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Abstract Considerable effort has been put into targeting
tumors through therapeutic vaccination using dendritic
cell-, DNA-, protein-, or peptide-based vaccines. Purified
peptides and proteins are generally not immunogenic and
need to be administered with an adjuvant that will trigger
an appropriate immune response. Safe adjuvants that favor
induction of tumor reactive CD8* T cells with the capacity
to directly kill tumor cells are therefore a high priority. We
have previously reported on the effect and mechanism of a
cationic adjuvant formulation, CAFO1, which incorporates
synthetic mycobacterial cord factor and primes protective
Thl, Th17, and antibody responses in animal models of
bacterial, viral, and parasitic infections. The CAF01 adju-
vant is currently in clinical trial. Using CAFO1 as a back-
bone, we recently demonstrated that incorporating the
TLR3 ligand polyinosinic/polycytidylic acid [poly(I:C)]
primes CD8™ T cells specific to the SIINFEKL epitope of
the model antigen ovalbumin. In the present study, we
demonstrate that CAF01/poly(I:C), termed cationic adju-
vant formulation 05 or CAF03, can induce CD8' T cells
that efficiently lyse target cells and significantly reduce
tumor growth in two different mouse tumor models: lung
B16-OVA melanoma expressing ovalbumin and the self-
antigen TRP2, and subcutaneous TC-1 tumors expressing
the human papillomavirus-16 protein E7.
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Introduction

Highly purified protein or peptides used for modern
subunit vaccines are generally not immunogenic, and
formulation with adjuvants that stimulate innate immunity
and facilitate an adaptive response toward the vaccine and
pathogen is critical for the success of vaccination [1].
Very few adjuvants have been approved for use in man,
and currently, only aluminium compounds and aluminium
hydroxide in combination with the TLR4 ligand MPL
(adjuvant AS04) are licensed in the US, whereas also
influenza virosomes and the emulsion adjuvants MF59,
AS03, and AFO03 are approved in Europe. The commer-
cially available vaccines including these adjuvants exert
their function through promoting Th2 and antibody
responses. While this strategy has worked well against
diseases where neutralizing antibodies can block the
invading microorganisms, it is generally not thought to
suffice when vaccinating against intracellular pathogens
or cancer. Studies in mouse models [2] and humans [3, 4]
have shown that tumor-specific interferon-y (IFN-y) pro-
ducing CD4% T cell (Thl) and CD8" T cell (Tcl)
immunity is essential for a reduction in tumor growth and
good disease prognosis. Also, in the case of human pap-
illoma virus (HPV)-induced cancer, an inverse relation-
ship between cervical intraepithelial neoplasia and a Tcl
response against HPV proteins E6 and E7 is described
[5]. Thus, finding safe adjuvants that promote cellular
immunity is of great importance for developing vaccines
and immune therapies against a range of infectious dis-
eases and cancer.

@ Springer


http://dx.doi.org/10.1007/s00262-011-1156-6

894

Cancer Immunol Immunother (2012) 61:893-903

We have previously reported on the effect of the cat-
ionic liposome adjuvant CAFO1 that in several models of
infectious diseases primes protective humoral, Th1 and IL-
17 producing CD4™ T cell (Th17) responses [6-9]. CAFO1,
which is currently in clinical trial (eudraCT 2008-006003-
23), enhances antigen uptake by antigen-presenting cells
[10] and mediates activation of these cells through inter-
action of the synthetic mycobacterial cord factor Trehalose
dibehenate (TDB) with the innate C-type lectin receptor
Mincle [11, 12]. Using CAF0O1 as a backbone, we have
explored the use of additional immune stimulants with the
focus of increasing the CTL-inducing capacity of the
vaccine. We recently reported on a formulation of CAF01
incorporating the TLR3 ligand polyinosinic/polycytidylic
acid [poly(I:C)] that yields a high percentage of specific
CD8" T cells without inducing an acute inflammatory
response as observed after injection of poly(I:C) alone [13].
Here, we test such a formulation of CAFO1 and poly(I:C),
termed CAFO5, in two different tumor models. CAF05
adjuvated vaccines based on HPV-16 protein E7, the model
antigen hen egg ovalbumin (OVA) or the self-antigen
tyrosinase-related protein 2 (TRP2) were found to induce
high frequencies of antigen-specific cytotoxic CD8" T
cells and significantly reduce tumor growth in mouse
models using an E7-expressing skin tumor and an OVA/
TRP2-expressing lung tumor.

Materials and methods
Cell lines

The murine HPV-16 E7-expressing tumor cell line TC-1
was purchased by the American Type Culture Collection
(Manassas, VA) and grown as recommended. The oval-
bumin-expressing murine melanoma cell line B16-OVA
was a kind gift from Dr. Natalia Martin-Orozco and
Dr. Chen Dong.

Vaccine components

The cationic liposome adjuvant CAFO1 (Statens Serum
Institut, Copenhagen, Denmark) consists of 50 pg of the
glycolipid trehalose 6,6’-dibehenate incorporated in 250 pg
of dimethyldioctadecyl ammonium per dose formulated as
described previously [7]. Addition of poly(I:C) (50 ng/
dose) (Sigma-Aldrich, St. Louis, MO) to CAFO1 was done
stepwise in a manner to avoid aggregation of the CAF05
adjuvant. When used on its own, poly(I:C) was adminis-
tered in 10 mM Tris—HC1 (pH 7.4) at 50 pg/dose. IFA
(Sigma-Aldrich) was used at 0.1 ml per dose and formu-
lated with antigen and 50 pg of poly(I:C) per dose in
10 mM Tris—HCI1 buffer as described by the supplier.
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Montanide ISA 720 (Seppic, France) was used at 0.14 ml
per dose and formulated with 50 pg/dose of poly(I:C) in
10 mM Tris—HCI buffer as described by the supplier.
Ovalbumin (Sigma-Aldrich) and HPV16-E7 (produced
in-house) were diluted in 10 mM Tris—HCI buffer and used
at 5 pg or 50 pg/dose. TRP2 peptide (Genscript, Piscata-
way, NJ) stocks were dissolved in dimethylformamide and
diluted in 10 mM Tris buffer for vaccines (12.5 pg of each
of TRP2,76_190 and TRP2,g4_133 per dose). Total vaccine
volume was 0.2 ml, and for intraperitoneal immunization,
vaccines were made isotonic prior to injection.

HPV-16 E7—recombinant expression and purification

The gene encoding the HPV-16 E7 protein was amplified
from chromosomal DNA R1 from TC-1 cells (ATCC,
Manassas, VA) using the oligonucleotides ggggacaagtttg
tacaaaaaagcaggcttaATGCATGGAGATACACCTACATT
and ggggaccactttgtacaagaaagctgggtcTTATGGTTTCTGA
GAACAGATGG (gene-specific sequences are in upper
case). For amplification, the iProof® polymerase (Bio-Rad
Life Science, Hercules, CA) and supplied mastermix were
used in a 25 pl reaction together with 10 pM of each oli-
gonucleotide and 5 ng template DNA. After an initial
denaturation at 98°C for 30 s, the conditions for the
30-cycle PCR reaction were 98°C for 10 s and 72°C for
60 s followed by one final extension at 72°C for 8 min. The
resulting 355 bp DNA fragment was purified and inserted
in the expression vector pDestl7 by Gateway cloning
according to the manufacture’s instruction (Invitrogen,
Denmark). After transformation into E. coli BI21-Al, a 6 1
culture was grown at 37°C to a density of ODgyy ~0.5 at
which point E7 expression was induced for 3 h by adding
0.2% arabinose. After pelleting, bacteria were resuspended
and lysed in B-PER (Thermo Scientific, UK) and inclusion
bodies purified and washed 3 times in 20 mM Tris—HCI
(pH 8.0), 0.1 M NaCl, 1 mM EDTA, and 0.1 deoxycholic
acid before being dissolved in 0.01 M Tris—HCI (pH 8.0),
0.1 M NaH,PO, (pH 8.0), and 8 M urea. Dissolved protein
was applied to a TALON® His-Tag purification column,
and bound protein washed 3 times by alternating between 3
column volumes (CV) 50 mM NaH,PO, (pH 8.0), 3 M
urea and 3 CV 60% isopropanol, 10 mM Tris—HCI (pH
8.0), 3 M urea. Bound protein was eluted using a 20 CV
linear gradient from 0 to 150 mM imidazole in the initial
binding buffer. Selected fractions were pooled, dialyzed
against 10 mM Tris—HCI (pH8.0), 3 M urea, and applied to
an anion exchange column (HiTrapQ®, GE Healthcare
Bio-Sciences, Denmark). After washing with 5 CV 10 mM
Tris—-HCI (pHS8.0), 3 M urea bound protein was eluted
using a 20 CV linear salt gradient from 0 to 500 mM NaCl.
Selected fractions were pooled and dialyzed against
10 mM Tris-HCI (pH 7.4). The concentration of the
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purified E7 protein was 0.5 mg/ml, the final yield 5 mg,
and the purity of the protein was >99%.

Mouse vaccinations

All experiments were performed according to the Danish
Ministry of Justice and Animal Protection Committees and
in compliance with European Community Directive
86/609. Six- to 8-week-old female C57BL/6J (Harlan
Scandinavia, Denmark) were used for all immunization
studies. The mice were vaccinated 3 times at 2-week
intervals for immunization studies and prophylactic tumor
vaccine studies, and for therapeutic vaccination, mice
received three vaccinations at 3—4 day intervals starting
when tumors were palpable (day 9-11) with additional
booster vaccines at a later time point as described in the
individual figures. Vaccines were administered intraperi-
toneally in a total volume of 0.2 ml. The body temperature
of the mice was measured using an IPTT-300 implant, a
wireless WRS-6007 Smart Probe, and DASHost software
(Bio Medic Data Systems, Inc., Seaford, DE) before vac-
cination (f = 0) and at regular intervals after vaccination.
Implants were injected subcutaneously in the neck and
given a unique identification number for each mouse.

Mouse tumor challenge

Subcutaneous tumors were established using HPV-16 E7-
expressing TC-1 cells. On the day of TC-1 inoculation,
cells were harvested with trypsin/EDTA, washed twice
with PBS, and resuspended in ice-cold PBS. Mice were
injected intradermally on the right flank with 5 x 10
cells in 50 pl PBS buffer. Tumor growth was monitored
2-3 times a week, and mice with tumors exceeding
200 mm? were euthanized. Mice with ulcerating tumors
and mice that displayed signs of excessive pain and dis-
comfort were also euthanized. Lung tumors were estab-
lished by intravenous injection of 5 x 10° OVA and
TRP2 expressing B16-OVA melanoma cells in PBS. Mice
were euthanized no later than 16 days after injection of
B16-OVA tumor cells, and the number of tumor foci was
counted manually. Some lungs had too many tumors to be
counted precisely and were given a number of 300 foci,
which were the maximum number of foci that could be
clearly distinguished in these experiments. Consequently,
a nonparametric test was used for statistical testing of
tumor burden.

Vaccine-induced responses
For vaccine-induced immune responses, blood was drawn

via the facial vein or by periorbital puncture, and PBMCs
were purified by Lympholyte (Cedarlane, Canada)

centrifugation. Spleens were disrupted, and single cells
suspensions were prepared as described previously [14].
Lungs were perfused with PBS and Heparin (50 IE/ml)
(LEO pharmaceuticals, Denmark) and digested with Col-
lagenase D (Roche, Germany) before the separation of
lymphocytes and tissue on a Lympholyte (Cedarlane,
Canada) gradient by centrifugation. An acute systemic
reaction to vaccination was evaluated by analyzing serum
levels of selected inflammatory markers after i.p. vacci-
nation using a Meso Scale Discovery assay and a mouse
IL-6 ELISA kit (eBioscience, CA) following the manu-
facturer’s instructions. For recall responses analyzed by
ELISA, cells were restimulated with full length recombi-
nant E7 or ovalbumin proteins or peptides SIINFEKL
(OVA257_264), RAHYNIVTF (E749_57), or SVYDFFVWL
(TRP2g0_188) at 5 pg/ml. All peptides were from Gen-
script NJ. PMA (0.25 pg/ml) 4 Ionomycin (1 pg/ml), and
media control samples were included as positive and neg-
ative controls, respectively. Cells were incubated for
approximately 72 h, and supernatants were harvested and
analyzed for cytokines by ELISA as described previously
[6]. For recall responses analyzed by FACS, cells were
restimulated with the same antigens as above for 1 h in the
presence of 1 pg/ml of anti-CD28 and anti-CD49d (BD
Biosciences, CA), then added Brefeldin A 10 pg/ml
(Sigma-Aldrich) and Golgistop 3.5 pl/ml media (BD Bio-
sciences, San Jose, CA) and incubated a further 6 h at
37°C. The cells were surface-stained with anti-CD4, CD8
and CD44, or CD62L antibodies, permeabilized using the
cytofix/cytoperm kit and stained intracellularly using anti-
IFN-y, TNF-a, IL-2, or IL-17 antibodies (all reagents from
BD Biosciences). Antigen-specific CD8" T cells were
stained with pentamers specific for TCRs recognizing
H-2Kb: SIINFEKL or H-2Db: RAHYNIVTF or H-2Kb:
SVYDFFVWL (Proimmune, UK) as recommended by the
manufacturer. The cells were acquired on a FACS Canto
cytometer (BD Biosciences) and analyzed using FACS
Diva v.6.1.3 (BD Biosciences) and FlowJo v.8.8.6 (Tree-
star, Ashland, OR) software.

Meso scale discovery

To measure acute systemic reaction, the level of selected
pro-inflammatory cytokines was measured in plasma 2 h
after a single i.p. administration of adjuvant. The cytokine
levels were determined by the multiplex electrochemi-
luminescence assay from MSD (Meso Scale Discovery,
Gaithersburg, MD). To this end, undiluted plasma samples
were applied to an ultra-sensitive mouse pro-inflammatory
7-plex kit, and the assay performed according to the
manufacturer’s instructions. The plates were read on
a Sector Imager 2400 system, and calculation of cyto-
kine concentrations was subsequently determined by
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4-parameter logistic non-linear regression analysis of the
standard curve.

In vivo cytolytic assay

To evaluate the functional capacity of the vaccine-induced
CDS8™" T cell response, splenocytes from naive mice were
stained with 10 or 1 uM CFSE (Invitrogen) for 10 min at
37 C, washed, and the 1 uM CFSE population of spleno-
cytes were then pulsed with minimal epitopes SIINFEKL
(for the evaluation of OVA vaccines) or RAHYNIVTF (for
the evaluation of E7 vaccines) (10 pg/ml) for 90 min at
37°C. The 10 uM CFSE population was left unpulsed.
CFSE-high and -low cells were mixed and injected i.v. in
recipient mice that had previously been vaccinated i.p.
3 times at 2-week intervals with saline, Ag alone,
Ag + CAFO01, or Ag + CAFO5 (the Ag being either OVA
or E7 protein). 4.5 x 10° cells of each of the CFSE-high
and CFSE-low cell populations were injected into recipient
mice. Eighteen h after injection of CFSE-stained cells,
recipient mice were killed, spleens processed, and the
frequency of CFSE-high and -low cells were determined by
flow cytometry. Specific lysis was calculated using the
formula: specific lysis = 100 — [((% pulsed immunised/%
unpulsed immunised)/(% pulsed naive/% unpulsed
naive)) x 100].

Statistical analysis

The data were analyzed using GraphPad Prism 5.01 for
Windows (GraphPad Software, San Diego, CA). Frequen-
cies of pentamer positive cells, specific lysis, and ELISA
IFN-y responses were analyzed using ANOVA w/Tukey’s
posttest, the number of lung tumor foci was analyzed using
the nonparametric Kruskall-Wallis w/Dunn’s posttest, skin
tumor size was analyzed using ANOVA w/Tukey’s posttest
(on individual days), and survival was analyzed using the
log-rank test. Mouse body temperature and weight data
were evaluated by two-way ANOVA.

Results

CAFO5 primes cytotoxic CD8" T cells against OVA
and HPV-16 E7

In order to assess the functional capability of CD8™ T cells
raised by CAF05 vaccination, we studied the lysis of
antigen-pulsed target cells in vivo following vaccination.
Groups of three mice were vaccinated with either OVA
or E7 protein in CAFO05 3 times at 2-week intervals.
Antigen-specific CD8™" T cells were identified 1 week after
the 2nd vaccine in pooled blood using H-2Kb-SIINFEKL

@ Springer

pentamers (for OVA-vaccinated mice) or H-2Db-RAH-
YNIVTF pentamers (for E7-vaccinated mice). OVA + -
CAFO05 vaccination induced 16.4% antigen-specific CD8"
T cells (Fig. 1a, top panel) and E7 + CAF05 vaccination
raised 13.9% antigen-specific CD8" T cells (Fig. 1b, top
panel). Only a very low percentage of CD8" T cells in
antigen and antigen + CAFOI control mice were pentamer
positive. Vaccination with antigen + soluble poly(I:C) was
previously observed not to induce CTL immunity [13], and
we confirmed this observation in a separate experiment
(Supplementary Fig. 1). The cytolytic potential of the
CAF05-induced CD8* T cells was assayed 2 weeks after
the third vaccination. SIINFEKL peptide-pulsed (for OVA
vaccinated) or RAHYNIVTF peptide-pulsed (for E7 vac-
cinated) (CFSE-low) and non-peptide-pulsed (CFSE-high)
splenocytes from naive donors were transferred into vac-
cinated mice. Eighteen h after cell transfer, spleens were
harvested from recipient mice and CFSE-high and -low
cells were detected by flow cytometry. Specific lysis of
antigen-pulsed splenocytes was markedly higher in
OVA + CAFO5 vaccinated (86.23 + 4.07%) (Mean +
SE) than in OVA or OVA + CAFOl-vaccinated mice
(Fig. 1a, lower panel and graph), and a similar level of
cytotoxicity was obtained with E7 + CAF05 vaccine
(83.15 £ 7.8%) (Fig. 1b, lower panel and graph).

CAFO5 adjuvated vaccine protect against B16-OVA
lung tumor and TC-1 skin tumor

We initially tested the efficacy of prophylactic vaccination
with OVA- or E7-based vaccines in two different murine
tumor models: Lung B16-OVA melanoma and skin TC-1
tumor. Mice previously vaccinated with OVA alone or
OVA administered in CAFO1 or CAF05 were given an i.v.
injection with B16-OV A tumor cells, and 16 days after the
tumor challenge, the mice were euthanized and the lungs
analyzed. The frequency of OV A-specific CD8" T cells in
the lungs of OVA + CAF05-vaccinated mice reached very
high levels (40.38 £ 3.54%) (Supplementary Fig. 2A and
2B), and significant quantities of IFN-y were measured in
supernatants from lung lymphocytes ex vivo restimulated
with OVAjs7_564 (Supplementary Fig. 2C). Antigen-spe-
cific CTL’s were also detected in the lungs of OVA +
CAFO01-vaccinated mice but at significantly lower levels
(Supplementary Fig. 2B), and no IFN-y production was
detected upon restimulation (Supplementary Fig. 2C). The
prominent CD8" T cell response in the OVA + CAF05
group correlated with the levels of tumor burden as all 11
mice remained tumor free (P < 0.05) (Fig. 2b, representa-
tive photos Fig. 2a). Although OVA + CAFO01-vaccinated
mice had significantly fewer tumors than non-vaccinated, the
CAFO01 adjuvant was less effective compared to CAF0S5 with
8 mice out of 12 developing tumors. All non-treated
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Fig. 1 CAFO5 induces cytotoxic T-lymphocytes. Groups of three
C57BL/6 mice were vaccinated i.p. 3 times at 2-week intervals with
(a) OVA- or (b) E7-based vaccines. CFSE-stained OV Ajs6_264 and
E749_s7 peptide-pulsed target cells were transferred 2 weeks after the
third vaccine, and spleens were harvested 18 h after transfer to
determine in vivo lysis of target cells. Top panels show representative
dot plots of pentamer positive CD62L negative PBMCs (initially

(N = 11) or OVA-alone vaccinated (N = 12) developed
lung tumors.

Similarly, in the TC-1 model, the mice received three
vaccinations prior to an intradermal TC-1 challenge and
tumor growth was monitored for 49 days. The non-treated
mice all developed tumors that reached the humane end
point as early as day 31 (Fig. 2c¢), and mice vaccinated with
E7 alone also developed tumors although the tumor growth
in this group was delayed resulting in significantly smaller
tumors on day 17-31 and prolonged survival compared to
untreated (Fig. 2d). In the E7 4+ CAFO05-vaccinated group
of mice, only 2 out of 4 mice developed transiently pal-
pable tumors (Fig. 2c), and by day 14, all the mice in this
group were tumor free and survived throughout the
experiment (Fig. 2d).

gated for CD197/CD4 /CD8") 1 week after the second vaccine.
Middle panels are representative histograms of CFSE-positive target
cells (left peak peptide-pulsed, right peak non-pulsed), and graphs
show specific lysis (mean + SE). P value is ANOVA w/Tukey’s
multiple comparison posttest. Data are the representative of two
experiments

Therapeutic vaccination with CAF05 reduces tumor
burden

The therapeutic effect of CAF05 adjuvated vaccines was
subsequently tested in the two models. In the B16-OVA
model, mice received OVA or self-antigen TRP2-based
vaccines at day 2, 6, and 10 relative to the day of challenge.
In the lungs of OVA 4 CAFO05-vaccinated mice, the
number of tumors (22 + 18) were significantly lower than
observed in untreated mice (139 4+ 31) or OVA-alone
vaccinated (213 &+ 44), whereas the reduction in tumor
burden observed in TRP2 + CAFO05-vaccinated mice
(68 £ 25) was not significant when compared to untreated
or TRP2-alone vaccinated mice (152 + 48) (Fig. 3b and
representative photos in Fig. 3a). Vaccine-specific CTLs
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Fig. 2 Prophylactic vaccination with CAFO05 adjuvated vaccine
protects against B16-OVA lung tumor and TC-1 skin tumor. Mice
were vaccinated i.p. 3 times at 2-week intervals and received an i.v.
challenge with 5 x 10°> B16-OVA cells or an intradermal challenge
with 5 x 10* TC-1 cells 2 weeks after the last vaccination. a Repre-
sentative photos of lungs taken 16 days after B16-OVA tumor
challenge and (b) average + SEM B16-OVA tumor load in vacci-
nated mice 16 days after challenge, lungs with too many tumors to
count were defined as 300, P value is Kruskal-Wallis nonparametric
test, N = 11-12, graph depicts pooled data from two independent

were also found to accumulate in the lungs of OVA +
CAFO5 therapeutically vaccinated mice (7.47 + 2.22%,
mean + SE) (Supplementary Fig. 3A) as well as
TRP2 4+ CAFO05-vaccinated mice (1.63 £ 0.23%) (Sup-
plementary Fig. 3B) and ex vivo restimulation with
OVAss57264 (Supplementary Fig. 3C) or TRP2;g9_gg
(Supplementary Fig. 3D) resulted in significant IFN-y,
TNF-o, and IL-2 production by lung CD8/CD44™ T cells.
Therapeutic vaccination in the TC-1 skin model was
started on day 9 when tumors had reached a clearly pal-
pable size, and booster vaccines were given on day 12, 15,
and 29. While saline-vaccinated mice reached the humane
end point as early as 21 days after TC-1 injection (Fig. 3c),
the tumors of E7 4+ CAF05-vaccinated mice were signifi-
cantly reduced following vaccination and remained smaller
than the saline control mice from day 18 to 32, with only 2
out of 6 mice meeting the humane end point during the
experimental period of 54 days (Fig. 3d). Vaccination with
E7 + CAFOI initially slowed the tumor growth resulting in
a significantly smaller tumor load on day 25, but no dif-
ference in survival compared to saline was observed.
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experiments. ¢ TC-1 tumor size measured at regular intervals after
challenge, there was a significant (P < 0.05) difference in tumor size
between saline and E7 vaccinated from day 17 onwards and between
saline and E7 + CAFO5 from day 7 onwards, ANOVA w/Tukey’s
posttest (individual days), N =3-4. d Mice in Fig. 2c were
euthanized when a humane end point was met, log-rank test of
survival data: saline versus E7 + CAFO5 P = 0.0018, E7 versus
E7 4+ CAFO05 P = 0.008, E7 versus saline P = 0.018. There was a
non-tumor-related death in the saline group at day 10

Experimental therapeutic subunit vaccines against can-
cer are most frequently formulated as water-in-oil emul-
sions, and in a separate experiment, we compared the effect
of E7 + CAFO5 vaccine to Montanide ISA 720/poly(I:C)
adjuvated vaccine as well as E7 alone and E7 + soluble
poly(I:C). Mice received vaccinations on day 11, 15, 18,
25, 41, and 47 relative to the day of tumor challenge.
E7 + CAFO0S5 vaccination was confirmed to reduce tumor
burden significantly compared to untreated and antigen-
alone vaccinated mice (Fig. 3e). The tumor growth rate
was also reduced in E7 + poly(I.C) and E7 4+ Mon-
t.ISA720/poly(I:C)-vaccinated mice resulting in a signifi-
cantly smaller tumor load compared to untreated from day
18 (Fig. 3e). However, the four mice remaining in the
Mont.ISA720/poly(I:C) group on day 35 had to be eutha-
nized due to vaccine-induced inflammation of the perito-
neum (Fig. 3f).

In conclusion, CAF05 demonstrated to induce potent
tumor reactive CTL immunity with a protective
effect in different prophylactic and therapeutic tumor
models.
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Fig. 3 Therapeutic vaccination with CAFO05 adjuvated vaccine
reduces tumor growth. a Mice received an i.v. challenge with
5 x 10° B16-OVA cells and were vaccinated i.p. at day 2, 6, and 10
relative to the day of challenge, photos are the representative of lungs
taken 16 days after challenge. b Average + SEM number of lung
tumors 16 days after challenge, lungs with too many tumors to count
were defined as 300, P value is Kruskal-Wallis nonparametric test,
N = 16 (naive) or N = 8 (vaccine groups). ¢ Mice were challenged
intradermally with 5 x 10* TC-1 cells, vaccinated i.p. on day 9, 12,
15, and 29 (arrows) relative to tumor challenge, and tumor sizes was
recorded for 54 days; there was a significant (P < 0.05) difference in
tumor size between E7 + CAFO05-vaccinated and naive mice from
day 18 onwards and between E7 4+ CAFOl-vaccinated mice and
naive on day 25 only, P < 0.05, ANOVA w/Tukey’s posttest (on
individual days), N = 8 all groups. The mean tumor size fluctuates at
late time point in some groups due to euthanization of mice with
tumors >200 mm% d Mice in Fig. 3c were euthanized when a
humane end point was met, log-rank test of survival data: saline

Formulation of poly(I:C) with CAF01 reduces the acute
inflammatory response to poly(I:C) and is superior
to a poly(I:C) containing water-in-oil emulsion

A limited vaccine-related inflammatory response is toler-
able in most instances and especially when vaccinating

Days post tumor injection

versus E7 + CAF05 P < 0.0001, E7 + CAFO01 versus E7 + CAF05
P = 0.0047, saline versus E7 + CAF01 P = 0.0082. There were
some non-humane end point-related deaths during bleeding of mice
on day 14, 18, and 25. e TC-1 tumor growth (5 x 10* TC-1 cells
given intradermally) of mice vaccinated i.p. on day 11, 15, 18, 25, 41,
and 47 (arrows); there was a significant (P < 0.05) difference in
tumor size between naive and E7 + poly(I:C) and naive and
E7 + Mont.ISA720/poly(I:C) from day 18 onwards and between
naive and E7 + CAFO05 from day 21 onwards, ANOVA w/Tukey’s
posttest (on individual days), N = 7-8. f Mice in Fig. 3e were
euthanized when a humane end point was met, log-rank test of
survival data: E7 + CAFO05 versus naive or E7 P < 0.0001,
E7 + CAF05 versus E7 + MontISA720/poly(I:C) P = 0.0002,
E7 + poly(I:C) versus naive P = 0.0012, E7 + poly(I:C) versus
E7 + Mont.ISA720/poly(I:C) P = 0.0032. The remaining four mice
in the E7 + Mont.ISA720/poly(I:C) group on day 35 were euthanized
due to excessive pain caused by vaccine-induced inflammation of the
peritoneum

therapeutically against serious disease such as cancer, but
obviously great efforts are invested in making adjuvants as
safe and tolerable as possible. Injection of adjuvants may
lead to a broad activation of immune cells and thereby
systemic adverse effects, and we therefore monitored blood
levels of inflammation markers as well as body temperature
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Fig. 4 The systemic
inflammatory response to
poly(I:C) is reduced when IL-1B
formulated with CAFO1.

a Serum levels of pro-
inflammatory markers IL-14,
IL-6, mKC, and TNF-« as well
as IL-10 analyzed 2 h after
vaccination by a Meso scale
discovery assay. IL-12p70 and
IFN-y levels were also
measured but did not differ 300
significantly between groups
and are not depicted. N = 4-5,
*P < 0.05 versus naive, and
CAFO5 vaccinated, ANOVA

>
nN
o
L

N
o
L

0 -

w/Tukey’s posttest. b Serum
levels of IL-6 evaluated by
ELISA at times indicated after

pg/ml plasma

and N = 4-5 at other time
points, ¥*P < 0.05 versus saline
and CAFO5 vaccinated,
ANOVA w/Tukey’s posttest,
NA not analyzed. ¢ Body
temperature was measured at
times indicated during a 10-day
period following vaccination
using a chip implant, and we did
not observe a significant 50004
decrease in temperature of IL-10
vaccinated mice compared to
saline injected mice, N = 5,
two-way ANOVA. d Body
weight was recorded every other

8000
IL-6

pg/ml plasma

day in a 10-day period
following vaccination, N = 5,
*P < 0.05 Mont.ISA720/

pg/ml plasma

4000 -
3000
2000
1000
poly(I:C) versus saline at 48 h, 0 1

two-way ANOVA 150004 v

pg/ml plasma

and weight following vaccination with poly(I:C), CAF01,
CAFO05, and Montanide ISA720/poly(I:C). Serum levels of
TNF-«, IL-6, and mKC were significantly elevated in mice
2 h after injection of poly(I:C) (Fig. 4a), whereas no sig-
nificant increase was observed after injection of CAF05 or
CAFO01. Formulation of poly(I:C) with emulsion adjuvant
Montanide ISA720 did not reduce serum levels of IL-6 or
mKC but did significantly increase levels of IL-1§ and IL-
10. As the CAF adjuvants are known to form a depot at
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injection site [15], we investigated whether the systemic
effects of poly(I:C) was delayed when delivered in CAF05,
but no IL-6 was detected in serum samples taken at later
time points (Fig. 4b). Also, body weight and temperature
measured at regular intervals after vaccination did not
indicate that CAFOS5 vaccination led to clinical discomfort.
An initial small drop in body temperature was observed
following vaccination in all groups (including saline)
except the one receiving soluble poly(I:C) (Fig. 4c) and
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was not considered to reflect any discomfort to the mice. A
significant decrease in body weight was observed 2 days
after vaccination with Montanide ISA720/poly(I1:C),
whereas none of the other groups were significantly
affected in terms of body mass (Fig. 4d). Thus, we con-
clude that by formulating poly(I:C) with CAFOl (.e.,
CAFO05) but not emulsion adjuvant Montanide ISA720, the
systemic reaction to poly(I:C) is curtailed, thereby poten-
tially reducing any poly(I:C)-related negative effects.

Discussion

Safe Thl- and CTL-inducing adjuvants are an important
step on the way to developing more efficient therapeutic
vaccines against malignancies and infectious diseases.
Currently, the adjuvant of choice for therapeutic cancer
vaccine trials based on protein or peptides has most often
been GM-CSF or mineral oil based emulsions; however,
both of these strategies have several drawbacks. The
adjuvant effect of GM-CSF has recently been questioned
[16], and the emulsion adjuvants have been associated with
undesirable local reactions [17, 18], and also primarily
prime antibody responses in man [16]. Furthermore, in
2006, the formulation of the most frequently used emulsion
adjuvant, incomplete Freunds adjuvant (IFA), was changed
to include a plant-based oleic acid component that rendered
the adjuvant less immunogenic [16]. Also, recent studies in
mice indicate that IFA vaccines may be more tolerogenic
than water-based vaccines and may not be optimal since
vaccine-induced T cells are sequestered at the long-lasting
vaccine depot instead of homing to the tumor [19]. How-
ever, for cancer vaccine purposes, the main problem with
all of the currently available adjuvants has been their
limited ability to induce CD8" T cell responses.

CAFO1 is an adjuvant that has been characterized in
detail with regard to mechanism of action and efficacy in
several animal disease models [6, 8] It is currently being
evaluated in clinical trials of TB and HIV vaccines. In the
present study, we demonstrate that a formulation of the
TLR3 ligand poly(I:C) with CAFOl induces high fre-
quencies of antigen-specific and biologically active CD8"
T cells in mice that effectively lyse target cells and reduce
tumor burden in mice. Also, formulating poly(I:C) with
CAFO1 abrogated a systemic inflammatory response to
poly(I:C) ([13], Fig. 4), whereas the oil-in-water emulsion
did not reduce poly(I:C) toxicity and induced excessive
inflammation in tumor bearing mice. Previously, it was
generally assumed that a potent adjuvant effect was
dependent on widespread DC activation, but nonetheless, a
recent study showed that CAF01-based vaccination leads to
an exquisite targeting and activation of a minute proportion
of DCs. The same intrinsic property was observed with the

cationic peptide adjuvant IC31®, and despite the relatively
small number of activated DC (<0.3% of CDI1lc" in
draining lymph node), both of these adjuvants were shown
to induce strong IFN-y responses in animal models [20, 21]
and in human clinical trials ([22] and personal communi-
cation, Ingrid Kromann). In addition, both of these adju-
vants had a favorable toxicology profile with no systemic
reactions [23]. Similarly, we speculate that electrostatic
interaction between poly(I:C) and CAFOl prevents
poly(I:C) from being released upon injection, but instead is
taken up by relatively few immune cells as a complex of
lipid, innate receptor ligand TDB, poly(I:C), and antigen.
Whether such targeted activation of a limited number of
dendritic cells with poly(I:C) is occurring by co-formulat-
ing in CAFOLI is currently being investigated.

Poly(I:C) and the immunomodulator in CAF01, TDB,
are two distinct pathogen-associated molecular patterns
(PAMPs) signalling through TLR3 and the C-type lectin
receptor Mincle, respectively. It is at this point not clear if
immune cells are stimulated through both the TLR-3/TRIF
and the Mincle/CARD?9 pathway following CAF05 uptake,
or if concomitant stimulation of these pathways is neces-
sary for CAFOS activity. Previously, a synergistic effect of
multiple innate receptor ligations has been described, but
these studies have been restricted to analyzing combina-
tions of TLR ligands only [24]. Investigating possible
synergistic effects on DCs in vitro of TLR ligands and
C-type lectin receptor ligands such as TDB is currently an
ongoing research activity in our laboratory. In addition to
the immunomodulatory effect, TDB also has a very
important role in stabilizing DDA liposomes. Many cat-
ionic liposomes, including those prepared from DDA, are
physically unstable and tend to aggregate upon dispersion
in water rendering such formulations unacceptable for
clinical use. An effective stabilizing method is to incor-
porate a glycolipid with the ability to interact with the
surrounding water through hydrogen bonds. This hydration
of individual liposomes results in a formulation with stable
particles for more than 1 year when stored at 4°C [7]. In
contrast, poly(I:C) does not have the same ability to sta-
bilize DDA liposomes, and formulations of DDA/poly(I:C)
were in our hands highly heterogeneous and unsuitable for
evaluation in mice. Hence, no comparison between CAF05
and DDA/poly(I:C) has been performed in this study ren-
dering it difficult to assess in vivo synergies between
poly(I:C) and TDB.

Interestingly, we also observed an accumulation (albeit
nonsignificant) of OVA-specific CD8* T cells in the lungs
of B16-OVA tumor-challenged mice vaccinated with
OVA + CAFOl (Supplementary Fig. 2), a reduction in
lung tumor load of OVA 4 CAFOI-vaccinated mice
(Fig. 2) and a limited protective effect of E7 4+ CAFO1
vaccination in the skin tumor model (Fig. 3). We have
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previously demonstrated that CAFO1 induces Thl and
Th17 immunity when administered s.c. in mice, and it is
our experience that i.p. vaccination with CAFO1 is
inferior to s.c. vaccination for the induction of Thl and
Th17 immunity. In the present study, mice were vacci-
nated i.p., and though we could not detect a vaccine-
specific Thl or Th17 response in the lungs of B16-OVA-
challenged mice on the day of killing (data not shown),
it is possible that a transient CAFOl-induced tumor-
specific Th1l and Th17 response could have facilitated an
endogenous anti-tumor CD8" T cell response as descri-
bed previously [25].

The CD8™" T cell inducing effect of CAF05 was found to
be highly dependent on immunization route, with subcu-
taneous vaccine not inducing a strong CD8' T cell
response (data not shown). While the precise mechanism
underlying this observation is currently unknown, initial
studies have shown that i.p. vaccination with CAF0S5 leads
to increased expression of type I interferons potentially
functioning as a licensing signal for cross-priming [26]. It
remains to be investigated if the observed route depen-
dency is mouse specific but none of the less i.p. vaccination
remains of clinical relevance for life-threatening conditions
like cancer and has previously been tolerated well in man
[27, 28]. It is also worth noting that the vaccine-induced
reduction in TC-1 tumor size could not be sustained by late
booster vaccinations (Fig. 3e). We have previously dem-
onstrated that prophylactic vaccination with a CAFO1/
poly(I:C) formulation induces CTL memory [13], but it is
possible that vaccine-induced CTLs become exhausted by
the prolonged exposure to antigen by the tumor in a ther-
apeutic vaccine setting, or alternatively that suppressive
cells in the tumor microenvironment has a negative effect
on CTL activity.

In conclusion, we demonstrate that formulation of
poly(I:C) with CAFO1 is a potent adjuvant that induces
CTL immunity against foreign and self-antigens and
reduces tumor burden in mice without causing a poly(I:C)-
induced systemic inflammatory response. Our finding as
well as previous studies by Fujimura et al. [29] and Zaks
et al. [30] thus suggest that liposomal adjuvants incorpo-
rating TLR ligands are indeed very interesting adjuvants
with a potential application in cancer vaccines. Immune-
suppressive cells in the tumor microenvironment [31] may
inhibit any vaccine-induced anti-tumor CTL responses, and
additional therapies such as anti-CTLA4 [32], anti-IL-10
[33], anti-IL-13 [34], anti-TGF-f [35], radiotherapy, or
chemotherapy [36] are likely to be needed in order to
facilitate immune-mediated tumor killing. However,
developing safe adjuvants that induce CD8" T cell
immunity is an important step, and we are currently
working on optimizing CAF05 and other liposomal adju-
vants for use in humans.
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