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Abstract

Background: To induce potent epitope-specific T cell immunity by a peptide-based vaccine, epitope peptides must be
delivered efficiently to antigen-presenting cells (APCs) in vivo. Therefore, selecting an appropriate peptide carrier is crucial
for the development of an effective peptide vaccine. In this study, we explored new peptide carriers which show
enhancement in cytotoxic T lymphocyte (CTL) induction capability.

Methodology/Principal Findings: Data from an epitope-specific in vivo CTL assay revealed that phosphatidylserine (PS) has
a potent adjuvant effect among candidate materials tested. Further analyses showed that PS-conjugated antigens were
preferentially and efficiently captured by professional APCs, in particular, by CD11c¢*CD11b"MHCII* conventional dendritic
cells (cDCs) compared to multilamellar liposome-conjugates or unconjugated antigens. In addition, PS demonstrated the
stimulatory capacity of peptide-specific helper T cells in vivo.

Conclusions/Significance: This work indicates that PS is the easily preparable efficient carrier with a simple structure that
delivers antigen to professional APCs effectively and induce both helper and cytotoxic T cell responses in vivo. Therefore, PS
is a promising novel adjuvant for T cell-inducing peptide vaccines.
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Introduction

The immune system generates antibody-based humoral and T
cell-based cellular immune responses to viruses, bacteria, and
protozoa by recognizing a variety of components of the pathogen.
Traditional vaccination strategies have successfully exploited these
responses by utilizing whole, live attenuated or inactivated
pathogens for the prevention of a large number of diseases;
however, safety and production concerns have led to the
development of non-infectious protein antigens or subunit vaccines
[1]. Unlike live attenuated virus vaccines, which induce both
humoral and cellular immunity, the weakness of protein antigens
or subunit vaccines is that they only induce the antibody response,
but not generally cellular (T cell) immunity.

Vaccines designed to induce epitope-specific C'TL have been
widely studied for many years. Among these, synthetic peptides
have been shown to be a practical and useful vaccine since they
are ultimately minimized T cell epitopes and would not be
expected to induce harmful side effects. Furthermore, they can be
produced easily [2], synthesized artificially, stored lyophilized at
room temperature, and can be easily modified with functional
chemical compounds. However, synthetic peptides have low
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immunogenicity, even when used in the combination with
additional immunostimulators, e.g., Freund’s adjuvants [3] or
Toll-like receptor (TLR) stimulators. Therefore, we introduced a
chemical modification to the antigenic peptide with the aim of
enhancing the specific T cell response. In previous studies, we used
multilamellar liposomes as a peptide carrier, which were
conjugated with an immunogenic peptide on their surface.
Consequently, the antigenicity of the peptide was significantly
improved by liposome conjugation and induced potent specific
CTL responses m wvivo, which led to protection from lethal
influenza virus infection in mice [4,5]. Although liposome
conjugation of the peptide was successful, several practical
disadvantages of the liposome existed, including high production
cost, low stability, and the difficulty of large-scale production.
Therefore, a new peptide carrier that can enhance peptide
immunogenicity by conjugation that is comparable to that
observed with liposomes is required for practical vaccine usage.
It is commonly agreed that antigens of a pathogen should be
actively introduced into professional APCs to induce a T cell
response that is sufficient for clearance of infection. Internalized
antigens are digested into short peptides, with a small portion of
these then bindings to the major histocompatibility complex
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(MHCQ). T cells recognize these peptides presented by the MHC on
the surface of APCs. Therefore, the primary role of a “peptide
carrier” is to preferentially deliver as much antigen to the
professional APCs as possible. If introduced without a carrier
molecule, almost all of the peptide, particularly peptides that bind
MHC class I, will be captured by cells other than APCs, because
MHC class I exists ubiquitously in the body. Therefore, any
candidate peptide carrier should be aggressively ingested by
phagocytic APCs. Among the candidates, we selected several
biological polymers, including chitosan [6], dendrimer [7], and
carboxymethyl cellulose (CMC) [8], because they have already
been assessed as carriers for drug-delivery systems and known to
be ingested and degraded by macrophages. In addition, we also
included hydrophilic phospholipids, i.e., components of the
mammalian cell membrane, as phospholipid solution which
consists of nano-sized micelles and/or unilamellar vesicles is easier
to produce than multilamellar liposomes. In particular, phospha-
tidylserine (PS) is hydrophilic and exposed on the cell surface
during the early stages of apoptosis [9], and thus functions as a
target for phagocytosis by macrophages or dendritic cells [10,11].
All of these molecules may facilitate antigen incorporation and
presentation by professional APCs, and therefore may enhance
induction of the antigen-specific T cell immune response.

Here, we have assessed several peptide carrier molecules with
regards to their ability to activate CTL, and have further analyzed
the functional properties of one promising candidate as an
immuno-enhancer in comparison with liposomes.

Materials and Methods

Mice

C57BL/6 (B6) mice (6 weeks old; obtained from Japan SLC,
Inc. (Hamamatsu, Japan)), and HLA-A24 transgenic (A24'Tg) mice
(kindly provided by Dr. Frangois Lemonnier, Département
d’Immunologie, Institut Pasteur, Paris, France) were bred under
specific-pathogen-free conditions. A24Tg mice have a B6 back-
ground and express HLA-A*2402, and human B2 microglobulin
and CD8 molecules, but do not express either murine H2D" or
H2KP. All experimental procedures were approved by the
Hokkaido University Animal Care and Use Committee (approval
number 10-0060), Sapporo, Japan.

Peptides

Mouse MHC class I H-2K"-binding peptide OVAss7 964
(SIINFEKL) and FITC-conjugated OVAgs7 964, H-2D -binding
peptide NPsg6 374 (ASNENVEAM) or NPygs 304 (YSLVGIDPF)
of influenza A virus A/HK483 (A/HongKong/483/97 [H5N1]),
NPsg6 374 (ASNENTEAM) of influenza A virus A/PR8 (A/
PuertoRico/8/34 [HINI1]), and human MHC class I HLA-
A*2402-binding peptide NPgs57 964 (IFLARSALI) of A/HK483
virus and Tyrosinasegos 914 (AFLPWHPLF) were obtained from
Invitrogen (Carlsbad, CA).

Mouse MHC class II I-A-binding peptide NP3y, 305 (QVY-
SLIRPNENPAHK) of A/PR8 virus [12] was obtained from MBL

(Nagoya, Japan).

Reagents

Dioleoylphosphatidylserine-Na (DOPS-Na) was purchased from
Nippon Oil and Fat Corporation (Tokyo, Japan), and was
dissolved in dH,O at 20 mM and sonicated for 6 min, then
sterilized with a 0.22 pm filter (Nucleopore polycarbonate filter,
Corning Costar, NY). The phosphatidylserine (PS) solution was
stored in a nitrogen-filled tube at 4°C to prevent oxidation. 1-
Ethyl-3-(3-dimethylaminopropyl) ~ carbodiimide  hydrochloride
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(EDC) was obtained from Thermo Fisher Scientific (Kanagawa,
Japan). DQ™ ovalbumin (DQ-OVA), which exhibits green
fluorescence upon proteolytic degradation, was purchased from
Invitrogen. DAICHITOSAN FP was purchased from Dainichi-
seika Color & Chemicals (Tokyo, Japan). PAMPAM dendrimer
G4-NH2 was purchased from Sigma-Aldrich Japan (Tokyo,
Japan). To synthesize CMC, cellulose particles were reacted with
sodium chloroacetate in isopropyl alcohol (IPA), and then the
particles were washed by centrifugation.

Conjugation of carrier materials to peptide or protein

For PS conjugation, at the final concentration of 10 mM PS
solution, 0.1 M 2-morpholinocthanesulfonic acid (MES; pH 4.8),
1.25 mg/mL EDC and either 0.5 mM peptide solution, 100 pg/
mL superfolder green fluorescent protein (sfGFP) or DQ-OVA
were mixed in a rotator. The mixture was dialyzed in phosphate
buffered saline (PBS). For conjugation of other carrier materials,
1 mg/mL chitosan, dendrimer or CMC solution was conjugated
to each peptide using the same methods as described for the PS
conjugation. To check the rate of peptide conjugation to the
carrier material, 1 uM FITC-conjugated OVAys5; 964 peptide was
added to each sample, and after dialysis (pH 7.0), the conjugation
rate was measured using a Rotor Gene 6000 (Corbett Life Science,
Australia). The coupling efficiency was about 85%.

Liposomes

Liposomes consisting of dioleoylphosphatidyl choline, dioleoyl-
phosphatidyl ethanolamine, dioleoylphosphatidyl glycerol acid,
and cholesterol in a 4:3:2:7 molar ratio were provided by Nippon
Oil and Fat Corporation, and used as described previously [13].
The crude liposome solution was passed through a 0.22 um
membrane filter (Corning Costar). Liposome-conjugates were
prepared using disuccinimidyl suberate (DSS) for cross-linking, as
described previously [14].

Cell culture

All cell cultures were performed in complete RPMI medium
(RPMI-1640 medium (Invitrogen), 10% (v/v) FCS (Gibco), 50 uM
2-mercaptoethanol (Wako, Japan), 50 U/mL penicillin, and
50 pg/mL streptomycin (Nakalai Tesque, Kyoto, Japan)).

In vivo cytotoxicity assay

Six- to 10-week-old B6 mice or A24Tg mice were immunized
subcutaneously (s.c.) with carrier material-conjugated peptide or
peptide without carrier (20 nmol/mouse) in the presence of
poly(I:C) (10 pg/mouse; InvivoGen, San Diego, CA). For prep-
aration of target cells, splenocytes from naive B6 mice or A24Tg
mice were suspended in PBS and then labeled with one of two
concentrations (5 pM or 0.5 uM) of carboxyfluorescein diacetate
succinimidyl ester (CFDA-SE, Invitrogen) at room temperature for
10 min. After the addition of equal volumes of heat-inactivated
rabbit serum to quench the CFSE labeling reaction, cells were
washed twice with PBS. Bright CI'SE-labeled cells were pulsed
with 0.5 uM peptide used for the immunization, on the other
hand, dim CFSE-labeled cells were pulsed with an irrelevant
peptide for 2 h at 37°C and 5% COs. Five million cells cultured
with respective peptides were mixed together and inoculated
intravenously (i.v.) into mice which were immunized a week
earlier. Twenty hours after target cells were inoculated, spleno-
cytes were harvested, and CFSE-positive cells were analyzed by
flow cytometry with dead cell exclusion performed by 7-
aminoactinomycinD (7-AAD; Invitrogen) staining. NPggg 304 Or
Tyrosinasegps 214 was used as an irrelevant peptide. Reduction
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ratios of peptide-specific target cells were calculated using the
following formula:

ITCR (inoculated target cell ratio) = (number of immunized
peptide-pulsed cells harvested from PBS-injected mice)/(number
of irrelevant peptide-pulsed cells harvested from PBS-injected
mice), % specific reduction = {(number of irrelevant peptide-
pulsed cells harvested from immunized mice) X ITCR — (number
of immunized peptide-pulsed cells harvested from immunized
mice)}/ {(number of irrelevant peptide-pulsed cells harvested from
immunized mice) X ITCR} x100.

Cellular staining with MHC tetramer

Splenocytes from immunized mice with each PS-conjugated or
unconjugated peptide in the presence of poly(I:C) were treated
with anti-FcyRII/III mAbs (2.4G2) at 4°C for 20 min. After one
wash in PBS, cells were stained with PE-conjugated H-2K"/
OVAys7 964 tetramer or PE-conjugated H-2DP/NPsgs 574 tetra-
mer (MBL, Japan) at room temperature for 30 min, then stained
with APC-conjugated anti-mouse CD8 mAb (clone: 53-6.7;
BioLegend, San Diego, CA) at 4°C for 20 min. After two washes
in PBS, cells were examined to quantify epitope-specific C'TLs by
flow cytometry. Dead cells were labeled with 7-AAD. Flow
cytometric analyses were performed using a FACSCanto flow
cytometer (BD Biosciences). Data are presented as dot plots using
FlowJo software (Tree Star).

Isolation of cells using a cell sorter

Splenocytes from B6 mice were treated with anti-FcyRII/III
mAbs (2.4G2) and then stained with PE-conjugated anti-mouse
CD11b mAb (clone: M1/70; eBioscience, San Diego, CA) and
biotin-conjugated anti-mouse CDI1lc mAb (clone: N418;
eBioscience) for 20 min at 4°C, followed by streptavidin-APC
(Beckman Coulter, Fullerton, CA, USA) treatment for 20 min at
4°C. After two washes in PBS, dead cells were labeled with 7-
AAD. Splenocytes were classified into five subpopulations based
on the expression pattern of CDIlb and CDllec.
CDI11b CDl1c cells, CDI11b™CDI1c™ cells,
CDI1b""CD11c™  cells, CDIIb'CDI1IcT  cells  and
CD11b~CDI11c" cells were sorted by a MoFlo Astrios cell sorter
(Beckman Coulter), resulting in cell purity of 85-99%.

Analysis of antigen uptake and processing efficiency by
PS conjugation

The five sorted cell populations were cultured with sfGFP,
sfGFP-PS, sfGFP-liposome, DQ-OVA or DQ-OVA-PS (10 ng/
mL each) for 60 min at 37°C. After the incubation, cells were
washed with PBS, and then analyzed using a FACSCanto flow
cytometer.

Confocal laser scanning microscopy analysis

Splenocytes from B6 mice were treated with anti-FcyRII/III
mAbs (2.4G2), then CD11b" or CDI1lc" cells were positively
1solated using anti-mouse CD11b-conjugated or CD11c-conjugat-
ed MACS beads and LS columns (Miltenyi Biotec, Tokyo, Japan).
Isolated cells were stained with PE-conjugated anti-mouse CD11b
mAb (clone: M1/70) or biotin-conjugated anti-mouse CD1lc
mAb (clone: N418), followed by streptavidin-APC. After two
washes in PBS; cells were cultured with stGFP, stGFP-PS, DQ-
OVA, or DQ-OVA-PS (10 pg/mL each) and Hoechst33342
(2 pg/mL; Molecular Probes, Invitrogen) for 60 min at 37°C.
After the incubation, cells were washed with PBS, then adhered
onto a poly-L-lysine-coated glass bottom dish. Cells were analyzed
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using a LSM780 confocal laser scanning microscope system (Carl
Zeiss).

In vitro CD8* T cells proliferation assay

CD8" cells from the spleens of B6 mice immunized with PS-
conjugated NPse6 374 (A/PR8) peptide plus poly(I:C) were
positively selected with BD Imag™ anti-mouse CD8 magnetic
particles (BD Biosciences) to achieve >99% purity. For the
preparation of stimulator cells, splenocytes were sorted according
to five subpopulations based on the expression pattern of CD11b
and CD1l1c using a MoFlo Astrios cell sorter. Sorted cells were
incubated in the presence of CpG5002 (10 uM; Hokkaido System
Science, Sapporo, Japan) for 2 h, then cultured with 10 pg/mL
mitomycin C (MMC) for 1 h. After two washes, 2x10* sorted cells
were cultured with 2x10° CD8" cells from immunized mice for 2
days in a 96-well black plate (Corning Costar) at 37°C with 5%
COy in 200 pL. complete RPMI medium containing 0.1-100 nM
PS-conjugated NPse6374 (A/PR8) peptide. Proliferation of
NPj46 374-pecific CD8" cells was measured by Cell Proliferation
ELISA, BrdU (chemiluminescence) kit (Roche, USA). Delta
Relative Light Unit/second (Arlu/s) was calculated using the
following formula: Arlu/s = (rlu/s of each peptide concentration)
—(rlu/s of medium control).

In vitro CD4* T cells proliferation assay

CD4" cells from the spleens of B6 mice immunized with PS-
conjugated or unconjugated NP3, 395 peptide in the presence of
poly(I:C) were positively selected with BD Imag™ anti-mouse
CD4 magnetic particles (BD Biosciences). Over 99% of the
purified cells were CD4" cells. Bone marrow cells were treated
with recombinant murine granulocyte-macrophage colony-stimu-
lating factor (rmGM-CSF) (R&D Systems, Minneapolis, MN
USA) to stimulate differentiation into bone marrow-derived
dendritic cells (BMDCis), which were used as a stimulator of
CD4" cells. BMDCs were cultured with 1 pg/ml lipopolysac-
charide (LPS) (InvivoGen), 10 pg/mL functional grade purified
anti-mouse CD40 (eBioscience) and 20 pg/mL anti-IL-10 (JES5-
2A5) for 20 h at 37°C with 5% COs, then cultured with 10 pug/
mlL MMC for | h. After two washes, MMC-treated activated
BMDCs (1 x10% and CD4* cells (1x10°) were co-cultured for 2
days in a 96-well black plate (Corning Costar) at 37°C with 5%
COy in 200 pLL complete RPMI medium containing 0.01-10 pM
NP3, 395 peptide. Proliferation of NPg;; go5-specific CD4" cells

was measured as above.

Statistical analyses

Statistical analyses were carried out using the Student’s t-test,
and multiple comparison analysis was performed using the Tukey-
Kramer method. P values<<0.05 were considered significant.

Results

PS-conjugated peptide significantly enhances peptide-
specific cytotoxic activity in vivo

To identify which carrier is most effective for peptide-specific
CTL induction i vivo, B6 mice were immunized s.c. with carrier-
conjugated or unconjugated antigen peptide in the presence of
poly(I:C). In vivo cytotoxicity assay data showed that NPsg6 374 (A/
HK483) peptide conjugated with chitosan, dendrimer, or CMC
did not induce epitope-specific C'TL at all, which was less than
unconjugated peptide alone. In contrast, PS-conjugated peptide
induced epitope-specific killing effectively i vivo compared to that
induced by unconjugated peptide. Furthermore, the induction
efficiency of peptide-specific killing by PS-conjugated peptide was
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comparable to (Figure 1A) or significantly higher than (Figure 1B)
those of liposome-conjugates. Enhancement of the CTL induction
effect by PS was confirmed by NP3g6 374 from another influenza
virus strain (A/PR8) or OVAys; 964 (Figure 2A). Thus, it was
clearly demonstrated that enhancement of peptide-specific target
cell killing by PS conjugation did not depend on the peptide
sequences. Additionally, we also examined the influence of
vaccination route and particle size on the CTL induction
capability of PS- and liposome-conjugated peptides. When given
to mice via the i.v., the PS-conjugated peptide was able to induce
epitope-specific killing effectively; however, by the same route of
administration, the C'TL induction efficiency by liposome-conju-
gated peptide was very low (Figure S1). Moreover, the average size
of PS in solution was around half that of the liposomes (Table S1).

The epitope-specific CTL population was expanded by
immunizing with PS-conjugated peptide

We next investigated the frequency of the epitope-specific C'TL
population in the spleens of mice which were immunized with PS-
conjugated peptide. CD8" splenocytes expressing peptide antigen-
specific T cell receptors detected by H-2D"/NP3g6_574-tetramer or
H-2K”/OVAys; opu-tetramer were analyzed 7 days after s.c.
immunization with PS-conjugated or unconjugated peptides. As

PS Carrier Enhances Peptide-Based T Cell Responses

mice immunized with NPsg6 374 -PS (2.2%) or OVAys7 964-PS
(9.1%), compared to mice immunized with unconjugated
NPs66 374 (0.1%) or OVAgs7 964 (1.0%), respectively (Figure 2B).
Moreover, the data from the cytotoxicity analysis (Figure 2A) and
those from the frequency analysis of epitope-specific CTL
population (Figure 2B) correlated well with each other. These
findings suggest that PS conjugation strongly promotes antigen-
specific CTL expansion and activation induced by peptide
immunization.

Professional APCs play a predominant role in the uptake
and digestion of the PS-antigen complex

To investigate the mechanism underlying the enhancement of
CTL induction by PS as a peptide carrier, we analyzed the PS
particle incorporation into cells after incubation with several
fractionated splenocyte populations. To differentiate professional
APCs, we classified splenocytes into five subpopulations based on
the expression pattern of CD11b and CD11c [15-17] and isolated
them by cell sorting (Figure 3A). Analysis of cell surface markers
(Figure S2) indicated that the CDI11b CDIlc population I
consisted mainly of T- and B-lymphocytes [18,19], the
CDI1b™CDIlc™ population II consisted mainly of NK cells
[20], and the CDIIH"S"CDI11c™ population III consisted of

expected, the population of tetramer” CD8* CTL was increased in macrophages and granulocytes [21,22]. Furthermore, the
A H2Dk-binding
NP;ge.374 (A/HK483)
100 - n.s. *%
o 80 -
£
= 60 f
< 40
X
20 -
0 r r T r T ﬁ—|
Chitosan Dendrimer CMC Liposome PS Without
carrier
B HLA-A*2402-binding
NP,57.264 (A/HK483)
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(=] 4
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X
N 40 -
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0 A
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Figure 1. Mice immunized with PS-conjugated peptide induced epitope-specific CTL effectively /in vivo. (A) B6 mice (3 to 4 mice per
group) were immunized s.c. with each carrier-conjugated NP3¢6_374 (A/HK483) peptide or peptide without carrier in the presence of poly(l:C). Seven
days after the immunization, bright CFSE-labeled target cells pulsed with peptide used for the immunization and dim CFSE-labeled target cells pulsed
with an irrelevant peptide were injected i.v. as an in vivo cytotoxicity assay. Viability of the target cells in the spleen was examined 20 h after injection.
Reduction ratios of epitope-specific target cells were calculated using the formula described in Materials and Methods. (B) A24Tg mice (3 mice per
group) were inoculated with PS- or liposome-conjugated NP,s;_564 (A/HK483) peptide. The in vivo cytotoxicity assay was performed as described for
Figure 1A. n.s. indicates not significant. *p<<0.01, **p<<0.0001.

doi:10.1371/journal.pone.0060068.g001
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Figure 2. Frequency of epitope-specific CD8" T cells in immunized mice. (A) PS-conjugated NPsss 374 (A/PR8) peptide, PS-conjugated
OVA,s57_564 peptide or unconjugated peptide was inoculated into B6 mice (3 to 4 mice per group). The in vivo cytotoxicity assay was performed as
described in Figure 1. *p<<0.01, **p<<0.0001. (B) Splenocytes from naive mice and mice immunized with PS-conjugated or unconjugated peptide in
the presence of poly(l:C) were stained with tetramer and anti-mouse CD8 Ab. The percentage indicates the tetramer-positive cells in total CD8" cells.

The experiment was repeated three times with similar results.
doi:10.1371/journal.pone.0060068.9002

CD11b*CD11c" population IV consisted of conventional DCs
(cDCs) [23] and the CD11b~CDI11c" population V contained
plasmacytoid DCs (pDCis) [24]. After the incubation of these five
populations with sfGFP, PS-conjugated stGIFP (stGIP-PS) or
liposome-conjugated sfGFP  (sfGIFP-liposome), flow cytometric
analysis was performed. Although sfGFP-liposomes were captured
equally among these five populations, the uptake of stGFP-PS was
increased significantly ~ in CDI11b"s"CDI11c™ cells,
CDI11b*CD11c* cells, and CD11b~CD11c" cells (Figure 3B, C).
These results indicated that PS-conjugated antigen was more
incorporated into professional APCs than liposome-conjugated
antigens. Furthermore, to analyze the efficiency of antigen
processing by PS conjugation, each cell population was cultured
with  DQ-OVA or PS-conjugated DQ-OVA (DQ-OVA-PS),
because DQ-OVA becomes fluorescent only after degradation of
OVA protein. After one hour, flow cytometric analysis showed
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that CD11b"8*CD11c™ and CD11b*CDI11c* cells captured and
degraded DQ-OVA more efficiently by PS conjugation than other
subpopulations (Figure 3 D, E).

Confocal laser scanning microscopy analysis of Ag-

captured cells

We performed morphological analysis to confirm that PS-
conjugated antigens were internalized and digested in the CD11b"
or CDI11c" cells after the ligation to the PS receptor. In both
CDI11b* and CDI1lc" cells, sfGFP was observed as spots
surrounded by plasmatic membrane, indicating that ingested
antigens were internalized and accumulated in the phagosomes of
these cells. Time course analyses showed that these spots gathered
into a cluster over time (Movie S1). Consistent with the results of
flow cytometric analysis (Figure 3), more spots were observed
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Figure 3. PS-conjugated Ags were captured by professional APCs effectively. (A) Splenocytes were classified into five subpopulations (I to
V) based on the expression pattern of CD11b and CD11c. :CD11b~CD11¢ cells, I:KCD116™CD11¢™ cells, 1:CD11b™9"CD11¢ ™ cells, IV:CD11b"CD11c*
cells, V:CD11b~CD11c* cells. (B, C) Each isolated population was co-cultured with sfGFP, sfGFP-PS or sfGFP-liposome for 60 min, and then the amount
of uptake was analyzed by flow cytometry. (D, E) Each population of isolated cells was co-cultured with DQ-OVA or DQ-OVA-PS for 60 min, and then
the efficiency of antigen degradation processing was analyzed by flow cytometry.

doi:10.1371/journal.pone.0060068.g003

inside the cells pulsed with sfGFP-PS (Figure 4A). Similarly, DQ-
OVA-PS-pulsed cells showed more and larger spots than cells
cultured with DQ-OVA (Figure 4B). These findings suggest that
antigen processing is increased because of PS-induced enhanced
protein uptake by APCs.

Cell subsets as potent inducers for antigen-specific CTL

To analyze the antigen-presenting capacity of ecach cell
population, CD8* T cells specific for NPsg6_374 peptide were co-
cultured with each splenocyte population purified by flow
cytometric sorting using serial dilutions of PS-conjugated
NPjs66-374 peptide for 2 days. In vitro T cell proliferation assay
demonstrated that PS-conjugated peptides were presented to T
cells by CDIIL™"CDIlc™ cells and CDIllc* cells, with
CD11c¢*CD11b" cells having maximum efficiency (Figure 5).
Population analysis (Figure S2) revealed that the main APCs to
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stimulate epitope-specific CTL were cDCs. Thus, cDCs are likely
to be the main target of the PS-conjugated vaccine.

PS-conjugated MHC class ll-restricted peptide induces
epitope-specific T helper cells effectively in vivo

Cellular immune responses, consisting of both CD8* CTL and
CD4" T helper (Th) cells, play an essential role in the control of
viral infection. The antigen processing and presentation pathway
of MHC class II molecules differs to that of MHC class I
molecules. In general, extracellular antigens are presented as 15—
17 mer epitopes via MHC class IT molecules to GD4" Th cells.

We examined whether PS conjugation can effectively induce
epitope-specific CD4" Th cells iz vivo by immunization of MHC
class II-restricted epitopes. B6 mice were immunized s.c. with PS-
conjugated or unconjugated NP3, 305 peptide in the presence of
poly(l:C). CD4" cells in the spleens from immunized mice were
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Figure 4. Confocal laser scanning microscopy analysis of
splenocytes co-cultured with PS-conjugated antigens. (A, B)
CD11b* or CD11c" cells were cultured with sfGFP, sfGFP-PS, DQ-OVA or
DQ-OVA-PS plus Hoechst33342 for 60 min at 37°C. After the incubation,
cells were washed with PBS, and then analyzed under a LSM780
confocal laser scanning microscope system. Blue: cell nucleus, Green:
sfGFP or DQ-OVA, Red: CD11b or CD11c.
doi:10.1371/journal.pone.0060068.9004
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collected 7 days after the vaccination, and proliferation of NP3,

go5-specific CD4" Th cells was measured by BrdU uptake. The
proliferative response of epitope-specific Th cells in mice
immunized with PS-conjugated peptide was higher than that in
mice immunized with unconjugated peptide (Figure 6). This result
indicates that PS-conjugated peptide can more effectively induce
epitope-specific T cells (both CTL and Th cells) compared to
immunization with peptide alone.

Discussion

For many years, lipid-based carriers have been investigated for
potential applications in drug, DNA, peptide, and protein delivery
[25,26]. In particular, liposome and lipid nano-particles have been
studied for practical use in humans. Consistent with these studies,
the screening result of peptide carriers indicated that PS was a
potent enhancer of not only the peptide-induced CTL response,
but also of the Th cell response. PS is normally confined to the
mner lipid bilayer of the cell membrane, and is immediately
exposed to the cell surface when cells initiate apoptosis [9]. A
variety of cell surface molecules [27-30] have been implicated in
the recognition of apoptotic cells. Among them, PS is known to
trigger the specific recognition and removal of apoptotic cells by its
receptors Tim4 and Timl, which function in the engulfment of
apoptotic cells and in intracellular signaling of macrophages and
dendritic cells [31]. Therefore, it might be expected that PS
conjugation would disguise the peptide as an antigen epitope from
apoptotic cells and lead to enhanced recognition of the epitope by
professional APCs, thereby resulting in a potent induction of the
immune response.

On the other hand, chitosan has been also widely used in
vaccination formulations because of its ability to enhance
immunogenicity [32-37]. However, in contrast to previous studies,
chitosan-conjugated peptide did not induce epitope-specific CTL
in vivo, even though the peptide without a carrier was able to
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Figure 5. CD11c¢'CD11b" cells are main APCs in peptide
vaccines.The five kinds of sorted splenocytes were activated with
CpG5002 in vitro and cultured with CD8" T cells from NP3gg_374-PS
immunized mice with serial dilutions of PS-conjugated NP3ge 374
peptide for 2 days. Proliferation of NPsgs_374-specific CD8" cells was
measured by BrdU uptake. The experiment was repeated twice with
similar results. *p<<0.05, **p<<0.01.
doi:10.1371/journal.pone.0060068.g005

induce a weak CTL response. Similarly, C'TL inhibition by
dendrimer or CMC conjugation was also observed. It is assumed
that these molecules utilize similar mechanisms of immune
modulation as chitosan, so the detailed inhibition mechanism of
these molecules requires further investigation and clarification.
Enhanced lymphatic penetration and retention are also
considered to be improvements in the drug-delivery system
mediated by lipid-based carriers [38]. Likewise, the improvements
of this PS carrier are thought to consist of two factors, ie., its
nanoscale size and its anionic charge. Compared to the liposome
we had used previously, PS formed a smaller-sized structure in
water, which is expected to be an advantage in terms of tissue
penetration after administration. In addition, we compared several
phosphatidyl-lipids to determine whether the serine residue of PS
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Figure 6. Proliferation assay of epitope-specific helper T cells.
CD4" T cells from mice immunized with PS-conjugated or unconjugated
peptide were co-cultured with activated BMDCs for 2 days in complete
RPMI medium containing the indicated concentration of NP3q;_325
peptide. Proliferation of NP3;;_3,5-specific CD4" Th cells was measured
by BrdU uptake. The experiment was repeated three times with similar
results. *p<<0.05, **p<<0.005

doi:10.1371/journal.pone.0060068.g006
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was significant for its activity. Among them, dioleoylphosphatidyl
glycerol (DOPG) also induced a certain level of i viwo cytotoxic
activity compared to the liposome-conjugated peptide. In contrast,
the CTL induction efficiency by dioleoylphosphatidyl ethanol-
amine (DOPE)-conjugated peptide was in the same range as that
of unconjugated or oleoyl micelle-conjugated peptide (data not
shown). The remarkable common feature of the DOPS and
DOPG, but not of the DOPE or oleoyl micelles, is that the surface
is negatively charged. A recent whole-body fluorescence imaging
study revealed that the anionic nature of the polymer contributed
to the enhanced lymphatic uptake and the prolonged deep-nodal
retention [39]. Therefore, it is likely that the anionic PS particles
preferentially migrate to lymph nodes (LNs) via lymphatic vessels
and remain there, and consequently, they are able to transport
cross-linked antigen peptides to LN-resident DCis efficiently.

Although liposome-conjugated peptide was comparable to PS-
conjugated peptide in inducing antigen-specific CTL, the distri-
bution patterns among the 5 kinds of sorted populations of
ingested liposomes are considerably different from those of PS.
The in vitro GFP tracking experiment (Figure 3B, C) showed that
liposome intake was not specific for cell populations; however, PS
was mainly incorporated into professional APCs. Furthermore, the
amount of PS-conjugate taken up by APCs was more than that of
liposomes, as determined by FACS analyses.

This difference of PS and liposome in the interaction with APCs
may be explained by the following facts. Previously, Tanaka et al.
reported that antigens coupled to oleoyl liposomes might be taken
up by penetration and/or pinocytosis [40]. Presumably, liposome
incorporation into cells depends on non-specific fusion of cell
membrane mimics. On the other hand, PS incorporation by APCs
is thought to be mainly through receptor specific [41], and slight
receptor-independent phagocytosis by feature of PS which has
poor binding to cells [42], because APCs preferentially absorbed
PS-conjugated GFP despite the size of PS being smaller than that
of the liposome. Therefore, we propose that receptor-specific
active incorporation of antigen peptide to professional APCs, in
particular, DCs in regional LNs, is enhanced by PS conjugation
and leads to increased accumulation of antigen epitope, and
subsequently, increased induction of peptide sequence-specific
CTL activity i vivo.

Moreover a remarkable difference between PS and liposome
was observed. PS-conjugated peptide but not liposome-conjugated
peptide could elicit peptide-specific CTL @ oo after 1v.
administration. The percentage of APCis, especially DCs, in blood
1s very low compared to that in tissues such as subcutis, liver and
lung alveoli, so it is difficult for antigen peptide to reach DCs
efficiently when administrated i.v.. Incorporation of liposome was
observed regardless of cell populations, while PS was incorporated
into APCs preferentially in i vitro experiments. From these results,
it is considered that when liposome was administrated 1.v., most of
liposome was trapped by blood cells before reaching DCs. In
contrast, PS is considered to be able to reach DCs efficiently
without trapping in the blood, so that it is able to induce epitope-
specific CTL even when administrated 1.v.

Considering the simplicity of its preparation, PS is a promising
material because it has a hydrophillic terminus and easily forms
nano-sized structures in water after several minutes of sonication.
While liposomes require organic solvents during their preparation,

References

1. Guy B (2007) The perfect mix: recent progress in adjuvant research. Nat Rev
Microbiol 5: 505-517.

2. Purcell AW, McCluskey J, Rossjohn J (2007) More than one reason to rethink
the use of peptides in vaccine design. Nat Rev Drug Discov 6: 404—414.

PLOS ONE | www.plosone.org

PS Carrier Enhances Peptide-Based T Cell Responses

and a large amount of time and energy input to produce the
multilamellar form, the preparation of PS solution is compara-
tively simple and does not require organic solvents, and therefore,
PS meets this essential requirement for application to vaccines.

In conclusion, we have developed a novel peptide carrier that is
able to enhance peptide-specific cytotoxic and/or helper T cell
responses effectively. The enhancing mechanism is likely due to
the efficient and preferential transportation of antigen peptides to
regional LN-resident DCs, through mainly the apoptotic cell
receptor-dependent endocytosis, and the ability to penetrate the
tissues and lymphatics. With its ease of preparation, PS is a
promising carrier candidate for antigen peptides as a component
of T cell immunity-inducing vaccines.

Supporting Information

Figure S1 Mice immunized intravenously with PS-conjugated
peptide were able to induce epitope-specific C'TL.B6 mice (3 to 4
mice per group) were immunized s.c. or i.v. with PS- or liposome-
conjugated NPsg6 374 (A/HK483) peptide in the presence of
poly(I:C). Seven days after the immunization, bright CFSE-labeled
target cells pulsed with peptide used for the immunization and dim
CFSE-labeled target cells pulsed with an irrelevant peptide were
injected 1.v. as an & viwo cytotoxicity assay. Viability of the target
cells in the spleen was examined 20 h after injection. Reduction
ratios of epitope-specific target cells were calculated using the
formula described in Materials and Methods.

(TTF)

Figure 82 Population analysis of five subpopulations based on
CD11b and CDllc expression patterns.Cell surface markers of
each subpopulation were analyzed by flow cytometry: CD3 is a T
cell marker; CD19 is a B cell marker; B220 is a marker of B cells
and a subset of NK cells; CGD49b is an NK cell marker; F4/80 is a
marker of monocytes, macrophages and a subset of dendritic cells;
Gr-1 is a granulocyte marker; MHCII is expressed on professional
antigen-presenting cells.

(TTF)

Table S1 Particle size of PS and liposomes.
DOCX)

File S1 Supplementary Materials and Methods.
DOCX)

Movie S1 Supplemental movie.

MOV)

Acknowledgments

We would like to thank Dr. F. Lemonnier (Institut Pasteur) for providing
HLA-A24 transgenic mice and Dr. T. Nemoto (RIES, Hokkaido
Univerisity and Network Joint Research Center for Advanced Materials
and Devices programmed by the MEXT, Japan) for technical support
concerning confocal laser scanning microscope analyses.

Author Contributions

Conceived and designed the experiments: TI KK. Performed the
experiments: TI. Analyzed the data: TI. Contributed reagents/materials/
analysis tools: TT T'S CS KK. Wrote the paper: TT KK.

3. Audibert FM, Lise LD (1993) Adjuvants: current status, clinical perspectives and
future prospects. Trends Pharmacol Sci 14: 174-178.

March 2013 | Volume 8 | Issue 3 | e60068



23.

. Nagata T, Toyota T, Ishigaki H, Ichihashi T, Kajino K, et al. (2007) Peptides

coupled to the surface of a kind of liposome protect infection of influenza viruses.
Vaccine 25: 4914-4921.

. Ichihashi T, Yoshida R, Sugimoto C, Takada A, Kajino K (2011) Cross-

protective peptide vaccine against influenza A viruses developed in HLA-A*2402
human immunity model. PLoS One 6: ¢24626.

Sinha VR, Singla AK, Wadhawan S, Kaushik R, Kumria R, et al. (2004)
Chitosan microspheres as a potential carrier for drugs. Int J Pharm 274: 1-33.
Sadler K, Tam JP (2002) Peptide dendrimers: applications and synthesis.
J Biotechnol 90: 195-229.

. Ikechukwu Ugwoke M, Kaufmann G, Verbeke N, Kinget R (2000) Intranasal

bioavailability of apomorphine from carboxymethylcellulose-based drug delivery
systems. Int J Pharm 202: 125-131.

. Fadok VA, Voelker DR, Campbell PA, Cohen ][], Bratton DL, et al. (1992)

Exposure of phosphatidylserine on the surface of apoptotic lymphocytes triggers
specific recognition and removal by macrophages. J Immunol 148: 2207-2216.

. Tanaka Y, Schroit AJ (1983) Insertion of fluorescent phosphatidylserine into the

plasma membrane of red blood cells. Recognition by autologous macrophages.
J Biol Chem 258: 11335-11343.

Schlegel RA, Williamson P (2001) Phosphatidylserine, a death knell. Cell Death
Differ 8: 551-563.

. Crowe SR, Miller SC, Brown DM, Adams PS, Dutton RW, et al. (2006) Uneven

distribution of MHC: class II epitopes within the influenza virus. Vaccine 24:
457-467.

. Nakano Y, Mori M, Nishinohara S, Takita Y, Naito S, et al. (2001) Surface-

linked liposomal antigen induces ige-selective unresponsiveness regardless of the
lipid components of liposomes. Bioconjug Chem 12: 391-395.

. Nakano Y, Mori M, Nishinohara S, Takita Y, Naito S, et al. (1999) Antigen-

specific, IgE-selective unresponsiveness induced by antigen-liposome conjugates.
Comparison of four different conjugation methods for the coupling of antigen to
liposome. Int Arch Allergy Immunol 120: 199-208.

Shortman K, Liu YJ (2002) Mouse and human dendritic cell subtypes. Nat Rev
Immunol 2: 151-161.

. Lipscomb MF, Masten BJ (2002) Dendritic cells: immune regulators in health

and disease. Physiol Rev 82: 97-130.

. O’Keeffe M, Hochrein H, Vremec D, Caminschi I, Miller JL, et al. (2002)

Mouse plasmacytoid cells: long-lived cells, heterogeneous in surface phenotype
and function, that differentiate into CD8(+) dendritic cells only after microbial
stimulus. ] Exp Med 196: 1307-1319.

. Miescher GC, Schreyer M, MacDonald HR (1989) Production and character-

ization of a rat monoclonal antibody against the murine CD3 molecular
complex. Immunol Lett 23: 113-118.

. Krop I, Shaffer AL, Fearon DT, Schlissel MS (1996) The signaling activity of

murine CD19 is regulated during cell development. J Immunol 157: 48-56.

. Arase H, Saito T, Phillips JH, Lanier LL (2001) Cutting edge: the mouse NK

cell-associated antigen recognized by DX5 monoclonal antibody is CD49b
(alpha 2 integrin, very late antigen-2). J Immunol 167: 1141-1144.

. Fleming T]J, Fleming ML, Malek TR (1993) Selective expression of Ly-6G on

myeloid lineage cells in mouse bone marrow. RB6-8C5 mAb to granulocyte-
differentiation antigen (Gr-1) detects members of the Ly-6 family. J Immunol
151: 2399-2408.

Schaller E, Macfarlane AJ, Rupec RA, Gordon S, McKnight AJ, et al. (2002)
Inactivation of the F4/80 glycoprotein in the mouse germ line. Mol Cell Biol 22:
8035-8043.

Shortman K, Naik SH (2007) Steady-state and inflammatory dendritic-cell
development. Nat Rev Immunol 7: 19-30.

PLOS ONE | www.plosone.org

31

33.

34.

36.

39.

40.

41.

42,

PS Carrier Enhances Peptide-Based T Cell Responses

. Hochrein H, O’Keeffe M, Wagner H (2002) Human and mouse plasmacytoid

dendritic cells. Hum Immunol 63: 1103-1110.

. Martins S, Sarmento B, Ferreira DC, Souto EB (2007) Lipid-based colloidal

carriers for peptide and protein delivery--liposomes versus lipid nanoparticles.

Int J Nanomedicine 2: 595-607.

. Porter CJ, Trevaskis NL, Charman WN (2007) Lipids and lipid-based

formulations: optimizing the oral delivery of lipophilic drugs. Nat Rev Drug
Discov 6: 231-248.

. Duvall E, Wyllie AH, Morris RG (1985) Macrophage recognition of cells

undergoing programmed cell death (apoptosis). Immunology 56: 351-358.

. Devitt A, Moffatt OD, Raykundalia C, Capra JD, Simmons DL, et al. (1998)

Human CD14 mediates recognition and phagocytosis of apoptotic cells. Nature

392: 505-509.

. Platt N, Suzuki H, Kurihara Y, Kodama T, Gordon S (1996) Role for the class

A macrophage scavenger receptor in the phagocytosis of apoptotic thymocytes in
vitro. Proc Natl Acad Sci U S A 93: 12456-12460.

. Fadok VA, Bratton DL, Rose DM, Pearson A, Ezekewitz RA, et al. (2000) A

receptor for phosphatidylserine-specific clearance of apoptotic cells. Nature 405:
85-90.

Miyanishi M, Tada K, Koike M, Uchiyama Y, Kitamura T, et al. (2007)
Identification of Tim4 as a phosphatidylserine receptor. Nature. England.pp.
435-439.

. Zaharoff DA, Rogers CJ, Hance KW, Schlom J, Greiner JW (2007) Chitosan

solution enhances both humoral and cell-mediated immune responses to
subcutancous vaccination. Vaccine 25: 2085-2094.

Ghendon Y, Markushin S, Krivtsov G, Akopova I (2008) Chitosan as an
adjuvant for parenterally administered inactivated influenza vaccines. Arch
Virol 153: 831-837.

Ghendon Y, Markushin S, Vasiliev Y, Akopova I, Koptiaeva I, et al. (2009)
Evaluation of properties of chitosan as an adjuvant for inactivated influenza
vaccines administered parenterally. J Med Virol 81: 494-506.

Saenz L, Neira-Carrillo A, Paredes R, Cortes M, Bucarey S, et al. (2009)
Chitosan formulations improve the immunogenicity of a GnRH-I peptide-based
vaccine. Int ] Pharm 369: 64-71.

Slutter B, Soema PC, Ding Z, Verheul R, Hennink W, et al. (2010) Conjugation
of ovalbumin to trimethyl chitosan improves immunogenicity of the antigen.

J Control Release 143: 207-214.

. Arca HC, Gunbeyaz M, Senel S (2009) Chitosan-based systems for the delivery

of vaccine antigens. Expert Rev Vaccines 8: 937-953.

. Cai 8, Yang Q, Bagby TR, Forrest ML (2011) Lymphatic drug delivery using

engineered liposomes and solid lipid nanoparticles. Adv Drug Deliv Rev 63:
901-908.

Bagby TR, Duan S, Cai S, Yang Q, Thati S, et al. (2012) Lymphatic trafficking
kinetics and near-infrared imaging using star polymer architectures with
controlled anionic character. Eur J Pharm Sci.Netherlands: 2012 Elsevier
B.V. pp. 287-294.

Tanaka Y, Taneichi M, Kasai M, Kakiuchi T, Uchida T (2010) Liposome-
coupled antigens are internalized by antigen-presenting cells via pinocytosis and
cross-presented to CD8 T cells. PLoS One 5: 15225.

Rodriguez-Manzanet R, Meyers JH, Balasubramanian S, Slavik J, Kassam N, et
al. (2008) TIM-4 expressed on APCs induces T cell expansion and survival. J
Immunol. United States.pp. 4706-4713.

Hoffmann PR, deCathelineau AM, Ogden CA, Leverrier Y, Bratton DL, et al.
(2001) Phosphatidylserine (PS) induces PS receptor-mediated macropinocytosis
and promotes clearance of apoptotic cells. J Cell Biol 155: 649-659.

March 2013 | Volume 8 | Issue 3 | e60068



