In this paper, we employed 3D structures constructed by a
homology modeling method to map amino acid residues on the
antigenic sites of HA. When compared to the presentation of
simple primary sequences, the 3D presentation has following
advantages: (a) There are several amino acid residues that are
buried beneath the surface of the HA molecule, even if they are
included in the antigenic sites described by the primary amino acid
sequences. Since such amino acid residues do not directly
contribute to the interaction with antibodies, the surface structures
of antigenic sites that are accessible for antibodies can be
compared more precisely in the presentation by 3D models than
by the primary amino acid sequence. (b) An epitope likely consists
of multiple amino acid residues belonging to different antigenic
regions presented by the primary amino acid sequence. Such
conformational epitopes can be illustrated only by the 3D
presentation. (c) One of the purposes of this study is to provide a
structural basis to confirm antigenic similarity between the 1918
HINI and the pandemic 2009 HIN1 viruses. For this purpose, we
employed a homology modeling method rather than simply
mapping on the existing crystal structure (e.g. 1918 HIN1 HA),
since this method is generally used to generate a 3D structure of a
protein molecule if there is no available crystal structure of the
target protein {14]. Thus, we believe that this method produces
more likely HA structure models of the viruses whose HA crystal
structure are not available (e.g. CA2009). In fact, our homology
modeling approach suggests that several amino acid residues were
occasionally buried beneath or exposed to the surface of HA
molecule, depending on the substitutions found in the viruses
examined (Figure 1B and Figure S1). The homology modeling
approach might enable us to analyze such dynamics of antigenic
changes at molecular levels.

Our analysis indicated that 2009 HINI had undergone less
sigmificant antigenic changes of HA in the pig population than
human HIN1 virus since their emergence in the early 1900s. The
Centers for Disease Control and Prevention reported that
vaccination with recent (2005-2009) human HINI viruses was
unlikely to provide protection against 2009 HINI [15]; however,
cross-reactive antibodies were detected in 33% of people aged 60
and over. Another report showed that appreciable neutralizing
antibodies against CA2009 were present in the sera collected from
individuals born before 1918 [16}. Our 3D models provide a
protein-structural basis supporting these observations, and further
suggest that infection with the 1918 HINI or early human HIN1
viruses (viruses present before the 1940s), but not with antigen-
ically divergent human HINI viruses circulating after the 1950s,
elicited cross-neutralizing antibodies to 2009 H1NI.

This virus will soon be subjected to complex immunological
selection pressure by the antibody response that will be induced in
the human population by vaccination and/or natural infection
with homologous viruses, and pre-existing immunity cross-reactive
to the early descendants of 1918 HINI. In the present study, we
showed that the antigenic structure of 2009 HIN1 HA might still
be similar, at least in part, to that of the 1918 HINI HA. We
speculate that the 2009 HIN1 HA antigenic sites involving the
conserved amino acids will soon be targeted by neutralizing
antibodies in humans. Thus, it is of interest to monitor whether
these antigenic sites of 2009 HIN1 will undergo similar patterns of
amino acid substitutions to those seen in seasonal HINI viruses
during its epidemic period (Figure 4). Interestingly, we found that
some of the recent variants of the 2009 HINI virus (as of
November 3, 2009) have indeed undergone substitutions identical
to those predicted in Figure 4. Although the present study still
needs to be supported by experimental data, our approach may
provide new perspectives on collective immunity against 2009
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HINI and an insight into future antigenic changes of this new
human pandemic influenza virus.

Methods

Sequence Data of HA Genes

Nucleotide sequences for HA genes of SC1918 (AF117241),
BR2007 (CY030230), CA2009 (EJ966082), A/Puerto Rico/8/
1934/Mount Sinai (AF389118), A/Bellamy/1942 (CY009276),
A/Albany/4836/1950 (CY021701), A/USSR/90/1977
(DQ508897), A/Singapore/6/1986 (CY020477), A/Texas/36/
1991 (AY289927), and A/Hong Kong/1035/1998 (AF386777)
[2,3,17,18,19,20] were obtained from Influenza Virus Resource at
the National Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html).

Molecular Modeling

MODELLER 9v6 [21] was used for homology modeling of HA
structures. After one hundred models of the HA trimer were
generated, the model was chosen by a combination of the
MODELLER objective function value and the discrete optimized
protein energy (DOPE) statistical potential score [22]. After
addition of hydrogen atoms, the model was refined by energy
minimization (EM) with the minimization protocols in the
Discovery Studio 2.1 software package (Accelrys, San Diego, CA)
using a CHARMm force field. Steepest descent followed by
conjugate gradient minimizations was carried out untl the root
mean square (rms) gradient was less than or equal to 0.01 kcal/mol/
A. The generalized Born implicit solvent model [23,24] was used to
model the effects of solvation. The HA model was finally evaluated
by using PROCHECK [25], WHATCHECK [26], and VERIFY-
3D [27]. All figures are shown as a solvent-accessible surface
representation prepared by PyMOL (DeLano Scientific LLC) [28].
All HA structures constructed by a homology modeling method are
available in Supplementary Files S1, 82, S3, S4, S5, 86, 87, and S8.

Sequence Data Analyses for N-Glycosylation Sites

Custom-made programs were developed with the Ruby
language and used for investigating the numbers of potential M-
glycosylation sites and candidate codons (Candl) in HA sequences.
The programs are available upon request.

Supporting Information

Table S§1
Found at: doi:10.1371/journal.pone.0008553.5001 (0.04 MB
PDF)

Figure 81 Amino acid substitutions of seasonal human HINI1
virus HAs shown in close-up views of each antigenic site. The
strains used in this analysis are corresponding to those shown in
Figure 2. Amino acids are colored according to the scheme in the
legend of Figure 1B.

Found at: doi:10.1371/journal.pone.0008553.5002 (1.02 MB
PDF)

File $1 PDB file of the homology model of HI HA (A/
California/04/2009) after energy minimizations.
Found at: doi:10.1371/journal.pone.0008553.5003 (0.20 MB ZIP)

File S2 PDB file of the homology model of H1 HA (A/Bellamy/
1942) after energy minimizations.
Found at: doi:10.1371/journal.pone.0008553.s004 (0.20 MB ZIP)

File 83 PDB file of the homology model of H1 HA (A/Albany/
4836/1950) after energy minimizations.
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Figure 4. Prediction of the future amino acid substitutions on the antigenic sites of 2009 H1N1 HA. Amino acid sequences of HA
antigenic sites of human H1N1 viruses are shown. Sequence data are corresponding to those of virus strains shown in Figures 1 and 2. Amino acid
residues shared between 1918 H1N1 (SC1918) and 2009 H1N1 (CA2009) are shown in red, and those that have been substituted since 1934 are shown
in blue. Amino acid residues indicated by arrows represent the predicted substitutions which might be associated with antigenic changes of 2009
H1IN1 in the near future. The amino acid substitutions which have already been found in the recent variants of the 2009 HIN1 virus (as of November

3, 2009) are shown in bold pink letters.
doi:10.1371/journal.pone.0008553.9004

Found at: doi:10.1371/journal.pone.0008553.s005 (0.20 MB ZIP)

File S4 PDB file of the homology model of HI HA (A/USSR/

90/1977) after energy minimizations.
Found at: doi:10.1371/journal.pone.0008553.5006 (0.20 MB ZIP)

File 85 PDB file of the homology model of HI HA (A/
Singapore/6/1986) after energy minimizations.
Found at: doi:10.1371/journal.pone.0008553.s007 (0.20 MB ZIP)

File 6 PDB file of the homology model of H1 HA (A/Texas/

36/1991) after energy minimizations.
Found at: doi:10.1371/journal.pone.0008553.5008 (0.20 MB ZIP)

File 87 PDB file of the homology model of HI HA (A/Hong
Kong/1035/1998) after energy minimizations.
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Development of a cytotoxic T-lymphocyte-based, broadly

protective influenza vaccine
Tetsuya Uchida

Department of Safety Research on Blood and Biological Products, National Institute of Infectious Diseases, 4-7-1 Gakuen, Musashimurayama-City,

Tokyo 208-0011, Japan

ABSTRACT

The current vaccination strategy against influenza is to induce production of antibodies directed against
the surface antigens of these viruses. However, frequent changes in the surface antigens of influenza
viruses allow them to avoid antibody-mediated immunity. On the other hand, it is known that cytotoxic
T-lymphocyte (CTL) populations directed against internal antigens of influenza A virus are broadly cross-
reactive to influenza virus subtypes. The present authors have previously demonstrated that antigens
chemically coupled to the surface of liposomes made using unsaturated fatty acids are cross-presented
by APCs via MHC class I to CD8* T cells and induce antigen-specific CTLs. Based on this finding, a
liposome vaccine that is capable of inducing CTL response against internal antigens of influenza viruses
and removing virus-infected cells in the host has been developed. The CTL-based liposomal technique
might be applicable for developing vaccines against influenza and other viruses, such as hepatitis C, HIV,
and severe acute respiratory syndrome corona virus, which frequently change their surface antigenic

molecules.

Key words cytoxic T lymphocyte, influenza, liposome, vaccine.

Adjuvants are indispensable for viral vaccines, such as in-
activated, subunit, or component vaccines, in which the
antigens possess weak immunogenicity. However, the cur-
rently used aluminum adjuvants are known to stimulate
only humoral responses (1) and are also known to in-
duce IgE antibody production, which elicits an allergic
response in some individuals following vaccination (2).
Therefore, there is a need for improved adjuvants that are
suitable for clinical use. Because they are known to act as
powerful adjuvants when physically associated with a pro-
tein antigen, liposomes as antigen carriers (vehicles) have
been particularly attracting attention among the candi-
dates for adjuvants for novel vaccines (3-6). Most of the
liposomal vaccines which have been proposed have been
prepared by antigen entrapment within the aqueous Ju-

Correspondence

men of liposomes (7). However, it is known that encapsu-
lated and surface-linked liposomal antigens induce differ-
ential immune responses in humoral- (8) and cellular (9)
immunity.

‘We have previously reported that surface-linked liposo-
mal antigens induce IgE-selective unresponsiveness (10).
Our results were consistent even when different pro-
cedures for coupling antigens with liposomes (11), or
for producing liposomes with different lipid components
(12), were employed. During the course of an investiga-
tion intended to clarify the mechanism of IgE-selective
unresponsiveness induced by surface-coupled liposomal
antigens, we discovered an alternative approach to regu-
lating the production of IgE, one that isindependent of the
activity of T cells (13). The IgE-selective unresponsiveness
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induced by the liposomal antigen involved direct effects
on IgE, but not IgG switching in vivo. Thus, we expected
that surface-linked liposomal antigen would be suitable
for the development of a novel vaccine which would in-
duce minimal IgE synthesis. Moreover, given the relatively
low allergic response to, and increased antigenicity of, this
allergen, this form of antigen preparation would be suit-
able for allergen immunotherapy (14, 15). In addition, we
recently found that when lipid components are chosen for
liposomes, surface-coupled liposomal antigens are cross-
presented to CD8™ T cells via MHC class I (16). Therefore,
surface-linked liposomal antigens might be suitable for the
development of tumor vaccines that would present tumor
antigens to APCs and induce antitumor responses, and
for the development of virus vaccines that would induce
CTLs to eliminate virus-infected host cells.

A novel $-OIV which was first detected in Mexico in
March 2009 spread globally via human-to-human con-
tact. Although S-OIV belongs to the same HA serotype as
seasonal human HINI influenza virus, vaccination with
seasonal influenza vaccine does not result in cross-reactive
antibodies (17), possibly because thereisa wide protein se-
quence divergence of around 20-24% between S-OIV H1
and human seasonal influenza H1 (18). The current vacci-
nation strategy is to elicit neutralizing antibody responses
against HA, a surface glycoprotein of influenza viruses.
Although antibody-mediated immunity to the surfaces of
viruses reduces the probability of infection and morbidity,
an antibody against one influenza virus type or subtype
provides limited or no protection against another. More-
over, as a consequence of the frequent development of
antigenic variants through antigenic drift, an antibody
to one antigenic variant of an influenza virus might not
protect against a new antigenic variant of the same type
or subtype. Therefore, although vaccines designed to in-
duce antibodies against HA provide reasonable protection
against homologous viruses, it is feared that, due to the
high rate of viral diversification, the vaccines currently be-
ing produced may have HA sequences so different from
those of any pandemic strain that they would have little
or no efficacy (19).

In natural infection, it is known that the host responds
by inducing humoral and cellular immunity against the
pathogen. Humoral immune responses consist of pro-
duction of antibodies that bind to the surfaces of bacteria
and viruses, whereas cellular immune responses mediate
immunity to intracellular pathogens. Since Effros et al.
reported in 1977 that influenza A virus-specific CTLs are
broadly cross-reactive for cells of the same MHC class I
type infected with serologically distinct HIN1 and H3N2
influenza viruses (20), it has been known that CTLs spe-
cific to internal proteins show high cross-reactivity be-
tween strains and between subtypes, reflecting more than
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90% conservation of the internal proteins (21). Lee et al.
recently reported that memory T-cells established by sea-
sonal human influenza A infection cross-react with H5N1
in healthyindividuals who have not been exposed to H5N1
viruses (22). The CD8" T-cells of the participants recog-
nized multiple synthesized influenza peptides, including
peptides from the H5N1 strain. Thus, vaccine formu-
las that include heterosubtypic T-cell-mediated immunity
might confer broad protection against avian and human
influenza A viruses.

In general, extracellular antigens are presented via MHC.
class II molecules to CD4™ T-cells, whereas intracellular
antigens are presented via MHC class I molecules to CD8™
T-cells. To induce influenza-specific CTLs, vaccine anti-
gens must be loaded onto the class I MHC processing
pathway in the APCs via cross-presentation. In the pro-
cess of cross-presentation, exogenous proteins cross over
to the endogenous pathway, thus gaining access to MHC
class I molecules (23). However, the currently approved
alum adjuvant, which was first described by Glenny et al.
in 1926 (24), is known to be effective only for induc-
tion of humoral immunity, and not for induction of cell-
mediated immunity (25). Consequently, development of
a novel vaccine adjuvant is essential for production of a
CD8™" T-cell vaccine. .

Since liposomal conjugates induce CTLs efficiently
when CTL epitope peptides are coupled to the surfaces of
liposomes (16), they were expected to be suitable for de-
velopment of peptide vaccines (26) . We recently demon-
strated that liposome-coupled peptide NP 36374, derived
from NP of H3N2 influenza virus induces antigen-specific
CTLs and successfully suppresses replication of H3N2 in-
fluenza virus in the lung in C57BL/6 mice (27). We fur-
ther evaluated a possible application of liposome-coupled
peptides to the development of an influenza vaccine using
HLA-A*0201-restricted CTL epitope peptides and HLA-
A*0201-transgenic mice.

In this review, we summarize data indicating that a cor-
relation exists between the lipid component of liposomes
and the immune response induced by surface-linked lipo-
somal antigens, and discuss the potential of surface-linked
liposomal antigens for the development of CTL-based vi-
ral vaccines.

Liposomes with different lipid components
exert different adjuvanticity in
antigen-liposome conjugates via differential
recognition by antigen presenting cells

Based on our previous finding that liposomes with dif-
ferent lipid components display different adjuvant effects
when antigens are coupled with liposomes via glutaralde-
hyde (12), we investigated adding antigen-liposome
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conjugates prepared using liposomes with different lipid
components to a macrophage culture, and phagocyto-
sis and digestion of liposome-coupled antigen by the
macrophages (28). When mice were immunized with
OVA-liposome conjugates containing liposomes consist-
ing of either saturated- or unsaturated fatty acids, the
degree of anti-OVA IgG antibody production induced by
these two OVA-liposome conjugates was significantly dif-
ferent; OVA-liposome conjugates made using the “un-
saturated” liposomes induced more than ten-fold greater
anti-OVA IgG production than that induced by OVA-
liposome conjugates made using “saturated” liposomes,
whereas the same dose of plain OVA solution induced far
less anti-OVA IgG antibody production than that induced
by OVA-liposome conjugates.

In order to examine whether the different adjuvant ef-
fects of these two liposome preparations were due to dif-
ferential recognition of liposomal antigens by APCs, we
investigated phagocytosis of OVA-liposome conjugates by
macrophages by adding fluorescence-labeled OVA cou-
pled with “saturated” or “unsaturated” liposomes to the
macrophage culture. We found that more OVA were in-
corporated by macrophages when OVA were coupled to
“unsaturated” liposomes than when OVA were coupled
to “saturated” liposomes. To compare the processing of
OVA coupled either with “saturated” or “unsaturated”
liposomes by macrophages, we further investigated the
fluorescence intensity of the macrophages by adding DQ-
OVA-coupled liposomes to the macrophage culture. DQ-
OVA exhibits green fluorescence upon proteolytic degra-
dation. It appeared that the amount of OVA processed by
macrophages in the same time period was greater when
OVA was coupled to the “unsaturated” liposomes than
when it was coupled to the “saturated” liposomes.

We further investigated antigen presentation by
macrophages to an antigen-specific T-cell clone using the
same set of conjugates. When we cultured macrophages
in the presence of OVA-liposome conjugates prior to co-
culture with the OVA-specific T-cell clone, 4264, sig-
nificantly greater IL-2 production was observed when
the macrophages were pre-cultured with OVA-liposomes
made using “unsaturated” liposomes. Although a substan-
tial amount of IL-2 was produced when the macrophages
were pre-cultured with OVA-liposome conjugates made
using “saturated” liposomes, the amount of IL-2 was still
more than ten-fold less than that in the “unsaturated”
liposome group.

Thus, these results clearly demonstrate that theadjuvant
activity of liposomes observed primarily in vivo is closely
correlated with recognition of antigen-liposome conju-
gates and the presentation of liposome-coupled antigen
by macrophages, suggesting that the adjuvant effects of
liposomes are exerted at the beginning of the immune
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response, that is, upon recognition of the antigen by
APCs.

Antigens coupled to the surface of
liposomes made using unsaturated fatty
acid are cross-presented to CD8* T cells and
induce potent antitumor immunity

Liposomes with different lipid components have been
demonstrated to display different adjuvant effects when
antigens are chemically coupled to their surfaces (12,
28). Here, we investigated the antigen presentation of
liposome-coupled OVA in vitro, and found that OVA cou-
pled to “unsaturated” liposomes are presented to both
CD4% and CD8™* T-cells while OVA. coupled to “satu-
rated” liposomes are presented only to CD4™ T cells (16).
When we co-cultured APCs derived from BALB/c mice
with OVA-liposome conjugates made using liposomes
with the above two different lipid components, and subse-
quently cultured them with splenic CD4* or CD8™" T cells
of OVA-immune BALB/c mice, OVA-liposome conjugates
with the two types of liposome induced production of
comparable amounts of IFN-y by CD4% T cells. How-
ever, OVA-liposome conjugates made using “saturated”
liposomes did not induce IFN-y production by CD8*
T cells, while OVA-liposome conjugates made using “un-
saturated” liposomes induced significant production of
IEN-y.

In most APCs, exogenous antigens cannot be presented
via the MHC class I pathway because exogenous anti-
gens are unable to gain access to the cytosolic compart-
ment. This segregation of exogenous antigens from the
class I pathway is important in preventing CTLs from
killing healthy cells that have been exposed to foreign anti-
gens but have not become infected (29). Consequently,
in general, exogenous antigens do not prime CTL re-
sponses in vivo. However, there are several exceptions to
this rule, reflecting an ability of the antigens to be de-
livered into the cytosolic compartments in some cases
(30-34). We have shown that antigens coupled to “un-
saturated” liposomes are presented to both CD4* and
CD8™" T cells. Confocal laser scanning microscopic anal-
ysis demonstrated that a portion of the OVA coupled to
liposomes received processing beyond the MHC class II
compartment, suggesting that degradation of OVA occurs
in the cytosol, and that peptides generated in this manner
are presented to CD8™ T cells via MHC class . We further
confirmed cross-presentation induced by OVA coupled to
liposomes consisting of unsaturated fatty acids in in vivo
CTL induction experiments. CTLs were successfully in-
duced in vivo only when OVA or OVA,s;—6: chemically
coupled to “unsaturated” liposomes was inoculated into
mice.
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We further investigated the ability of antigen-liposome
conjugates to induce antitumor immunity. The aim of
cancer vaccination is to generate an immune-mediated
anti-tumor associated antigen response that results in
elimination of the tumor. The antigen of choice may be
the whole protein alone or one with immune stimula-
tory components, or defined epitopes (e.g., peptides), of
the target antigen (35). Recent preclinical studies have
demonstrated that combined therapies involving the use
of vaccines with cytokines, activators of DCs such as TLR
ligands or mAb to CD40, or recombinant vectors that
provide a stimulus to the innate immune system, result in
enhanced antitumor responses (36). In this study, anti-
genic peptides were chemically coupled to the surface
of liposomes and inoculated into tumor-bearing mice in
combination with CpG and anti-IL-10 monoclonal anti-
bodies. This treatment successfully induced eradication
of the tumor mass, whereas inoculation of mice with
CpG and anti-IL-10 monoclonal antibodies with peptide
solution containing the same amount of OVAjs;—6s as
liposome-coupled OVA,;s7—364 did not affect E.G7 tumor
growth. It has been reported that CpG and the anti-IL-
10 receptor antibody reverse tumor-induced DC paraly-
sis, resulting in tumor rejection by CTL activated by DC
(37). These results suggest that, by choosing appropriate
lipid components for liposomes, tumor vaccines that use
surface-coupled liposomal antigens to present tumor anti-
gens to APCs and induce antitumor responses might be
developed.

Thus, in contrast to previous investigations of
liposome-based drug-delivery systems which have focused
on encapsulation of antigens into liposomes, the poten-
tial of surface-linked liposomal antigens for application to
vaccine development has been investigated (7, 38). Dur-
ing the course of this investigation, several advantages of
liposome-coupled antigens over liposome-encapsulated
antigens have become apparent: (i) A predominant cou-
pling efficiency of antigens to liposomes; we have pre-
viously reported a procedure for coupling antigens to
liposomes whereby approximately 50% of the antigens
become bound to the surface of liposomes (11), whereas
with antigen-encapsulation, a 60-fold greater volume of
antigens is required to obtain the same amount of con-
jugates (unpublished observation). (ii) Antigen-specific
and IgE-selective unresponsiveness induced by surface-
linked liposomal antigens; antigens chemically coupled
to the surface of liposomes induce antigen-specific IgG
but not IgE antibody production in mice (10) and also
in monkeys (39), suggesting that it might be possible
to develop vaccines with minimal allergic side-effects by
utilizing surface-linked liposomal antigens. In addition,
during the course of an investigation intended to clar-
ify the mechanism of IgE-selective unresponsiveness in-
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duced by surface-linked liposomal antigen, we identified
an alternative mechanism, not involving T cells, in the
regulation of IgE synthesis (13). (iii) Enhanced recogni-
tion of liposomal antigens by APCs; since liposomes basi-
cally consist of immunologically inert fatty acid, they are
barely recognized by APCs. Therefore, some contrivance,
such as the introduction of mannose on their surfaces
(40), is required in antigen-encapsulated liposomes to en-
hance the recognition of liposomes by APCs. On the other
hand, with surface-linked liposomal antigens, antigens ex-
pressed on the surface of liposomes might be recognized
more efficiently by APCs, which could result in enhanced
presentation to T cells. In fact, surface-linked liposomal
antigens induce significantly greater antigen-specific IgG
production than do liposome-encapsulated antigens in
mice (unpublished observation). In addition, a significant
difference has been observed between liposomes with dif-
ferent lipid components in the recognition of liposomal
antigens by APCs, this difference correlating closely with
the adjuvant activity of liposomes. More antigens coupled
to “unsaturated” liposomes are engulfed by macrophages
in vitro, and greater antigen-specific antibody production
is induced in vivo, than when “saturated” liposomes are
used, suggesting that the adjuvant effects of liposomes are
exerted at the beginning of the immune response, that
is, upon recognition of antigens by APCs (28). In ad-
dition to this quantitative difference between liposomes
with different lipid components, a qualitative difference
(i.e., a difference in ability to induce cross-presentation)
has also been observed between “saturated” and “un-
saturated” liposomes. Although the precise mechanism
underlying this difference is currently unclear, the sig-
nificant difference in membrane mobility observed be-
tween these liposomes (12) might affect their ability to
induce cross-presentation. These data suggest that differ-
ences in lipid components in liposomes lead to differen-
tial processing and presentation of liposomal antigens in
APCs.

Induction of antigen-specific CD8™ T-cells and
cytotoxic T lymphocytes by
liposome-coupled cytotoxic T lymphocyte
epitopes derived from internal proteins of
influenza viruses

Based on the results described above, we evaluated lipo-
somal conjugates with CTL epitope peptides derived from
highly conserved internal antigens of influenza viruses
for their ability to protect against infection by influenza
viruses (41). HLA-A*0201 (A2)-binding epitopes were
predicted among the amino-acid sequences of six cod-
ing regions—M]1, NP, PA, PBl, PB2, and NS—in the
HINI influenza virus (PR8 strain) using programs avail-
able on the Internet. The predicted epitopes were then
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Table 1. Amino acid sequences of CTL epitopes derived from internal
antigens of influenza viruses

Virus strain M158-66  NS1128-136 PB1410-418

HIN1 (A/PR/B/34) GILGFVFTL HILKANFSYV GMFNMLSTV

H3N2 (A/Aichi/2/68) GILGFVFTL VMLKANFSV GMFNMLSTV

H1N1 (A/New York/ GILGFVFTL IVLKANFSYV GMFNMLSTV
4290/2009)

HS5N1 (A/Hong GILGFVFTL HILKANFSVY GMFNMLSTV
Kong/483/97)

*Disagreements are underlined.

synthesized and chemically coupled to liposomes to eval-
uate their abilities to induce antigen-specific CD8+ T-cells
and CTLsby means of ICS and an in vivo cytotoxicity assay,
respectively. Immunization of the liposome-coupled, HLA
A2-restricted epitope peptides, M1 58-66, NS1 128-136,
and PB1 410418 (Table 1) induced significant numbers
of antigen-specific CD8% T-cells in HLA-A2-transgenic
(A2Tg) mice, as evaluated by ICS (Fig. 1a). Moreover, as
shown in Figure 1b, all the peptide-liposome conjugates
in Figure la induced significant in vivo CTL responses,
indicating that all the predicted CTL epitopes were loaded
onto MHC class I and recognized by CTLs. On the other
hand, even in the presence of CpG solutions of the pre-
dicted peptides did not induce antigen-specific CD8* T-
cells in A2Tg immunized mice (Fig. 1a). As shown in
Table 1 all three peptides were preserved well, not only
in HIN1 (A/PR/8/34) and H3N2 (A/Aichi/2/68) seasonal
influenza viruses, but also in the 2009 pandemic HINI
(A/New York/4290/2009) influenza virus and in a highly
pathogenic H5N1 (A/Hong Kong/483/97) influenza virus
In contrast, NS1 128-136 had partially changed in H3N2
(A/Aichi/2/68) and HIN1 (A/New York/4290/2009) in-
fluenza viruses. Among the CTL epitopes determined in
the present study, peptide M1 58-66 had already been
reported by Gotch ez al. in 1987 (42).

Virus challenge experiment

We performed virus challenge experiments using pep-
tide M1 58-66 on the above-described HLA-A2-restricted
CTL epitopes. A2Tg mice were immunized subcuta-
neously with liposome-coupled, HLA-A2-restricted pep-
tide M1 58-66. One week after the immunization, we in-
fected them intranasally with HIN1 (A/PR/8/34) or H3N2
(A/Aichi/2/68) influenza virus. As shown in Figure 2, viral
growth in the lung was suppressed significantly in the im-
munized mice 2 to 6 days after infection by either HIN1
(A) or H3N2 (B) influenza viruses. Thus, in A2Tg mice,
immunization with liposome-coupled peptides success-
fully induced protection against influenza viruses regard-
less of the influenza virus subtypes.
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Fig. 1. Induction of antigen-specific CD8% T-cell and CTL re-
sponses. Mice received immunization with the liposome-coupled pep-
tides M1 58-66, NS1 128-136, and PB1 410-418 {liposome) or liquefied
peptides in the same amounts as liposome conjugates (solution) in the
presence of CpG. Control mice received no immunization. One week
after immunization ICS and in vivo CTL assay were performed. (a) ICS
of antigen-specific CD8*+ T-cells among spleen cells of A2Tg mice. Cells
were stained for their surface expression of CD8 (x axis) and their in-
tracellular expression of IFN-y (y axis). The numbers shown indicate the
percentage of CD8* cells that were positive for intracellular IFN-y. (b)
Induction of CTLs by liposome-coupled peptides. The numbers shown
indicate the percentage of total cells killed. The data shown are repre-
sentative of three independent experiments. Imm., immunization.

Induction of memory CD8" T-cells

After confirming induction of protective ability by liposo-
mal peptide in the effector phase, we investigated whether
or not this immunization induced memory CD8" T-cells.
As shown in Figure 3, significant numbers of CD8 T-cells
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Fig. 2. Viral titers in lungs of mice following challenge with H1N1
or H3N2 influenza virus. Mice received immunization with either
liposome-coupled peptide M1 58-66 liposome conjugates in the pres-
ence of CpG {(gray bars) or none (black bars). One week later, mice
were challenged intranasally with either (a) the HIN1 or (b) the H3N2
influenza virus. On days 2, 4, or 6 post-infection, viral titers in the lungs
were determined by calculating the 50% tissue culture infective dose
using MDCK cells. Data represent mean and standard error of five mice
per group. *, P < 0.05; **, P < 0.01.

specific to peptides M1 58-66 were detected in the immu-
nized mice at 90 days after immunization (Fig. 3a). Inaddi-
tion, viral growth in the lung was significantly suppressed
after nasal challenge with either the HIN1 or H3N2 in-
fluenza virus (Fig. 3b). Thus, we demonstrated that im-
munization readily induces memory CD8* T-cells.

induction of long-lasting protection against
lethal doses of influenza viruses

We next investigated whether or not the long-lasting im-
munity demonstrated above would help protect mice
against infection with lethal doses of influenza viruses.
Six months after immunization with liposome-coupled
M1 58-66 peptides, mice were challenged with a lethal
dose of influenza virus HIN1 PR3 strain. As shown in
Figure 4, although the immunized mice lost body weight
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Fig. 3. Induction of long-lasting immunity by peptide-liposome
conjugates. Mice were immunized with liposome-coupled peptide M1
58-66 either in the presence or absence of CpG. 90 days after immu-
nization, ICS and viral challenge experiments were performed. (a) ICS of
CD8&* T-cells specific for peptide M1 58-66 among spleen celis of A2Tg
mice immunized with liposome-coupled peptide (liposome) or not (no
imm.). (b} Viral replication in the lungs of mice immunized with liposome-
coupled peptide (gray bars) or not (black bars) 6 days after nasal infection
with influenza viruses. Data represent the mean and standard error of
five mice per group. imm., immunization; *, P < 0.05.

up to 8 days after infection, at 4 to 7 days the rate of loss was
significantly less than that observed in a non-immunized
control group, and the immunized mice recovered body
weight thereafter (Fig. 4a). Finally, five out of six immu-
nized mice survived, whereas all of the non-immunized
control mice died within 7 days of infection with signifi-
cant loss of body weight and morbidity (Fig. 4b).

The data cited above indicate that liposome-coupled
CTL epitope peptides derived froni internal antigens of
influenza virus protect against infection with heterosub-
typic influenza viruses. Since the early finding that in-
fluenza A virus-specific CTLs are broadly cross-reactive
for cells of the same MHC class I type infected with sero-
logically distinct HIN1 and H3N2 viruses (20), numer-
ous investigators have reported on immunodominant and
cross-reactive CTL epitopes derived from conserved in-
ternal antigens, such as NP (43, 44), M1 (42, 44, 45),
and NS1 (21) influenza viruses. It was hoped that CTL
epitopes could be used to develop a broadly protective
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Fig. 4. Maintenance of protective ability against a lethal dose of
H1N1 virus in mice immunized with liposome-coupled peptide.
Mice were immunized with either liposome-coupled peptide M1 58—
66 in the presence (open symbols) or absence (solid symbols) of CpG.
Six months after immunization, mice were challenged intranasally with
5 x median lethal dose of HIN1 influenza virus (PR8 strain). The mice
were weighed and monitored daily for mortality up to 14 days post-
challenge. (a) Changes in body weight of mice calculated as a percentage
of the mean weight per group in comparison with starting body weight.
Data represent mean body weight and standard error of six mice per
group. *, P < 0.05: **, P < 0.01 as compared with non-immunized
control mice. (b) Survival percentage. The mice were killed once they
had lost 30% of their initial body weight.

influenza vaccine (46). To date, candidate CD8* T-cell
vaccines have been reported to induce partial protection
(47), suggesting that CD8™ T-cells certainly help to pro-
tect against influenza. Therefore, the CD81 T-cell vac-
cine strategy against influenza was expected to support
antibody-focused vaccine strategies by “reducing” (46) or
“dampening” (21) the impact of the next pandemic.
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Liposome-coupled CTL epitope peptides efficiently in-
duced antigen-specific CD8% T-cells and CTLs (Fig. 1),
and suppressed viral replication in the lungs of mice in-
fected with either HIN1 or H3N2 influenza virus (Fig. 2).
In addition, since a single immunization just one week
before infection successfully reduced viral replication in
the lung, this vaccination protocol would be expected
to counter the rapid spread of an influenza pandemic.
The efficacy of liposome-coupled peptides in inducing
CTL-based protective immunity is likely due to the char-
acteristics of liposome-coupled antigens, which are very
readily recognized by APCs (28) and effectively induce
cross-presentation via MHC class I in APCs (16) In ad-
dition to their safety, they are less likely to induce al-
lergic responses (13). Moreover, vaccines consisting of
liposome-coupled CTL epitope peptides without CD4+
T-cell epitopes are capable of inducing long-lived CD8*
memory T-cells (Fig. 3). Mice immunized with liposome-
coupled M1 58-66 peptides remained protected for at least
6 months after immunization (Fig. 4).

The CTL epitopes employed in this study are con-
tained not only in the seasonal influenza viruses, but also
in the currently emerging S-OIV and in the extremely
virulent avian H5NI influenza viruses (Table 1), sug-
gesting that this liposomal peptide vaccine might be ef-
fective in protecting against infection by both seasonal
and pandemic influenza viruses. In addition, the lipo-
some employed in this study was originally developed
as an antigenic carrier that effectively induces humoral
immunity (i.e., antibody production) against liposome-
coupled antigens (14). Therefore, antigen-liposome con-
jugates are capable of inducing both humoral and cellular
immunity against influenza viruses, by combined cou-
pling of antibody- and CTL epitopes to the surfaces of
liposomes.
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Introduction

It has been reported by numerous investigators that CD4" T
cells are essential for the maintenance of memory CD8" T cells [1-
5]. However, in the induction and maintenance of CD8* memory
T cells, different roles of CD4™ T cells have been described [6-9].
In the so-called “classical model”, GD4" T cells contribute to
memory CD8" T-cell generation indirectly via APCs [6]. Through
the CD40-CD40L interaction between CD40L on CD4" T cells
and CD40 on APCs, CD4" T cells “license” APCs for the
induction of memory CD8" T cells. As an alternative to this APC
Iicensing model, Bourgeois et al. [7] provided evidence demon-
strating that CD4" T cells contribute directly to CD8* T cells
through CD40 on CD8" T cells, rather than indirectly via APCs.
However, these findings were countered by studies in which long-
lived CD8" memory T cells were generated in the absence of
CD40 expression on CD8" T cells [8,9]. In addition, as for the role
of CD40-CD40L interaction in the induction of memory CD8™ T
cells, Hernandez et al. [10] reported that CD8" T cells themselves
provided CD40L in order to license APCs for the induction of
memory CD8% T cells. In their scenario, although the CD40-
CD40L interaction between T cells and DGCs is indispensable for
the induction of memory CD8" T cells, CD4™ T cells are not
necessarily involved. Thus, the research so far has not resolved the
role of CD4" T cells in the induction and maintenance of memory
CD8" T cells, although resolving this issue is a critical step in
designing better vaccination and immunotherapeutic strategies.

@ PLoS ONE | www.plosone.org

Upon natural infection, the host responds by inducing humoral
and cellular immunity against the pathogen. Humoral immune
responses are represented by the production of antibodies that
bind to the surfaces of bacteria and viruses, whereas cellular
immune responses mediate immunity to intracellular pathogens.
In general, extracellular antigens are presented via MHC class IT
molecules to CD4" T cells, whereas intracellular antigens are
presented via MHC class I molecules to CD8™ T cells. To induce
antigen-specific GTL, antigens must be loaded onto the class I
MEHC processing pathway in APCs via cross-presentation [11]. In
the cross-presentation, exogenous proteins cross over to the
endogenous pathway to gain access to MHC class I molecules.
Using this phenomenon, a generation of antigen-specific CTL
responses might be useful in the development of vaccines that can
prevent viral diseases. However, the currently approved alum
adjuvant, which was first described by Glenny et al. [12] in 1926
and until today remains the only adjuvant approved for clinical
use, is known to be effective only for the induction of humoral
immunity, not for the induction of cell-mediated immunity [13-
16]. Consequently, the development of a novel vaccine adjuvant is
essential for the induction of cell-mediated immunity.

We previously reported that surface-coupled liposomal antigens
could be presented by APCs to CD8* T cells via MHC class I
molecules if certain lipid components were chosen for the
liposomes [17]. This antigen preparation was expected to be
applicable for the development of tumor vaccines to induce
antitumor responses and for the development of viral vaccines to
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induce virus-specific CTLs that effectively eliminate virus-infected
cells [18]. Since the liposomal conjugates induced CTLs efficiently
when CTL epitope peptides were coupled to the surfaces of
liposomes [17], the liposomal conjugatesare expected to be
applicable for the development of CTL-based peptide vaccines.
In the development of peptide vaccines, it is essential to know
whether a T helper epitope peptide is necessary for the induction
of long-lived memory CD8" T cells, an important step in vaccine
preparation. This study was aimed at evaluating the role of CD4*
T cells in the induction of long-lived memory CD8" T cells by
liposome-coupled peptides.

Results

Induction of antigen-specific primary CD8" T cells and
CTLs in mice by OVA;s7.264-liposome conjugates

Mice were immunized with OVAgs;.0s¢-liposome conjugates in
the presence of CpG as described in Materials and Methods. A
significant induction of CTL specific for OVAys7.964 was observed
on day 4 and a complete cell killing was observed as early as 5 days
after the immunization (Figure 1). Therefore, in the following
experiments, primary CTL responses were monitored at 7 days

No immunization

CD8+ Memory T Cell Induction Without CD4+ T Cells

after immunization. Mice were then immunized with serially diluted
solution of OV Ags;.ges-liposome conjugates containing 0.3 (8 %) to
2.4 pg (1) of peptides or OVAgs7.964 solution that contained equal
amounts of peptides as those in liposomal conjugates. Although
OVAgs7.964-liposome and OVAgsy.964 solution seemed to induce a
comparable level of T-cell cytokine production at the highest dose
(2.4 pg/injection), a dose-dependent decrease was observed in mice
immunized with OVAsgs7.954 solution but not in mice immunized
with OVAgsy gss-liposome, suggesting that OVAgs;.o64-liposome
was more effective than OVAgs7.964 solution in the induction of
antigen-specific CD8" T cell cytokine production (Figure 2A).
Similar results were observed in T cell cytokine production; a dose
of OVAgs7.06¢-liposome as low as 0.6 pug/mouse (4x dilution)
induced a perfect killing as assayed by i ziwo CTL assay, while
OVAgs7.06¢ solution induced only a partial killing even at the

highest dose (Figure 2B).

Secondary CTL response in mice immunized with
OVA257..254'“pOSOme
Induction of secondary CTL responses in mice immunized with

OVAgs7.964-liposome was further investigated. Mice were immu-
nized with 50 pl of OVAgs7.96s-liposome and 2, 4, 8, 16, and 20
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Figure 1. Kinetics of primary CTL response induced by OVAzs7.2¢4-liposome conjugates. Mice were immunized with 50 pl of OVA;s7.264-
liposome in the presence of 5 g CpG; one to 5 days later, an in vivo CTL assay was performed as described in Materials and Methods. The numbers
for each time period indicate percentages of target cells killed. Data are representative of three individual mice in each group for which similar results

were obtained.
doi:10.1371/journal.pone.0015091.g001
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Figure 2. Dose-response of cytokine production by CD&* T cell and CTL induction in mice immunized with OVAzs7.064-liposome or
with OVA,s7.564 solution. A serial two-fold dilution of OVA,s;.5e4-liposome (open box) and OVA;s;.264 solution (closed box) were made in PBS, and
mice were immunized with the diluents in the presence of 5 ug CpG. OVAgs;.5¢s solution containing equal amounts of peptides as those in OVA,s;.
2s4-liposome. One week after the immunization, IFN-y production by CD8" T cells (&) and the CTL response (B) were monitored as described in
Materials and Methods. Data represent means and SE of three mice per group. *, significant difference (p>0.01).

doi:10.1371/journal.pone.0015091.g002

weeks later, the mice received a booster injection with OVA.
Three days after the booster injection, OVAgs;.06s-specific cell
killing was monitored. As shown in Figure 3, a complete cell killing
was observed at 2 weeks after the immunization without a booster
injection and, up to 20 weeks after the immunization, a significant
recall response was observed upon booster injection with OVA.
Inoculation of naive mice with the same dose of OVA as the
booster injection (“No imm.” in Figure 3) did not induce a
detectable CTL response. Interestingly, a significant recall
response was observed even at 20 weeks when the primary CTL
response was nearly undetectable. An antigen-specific CD8" T-cell
proliferation assay further confirmed the results; as shown in
Figure 4, CD8" T cells of mice immunized with OVAys7.064-
liposome significantly proliferated upon in vitro stimulation with
OVA even 20 weeks after immunization.

Effect of in vivo elimination with CD4* T cells on the
induction of long-lived memory CD8" T cells by

OVA;s7.264-liposome conjugates
To eliminate CD4" T cells, mice were inoculated with GK1.5 as
described in Materials and Methods, and. immunized with

@ PLoS ONE | www.plosone.org

OVAys;.06s-liposome. As shown in Figure 5, i vivo elimination
with CD4" T cells affected neither for primary (Figure 5A) nor for
secondary (Figure 5B) CTL responses; even at 20 weeks after the
immunization, a significant recall response, comparable to that in
normal mice, was observed in mice from which CD4" T cells had
been eliminated.

Discussion

In the present study, the role of CD4" T cells in the induction
and maintenance of memory CD8" T cells was evaluated in mice
immunized with liposome-coupled GTL epitope peptides. Al-
though the inclusion of CpG, a ligand of TLR-9, was needed for
the induction of the primary CTL response by OVAgs7.06e-
liposome, CD4" T cells were not required in either primary or
secondary response, since long-lived memory GD8" T cells were
readily induced only by immunization with CTL epitope peptides
coupled to liposomes (Figures 3 and 4). This finding was further
confirmed in CD4" T cell-depleted mice (Figure 5). These results
are in agreement with those reported previously by numerous
investigators that CD4" T cells are dispensable for the primary
expansion of CD8" T cells and their differentiation into cytotoxic
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Figure 3. Secondary CTL response in mice immunized with OVAss7.264-liposome. Mice were immunized with 50 pl of OVAzs7.364-liposome
in the presence of 5 pg CpG, and 2, 4, 8, 16, and 20 weeks later, they received a booster ip injection with 200 p! of 1 mg/ml OVA in PBS (closed box)
or no booster injection (open box). Three days after the booster injection, in vivo CTL assay was performed. Data represent mean percentages of cells
killed and SEs of three mice per group. ND, not detected. ¥, significant difference (p>0.01).
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Figure 4. Antigen-specific cDg* T-cell proliferation assay. Mice
were immunized with OVA,syo6s-liposome and 1 week or 20 weeks
later, CD8" T cells of the immunized mice were cultured in the presence
(closed box) or absence (open box) of OVA as described in Materials
and Methods. Data represents mean *H- thymidine incorporation and
SE of triplicate cultures. *, significant difference (p>0.01).
doi:10.1371/journal.pone.0015091.g004

@ PLoS ONE | www.plosone.org 4

effectors [2,3,5]. However, most of these researchers have claimed
that secondary CTL expansion is wholly dependent on the
presence of T helper cells during, but not afier, priming [1-5].

We previously reported that surface-linked liposomal antigens
induced IgE-selective unresponsiveness [19]. The results were
consistent even when different coupling procedures for the
antigens with the liposomes were employed [20]. During the
course of an investigation intended to clarify the mechanism of
IgE-selective unresponsiveness induced by surface-coupled liposo-
mal antigens, we discovered an alternative approach to regulating
the production of IgE, one that is independent of the activity of T
cells [21]. Immunization of mice with OVA-liposome conjugates
induced IgE-selective unresponsiveness without apparent Thl
polarization. Neither interleukin-12 (IL-12), IL-10, nor CD8" T
cells participated in the regulation. Further, CD4™ T cells of mice
immunized with OVA-liposome were capable of inducing antigen-
specific IgE synthesis in athymic nude mice immunized with alum-
adsorbed OVA. On the other hand, immunization of the recipient
mice with OVA-liposome did not induce anti-OVA IgE
production, even when CD4* T cells of mice immunized with
alum-adsorbed OVA were transferred. In the secondary immune
response, OVA-liposomes enhanced anti-OVA IgG antibody
production but did not enhance ongoing IgE production,
suggesting that the IgE-selective unresponsiveness induced by the
iposomal antigen involved direct effects on IgE but not IgG
switching in vivo. These results suggest the role of an alternative
mechanism, one not involving T cells, in the regulation of IgE
synthesis, and raise the possibility that the surface-linked liposomal
antigens are potentially applicable for the development of novel
vaccines with minimal induction of IgE synthesis. Moreover, given
the relatively low allergic response to and increased antigenicity of
the allergen, this form of antigen preparation would be applicable
for allergen immunotherapy [22].
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