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ABSTRACT
Immunomodulatory therapies can effectively control haematological malignancies. Previously we
reported the effectiveness of combination immunotherapies that centre on 4-1BB-targeted co-stimulation
of CD8 + T cells, particularly when simultaneously harnessing the immune adjuvant properties of Natural
Killer T (NKT) cells. The objective of this study was to assess the effectiveness of agonistic anti-4-1BB
antibody-based combination therapy against two aggressive forms of acute myeloid leukemia (AML).

Anti-4-1BB treatment alone resulted in transient suppression of established AML-ETO9a tumor
growth in 50% of mice, however the majority of these mice subsequently succumbed to disease.
Combining alpha-galactosylceramide (α-GalCer)-loaded tumor cell vaccination with anti-4-1BB antibody
treatment increased the proportion of responding mice to 100%, and protection led to long-term,
tumor-free survival, demonstrating complete eradication of AML. This finding was extended to estab-
lished mixed lymphocytic leukemia (MLL)-AF9 tumors, whereby vaccine plus anti-4-1BB combination
similarly resulted in 100% protection. The addition of anti-PD-1 to anti-4-1BB treatment, although
improving survival outcomes compared to anti-4-1BB alone, was not as effective as NKT cell vaccination.

The effectiveness of 4-1BB combination therapies was dependent on IFN-γ signaling within host cells,
but not tumors. Vaccine plus anti-4-1BB therapy elicited potent generation of functional effector and
memory CD8 + T cells in all tumor-associated organs. Therapy induced KLRG1+ effector CD8 T cells were
the most effective at controlling disease. We show that combining NKT cell-targeting vaccination with
anti-4-1BB provides excellent therapeutic responses against AML and MLL in mice, and these results will
guide ongoing efforts in finding immunotherapeutic solutions against acute myeloid leukemias.
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Introduction

Acute myeloid leukaemia (AML) is a hematological malig-
nancy that is characterized by the expansion and impaired
differentiation of immature myeloid cells.1 Despite advances
in understanding AML pathogenesis, treatment is largely
restricted to chemotherapy (e.g. cytarabine, anthracycline),
radiotherapy and allogeneic stem cell transplantation.2

Chemotherapy is often associated with toxicities and increases
risk for relapse.2–4 These therapies are also poorly tolerated by
elderly patients, who make up the majority of AML cases.2,4

Owing to the foregoing therapeutic challenges, immunother-
apy has become an important alternative for cancer treatment,
and is associated with greater tumor specificity and lower
toxicity.5–14 Current designs in developing immunotherapies
against AML include immune or tumor targeting antibodies,
adoptive T cell therapy, tumor vaccines and immune check-
point modulation.6–9,12 One of the ongoing challenges for AML
immunotherapy is immune evasion resulting from shedding of
stress proteins,15 downregulation of MHC expression,16 immu-
nosuppressive cells4 or inhibitory receptors like cytotoxic

T-lymphocyte antigen 4 (CTLA-4) and programmed cell
death-1 (PD-1) on T cells.17

Adoptive CAR T cell therapy has the advantage of circum-
venting immune exhaustion, however, exploitation of this tech-
nology in AML is limited by the difficulty in identifying
appropriate target antigens (e.g. CD33, CD123) as their expres-
sion strongly overlaps with those in healthy cells.18 Whole
tumor vaccines can activate an immune response against multi-
ple tumor antigens, and thus overcoming immune evasion
arising from mutations of tumor antigens.6,17,19,20 The glycoli-
pid α-GalCer, which directly targets CD1d-restricted NKT
cells, that have downstream regulatory effects on NK and T
cell activation, and exhibits strong vaccine adjuvant properties
that can be exploited for immunotherapy.11,14,19,21 By admin-
istering irradiated α-GalCer-pulsed tumor cells to mouse mod-
els of B cell lymphoma, we have shown that induction of
effector CD8 + T cells is associated with suppression of tumor
growth.10,11,14 These results indicate that cancer treatments can
be improved if tumor vaccines are combined with agents that
promote the immune adjuvant effects of NKT cells. The impor-
tance of NKT cells is further supported by the evidence that
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AML patients with low NKT cell numbers have poor survival
rates.22

PD-1 is an immune inhibitory molecule that interacts with
its ligands PD-L1 or PD-L2 on antigen presenting cells to
maintain immunologic tolerance.8,23,24 Increased expression
of PD-1 on T cells or PD-L1 on tumor cells or myeloid cells
represses CD8 + T cell cytolytic activity and enhances tumor
growth;23,25–28 suggesting that antagonizing the PD-1/PD-L
axis could boost antitumor immunity. Nivolumab (anti-PD-
1) was recently approved by FDA for treatment of advanced
melanoma and for non-small-cell lung cancer.2,6 Targeting
PD-1 is also effective against Hodgkin lymphoma, colorectal
cancer and renal cell carcinoma.29–34 There are currently
phase 1 and 2 clinical trials for anti-PD-1 monotherapy, or
combinations with chemotherapy or stem cell transplant
against AML or Myelodysplastic Syndrome.2,6,27,35,36 Given
that tumors hijack host immune tolerance mechanisms to
avoid detection, effective therapies must aim to enhance T
cell immunity while relieving tumor-mediated immune
inhibition7,28

The co-stimulatory molecule 4-1BB (CD137) is widely
expressed on hematopoietic cells and can contribute to
proliferation, survival and enhanced activity of CD8 + T
and NK cells.13,37–39 Addition of soluble 4-1BBL to co-
cultures of AML-derived DC and T cell, induces differen-
tiation of T cells to effector and central memory CD8 + T
cells.40 Adoptive transfer of ex-vivo 4-1BB stimulated T
cells or in vivo anti-4-1BB antibody therapy have been
shown to eradicate established P815 mastocytoma,
Ag104A sarcoma and other forms of cancer.12,13,39,41,42

Using anti-4-1BB and an NKT cell targeting vaccine, we
showed 50–70% long-term mouse survival in B-cell
lymphoma.5,10 However, such therapeutic effects mediated
by 4-1BB co-stimulation can be diminished under condi-
tions of immune exhaustion. This implies that combina-
tional therapies involving inhibitory checkpoint blockade
may increase anti-tumor immunity.8,24,34,43 However,
designing such therapies should be taken with caution.
We have shown in a spontaneous model of B-cell lym-
phoma, that 4-1BB-induced therapeutic effects is dampened
by PD-1 blockade.5

In this study, we report that an NKT cell-targeting vaccine
and anti-4-1BB combination therapy resulted in 100% mouse
survival against AML or MLL tumor challenge. However, only
40–60% of the mice survived following the combined anti-PD-
1 and anti-4-1BB therapy. Our study demonstrates that the
vaccine and anti-4-1BB combination induced enhanced
CD8 + T cell activation and IFN-γ production, and these
responses were associated with AML tumor clearance.
Collectively, these results suggest that NKT cell targeting vac-
cination in combination with 4-1BB co-stimulation may offer
attractive alternatives for treatment of acute myeloid leukemia.

Material and methods

Mice handling

Mice were housed and maintained in pathogen-free conditions
at the Translational Research Institute Biological Research

Facility (TRI-BRF; Brisbane, Australia) of the University of
Queensland. Six to twelve week old C57BL/6J female mice,
C57BL/6.Rag1 knockout (KO) mice and congenic C57BL/6J.
Ptprca mice were obtained from Animal Resource Centre in
Perth, Australia. The IFN-γ and IFN-γ receptor KO (IFN-γ
KO, IFN-γR KO)mice on a C57BL/6 background were bred in-
house and maintained as previously described.44 Mice were age
matched for individual experiments, and all animal procedures
were approved by the University of Queensland Health
Sciences Animal Ethics Committee (UQDI/TRI/288/15/
NHMRC/NIH) and conducted in accordance with animal
ethics guidelines provided by the Australian National Health
and Medical Research Council.

Reagents and antibodies

The reagents used include phorbol 12-myristate 13-acetate
(PMA), ionomycin (Sigma-Aldrich), BD Cytofix/Cytoperm
kit for intracellular staining (BD Biosciences) and α-GalCer
(Avanti Polar Lipids, Alabaster, Alabama). Fluorochrome-
conjugated anti-mouse monoclonal antibodies (mAbs) to
KLRG1 (2F1/KLRG1), CD127 (A7R34), NK1.1 (PK136), PD-
1 (RMP1-30), PD-L1 (10F.9G2), TCRb (H57–597), CD3e
(145–2C11), CD8b (YTS156.7.7), CD44 (IM7), CD62L
(MEL-14),IFN-γ (XMG1.2) and associated isotype control
antibodies were purchased either from Biolegend (San
Diego, CA), eBioscience or BD Biosciences (San Diego, CA).
Anti-4–1BB (3H3) and anti-PD-1 (RPM1-14) in vivo antibo-
dies were obtained from Bio-X-cell (West Lebanon, NH).

Cell preparation, staining and flow cytometry

Blood was collected via retro-orbital bleeding into anticoagu-
lant of 1% heparin (in PBS) in a 1:1 ratio. To harvest bone
marrow or spleen cells, mice were euthanized and the femurs
and spleens were collected in incomplete media (DMEM, 1%
Penicillin-Streptomycin-Glutamine (PSG), 1%Sodium pyru-
vate (NaPyr), Gibco). The femurs were cut on both ends
and the bone marrow was flushed out and collected in incom-
plete media. The harvested bone marrow and spleens were
subjected to homogenization through a 70μm cell strainer to
generate singe-cell suspensions. Hypotonic Ammonium-
Chloride-Potassium (ACK) buffer (prepared in-house)
(0.15M NH4Cl, 1mM KHC03, 0.1mM EDTA) was used to
lyse red blood cells in whole blood or in cells derived from
the bone marrow or spleen, as previously described.5,10,11,14

Cell lysis was quenched by adding fluorescence-activated cell
sorting (FACS) buffer (2% newborn calf serum and 2mmol/L
EDTA in PBS) in a ratio of 3: 2 (ACK: FACS buffer). Cells
were then exposed to two rounds of washes using FACS
buffer, centrifuged at 1300 rpm, 4°C, for 5 min. Single cells
were then labelled at optimal concentrations of monoclonal
antibodies (mAbs) for 30 minutes at 4°C in FACS buffer. This
was followed by two washes as above. Flow-count fluoro-
spheres (Beckman Coulter) was added to the samples prior
to acquisition for cell number calculation. Intracellular stain-
ing of IFN-γ was performed using BD Cytofix/Cytoperm kit
(BD Biosciences) according to manufacturer’s instructions.
Briefly, cells were stimulated in vitro with a combination of
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PMA (25 ng/ml) and Ionomycin (1 µg/ml) for 4 hours in
RPMI-1640 (Gibco) medium containing 10% fetal calf serum
and BD GolgiPlug (BD Biosciences) at 37°C and 5% CO2.
Sample acquisition was performed on Gallios (Beckman
Coulter) or LSR Fortessa (BD Biosciences), and data analysis
was done using Kaluza version 1.2 software (Beckman
coulter).

Induction of leukemia models and in vivo imaging

The GFP- and luciferase co-expressing AML-ETO9a or MLL-
AF9 tumor cells were created as previously described,14,45 and
they were passaged through Rag1-KO mice to expand tumor
cell numbers. Freshly isolated tumor cells from spleens were
frozen down for future transplantation experiments. For leu-
kemia inoculation, frozen tumor cells were thawed, washed,
enumerated using a haemocytometer (Marienfeld GmbH,
Lauda-Königshofen, Germany) and resuspended in incom-
plete media (above) and inoculated intravenously (i.v) into
mice. Using MDS Nordion Gammacell 40 Exactor (Kanata,
Ontario, Canada), mice were sub-lethally irradiated (3 Gy)
followed by inoculation of either 1 × 105 AML-ETO9a, or
5 × 104 MLL-AF9 tumor cells. Mice were subsequently mon-
itored for tumor establishment in the blood by detecting
GFP+ cells using flow cytometry or IVIS Spectrum whole
body bioluminescent imaging of luciferase+ cells. The IVIS
imaging technology is non-invasive and conveniently enables
longitudinal monitoring of tumor progression in live mice.
Briefly, luciferin (1.5 mg/ml) substrate in 100 µL was injected
intraperitoneally (i.p) to shaved mice and mice were anaes-
thetized with 2.5% isoflurane followed by whole body ima-
ging. The acquired bioluminescent images were analysed
using Living Image software.14 In all the experiments, at
least three independent experiments were performed in each
of the test conditions in AML, but only one experiment was
conducted in MLL.

Therapeutic vaccination and immunotherapy

The NKT-cell-targeting tumor cell vaccine was prepared as
previously described. Briefly, autologous tumor cells at 5 × 106

cells/ml were loaded in an overnight culture with α-GalCer
(500ng/ml), and subjected to 5000 cGy to arrest further cell
proliferation and enhance antigen presentation.5,10,14 Tumor
cells loaded with α-GalCer was inoculated i.v 4 days after
tumor inoculation, at a time where established disease was
confirmed by bioluminescent imaging (Supplementary Fig 1).
When the vaccine was given with anti-4-1BB (100μg) in
combination therapy, mAb were delivered 2 days following
vaccination, and repeated weekly for a total of 3 doses in any
given experiment. In separate experiments, anti-4-1BB, anti-
PD-1 (200μg) or their combination were administered i.p in a
single injection once a week, for a total of 3 doses. mAb
administration was given 6 days post-tumor inoculation.

Adoptive transfer experiments

Single cell suspensions were prepared from spleens as described
above. CD8 + T cells from pooled spleen samples were isolated

using fluorescence-activated cell sorting. All samples went
through an “enrichment” sort to exclude the bulk of tumor
cells present, before a secondary sort to isolate CD8 + T cells
with >90% purity. For some experiments, CD8 T cells were
further divided into effector sub-populations by sorting based
on expression of CD44, CD62L and KLRG1. Sorted CD8 + T
cells were then assessed for viability and enumerated via trypan
blue exclusion and delivered into mice i.v at equal numbers
24 hours prior to tumor inoculation.

Statistical analysis

The results were averaged by group and treatment, and pre-
sented as means ± SE. The results were compared by student
t-test, one-way or two-way ANOVA followed by Tukey’s
multiple comparisons post hoc analysis to determine signifi-
cance (p < 0.05) using Graphpad Prism 7. Survival curves
were analysed by Mantel-Cox log-rank multiple comparison
test. Flow cytometry plots were analysed by Kaluza analysis
software version 1.3.

Results

Agonistic anti-4–1bb antibody treatment suppresses
growth of aml-eto9a tumors and can be enhanced with
PD-1 blockade

Previously in a model of Eµ-myc lymphoma, we showed that
stimulation of 4–1BB using an agonistic monoclonal antibody
(clone 3H3) led to an increased T cell response that was
associated with reduced tumor load and enhanced mouse
survival.10 In this study, using a murine model of AML, we
show that administration of weekly anti-41BB, which com-
menced following tumor establishment (Supplementary Fig 1)
six days after tumour challenge, promotes complete clearance
of tumor in 40% of treated mice. However, AML progression
subsequently occurred in 30% of responding mice (Fig 1A).
We discovered that anti-4-1BB administration led to a rapid
and sustained increase in PD-1+ CD8 + T cells (Fig 1B). This
treatment did not affect PDL-1 expression on tumor cells (Fig
1C), but significantly increased PDL-1 expression on Ly6Clo

monocytes (Fig 1D). Anti-PD-1 blockade alone had no effect
on tumor growth (Fig 1E/F/G), but in combination with anti-
4-1BB prevented tumor dissemination in the blood in 70% of
the mice, of which 40% remained tumor-free (Fig 1 E/F/G).
As shown previously in a B cell lymphoma model, anti-4-1BB
treatment leads to systemic depletion of NK cells and
increases in CD8 + T cell numbers.46 Whilst we observed
similar trends in AML, there were no significant differences
in proportions of these key effector cells were observed when
comparing responding and non-responding mice over time
(Fig 1 H/I).

Delaying the administration of anti-PD-1 (Supplementary
Fig 2A) in an attempt to 1) allow initial CD8 + T cell activation
through PD-1 signalling (activation of PD-1 during early phases
of T cell activation is important)25,47 and 2) to allow anti-4-1BB-
induced increases in PD-1 expression, resulted in complete
abrogation of the therapeutic effect (Supplementary Fig 2B/C).
This also prevented the capacity for combination treatment to
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enhance CD8 + T cell IFN-γ production, measured directly ex
vivo (Supplementary Fig 2D), or after PMA/Ionomycin re-sti-
mulation (Supplementary Fig 2E). These results indicate that
AML tumors cannot be suppressed by delayed administration
of anti-PD-1, and possibly, addition of anti-PD-1 at later stages
may negate the therapeutic effect of anti-4-1BB treatment.

NKT cell-targeting vaccination and anti-4-1bb combination
therapy completely eradicates aml-eto9a tumors

Anti-PD-1 and anti-4-1BB antibodies only effectively protected a
proportion of AML tumor-challenged mice. Considering that an
NKT cell-targeting vaccine with anti-4-1BB therapy yielded
effective therapeutic outcomes in Eµ-myc lymphoma,5,10,11,14

we tested the ability of this combination to inhibit AML growth.
We demonstrate that the vaccine alone was sufficient to delay
AML outgrowth in the majority of mice (78%). Vaccine and
anti-4-1BB combination cured 100% of the mice with AML,
resulting in long term (>120 days) tumor-free survival (Fig 2A/
B). Vaccination did not overtly affect NK cell levels in the blood
by day 20, but prevented early loss of NK cells induced by anti-4-
1BB treatment. (Fig 2C). The availability of NK cells in the blood
is likely regulated by the vaccine-induced, NKT cell-mediated
NK cell expansion, followed by IFN-γ-induced NK cell

depletion.46 Addition of vaccine did not further increase the
proportion of CD8 + T cells in the blood induced by anti-4-
1BB (Fig 2D), however combination treatment led to significant
increases in the numbers of CD8 + T cells with effector (TEM)
and memory (TCM) phenotype (Fig 2E/F). Collectively, these
data indicate that the vaccine and anti-4-1BB combination
immunotherapy effectively clears AML likely through induction
of NKT/NK cell innate immunity and increased CD8 + T cell
activation and differentiation.

Only vaccine and anti-4-1bb combination treatment
leads to tumor clearance in bone marrow and spleen and
enhancement of CD8 + t cell differentiation and function

AML tumor cells primarily establish in the bone marrow and
disseminate and colonize other organs like the spleen. This
means that undetectable tumor cells in the blood may not reflect
tumor loads at those sites. We therefore next examined whether
the vaccine and anti-4-1BB combination eradicates AML tumor
cells in the bone marrow and the spleen. For these experiments
vaccine was delivered on day 4 after tumor inoculation, followed
by three weekly injections of anti-4-1BB and/or and-PD-1 com-
mencing on day 6. Organs were harvested on day 29 for analysis.
Vaccine and anti-4-1BB combination therapy effectively inhibited

Figure 1. The anti-4-1BB and anti-PD-1 combination therapy suppresses AML tumor growth and enhances mouse survival.. AML-ETO9a tumor-bearing mice were
treated with anti-4-1BB, anti-PD-1 or their combination. Individual tumor growth curves from untreated or anti-4-1BB treated mice (A), the percentage of PD-1
expressing CD8 + T cells (B), PD-L1 expression on tumor cells (C), and monocytes (D) is shown. Tumor growth curves from mice treated with anti-PD-1 or in
combination with anti-4-1BB (E) is plotted, in addition to summary data at day 36 (F), survival curves (G) and the fraction of NK cells (H) and CD8 + T cells (I)
grouped into responders (tumor free) and non-responders. The data is presented as individual mice or mean ± SEM (n = 3 to 7) and was analyzed by student t-test,
or Two-way ANOVA followed by Tukey’s post-hoc test to determine the significance (p < 0.05). Survival curves were analysed by the Mantel-Cox log-rank multiple
comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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growth of AML tumor in both bonemarrow (Figs 3A) and spleen
(Fig 3B), consistent with long term tumor-free survival observed
with this combination (Fig 2). In contrast, anti-4-1BB treatment
alone had no effect on tumor growth in these organs, suggesting
that decreased tumor load observed in blood with anti-4-1BB (Fig
1, 2) was due to decreased or delayed tumor dissemination.
Addition of anti-PD-1 to anti-4-1BB treatment led to moderate
suppression of tumor growth in bonemarrow and spleen (Fig 3A/
B). Anti-4-1BB led to increased numbers of total CD8 + T cells in
these organs (Fig 3C/D) the majority constituting a TEM pheno-
type. The addition of anti-PD-1 did not alter these numbers.
Vaccine plus anti-4-1BB combination significantly increased the
numbers of effector T cells in both bone marrow and spleen, in
particular TCM cells (Fig 3C/D). Furthermore, the addition of anti-
PD-1 or vaccine to anti-4-1BB treatmentwas required to stimulate
IFN-γ production by both TEM and TCM cells (Fig 3E/F/G). Such
responses in TEM cells were significantly higher in vaccine combi-
nation treated mice. These results indicate that the vaccine and
anti-4-1BB combination induces enhanced CD8 + T cell
responses in the tumor-bearing bone marrow and spleen, which
evoked superior anti-tumor protection.

Adoptive transfer of TEM, but not TCM, CD8 + t cells were
effective at controlling AML tumor growth

Having demonstrated that the vaccine and anti-4-1BB combina-
tion increased in TEM andTCMCD8+T cells in the bonemarrow
and the spleen that were associated with tumor clearance, we

next investigated whether specific subsets of CD8 + T cells were
responsible for therapy-induced protection. Tumor-bearing reci-
pient mice received CD8 + T cell populations derived from
donor mice that were treated with vaccine and anti-4-1BB com-
bination or left untreated. Those receiving adoptive transfer of
unfractionated CD8 + T cells isolated from healthy mice (Fig 4B)
or untreated tumor-bearing mice (Fig 4C) displayed tumor out-
growth similar tomice that did not receive CD8 + T cell transfers
(Fig 4A). Similarly, CD8+ TCM cells isolated frommice originally
exposed to the vaccine and anti-4-1BB combination therapy did
not control AML growth (Fig 4D). However, adoptive transfer of
CD8+ TEM from mice treated with the vaccine and anti-4-1BB
combination, resulted in tumor growth suppression in majority
of cases (75%) (Fig 4E/F). Within the TEM population, specific
transfer of KLRG1+ cells was most effective at clearing tumor
(100%) (Supplementary Fig 3), suggesting that KLRG1+ CD8+
TEM cells play a significant role in anti-AML immunity elicited
by vaccine plus anti-4-1BB therapy.

Host ifn-γr signaling is critical for therapeutic efficacy of
combination immunotherapy

Increased IFN-γ production is important for the anti-tumor
effect elicited by NKT cell-targeting vaccination5,10,11,14 or anti-
4-1BB therapy.10,13 We therefore hypothesized that IFN-γ/
IFN-γR signalling was critical for inhibition of AML growth
in our combination treatments. In wildtype (WT)mice, vaccine
and anti-4-1BB combination again completely cleared AML

Figure 2. The α-GalCer-loaded tumor cell vaccine combined with anti-4-1BB antibody treatment eradicates blood tumor, activates effector CD8 + T cells and depletes NK
cells.. Mice that were challenged with GFP and luciferase-expressing AML-ETO9a tumor cells were subjected to α-GalCer-loaded tumor cell vaccine, anti-4-1BB or their
combination. For in vivo imaging, mice were injected with luciferin (1.5 mg/ml) on day 38, followed by acquisition of bioluminescence data of each mouse using IVIS
Spectrum In Vivo Imaging System (A). The survival curves (B) and proportion of NK cells (C), CD8 + T cells (D), or numbers of central memory CD8 + T cells (TCM) (E) and
effector memory CD8 + T cells (TEM) (F) were analysed following immunotherapy. The results are displayed as individual mice and mean ± SEM (n = 4 to 9) and was
analyzed by One or Two-way ANOVA followed by Tukey’s post-hoc test to determine the significance (p < 0.05). Statistical analysis for (C) and (D) indicates overall differences
between groups inclusive of all time-points. Survival curves were analysed by the Mantel-Cox log-rank multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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tumors in 100% of mice, which was more effective than the
combination of anti-4-1BB and anti-PD-1 (Fig 5A). The effi-
cacy of both combination treatments was completely lost in
IFN-γRKO mice, despite the presence of IFN-γ and IFN-γR+
tumors in these recipients, suggesting a critical role for host
(and not tumor) IFN-γ signalling in the efficacy of these treat-
ments (Fig 5B). Treatment efficacy was also significantly sup-
pressed in IFN-γKO hosts, however, the average survival of
untreated mice was increased from day 40 DPI in WT mice to
60 DPI in IFN-γKO mice (Fig 5C), suggesting likely existence
of alternative pathways that feed into the downstream signal-
ling mechanisms mediated through the IFN-γR receptor.48,49

Vaccine and anti-4-1bb combination immunotherapy is
also highly effective against MLL

To determine whether vaccine and anti-4-1BB immunother-
apy is effective against other AML tumors, we treated mice

harbouring aggressive MLL-AF9 tumors.50 Similar to that
observed for AML-ETO9a tumors, mice receiving vaccine
and anti-4-1BB therapy completely prevented MLL-AF9
tumor growth and dissemination, as depicted by absence of
detectable tumor cells in the blood (Fig 6A-C), resulting in
long term tumor-free survival (Fig 6D). These results indicate
the broader effectiveness of the vaccine plus anti-4-1BB ther-
apy against multiple AML leukaemia sub-types

Discussion

In this study, we have demonstrated that an NKT cell target-
ing vaccine plus agonistic, anti-4-1BB antibody therapy era-
dicates aggressive mouse AML-ETO9a and MLL-AF9 tumors.
Tumor clearance was associated with increased CD8 + T cell
numbers and IFN-γ secreting TEM and TCM cells. These find-
ings are consistent with previous reports indicating that
4-1BB stimulation potentiates various vaccine regimens such

Figure 3. Clearance of AML-ETO9a tumor cells from the bone marrow or spleen by vaccine and anti-4-1BB co-stimulation is associated with increases in CD8+ TCM
and TEM responses.. Mice were lethally challenged with AML-ETO9a tumor cells, therapeutically administered with the vaccine, anti-4-1BB or their combination, or
anti-4-1BB + anti-PD-1 followed by analysis of bone (A + C) or spleen (B + D) for tumor cell numbers (A + B), CD8 + T cells, TCM and TEM numbers (C + D) on day 29.
The frequency of IFN-γ releasing TCM or TEM cells (E) or the expression level of IFN-γ within TCM and TEM cells (F) along with representative plots of IFN-γ production
from spleen after different treatments (G) is displayed. The data is presented as mean ± SEM (n = 4) or dot plots of representative data, and was analyzed by One-
way ANOVA followed by Tukey’s post-hoc test to determine the significance (p < 0.05) or by Kaluza analysis program. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Adoptive transfer of effector CD8 + T cells from vaccine and anti-4-1BB-treated mice induced protection against AML-ETO9a tumor challenge.. Mice either
received no CD8 + T cell transfer (A), naïve CD8 + T cells (B), unfractionated CD8 + T cells from untreated tumor-bearing mice (C) or from TCM (D) and TEM (E) from
mice previously treated with vaccine plus anti-4-1BB followed by determination of tumor growth displayed as individual curves. Summary data of tumor burden at
day 41 is shown (F) and presented as mean ± SEM, analyzed by One-way ANOVA to determine the significance; * p < 0.05.

Figure 5. The effects of combination immunotherapy were lost in IFN-γ or IFN-γR deficient mice following AML-ETO9a tumor challenge.. Wildtype (WT) (A), IFN-γRKO
(B) or IFN-γKO (C) mice were injected with AML-ETO9a tumor cells followed by administration of vaccine and anti-4-1BB or anti-PD-1 and anti-4-1BB combination and
determination of GFP+ AML-ETO9a tumor growth, and survival curves shown. The tumor growth curves are presented as individual mice (n = 5), and survival curves
were analysed by the Mantel-Cox log-rank multiple comparison test to determine significance (p < 0.05). ** p < 0.01.
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as HPV E7 DNA vaccines for TC-1 tumors,51 Trp2 peptide
vaccines in combination with CpG-oligodeoxynucleotides
(TLR9 agonist) for B16 melanoma,52 DC vaccines for meta-
static CT26 colon cancer,53 and tumor cell vaccines for pre-
clinical models of lymphoma.5,10 In these studies,
combination therapies showed that CD8 + T cell expansion,
IFN-γ production and CTL activity were important for tumor
regression. Similarly, we show here that adoptive transfer of
TEM to AML-ETO9a tumor-bearing mice, leads to growth
inhibition and eradication of established tumors in 75% of
mice. We found that effective TEM resided mostly within the
KLRG1+ TEM pool.

We have demonstrated that NK cells progressively decline
following anti-4-1BB therapy in AML, and previously in
B-cell lymphoma.10 Similar observations have been made by
other researchers in CT26 colon cancer, renal cancer
(RENCA), EL4 thymoma and MC38 adenocarcinoma.10,46

According to Choi et al., 2010, the decline of NK cells appears
to be linked to 4-1BB signalling on peripheral NK cells and
CD8 + T cells resulting in IFN-γ production that suppresses
NK cell development in the bone marrow.46 This decline in
NK cells and an increase in CD8 + T cells following therapy,
indicates that CD8 + T cells may play a dominant role in
long-term protection against AML. Several lines of evidence
support the protective role of CD8 + T cells against haema-
tological and solid tumors.5,10,11,14

While vaccine or anti-4-1BB alone were partly protective,
anti-PD-1 treatment alone was completely ineffective against
AML. Interestingly vaccine, anti-4-1BB alone or in combina-
tion with anti-PD-1, promoted AML tumor clearance
(responders) in some mice, but tumor grew progressively in

others (non-responders). While the exact effector mechanism
leading to responders and non-responders following this
immunotherapy remains to be investigated, the lack of
tumor regression in a proportion of mice may be attributed
to poorly immunogenic or immune resistant leukemic cell
clones that escape immune attack. Similar observations of
responding and non-responding mice to anti-4-1BB therapy
have been reported in murine models of hepatocellular
carcinoma.54 In the current study, we observed increased
PD-1 expressing CD8 + T cells, and PDL-1 expression on
monocytes in response to anti-4-1BB. These markers are
associated with immune exhaustion.27 This implies that,
although anti-4-1BB alone increased CD8 + T cells and effec-
tor memory CD8 + T cells in the bone marrow and spleen, the
effectiveness of such an immune response could be hindered
by subsequent immune exhaustion. The role of PD-1/PDL-1
axis in impeding immune responses in AML has been exten-
sively reviewed.28 Despite this evidence, the addition of anti-
PD-1 to anti-4-1BB treatment did not greatly enhance the
suppression of established AML. In fact, our evidence suggests
that anti-PD-1 may negate the beneficial effects of anti-4-1BB
if anti-PD-1 administration is delayed. The anti-4-1BB/anti-
PD-1 combination was more effective if treatment was com-
menced with minimal tumor load, suggesting that this therapy
may be more important in consolidation therapy, following
debulking by chemotherapy.

In demonstrating the importance of IFN-γ in tumor con-
trol, we show that WT mice were completely protected from
AML with vaccine and anti-4-1BB combination. Interestingly,
the therapeutic efficacy of both combination treatments was
abrogated in IFN-γKO or IFN-γRKO mice, suggesting that

Figure 6. The vaccine and anti-4-1BB combination therapy eradicates established MLL-AF9 tumors.. Mice were administered with MLL-AF9 tumor cells followed by
vaccine and anti-4-1BB therapy. Indicated are dot plots of representative data displaying the levels and percent blood tumor (day 28) from control and experimental
mice (A), GFP+ MLL-AF9 tumor cells in the blood (B, C) and mouse survival curves (D). Tumor data is displayed as individual curves (n = 5), and survival curves were
analysed by the Mantel-Cox log-rank multiple comparison test to determine significance (p < 0.05). Dot plots were analysed by Kaluza analysis program. **p < 0.01.
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IFN-γ/IFN-γR signalling is important in therapy-induced
tumor suppression. These results indicate that host IFN-γR
signalling is required for protection, and IFN-γ signalling in
tumor cells does not overtly affect their growth. However,
some enhanced survival was observed in IFN-γKO mice that
was not seen in IFN-γRKO mice, suggesting that multiple
signalling mechanisms mediated via the IFN-γR pathway are
responsible for tumor suppression. While some of these path-
ways are mediated via the IFN-γ directly, additional mechan-
isms feed into the downstream IFN-γR signalling cascade.
Crosstalk between the IFN-γ and IL-6-mediated mechanisms,
have been widely studied.55 IFN-γR signaling activates tran-
scription factor STAT1 and JAK, inducing target gene expres-
sion. When IL-6 engages the glycoprotein 30 (gp30) receptor,
JAK/STAT3 and mitogen activated protein kinase (MAPK)
cascades are stimulated.49,55 This leads to the formation of
STAT1/STAT3 heterodimer complexes from the two path-
ways, that translocate to the nucleus causing target gene
transcription,48 and stimulation of pathways that may be
protective against AML. These warrant further investigation.

Moreover, when the vaccine and anti-4-1BB combina-
tion were tested on a more aggressive type of leukemia,
MLL-AF9, 100% of the mice were protected. MLL is
notoriously difficult to treat in humans in part because
of its aggressiveness that makes the initial management
very challenging, but also because of the patient’s vulner-
ability to complications, toxicities and relapses post
therapy.56 Our therapeutic strategy offers a new promising
effective therapy for this subtype of leukemia.

In summary, this study unveils a combination immu-
notherapeutic strategy that confers full protection against
two aggressive preclinical models of leukemia, AML-
ETO9a and MLL-AF9. Harnessing the immune adjuvant
properties of NKT cells through vaccination is an effective
approach to elicit anti-AML immunity. Potentiation of
therapeutic vaccination by anti-4-1BB resulted in enhance-
ment of CD8 + T cell expansion, differentiation and IFN-γ
production. This immune response was associated with
total tumor clearance in all affected organs (blood, bone
marrow and spleen) of tumor-challenged mice.
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