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Genetic Immunization With In Vivo Dendritic
Cell-targeting Liposomal DNA Vaccine Carrier
Induces Long-lasting Antitumor Immune Response
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A major limiting factor retarding the clinical success of
dendritic cell (DC)-based genetic immunizations (DNA
vaccination) is the scarcity of biologically safe and effec-
tive carrier systems for targeting the antigen-encoded
DNA vaccines to DCs under in vivo settings. Herein, we
report on a potent, mannose receptor selective in vivo
DC-targeting liposomes of a novel cationic amphiphile
with mannose-mimicking shikimoyl head-group. Flow
cytometric experiments with cells isolated from draining
lymph nodes of mice s.c. immunized with lipoplexes of
pGFP plasmid (model DNA vaccine) using anti-CD11c¢
antibody-labeled magnetic beads revealed in vivo
DC-targeting properties of the presently described lipo-
somal DNA vaccine carrier. Importantly, s.c. immuniza-
tions of mice with electrostatic complex of the in vivo
DC-targeting liposome and melanoma antigen-encoded
DNA vaccine (p-CMV-MART1) induced long-lasting anti-
melanoma immune response (100 days post melanoma
tumor challenge) with remarkable memory response
(more than 6 months after the second tumor challenge).
The presently described direct in vivo DC-targeting lipo-
somal DNA vaccine carrier is expected to find future
exploitations toward designing effective vaccines for
various infectious diseases and cancers.
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INTRODUCTION

Dendritic cells (DCs), body’s most professional antigen-presenting
cells, possess the unique ability of capturing and processing
pathogenic antigens in the peripheral blood and tissues. The
antigen-loaded DCs migrate through afferent lymphatics to the
nearby draining lymph nodes where they present the processed
antigen fragments in complexation with both classical major his-
tocompatibility complexes (MHC class I and II) and nonclassical
(CD1 family) antigen-presenting molecules to the resting T lym-
phocytes.!” Because of such distinguishing antigen-presenting
ability of the DCs, DCs pulsed/transduced with tumor-associated
or viral antigens are finding increasing applications as vaccines

for cancer and infectious diseases. DCs are often ex vivo trans-
fected with tumor/viral antigens-encoded DNA vaccines.* Such
ex vivo DC transfection-based genetic immunization protocols,
although highly efficient in combating cancer, are labor-intensive,
time-consuming, and expensive. Autologous DC precursors are
painstakingly isolated, the isolated autologous DC precursors are
then ex vivo transfected with DNA vaccines, and the ex vivo trans-
fected DCs finally need to be reimplanted in recipient’s body for
mounting immune response. To this end, both viral and nonviral
vectors are now being used for direct in vivo targeting of DNA
vaccines to DCs.!*'® However, achieving long-lasting immunity
through use of simple and cost-effective in vivo DC-targeting sys-
tem remains a formidable challenge.

Previously, we reported that mannose receptor selective
liposomes of cationic amphiphiles containing two aliphatic
n-hexadecyl nonpolar tails and mannose-mimicking shiki-
moyl- and quinoyl- head-groups with a lysine spacer in between
are efficient DNA vaccine carriers for ex vivo DC transfection-
based genetic immunization.” These priorly reported systems
were found to be efficient in inducing long-lasting immune
response against melanoma in mice immunized with DCs ex
vivo transfected with lipoplexes of melanoma antigen-encoded
DNA vaccines.” However, as described below, the system failed
in mounting long-lasting immune response against melanoma
when used under direct in vivo DC-targeting mode. We envis-
aged that the DC transfection efliciency of this new class of
mannose receptor selective lipids containing mannose-mim-
icking shikimoyl- and quinoyl- head-groups need to be fur-
ther enhanced for making their liposomes effective in targeting
DNA vaccines to DCs under in vivo settings. With such ratio-
nale in mind, in the present study, we chemically transformed
the lysine side chain amino group into the transfection enhanc-
ing guanidine group. Herein, we show that liposomes of the cat-
ionic amphiphile containing a mannose-mimicking shikimoyl
head-group and two n-hexadecyl hydrophobic tails can target
DNA vaccines to DCs under in vivo settings when the side
chain amino group of the lysine spacer is guanidinylated (lipid
1, Figure 1). We show that direct in vivo immunization (s.c.) of
mice with electrostatic complex of the liposome of lipid 1 and
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Figure 1 Structures of cationic amphiphiles with mannose-mimicking

shikimoyl- (lipid 1) and quinoyl- (lipid 2) head-groups and their
mannosyl analog (lipid 3) used in the present study.

melanoma antigen-encoded DNA vaccine (p-CMV-MART1)
induces long-lasting antimelanoma immune response (100
days post melanoma tumor challenge) with remarkable mem-
ory response (more than 6 months after the second tumor chal-
lenge). With the availability of the presently described cationic
lipid 1, overcoming the formidable challenge of inducing long-
lasting immune response through direct in vivo targeting of
tumor antigen-encoded DNA vaccines to DCs will now become
feasible. The presently described direct in vivo DC-targeting
liposomal DNA vaccine carriers are thus expected to find future
applications in effective vaccine developments for various infec-
tious diseases and cancers.

RESULTS

Chemistry

The cationic lipids 1 and 2 (Figure 1) containing a guanidi-
nylated lysine spacer between the hydrophobic tails and
mannose-mimicking shikimoyl- and quinoyl head-groups as well
as their mannosyl analog lipid 3 (Figure 1) were synthesized by
conventional peptide coupling of the acetyl protected shikimic,
quinic acids and mannose to appropriately derivatized lysinylated
amphiphiles followed by quaternization, deprotections, and chlo-
ride ion exchange (Supplementary Schemes S1-S3). The details
of synthetic schemes, procedures, nuclear magnetic resonance
(NMR), and mass spectral data for lipids 1-3 as well as the high-
performance liquid chromatography (HPLC) profiles of the puri-
fied lipids 1-3 in two different mobile phases are provided in the
Supplementary Information (Supplementary Figures S1-S9.

Sizes of the liposomes and lipoplexes

Hydrodynamic diameters (zeta sizes) of the liposomal formula-
tions were measured by dynamic light scattering technique. The
sizes of the liposomal formulations of lipids 1-3 were within the
range of 134-154nm (Supplementary Figure S10) and those
for the lipoplexes of lipids 1-3 and p-CMV-MART]1 (lipid:DNA
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charge ratios at 4:1) were found to be within the range of 278-
292 nm (Supplementary Figure S11).

In vitro DC transfection properties of lipids 1-3
Primary mbmDCs (mouse bone marrow-derived DCs) were
isolated from bone marrows in the tibias and fibulas of male
C57BL/6] mice as described previously."” Distinguishing DC sur-
face markers (including MHC II, total MHC II, mannose recep-
tors, CD11¢, CD86, H2Kb, and CD40) in the isolated mbmDCs
were confirmed by flow cytometry (Supplementary Figure S12).
First, we evaluated DC transfection properties of the liposomes
of lipids 1-3 by flow cytometry using a GFP plasmid (as a model
DNA vaccine). First we transfected mbmDCs with GFP plas-
mid complexed with liposomes of lipids 1-3 and equimolar
1,2-dioleyol-sn-glycero-3-phosphoethanolamine  (DOPE; as
co-lipid) at cationic lipid:DNA charge ratio of 4:1 (initial trans-
fection experiments across a range of lipid:DNA charge ratios
revealed 4:1 to be the most optimal lipid:DNA charge ratio, data
not shown). Transfected cells were visualized by fluorescence
microscopy (Figure 2a) and the relative transfection efficiencies
of lipids 1-3 were measured by flow cytometry (Figure 2c). In
such flow cytometric measurements of transfection efficiency,
the autofluorescence intensities of the untreated control cells are
subtracted from the fluorescence intensities of the treated cells.
The lipoplexes of lipid 1 with mannose-mimicking shikimoyl
head-group was found to be the most efficient with ~20% DC
transfection efficiency, followed by liposomes of lipids 2 and 3
with ~12% and ~5% DC transfection efficiencies, respectively
(Figure 2c). Commercially available LipofectAmine 2000 was
found to be very poor in transfecting mbmDCs (Figure 2a,c).
Mannose receptor selective DC transfection properties of lip-
ids 1-3 were significantly affected when mbmDCs were prein-
cubated with 1mg/ml mannan, a natural ligand for mannose
receptor (Figure 2b,d), which supports the notion that the DC
transfection by lipids 1-3 are mediated via mannose receptor.
Furthermore, toward addressing concentration-dependent inhi-
bition by mannan, we evaluated the DC transfection efficiencies
of lipids 1-3 using DCs preincubated with increasing mannan
concentrations across the 0.25-1.0 mg/ml. The DC transfection
efficiencies were adversely affected with increasing concentra-
tions of mannan (Supplementary Figure S13a). Importantly, the
DC transfection properties of lipids 1-3 were not significantly
affected when DCs were preincubated with laminarin, a com-
mercially available polysaccharide of glucose (Supplementary
Figure S13b). Thus, the findings summarized in Figure 2 and
the Supplementary Figure S13a,b convincingly demonstrated
mannose receptor-mediated DC transfection efficacies of cat-
ionic amphiphiles with mannose-mimicking shikimoyl and
quinoyl- head-groups.

In vivo DC transfection properties of lipids 1-3

After confirming the mannose receptor-specific in vitro DC
transfection efficiencies of lipids 1 and 2, we measured the effi-
ciencies of the liposomal formulations of lipids 1-3 (containing
equimolar DOPE) in targeting DNA vaccines to DCs under in
vivo conditions using p-CMV-GFP as a model for DNA vac-
cine. The lipoplexes (liposome:DNA complexes) of lipids 1-3
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Figure 2 Lipid 1 with the mannose-mimicking shikimoyl head-group is the most efficient among the lipids 1-3 in transfecting dendritic cells
(DCs) in vitro. (a) Fluorescence images of DCs transfected with the lipoplexes of lipids 1-3. (b) Flourescence images of DCs transfected with the
lipoplexes of lipids 1-3 in the presence of mannan (1 mg/ml). (c) Efficiencies of the lipoplexes of lipids 1-3 in transfecting mbmDCs measured by flow
cytometry. (d) Efficiencies of the lipoplexes of lipids 1-3 in transfecting mbmDCs presaturated with mannan (1 mg/ml) measured by flow cytometry.
In each of these transfection experiments, ~5x 10° cells were used and the cells were transfected with lipoplexes of lipids 1-3 and a.5-GFP plasmids
containing lipid:DNA charge ratios of 4:1. The degrees of GFP expression in transfected mbmDCs were visualized using epifluorescence microscope
and quantified by flow cytometry. Transfection efficiencies in each case were also measured using GFP lipoplexes of the commercially available liposo-
mal transfection kit, LipofectAmine 2000 (extreme right panels). Each experiment was repeated three times and the transfection profiles were found

to be similar in each time.

were injected s.c. into C57BL/6] mice. Twenty-four hours after
injection, the percentages of GFP-positive cells in the CD11c*
cells were isolated from the lymph nodes by using anti-CD11c
antibody-labeled magnetic beads as described previously.' Mice
injected with only vehicles (5% glucose solution) were used as
control. The findings in the flow cytometric study revealed a
significantly higher number of GFP-positive cells (~15%) in the
draining lymph nodes (CD11c* cells) of mice injected with lipo-
plexes of lipid 1 when compared to the corresponding numbers
observed in mice injected with lipoplexes of lipids 2 (~6%) and
3 (~3%) (Figure 3a,b). We also evaluated the MART1 expres-
sion level in transfected DCs under in vivo conditions using flow
cytometric method by injecting mice (n = 2) with lipoplexes of
lipids 1-3 and p-CMV-MART]1. The findings summarized in
Supplementary Figure S14 clearly showed liposomes of lipid 1
to be the most efficient among lipids 1-3 for targeting DNA vac-
cines to DCs under in vivo conditions.

Molecular Therapy vol. 24 no. 2 feb. 2016

Phenotypic profiling of DCs transfected with
lipoplexes of lipid 1 and p-CMV-g-gal

Using nontransfected DCs as control, next we assessed the relative
phenotypic changes of DCs transfected with: the most promising
lipoplex of lipid 1 and p-CMV-f-gal, only liposomes of lipid 1 and
only p-CMV-f-gal. Expression levels of the DC maturation mark-
ers CD83, CD40, CD80, and CD86 were most significant in DCs
transfected with the lipoplex of lipid 1 and p-CMV-[3-gal induced
(Figure 4a). Importantly, DCs treated with only liposomes of lipid
1 or with only p-CMV-f-gal plasmid failed to show any such sig-
nificant phenotypical maturation (Figure 4a).

Secreted cytokines from DCs transfected with
lipoplex of lipid 1 and p-CMV-B-gal

With a view to gain some insights into the nature of cytokines
secreted by transfected DCs, we used ELISA kits for measuring
TNF-a, IL-6, and IL-12p70 cytokine levels in the supernatants
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Figure 3 Lipid 1 is the most efficient among the lipids 1-3 in transfecting dendritic cells (DCs) in vivo. (a) In vivo DC transfection properties of
the lipoplexes of lipids 1-3. Lipoplexes of lipids 1-3 and a.5-GFP plasmids were injected (s.c.) into C57BL/6) mice and draining lymph nodes were har-
vested after 24 hours. Cells were labeled with anti-CD11c magnetic beads and enriched in an Midimax columns and the populations of GFP-positive
cells were analyzed by flow cytometry. Cells collected from lymph nodes of mice injected (s.c.) with only vehicle (5% aqueous glucose) were used
as negative control. Each experiment was repeated three times and similar FACS profiles were observed in each time. (b) Graphical representation of
GFP-positive CD11C* cells isolated from lymph nodes (*P < 0.05 versus lipoplex of lipid 3 and a5-GFP).

of DCs treated with: lipoplex of lipid 1 and p-CMV--gal plas-
mid, only liposomes of lipid 1 and only p-CMV-f-gal plasmid.
Enhanced secretions of all these three cytokines were observed
only in DCs transfected with lipoplexes of lipid 1 and p-CMV--gal
plasmid compared with lipid 1, p-CMV-3-gal, and untreated con-
trol (Figure 4b-d). Enhanced secretions of these immunostimu-
latory cytokines are consistent with functional maturations of DC
after being transfected with lipoplexes of lipid 1 and p-CMV-f3-gal.

In vivo immunization studies

Toward confirming that s.c. immunization with the lipoplexes
of lipids 1-3 in mice is capable of inducing immune responses
under in vivo settings, first we used p-CMV-f-gal plasmid as a
model DNA vaccine. C57BL/6] mice were s.c. immunized with
p-CMV-B-gal complexed with liposomes of lipid 1-3 and equi-
molar DOPE. Two weeks post third immunization, splenocytes
and sera were collected and IFN-y (signature cytokine for cel-
lular immune response) and anti-B-Gal antibodies (humoral
immune response) were measured by using anti-IFN-y-coated
and P-Galactosidase-coated ELISA plates, respectively. Mice
immunized with only vehicles (5% glucose) were used as control.
Importantly, the amount of IFN-y measured from splenocytes
and the amount of anti-B-Gal antibodies measured in sera for the
mice group immunized with lipoplexes of lipid 1 were found to
be significantly higher than those for the control mice group as
well as for the mice groups immunized with lipoplexes of lipids
2 and 3 (Supplementary Figure S15a,b). These initial findings
prompted us to conduct in vivo DC-targeted genetic immuniza-
tion experiment using lipoplexes of lipid 1 (containing shikimoyl-
head-group) and p-CMV-MART1 DNA vaccine encoding human
MelanA/MART1 which shares 68.6% amino acid sequence iden-
tity with its murine counterpart.® First mice (n = 5) were immu-
nized with the lipoplexes of lipid 1 and p-CMV-MART1 and were
subsequently challenged with lethal dose (~1 — 10° cells/mice) of
aggressive melanoma tumor. Since the tumor sizes for the control
mice group immunized with only vehicle (5% aqueous glucose)
became too large on day 30 post tumor challenge and had to be
sacrificed, tumor growth was monitored for 30 days. Importantly,
all the five mice s.c. immunized with lipoplexes of lipid 1 and
p-CMV-MART1 were completely tumor free while tumor sizes in
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all the five mice s.c. immunized with irrelevant control lipoplexes
of lipid 1 and p-CMV-B-gal kept on increasing with time and
died within 29 days post tumor challenge (Figure 5a). In sharp
contrast, long-lasting (100 days post tumor challenge) antimela-
noma protective immunity was observed in mice immunized with
lipoplexes of lipid 1 and p-CMV-MART]1. All the five immunized
mice lived completely tumor-free life for 100 days post tumor
challenge (Figure 5b). Collectively, the findings summarized in
Figure 5a,b demonstrate that the long-lasting antitumor immune
response inducing potential of the in vivo DC-targeting lipoplexes
oflipid 1 and p-CMV-MART 1. Furthermore, with a view to evalu-
ate memory response, all the five immunized mice which survived
100 days after the first BI6F10 challenge were challenged a sec-
ond time with ~1x 10° B16F10 cells. Four out of five mice (80%)
second time challenged with tumor lived once again completely
tumor-free lives for 6 months after the second tumor challenge
(Figure 5¢,d). We also evaluated the in vivo DC-targeted immu-
nization efficacy of lipoplexes of lipid 2 and p-CMV-MART1
and lipoplexes of lipid 3 and p-CMV-MART1. Importantly, 60%
of mice immunized with the lipoplexes of lipid 2 and p-CMV-
MARTT1 lived tumor-free life, whereas only 20% of mice immu-
nized with the lipoplexes of lipid 3 and p-CMV-MART1 lived
tumor-free life during the observed time period of 70 days post
tumor challenge (Supplementary Figure S16a,b). Stated dif-
ferently, the findings summarized in Figure 5¢,d convincingly
demonstrated the efficiency of the presently described in vivo
DC-targeting liposomal DNA vaccine carrier of lipid 1 in induc-
ing dramatic memory response in cancer immunotherapy.

Studies on the efficacies of the lipoplexes of lipids
1-3 and p-CMV-MART1 plasmid in regressing
established tumor

The experiments described above showed that immunization
with lipoplex of lipid 1 and p-CMV-MART]1 efficiently pro-
tected mice from a subsequent tumor challenge. With a view
to evaluate the efficacies of these lipoplexes under therapeutic
settings, lipoplexes of lipids 1-3 and p-CMV-MART1 were s.c.
administered in mice bearing established tumors. Six- to eight-
week-old female C57BL/6] mice (each weighing 20-22g, n = 5)
were s.c. injected with ~1.0x10° B16F10 cells in their right

www.moleculartherapy.org vol. 24 no. 2 feb. 2016
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flanks. On day 15 when tumor became palpable, mice were s.c.
immunized with lipoplexes of lipids 1-3 and p-CMV-MART1.
This treatment was repeated on days 18 and 21 post tumor inoc-
ulation. Findings summarized in Figure 6a,b showed that the
mice group immunized with lipoplex of lipid 1 and p-CMV-
MART1 were more efficient in inhibiting tumor growth com-
pared to mice groups treated with corresponding lipoplexes
of lipids 2 and 3. The overall survivability of tumor-bearing
mice group immunized with lipoplexes of lipid 1 and p-CMV-
MART]1 (45 days) was also higher than that for tumor-bearing
mice group immunized with corresponding lipoplexes of lipids
2 and 3 (Figure 6b).

Cytotoxic T lymphocyte cytokine assays

Next, toward probing the relative contributions of humoral and
cellular immune responses, we performed the conventional
cytotoxic T lymphocyte (CTL) assay and measured the amounts
of secreted IFN-y and IL-4 (signature cytokines for cellular and
humoral immune responses, respectively) in the supernatants
from the coculture of the effector cells (splenocytes isolated

In Vivo DC-targeted Genetic Immunization

from immunized mice) and the target B16F10 melanoma cells.
Lysis of the target melanoma cells by the primed splenocytes
was studied across the Effector:Target cell ratio of 10:1-100:1.
Importantly, while the effector splenocytes isolated from mice
immunized with lipoplexes of lipid 1 and p-CMV-MART1
lysed ~60% target melanoma cells, significantly reduced target
cell lysis (~20%) could be effected by splenocytes isolated from
mice immunized with lipoplexes of lipid 1 and a control irrel-
evant p-CMV-B-gal plasmid (Figure 7a). This showed that the
mice group immunized with in vivo DC-targeting lipoplexes
of lipid 1 and p-CMV-MART1 was more efficient in inducing
CTL response against target cell (B16F10). Consistent with such
target cell selective lytic activity of the effector splenocytes,
results in the cytokine secretion assays also revealed remark-
ably higher amounts of IFN-y (compared to secreted IL-4)
secreted by the activated T cells (Figure 7b,c). IFN-y being a
distinguishing marker of cellular immune response, the results
shown in Figure 7b,c are consistent with the supposition that
cell-mediated immunity plays a crucial role behind the pres-
ently observed remarkable antitumor immune response.
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Figure 4 Transfection of dendritic cells (DCs) with lipoplex of lipid 1 and p-CMV-B-gal induces phenotypic maturation and enhanced
IL-12p70, I1L-12, and TNF-a cytokines. (a) Phenotype analysis. DCs treated with only liposomes of lipid 1, only p-CMV-B-gal, and lipoplexes of lipid
1 and p-CMV-B-gal were stained after 24 hours with FITC-labeled antibodies against costimulatory molecules CD40, CD80, CD83, and CD86 and
analyzed by flow cytometry. The results are representative of data from three independent experiments. Secretion of (b) IL-12p70 (*P < 0.05 versus
untransfected DCs), (c) IL-6 (*P < 0.005 versus untransfected DCs), and (d) TNF-o. (*P < 0.05 versus untransfected DCs) from DCs treated with the

lipoplexes of lipid 1 and p-CMV-B-gal.

CD8* T-cell depletion studies

Two groups of C57BL/6] mice (n = 5 for each group) were immu-
nized thrice with the lipoplex of lipid 1 and p-CMV-MART1
on day 0, 7, and 14. The first group received i.p. injections of
anti-CD8 mAbs (2.43) on days —4, -1, 2, 6, 13, 17, 21, 25, 29,
and the second immunized group did not receive any anti-CD8
mAbs. A third unimmunized group was injected with 5% aqueous
glucose (vehicle control group). All the three groups were chal-
lenged with B16F10 cells (on day 28 for the first two groups) and
tumor growths were measured by slide caliper. The mice group
that did not receive anti-CD8 mAbs lived tumor-free lives after
being immunized with the lipoplex of lipid 1 and p-CMV-MART1
while all five members of the unimmunized control mice group
developed tumors within 15 days (Figure 8a). Importantly, four
out of five mice which were immunized and depleted of CD8" cells
developed tumors upon challenge with tumor cells (Figure 8b).
These findings convincingly demonstrated that cell-mediated
(CD8*" T cells) immunity is playing a critical role in inducing
antitumor immune response for the presently described in vivo
DC-targeting liposomal DNA vaccine carrier.

DISCUSSION

DNA vaccination, i.e., use of naked plasmid DNA as a vaccine
to prime the immune system, offers a number of practical ben-
efits which are not easily achievable with other existing forms
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of vaccines such as attenuated viruses, subunit or recombinant
protein vaccines, whole tumor cells, etc.** There are a number
of distinct advantages in using pDNAs in genetic immuniza-
tion. They are easy to design and construct and their large-
scale production is cost-effective. In contrast to attenuated viral
vaccines whose storage and global delivery are complicated
by the need of keeping the vaccines cold, plasmid DNAs are
fairly stable at room temperature.? Since the antigens encoded
in the DNA vaccines are expressed in situ, their posttransla-
tional modifications happen in similar way as in the case of
infection with cognate pathogens. Another distinguishing fea-
ture of DNA vaccines is that the immune response induced
by such genetic immunization are often primarily cellular
in nature which is believed to play crucial roles for effective
vaccination against pathogens (e.g., viruses) and cancers.”®”
Despite all these distinguishing advantages, the low in vivo
cell transfection efficiencies of naked plasmid DNA, difficulty
in preferentially targeting of DNA vaccines to professional
antigen-presenting cells (DCs), and the modest intrinsic adju-
vant activity of DNA vaccines are impeding their clinical suc-
cess. To this end, immunization with autologous DCs ex vivo
transfected with antigen-encoded DNA vaccines have shown
promise in the past."**2%2 Such ex vivo DC transfection-based
immunization protocols are labor-intensive, time-consuming,
expensive, and not patient-friendly.
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Figure 5 Direct in vivo immunization with lipoplexes of lipid 1 and MART1 (melanoma antigen)-encoded DNA vaccine (p-CMV-MARTT)
protects syngeneic C57BL/6) mice from lethal melanoma challenge with remarkable memory response. (a) Six- to eight-week-old female
syngeneic C57BL/6] mice (each weighing 20-22g, n = 5) were immunized (s.c) with lipoplexes of lipid 1 and p-CMV-MART1 and lipoplexes of
lipid 1 and p-CMV-B-gal (as negative control) using 150 pl 5% glucose solution containing 15 ug DNA, 4:1 lipid:DNA ratio, three times with 7-day
intervals. Two weeks post third immunization, mice were challenged with melanoma tumor by s.c. injection of ~1 x10° B16F10 cells. Tumor volumes
(V=2 ab’ where, a = maximum length of the tumor and b = minimum length of the tumor measured perpendicular to each other) were measured
with a slide calipers for up to 30 days. Results represent the means + SD for n =5 tumors (*P < 0.005 versus tumor sizes for lipoplexes of lipid 1 and
p-CMV- MART1; statistical analysis was performed using students unpaired t-test). (b) Percentage of tumor-free mice immunized (s.c.) with lipoplexes
of lipid 1T and p-CMV-MART1 and lipoplexes of lipid 1T and p-CMV-B-gal. (c) All the C57BL/6] mice (n = 5) immunized with lipoplexes of lipid 1 and
p-CMV-MART1 which lived a tumor-free life for 100 days post first tumor challenge were challenged a second time with ~1x10° B16F10 cells. The
short-term antitumor memory responses after this second tumor challenge are shown for 30 days (*P < 0.005 versus tumor sizes for lipoplex of lipid
1 and p-CMV- MART1; statistical analysis was performed using students unpaired t-test). (d) The percentages of tumor-free mice remaining alive up

to 180 days after the second melanoma challenge (80%).

Aimed at resolving the above-mentioned problems associ-
ated with ex vivo DC transfection-based protocols for genetic
immunization, global efforts have begun toward developing pro-
tocols for direct in vivo targeting of antigen-encoded DNA vac-
cines to DCs. Promising recently developed strategies for direct
in vivo targeting of DNA vaccines to DCs include use of antibody
to target DC-specific receptors including DEC-205, DNGR-1,
CDl1g, etc. for delivering encoded antigens or use of DC-specific
promoter (e.g., CD11c) for expressing cytokines required for
enhancing vaccine efficacies.”** Daftarian et al. showed the use
of fifth-generation polyamidoamine (G5-PAMAM) dendrimers
possessing a DNA-loading surface and covalently grafted MHC
class II-targeting peptides as a Universal DNA platform.”? In
vivo DC-targeting of a genetic vaccine encoding both cyto-
megalovirus (CMV)-driven vaccine Aghsp70 and DC-specific
CDll1c-driven active transcription factor XBP1 has been shown
to induce both prophylactive and therapeutic antitumor immu-
nity.” Raghuwanshi et al. recently succeeded in developing
an in vivo DC-targeted chitosan nanoparticles for nasal DNA
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immunization against nucleocapsid (N) protein of severe acute
respiratory syndrome coronavirus (SARS-CoV) as antigen."* Cao
et al. constructed in vivo DC-targeting DNA vaccine by fusing
tumor-associated antigen HER2/neu ectodomain to single chain
antibody fragment (scFv) from NLDC-145 antibody specific for
DC-restricted surface molecule DEC-205 and demonstrated its
potent antitumor cellular and humoral immune response induc-
ing efficacies.'” Raviv et al. demonstrated that mannosylated poly-
ion complexes are safe and effective systems for in vivo targeting
of genes to CD11c* DCs.'®

It is important to emphasize that our previously reported
liposomes of cationic lipids containing the mannose-mimicking
shikimoyl- and quinoyl- head-groups with pure lysine spacer (i.e.,
without the lysine side chain amine group being guanidinylated as
is the case for the presently described lipids 1-3, Figure 1) were
capable of mounting long-lasting immune response only under ex
vivo DC transfection-based DNA vaccination.” DCs are hard-to-
transfect. Although the DC transfection efficacies of these previ-
ously reported lipids containing pure lysine spacer between the
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Figure 6 Antitumor efficacies of the lipoplex of lipid 1 and
p-CMV-MART1 under therapeutic settings. (a) Six- to eight-week-old
female C57BL/6) mice (each weighing 20-22g) were injected with
~1x10° B16F10 cells s.c. in the right flank. On day 15, mice were ran-
domly sorted into four groups (n = 5) and each group was immunized
s.c. with one of the following: lipoplexes of lipid 1 and p-CMV-MART1
(square); lipid 2 and p-CMV-MART1 (triangle); lipid 3 and p-CMV-
MARTT1 (circle). One group was injected with 5% glucose (vehicle con-
trol, diamond). This treatment was repeated on days 18 and 21 after
tumor cell implantation. Tumor volumes (V = Y2 ab? where, a = maxi-
mum length of the tumor and b = minimum length of the tumor mea-
sured perpendicular to each other) were measured with a slide caliper
for up to 25 days (*P < 0.05 versus lipid 1/p-CMV-MARTT1). (b) Survival
study.

mannose-mimicking head-group and hydrophobic tails’ were
~12%, the lipids failed in mounting long-lasting immune response
against melanoma challenge when used on the direct in vivo
immunization mode (Supplementary Figure S17). Since prior
studies demonstrated efficient gene transfer properties of gua-
nidinylated cationic amphiphiles,”*”” we decided to convert the
amine group in the lysine side chain of our previously reported
lipids® with guanidine group using conventional guanidinylation
reagent HgCl/N,N-di-Boc-thiourea. A number of distinguish-
ing chemical characteristics contribute to the enhanced gene
transfer efficiencies of guanidinylated cationic amphiphiles. The
guanidinium groups, because of their high pKa values (~12-13),
remain protonated across a much wider range of pH compared
to other basic groups and thereby exhibit strong electrostatic
binding properties with the phosphates group of the macromo-
lecular DNA molecules under the physiological pH. In addition,
they form characteristic parallel zwitterionic N-H*...O~ hydrogen
bonds with the phosphate ions of the DNA molecules and form
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hydrogen bonds with nucleic acid bases.”” In vitro and in vivo DC
transfection studies clearly demonstrated that lipid 1 was most
efficient compared to lipids 2 and 3. Hydrodynamic diameters
of the liposomes of lipids 1-3 were found to be within the range
134-154nm (Supplementary Figure S10) and the corresponding
ranges for the lipoplexes of lipids 1-3 were within 278-292nm
(Supplementary Figure S11). Such similar hydrodynamic diam-
eters of the lipoplexes of lipids 1-3 are consistent with the suppo-
sition that the sizes of lipoplexes are unlikely to play major role in
modulating the DC transfection efficiencies of lipids 1-3. We do
not understand why increase in ex vivo DC transfection efficiency
from ~12% (as was the case for our previous reported lipid?) to
just ~20% (through conversion of the lysine amino side chain
to guanidine in the present study) imparts in vivo DC-targeting
ability to the lipid. Perhaps the minimum (threshold) ex vivo DC
transfection efficiency for imparting in vivo DC-targeting ability
to cationic lipid lies near 20%. However, deciphering such thresh-
old ex vivo DC transfection of cationic lipids, if any, would be
impossible to find out without in-depth future structure-activity
studies using more number of structural analogs such as use of
multiple shikimoyl- and quinoyl- head-groups, use of multiple
guanidine groups in the head-group regions, etc.

An important issue is worth mentioning at this point of dis-
cussion. Although in the present study we have demonstrated the
in vivo DC-targeting ability of the mannose receptor-specific lipo-
plex of lipid 1, the present findings do not preclude the possibility
of macrophage and possibly other myeloid cells (many of which
express mannose receptors on their cell surface) being trans-
fected by the lipoplexes of lipid 1. Since DCs are the most potent
antigen-presenting cells in mounting adaptive immune response,
herein our primary focus is on the in vivo DC-transfecting abil-
ity of the presently described lipids. We have no clue yet as to the
origin of more DC-targeting efficacy of lipoplex of lipid 1 com-
pared to the lipoplexes of lipids 2 and 3. The issue remains elusive
at this stage of investigation. Clearly further mechanistic studies
such as binding studies using purified mannose receptor need to
be undertaken in future toward gaining insights into the relative
in vivo DC-targeting efficacies of the lipoplexes of lipids 1-3.

Despite significant recent progresses in the emerging field
of in vivo DC-targeted genetic immunization, the challenge of
designing a simple, safe, and effective system for in vivo target-
ing of DNA vaccines to DCs remains formidable. To this end,
using a syngeneic mouse melanoma model, we have shown that
immunization with tumor antigen (MART1)-encoded DNA
vaccines in complexation with the presently described next-gen-
eration liposomal DNA vaccine carrier is capable of mounting
long-lasting immune response against lethal dose of melanoma
tumor challenge (all five immunized mice lived completely
tumor-free lives during 100 days post first tumor challenge).
p-CMV-MART1 DNA vaccine encodes 18 kDa Human MelanA/
MART1 antigen which shares 68.6% amino acid sequence iden-
tity with its murine counterpart.'” MelanA/MART]1 is a human
melanocyte lineage-specific antigen expressed by majority of
human malignant melanoma. Effective antigen-specific immu-
nity ensues when DCs present the processed antigen fragments
of the MART1 to both CD4* and CD8"* T cells. DCs present pro-
cessed antigen fragments to CD4" cells in complexation with
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Figure 7 Coculture of splenocytes isolated from mice immunized with lipoplexes of lipid 1 and p-CMV-MART1 leads to effective lysis of tar-
get B10F10 cells via melanoma specific cytotoxic T lymphocyte (CTL) response, secretion of IFN-y and IL-4. (a) Six- to eight-week-old female
C57BL/6) mice (each weighing 20-22g, n = 4) were immunized (s.c., three times with 7-day intervals) with lipoplexes of lipid 1T and p-CMV-MART1
and lipoplexes of lipid 1 and p-CMV- -gal (as negative control). Splenocytes were collected 28 days after the third immunization and the percent-
ages of target melanoma cell lysis (CTL responses) were measured as described under Materials and Methods (*P < 0.005 versus control). (b,c) Two
weeks post third immunization, splenocytes were collected, stimulated for 3 days by coculturing with target B16F10 cells. Amounts of IFN-y (signa-
ture cytokine for cellular immune response) and IL-4 (signature cytokine for humoral immune response) released in the coculture supernatants were

determined by ELISA (*P < 0.05 versus control).

MHC II molecules which causes differentiation of CD4* T cells
into T-helper 1 (Th1) and T-helper 2 (Th2) cells (inducers of cel-
lular and humoral immune responses, respectively). When DCs
present the processed MART1 protein fragments to CD8* T cells
in complexation with MHC I molecules, the activated CD8" T
cells differentiate into CTLs (the effector T cells) which kill the
affected cells with help from CD4" T cells.’® Importantly, in the
present study, 80% of mice (which lived completely tumor-free
lives for 100 days after the first tumor challenge) lived again
completely tumor-free lives for 200 days post second tumor chal-
lenge. Precise mechanism as to how such long-lasting immune
responses against melanoma antigen is induced by the presently
described in vivo DC-targeting lipoplex of lipid 1 remains an
open question at this stage of investigation. CD4 Th1 cells secret
IFN-y which induces further proliferation of CTLs. Presumably,
effective in vivo DC-targeting of the p-CMV-MART1 DNA
vaccine in complexation with the liposomes of lipid 1 ensures
secretion of large quantity of IFN-y (as was observed in the
present case) by CD4 Thl cells which in turn leads to prolif-
eration of CTLs including strong induction of memory T cells
(Supplementary Figure S18a,b). Another important issue
deserves mention at this point. Prior studies showed that lipo-
plexes, in general, are effective in blocking tumor growth in mice
due to their capabilities in inducing acute immune responses.*
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Findings in the CTL assay summarized in Figure 7a clearly show
that target cell (B16F10) lysis happens only to the extent of ~20%
by splenocytes (at E:T ratio of 100:1) of mice immunized with
control lipoplex of lipid 1 and p-CMV-B-Gal plasmid (control
DNA vaccine with no encoded tumor antigen). Contrastingly,
the degree of target cell lysis by splenocytes of mice immunized
with lipoplexes of lipid 1 and p-CMV-MART1 DNA vaccine
was found to be ~60% as shown in Figure 7a. Consistent with
these findings in the CTL assay, both the amounts of secreted
IFN-y (markers of cellular immune response) and IL-4 (mark-
ers of humoral immune response) for mice immunized with
lipid 1:p-CMV MART1 lipoplexes were found to be about seven
times higher than the amounts of secreted IFN-y and IL-4 for
mice immunized with control lipoplex of lipid 1 and p-CMV-
B-Gal plasmid (Figure 7b,c based on assay performed 4 weeks
after immunization). Thus, nonspecific immune response
inducing properties of lipoplexes are unlikely to play major
role in the presently described long-lasting immune response.
Furthermore, the findings in the newly conducted experiments
using CD8* depleted mice (Figure 8) clearly support the notion
that CD8" T cells play an important in mounting long-lasting
immune response described herein. Stated differently, the results
summarized in Supplementary Figure S13a,b and Figure 7a-c
convincingly demonstrated that heightened cellular immune
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responses play crucial roles behind the remarkably sustained
protective immunity against melanoma tumor described herein.

We have shown that liposomes of cationic amphiphiles con-
taining a mannose-mimicking shikimoyl- head-group, two
n-hexadecyl hydrophobic tails, and a guanidinylated lysine spacer
in between the mannose-mimicking head-groups and nonpo-
lar tails hold great promise for direct in vivo targeting of tumor
antigen-encoded DNA vaccines to DCs in designing DC-based
cancer vaccines. With the availability of the presently described
simple liposomal in vivo DC-targeting system, avoiding poten-
tially unsafe viral vectors for targeting DCs under in vivo settings
in genetic immunization will now be feasible. The dramatically
long-lasting primary immune responses against melanoma in all
immunized mice and the remarkable memory responses delin-
eated herein support the future systemic promises of the presently
described direct in vivo DC-targeting liposomal DNA vaccine
carrier in combating cancer and potentially many other challeng-
ing infectious diseases with known pathogenic antigens through
direct DNA vaccination in animal and human body.

MATERIALS AND METHODS

General procedures, materials, and reagents. LCQ ion trap mass
spectrometer (ThermoFinnigan, San Jose, CA) equipped with an ESI
source or Micromass Quattro LC triple quadrapole mass spectrometer
was used for ESI mass spectral analysis of the target lipids 1-3. Varian
FT 300, 400 MHz, and 600 MHz NMR Spectrometers were used in
running 1H NMR spectra of target lipids 1-3 and their synthetic inter-
mediates. The quinic and shikimic acids used for synthesis of lipids
1 and 2 were from Fluka (Switzerland) and the p-Mannose used for
synthesis of lipid 3 was from SD Fine Chemicals, Hyderabad, India.
The EDCI and HOBT used for coupling qunic and shikimic acids
to tertiary amine intermediate were procured from Sigma-Aldrich
(St. Louis, MO), and the silica gel (60-120 mesh) used for perform-
ing column chromatography was purchased from Acme Synthetic
Chemicals (Mumbai, India). Reversed phase analytical HPLC analysis
using two different mobile phases (A: pure methanol and B: 95:5, v/v,
methanol/water) were used in conforming more than 95% purities of
the target lipids 1-3. p-CMV-MART1 plasmid DNA used in the pres-
ent study was a kind gift from Dr. Van den Eynde, Ludwig Institute
for Cancer Research, Brussels, Belgium. Dr. Nalam Madhusudhana
Rao kindly provided us with sample of p-CMV-SPORT-B-gal plas-
mid. The CTL assay kit and the ELISA kits for cytokine assays were
procured from Thermo Scientific (Waltham, MA), and Promega
(Madison, CA). Mouse FITC-conjugated CD11¢, H2Kb, CD40, CD86,
CD83, CD80, and mannose receptor antibodies were purchased from
Bio-Legend (San Diego, CA). Mouse phycoerythrin-conjugated CD4*
and CD1l1c and FITC-conjugated CD8* antibodies were purchased
from Cell Signaling (Danvers, MA). Mouse anti-MHC II monoclo-
nal antibody used was from Chemicon (Billerica, MA). Anti-MART1
mAb was purchased from Pierce Biotechnology (Rockford, MA).
IL-12p70, IL-6, and TNF-o. ELISA kits were procured from R&D
Systems (Minneapolis, MN). Anti-CD11c antibody-labeled magnetic
beads and Midimax columns were purchased from Miltenyi Biotec
(Bergisch Gladbach, Germany). Cholesterol, cell culture media, fetal
bovine serum, and the FITC-conjugated rat anti-mouse secondary
antibody were purchased from Sigma-Aldrich. NP-40, antibiotics,
and agarose were obtained from Hi-media, India. B16F10 (murine
melanoma cells) was procured from the National Centre for Cell
Sciences (NCCS), Pune, India. Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum was used in culturing B16F10 cells at 37
°C in a humidified atmosphere containing 5% CO,/95% air. C57BL/6
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Figure 8 CD8* T-cell depletion results into significantly compromised
antitumor immune response. (a) Two groups of C57BL/6] mice (n =5
for each group) were immunized thrice with the lipoplex of lipid 1 and
p-CMV-MART1 on day 0, 7, and 14. The first group received i.p. injec-
tions of anti-CD8 mAbs (2.43) on days -4, -1, 2, 6, 13, 17, 21, 25,
and 29 and the second immunized group did not receive any anti-CD8
mAbs. A third unimmunized group was injected with 5% aqueous glu-
cose (vehicle control group). All the three groups were challenged with
B16F10 cells (on day 28) and tumor growths were measured by slide cal-
iper. (*P < 0.05 versus treated mice). (b) Percentages of tumor-free mice.

mice (each weighing 20-22 g and 6-8 weeks old) were obtained from
National Institute of Nutrition, Hyderabad, India and all the in vivo
experiments were done following Institutional Bio-Safety and Ethical
Committee Guidelines using approved animal protocols.

Preparation of liposomes. The co-lipid DOPE and lipids 1-3 (at a mole
ratio 1:1) were dissolved in chloroform and the solvent from the resulting
homogeneous solution was removed with a thin stream of nitrogen gas.
The residue was dried under high vacuum for 8 hours and the vacuum
dried residue upon hydration in deionized water for overnight afforded
the in vivo DC-targeting liposomes. The appropriate weights of lipids 1-3
and DOPE was used such that the resulting liposomes contained 1 mmol/l
lipids 1-3 and 1 mmol/l DOPE for all in vitro experiments and the cor-
responding concentrations were 5 mmol/l for all in vivo experiments. The
hydrated lipid film was then briefly vortexed (30 seconds) and thereafter
sonicated to clarity using a Branson 450 sonifier at 100% duty cycle and
25W output power. The resulting clear aqueous liposomes were then com-
plexed with plasmid DNAs for preparing lipoplexes.

Hydrodynamic size measurements by dynamic light scattering. The
hydrodynamic diameters of the liposomes and the lipoplexes of lipids 1-3
(using p-CMV-MART1 as DNA) were analyzed by dynamic light scatter-
ing performed on a DynaPro Nano dynamic light scattering system (Wyatt
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Technologies, Santa Barbara, CA). All measurements were performed at a
fixed angle of 90° at room temperature (25 °C).

Isolation of primary mbmDCs. mbmDCs were isolated from the tibias
and fibulas of C57/BL6] mice as described previously.” Briefly, bone mar-
row was collected from tibias and fibulas of male C57BL/6] mice. Bone and
debris from the collected bone marrow was removed by passing through
a nylon mesh and the pass through cells were resuspended in complete
DC medium (RPMI-1640) containing 10% fetal bovine serum, 50 umol/l
f-mercaptoethanol, 2 mmol/l glutamine, 1% nonessential amino acids,
20ng/ml granulocyte-macrophage colony-stimulating factor, 10ng/ml IL-4,
and 1% antibiotic solution. Cell media were changed every 2 days with fresh
DC medium. The aggregated cells were dislodged by gently pipetting with
RPMI after 6 days, the dislodged cells pulled together, and centrifuged at
280g for 10 minutes at room temperature. The supernatant was discarded
and the pellets resuspended in complete DC medium at 1x 10° cells/ml. The
resuspended cells were then placed in 100-mm cell culture Petri dishes (at
~1x107 cells/dish) using 10ml medium per dish. The nonadherent cells
were collected after 24 hours through gently swirling the dish and were used
for both transfection and flow cytometry experiments. Cultures of the col-
lected nonadherent DCs were maintained in a humidified atmosphere with
5% CO, at 37 °C.

FACS protocol. Cells (~4x10°) were fixed in 2% formaldehyde solution
for 2 hours, centrifuged, and the supernatant was discarded. The pelleted
cells were then suspended in 3 ml wash buffer (phosphate-buffered saline
(PBS) containing 2% fetal bovine serum and 0.1% sodium azide) and
incubated for 30 min at 37 °C. The cell suspension was divided equally
into Eppendorf tubes containing ~5 x 10° cells in each tube, centrifuged,
the supernatants discarded, and finally, to the cell pellets in each tube
100 pl commercially available phycoerythrin-labeled mouse monoclo-
nal antibodies at a dilution of 1:100 (in wash buffer) was added. About
100 pl wash buffer was added to one tube as a control. The cell suspen-
sions were then cultured at room temperature for 2.5 hours, centrifuged,
and the supernatants were discarded. The cell pellets were washed with
wash buffer (2 x 1 ml). The washed cells were then incubated for 1 hour
after sequential additions of commercially available unlabeled anti-
MHC II monoclonal antibody at a dilution of 1:100 and 100 pl of FITC-
conjugated secondary antibody at 1:200 dilution (for measuring MHC
IT marker profiles). The sequence of such centrifugation and washing
were repeated for three times and the final cell pellets were suspended in
1 ml wash buffer. The flow cytometry histograms were then recorded in a
FACS-caliber instrument (Becton Dickinson, Franklin Lakes, NJ). Cells
were permeabilized with 90% methanol for 30 minutes before incubat-
ing with antibodies for measuring total MHC II expression in DCs. The
GFP expression in transfected mbmDCs were measured by flow cytom-
etry after harvesting and washing the transfected cells with wash buffer
(2x500 pl) and the washed pellets were suspended in 1 ml wash buf-
fer. The flow cytometry histograms were then recorded using untreated
mbmDCs as controls. Phenotype analysis of transfected DCs were per-
formed using FITC-labeled monoclonal antibodies as described above.

Flow cytometric method for studying in vivo DC-targeting. Liposomes
of lipids 1-3 were complexed with a5-GFP plasmid and the resulting lipo-
plexes were injected (s.c.) into C57BL/6] mice. Two draining lymph nodes
were harvested after 24 hours and digested in complete RPMI medium
containing 400 U/ml of collagenase at 37 °C for 30 minutes. The resulting
single-cell suspension was washed with PBS containing 1% bovine serum
albumin. Cells were labeled with anti-CD11c magnetic beads (Miltenyi
Biotec), incubated at 4 °C for 15 minutes and enriched in Midimax col-
umns (Miltenyi Biotec) following the manufacturer’s instructions. The
purity of isolated enriched DCs after affinity purification over the anti-
CD11c magnetic beads was measured by flow cytometry using FITC-
labeled CD11c antibody. The enriched CD11c* cells DCs were found to
be ~98% pure by flow cytometry. Finally the percentage of GFP* DCs in
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this enriched DCs were measured by flow cytometry. DCs collected from
lymph nodes of mice immunized with only vehicle were used as control.

Cytokine secretion. DC culture supernatants were harvested 24 hours after
transfection and stored at —20 °C until use. Levels of IL-12 p70, IL-6, and
TNEF-a concentrations were assessed using commercially available ELISA
kits (R&D Systems) by following Manufacturer’s instructions.

ELISA for anti-3-gal antibody. Anti-[3-gal antibodies were measured using
ELISA as described previously.*’ Briefly, 96-well ELISA plates were coated
with B-gal protein (0.3 pg/well). After overnight incubation at 4 °C, the
plates were washed with PBS (3x200 pl) and blocked with 1% bovine
serum albumin in PBS for 2 hours at room temperature. The plates were
then washed with PBS containing 0.05% Tween-20 (3x200 pl), incu-
bated with serially diluted mouse sera (100 pl) at room temperature for
2 hours, and washed again with PBS containing 0.05% Tween-20 (3 x 200
ul). About 100 pl of prediluted (1:1,000) horse radish peroxidase-conju-
gated anti-mouse secondary antibody was added to each well of the plate,
incubated at room temperature for 2 hours, and the unbound secondary
antibody was removed by washing with PBS containing 0.05% Tween-20
(3%200 pl). About 100 pl of ABTS (Calbiochem, St. Louis, MO) was added
to each well and the mixture incubated in dark at room temperature for 10
minutes. The absorbance was finally measured at 405nm by ELISA reader
(Bio-Tek instruments, UK).

In vivo immunization. Six- to eight-week-old female syngeneic C57BL/6]
mice (each weighing 20-22g, n = 5) were immunized (s.c.) thrice (with
7-day intervals) separately with lipoplexes (lipoplexes of lipid 1 and
p-CMV-MART1 in one group and the lipoplexes of lipids 1-3 and
p-CMV-B-gal in other groups) in 150 ul 5% glucose solution containing
15 pg plasmid DNA with lipid:DNA charge ratio of 4:1. The group immu-
nized with lipoplexes of lipids 1-3 and p-CMV-3-gal were used to measure
humoral (B-gal antibody) and cellular (IFN-gamma) immune responses.
The group immunized with lipoplexes of lipid 1 and p-CMV-MART1 as
well as lipoplexes of lipid 1 and p-CMV-f-gal (as control) were used in
CTL as well as cytokine (IL-4 and IFN-gamma) assays.

Tumor challenge experiment. About 1ml cell dissociation solution
(Sigma-Aldrich) was used to harvest BI6F10 melanoma cells from T25
culture flasks and the harvested cells were washed with PBS (2x500 pl)
and suspended in Hanks' balanced salt solution (5x10° cells/ml). Two
weeks after the third immunization, each of the 6-8-week-old female
C57BL/6] mice (n = 5) were challenged (s.c.) with 1x10° B16F10 mela-
noma cells in 100 ul Hanks balanced salt solution. Palpable tumors were
detected 2 weeks post tumor inoculation. Thereafter, daily measurements
of perpendicular tumor diameters were taken and whenever any measure-
ments exceeded 14 mm, mice were euthanized. The second s.c. tumor chal-
lenge (with ~1x10° B16F10 cells in 100 pl Hanks’ balanced salt solution)
were performed in all the five mice which lived a tumor-free live 100 days
after the first tumor challenge.

Survivability studies under therapeutic settings. Six- to eight-week-old
female C57BL/6] mice (each weighing 20-22g) were s.c. injected in the
right flanks with ~1x10° B16F10 cells. On day 15, mice were randomly
sorted into four groups (n = 5 in each group). On day 15, 18, and 21 post
tumor inoculation, mice were s.c. immunized with lipoplex of lipid 1
and p-CMV-MART1 (Group 1); lipoplex of lipid 2 and p-CMV-MART1
(Group 2); lipoplex of lipid 3 and p-CMV-MART1 (Group 3); and 5%
aqueous glucose alone (Group 4, the vehicle control group). Tumor vol-
umes (V = Y% ab? where a = maximum length of the tumor and b = mini-
mum length of the tumor measured perpendicular to each other) were
measured with a slide caliper for up to 25 days.

ELISA for in situ IFN-y and IL-4. The assays for measuring these cyto-
kines were performed as described previously.*! Two weeks after the third
immunization, mice were sacrificed and their spleens were isolated by
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mincing the spleens with a syringe plunger. The erythrocytes were lysed
with 1 ml of lysis buffer (0.14 mol/l ammonium chloride in 0.02 mol/l Tris-
HCI, pH 7.2). The viable cells were counted by hemocytometer and used
for IFN-v and IL-4 assay by ELISA after 3 days stimulation with the target
B16F10 cells following manufacturer’s protocol (Endogen Mouse IFN-y
Elisa kit, and mouse IL-4 Elisa kit, Pierce Biotechnology). Briefly, spleno-
cytes in 50 pl complete medium were added to 96-well plates precoated
with anti-mouse IFN-y or anti-mouse IL-4 antibodies (at 1 x 10° cells/well),
incubated for 12 hours at 37 °C in presence of 5% CO,. The incubated cells
were then washed with wash buffer (3 x200 pl) and 50 pl biotinylated sec-
ondary antibody was added to each well. The mixtures were incubated for
1 hour at room temperature and washed with wash buffer (3200 ul). The
washed cells were next incubated with 100 pl of streptavidin-horse rad-
ish peroxidase solution for 30 minutes, washed with wash buffer (3 x200
ul), and treated with 100 pl 3,3’,5,5"-tetramethylbenzidine substrate solu-
tion and the mixture incubated for 30 minutes in dark. The reaction was
stopped by adding 100 pl of stop solution to each well and the absorbance
read on a microplate reader at 450 nm.

Phenotype analysis of T cells. For phenotype analysis of CD4* and CD8* T
cells in splenocytes and lymph nodes of immunized mice, single-cell sus-
pensions of spleen cells and lymph nodes were prepared from mice 14 days
after the third immunization. Cells were stained with FITC-conjugated
monoclonal anti-CD8 antibody and phycoerythrin-conjugated mono-
clonal anti-CD4 antibody and analyzed by flow cytometry. Cells collected
from spleen and lymph nodes of mice immunized with only vehicle were
used as control.

CTL assays. CTL assays were performed as described previously.*? Briefly,
single-cell suspensions of splenocytes were prepared from mice 28 days
after the third immunization. Cells were seeded onto 6-well plates (~1x 107
cells/well) and cocultured with BI6F10 cells (~1x 10° cells/well) in RPMI
complete medium containing 100U/ml antibiotic solution (Sigma-
Aldrich) and 50 U/ml IL-2 (Thermo Scientific) for 72 hours. The appropri-
ate numbers of resulting effector (E) cells were incubated with 10,000 fresh
target (T) B16F10 cells such that the E:T ratios varied within 10:1 to 100:1
in each well of U-bottomed 96-well plates. The mixtures were then incu-
bated for 6 hours at 37 °C in 5% CO, and finally the lactate dehydrogenase
levels in cell culture supernatants were measured by CTL assay kit follow-
ing the manufacturer’s (Promega) instructions.

In vivo T-cell depletion studies. Two groups of C57BL/6] mice (n = 5
for each group) were immunized thrice with the lipoplex of lipid 1 and
p-CMV-MART1 on day 0, 7, and 14. The first group received i.p. injections
of 100 pg anti-CD8 mAbs (2.43) on days -4, -1, 2, 6, 13, 17, 21, 25, and 29
and the second immunized group did not receive any anti-CD8 mAbs. A
third unimmunized group was injected with 5% aqueous glucose (vehicle
control group) on days —4, -1, 2, 6, 13, 17, 21, 25, and 29. All the three
groups were challenged with B16F10 cells (on day 28) and tumor growths
were measured by slide caliper.

Statistical analysis. Data are represented as mean + SD. Each individual
treatment group was compared with the control untreated group using the
Student’s t-test. P <0.05 was considered as significant.

SUPPLEMENTARY MATERIAL

Scheme $1. Synthesis of lipid 1.

Scheme $2. Synthesis of lipid 2.

Scheme $3. Synthesis of control mannosylated lipid 3.

Figure $1. 'HNMR (400 MHz, CDCI, + CD,0D) Spectrum for lipid 1.
Figure $2. ESI Mass Spectrum for lipid 1.

Figure $3. 'HNMR (400 MHz, CDCI, + CD,0D) Spectrum for lipid 2.
Figure S4. ESI Mass Spectrum for lipid 2.

Figure $5. 'H NMR (600 MHz, CD,0D) Spectrum for lipid 3.
Figure $6. ESI Mass Spectra for lipid 3.
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Figure S7. Representative HPLC Chromatograms for lipid 1 using
pure methanol as mobile phase (A) and using 95:5 methanol:water,
v/v, as the mobile phase (B).

Figure $8. Representative HPLC Chromatograms for lipid 2 using
pure methanol as mobile phase (A) and using 95:5 methanol:water,
v/v, as the mobile phase (B).

Figure $9. Representative HPLC Chromatograms for lipid 3 using
pure methanol as mobile phase (A) and using 95:5 methanol:water,
v/v, as the mobile phase (B).

Figure $10. Hydrodynamic diameters of the liposomal formulations
of lipids 1-3.

Figure $11. Hydrodynamic diameters of the lipoplexes of lipids 1-3
and p-CMV-MART1 (lipid:DNA charge ratios at 4:1) in presence of
Serum free RPMI medium.

Figure $12. Confirmation of the presence of DCs surface markers by
flow cytometry.

Figure $13. Lipids 1-3 transfect DCs via mannose receptors.
Figure $14. MART1 expression in transfected DCs in vivo with lipo-
plexes of lipids 1-3 and p-CMV-MART1.

Figure $15. Immunization with lipoplexes of lipid 1-3 and
p-CMV-B-gal produces both cellular and humoral immune responses
in mice.

Figure $16. Immunization with lipoplexes of lipid 2 and 3 and
p-CMV-MARTT are less efficient in protecting syngeneic C57BL/6) mice
from lethal melanoma challenge.

Figure $17. Liposomes of our previously described cationic lipid
containing the mannose-mimicking head-group with pure lysine
spacer (Srinivas, R. et al. Biomaterials 2012, 33, 6220-6229) was
capable of mounting long-lasting immune response only in ex vivo
DC-transfection based DNA vaccination mode and not under direct in
vivo immunization with lipoplexes.

Figure $18. Immunization (s.c.) of mice with lipoplex of lipid 1 and
p-CMV-MARTT1 and lipid 1 and p-CMV-B-gal significantly enhances the
populations of both CD4* and CD8* T cells in mouse splenocytes and
lymph nodes.
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