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Abstract

Cancer vaccine development has proven challenging with the exception of some virally induced cancers for which prophy-
lactic vaccines exist. Currently, there is only one FDA approved vaccine for the treatment of prostate cancer and as such
prostate cancer continues to present a significant unmet medical need. In this study, we examine the effectiveness of a thera-
peutic cancer vaccine that combines the ISCOMATRIX™ adjuvant (ISCOMATRIX) with the Toll-like receptor 3 agonist,
polyinosinic—polycytidylic acid (Poly I:C), and FIt3L, FMS-like tyrosine kinase 3 ligand. We employed the TRAMP-C1
(transgenic adenocarcinoma of the mouse prostate) model of prostate cancer and the self-protein mPAP (prostatic acid
phosphatase) as the tumor antigen. ISCOMATRIX™-mPAP-Poly I:C-FIt3L was delivered in a therapeutic prime-boost
regime that was consistently able to achieve complete tumor regression in 60% of animals treated and these tumor-free
animals were protected upon rechallenge. Investigations into the underlying immunological mechanisms contributing to the
effectiveness of this vaccine identified that both innate and adaptive responses are elicited and required. NK cells, CD4* T
cells and interferon-y were all found to be critical for tumor control while tumor infiltrating CD8* T cells became disabled
by an immunosuppressive microenvironment. There is potential for broader application of this cancer vaccine, as we have
been able to demonstrate effectiveness in two additional cancer models; melanoma (B16-OVA) and a model of B cell lym-
phoma (Ep-myc-GFP-OVA).
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cancer, at least in the case of virally induced cancers. In
these instances, the vaccine targets the viral causative
agent and not the cancer itself. Indirect evidence to sup-
port the possibility of using host immunity in the fight
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against non-virally induced cancers comes in the form
of the success story that are the checkpoint inhibitors.
These immunotherapies show us that an anti-tumor T cell
response is mounted but becomes impaired along the way
by the immunosuppressive microenvironment. ‘Taking the
brakes off the system’ with these checkpoint inhibitors
reveals just how effective an anti-tumor immune response
can be [1].

Prostate cancer continues to present a significant unmet
medical need with approximately 30,000 men dying from
the disease each year in the USA alone, second only to lung
cancer [2]. Active surveillance, radiation and radical prosta-
tectomy are the most common treatment options in the man-
agement of early stages of prostate cancer. Although these
treatments have very good 5-year survival rates (approach-
ing 100%), albeit with a range of potential side effects, it is
estimated that 20-30% of patients will show signs of dis-
ease recurrence after the 5-year follow-up period (www.pcf.
org). Priming the immune system so that it may be able to
assist in ‘mopping up’ cancerous cells that remain follow-
ing radiation or surgery, reveals a window of opportunity
for adjunctive vaccination in the treatment/management
of prostate cancer. A challenge to this opportunity is the
immunologically ‘cold’ nature of prostate cancer and this
challenge is clear when you consider that only one prostate
cancer vaccine has been approved since 2010. Patients vac-
cinated with the FDA approved PROVENGE®-PAP-GM-
CSF loaded antigen presenting cells, an autologous cellular
cancer immunotherapy for the treatment of asymptomatic or
minimally symptomatic metastatic castrate-resistant prostate
cancer (mCRPC), experienced median survival benefits of
4.1 months [3]. The phase III PROSPECT trial for the pros-
tate vaccine development by Bavarian Nordic, PROSTVAC,
failed to show an overall survival benefit as a monotherapy
[4] but clinical trials exploring its potential in combination
strategies are ongoing.

Currently, it is well accepted that cancer treatment
will require multiple therapy combinations, including for
instance, multi-adjuvanted vaccines and check point inhibi-
tors [1, 5-7]. Combination strategies aim to elicit anti-tumor
immune responses of greater magnitude and quality capa-
ble of overcoming tumor immunosuppression or resistance
mechanisms. Most immunomodulatory strategies have
focussed on reactivating T cells but there is scope to expand
on these strategies to boost innate immune responses. NK
cells have long been recognized for their potential to kill
cancer cells and have been exploited in a range of therapeu-
tic approaches such as autologous cell transfer, monoclo-
nal antibodies engineered for increased ADCC (antibody-
dependent cellular cytotoxicity) activity, chimeric antigen
receptors [8—10] and are potential targets for checkpoint
inhibitors [11-13]. Designing immunotherapies that stimu-
late NK cells in addition to effector T cells could result in
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more effective therapies by harnessing the full complement
of NK-driven anti-tumor effector mechanisms [14, 15].

In the last years, we have investigated the use of the sap-
onin-based adjuvant, ISCOMATRIX™ adjuvant, in cancer
vaccines due to its ability to induce both tumor Ag-specific
cellular and Ab responses, as well as, NK cell activation.
Initial studies in cancer models demonstrated that ISCOMA-
TRIX™ adjuvanted vaccines, comprising tumor antigen and
adjuvant, were efficacious in the prophylactic setting [16, 17]
but for effectiveness in the therapeutic setting, it is likely that
additional vaccine components would be required. Recently,
we and others have sought to combine multiple adjuvants
in an effort to improve the efficacy of vaccines containing
poorly immunogenic antigens and cancer vaccines [18-22].
The addition of Polyl:C and CpG Oligodeoxynucleotides
(CpG) and a tumor antigen revealed the potential of an
ISCOMATRIX™ adjuvant and TLR agonist combination
cancer vaccine [22]. In this present study, we examine the
effectiveness of a prostate cancer vaccine that combines the
ISCOMATRIX™ adjuvant and the tumor antigen mPAP
with the TLR3 agonist, Poly I:C, and the immunostimula-
tory cytokine FIt3L. The goal of this study was to identify
a vaccine that could provide therapeutic protection against
a poorly immunogenic tumor. Moreover, the mechanism of
action (MoA) of this combination therapeutic prostate can-
cer vaccine was probed. These studies revealed that NK cells
and CD4™ T cells, optimally stimulated by this vaccine com-
bination, can drive an effective anti-tumor immune response
that can overcome the need for CD8™ T cells that were found
to acquire an exhausted phenotype over time. The vaccine
revealed striking effects on NK cell activation and function
and induced a robust protective memory response. Impor-
tantly, the vaccine showed impact on prostate weight in the
pre-metastatic phase in a model of spontaneous prostate can-
cer that more closely reflects the human disease. In addition,
the vaccine has potential for broader application as we dem-
onstrated significant efficacy in the melanoma (B16-OVA)
and lymphoma (Ep-myc-OVA) mouse models.

Materials and methods
Animals and cell lines

TRAMP-CI cells [23, 24] were grown in TRAMP tissue cul-
ture medium (Dulbecco’s Modified Eagle Medium (DMEM,
Sigma Aldrich, St Louis, MO, USA) supplemented with 10%
(w/v) FBS (Sigma Aldrich), 5 pg/ml insulin, cell-culture
grade 0.01 nM dihydrotestosterone (Sigma) and 100 U/ml
penicillin/100 pg/ml streptomycin) in a 37 °C, 5% CO, incu-
bator and were harvested by trypsinization when cells were
~80-90% confluent. B16-OVA cells were grown in RPMI-
1640 complete media [10% (w/v)] FBS (Sigma Aldrich St
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Louis, MO, USA), 100 U/ml penicillin/100 pg/ml strepto-
mycin supplemented with 0.4 mg/ml of G418/Geneticin
selection in a 37 °C, 10% CO, incubator and were harvested
with Accutase (Sigma Aldrich, St Louis, MO, USA) when
cells were ~80-90% confluent. Thawed Eu-myc-OVA
[25], B cell lymphoma, cells were injected directly into
mice. C57BL/6]J (CD45.2), B6.SJL/J-PTPRCa (CD45.1),
C57BL/6-Tg(TRAMP)8247Ng/J] (TRAMP Transgenic-Tg)
and B6.129S7-Ifng™!™/] (IFNy KO) mice were used in
experiments. In all cases, sex matched mice at 7-12 weeks
of age were used except in memory experiments where con-
trol mice were aged to match memory mice.

Antigens and adjuvants

ISCOMATRIX™ adjuvant (CSL Biotherapies, King of
Prussia, PA; ISCOMATRIX is a registered trademark of
ISCOTEC Ab a CSL company; ISCO is a registered trade-
mark of CSL) was prepared as described previously and
used at 3.8 ISCO units/dose [26]. Poly I:C (InvivoGen, San
Diego, CA, USA) was used at 5 pg/dose and low-endotoxin
chicken OVA (Hyglos, Germany) was used at 30 pg/dose.
mPAP was produced as previously described [22] and was
used at 300 pg/dose.

Vaccination and tumor challenge protocols

For therapeutic tumor experiments anesthetized mice were
injected s.c. with 5x 10° B16-OVA and 3 x 10® TRAMP-
C1 cells on the right flank. Vaccinations were performed
on days 2 and 9. 10 pg of FIt3L (BioXCell, West Lebanon,
NH, USA) was injected s.c. at the scruff of the neck, daily
for 9 days from the day of tumor inoculation. Tumor size
(subcutaneous tumor area) was estimated by measuring two
bisecting diameters of the tumor. Mice were euthanized
when the tumor mass reached 100 mm?. The percentage
of survival and tumor-free mice were also determined. For
memory experiments, mice were rechallenged ~ 100 days
after complete regression of primary tumors with 3 x 10°
TRAMP-CI1 cells on the right flank. For Eu-myc B cell
lymphoma experiments, PtpRCa mice (CD45.14+) were
injected i.v. with 1x 10° Eg-myc-GFP-OVA lymphoma cells
(CD45.2%). Mice were prime-boosted as described above.
Tumor mice were monitored daily for signs of illness and
euthanized when advanced ill-health was observed. Spleens
were harvested for analysis of tumor burdens that were
determined by the number of CD45.2+CD19+ cells per
spleen. For analysis of TRAMP Tg mice and littermate con-
trols, animals were primed at 6 weeks of age and boosted a
week later. Mice received Flt3L for 9 consecutive days from
the day of prime. At week 15 or weeks 21-24 mice were
weighed and prostates, ampullary glands and seminal vesi-
cles were collected, weighed and fixed for his histological

analysis. Histological analysis was performed by VepalLabs
(Rowville, Australia).

In vivo NK cell, CD4* and CD8" T cell depletions

On day 0, C57BL/6 mice were inoculated with B16-OVA
tumor cells as described previously. For NK cell deple-
tion, mice were injected with 100 pg i.p. anti-NK1.1 mAb
(PK136; BioXCell, West Lebanon, NH, USA) or isotype
control on days 1, 2, and 6 and then every 5 days thereafter
for the duration of the experiment. For depletion of CD4*
T cells, mice were injected with 100 pg i.p. anti-GK1.5
mADb (GK1.5; Walter and Eliza Hall Institute, Melbourne,
Victoria Australia) or isotype control 1 day prior to tumor
implantation and then daily for 3 days. For maintenance of
CD4* T cell depletion mice were injected weekly for the
duration of the experiment. For depletion of CD8" T cells,
mice were injected with 100 pg per mouse rat anti-CD8f
mADb (53-5.8; Walter and Eliza Hall Institute, Melbourne,
Victoria, Australia) or isotype control, i.p., 1 day prior to
tumor implantation and then for the following 2 days. Blood
was sampled 4 days later to check for CD8* T cell deple-
tion using anti-CD8a Ab (53-6.7, BD Biosciences, Franklin
Lakes, NJ, USA). Depletion efficiency was > 95%. For main-
tenance of CD8" T cell depletion mice were injected weekly
for the duration of the experiment.

Isolation and staining of TILs

Tumors were excised from mice and minced finely using a
scalpel blade. Minced tumors were placed in 5 ml of RPMI
1640:DMEM media (1:1), containing collagenase type 4
(1 mg/ml, Sigma St Louis, MO, USA) and DNase I (20 pg/
ml, Roche, Basel, Switzerland). Tumors were digested at
37 °C for 45 min, rotating and rolling gently using a MAC-
Smix Tube rotator (Miltenyi Biotec, Germany). Tumor sus-
pensions were then passed through a 40-pm cell strainer and
washed twice in RPMI 1640 complete media. Isolated TILs
were then stained with anti-CD45 (30-F11), anti-CD11b
(M1/70), anti-CDS8 (53-6.7), anti-CD4 (RM4-5), anti-NK1.1
(PK136), anti-PD1 (EH12.1) and anti-TIM3 (5D12) (all BD
Pharmingen, San Diego, CA, USA). TILs were analyzed by
flow cytometry using a FACS Canto instrument or Fortessa
(BD Biosciences, Franklin Lakes, NJ, USA).

Analysis of NK cell phenotype and function

Mice were vaccinated as described above. Twenty-four hours
after priming draining axial/brachial LN was harvested and
the number of CD3*NK1.1* NK cells was enumerated. NK
cells were stained with anti-CD3 (17A2) and anti-NK1.1
(PK136) (both from BD Biosciences, Franklin Lakes, NJ,
USA). NK cell activation was determined by surface staining
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using anti-CD69 (H1.2F3, Biolegend, San Diego, CA, USA).
Eight hours after priming, NK cells from single-cell-sus-
pensions of the draining axial/brachial LN were stained for
intracellular IFNy. Cells were cultured ex vivo for 4 h in the
presence of brefeldin A1 (1000x, eBioscience, San Diego,
CA, USA). Cells were stained with anti-CD3 (17A2) and
anti-NK1.1 (PK136) (both from BD Biosciences, Franklin
Lakes, NJ, USA) washed, fixed, and permeabilized (Perm/
Wash; BD Biosciences, Franklin Lakes, NJ, USA). Cells
were then stained with anti-IFN-g (XMG1.2; BD Bio-
sciences, Franklin Lakes, NJ, USA). Similarly, 24 h after
vaccination NK cells from single-cell-suspensions of the
spleen were stained for intracellular Granzyme B (GzmB).
GzmB was detected using anti-human GzmB (GB12; Inv-
itrogen, Waltham, MA, USA) using a Cytofix/Cytoperm
kit (eBioscience, San Diego, CA, USA). Direct killing of
TRAMP-CI1 cells by NK cells was assessed using an in vitro
killing assay. MACS purified NK cells (NK cell isolation
kit II, Miltenyi Biotec, Germany) isolated 24 h post-prime
or stimulated in vitro for 4 days with IL-15 and IL-18 were
cultured with 5000 TRAMP-C1 cells for ~21 h. The remain-
ing viable cells were enumerated by flow cytometry using
7-AAD exclusion. All flow cytometric analysis was carried
out using a FACSCanto or Fortessa instrument (BD Bio-
sciences, Franklin Lakes, NJ, USA) and data were analyzed
using FlowJo flow cytometry analysis software.

Results

ISCOMATRIX™ adjuvant formulated with mPAP,
Poly I:C and FIt3L provides therapeutic protection
against TRAMP-C1 tumors

As prostate cancer is considered an immunologically ‘cold’
tumor, we speculated that adaptive immune responses to
TRAMP-CI1 tumors could be poor. In considering how we
could boost innate immune responses and/or stimulate more
robust adaptive immune responses, we devised a combina-
tion of adjuvant ISCOMATRIX™), TLR ligand (Poly I:C)
and a hematopoietin (FIt3L). Belonging to different classes
of immunomodulators, we speculated these molecules could
synergise to stimulate a broad anti-tumor immune response
in TRAMP-C1 tumor-bearing mice.

Prime-Boost vaccination with ISCOMA-
TRIX™-mPAP-Poly I:C-FIt3L induced significant pro-
tection in mice bearing TRAMP-CI1 tumors compared to
animals receiving only some of the vaccine components
(Fig. la). The vaccine improved survival (Fig. 1b) and
impaired tumor growth and remarkably was also capable of
inducing complete responses against TRAMP-C1 tumors in
60% of vaccinated mice (Fig. 1c). The vaccine response was
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very durable with survival advantages maintained out to over
75 days. Therapeutic efficacy was also observed when mice
were subjected to a delayed vaccination schedule (prime-
boost vaccination on days six and thirteen, respectively) also
resulted in excellent control of tumor growth, overall sur-
vival and percentage tumor-free mice over an extended time
frame (Supplementary Fig. 1). Comparable results led to the
selection of day two and day nine prime-boost vaccinations
for all subsequent experiments.

Antigen specificity and memory immune responses
upon rechallenge are hallmarks of vaccination. To show
that the effectiveness of this vaccine was at least in part
due to antigen-specific mechanisms, TRAMP-C1 tumor
growth in animals vaccinated with the full ISCOMA-
TRIX™-mPAP-Poly I:C-FIt3L combination were com-
pared to animals vaccinated with the combination of ISCO-
MATRIX™-Poly I:C-FIt3L, lacking the mPAP tumor
antigen. When the tumor antigen mPAP was absent from the
vaccine combination, tumor growth proceeded unchecked,
whereas when mPAP was included, tumor growth was bet-
ter controlled (Fig. 1d) and animals experienced improved
survival (Fig. le). To assess the potential of the ISCOMA-
TRIX™-mPAP-Poly I:C-FIt3L vaccine to induce memory,
vaccinated mice previously challenged with TRAMP-C1
tumors that had become tumor-free and had remained so
for ~ 100 days, were rechallenged with TRAMP-C1 tumors.
Vaccinated animals were protected from rechallenge with
TRAMP-C1 tumors (Fig. 1f), with 80% of animals remain-
ing free of tumor (Fig. 1g). As expected all age-matched
unvaccinated animals receiving a primary TRAMP-C1 chal-
lenge succumbed to their tumor burdens. The resistance
to rechallenge with TRAMP-C1 tumors indicates that the
ISCOMATRIX™-mPAP-Poly I:C-FIt3L vaccine is indeed
able to induce a robust and persistent protective memory
response.

Vaccine stimulated NK cells and CD4* T cells drive
anti-tumor immune responses as tumor-infiltrating
CD8* T cells are disabled by exhaustion

To understand the underlying immunological mecha-
nisms contributing to the effectiveness of the ISCOMA-
TRIX™-mPAP-Poly I:C-FIt3L vaccine we focused on
the major immune effector cells that mediate tumor-killing
responses; CD4* and CD8* T cells and NK cells. Analy-
sis of TRAMPC1 tumor infiltrating lymphocytes (TILs) by
staining of dissociated tumors identified that CD4" T cells,
CDS8™ T cells and NK cells all infiltrate TRAMP-C1 tumors
(Fig. 2a) TRAMP-C1 tumor growth was monitored in vac-
cinated animals that had been depleted of NK cells, CD4*
T cells or CD8* T cells. In the absence of both NK cells
(Fig. 2, left panel) and CD4* T cells (Fig. 2, middle panel),
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Fig.1 ISCOMATRIX™ adjuvant formulated with mPAP, Poly
I:C and FI3L provides therapeutic protection against TRAMP-
C1 tumors. Animals that were untreated were compared to animals
that were vaccinated with either, IMX-mPAP, IMX-mPAP + pIC
or IMX-mPAP +pIC+FIt3. Day 2 prime and day 9 boost (a—c). a
Tumor growth. b Percent survival. ¢ Tumor free mice at conclusion
of experiment. d, e Mice vaccinated with IMX + pIC +Flt3 plus or
minus antigen-mPAP were compared for d growth of TRAMP-C1
tumor and e percent survival. f, g Mice previously challenged with
TRAMP-C1 tumors that had received the combination vaccine IMX-
mPAP +pIC+FIt3L, that had become tumor free and had remained
so for at least 90 days, were rechallenged with TRAMP-C1 cells. f

the ISCOMATRIX™-mPAP-Poly I:C-FIt3L vaccine was no
longer able to control TRAMP-C1 tumor growth. All animals
lacking NK cells or CD4" T cells were euthanized with maxi-
mal tumor burdens, and the tumor grew with kinetics similar
to that of untreated animals. This observation indicates that
both NK and CD4 T* cell-mediated mechanisms contributed
to the anti-tumor response induced by this vaccine. Surpris-
ingly vaccinated animals depleted of CD8* T cells were not
impaired in their capacity to control tumor growth (Fig. 2,

Tumor growth in protected animals was compared to age-matched
naive mice inoculated with TRAMP-C1 g Tumor free mice. Data are
presented as mean+ SEM where n=10 mice/group from one repre-
sentative experiment of three equivalent experiments (a—e) or where
n=10 (Untreated) and 18 (memory) (f, g) mice/group from one rep-
resentative experiment of two equivalent experiments. Statistical sig-
nificance in tumor growth (a, d, f) was determined using a two-way
ANOVA with Tukey’s multiple comparisons test. Percent survival
(b, e) was plotted as a Kaplan—Meier curve and the log-rank (Man-
tel-Cox) test was used to calculate statistical significance. p <0.05%,
p<0.01** p<0.001*** and p<0.0001%*%** [IMX=ISCOMA-
TRIX® adjuvant

right panel). CD8* T cells were shown to infiltrate TRAMPC1
tumors (Fig. 2a) but a time-course analysis of CD8* TILs
from unvaccinated animals revealed that these cells acquired
an exhausted PD17TIM3* phenotype [27] overtime (Fig. 2d)
limiting their ability to participate in the anti-tumor immune
response. While CD8™ T cells may not contribute significantly
to reducing the volume of tumor material as measured in these
experiments, CD8" T cells that have been instructed by the
ISCOMATRIX™-mPAP-Poly I:C-FIt3L vaccine are likely
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«Fig.2 Vaccine stimulated NK cells and CD4* T cells control tumor
burden while an immunosuppressive tumor microenvironment drives
CDS8" TIL exhaustion. a CD4" T cells, CD8* T cells and NK cells
infiltrate TRAMP-C1 tumors, b mice were depleted of either NK
cells, CD4* T cells or CD8" T cells. Tumor growth in NK depleted
mice (left panel), CD4% T cell depleted mice (middle panel) and
CD8* T cell depleted mice (right panel), ¢ time-course of representa-
tive CD8*PD1*TIM3* TIL profiles d Proportion of PDI1*TIM3*
TILs (open squares) as a function of time and tumor size (filled cir-
cles). Data are presented as mean+SEM where n=9-10 mice/group
from one representative experiment of two equivalent experiments.
Statistical significance in tumor growth was determined using a two-
way ANOVA. p<0.01%* and p <0.001#** IMX=ISCOMATRIX®
adjuvant

responsible for the robust and persistent memory responses
observed.

ISCOMATRIX™-mPAP-Poly I:C-FIt3L vaccine induces
strong phenotypic and functional activation of NK
cells

NK cells were first identified for their ability to kill tumor
cells [28-30] and have since been implicated in the elim-
ination of many murine and human cancers. With such a
well described role in the anti-tumor immune response and
a clear indication that NK cells contribute significantly to
TRAMP-C1 tumor control following vaccination with
ISCOMATRIX™-mPAP-Poly I:C-FIt3L (Fig. 2b, left
panel), we further investigated how these critical innate
cells responded to our combination vaccine. The ISCOMA-
TRIX™-mPAP-Poly [:C-FIt3L vaccine induced the greatest
numbers of NK cells (Fig. 3a) compared to animals vacci-
nated with simplified vaccine combinations or Poly I:C/FIt3L
alone. NK cell expansion is not unexpected given repeat
administration of soluble human FIt3L has been shown to
expand NK cell numbers [31]. Administration of FIt3L alone
does indeed increase NK cell numbers as seen post-boost in
the spleen (after which mice have received 10ug of FIt3L
over 9 days) (Supplementary Fig. 2) but the increase of the
NK cell numbers with the ISCOMATRIX™-mPAP-Poly
I:C-FIt3L vaccine is even greater. NK cells displayed higher
levels of the early activation marker CD69 when exposed to
the full vaccine combination (Fig. 3b). Poly I:C itself is a
strong stimulus for CD69 expression on NK cells [32] and
we did find that CD69 expression went up on cells treated
with Poly I:C alone or the vaccine combination ISCOMA-
TRIX™-mPAP-Poly I:C (Fig. 3b). These findings suggest
that the components of our vaccine synergise to stimulate NK
cells of greater magnitude and superior activation than can
be attributed to Poly I:C alone.

We explored further the effect of the ISCOMA-
TRIX™-mPAP-Poly I:C-FIt3L vaccine on the function of
NK cells. NK cells secrete cytokines, such as IFN-y, that par-
ticipate in the shaping of the adaptive immune response [33].

Following vaccination, NK cells express more IFN-y (Fig. 3c,
d) than animals having received ISCOMATRIX™-mPAP
or ISCOMATRIX™-mPAP-Poly I:C. Poly I:C alone can
directly stimulate NK cells to produce IFN-y [32]. We
detected IFN-y production by NK cells following Poly I:C
stimulation alone but IFN-y levels were lower in this group
as compared to animals vaccinated with the full combination
vaccine (Fig. 3c). As another measure of NK function we
assessed the expression of the cytotoxic mediator GzmB. As
was the case for NK cell expansion, CD69 and IFN-y expres-
sion, GzmB levels were greatest in animals vaccinated with
ISCOMATRIX™-mPAP-Poly I:C-FIt3L (Fig. 3e, f). Taking
together these findings indicate that vaccination with ISCO-
MATRIX™-mPAP—-Poly I:C-FIt3L generates NK cells that
are phenotypically and functionally primed for elimination
of TRAMP-C1 tumors. Dissecting NK cell responsiveness
after exposure to individual vaccine components in ISCO-
MATRIX™-mPAP, Polyl:C and Flt3L, compared to the full
vaccine combination, highlights that the immunogenicity of
the combination is greater than just the sum of its parts.
Given the numerical, phenotypic and functional acti-
vation of NK cells by the ISCOMATRIX™-mPAP—-Poly
I:C-FIt3L vaccine, we asked if NK cells were capable of
directly killing TRAMP-C1 tumor cells? To test this, we
purified NK cells from mice that had been vaccinated
with ISCOMATRIX™-mPAP-Poly I:C-FIt3L and cul-
tured these with TRAMP-C1 cells in vitro and measured
TRAMP-CI1 cell death. Ex vivo, NK cells from ISCOMA-
TRIX™-mPAP—-Poly I:C-FIt3L vaccinated animals were
able to directly kill TRAMP-C1 cells (Fig. 3g). Overall,
the data strongly support that NK cell mediated killing
of TRAMP-C1 tumor cells contributes to the MoA of the
ISCOMATRIX™-mPAP-Poly I:C-FIt3L vaccine.

Interferon-gammasis critical for tumor control
following vaccination

The critical role NK cells and CD4* T cells play in the
anti-tumor response led us to investigate the role of IFN-
Y, as a key cytokine produced by both of these cells. We
took mice deficient in IFN-y (IFN-y KO) and monitored
TRAMP-C1 tumor growth following vaccination with ISCO-
MATRIX™-mPAP-Poly I:C-FIt3L. Vaccinated IFN-y KO
mice were severely impaired in their ability to control tumor
growth compared to their vaccined WT controls (Fig. 4a).
This was also reflected in the poor overall survival (Fig. 4b).
These data indicate that IFN-y produced following vaccina-
tion with ISCOMATRIX™-mPAP-Poly I:C-FIt3L is impor-
tant for TRAMP-C1 tumor control and contributes signifi-
cantly to the MoA of this therapeutic combination vaccine.
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«Fig. 3 Vaccination induces strong phenotypic and functional activa-
tion of NK cells that are prepared for tumor elimination. a Enumera-
tion of NK cells. b NK cell activation was assessed using the early
activation marker CD69. Representative histograms showing the geo-
metric mean fluorescence intensity of CD69 staining. ¢ Representa-
tive profiles of NK cells producing IFNy (ex vivo) 8 h after priming.
d Enumeration of IFNy-producing NK cells. e Representative profiles
of NK cells producing Granzyme B (ex vivo), 24 h after boosting,
detected by ICS. f Granzyme B-producing NK cells were enumer-
ated. g in vitro TRAMP-CI1 Kkilling assay. n, indicates the number of
replicate wells. Data are presented as mean+SEM where n=3-5
mice/group from one representative experiment of two equivalent
experiments. a, d, f, g Statistical significance was determined using a
one-way ANOVA with Tukey’s multiple comparisons test. p <0.05%,
p<0.01**  p<0.001*** and p<0.0001*%*%** [IMX=ISCOMA-
TRIX® adjuvant

Vaccination with ISCOMATRIX™-mPAP + Poly
1:C+ FIt3L leads to reduced prostate weight
in a model of spontaneous prostate cancer

Having demonstrated good efficacy for the ISCOMA-
TRIX™-mPAP + Poly I:C + FIt3L vaccine against the
transplantable TRAMP-C1 cell line, we wanted to test
the vaccines potential to suppress denovo prostate tumor
growth in a spontaneous model that more closely reflects
the human disease. To do this we moved to the TRAMP
Tg mice, from which the TRAMP-C1 cell line was derived.
These mice express the SV40 large T antigen oncogene
under transcriptional control of the prostate-specific rat
probasin promoter. Orthotopic prostate tumors spontane-
ously develop from the age of 10 weeks, which histologi-
cally resemble human prostate cancer [24]. TRAMP Tg
mice were vaccinated with a prime at 6 weeks and 1 week
later were boosted with ISCOMATRIX™-mPAP + Poly
I:C + FIt3L. Mice received nine consecutive doses of
FIt3L from the day of prime. At week 15 (well-moderately
differentiated carcinomas) or weeks 21-24 (poorly dif-
ferentiated adenocarcinoma) [34] mice were weighed and
prostates, ampullary glands and seminal vesicles were col-
lected, weighed and fixed for histological analysis. These
time points were selected for analysis as they represented
primary disease and not metastatic disease. Metastatic
disease is a setting in which the disease burden would
likely be too great to be impacted by adjunctive vaccina-
tion as is the concept presented in this study. At week 15
there was no difference in prostate weights, an indicator
of disease burden, compared to littermate controls, how-
ever by 21-24 weeks, mice vaccinated with ISCOMA-
TRIX™-mPAP + Poly I:C + FIt3L showed a reduction in
prostate + seminal vesicle weight compared to littermate
controls (Fig. 5a). Although a reduction in prostate/seminal
vesicle wet weight indicates an impact of macroscopic dis-
ease burden, histological analysis indicated differentiation
to adenocarcinoma was not interrupted (data not shown)

by vaccination with ISCOMATRIX™-mPAP + Poly
[:C+FI3L.

ISCOMATRIX™-OVA-Poly I:C-FIt3L vaccination
can also protect against B16-OVA melanoma
and Ep-myc-GFP-OVA B cell lymphoma

To further extend the significance of these studies we exam-
ined the therapeutic efficacy of the ISCOMATRIX™-tumor
Ag—Poly I:C-Flt3L vaccine in two additional mouse models
of cancer; B16-OVA melanoma and the B cell lymphoma
model Ep-myc-GFP-OVA that models human Burkitt’s lym-
phoma. In these tumor models, the surrogate tumor antigen
OVA was used as the vaccine antigen. B16-OVA challenged
animals that had received the ISCOMATRIX™-OVA-Poly
I:C-FIt3L vaccine were better able to control tumor growth
(Fig. 5b) and demonstrated excellent overall survival
(Fig. 5¢). Lymphoma-bearing mice that were left untreated
developed advanced illness on day 13 post-lymphoma inocu-
lation (Fig. 5d). In contrast, mice vaccinated with ISCO-
MATRIX™-0OVA-Poly I:C-FIt3L did not develop signs
of advanced illness until day 21 (Fig. 5d), a 60% exten-
sion of lifespan over unvaccinated littermates. To confirm
tumor elimination in vaccinated mice, spleens were ana-
lyzed for tumor burden (CD45.2*CD19% cells) 13 days
post-lymphoma inoculation. ISCOMATRIX™-0OVA—Poly
I:C-FIt3L vaccinated animals showed a significant reduc-
tion in lymphoma burden compared to untreated mice or
mice vaccinated with ISCOMATRIX™-OVA (Fig. 5e).
These results highlight the potential broad application for
this cancer vaccine.

Discussion

We have previously shown that a multi-adjuvanted vaccine
strategy combining the self-Ag PAP and ISCOMATRIX™
adjuvant, with Poly I:C and CpG can provide some thera-
peutic efficacy against TRAMP-C1 tumors [22]. This Poly
I:C and CpG containing vaccine combined multiple TLR
ligands that are well known for their adjuvant-like proper-
ties, however, the more restricted expression of TLR9 to
pDCs and B cells in humans [35] may limit the effectiveness
of CpG for inducing T cell immunity when used in patients
[36]. We speculated that by combining immunomodula-
tors from different classes, not just TLR ligands, a more
protective vaccine response could be induced with better
translational potential. With this aim we identified the vac-
cine combination ISCOMATRIX™-mPAP—Poly I:C-FIt3L.
This therapeutic combination vaccine shows efficacy in the
TRAMP-C1 model of prostate cancer when delivered in a
prime-boost regime. This vaccine: (1) is effective against a
high tumor burden, as a function of either a large tumour
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inoculum or a delayed vaccine schedule (2) generates a
memory response that can protect against rechallenge (3)
can limit prostate tumor burden in a model in which progres-
sion to adenocarcinoma is genetically predetermined and (4)
demonstrates effectiveness in solid tumors and a model of
B cell lymphoma.

We demonstrate the effectiveness of a combination
approach that contains, in addition to an adjuvant and tumor
antigen, the TLR3 agonist, Poly I:C and the hemopoietic
cytokine, FIt3L. Direct stimulation of TRAMP-C1 cells
with Poly I:C has been shown to have no direct effect on
tumor cell growth but TRAMP tumor growth in TLR3-/-
animals implicates signalling through TLR3 on immune and
or stromal cells in anti-tumor immunity [37]. Others have
shown administration of Poly I:C to suppress the growth
of TRAMP tumors and lead to the recruitment of T cells
and NK cells to the tumor site. Orthotopic prostate tumors
from Poly I:C treated TRAMP mice were also found to be
impaired histologically in their state of adenocarcinoma
progression [37]. It is important to note that these results
were achieved using serial doses of fifty times more Poly I:C
than used in this present study. Although we were unable to
prevent the programmed progression of adenocarcinoma in
TRAMP-Tg mice we have potentially impacted the number
of tumor cells undergoing these changes. Our vaccinated
animals showed reduced prostate weight, a surrogate indi-
cator of disease burden. Ciavarra et al. [38] demonstrated
that TRAMP-C1 tumor growth could be slowed by 21 or
35 days of systemic administration of FIt3L protein given at
an equivalent dose as used in this current study. This effect
was lost upon withdrawal of treatment indicating that FIt3L
administration alone does not elicit persistent protective
immunity against the TRAMP-C1 tumors. FIt3L is a potent
hemopoietic cytokine which in addition to enhancing anti-
tumor priming by promoting host dendritic cell expansion
[39, 40], promotes expansion of NK cell progenitors [31]. In
the setting of vaccination specifically, elevated serum FIt3L
levels are known to be detected soon after s.c. immuniza-
tion with adjuvant (TLR ligands) and protein antigen and
the ensuing FIt3 signalling is required for optimal immu-
nity. In this study, FIt3L dosed for nine consecutive days
did expand NK cell numbers and combined with the other
vaccine components was able to synergistically enhance NK
cell activation.

In exploring the immune mechanisms contributing to this
vaccine efficacy, we found that animals lacking NK cells and
CD4™ T cells lost their capacity to control tumor growth but
this was not the case in animals depleted of CD8" T cells.
NK cells are thought to play a role in the TRAMP pros-
tate cancer mouse model with NKG2D-deficient TRAMP
mice exhibiting a higher incidence of early-arising prostate
adenocarcinomas, suggesting a role for early NKG2D-driven
NK cell immune-surveillance in these mice [41]. Similarly,

humanized transgenic TRAMP mice expressing the soluble
NKG2G ligand—MICB—exhibited increased incidence of
progressed carcinomas and metastasis [42]. A study investi-
gating NK cells that infiltrate human prostate cancer showed
NK cells to have an immature phenotype with low cytotoxic
potential. This study also found that the balance between
activatory and inhibitory receptors on prostate tumor infil-
trating NK cells was altered and this tip towards increased
expression of inhibitory receptors was more pronounced
with metastatic progression [43]. These findings highlight
that an immunotherapy able to improve NK cell anti-tumor
activity, such as our vaccine, could contribute to overcoming
this prostate-driven NK cell immunosuppression observed
in humans.

The non-essential role for CD8* T cells in control of
tumor growth was unexpected given previous in vivo studies
formulating ISCOMATRIX with a surrogate tumor antigen,
OVA—B16-OVA melanoma, have shown enhanced CD8*
T-cell cross-priming enabling prophylactic and therapeutic
tumoricidal activity [44]. In addition, using an ISCOMA-
TRIX™-0OVA-Poly I:C-CpG vaccine in B16-OVA tumor-
bearing animals, found CD8" T cells to be essential to the
effectiveness of this vaccine [22]. We have three lines of
evidence to support a limited role for CD8" T cells in the
primary immune response, paving the way for greater con-
tributions by CD4* T cells and NK cells as we have shown.
Firstly, primary human prostate cancers have been shown
to have low HLA class I expression, with 85% of primary
tumors displaying HLA class I downregulation. This level of
MHC class I downregulation is greater than that observed in
other tumor types [45]. Secondly, TRAMPC1 tumors have
low MHC class I expression and that this expression can be
improved with exposure to IFN-y [38] limiting the ability of
CD8™ T cells to directly engage with tumors. Thirdly, CD8*
T cells infiltrating TRAMPCI tumors were found to acquire
an exhausted phenotype suggesting they are unable to par-
ticipate in the anti-tumor immune response to their fullest
potential. Our vaccine combination was unable to overcome
this exhaustion and engage CD8* T cells drawing them into
the response. It would be interesting to see if the addition
of anti-PD1 to the combination would release CD8* T cell
from their supressed state and allow them to contribute to
the response.

Upon rechallenge with tumors animals demonstrated
the presence of a robust and persistent memory response.
The ability to mount a protective memory response sug-
gests that antigen-specific memory CD8" T cells are gen-
erated during the primary tumor challenge and these cells
are successfully recalled upon rechallenge. This does not
exclude that memory CD4" T cells are also recalled or
the possibility that NK cells are again activated following
rechallenge. A study by Cheadle et al. [46] investigating
the potential of TLR7 agonism in improving anti-tumor
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efficacy of Obinutuzumab (glygoengineered a-CD20)
in murine lymphoma models demonstrated that primary
anti-tumor immunity was dependent on both NK cells an
CD4* T cells but not CD8* T cells. The improved response
observed is thought to reflect the ability of R848 to poten-
tiate Obinutuzumab’s effector mechanism, in particular
Ab-dependent cell-mediated cytotoxicity by NK cells.
Similarly, the anti-tumor immune response generated by
our combination vaccine produces NK cells with enhanced
effector function. Despite the observed non-participation
of CD8" T cells in the primary anti-lymphoma response,
the conclusion was reached that both CD4% and CD8"
T cells were necessary for the generation of long-term
immunological memory.

This current study shows effectiveness of the ISCOMA-
TRIX™-0OVA-Poly I:C-FIt3L vaccine in two additional
models of cancer—B16-OVA melanoma and Ep-myc-
GFP-OVA lymphoma. It is likely that vaccine-induced
tumor control in these models, where the vaccine antigen
stimulates an immunodominant CD8* T cell response,
may be CD8" T cell-dependent. In support of this are
immunogenicity studies conducted in the absence of
tumor that show strong induction of OVA-specific CD8*
T cells (using OVA-tetramer) and numerous CD8*IFNy™*
cells (data not shown) following prime-boost vaccination
with ISCOMATRIX™-OVA-Poly I:C-FIt3L. Differential
requirement for CD8* T cells in control of tumor growth
across different tumor models may reflect the difference
between highly immunogenic tumor antigens like OVA
and less immunogenic tumor antigens like PAP. We also
demonstrate the impact of the tumor environment on the
spectrum of anti-tumor immune response. We show here
that CD8* T cells are present in TRAMP tumors but they
accumulate an exhausted phenotype overtime. It is likely
that CD8™ TILs isolated from B16-OVA tumors would not
show such a phenotype.

We show that with the appropriate NK cell stimula-
tion, provided by our combination vaccine, NK cells can
be very efficacious against a poorly immunogenic tumor.
These results highlight the potential for harnessing NK
cells in the solid tumor setting where CD8" T cells are
either exhausted or fail to ‘see’ tumor antigen. The effi-
cacy of this vaccine is also reliant on CD4" T cells. It is
possible that CD4* T cells provide critical help that allow
NK cells to perform optimally and potentially maintain
long-term anti-tumor activity. From these studies where
both the immunogenicity of the tumor is known and the
immune mechanisms behind a particular vaccine combi-
nation is largely understood, we can begin to tailor future
vaccine combinations to trigger the immune responses that
are likely to be most effective against a given tumor. In the
setting of a limited tumor burden, i.e., minimal residual

@ Springer

disease following medical interventions such as radiation
or surgery or in the setting where disease is slow-growing
and non-progressive, there is a significant opportunity for
the application of an immune-stimulating vaccine.
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