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Harnessing the immune adjuvant properties of natural killer T (NKT) cells is an effective strategy to generate
anticancer immunity. The objective of this study was to increase the potency and durability of vaccine-induced
immunity against B cell lymphoma by combining a-galactosylceramide (a-GalCer)-loaded tumor cell vaccination with
an agonistic antibody targeting the immune checkpoint molecule 4–1BB (CD137). We observed potent synergy when
combining vaccination and anti-4–1BB antibody treatment resulting in significantly enhanced survival of mice
harboring Em-myc tumors, including complete eradication of lymphoma in over 50% of mice. Tumor-free survival
required interferon g (IFNg)-dependent expansion of CD8C T cells and was associated with 4–1BB-mediated
differentiation of KLRG1C effector CD8C T cells. ’Cured’ mice were also resistant to lymphoma re-challenge 80 days later
indicating successful generation of immunological memory. Overall, our results demonstrate that therapeutic
anticancer vaccination against B cell lymphoma using an NKT cell ligand can be boosted by subsequent co-stimulation
through 4–1BB leading to a sustainable immune response that may enhance outcomes to conventional treatment.

Introduction

Immunotherapy that can evoke a durable antitumor
immune response against hematological cancers may comple-
ment conventional treatments by providing ongoing protection
against tumor development or post-treatment relapse. Autolo-
gous tumor cell vaccination approaches utilizing the synthetic
glycolipid immune adjuvant, a-galactosylceramide (a-GalCer),
targeting the immunoregulatory properties of Natural Killer T
(NKT) cells have proven to be effective at controlling tumor
growth by promoting the generation and activities of Natural
Killer (NK) cells and T cells.1-7 With the aim to boost antitu-
mor immunity against non-Hodgkin’s B cell lymphomas
(NHL), we recently showed in the Em-myc mouse model of
NHL that a vaccine composed of irradiated, a-GalCer-loaded
lymphoma cells was sufficient to significantly inhibit growth of
established tumors and prolong survival.5 CD8C T cells were
important for the observed therapeutic efficacy, however there
was no evidence for prolonged CD8C T-cell activation or mem-
ory formation. This deficiency in developing a persistent
vaccine-induced immune response may explain the rapid

outgrowth of Em-myc lymphoma after an initial period of
growth suppression.

Immune checkpoint molecules have been identified as critical
regulators of antitumor immunity.8 Tumor necrosis factor recep-
tor superfamily 9 (TNFRSF9), better known as 4-1BB (or
CD137) is an inducible, co-stimulatory molecule expressed on a
range of leukocytes including activated T cells and NK cells.9-12

Stimulation of 4–1BB by ligand binding increases the prolifera-
tion, activation, function and survival of these immune cells.10,11,
13,14 The therapeutic application of agonistic anti-4–1BB anti-
bodies in combination with other anti-cancer agents are reported
to be effective against many types of malignancies,15-23 including
B cell lymphomas.24,25

Modulating CD8C T-cell immunity via immunotherapy aims
to harness both their potent anticancer effector mechanisms and
capacity to form a long-lived memory cell pool, thereby provid-
ing persistent immunological protection. Four subsets of CD8C

effector T cells with distinct effector mechanisms and capacities
to become memory cells have been previously identified on the
basis of the expression of 2 surface markers: killer cell lectin-like
receptor G1 (KLRG1) and interleukin 7 receptor a (IL-7Ra),

*Correspondence to: Stephen Mattarollo; Email: s.mattarollo@uq.edu.au
Submitted: 10/31/2014; Revised: 11/18/2014; Accepted: 11/18/2014
http://dx.doi.org/10.4161/2162402X.2014.990793

www.tandfonline.com e990793-1OncoImmunology

OncoImmunology 4:3, e990793; March 2015; © 2015 Taylor & Francis Group, LLC
ORIGINAL RESEARCH



also called CD127.26-28 In response to infection or vaccination,
na€ıve CD8C T cells become activated and form a pool of early
effector cells (EEC) that are KLRG1lowCD127low in phenotype.
These EECs then develop into memory precursor effector cells
(MPEC) which are KLRG1lowCD127high or short-lived effector
cells (SLEC) identified as KLRG1highCD127low, depending on
inflammatory mediators and T cell receptor (TCR) engage-
ment.26,29,30 SLEC and MPEC CD8C T cells are similar in effec-
tor functions represented by their ability to produce effector
molecules, such as IFNg, tumor necrosis factor a (TNFa), and
granzyme B.29,31 However, MPEC have a higher potential to
become memory cells and are capable of initiating a recall
response through rapid proliferation and differentiation into
other subsets.26,27 Double positive effector cells (DPEC) co-
express KLRG1 and IL-7Ra (KLRG1highCD127high). DPECs
are long-lived,32 have characteristics of poly-functional effector
cells and retain proliferative capacity in response to viral chal-
lenge.26-28,33 DPECs have also been observed within tumors of
4–1BB agonist antibody-treated mice,34 however their signifi-
cance to antitumor immunity is currently unknown.

In this study, we show that combination immunotherapy
incorporating an NKT cell-targeting vaccine together with an
agonistic anti-4–1BB antibody led to complete eradication of
established Em-myc lymphomas in over 50% of mice. This
enhanced antitumor immune response was a result of effective
generation, differentiation and expansion of effector CD8C T
cells, defined by KLRG1 and IL-7Ra co-expression.

Results

Therapeutic vaccination with irradiated, a-GalCer-loaded
tumor cells in combination with agonistic anti-4–1BB antibody
treatment leads to clearance of Em-myc lymphoma

Previously we reported transient therapeutic efficacy of an
irradiated, a-GalCer-loaded tumor cell vaccine against murine
Em-myc B cell lymphoma.5 An agonistic anti-4–1BB mAb (clone
3H3) was administered to determine whether vaccine-induced
anti-tumor immunity could be enhanced by co-stimulation
through 4–1BB (Fig. 1A). Anti-4–1BB mAb treatment alone was
sufficient to suppress the growth of established 4242 tumors, to a
similar extent as single vaccination, leading to enhanced survival
(Fig. 1B). Therapeutic efficacy was significantly enhanced by the
combination of vaccine with anti-4–1BB mAb treatment, leading
to long-term inhibition of Em-myc tumor growth as evinced by
tumor-free survival in 50% of mice beyond 100 d (Figs. 1B–C).
When surviving mice were re-challenged with 4242 Em-myc
tumors at day 80, protection against tumor outgrowth was evi-
dent, despite receiving no additional treatments. Fifty percent of
re-challenged mice were completely protected against Em-myc
tumor development and remained tumor-free for at least a fur-
ther 100 d (Fig. 1D). Additionally, the combination therapy was
also very effective against Em-myc tumor clone 299, in which
100% of mice achieved complete remissions (Fig. S1). When

Figure 1. Enhanced suppression of established Em-myc 4242 tumor
growth in mice treated with a combination of a-GalCer-loaded tumor
vaccine and anti-4–1BB antibody. (A) C57BL/6 wild-type (WT) mice were
challenged with 1 £ 105 GFP-expressing Em-myc 4242 tumor cells and
then treated with single vaccination and/or anti-4–1BB mAb on the days
indicated. (B) Mean § SEM (n D 4 per group) Em-myc 4242 tumor bur-
den in blood after designated treatments. (C) Overall survival of mice
after receiving the indicated treatments. **P < 0.01; *P < 0.05, log-rank
test. (D) Mice that had previously been treated with vaccine C anti-4–
1BB mAb and showed tumor-free survival of at least 75 d were re-chal-
lenged with 1 £ 105 Em-myc 4242 tumor cells and overall survival is
shown compared to naive mice that received an equivalent number of
tumor cells as a primary challenge (n D 6–8). **P < 0.01, log-rank test.
Representative data from 3 independent experiments is shown for A–C.
Pooled data from 2 independent experiments are shown for D.
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treatment was delayed until day 15, a time of significantly dis-
seminated tumor burden, combination therapy continued to sup-
press lymphoma outgrowth, whereas vaccine treatment alone was
no longer effective (Fig. S1C). Collectively this data shows that
treatment utilizing an NKT cell-targeting vaccine in conjunction
with an agonistic anti-4–1BB mAb leads to more effective and
persistent antitumor immunity.

a-GalCer-loaded tumor cell vaccination leads to rapid
induction of 4–1BB surface expression on a range of activated
lymphocytes

Lymphocyte activation and 4–1BB surface expression was
assessed following vaccination in lymphoma-bearing mice to pre-
dict which cells were likely to be targeted by anti-4–1BB mAb
treatment. Excluding tumor cells from analysis, the overall per-
centage of peripheral blood cells expressing surface 4–1BB
increased from 0.53 § 0.08% to 2.84 § 0.58% (mean § SEM)
within 24 h of vaccination in tumor-bearing mice (Fig. 2A). NK
cells and non-CD8C T cells contributed mostly to the total 4–
1BB positive cell population at day 1 post vaccination in tumor-
bearing mice (Fig. 2B, upper graph). These cells along with B
cells also contributed to the 4–1BB positive population at day 13
when overall expression levels had returned back to baseline
(Fig. 2A and 2B, lower graph). The percentage of activated
CD69C 4–1BBC cells were significantly increased in all lympho-
cyte populations examined (Fig. 2C). The lymphocyte subsets
exhibiting the greatest fold increase in the mean percentages of
CD69C 4–1BBC cells after vaccination were NK cells (24.8
fold) followed by CD8C T cells (6.8 fold).

Combination immunotherapy drives IFNg-dependent
expansion of CD8C T cells in tumor-bearing organs

Both NK cells and CD8C T cells are important antitumor
effector cells in vaccine-induced immunity against Em-myc lym-
phoma, and the effectiveness of vaccination is dependent on
IFNg production.5 The numbers of these cells were monitored
at sites of lymphoma burden following anti-4–1BB mAb treat-
ment with, or without, prior vaccination. Two weeks after treat-
ment initiation, anti-4–1BB mAb significantly reduced the
numbers of NK cells, particularly in the spleen and blood
(Fig. 3A). Conversely, anti-4–1BB mAb treatment alone was suf-
ficient to increase CD8C T-cell numbers in each organ and, the
combination of vaccine and antibody treatment significantly
increased the expansion of CD8C T cells in the lymph nodes and
spleen (Fig. 3B). This expansion was significantly inhibited in
IFNg knockout (KO) mice, indicating that optimal CD8C

T-cell expansion following anti-4–1BB mAb treatment is depen-
dent on IFNg production (Fig. 3C). In addition, tumor antigen-
specific CD8C T cells also expanded in response to combination
treatment (Fig. S2).

Direct 4–1BB signaling promotes CD8C T-cell proliferation
and effector function in vitro

CD8C T cells were purified from spleens of Em-myc lym-
phoma-bearing WT and IFNgKO mice to determine whether
agonistic anti-4–1BB mAb treatment in vitro could directly

promote CD8C T-cell activity. Some mice received vaccination
24 h prior to organ harvest to determine the requirement for
prior activation of CD8C T cells for the effects of anti-4–1BB
mAb signaling. At this time-point, both WT and IFNgKO mice
had similar tumor burdens. IFN-g secretion was used as a func-
tional CD8C T-cell response to antibody treatment. As expected,
splenocytes isolated from vaccinated mice secreted significant
amounts of IFNg ex vivo, which was potentiated by the addition
of anti-4–1BB mAb to the culture (Fig. 4A). Anti-4–1BB mAb
given directly to CD8C T cells promoted a significant increase in
IFNg production (Fig. 4B). IFNg levels were further elevated if
CD8C T cells were previously exposed to vaccination suggesting
a combined effect of vaccination and anti-4–1BB mAb treatment
(Fig. 4B). Both in vivo vaccine treatment and in vitro anti-4–
1BB mAb treatment enhanced the proliferation of CD8C T cells
to a similar extent over 3 d of culture (Fig. 4C). Combining these
therapies provided no additional proliferative effect, possibly
because CD8C T cells were already reaching maximal detectable
proliferation levels with individual treatments. Vaccine-induced
CD8C T cell proliferation was dependent on IFNg, as shown by
the lack of enhanced proliferation among CD8C T cells isolated
from vaccine-treated IFNgKO mice (Fig. 4C). Furthermore,
anti-4–1BB mAb treatment also induced sub-optimal prolifera-
tion of IFNgKO cells (Fig. 4C). Taken together, these data sug-
gest that 4–1BB signaling directly on CD8C T cells from
lymphoma-bearing mice is capable of upregulating proliferative
capacity and effector function. Vaccination enhances this effect,
likely via induction of IFNg, as previously shown in vivo.5

CD8C T cells are required for enhanced antitumor activity
mediated by the addition of anti-4–1BB mAb treatment

To determine whether NK cells and/or CD8C T cells con-
tribute to the enhanced therapeutic efficacy conferred by
combination treatment, these cells were depleted from Em-
myc-tumor-bearing mice 1 d prior to treatment. This early
depletion of either NK cells or CD8C T cells was sufficient
to completely abrogate the therapeutic effect (Fig. 5A–B).
Early depletion of these lymphocytes may simply be inhibit-
ing the vaccine-induced component of therapy, as previously
shown.5 To distinguish the degree to which each population
contributes to the prolonged therapeutic effect mediated by
anti-4–1BB mAb treatment, depletion of NK cells and
CD8C T cells was delayed in subsequent experiments until 6
d after vaccination. In this setting, depletion of CD8C T cells
significantly abrogated the capacity for combination therapy
to suppress tumor outgrowth, whereas NK cell depletion at
this later point had no effect on tumor growth suppression
(Fig. 5C). Furthermore, transfer of CD8C T cells isolated
from combination treated mice was sufficient to enhance the
survival of na€ıve mice challenged with Em-myc tumors
(median survival - 63 days), as compared with mice receiving
CD8C T cells transferred from untreated donors (median sur-
vival - 20 days) (Fig. 5D). Therefore, engaging CD8C T cells
appears to be critical for the enhanced therapeutic effect of
combination therapy.
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Anti-4–1BB mAb treatment induces the differentiation of
IFNg-producing KLRG1C CD127C effector CD8C T cells

To address the capacity for anti-4–1BB mAb treatment to dif-
ferentiate CD8C T-cell populations, the generation of CD8C T-
cell subsets defined by KLRG1 and CD127 expression was

assessed in lymphoma-bearing mice after treatment (Fig. 6A).
Treatment with anti-4–1BB mAb alone significantly increased
the proportion of KLRG1C CD127C (DPEC), and to a lesser
extent KLRG1C CD127- (SLEC) CD8C T cells, which occurred
in both CD62LC (Fig. 6B) and CD62L- subsets (Fig. 6C). An

Figure 2. Vaccination increases the percentages of activated, 4–1BB-expressing lymphocytes. C57BL/6 wild-type (WT) mice were either challenged with
1 £ 105 Em-myc 4242 tumor cells or left tumor free, a group of each were then vaccinated on day 7 with a-GalCer-loaded tumor cells only. (A) The per-
centage of total peripheral blood cells (excluding tumor cells) that expressed surface 4–1BB on the indicated day post-vaccination. (B) The proportions
of the indicated lymphocyte populations that constitute the total 4–1BB-expressing cell population in (A). Top pie chart refers to populations from the
day 1 tumor-vaccine group. Bottom pie chart shows the equivalent group on day 13. ’Other’ T cells refer to the CD8C negative T cell population, which
also excludes natural killer T (NKT) cells. (C) The percentages of activated 4–1BBCCD69C lymphocytes 1 day after vaccination (CVacc) compared to
untreated tumor-bearing mice (Unt) and non-tumor-bearing controls (No tumor). Data in A-C show means § SEM, n D 4–6 per group; *P < 0.05; **P <

0.01; ***P < 0.001, unpaired t-test.
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equivalent decrease in the proportion of KLRG1- CD127C

(MPEC) CD8C T cells was observed over this period (Figs. 6B–
C). Vaccination did not further increase differentiation conferred
by anti-4–1BB mAb treatment alone. Functionally, the majority
of SLEC and DPEC CD8C T cells produced IFN-g following
combination therapy and at significantly greater levels than
KLRG1 negative subsets (MPEC and EEC) (Figs. 7A-B). In
addition, the KLRG1 positive subsets (SLEC and DPEC) con-
tained a significant proportion of IFNg-producing cells that were
also actively proliferating in response to combination therapy, as

measured by in vivo BrdU incorporation (Fig. 7C). Of note, the
expansion of individual DPEC and SLEC CD8C T cell subsets
was inhibited in IFNgKO mice (Fig. S3A). However, the differ-
entiation of CD8C T cells into DPEC and SLEC populations
was not overtly affected by the absence of IFN-g (Fig. S3B).
Finally, CD8C T-cell subsets generated in combination therapy
treated mice and individually transferred into na€ıve mice did not
suppress Em-myc tumor growth or prolong survival, indicating
the absence of any protective anti-tumor effect when these CD8C

T-cell subsets were given in isolation (Fig. S4).

Figure 3. Combination therapy increases the expansion of CD8C T cells
in tumor-bearing organs. C57BL/6 wild-type (WT) mice were challenged
with 1 £ 105 Em-myc 4242 tumor cells and given the indicated treat-
ments commencing on day 7 (n D 6 per group). The absolute numbers
of NK cells (A) and CD8C T cells (B) at day 19 post-tumor inoculation are
shown for blood (left column), inguinal lymph node (middle column)
and spleen (right column). Representative data from 3 independent
experiments is shown. (C) WT or IFN-g knockout (KO) mice inoculated
with 1 £ 105 Em-myc 4242 tumor cells were treated commencing on day
7 with vaccine plus anti-4–1BB mAb or left untreated and CD8C T cells
enumerated on day 15 (n D 4 , per group). All data show means § SEM;
*P < 0.05; **P < 0.01; ***P < 0.001; ns D not significant, unpaired t-test.

Figure 4. Direct 4–1BB signaling promotes CD8C T cell effector function
and proliferation in vitro. C57BL/6 wild-type (WT) mice or interferon g

(Ifn) knockout (IFNgKO) mice were challenged with 1 £ 105 Em-myc
4242 tumor cells, some of which were then vaccinated on day 7 (n D 3
per group). Whole splenocytes (A) or MACS-purified CD8 T cells (B, C)
were isolated one day post-vaccination and cultured in vitro for 3 d, sup-
plemented with IL-2, with or without addition of 5 mg/mL anti-4–1BB
monoclonal antibody (mAb). (A–B) IFNg secretion into the culture super-
natant was measured by ELISA. (C) Cell proliferation was calculated from
levels of carboxyfluorescein succinimidyl ester (CFSE) dilution indicated
as the percentage of CFSE low cells relative to the undivided CFSE-
labeled lymphocyte peak. All data show mean § SEM; *P < 0.05; **P <

0.01; ***P < 0.001; nsD not significant, unpaired t-test).
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Discussion

An ongoing challenge is the development of combination
immunotherapeutic strategies that reduce the incidence of tumor
resistance and combat counter-regulatory mechanisms within the
context of a suppressed immune system, an environment that
naturally jeopardizes the effectiveness of antitumor immunity.
We have recently developed a whole tumor cell-based therapeutic
vaccine against NHL that targets the immune adjuvant properties
of NKT cells.5 Initial suppression of Em-myc B cell lymphoma
upon single vaccination with a-GalCer-loaded, irradiated tumor
cells was found to be due to elicitation of a potent innate immune
response, evinced by rapid NKT cells and NK cell activation and

IFNg production.5 We also discovered that CD8C T cells were
important for the observed therapeutic efficacy, however we
could not find strong evidence for prolonged CD8C T-cell acti-
vation or memory formation. This lack of effective generation or
persistence of CD8C T-cell immunity led us to investigate the
combination of vaccine with 4–1BB co-stimulation using an ago-
nistic anti-4–1BB mAb. Previous reports have indicated that tar-
geting 4–1BB can promote the proliferation, activity and survival
of lymphocytes, including CD8C T cells.10,11,13,14 In addition,
Teng et al., 2007 showed that injecting agonistic anti-4–1BB
mAb together with soluble a-GalCer suppressed growth of mam-
mary tumors and renal cell carcinomas in BALB/c mice in an
NKT cell and in a CD8C T cell-dependent manner, although in
this experimental model anti-DR5 mAb was also required for
effective therapy.35 In the current study, vaccination stimulated
an increase in 4–1BB surface expression on a range of activated
lymphocytes, with the greatest induction observed in NK cells
and CD8C T cells, provided strong rationale for this combinato-
rial immunotherapy approach. Of note, ‘other’ T cells (non-
CD8C, non-NKT) were also shown to express 4–1BB in this set-
ting and we have not ruled out the possibility that CD4C T cells
may therefore contribute to antitumor immunity elicited by this
combination immunotherapeutic approach, as previously shown
for other a-GalCer-based tumor cell vaccinations.1,3,7 However,
our previous work in the Em-myc lymphoma model did not
reveal a significant role for CD4C T cells in vaccine-induced
immunity 5 such that CD4C T cells were not investigated further
in the current study.

We observed potent treatment synergy with the vaccine / anti-
4–1BB mAb combination resulting in significantly enhanced sur-
vival of mice harboring Em-myc tumors, including durable com-
plete responses (CRs) in 50% to 100% of mice, depending on
the clone of Em-myc tumor targeted. Ongoing studies investigat-
ing the efficacy of this combination treatment strategy against a
range of spontaneous Em-myc lymphoma clones arising in trans-
genic mice may help decipher why some tumors are more sensi-
tive to combination immunotherapy than others.

Figure 5. CD8C T cells are required for enhanced treatment efficacy
mediated by anti-4–1BB mAb. C57BL/6 wild-type (WT) mice were chal-
lenged with 1 £ 105 Em-myc 4242 tumor cells and treated on d 6
onwards with a combination of vaccine and anti-4–1BB monoclonal anti-
body (mAb), or left untreated (n D 4–7 per group). As indicated,
untreated and treated groups received mAb-based depletion of natural
killer (NK) cells with anti-asialo-GM1 (NK dep), CD8C T cells with anti-
CD8b (CD8 T dep) or an isotype control mAb, 2A3 (cIg). For (A-B) cell
depletion commenced on day 5. For (C) cell depletion was delayed and
commenced on day 11. (A) Em-myc tumor burden in blood over time
(mean § SEM). (B) Overall survival of mice after receiving the indicated
treatments (***P < 0.001; **P < 0.01; *P < 0.05; ns D not significant, log-
rank test). (C) The percentage (left graph) and numbers (right graph) of
tumor cells in blood at day 19 of mice receiving the indicated treatments
(means § SEM). (**P < 0.01; *P < 0.05; unpaired t-test). (D) Overall sur-
vival of mice that received 1 £ 105 CD8C T cells isolated from untreated
or combination treated donor mice 1 d prior to Em-myc 4242 tumor cell
inoculation; **P < 0.01, log-rank test. Data in A, B and C are representa-
tive of 2 independent experiments.
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Elimination of lymphoma burden in combination treated
mice correlated with increased numbers and persistence of
CD8C T cells located in tumor-bearing organs. Consistent with
our previous observations,4,5 a-GalCer-driven vaccination alone

was insufficient to effectively drive subsequent CD8C T-cell
expansion in vivo. Anti-4–1BB mAb treatment, however, led to
increases in CD8C T-cell numbers in blood, spleen and lymph
nodes of tumor-bearing mice, which was significantly enhanced
with vaccination. This suggests that 4–1BB signaling promotes
the proliferation and survival of activated CD8C T cells that are
generated by a-GalCer vaccination. CD8C T-cell expansion con-
ferred by combination treatment was largely dependent upon the
presence of IFNg, providing a critical link between vaccine-
induced IFNg production and expansion of CD8C T cells in
response to anti-4–1BB mAb treatment. CD8C T cells from lym-
phoma-bearing mice proliferated and produced IFNg in
response to anti-4–1BB mAb treatment in vitro. This data does
not rule out the possibility that anti-4–1BB mAb may also indi-
rectly promote CD8C T-cell activity in vivo via signaling through
other 4–1BB positive cells; however it shows that CD8C T cells
taken from the tumor environment have the capacity to respond
directly to anti-4–1BB mAb.

Consistent with a recent report showing 4–1BB-mediated
expansion of human tumor antigen-specific CD8C T cells,36

OT-I T cell antigen-specific responses to Em-myc lymphoma
cells expressing ovalbumin expanded to a similar degree as the
total CD8C T cell pool in response to anti-4–1BB mAb treat-
ment. The extent to which this combination therapy drives anti-
gen-specific versus non-antigen specific bystander CD8C T-cell
expansion could not be resolved in this study as the repertoire of
tumor-reactive T cells against Em-myc lymphomas is unknown.
Notably, although vaccination induced rapid NK cell activation,
NK cells were substantially depleted in all major secondary lym-
phoid organs following anti-4–1BB mAb treatments, consistent
with that observed in another study utilizing in vivo treatment of
anti-4–1BB mAb in mice.37 This result also indicated that gener-
ation and persistence of CD8C T cells, rather than NK cells,
were important for the sustained therapeutic response elicited by
the combination therapy approach. We observed that combina-
tion therapy failed to suppress Em-myc tumor growth when NK
cells and CD8C T cells were depleted prior to commencement of
therapy, while at the later stages of therapy only CD8C T-cell
depletion led to loss of tumor control. We suggest from these
observations that a bi-phasic immune response is elicited by com-
bination treatment. Initially, administration of a-GalCer-loaded

Figure 6. Differentiation of CD8C Teffector cell subsets by anti-4–1BB
mAb treatment. C57BL/6 wild-type (WT) mice were challenged with 1 £
105 Em-myc 4242 tumor cells and given the indicated treatments com-
mencing on day 6 (n D 4 per group). Peripheral blood lymphocytes from
treated and untreated mice were subject to immunofluorescence stain-
ing and cytofluorimetric analysis. (A) Representative flow cytometry plots
analyzing lymphocytes from the blood of a tumor-bearing mouse
treated with combination therapy showing the gating strategy used to
identify CD8C T cells subsets. (B) The proportions of CD44C CD62LC

CD8C T cells and (C) the proportions of CD44C CD62L- CD8C T cells
expressing surface KLRG1 and/or CD127 from blood cells derived from
tumor-bearing mice at day 21 after receiving the indicated treatment.
Data in B and C show means § SEM; *P < 0.05; **P < 0.01; ns D not sig-
nificant, unpaired t-test. Representative data from 3 independent experi-
ments are shown.
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tumor cells induces rapid activation of NKT cells and NK cells,
which are responsible for high levels of IFNg production, killing
of lymphoma cells and priming of CD8C T cells via NKT cell-
mediated maturation of antigen presenting cells (APCs).2,5,7

Then, co-stimulation provided by agonistic anti-4–1BB mAb
treatment drives the expansion of CD8C T cells and promotes
their activity and survival, processes critical for durable immune
protection against the lymphoma.

KLRG1 expression on T cells has been identified as a useful
marker for monitoring the antitumor response elicited by anti-4–
1BB mAb therapy.38,39 KLRG1C CD8C T cells induced by
4–1BB agonistic antibody express elevated levels of cytotoxicity-
associated molecules, such as granzymes, perforin and
Fas-Ligand, factors previously shown to correlate with enhanced
killing of B16 melanoma cells.34 In the Em-myc lymphoma
model, we found that anti-4–1BB mAb treatment induced the
expression of KLRG1 in CD8C T cells, indicating differentiation
into effector cells, and that a large proportion of these cells
retained co-expression of CD127 (Fig. 6). This occurred for
both classical effector memory (CD44C CD62L¡) and central
memory (CD44C CD62LC) phenotypes. These KLRG1C

CD127C CD8C T cells, referred to as DPEC,26 resembled the
phenotype of SLEC cells in this model with comparable levels of
IFNg production and proliferative capacity. Interestingly, IFNg
was not required for differentiation of CD8C T cells into these
subsets, but was critical for their expansion. Although the poten-
tial of DPEC cells to contribute to the memory pool of antitu-
mor CD8C T cells remains to be elucidated, we propose that
they may represent a long-lived effector cell population with sus-
tained proliferative capacity and memory potential.28

Eu-myc tumor-targeted immunological memory was success-
fully generated by our combinatorial immunotherapeutic
approach as shown by resistance to tumor re-challenge more than
80 d after mice had cleared their primary tumor. Memory forma-
tion specifically within the CD8C T-cell pool was evinced by the
protective effect afforded by transfer of bimodal therapy-induced
CD8C T cells into naive mice challenged with Em-myc lym-
phoma. Transfer of CD8C T cells alone was sufficient to control
tumor growth and significantly enhance survival in this setting.
We were unable to reproduce this protective effect using individ-
ual CD8C T effector cell subsets (based on KLRG1 and CD127
expression) were transferred at equivalent numbers suggesting
either that lymphoma control is mediated by multiple CD8C T-
cell subsets, or alternatively, that in vitro manipulation required
for lymphocyte isolatation disrupted their functional capacity or
viability in vivo.

Targeting 4–1BB co-stimulation has proven to be an effective
form of immunomodulation to promote antitumor immunity
and potentiate the therapeutic effects of tumor- and immune-tar-
geting antibodies against lymphoma24,25,40 and other cancers.21,22

In this study we show that anti-4–1BB mAb treatment signifi-
cantly improves the efficacy of a cellular vaccine strategy that tar-
gets the immune adjuvant properties of NKT cells. We believe the
efficacy of this combination strategy is a result of engaging cells of
both the innate and adaptive arms of the antitumor immune
response allowing for a rapid, multi-pronged attack of the tumor

Figure 7. KLRG1C CD8C T cell subsets from combination treated mice
have enhanced proliferation and IFNg production. C57BL/6 wild-type
(WT) mice were challenged with 1 £ 105 Em-myc 4242 tumor cells and
given combination treatment commencing on day 6 (n=4 per group), or
left untreated. Splenic preparations from treated and untreated mice
were subject to immunofluorescence staining and cytofluorimetric anal-
ysis. (A) Representative flow cytometry histograms of intracellular inter-
feron g (IFNg) levels in the different activated CD8C T-cell subsets (gated
from total CD44C cells) and naive CD8C T cells (CD44-) isolated from the
spleen of a combination treated tumor-bearing mouse at day 19. (B) The
percentage of each CD8C T cell subset producing IFNg (left graph) and
mean fluorescent intensity (MFI) of IFNg expression on IFNgC cells (right
graph) from the spleens of untreated or combination treated mice at
day 19 post-tumor inoculation. (C) The percentage of CD8C T-cell subsets
that produced IFNg and incorporated BrdU in vivo. Data in B and C show
means § SEM; *P < 0.05; **P < 0.01; ***P < 0.001; ns D not significant,
unpaired t-test.
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and generation of a durable immune response by formation of
immunological memory. The outcome is complete clearance of
established and aggressive myc-oncogene driven B cell lymphomas
in mice and we predict these outcomes will extend to other can-
cers that are susceptible to immune-mediated killing.

The frequency and functional capacity of human NKT cells in
hematological malignancies remains inconclusive and therefore
the translatability of this vaccine approach requires further inves-
tigation. Most previous studies addressing this have focused on
‘NKT-like’ cells rather than specifically identifying classical
CD1d-restricted Va24C/Vb11C NKT cells,41 making it difficult
to draw conclusions. At least in the settings of multiple mye-
loma42 and B cell chronic lymphocytic leukemia,43 NKT cell fre-
quency appears comparable to those of healthy individuals and
their function is either intact or, if defective, reparable by
intervention.

Methods

Mice
Inbred C57BL/6 wildtype (WT) mice were purchased from

the Animal Resources Center - ARC (Perth, Australia). CD45.1
congenic OT-I mice (B6.SJLxOT-I) and Ifng gene-targeted
knockout (IFN-gKO) mice, both on the C57BL/6 background,
were bred and maintained onsite at the Translational Research
Institute Biological Research Facility. Mice were used at the ages
of 6–10 weeks, sex-matched and housed under specific pathogen-
free conditions. All experiments were conducted following the
animal ethics guidelines provided by the National Health and
Medical Research Council of Australia and approved by the Uni-
versity of Queensland – Health Sciences Animal Ethics
Committee.

B cell lymphoma tumor model
Em-myc transgenic mice develop B cell lymphomas due to

constitutive expression of c-Myc and is a model used to represent
human NHL.44 Em-myc clones 299 and 4242 used for trans-
plantation were freshly isolated lymphomas from lymph nodes of
Em-myc transgenic mice, and stably transduced GFP or ovalbu-
min (OVA)-expressing lines were engineered by retroviral trans-
duction of these cells as previously described.45 Em-myc cells
were maintained in high-glucose modified DMEM media sup-
plemented with 10% fetal calf serum (FCS) and 20 mM 2-mer-
captoethanol. WT or IFNgKO mice were inoculated
intravenously (i.v.) with 1 £ 105 tumor cells, unless otherwise
indicated. Tumor growth was monitored by measuring GFPC

cell events in the peripheral blood by flow cytometry.

Reagents and flow cytometry
a-GalCer was purchased from Avanti Polar Lipids (Alabaster,

Alabama). a-GalCer-loaded CD1d tetramer was generously pro-
vided by D. Godfrey (University of Melbourne, Australia). Fluo-
rochrome-conjugated anti-mouse monoclonal antibodies (mAbs)
to CD3e (145–2C11), CD8a (53–6.7), CD8b (YTS156.7.7),
CD19 (1D3 or 6D5), CD44 (IM7), CD45.1 (A20), CD45.2

(104), CD62L (MEL-14), CD69 (H1.2F3), CD127 (A7R34),
CD137/4-1BB (17B5), IFNg (XMG1.2), KLRG1 (2F1/
KLRG1), NK1.1 (PK136) and TCRb (H57–597) and associated
isotype control antibodies were purchased from Biolegend (San
Diego, CA), BD Biosciences (San Diego, CA), or eBioscience
(San Diego, CA). Cells were antibody-labeled at predetermined
optimal concentrations of mAb for 25 min at 4�C in PBS con-
taining 2% FCS and 2 mM EDTA. Flow-count fluorospheres
(Beckman Coulter) were added to the samples to calculate cell
numbers upon acquisition. Intracellular cytokine staining was
preceded by addition of Golgiplug (BD Biosciences) to the cells
for 4 h to prevent cytokine release from the Golgi/endoplasmic
reticulum complex. Cells were permeabilised and fixed using BD
Cytofix/Cytoperm kit, following the manufacturer’s instructions
(BD Biosciences). Labeled cells were acquired on Gallios (Beck-
man Coulter), LSR-II or FACS Canto flow cytometers (BD Bio-
sciences) and analyzed using Kaluza version 1.2 (Beckman
Coulter) or FlowJo version 7.6.3 (Tree Star, Ashland, OR)
software.

Combination immunotherapy
For vaccine preparation, autologous Em-myc tumor cells were

loaded with 500 ng/mL of a-GalCer overnight in culture. The
a-GalCer-loaded tumor cells were then irradiated with 5000
cGy to arrest proliferation of the tumor cells prior to administra-
tion. The vaccine treatment regimen comprised of single i.v.
administration of 5 £ 105 cells per recipient animal, given upon
detection of disseminated tumor burden (»1–5% GFPC events
in peripheral blood). For therapeutic antibody treatments, mice
received 3 or 4 intraperitoneal (i.p.) injections of 100 mg anti-4–
1BB (3H3) mAb or 100 mg control Ig (cIg; Rat IgG2a, 2A3)
(both from Bio-X-cell, West Lebanon, NH) at day C1, day C4,
day C7, and day C10 relative to vaccination.

Lymphocyte depletion in vivo
For in vivo depletion of NK cells and CD8C T cells, 100 mg

anti-asialo-GM1 (Wako Chemicals, Richmond, VA) or 200 mg
anti-CD8b (53.5.8) (Bio-X-cell, West Lebanon, NH) mAbs,
respectively, were administered by i.p. injection, to combination
therapy recipient mice either at day -1, day C1, and day C8, or
at day C6, day C9, day C12 relative to vaccination. For controls,
equivalent doses of 2A3 cIg were administered.

Detection of IFNg
IFNg levels in mouse sera and culture supernatants were

detected using an ELISA kit from R&D Systems (Minneapolis,
MN) according to the manufacturer’s instructions. Acquisition
and analysis was performed on a Multiskan FC Photometer
(Thermo Scientific, Waltham, MA).

CD8C T-cell proliferation, isolation and adoptive transfer
To assess CD8C T-cell proliferation in vivo, 200 mL of 5-bro-

modeoxyuridine (BrdU) labeling reagent (Life Technologies,
Carlsbad, CA) was administered by i.p. injection. After 2 h, sple-
nocytes were harvested, fixed and permeabilised using Nuclear
Factor Fixation and Permeabilisation buffers (Biolegend). The
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samples were then labeled with anti-BrdU mAb (BU20A; eBio-
science) and analyzed by cytofluorimetric analysis. For in vitro
assays, splenocytes or purified CD8C T cells were labeled with
2.5 mM of carboxyfluorescein succinimidyl ester (CFSE) and 3 d
later CFSE dilution was measured by fluorescence cytometry.
Proliferation was calculated as the percentage of CFSE low cells
relative to the undivided CFSE-labeled immune cell peak fluores-
cence. For purification and transfer of total CD8C T cells, a mag-
netic-activated cell sorting (MACS) CD8C T-cell isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany), was used to iso-
late an ’untouched’ CD8C T-cell population with > 90% purity.
Purified cells were injected i.v. at equal numbers to groups of
recipient mice 1 d prior to tumor challenge.

Statistical analysis
Results are expressed as the mean § SEM. Kaplan–Meier

plots were used to analyze mouse survival and a log-rank test was
performed to assess the statistical significance of differences
between survival curves. For all other data for which statistics
were performed, a 2-tailed, unpaired t test was used for assess-
ment of differences between groups (GraphPad Prism 5 Soft-
ware, San Diego, CA). P values <0.05 were considered
significant.
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