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CD27 costimulation contributes substantially to the
expansion of functional memory CD8+ T cells after
peptide immunization
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Naive T cells require signals from multiple costimulatory receptors to acquire full effec-
tor function and differentiate to long-lived memory cells. The costimulatory receptor,
CD27, is essential for optimal T-cell priming and memory differentiation in a variety of
settings, although whether CD27 is similarly required during memory CD8+ T-cell reac-
tivation remains controversial. We have used OVA and anti-CD40 to establish a memory
CD8+ T-cell population and report here that their secondary expansion, driven by pep-
tide and anti-CD40, polyI:C, or LPS, requires CD27. Furthermore, antigenic peptide and a
soluble form of the CD27 ligand, CD70 (soluble recombinant CD70 (sCD70)), is sufficient
for secondary memory CD8+ T-cell accumulation at multiple anatomical sites, depen-
dent on CD80/86. Prior to boost, resting effector- and central-memory CD8+ T cells both
expressed CD27 with greater expression on central memory cells. Nonetheless, both pop-
ulations upregulated CD27 after TCR engagement and accumulated in proportion after
boosting with Ag and sCD70. Mechanistically, sCD70 increased the frequency of divided
and cytolytic memory T cells, conferred resistance to apoptosis and enabled retardation of
tumor growth in vivo. These data demonstrate the central role played by CD27/70 during
secondary CD8+ T-cell activation to a peptide Ag, and identify sCD70 as an immunother-
apeutic adjuvant for antitumor immunity.
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Introduction

T lymphocytes mediate immunity to infection and can protect
against tumor growth. For full activation, T cells require TCR
engagement and costimulatory signals provided predominantly
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through members of the Ig superfamily (e.g. CD28 and ICOS)
and TNF receptor superfamily (TNFRSF; e.g. CD27 and 4-1BB).
TNFRSF receptors signal via the NF-κB, MAPK, and PI3K pathways
to facilitate cell cycle progression, upregulation of antiapoptotic
Bcl-2 family members, secretion of cytokines, and expression of
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cytokine receptors leading to improved T-cell survival and pro-
liferation. The existence of multiple TNFRSF members allows for
tight temporal and spatial control of T-cell activation, regulated in
part by the expression patterns of the receptors and their ligands
[1].

Unlike many TNFRSF receptors, CD27 is highly expressed on
naive CD4+ and CD8+ T cells and is further upregulated after TCR
engagement [2]. The only known ligand for CD27/CD70 exhibits
limited expression at rest but is upregulated on DC and B cells
within 24 h of incubation with anti-CD40 or TLR agonists [3–5].
CD27/CD70 is therefore well poised to contribute to early T-cell
activation events. Indeed, CD27 signals are essential for maxi-
mal T-cell priming by protein Ag, cellular vaccines, or infectious
agents [3, 5–9], and for the establishment of T-cell memory after
influenza infection [6]. Furthermore, DC-dependent expansion of
CD8+ T cells and tumor protection triggered by Ag and anti-
CD40 both require CD70, and anti-CD40 can be replaced with
agonist anti-CD27 mAb to recapitulate the antitumor response
[4,5,10,11]. Together these data suggest that the signal delivered
from a CD40-licensed DC to a naive CD8+ T-cell requires T-cell-
expressed CD27, a finding recently confirmed by others [12].

Memory T cells provide rapid protection against antigenic
rechallenge and have been delineated into two major subsets:
effector-memory CD8+ T (TEM) cells reside primarily in nonlym-
phoid tissues and constitutively express perforin and granzyme B,
whereas central-memory CD8+ T (TCM) cells express CD62L and
CCR7 and are present in secondary lymphoid organs [13]. Both
subsets express CD27 and the absence of CD27 during priming
equally impairs the differentiation of both memory T-cell popu-
lations [14, 15]. Once established, high expression of CD27 is a
feature of cells with a TCM-like phenotype and greater capacity for
mounting recall responses compared with CD27lo cells [14, 16].
In contrast, CD27lo cells are associated with a terminally differ-
entiated/senescent memory T-cell phenotype in both humans and
mice [17,18].

Compared with primary T cells, memory CD8+ T cells show an
increased cell frequency, longevity, improved effector function,
and increased responsiveness to lower Ag concentration [19–21].
Nonetheless, memory T cells remain dependent on DC for reactiva-
tion, reflecting an ongoing requirement for costimulation [22,23].
Several studies have reported CD28 as a critical mediator of T-cell
recall responses [24–27] and some evidence suggests that CD40
also contributes to secondary memory differentiation after res-
timulation [28]. In contrast, the absence of 4–1BBL or OX40L on
APC during reexposure to influenza has no effect on T-cell sec-
ondary expansion [29]. With regard to CD27, data are conflicting
with evidence both for and against a role for this receptor during
secondary T-cell expansion [12,15,30–33].

In this study, we investigated the role of CD27 costimulation
during a secondary CD8+ T-cell response. Specifically, we show
that maximal reactivation of memory CD8+ T cells by peptide and
either anti-CD40 or the TLR agonists, polyI:C and LPS, requires
CD70. Furthermore, boosting with Ag plus soluble recombinant
CD70 (sCD70) was sufficient to drive significant accumulation of
TEM and TCM CD8+ T cells in different organs and to expand sec-

ondary CD8+ T cells with cytotoxic function capable of protecting
against tumor growth in vivo. Our findings have implications for
the use of sCD70 in prime-boost vaccination protocols and provide
insight into the role of CD27–CD70 signals during recall responses.

Results

CD40-driven secondary expansion of memory CD8+

T cells requires CD27 and CD28

To analyze the role of costimulation during the recall
response of endogenous memory CD8+ T cells, we
generated memory OVA-specific CD8+ T cells by immuniz-
ing mice with OVA and agonistic anti-CD40 mAb, as described
[4, 10]. This protocol primed a strong CD8+ T-cell response and
established a stable memory population, representing 0.2–0.5%
of total lymphocytes as reported previously ([10] and data
not shown). Memory cells had typical memory CD8+ T-cell
markers, including high expression of CD44 and a bimodal
distribution of CD62L, characteristic of TCM (CD62Lhi) and
TEM (CD62Llo) cells (Fig. 1A). Additionally, the majority of
memory CD8+ T cells expressed surface CD27 at heterogeneous
levels (Fig. 1A). Upon rechallenge with the immunodominant
OVA peptide (OVA257–264) and anti-CD40, OVA-specific CD8+

T cells increased in number to comprise 12% (±4.0%) of total
lymphocytes by day 7 (Fig. 1B). Expansion was dependent
on coinjection of anti-CD40 since no significant increase was
observed after administration of Ag alone (Fig. 1B). Importantly,
injection of OVA257–264 and anti-CD40 to naive mice did not result
in a detectable OVA-specific CD8+ T-cell response (Fig. 1B),
confirming that the increased T-cell frequency after rechallenge is
a bona fide recall response of OVA-specific memory CD8+ T cells.

Anti-CD40 leads to upregulation of costimulatory ligands on
DCs, including CD80, CD86, and CD70, which interact with
CD28 and CD27 on T cells to mediate priming of näıve CD8+

T cells [4, 34, 35]. We therefore addressed the role of CD27 or
CD28 during the recall response. Blockade of either CD70 or
CD80/86 reduced the anti-CD40-stimulated expansion of OVA-
specific memory CD8+ T cells by approximately 75 to 3.1%
(±0.5%) and 2.9% (±0.8%) of total lymphocytes, respectively,
at day 7 (Fig. 1B). Secondary CD8+ T-cell expansion driven by
peptide in combination with LPS or polyI:C was also largely depen-
dent on CD70 (Supporting Information Fig. 1) showing that TLR
agonists cannot compensate for a lack of CD70 during boost.

Soluble CD70 promotes the recall response of memory
CD8+ T cells

We next investigated whether Ag and CD27 costimulation is
sufficient to boost a secondary response. Mice were primed as
before and boosted with OVA257–264 and soluble recombinant
murine CD70 (sCD70) [2]. OVA257–264 and sCD70 caused a 19-fold
expansion of the OVA-specific memory CD8+ T-cell pool with an
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Figure 1. CD70 and CD80/86 are required for maximal memory
CD8+ T-cell reactivation driven by anti-CD40. Mice were immunized
with OVA plus anti-CD40. (A) Twenty days later the phenotype of
splenic OVA-specific memory CD8+ T cells was analyzed by staining
with H-2Kb/OVA257–264 tetramers and anti-CD8 with antibodies/soluble
ligands for CD44, CD62L, and CD27. Expression by tetramer+CD8+ (filled
histograms) and tetramer−CD8+ (open histograms) T cells from the
same mouse is shown; dotted lines represent isotype control stain-
ing on tetramer+CD8+ T cells. Data are representative of two inde-
pendent experiments of three mice each. (B) On day 23, primed (or
naive control) mice received OVA257–264 alone or with agonistic anti-
CD40 in the presence of blocking antibodies anti-CD70, anti-CD80/86,
or control Ig (Mc106A5). The frequencies of primed and reactivated
memory CD8+ T cells in peripheral blood were determined by staining
with H-2Kb/OVA257–264 tetramer and anti-CD8. The mean percentages
of tetramer+CD8+ T cells in the lymphocyte population (±SEM) on the
days indicated are shown, pooled from three experiments with three
mice per group (i.e. n = 9) except groups OVA257–264 + anti-CD40 (naive)
and OVA257–264 + anti-CD40 + anti-CD80/86, which were included in
one experiment (n = 3). *p < 0.05 comparing OVA257–264 + anti-CD40
with OVA257–264 + anti-CD40 + anti-CD70 groups, Student’s t-test.

average of 8% (±1.8%) of the peripheral blood lymphocytes being
OVA-specific CD8+ T cells on day 6 (Fig. 2A). As before, we
could detect no expansion of memory cells in mice boosted with
OVA257–264 alone. Naive mice that received OVA257–264 and sCD70
in parallel did not show an increase in the frequency of OVA-
specific CD8+ T cells (Fig. 2A) confirming that memory, and not
primary, CD8+ T cells are activated by OVA257–264 and sCD70. In
common with the anti-CD40-driven secondary response (Fig. 1B),
increased accumulation of CD8+ T cells triggered by sCD70 was
largely dependent on CD80/86 (Fig. 2B and C).

To exclude the possibility that OVA-specific memory CD8+

T cells aid the priming of näıve T cells as was previously reported
[36, 37], we transferred endogenous memory CD8+ T cells into
congenic näıve recipients in order to track primary and secondary
responses within the same animal. Adoptive transfer of 1 × 107

CD90.2+ purified CD8+ T cells (containing endogenous OVA-
specific memory CD8+ T cells) to CD90.1+ congenic mice resulted

Figure 2. Soluble CD70 and peptide Ag drive robust memory CD8+

T-cell expansion. B6 mice were immunized with OVA plus anti-CD40.
Fifteen to 48 days later immunized mice or naı̈ve controls were restim-
ulated with OVA257–264 alone or with sCD70 ± blocking anti-CD80/86.
Primary and memory CD8+ T-cell responses were tracked over time in
peripheral blood by staining with H-2Kb/OVA257–264 tetramer and anti-
CD8. Data points represent the mean percentage of tetramer+CD8+

T cells in the lymphocyte population ± SEM and are pooled from
four experiments (A) or show replicate experiments (B, C). **p < 0.005,
Student’s t-test comparing OVA257–264 with OVA257–264 + sCD70 groups;
*p < 0.05, Student’s t-test comparing OVA257–264 + sCD70 with OVA257–264

+ sCD70 + anti-CD80/86 groups.

in 6–10% of their total CD8+ T cells being CD90.2+ (data not
shown). Subsequent stimulation of these mice with OVA257–264

and sCD70 expanded CD90.2+ OVA-specific memory CD8+ T cells
as expected, but had little effect on the naive CD90.1+ CD8+ sub-
set (Supporting Information Fig. 2). Finally, to ensure that the
sensitivity of memory CD8+ T cells to sCD70 is not a peculiarity of
priming with anti-CD40, similar experiments were performed in
which OVA-specific memory CD8+ T cells were established by
priming with OVA and the glycolipid α-galactosylceramide. We
have previously reported that α-galactosylceramide activates
invariant NKT cells and drives CD40-, DC-, and CD70-dependent
primary T-cell responses and the establishment of resting T-cell
memory ([38] and data not shown). On secondary restimula-
tion with OVA257–264 plus sCD70, memory CD8+ T cells primed
by OVA and α-galactosylceramide underwent significant expan-
sion (increasing approximately 35-fold by day 4), whereas no
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secondary response was detected in mice restimulated with
OVA257–264 alone (Supporting Information Fig. 3). Together these
data show that the CD27/CD70 axis is necessary for expansion
of memory CD8+ T cells and that sCD70 is a potent driver of
secondary CD8+ T-cell activation.

Boosting with OVA257–264 and sCD70 increases the
frequency of CD8+ TEM and TCM cells

To assess whether CD27 costimulation causes an overall expansion
in memory CD8+ T-cell number or merely alters their recirculation
pattern, we assessed OVA-specific memory CD8+ T-cell frequency
in secondary lymphoid organs and peripheral tissues. Following
restimulation with OVA257–264 and sCD70, the frequency of OVA-

specific CD8+ T cells increased at multiple sites (13-fold in the LN,
14-fold in the spleen, and 10-fold in the liver; Fig. 3A) by day 6,
the peak of the secondary response in the blood (Fig. 2). In con-
trast, OVA257–264 alone resulted in only two-, 1.4-, and threefold
expansion in the LN, spleen, and liver, respectively. By day 8, no
significant increase in OVA-specific CD8+ T cells over that seen in
nonstimulated mice was observed in the OVA257–264 alone group,
whereas animals that received OVA257–264 and sCD70 retained sig-
nificantly increased frequencies (Fig. 3A) and absolute numbers
(Fig. 3B) of secondary CD8+ T cells in all the organs tested. Anal-
ysis of CD62L expression on expanded memory T cells confirmed
that both CD62Lhi and CD62Llo populations were expanded by
OVA257–264 and sCD70 injection (Fig. 3C and D).

As expected resting TEM cells expressed less CD27 compared
with TCM cells (Fig. 3E; compare liver- and LN-derived T cells,
respectively). However, after TCR stimulation, TEM cells upregu-
lated CD27 to levels similar to that expressed by TCM cells. Addi-
tional activation with sCD70 further upregulated CD27 so that all
secondary effector T cells became uniformly CD27hi in all tissues
tested (Fig. 3E). To confirm that both reactivated TEM and TCM

memory CD8+ T cells express significant levels of CD27 after acti-
vation, we incubated splenic (a mix of TEM and TCM cells; Fig. 3C)
memory CD8+ T cells with anti-CD3 prior to staining for CD27. In
contrast to resting memory CD8+ T cells that expressed heteroge-
neous levels of CD27, all activated memory cells became uniformly
CD27hi (Fig. 3F). These data cannot be attributed to preferential
expansion of one memory CD8+ T-cell subset over another, as
cells were only stimulated for 24 h prior to the first cell division
[39]. Thus, both TEM and TCM cells upregulate CD27 in response
to TCR triggering, potentially enabling them to respond to Ag and
sCD70.

� Figure 3. sCD70 and Ag induces memory CD8+ T-cell accumulation
in secondary lymphoid organs and peripheral tissues. B6 mice were
immunized with OVA plus anti-CD40. Fifteen to 48 days later mice were
restimulated with OVA257–264 alone or with sCD70 or were left untreated
(control). (A) OVA-specific CD8+ T-cell frequency and (B) absolute
number per organ were determined in LN, spleen (spl.), and liver on
days 6 (A; left panel) and 8 (A; right panel, B) after secondary stim-
ulation by staining with H-2Kb/OVA257–264 tetramer and anti-CD8. Bars
represent (A) the mean percentage of tetramer+CD8+ T cells in the lym-
phocyte population or (B) the mean number of tetramer+CD8+ cells per
organ +SEM (n = 3–6 mice per group) and are representative of (A) two
experiments or (B) show data from one of three independent experi-
ments performed. *p < 0.05, **p < 0.005, ***p < 0.0005, Student’s t-test.
(C–E) The phenotype of memory CD8+ T cells (C, E) 6 or (D) 8 days
after restimulation with OVA257–264 alone or OVA257–264 and sCD70 was
analyzed in LN, spleen, and liver by staining with H-2Kb/OVA257–264

tetramer and anti-CD8 in conjunction with anti-CD62L (C, D) or
anti-CD27 (E). (C) Expression on resting memory tetramer+CD8+

T cells (filled histograms) and OVA257–264 + sCD70 restimulated memory
tetramer+CD8+ T cells (open histograms) is shown; dotted lines repre-
sent staining with isotype control antibodies. (C, E) Data are representa-
tive of two independent experiments with at least three mice per group
or (D) show data from a separate third experiment. (F) Splenic memory
CD8+ T cells were cultured alone (resting memory) or in the presence
of 10 μg/mL anti-CD3 (activated memory). Expression of CD27 at 24 h
is shown on the H-2Kb/OVA257–264

+CD8+-gated population (heavy lines)
compared with staining by an isotype control antibody (weak lines).
Data are representative of two experiments with three mice per group.
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sCD70 promotes the survival of proliferating memory
CD8+ T cells during the recall response

To understand how sCD70 enhances CD8+ T-cell accumulation
during the recall response, we examined the effect of sCD70 on
the proliferation of restimulated memory CD8+ T cells. To this end,
enriched CD8+ T cells from primed mice containing OVA-specific
CD8+ memory T cells were CFSE labeled and adoptively trans-
ferred into RAG1−/− recipients prior to injection of OVA257–264

alone or in combination with sCD70. We chose to use RAG1−/−

recipients in these experiments to maximize our ability to detect
dilution of CFSE in the relatively small population of endogenous
Ag-specific memory T cells. After 3 days, a minority (approxi-
mately 6%) of the memory CD8+ T cells had undergone homeo-
static proliferation in the absence of specific Ag. However, greater
cell division was clearly apparent in cells boosted with OVA257–264

(13% CFSElo) and more so by cells boosted with OVA257–264 plus
sCD70 (34% CFSElo; Fig. 4A). By day 6, homeostatic proliferation
was more pronounced, but could be distinguished from Ag-driven
proliferation by the relatively high CFSE content of homeostati-
cally proliferating cells (Fig. 4A). Nonetheless, significantly more
CFSElo cells were observed in the OVA257–264 and OVA257–264 plus
sCD70 groups with 78% and 90% of OVA-specific memory CD8+

T cells having undergone extensive cell division, respectively. In
addition, sCD70 drove increased accumulation of memory CD8+

T cells in recipient mice so that by day 6, OVA-specific CD8+

T cells accounted for 35% of the transferred CD8+ T cells in
the OVA257–264 plus sCD70 group compared with only 6% in the
OVA 257–264 group (data not shown). In a nonadoptive transfer
experimental setting, sCD70 also increased the frequency of CD8+

T cells that had taken up BrdU from 10% of OVA-specific cells
in mice receiving OVA257–264 alone compared with 32% in mice
receiving OVA257–264 and sCD70 (Fig. 4B).

To assess whether sCD70 promotes CD8+ T-cell survival during
secondary expansion, we used tetramer and annexin V staining to
identify OVA-specific apoptotic cells. In mice that were restimu-
lated with OVA257–264 alone, the frequency of annexin V+ OVA-
specific CD8+ T cells increased from 12 to 22% between days 5
and 6 but remained less than 3% in mice receiving OVA257–264 and
sCD70 (Fig. 4C and D). Similarly, approximately 20% of OVA-
specific CD8+ T cells stained positively with YO-PRO-1 on days
4–6 compared with only 5% of OVA-specific CD8+ T cells follow-
ing restimulation with OVA257–264 and sCD70 (data not shown).

Thus, CD27 costimulation during the recall response drives
accumulation of proliferating cells and confers protection from
apoptosis.

Memory CD8+ T cells expanded by sCD70 are
cytotoxic

To determine the functionality of memory CD8+ T cells expanded
by OVA257–264 and sCD70, splenocytes were isolated at the peak
of the secondary response and their ability to lyse OVA257–264-
pulsed target cells assessed directly ex vivo (Fig. 5A). Spleno-

Figure 4. Ag and sCD70 promotes cell division and resistance to apop-
tosis in memory CD8+ T cells. Groups of B6 mice were primed with OVA
and anti-CD40. (A) Resting splenic memory CD8+ T cells were isolated
and stained with CFSE prior to injection into naive RAG1−/− recipients.
Mice were then injected with OVA257–264 alone or with sCD70 or were
left untreated (unstimulated control). On days 3 and 6, the CFSE profile
of CD8+tetramer+ cells was evaluated. (B, C) Mice were injected with
OVA257–264 alone, with sCD70 or were left unstimulated; some mice (B)
additionally received BrdU on day 4 for analysis on day 5. Incorpo-
ration of BrdU (B) and binding to annexin V (C) by H-2Kb/OVA264–257

tetramer+CD8+ cells was then determined on the days shown to deter-
mine cell division (B) and apoptosis (C), respectively. Data in (A) and
(B) are representative of at least two experiments with three mice per
group; data in (C) are from one experiment with four mice per group.
**p < 0.005, ***p < 0.0005, Student’s t-test comparing OVA257–264 with
OVA257–264 + sCD70 groups.

cytes from mice that received only the primary challenge were
unable to kill target cells consistent with previous studies showing
that resting memory CD8+ T cells are poorly cytolytic as mea-
sured by ex vivo chromium release assays [40]. Mice boosted
with OVA257–264 alone also failed to kill peptide-pulsed target
cells. In contrast, OVA257–264- and sCD70-boosted memory CD8+

T cells killed peptide-pulsed, but not control (data not shown)
target cells, confirming that this boosting regimen expands mem-
ory CD8+ T cells with Ag-specific cytotoxic function.
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Figure 5. sCD70 promotes tumor rejection by memory CD8+ T cells.
Groups of mice were primed with OVA and anti-CD40 or left untreated
(naive). (A) Twenty-one days later mice received a booster injection as
indicated and were culled 6 days later to determine the cytolytic capa-
bility of splenocytes directly ex vivo by 51Cr-release assay. Data indicate
the mean (±SEM)% lysis of peptide-pulsed target cells in triplicate wells.
(B) Fifteen days after priming mice were boosted as indicated prior to
challenge 3 days later with E.G7 tumor cells s.c. Graphs represent the
mean tumor area ± SEM over time (B). All data are representative of
two independent experiments with three mice per group. *p < 0.05,
**p < 0.005, ***p < 0.0005, Student’s t-test comparing OVA257–264 with
OVA257–264 + sCD70 groups in each case.

Finally, to confirm that OVA257–264- and sCD70-boosted mem-
ory CD8+ T cells are cytolytic in vivo, prime-boosted mice were
injected with the syngeneic OVA-positive tumor E.G7. Mice receiv-
ing the primary challenge alone, or mice boosted with OVA257–264

boost, showed a slight delay in tumor growth compared with naive
mice. However, significant inhibition of tumor growth was only
seen in mice boosted with OVA257–264 and sCD70 (Fig. 5B).

Discussion

We and others have reported previously that CD27 supplies a
critical signal from CD40-licensed DC to drive CD8+ T-cell priming
and memory CD8+ T-cell differentiation [4,5,12]. Data presented
here additionally show first that CD27/70 is necessary for the
expansion of memory CD8+ T cells downstream of CD40, polyI:C
or LPS, and describe sCD70 as a potent mediator of functional
memory CD8+ T-cell reactivation.

Our finding that memory T-cell reactivation by either anti-
CD40 or sCD70 is dependent on CD80/86 confirms previous stud-
ies showing that CD28/80/86 are necessary for memory CD8+

T-cell responses after infection with vaccinia, influenza, or lym-
phocytic choriomeningitis virus (LCMV) and for memory CD4+

T-cell expansion and IL-2 secretion after rechallenge with anti-
genic protein [24–27]. However, whether CD27 similarly plays a
role during memory T-cell activation has been less clear; many
studies that sought to address this question have made use of
CD27-deficient or CD70-overexpressing mice in which interpreta-

tion of the memory CD8+ T-cell response is complicated by the
impact of CD27/CD70 signals on CD8+ T-cell priming/imprinting
and memory differentiation [6, 9, 12, 41, 42]. Furthermore, the
remaining studies have reported conflicting results. Blocking anti-
CD70 mAb did not influence secondary memory CD8+ T-cell accu-
mulation during rechallenge with influenza [32] or vaccinia [12],
suggesting that CD70 is dispensable for secondary T-cell expan-
sion. However, others have reported that blocking anti-CD70
inhibited the expansion of LCMV-specific memory CD8+ T cells
after rechallenge with virus and abrogated memory CD8+ T-cell-
mediated cardiac graft rejection [30, 31]. Our data lend support
for the view that CD27/CD70 interactions can be essential for
maximal reactivation of memory CD8+ T cells in vivo.

There are several potential explanations for the apparently con-
tradictory results in these reports, inadequate antibody blocking
and/or the use of different antibody clones being the most obvi-
ous. Another possibility is that CD70 has some intrinsic function
on CD70-expressing DC, which is influenced by anti-CD70 mAb.
This suggestion is made in light of findings that CD70 triggers
reverse signaling in B cells [43] and that CD70 transport to the
cell surface on DC is closely aligned with the transport of MHC
class II [44]. Recently, Munitic et al. (2013) [33] have shown that
transfer of memory LCMV-specific CD8+ T cells to CD70−/− hosts
has no detrimental effect on their reactivation, clearly indicating
that in some circumstances CD70 can be dispensable for CD8+

T-cell recall responses.
Instead, it seems likely that the relative importance of

CD27/CD70 depends on the expression of CD70 induced by a par-
ticular pathogen/DC stimulus [33, 45] and/or upon the extent of
inflammation. It is interesting that opposing results were obtained
when boosting with the same infectious agent, LCMV [31,33]. Dif-
ferent substrains and doses were used in these studies and could
conceivably have modified either CD70 expression or the quan-
tity/quality of innate activation via, e.g., TLR agonists or type I
interferons. Our data reveal that memory CD8+ T-cell reactiva-
tion remains largely dependent on CD70 after restimulation with
peptide and either polyI:C or LPS, suggesting that TLR agonists
alone cannot render secondary CD8+ T-cell expansion indepen-
dent of CD70. With regard to type I interferon, LCMV infection is
known to drive high levels of this cytokine that can trigger T-cell
proliferation and differentiation to memory [46]. In addition, we
have previously reported that augmented T-cell responses induced
by type I interferon are not inhibited by blockade of CD70 [5], indi-
cating that type I interferon may compensate for CD70 in some
circumstances. Perhaps the levels of type I interferon dictate the
CD70 dependence of secondary CD8+ T-cell responses; indeed,
much greater doses of LCMV were used in the study that showed
CD70 independence at boosting, fitting well with this hypothesis
[33].

Our data also show that minimal peptide Ag and sCD70 at
boosting is sufficient to drive accumulation and increased sur-
vival of memory CD8+ T cells in the absence of other exoge-
nous costimulation. It is possible that sCD70 exerts its effects
indirectly through activation of other CD27-expressing cells (NK,
iNKT, CD4+, and B cells). However, we think this unlikely given

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



3320 Vadim Y. Taraban et al. Eur. J. Immunol. 2013. 43: 3314–3323

that sCD70-driven secondary CD8+ T-cell accumulation is not
inhibited by NK-cell depletion (data not shown) or the absence
of CD4+ or B cells (Fig. 4A). Importantly, sCD70-expanded mem-
ory CD8+ T cells were bone fide effector cells capable of direct
cytotoxicity in vitro and of retarding tumor growth in vivo. In
humans, CD27 expression has been associated with increased
survival, proliferation and persistence of T cells after adoptive
immunotherapy for HIV, and persistence of tumor infiltrating
lymphocytes in melanoma, suggesting that CD70 signals similarly
drive memory T-cell maintenance in patients [47, 48]. Given the
modest responses induced by many cancer immunotherapies [49],
we anticipate that CD27 agonists used as part of a prime-boost
protocol may be of clinical benefit. This notwithstanding, persis-
tent CD27 stimulation during LCMV infection increases IFN-γ and
TNF-α production, decreases both B-cell frequency and neutraliz-
ing antibody titers, and prevents viral clearance [50], suggesting
that CD27 stimulation should be used with caution and in a tem-
porally controlled manner. Unlike mAb, sCD70 has a restricted in
vivo half-life and may therefore prove to be an attractive agent
for exploitation of the therapeutic potential of this costimulatory
molecule.

Surprisingly, sCD70 (plus OVA257–264) was unable to prime a
significant endogenous CD8+ T-cell response, although the effi-
cacy of the same vaccine combination for boosting memory CD8+

T cells is clear. This finding stands in apparent contrast with
our previous work in which näıve OT-I transgenic CD8+ T cells
responded strongly to OVA257–264 and sCD70 [2]. We hypothe-
size that the decreased activation threshold requirements of high-
affinity transgenic T cells afforded OT-I transgenic cells greater
sensitivity to sCD70 and/or that their increased precursor fre-
quency facilitated detection of the expanded cells [51]. Interest-
ingly, provision of whole OVA protein and sCD70 is sufficient to
prime a detectable endogenous näıve CD8+ T-cell response (data
not shown), suggesting that CD27 costimulation is sufficient to
prime näıve T cells, provided that Ag presentation is optimal.

With respect to T-cell phenotype, high expression of CD27 was
more evident in the resting TCM population as defined by both
CD62L expression (CD62Lhi) and anatomical location (predomi-
nantly secondary lymphoid tissues), as expected [16]. However,
both populations became CD27hi after TCR activation and accu-
mulated to similar extents after peptide and sCD70 rechallenge.
This result is reminiscent of previous data showing decreased
memory CD8+ T-cell frequency but unchanged TEM/TCM ratios
in primed CD27−/−, compared with WT, mice [15]. Thus, CD27
signaling appears to have little effect on memory CD8+ T-cell
skewing during either primary or secondary expansion. Whether
the lack of secondary memory T-cell skewing following sCD70
treatment results from equal division of TEM and TCM cells or is
due to unequal proliferation/survival of the two subsets but com-
pensatory differentiation from one subset to another is currently
unclear and the subject of future studies.

The increased frequency of memory CD8+ T cells after boost-
ing with sCD70 was due to increased survival of proliferating sec-
ondary CD8+ T cells. We and others have previously reported that
CD27 signals contribute to both increased cell survival and pro-

liferation during priming, although the dominant effect in a viral
setting appears to be on the survival pathway [2,52]. In common
with other members of the TNFRSF, CD27 upregulates apoptosis-
inhibiting Bcl-2 family members including Bcl-XL [53, 54]; CD27
pro-survival effects are also thought to be mediated through upreg-
ulation of Pim-1 kinase [54].

In summary, our data show first that the CD27/70 axis can
make a nonredundant contribution to memory CD8+ T-cell expan-
sion after secondary Ag encounter, and second that this costimu-
latory signal at boost is sufficient to drive significant accumulation
of cytolytic memory CD8+ T cells. We additionally describe sCD70
as a potent adjuvant for boosting memory T-cell responses and
suggest that this reagent may be of clinical benefit in immunother-
apeutic prime-boost protocols.

Materials and methods

Antibodies, reagents, and cells

The blocking anti-CD70 mAb (TAN 1.6, rat IgG2a) that does not
deplete CD70-expressing cells in vivo was described previously
[4,11]. Purified mAb against A31 (Mc39–16, rat IgG2a) and BCL1
lymphoma (Mc106A5, rat IgG2a) idiotypes (used as controls),
CD80 (1610A1, hamster 1gG), CD86 (GL-1, rat IgG2a), CD40
(3/23, rat IgG2a), Fcγ receptors II/III (2.4G2), CD3 (145.2C11),
and FITC-conjugated anti-human Fc (SB2H2) were prepared in
house and kindly provided by Prof. M. Glennie (University of
Southampton). A multimeric recombinant protein comprising the
extracellular domain of CD70 fused to the Fc region of human
IgG1 (sCD70) was generated in house as previously described,
and human IgG used as a control [2]. Allophycocyanin-conjugated
anti-CD8α (53–6.7), FITC-conjugated anti-CD44 (IM7), FITC-
conjugated anti-CD62L (MEL-14), allophycocyanin-labeled
anti-CD27 (LG.3A10), FITC-conjugated anti-CD90.2 (53–2.1),
allophycocyanin-labeled annexin V, and isotype-matched control
mAb were purchased from BD Pharmingen (Oxford, UK). OVA,
LPS, and polyI:C were purchased from Sigma-Aldrich (Dorset,
UK). OVA peptide 257–264 (OVA257–264) and PE-conjugated
H-2Kb/OVA257–264 tetramer were obtained from Peptide Protein
Research Ltd. (Fareham, UK) and Beckman Coulter (Berks, UK),
respectively; α-galactosylceramide was synthesized as described
[38].

Mice and in vivo experiments

C57BL/6 (B6), C57BL/6 RAG1−/−, and C57BL/6 CD90.1 con-
genic mice were bred and maintained in a pathogen-free envi-
ronment. OVA-specific T cells were primed by immunization with
5 mg OVA plus 0.5 mg anti-CD40 i.p. For restimulation, mice
were injected on days 21–90 after primary immunization with
30 nmoles OVA257–264 i.v. alone or with 0.25–0.5 mg sCD70
i.v. on day 0 of the secondary response. Additional injections of
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0.25–0.5 mg of sCD70 i.v. were given on days 1 and 2 of the sec-
ondary response. Blocking antibodies to CD70, CD80, and CD86
or isotype controls were administered at 0.5 mg i.p. on days 0 and
1 of the primary or secondary response.

Evaluation and phenotyping of Ag-specific T-cell
responses

OVA-specific CD8+ T cells were tracked in peripheral blood
samples, spleen, LN (combined inguinal, brachial, and mesen-
teric), or liver. Tissues were homogenized through a 100 μm
cell strainer and lymphocytes further enriched from liver by
Percoll density gradient (GE Healthcare, Bucks, UK). Cells were
stained with H-2Kb/OVA257–264 tetramer and allophycocyanin-
conjugated anti-CD8α mAb in the presence of Fcγ receptor II/III
blocking mAb. Some tissue samples were additionally stained
for CD44, CD62L, CD90.2, or stained with sCD70 followed
by secondary detection with FITC-conjugated anti-human Fc.
Flow cytometric analyses were performed using BD Biosciences
FACS Calibur or FACS Canto II (Oxford, UK) and CellQuest or
FACsDiva software; CD8+tetramer+cells were gated as indicated
(Supporting Information Fig. 4).

CFSE dilution and BrdU incorporation

For CFSE dilution, CD8+ T cells were isolated from spleen and LN
of primed mice using the CD8+ Cellect Immunocolumn Kit (Cedar-
lane, Ontario, Canada), labeled with 10 μM CFSE, and transferred
into C57BL/6 RAG1−/− mice. Recipients were challenged with
OVA257–264 alone or with sCD70 i.v. or were left unstimulated;
CFSE dilution of splenic OVA-specific CD8+ cells was analyzed
3 and 6 days later. In some experiments, mice were given 1 mg
BrdU (Sigma-Aldrich) twice, 8 h apart on day 4 after secondary
stimulation. BrdU incorporation by OVA-specific CD8+ cells was
determined 12 h later using the BrdU Flow Kit (BD Pharmingen).

CTL assay

Ex vivo evaluation of CTL activity was determined by 51Cr-release
assay essentially as described [2] using pooled splenocytes as
effectors and 10 μM OVA257–264 pulsed EL4 cells as targets. Lytic
activity against unpeptide-pulsed EL4 cells never exceeded 3%.

Tumor challenge and cell transfer experiments

E.G7, a derivative of EL4, transfected with chicken OVA cDNA was
obtained from the ATCC-LGC (Middlesex, UK). Three days after
restimulation, mice were challenged with 2 × 106 E.G7 cells s.c.
Tumor growth was monitored and animals culled when tumor
exceeded 150 mm2. For transfer of CD90.2+ CD8+ T cells to
CD90.1+ congenic recipients, 1 × 107 CD8+ T cells purified from

primed CD90.2+ mice were transferred to CD90.1+ recipients and
mice treated as indicated. All animal experiments were conducted
in accordance with U.K. Home Office guidelines and approved by
the University of Southampton’s Ethical Committee.
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