended in retrovirus-containing medium 
at 2 x 106 cells in 0.5 ml per well in non-tissue 
culture treated 24-well plates (BD Biosciences) 
coated with 0.5 ml 50 g/ml RetroNectin (Takara 
Bio Inc., Otsu, Japan). Plates were spun for 90 
min at 450 g and cells were cultured for 20 h and 
subsequently used for adoptive transfer.
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Adoptive transfer. Transduced splenocytes 
were incubated with allophycocyanin-conjugated 
anti-CD8 mAb in IMDM with 8% FCS for 30 min 
on ice. Cells were washed and resuspended in 
IMDM with 2% FCS and sorted by fl ow cytometry 
for GFP or YFP and CD8. The resulting purifi ed 
transduced CD8+ T cells were suspended in 
HBSS and injected intravenously into each 
recipient mouse at the indicated cell number 
in 100 l. 5 x 103 sorted F5 donor cells were 
injected per experimental group. 

Gene expression profi ling. RNA extraction, 
amplifi cation and hybridization were performed 
as described (44). Microarrays spotted with the 
Operon v3 oligonucleotide library were obtained 
from the central microarray facility of The 
Netherlands Cancer Institute (http://microarrays.
nki.nl). Microarrays were scanned on Agilent 
Technologies scanner and data extraction was 
done using Imagene 6.0 software (BioDiscovery, 
El Segundo, 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. The heat map in Figure 2a was 
created using TIGR (The Institute for Genomic 
Research) MultiExperiment Viewer software, 
version 3.1. Genes were included in the analysis 
when found to be differentially expressed with a 
p-value below 0.00003 in at least two different 
experimental set-ups. Hierarchy in this list was 
determined by the fold differential expression (M 
value) and the number of experimental set-ups 
in which the gene was found to be differentially 
expressed. The p-value is based on various 
parameters, including signal intensity (A value), 
ratio of representation (M value) and signal 
quality. 

Statistical analysis. Signifi cance in fi gures 1, 4, 
5 and 6 was measured using a 2 tailed Student’s 
t test. Differences were found to be signifi cant 

when P < 0.05.
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