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Abstract Commercially available DOTAP is a racemic
mixture of two enantiomers. The adjuvanticity of each
isomer was examined using a peptide/lipid complex as a
therapeutic vaccine in an established murine cervical cancer
model. This simple vaccine consists of a cationic lipid
(DOTAP) and a major histocompatibility complex (MHC)
class I-restricted epitope of the Human Papillomavirus
(HPV) 16 protein E7. Dose-dependent tumor regression
experiments have been completed for racemic DOTAP/E7,
(R)-DOTAP/E7 and (S)-DOTAP/E7. Tumor-bearing mice
treated with (R)-DOTAP/E7 complexes have shown tumor
regression in a dose-dependent manner comparable to those
mice treated with a racemic DOTAP with E7 peptide. These
data are supported by IFN-y production by CD8" spleno-
cytes, in vivo cytotoxic T-lymphocytes (CTL) response,
CD8" tumor-infiltrating lymphocytes (TIL), and IFN-y
production by CD8" TIL in (R)-DOTAP/E7-vaccinated
mice. When (S)-DOTAP/E7 is delivered, tumor progression
is delayed. While IFN-y production is absent from CD8"
splenocytes in mice vaccinated with (S)-DOTAP/E7, IFN-y
production by CD8" TIL is present, supporting our
hypothesis that (S)-DOTAP has limited activity. Activation
of bone marrow-derived dendritic cells by the enantiomeric
formulations has also been evaluated, as well as cytokine
production and toxicity with no considerable differences
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between the groups. The results show the DOTAP enanti-
omers act differently as adjuvants in vivo, with (R)-DOTAP
being more effective at stimulating a CD8" anti-tumor
response.
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Abbreviations

BMDC Bone marrow-derived dendritic cells

CCL2 Chemokine C—C motif ligand 2

CFSE Carboxyfluorescein succinimidyl ester

(R)-DOTAP (R)-1,2-dioleoyl-3-trimethylammonium-
propane

(S)-DOTAP  (S)-1,2-dioleoyl-3-trimethylammonium-
propane

HPV Human Papillomavirus

IFN-y Interferon gamma

MHC Major histocompatibility complex

ROS Reactive oxygen species

TIL Tumor-infiltrating lymphocytes

Introduction

Therapeutic cancer vaccines are safe treatments that can
create a potent immune response against transformed host
cells. Vaccines and immunotherapy avoid the toxicity of
harsh chemotherapy that includes side effects such as
weight loss, hair loss, nausea, and leukopenia. Instead of
targeting all rapidly dividing cells, as is the case of many
small molecule chemotherapeutic drugs, vaccines can train
the immune system how to specifically target cancer cells
only. Creating an efficacious cell-mediated response is
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crucial for anti-tumor effects [1]. Many different types of
antigens have been used in cancer vaccines, ranging from
whole tumor cell lysate to MHC class I-restricted peptides
specifically recognizable by CTLs [2—4]. Only the use of
peptide antigens allows for ease of manufacturing, as well
as precise control over the purity and specificity of the
vaccine. However, peptide antigens need supplementary
treatments to increase immunogenicity.

There is very little variety in the adjuvants that are
clinically available. The US Food and Drug Administration
(FDA) has only approved two adjuvants for use in humans,
both aluminum hydroxide based [5]. The first, Alum (alu-
minum hydroxide), has been approved since the 1920s. The
second, AS04 (3-O-desacyl-4'-monophosphoryl lipid A
adsorbed on to aluminum as hydroxide salt), approved in
the United States in 2009, is only used in one vaccine that
is currently on the market (Cervarix) [6]. The scarcity of
available adjuvants, particularly in the United States,
demonstrates a need for new safe adjuvants allowing more
options in formulation and titrating of the desired immune
response via immunotherapy.

Development and subsequent approval of new adjuvants
face several barriers. Encouraged by the FDA, creating
treatments that are chirally pure is a trend growing in
popularity across pharmaceutics, with the increased ease of
separation of enantiomers after synthesis [7, 8]. However,
chiral drugs can have different efficacies in vivo. It is
known that stereoisomers of small molecule drugs can have
widely varied effects, with one being efficacious and the
other showing no therapy, or worse, toxicity [9]. Biology
provides an asymmetric environment, containing chiral
components at its most basic molecular level, L-amino
acids and p-carbohydrates. It is no surprise that highly
purified antigens show stereospecificity in all types of
immune reactions [10, 11]. However, it has never been
shown that the stereospecificity of an adjuvant plays a vital
role in its efficacy in producing an immune response.

Our basis for investigating this line of work starts with a
therapeutic vaccine we have previously developed for a
murine cervical cancer model. This nanoparticle complex
consists of three molecules, racemic DOTAP lipid and E7
peptide, an H-2DP-restricted 9-mer from the HPV 16 E7
oncogene, able to cause regression in pre-existing tumors
[12]. The MHC class I-restriction of the peptide promotes a
cell-mediated response rather than a humoral response
against the growing tumor. We have shown that the race-
mic DOTAP lipid is able to activate bone marrow-derived
dendritic cells (BMDC) in vitro to elicit a cytokine
response via the ERK pathway [13].

In this study, we investigate the impact of chirality on
the efficacy of DOTAP lipid as an adjuvant. We have
evaluated (R)-DOTAP and (S)-DOTAP for its interaction
with E7 peptide in formulation properties, measuring
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peptide encapsulation, particle size, and charge. Lipid
alone was used to test the interaction and ability to stim-
ulate BMDC, inducing activation through CD86 up-regu-
lation and CCL2 production. Lipid toxicity was also
compared when treating BMDC. In vivo, (R)- and (S)-
DOTAP formulations were compared in many ways, test-
ing for effect on tumor regression, and further elucidating
the affected cellular mechanisms that cause regression.

Materials and methods
Materials

Racemic DOTAP (99.9% purity), (R)-DOTAP (100%
purity), and (S)-DOTAP (99.9% purity) were obtained
from Merck KGaA (Darmstadt, Germany). (R)-DOTAP
stock used had a specific optical rotation [oc]%)5 of —1.77°,
while (S)-DOTAP stock used had a specific optical rotation
(0]} of +1.99°. H-2D"-restricted peptides E7 (H-RAH-
YNIVTF-OH, amino acids 49-57 from the E7 protein of
HPV16) and NP (H-ASNENMETM-OH, amino acids
366-374 from the influenza virus strain A/PR/8/34 nucle-
oprotein) were obtained from the University of Pittsburgh
Peptide Synthesis Facility (Pittsburgh, PA).

Tumor cell culture

TC-1 cells are lung endothelial cells isolated from a
C57BL/6 mouse that were transfected with HPV 16
oncogenes E6 and E7 and activated human H-ras and are
used as a model for cervical cancer [14]. TC-1 cells were
obtained from American Type Culture Collection
(Manassas, VA) and maintained in RPMI 1640 media
supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA), 100 U/ml penicillin (Invitrogen), and
100 pg/ml streptomycin (Invitrogen).

Preparation and evaluation of vaccine formulations

DOTAP/E7, (R)-DOTAP/E7, and (S)-DOTAP/E7 com-
plexes were made as described previously with few mod-
ifications [12]. Briefly, lipids dissolved in chloroform were
dried in glass vials under a stream of nitrogen and stored
under vacuum in a desiccator overnight. Lipid/peptide
complexes were formed by thin film hydration, using a
solution of E7 peptide in molecular grade water (Cellgro,
Manassas, VA) and subsequent vortexing. After 2 h at
room temperature, the suspensions were extruded through
two 100 nm polycarbonate membranes (Fisher Healthcare,
Houston, TX) to a size of roughly 120 nm. Particle size and
zeta potential were measured with a Malvern Zetasizer
Nano ZS in water (Malvern, Worcestershire United
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Kingdom). E7 encapsulation was determined by Micro-
con® centrifugal filtrate device (Millipore, Bedford, MA).
Unbound peptide was measured by Micro BCA™ Protein
Assay Kit (Rockford, IL). Amount encapsulated calculated
as (100-% unbound peptide).

Bone marrow-derived dendritic cells (BMDC)

Methods to culture bone marrow-derived dendritic cells
have been described previously [13]. Briefly, bone marrow
from the femurs and tibias of 6-week-old C57BL/6 mice
was isolated in serum-free RPMI 1640 media. Red blood
cells were lysed using ACK Lysing Buffer (Invitrogen) and
cells were plated for 2 h in serum-free RPMI 1640 to
remove suspension cells (lymphocyte precursors).
Remaining adherent cells were cultured in RPMI 1640
media containing 10% fetal bovine serum, non-essential
amino acids (Invitrogen), antibiotic/antimycotic (Sigma—
Aldrich, St. Louis, MO) with 1,000 U/ml granulocyte—
macrophage colony-stimulating factor (GM-CSF), and
1,000 U/ml interleukin-4 (IL-4) (R&D Systems, Minne-
apolis, MN) for 6 days changing the media every 2 days.
BMDCs were used in experiments on day 6.

Interaction of formulations with BMDC in vitro

To measure CD86 expression, a sign of activation, BMDC
were treated with different concentrations of liposomes
(free of peptide) for 18 h. Cells were stained with anti-
CD86 (GL1) and anti-CD11c (HL3) antibodies (BD Bio-
sciences, San Jose, CA) and analyzed using a FACS Canto
II flow cytometer (BD Biosciences). One hundred ng/ml
LPS served as a control. Isotype controls were used. To
measure toxicity, BMDC were treated with different con-
centrations of liposomes (free of peptide) for 18 h, stained
with propidium iodide (PI) (Sigma—Aldrich), and evaluated
using flow cytometry. To measure production of chemo-
kine C-C motif ligand 2 (CCL2) in a dose-dependent
manner, BMDC were treated with varying doses of (R)-
DOTAP and (S)-DOTAP liposomes (free of peptide). After
24 h, cell supernatants were collected and analyzed by
ELISA (BD Biosciences).

Mice and immunizations

Six-week-old female C57BL/6 mice were used in all stud-
ies. On day 0, 10° TC-1 cells were injected subcutaneously
into the hair-trimmed abdomen. On day 6, formulations
(100 pl) were subcutaneously injected into the contralateral
side of the abdomen in a 5% dextrose solution. In the initial
tumor growth delay experiment, 100 nmol of lipid and
20 pg of E7 peptide were used. After this initial experiment,
an optimal dose was determined by delivering lipid in

concentrations ranging from 3 to 600 nmol, with a constant
dose of 20 nmol of peptide. In all future in vivo experi-
ments, lipid formulations contained 300 nmol lipid and
20 nmol of E7 peptide. Unencapsulated peptide was not
removed. Tumors were measured every 2-3 days with
calipers, calculating area as (length) x (width). Humane
sacrifice of mice was performed after tumors reached
20 mm in one dimension. All animal protocols were
approved by the University of North Carolina at Chapel
Hill’s Institutional Animal Care and Use Committee.

Interferon gamma (IFN-y) production by CD8" T cells

Mice were injected with 10° TC-1 cells on day 0. On day 6,
mice were vaccinated with either (R)-DOTAP/E7 or (S)-
DOTAP/E7 with lipid and peptide concentration of 300
and 20 nmol, respectively. On day 14, mice were sacri-
ficed, spleens sterilely removed, and processed to a single
cell suspension by crushing the spleen through a 70 pm
filter (BD Biosciences). After removal, cells were incu-
bated in RPMI 1640 media supplemented with NEAA and
antibiotic/antimycotic, 1 pl/ml GolgiStop™ (BD Biosci-
ences), and 5 uM E7 or NP peptide for 6 h at 37°C. Cells
were removed, washed with staining buffer (BD Pharm-
ingen, San Diego, CA), and stained with anti-CD8 antibody
(53-6.7). Cells were then treated with Cytofix/Cytoperm™
kit, stained intracellularly for IFN-y (XMG1.2), washed,
and analyzed by flow cytometry. Percents represent IFN-y™*
CDS8™ T cells out of the total CD8" T-cell population.

In vivo cytotoxic T-lymphocyte assay

The in vivo CTL assay has been described previously and
was performed here with slight modifications [15]. Briefly,
mice were injected with 10° TC-1 cells on day 0. On day 6,
mice were vaccinated with either (R)-DOTAP/E7 or (S)-
DOTAP/E7 with lipid and peptide concentration of
300 nmol and 20 nmol, respectively. Eight days later, naive
mice were sacrificed and splenocytes removed. Splenocytes
were pulsed with either 10 pM E7 or NP peptide for 1-2 hin
complete media at 37°C. Cells were stained with carboxy-
fluorescein succinimidyl ester (CFSE) (Sigma—Aldrich, St.
Louis, MO), with NP peptide-pulsed and E7 peptide-pulsed
cells stained with 0.4 and 4 uM, respectively, in serum-free
media for 15 min. Cells were then washed with complete
media and counted. Equal numbers of CESE™€" (E7-pulsed
cells) and CFSE'Y (NP-pulsed cells) were mixed together
and stained with 8§ uM PKH-26 (Sigma—Aldrich) according
to manufacturer’s instructions. Vaccinated mice were
injected with 10 labeled cells and in vivo killing of the
targets was allowed for 16-20 h. After that time, spleens
from treated mice were removed and made into a single cell
suspension, red blood cells lysed, washed, and resuspended
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in phosphate-buffered saline (Sigma—Aldrich). The cells
were analyzed by flow cytometry, first gating for the lym-
phocyte population, then for the PKH-26-positive cells, to
determine the amount of specific lysis of the E7-labeled
cells. The following equation from [15] shows this, with NP
and E7 representing the number of cells pulsed with E7 or
NP peptide present after in vivo killing.
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Fig. 1 TC-1 tumor growth inhibition by vaccine delivery in vivo.
a TC-1 tumor growth inhibition in mice by lipid/E7 complexes. Six-
week-old female C57BL/6 mice were inoculated with 10,000 TC-1
cells s.c. in the abdomen on day zero. On day 6, treatments were s.c.
injected into the opposite side of the abdomen. Lipid formulations
delivered contained 100 nmol lipid and 20 pg of E7 peptide. Sample
size and statistics are as follows: n = 5-6, *: P < 0.05, **: P < 0.01,
##%: P < 0.0001. b Dose-dependent antitumor activity of racemic
DOTAP/E7, (R)-DOTAP/E7, or (S)-DOTAP/E7 complexes. Six-
week-old female C57BL/6 mice were injected with 10,000 TC-1 cells
s.c. as in previous studies. On day 6, treatments were s.c. injected into
the opposite side of the abdomen. The dose of lipid was varied while
the dose of E7 peptide was kept constant at 20 nmol. n = 5-6 per dose

Table 1 Physical properties of the vaccine formulations
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Fig. 2 Chiral lipid interaction with BMDC. BMDC were treated with
(R)-DOTAP or (S)-DOTAP liposomes (free of peptide) for 18 h and
a dose-dependent activation of CD86 was evaluated (n = 3), as well
as b dose-dependent CCL2 secretion after 24 h treatment (n = 3).
¢ BMDCs were also evaluated for toxicity by PI staining of cells after
18 h treatment (one representative experiment shown, repeated in
triplicate)

Formulation Particle size (nm)"

Zeta potential (mVv)™

)***

Encapsulation efficiency (%

R-DOTAP/E7
S-DOTAP/E7

126.8 £ 5.1
125.6 £ 7.8

543 £ 4.0
558+ 19

31.3 £ 16.6
32.1 £ 89

Lipid concentration used in these studies was 6 mM, equivalent to 300 nmol of lipid per mouse

* P =0.69, n =810
# P =037, n = 8-10
P = 0.87, n = 13-14
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Tumor-infiltrating lymphocyte analysis

TC-1 tumors from mice vaccinated on day 6 were removed
on day 14 in a sterile environment. Tumors were minced
and incubated in RPMI 1640 containing 1 mg/ml collage-
nase type 1 (Worthington, Lakewood, NJ) for 30 min at
37°C. Tumors were put through a 70-pum strainer and
formed a single cell suspension. Cells were blocked with
Fc block (anti CD16/CD32 (2.4G2)) for 15 min, then
stained with anti-CD8 (53-6.7) and anti-CD4 (RM4-5), and
analyzed by flow cytometry.

Alternately, lymphocytes were isolated from the tumors.
Tumors were prepared as described above to a single cell
suspension. The cells were washed and resuspended in
complete media. Tumor-infiltrating lymphocytes (TIL)
were separated from the tumor using Ficoll-Paque™ PLUS
(GE Healthcare, Uppsala, Sweden), a density gradient
method. These tumor-infiltrating lymphocytes were plated
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Fig. 3 IFN-y production from splenocytes of (R)-DOTAP/E7- or (S)-
DOTAP/E7-treated mice. a Splenocytes isolated (on day 14) from
tumor-bearing mice treated with (R) or (S)-DOTAP/E7 at 300 nmol/
20 nmol (on day 6). Splenocytes were pulsed with E7 or an irrelevant
peptide (NP) for 6 h, washed, and stained for CD8 and IFN-y. The
numbers on the contour plots indicate percentage of IFN-y* CD8* T

at a concentration of 2 x 10° and stimulated with 5 uM E7
or NP peptide for 6 h at 37°C. The TIL were incubated
with Fc Block, antibodies for CD8, stained intracellularly
for IFN-7, and analyzed by flow cytometry.

Statistical analysis

Statistical analysis was completed by using a two-tailed
Student’s ¢ test. Data were statistically significant if the
P value was less than 0.05.

Results

Tumor regression by therapeutic vaccination

One injection of racemic DOTAP/E7 (100 nmol/20 ng)
6 days after TC-1 tumor inoculation caused regression of
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cells out of all CD8" T cells. One representative experiment is
shown. b IFN-y-secreting CD8* cells per 10* CD8" T cells after 6 h
pulse with peptide. n = 6-8. **: P < 0.01 ¢ IFN-y production after
12 h pulse with either NP or E7 peptide. d IFN-y-secreting CD8*
cells per 10* CD8™ T cells after 12 h pulse with peptide. n = 6-8. *:
P <0.02
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preformed tumors (Fig. la), statistically different than
untreated mice (P < 0.0001). (R)-DOTAP/E7 complexes
showed the same response, indicating that (R)-DOTAP is
the active enantiomer in racemic DOTAP (P = 0.63). (S)-
DOTAP/E7 showed a partial response, statistically signif-
icant from racemic DOTAP/E7- and (R)-DOTAP/E7-trea-
ted mice (P < 0.05). The (S)-DOTAP/E7-treated mice also
had tumor growth that was statistically significant from the
untreated control group and the control mice treated with
E7 alone (P < 0.01).

(R)-DOTAP/E7 complexes also showed a dose-depen-
dent response comparable to that of racemic DOTAP/E7
when evaluating tumor size at day 23 (Fig. 1b). (S)-DO-
TAP/ET7 never achieved an optimal dose, even at very high
concentrations of lipid (600 nmol). The optimal dose
assessed from these studies was 300 nmol of lipid, not only
because it had the greatest response in terms of tumor
regression (for (R)-DOTAP/E7 and racemic DOTAP/E7-
treated mice), but it also had the greatest difference
between (R)- and (S)-DOTAP/E7-treated groups.

Formulation characterization

As shown in Table 1, the average size of (R)-DOTAP/E7
complexes was 126.8 + 5.1 nm and (S)-DOTAP/E7 com-
plexes were of comparable size at 125.6 & 7.8 nm
(P = 0.69). Zeta potentials of the (R)- and (S)-DOTAP/E7
complexes also did not vary significantly with values

Fig. 4 In vivo cytotoxic

of 543 +£40mV and 55.8 £ 1.9 mV, respectively
(P = 0.37). Encapsulation efficiency of E7 peptide with
(R)-DOTAP and (S)-DOTAP also did not differ signifi-
cantly, with values of 31.3 £ 16.6% and 32.1 + 8.9% at a
dose of 300 nmol lipid and 20 nmol E7 peptide (P = 0.87).

Evaluation of (R)-DOTAP and (S)-DOTAP in vitro

BMDC treated with (R)-DOTAP and (S)-DOTAP for 18 h
both showed similar dose-dependent effects. Activation of
BMDC was increased with increasing doses of both (R)-
and (S)-DOTAP (Fig. 2a). (S)-DOTAP increased CD86
expression more at lower doses (45 M) and the peak of
(R)-DOTAP-induced CD86 expression came at higher
doses (150 uM); however, the difference was not signifi-
cant. Expression of chemokine CCL2 was increased in (R)-
DOTAP-treated BMDC at doses of 45, 75, and 100 pM
compared to (S)-DOTAP; however, the difference was not
significant (Fig. 2b). After an 18 h treatment with either
lipid, toxicity to BMDC was similar shown by the increased
signal from PI (Fig. 2c). Dose-dependent effects were
observed with greater toxicity at higher doses, showing an
increase in toxicity in 75 pM up through the highest dose
tested. All toxicity levels were much higher than the LPS-
treated BMDC. We believe the BMDC model is not suffi-
cient to explain the profound difference in (R)- and (S)-
DOTAP activity, thus moved to whole-body experiments to
examine the immune response in the complete mouse.
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IFN-y production by CD8™" T cells from vaccinated
mice

When comparing naive, tumor-bearing, (R)-DOTAP/E7-
treated tumor-bearing mice, and (S)-DOTAP/E7-treated
tumor-bearing mice for IFN-y production by CD8" T cells,
(R)-DOTAP/E7-treated mice showed an antigen-specific
response (Fig. 3a). Splenocytes isolated from (R)-DOTAP/
E7-treated tumor-bearing mice that had been pulsed with
E7 peptide for 6 h produced IFN-y at a magnitude of 0.8%
of the CD8" T cells present, while the NP peptide-pulsed
control splenocytes produced 0.0%. Splenocytes isolated
from naive mice, tumor-bearing mice, and (S)-DOTAP/E7-
treated mice, whether pulsed with NP or E7 peptide, pro-
duced 0.0% CD8™ T cells. The difference between IFN-y-
secreting CD8™ cells per 10* CD8" T cells for the two
groups was statistically significant (P < 0.01) (Fig. 3b).
As no groups but (R)-DOTAP/E7-treated mice pulsed
with E7 produced IFN-7y, we incubated the cells with NP or
E7 peptide for 12 h to evaluate if a longer incubation would
show IFN-y production in any other group (Fig. 3c). How-
ever, while all the NP peptide-pulsed samples remained at
0.0%, as expected, (R)-DOTAP/E7 samples pulsed with E7
increased to 1.2% IFN-y-producing cells out of all CD8"

Fig. 5 Tumor-infiltrating a

lymphocytes. Tumor-infiltrating no vac

cells. (S)-DOTAP/E7-treated samples increased from 0.0%
at6 hto 0.1% at 12 h. Even with this increase, the difference
between the (R)- and (S)-DOTAP/E7 groups was still sig-
nificant (P < 0.02) for the number of IFN-y-secreting CD8"
cells per 10* CD8™ T cells (Fig. 3d).

In vivo cytotoxic T-lymphocyte assay

As expected, tumor-bearing mice injected with NP (CFSE-
low)_and E7 (CFSE™&")-pulsed cells showed no specific
killing of either population (Fig. 4a) with the two peaks
being of equal height and indeed containing similar numbers
of cells. Shown in Fig. 4b, (R)-DOTAP/E7-vaccinated mice
either with or without a tumor showed similar levels of
specific killing of E7-labeled targets that was statistically
significant compared to tumor-bearing mice (P < 0.001).
(S)-DOTAP/E7-treated mice, even without a tumor, still
were statistically different than either (R)-DOTAP/E7-
treated group (P < 0.05). Tumor-bearing mice treated with
(S)-DOTAP/E7 had specific killing of E7-labeled targets
that was not different from tumor-bearing mice that had not
been vaccinated (P = 0.20). These results led us to conclude
the tumor responds to how the formulation is affecting the
immune response, thus we examined the tumor.
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Fig. 6 IFN-y production by a no vac R-DOTAP S-DOTAP
tumor-infiltrating lymphocytes.
TIL were isolated from tumors 3 3.9%
of mice vaccinated with (R)- NP
DOTAP/E7 or (S)-DOTAP/E7 tid
and pulsed for 6 h with E7 or an PEPHIOS
irrelevant peptide (NP).
a Percentages are IFN-y"CD8*
cells out of all CD8* cells. One
dot plot is shown for each group IFN-y
that is representative of three
experiments. b IFN-y*-
producing cells per 10,000
CD8™ cells, P < 0.05. n = 6-7 E7
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Tumor-infiltrating lymphocytes and their actions

Whole tumors from mice were broken down to determine
the concentration of infiltrating lymphocytes caused by
each treatment (Fig. 5a). Tumor-bearing mice that had not
been treated with either formulation had 0.7% CD4" and
0.2% CDS8* cells out of all cells in the solid tumor. (R)-
DOTAP/E7-treated mice had much higher levels of CD8"
cells in their tumors compared to (S)-DOTAP/E7-treated
mice, 0.9% versus 0.1%, respectively. However, the dif-
ferences in levels of CD47 cells in the three groups were
less dramatic, 0.5% in (R)-DOTAP/E7-treated mice,
compared to 0.2% in (S)-DOTAP/E7-treated mice. (R)-
DOTAP/E7-treated mice had greater numbers of CD4" and
CD8™* cells found in the tumor tissue compared to (S)-
DOTAP/E7-treated mice (Fig. 5b). The high levels of
CD4™ cells in tumor-bearing mice, similar to (R)-DOTAP/
E7 treated mice, prompt further study to determine the
phenotype of these cells.

@ Springer

Lymphocytes isolated from tumors using a density
gradient protocol were stimulated with NP or E7 peptides
for 6 h and assayed for IFN-y production (Fig. 6a). All
samples showed some IFN-} activity in their CD8V cells in
both NP- and E7-pulsed treatments. Background levels of
IFN-y production were determined to be the signal from
CD8*" NP-pulsed cells. These levels in tumor only, (R)-
DOTAP/E7- and (S)-DOTAP/E7-treated mice were 1.2,
10.3, and 3.9%, respectively. CD8™" T cells from (S)-DO-
TAP/E7 treated mice showed some non-specific activity
above control, yet not to the level of cells from (R)-DO-
TAP/E7-treated mice. However, 32.6% of CD8* E7-pulsed
cells produced IFN-y when isolated from a (R)-DOTAP/
E7-treated mouse. This is compared to 12.0% in an (S)-
DOTAP/E7-treated mouse, a significant difference in IFN-
y-secreting CD8 + T cells (Fig. 6b) (P < 0.05). With the
E7 pulse, the tumor-bearing mouse had some activity
above background, showing some CD8" T cells had been
activated against the tumor by the process of a natural
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immune response. This experiment showed that although
(S)-DOTAP/E7 does not have activity as great as (R)-
DOTAP/E7, the treatment does have some ability to recruit
E7 reactive lymphocytes to the tumor.

Discussion

With the advancements of chiral separation technology,
stereospecific drugs are not solely for academic investiga-
tion. The pharmaceutical industry has developed an interest
in delivering enantiomerically pure formulations, under-
standing that the chirality of a drug can affect how the
molecule acts in the biological milieu.

By simplifying our formulation to one enantiomer of
DOTAP and the E7 peptide, we were able to further
investigate the immunological action of the DOTAP lipid
in formulation; both in vitro and in vivo. Our results
demonstrate (R)-DOTAP is the active component in the
DOTAP racemic mixture used by our group in previous
vaccine studies. This is evident in dose-dependent tumor
growth delay studies (Fig. 1).

(R)-DOTAP and (S)-DOTAP have similar formulation
characteristics of size, charge, and encapsulation (Table 1).
E7 peptide has two positively charged amino acids (argi-
nine and histidine (only partial)), and its interaction with a
cationic lipid is unexpected. Previously, our group corre-
lated increased antigen encapsulation with increased vac-
cine efficiency when studying an acylated version of E7
peptide, using racemic DOTAP [16]. Thus, even in the
presence of (S)-DOTAP (in the racemic mixture), a high
amount of E7 lipopeptide loading into the liposomes
caused regression of TC-1 tumors both when delivered on
6 and 10 days after tumor inoculation. DOTAP has been
hypothesized to facilitate endosomal escape through asso-
ciation with anionic lipids (phosphatidylserine) in the
interior of the endosome causing destabilization [17]. Thus,
as APC endocytose the vaccine, E7 peptide will be released
into the cytosol available to be presented by MHC Class 1.
As the two lipids have similar encapsulation efficiencies
(Table 1), no more antigen could be delivered by the (R)-
DOTAP than the (S)-DOTAP formulation into the APC.

DOTAP has previously been shown to induce a tunable
amount of ROS which was required for anti-tumor efficacy
and correlated with activation, CCL2, and toxicity [18]. In
our in vitro studies, (R)- and (S)-DOTAP produce similar
levels of activation and toxicity (Fig. 2a, ¢) when dosed to
BMDOC; therefore, we do not expect that ROS induction is
the mechanism with which (R)- and (S)-DOTAP differ.
While ROS levels induced could be the same, the difference
in antigen loading does not clearly explain the stark dif-
ferences in cytokine levels produced by the splenocytes and
TIL in an (R)-DOTAP/E7-vaccinated mouse (Figs. 3, 6).
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Fig. 7 Proposed tumor interaction with DOTAP enantiomers.
In vitro (R)- and (S)-DOTAP show little difference in stimulating
BMDC, shown by the size of the straight arrows. Due to an unknown
interaction between the immune system and the tumor, the presence
of a tumor in the in vivo system amplified the difference between (R)-
and (S)-DOTAP reflected by the size of the ribbon arrows. The
distinction between the two formulations is further amplified via talk
back from the tumor to the immune system

We hypothesize the presence of the tumor during vac-
cine administration amplifies the difference between (R)-
and (S)-DOTAP, while the amplification mechanism is not
known (Fig. 7). In vitro, the enantiomeric lipids behave
similarly to one another in regards to BMDC activation,
cytokine production, and toxicity (Fig. 2). However, the
difference between the two molecules in eliciting in vivo
CTL response (Fig. 4) is most dramatic and indeed statis-
tically significant when a tumor is present. Strong differ-
ences can be seen in splenocyte production of IFN-y in
tumor-bearing-vaccinated mice, (Fig. 3) and most obvi-
ously in the tumor growth delay data (Fig. 1). The large
numbers of TIL that are immunologically active (Fig. 6)
support the tumor growth delay data and our hypothesis.
The phenotype of the CD4" cells in the tumors of (R)-
DOTAP/E7-treated mice should be investigated as their
function could indicate the exact contribution of the tumor.

There are three requirements for a peptide vaccine to be
effective: an antigen specific for the target (tumor), an
efficacious adjuvant that can magnify the second signals
needed for dendritic cells to produce a strong T-cell
response, and a delivery mechanism. (R)-DOTAP/E7
complexes provide all three to cause regression in this
cervical cancer model. Future studies will expand the
application of this adjuvant to other tumor models and
investigate the mechanism of action that lies behind the
enantiospecific activity.
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