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In vivo CTL assay. In vivo CTL assay was carried out as described pulsed with 10 mM of peptide M1 58-66 and labeled with a high
previously by Suvas et al. [17]. Briefly, spleen cells from naive HHD concentration (2.5 pM) of carboxyfluorescein diacetate succinim-
mice were equally split into two populations. One population was idyl ester (CFSE) (Molecular Probes, Eugene, OR). The other popula-
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Fig. 1. Induction of antigen-specific CD8* T-cell and CTL responses. Mice received immunization with the liposome-coupled peptides 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 (no imm.). One
week after the immunization, ICS (A) and in vivo CTL assay (B) were performed as described in Materials and methods. (A), ICS of antigen-specific CD8* T-cefls among spleen
cells of AZTg mice, Cells were stained for their surface expression of CD8 (x-axis) and their intracellular 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 representative of three independent experiments,
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tion was unpulsed and labeled with a lower concentration
(0.25 pM) of CFSE. An equal number (1 x 107) of cells from each
population was mixed together and adoptively transferred intrave-
nously (i.v.) into mice that had been immunized once with a lipo-
somal peptide two weeks earlier. Twelve hours later, spleen cells
were prepared and analyzed by flow cytometry. To calculate
specific lysis, the following formula was used: % specific lysis =
(1 — {{(number of CFSE'Y cells in normal mice)/(number of CFSEMeh
cells in normal mice)}/{(number of CFSE™¥ cells in immunized
mice)/{(number of CFSE™" cells in immunized mice)}) x 100.

Viral challenge experiment, Mice were anesthetized by an intra-
peritoneal injection of ketamine (175 mg/g weight) (Sigma-Al-
drich) and xylazine (3.5 mgfg weight) (Bayer Holding Ltd., Tokyo,
Japan), and were challenged intranasally (i.n.) with either
5 x LDsp {1 x 104 TCIDso) of HIN1 (A/PR/8/34) virus or 1 x 10*
TCIDso of H3N2 (A/Aichi/2/68) virus resuspended in 40 ml of PBS
per animal. The mice were weighed daily and monitored for mor-
tality for two weeks. For virus titration, mice were sacrificed on day
2, 4, or 6 after the virus challenge, and the virus titers in their lungs
were determined by calculating TCIDso using MDCK cells as de-
scribed [15). In brief, the lungs were homogenized in 1 ml of PBS
and the homogenate was clarified by centrifugation at 2000 rpm
for 10 min. The lung homogenates were then serially 10-fold di-
luted in 96-well U-bottomed plates, 5 wells per dilution, starting
from 10~ to 1077 in DMEM with 5% FCS. MDCK cells in D-5 were
added to all wells (2.5 x 10* cellsjwell) and incubated at 35 °C in
5% CO,. One day later, the culture medium in each well was re-
placed by DMEM containing 2 mg/m! acetylated trypsin (Sigma-Al-
drich), and the plates were incubated in a CO, incubator at 35 °C
for 4 more days. After the addition of 50 ml of 0.5% chicken red
blood cell suspension in PBS to each well, the agglutination pattern
for each sample was observed and virus titers were determined by
calculating TCIDsp [ 15). Three to six mice were used in each exper-
imental group. The limit of detection in this assay was 102 TCIDso/
mouse.

Statistical analyses. Statistical analyses were performed using
Student's t-test. A value of p<0.05 was considered statistically
significant.

Results

Induction of antigen-specific CD8" T-cells and CTLs by liposome-
coupled CTL epitopes derived from internal proteins of influenza
viruses

HLA-A#0201 (A2)-binding epitopes were predicted among the
amino-acid sequences of six coding regions—M1, NP, PA, PB1,
PB2, and NS—in the HINT1 influenza virus strain A/PR/8/34 (PR8)
using programs available on the Internet. The predicted epitopes
were then synthesized and chemically coupled to liposomes to
evaluate their abilities to induce antigen-specific CD8" T-cells
and CTLs by means of ICS and an in vivo cytotoxicity assay, respec-
tively. Immunization of the liposome-coupled, HLA-A2-restricted
epitope peptides, M1 58-66, NS1 128-136, and PB1 410-418 (Table
1), induced significant levels of antigen-specific CD8" T-cells in
HLA-A2-transgenic (A2Tg) mice, as evaluated by ICS (Fig. 1A).
Moreover, as shown in Fig. 1B, all the peptide-liposome conjugates
in Fig. 1A induced significant in vivo CTL responses, indicating that
all the predicted CTL epitopes were loaded onto MHC class [ and
were recognized by CTLs. On the other hand, solutions of the pre-
dicted peptides did not induce antigen-specific CD8" T-cells in
A2Tg mice immunized even in the presence of CpG (Fig. 1A). As
shown in Table 1, all three peptides were preserved well not only
in HIN1 (A/PR/8/34) and H3N2 (A/Aichif2/68) seasonal influenza
viruses but also in the pandemic HIN1 2009 virus (A/New York/
4290/2009) and in a highly pathogenic avian influenza virus,

H5N1 (A/Hong Kong/483/97), except that NS1 128-136 partially
changed in H3N2 (A/Aichi/2/68) and HIN1 (A/New York/4290/
2009). Among the CTL epitopes determined in the present study,
peptide M1 58-66 was already reported by Gotch et al. in 1987
[14].

Virus challenge experiment

Among the above-described HLA-A2-restricted CTL epitopes,
virus challenge experiments were performed using peptide M1
58-66. A2Tg mice were immunized subcutaneously with lipo-
some-coupled, HLA-A2-restricted peptide M1 58-66. One week
after the immunization, they were infected intranasally with the
influenza virus HIN1 (A/PR/8/34) or H3N2 (A/Aichi/2/68) strain.
As shown in Fig. 2, viral growth in the lung was suppressed signif-
icantly in the immunized mice 2-6 days after the infection with
either HIN1 (A) or H3N2 (B) viruses. Thus, immunization with
liposome-coupled peptides successfully induced protection against
influenza viruses regardless of the influenza virus subtypes in A2Tg
mice.
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Fig. 2. Viral titers in lungs of mice following HIN1 or H3N2 virus challenge. Mice
received immunization with either liposome-coupled peptide M1 58-66 liposome
conjugates in the presence of CpG (gray bars) or none (black bars). One week later,
mice were challenged i.n. with either the HIN1 (A) or the H3N2 virus (B). On day 2,
4, or 6 post-infection, viral titers in the lungs were determined by calculating TCIDsp
using MDCK cells as described in Materials and methods. Data represent mean and
SE of 5 mice per group, ‘p <0.05. “p <001,
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Fig. 3. Induction of long-lasting immunity by peptide-liposome conjugates. Mice =X
were immunized with either liposore-coupled peptide M1 58-66 in the presence :‘; 60
of CpG or none, 90 days after the immunization, ICS (A) and viral challenge = H
experiments (B) were performed. (A), ICS of CD8* T-cells specific for peptide M1 58- : —®— noimm.
66 among spleen cells of A2Tg mice. immunized with liposome—coup.led peptide g 40 - —0— liposome
(liposome) or none (no imm,). (B), viral replication in the lungs of mice infected B
with influenza viruses in mice immunized with liposome-coupled peptide (gray E
bars) or none (black bars). Data represent the mean and SE of 5 mice per group. r?)
"p<0.05. 20 1
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peptide in the effector phase, we investigated whether or not this
immunization induced memory CD8" T-cells. As shown in Fig. 3,
CD8* T-cells specific to peptides M1 58-66 were detected signifi-
cantly in immunized mice at 90 days after the immunization
(Fig. 3A). In addition, viral growth in the lung was suppressed sig-
nificantly after nasal challenge with either the HIN1 or H3N2
influenza virus (Fig. 3B). Thus, it was demonstrated that the immu-
nization readily induced memory CD8" T-cells.

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

We next investigated whether or not the long-lasting immunity
demonstrated above would help protect mice against infection
with lethal doses of influenza viruses. Six months after the immu-
nization with liposome-coupled M1 58-66 peptides, mice were
challenged with a lethal dose of influenza virus HIN1 PR8 strain.
As shown in Fig. 4, although the immunized mice lost body weight
up to 8 days after infection, the rate of loss was significantly lower
than that in a non-immunized control group at 4-7 days, and the
immunized mice recovered body weight thereafter (Fig. 4A). Final-
ly, 5 out of 6 immunized mice stayed alive while all of the non-
immunized control mice died within 7 days after infection with a
significant loss of body weight and morbidity (Fig. 4B).

Discussion

The present study demonstrated that liposome-coupled CTL
epitope peptides derived from internal antigens of influenza virus

Days post virus challenge

Fig. 4. Maintenance of protective ability against a lethal dose of HIN1 virus in mice
immunized with liposome-coupled peptide, Mice were immunized with either
liposome-coupled peptide M1 58-66 in the presence of CpG (open symbols) or none
(solid symbols). Six months after the immunization, mice were challenged i.n, with
5 x LDsg of HIN1 (A/PR/8/34) virus, 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 as compared with starting
body weight. Data represent mean body weight and SE of 6 mice per group. p <0.05
and *“p<0.01 as compared with non-immunized control mice, (B), survival
percentage. The mice were euthanized after they had lost 30% of their initial body
weight.

protected against infection with heterosubtypic influenza viruses.
Since the early finding that influenza A virus-specific CTLs are
broadly cross-reactive for cells of the same MHC class I type in-
fected with serologically distinct HIN1 and H3N2 viruses [4],
numerous investigators have reported on immunodominant and
cross-reactive CTL epitopes derived from conserved internal anti-
gens, such as NP [18,19], M1 [14,19,20}, and NS1 [5] of the influ-
enza viruses. It was hoped that CTL epitopes could be used to
develop a broadly protective influenza vaccine [21]. To date, candi-
date CD8" T-cell vaccines have been reported to induce protection
even partially {22], suggesting that CD8" T-cells certainly help pro-~
tect against influenza. Therefore, the CD8* T-cell vaccine strategy
against influenza was expected to support antibody-focused vac-
cine strategies by “reducing” {21} or “dampening” {5] the impact
of the next pandemic.

The liposome-coupled CTL epitope peptides efficiently induced
antigen-specific CD8" T-cells and CTLs (Fig. 1), and suppressed viral
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replication in the lungs of mice infected with either HINT or H3N2
influenza viruses (Fig. 2). In addition, since a single immunization
just one week before infection successfully reduced viral replica-
tion in the lung, this vaccination protocol would be expected to
counter the rapid spread of an influenza pandemic. The efficacy
of the liposome-coupled peptides in inducing CTL-based protective
immunity was likely due to the characteristics of liposome-cou-
pled antigens, which are very readily recognized by APCs [23]
and which effectively induce cross-presentation via MHC class |
in the APCs [10], in addition to their safety, in that they are least
likely to induce allergic responses [24]. Moreover, the liposome-
coupled CTL epitope peptides were capable of inducing long-lived
CD8* memory T-cells without including CD4" T-cell epitope in the
composition of the vaccine (Fig. 3). In fact, 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 the present study are contained
not only in the seasonal influenza viruses but also in the currently
emerging S-OIV and in the extremely virulent avian H5N1 influ-
enza viruses (Table 1), suggesting that this liposomal peptide vac-
cine might be effective for protection against infection with both
seasonal and pandemic influenza viruses. In addition, the liposome
employed in the present study was originally developed as an anti-
genic carrier that effectively induces humoral immunity (i.e., anti-
body production) against liposome-coupled antigens [25].
Therefore, the antigen-liposome conjugates are capable of inducing
both humoral and cellular immunity against influenza viruses, by
combined coupling of antibody and CTL epitopes to the surfaces
of liposomes.

Conclusions

The results obtained in the present study demonstrated that
liposome-coupled CTL epitope peptides derived from highly con-
served internal antigens of influenza viruses might be applicable
to the development of a broadly protective influenza vaccine that
could confer protective immunity against both seasonal and pan-
demic influenza.
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Innate immune control of
nucleic acid-based vaccine
immunogenicity
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Optimal vaccine efficacy requires not only a protective antigen, but also a strong immune
activator as an adjuvant. Most viral vaccines, such as influenza vaccines and nonviral genetic
vaccines {e.g., DNA vaccines), contain nucleic acids, which appear to act as essential ‘built-in’
adjuvants. Specific receptors, including Toll-like receptors, retinoic acid-inducible protein-I-like
receptors, and nucleotide-binding oligomerization domain-like receptors can detect specific
nucleic acid patterns, depending on the immunized tissue, cell type and intracellular localization.
The resulting immune activation is uniquely regulated by intra- and intercellular signaling
pathways, which are indispensable for the ensuing vaccine immunogenicity, such as antigen-
specific T- and B-cell responses. Thus, elucidation and manipulation of immune signaling and
interactions by nucleic acid adjuvants are essential for maximizing the immunogenicity and

safety of viral and DNA vaccines.

Kevworbs: innate immunity s nucleic acid ¢ vaccine adjuvant

An adjuvant is a compound that can promote and
modulate vaccine immunogenicity. The word
adjuvant is derived from the Latin word ‘adjuvare,
meaning ‘to help or facilitate” Current vaccine
formulations, such as subunit vaccines and split
vaccines, are used in very pure forms, mainly con-
sisting of target antigens. This is done to reduce
the incidence of reactions, such as fever, swelling
and pain, which are some of the safety concerns
regarding live-attenuated or whole-killed vaccines.
However, such subunit or split vaccines often suf-
fer from lower immunogenicity compared with
whole-microbe vaccines. Therefore, adjuvants
are necessary, and have been used to improve the
immunogenicity of these ‘clean’ vaccines. Among
other advanrages, an adjuvant can reduce required
dosages of the target antigens and modulate
antigen-specific immune responses in a qualitative
manner, such as Thl and Th2 responses [1,2].

It has long been believed that adjuvants improve
immunogenicity by retaining immunized anti-
gens through covalent and/or noncovalent conju-
gation, to prevent their immediate dissemination
and degradation in what is called the ‘depot effect’.
However, adjuvants are known to increase inflam-
matory cell infiltration at the injection site. It has
only recently been shown thar vaccine immu-
nogenicity depends on adjuvant components

within the vaccine formulations, controlling the
magnitude and specificity of the innate immune
activations following vaccination [3-s}.

Most, if not all, adjuvants use immune recep-
tors expressed on antigen-presenting cells (APCs),
including dendritic cells (DCs) and macro-
phages (6.7]. We now know that some adjuvants are
nucleic acids that had been thought for along time
to be inert in the immune system; accumulating
evidence suggests that RNA and DNA packed
in both viral and nonviral genetic vaccines are in
fact ‘built-in’ adjuvants. Synthetic RNA (e.g., pol
yinosinic: polycytidylic acid [poly I: C]) and DNA
(e.g., CpG oligodeoxynucleotide [ODN]) are the
best examples of adjuvants that induce the pro-
duction of proinflammatory cytokines and type
Iinterferons (IFNs) through immune recognition
and signaling (Fieure 1). In this review, we discuss
how the innate immune response to nucleic acid
adjuvants controls the immunogenicity of viral
and DNA vaccines, and whar strategies can be
provided to improve their efficacy and safety.

Innate immune recognition of

nucleic acids

Nucleic acids are essential components of all liv-
ing organisms. During viral or other nucleic acid-
based vaccinations, nucleic acids are introduced

www.expert-reviews.com

10.1586/ERV.09.57

© 2009 Expert Reviews Led

ISSN 1476-0584 1099



Koyama, Coban, Aoshi, Horii, Akira & Ishii

to, and recognized by, the host’s immune receptors. Immune recep-  Nucleic acid receptors in endosomes

tors that recognize nucleic acids include Toll-like receptors (TLRs),  After vaccination with viral vectors, or nonviral vectors containing
retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) nucleic acids, both DNA and RNA are mainly taken up into the
and nucleotide-binding oligomerization domain (NOD)-like endosomes of APCs, including macrophages, DCs and B cells,

receptors (NLRs). where they are seen as foreign nucleic acids by endosomal immune
ssRNA
dsDNA dsRNA L
SOANK MHUROCK

Cytoplasm

Endosome

inflammasomes

DNA sensor?

Caspase-8,10

s © K
l Cleavage TBK1 \\ TBK1
IL-1p/18 \
é IKK-0, B, TRAP  1pr3 MAPKs IKK-o, B,y TRAP |pea  |RFy
complex complex

NF-«B NF-B_ IRF-3 U NExB NFB IRF3 R

\ % ///

Proinflammatory cytokines Type | interferons

Expert Rev, Vaccines © Future Science Group {2009)

Figure 1. Immune receptors for nucleic acid recognition. TLR-3, -7, -8 and -9 are located in endosomes. TLR-3 signals through TRIF
(also known as TICAM-1). TRIF associates with TRAF-3, TRAF-6 and RIP1. TRAF3 activates TBK1 and IKK-i, while TRAF6 and RIP1 activate
MAPKs and NF-xB. TLR-7, -8 and -9 signal through an adaptor, MyD88. MyD88 forms a complex with IRAK-4, IRAK-1, TRAF3, TRAFS,
and activates IRF-3, IRF-7, NF-xB and MAPKs. RIG-I, MDAS, NALP3 and AIM2 are located in the cytoplasm. Both RIG-l and MDAS
associate with the adapter protein IPS-1, and with STING. STING induces IRF-3 phosphorylation via TBK1, and NF-xB activation via the
TRAP complex. IPS-1 also interacts with FADD and leads to activation of NF-xB through cleavage of caspase-8 and -10. NALP3 and AiM2
associate with ASC. These receptors form inflammasomes with ligands and ASC to activate caspase-1 and produce IL-1B and IL-18.
Besides the inflammasome-dependent signaling pathway, STING- and TBK1-dependent pathways also exist in dsDNA sensing, although
their sensors are still unknown.

AIM: Absent in melanoma; ASC: Apoptosis-associated speck-like protein; CARD: Caspase recruitment domain; FADD: Fas-associated
death domain-containing protein; IKK: Inducible IxB kinase; IRAK: IL-1R-associated kinase; IRF; Interferon regulatory factor;

MAPK: Mitogen-activated protein kinase; MDAS: Melanoma differentiation-associated gene-5; MyD88: Myeloid differentiation

primary response gene 88; NOD: Nucleotide-binding oligomerization domain; PYD: Pyrin domain; RIG: Retinoic acid-inducible gene;

RIP: Receptor interacting protein; RLR: Retinoic acid-inducible gene I-like receptor; STING: Stimulator of interferon genes; TANK: TRAF
family member-associated NF-xB activator; TBK1: TANK-binding kinase 1; TLR: Toll-like receptor; TRAF: Tumor necrosis factor receptor-
associated factor; TRAP: Translocon-associated protein; TRIF: Toll/IL-1R domain-containing adaptor-inducing IFN-B.

1100 Expert Rev. Yaccines 8(8). (2009)
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receprors. Four kinds of TLRs — TLR-3, -7, -8 and -9 — are known
as endosomal nucleic acid receptors (Fioure 1). Their distributions
within the host tissues and cells are quite varied, enabling them
to create an array of immune responses. Among human DCs, the
expression of TLR-7 and -9 is mostly restricted to plasmacytoid
DCs, which specialize in the production of type [ TFNs, which are
potent antiviral cytokines. TLR-8 and -3 are expressed on vari-
ous types of cells, including conventional DCs and macrophages,
producing mainly proinflammatory cytokines. TLR-3 and -7 can
be upregulated in other cell types in response to type I IFNs.

TLR-3 is a receptor for dsRNA, a common viral signature
generated during viral infection (including vaccination) (8] and
for siRNAs, which are involved in angiogenesis suppression [9].
TLR-7 and -8 recognize ssRNA derived from either the microbe
or host, depending on sequence preferences [10]. TLR-9 has been
shown to recognize specific sequence motifs — so-called CpG
motifs — that have been postulated as typical pathogen-associated
molecular patterns [11]; however, a recent report suggests thar this
may be true only when DNA is modified with a phosphorothioate
linkage to be resistant to nucleases. The authors suggest instead
that TLR-9 recognizes the sugar backbone of ssDNAs with natu-
ral phosphodiester linkages, independent of specific sequence and
base modifications, while its recognition of ssDNAs with phos-
phorothionate backbones requires unmethylated CpG motifs [12).
Moreover, TLR-9 activation by synthetic ODNs was shown to
depend on cell types and aggregated forms of ODNGs, rather than
their sequences [13].

Thus, TLR-3, -7, -8 and -9 are expressed in the endosomes of
various immune cells that sense unique signatures within RNA
and DNA (e.g., sequences, modifications and/or structures), trig-
gering robust but specific immune activation through association
with specific adapter proteins and downstream signaling pathways
(Ficure 1) [7,14].

Cytoplasmic nucleic acid receptors

In the case of viral infection or administration of synthetic nucleic
acids by liposome-mediated transfection or electroporation, for-
eign nucleic acids can enter the cytoplasm of host cells, where they
are subject to cytoplasmic immune receptors.

Cytoplasmic immune receptors for RNA include RIG-I,
melanoma differentiation-associated gene-5 (MDAS) and labo-
ratory of genetics and physiology-2, all of which are now catego-
rized as RLRs. RIG-I and MDAS5 are expressed in both immune
cells and nonimmune cells (such as fibroblasts), and are strongly
upregulated by type I IFNs. RIG-I recognizes both 5-triphos-
phorylated ssRNAs {15] and short {(~1 kb) dsRNAs (16]. By con-
trast, MDAS preferentially recognizes longer (>2 kb) dsRNAs,
including synthetic dsSRNA polyl:C [16].

The molecular basis of these distinct ligand specificities for
RIG-Iand MDAS isstill unclear. However, both RIG-I and MDAS
are associated with the adaprer protein IFN-B promoter stimula-
tor-1 (IPS-1; also known as MAVS, VISA or CARDIF) [17-20) and
stimulator of IFN genes (STING; also known as MITA or
ERIS) p1,22,23). IPS-1 localizes on the outer membrane of the
mitochondria and activates TANK-binding kinase 1 (TBK1)

and inducible IxB kinase (IKK-i) via TNF receptor-associated
factor 3; it also activates NF-xB through Fas-associated death
domain-containing protein and initiates the cleavage of caspase-8
and -10 (Freurz 1) [714). STING induces IFN regulatory factor-3
phosphorylation via TBK1 and IKK-i, and NF-xB activation via
the translocon-associated protein complex.

Another cytoplasmic immune receptor for RNA is the NLR. It
comprises three motifs: a C-terminal leucine-rich repeat, a central
nucleotide-binding domain and a N-terminal signaling domain.
The latter contains a caspase recruitment domain (CARD),
pyrin domain or baculovirus inhibitor of apoptosis repeats (24].
The majority of NLRs use a CARD-containing apoptosis-asso-
ciated speck-like protein (ASC) in their signaling pathways f25]
as an adapter to activate caspase-1. Activation of caspase-1 and
subsequent processing of pro-IL-1B is mediated through the
formation of a complex with an NLR (such as NALP3), ASC
and procaspase-1, collectively called an inflammasome (Ficure 1)
126). NALP3/cryopyrin was recently shown to sense RNA [2728].
NALP3/cryopyrin is essential for caspase-1 activation and for
IL-1B and IL-18 production in response to bacterial RNA, and
to the imidazoquinoline compounds R837 and R848. For certain
NALPS3 ligands, a brief pulse with ATP was required to enhance
caspase-1 activation and 1L-18 maturation by inducing a poras-
sium efflux through a selective channel. The secretion of TNE-o
and IL-6, as well as activation of NF-kB and mitogen-activated
protein kinases, were unaffected by cryopyrin deficiency [27).
Synthetic dsRNA, polyl:C, and viral infections with Sendai and
influenza viruses also trigger the secretion of IL-1B and IL-18
cryopyrin — dependently in macrophages but normally in TLR-3
or TLR-7-deficient macrophages [25].

Cyroplasmic DNA recognition is quite distinct from cytoplas-
mic RNA recognition. As initially studied by Isaacs ez 4/, 29 and
re-discovered by Suzuki er 2/. [30], DNA has been shown to be
immunomodulatory, especially in its double-stranded form. Ishii
et al. refined their findings that transfection of natural DNA, or
of synthetic polynucleotides that form double-stranded struc-
tures, stimulates cells to produce type I IEN and induces auton-
omous cell protection from viral replication, independently of
TLR-9 {31]. Unlike the CpG motifs needed for TLR-9 activation,
methylation of such dsDNA had no effect on acrivity. Rather,
poly(dA-dT) » poly(dT-dA) induced higher levels of IFN-I com-
pared with poly(dG-dC) » poly(dC-dG), suggesting that the
right-handed helical structure of B-form DNA (B-DNA) is essen-
tial for cellular activation of IFN-I production; this is mediated
through TLR-independent, TBK1-dependent means (31]. Thus,
TLR-independent, TBK1-dependent cytoplasmic DNA recogni-
tion plays an important role in immune responses during viral and
bacterial infections (31,321, and in controlling the ensuing adaptive
immune responses [33].

Moreover, TLR-independent, TBKI-independent, NLR-
mediated, ASC-dependent signaling appears to be involved in
DNA sensing [34). NALP3/cryopyrin can detect an adenovirus —a
nonenveloped DNA virus — but not liposome-mediated transfec-
tions of viral, bacterial or human DNAs {34). Therefore, NLRs
may also be expected to be involved in DNA sensing. Recent
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Table 1. Nucleic acid adjuvants target innate immune activation.

TLR-3-TRIF dsRNA/synthetic dsRNA (poly I:C, poly 1:C[12]U) Emulsions, liposomes [40,62,71-74)
TLR-7/8-MyD88 ssRNA/imidazoquinolines (imiquimod, resiquimod) Emulsions, liposomes [75-78)
TLR-9-MyD88 ssDNA/synthetic unmethylated CpG oligonucleotides Emulsions, liposomes [48,77,79,80]
RIG-I-IPS-1 ssRNA and short dsRNA /unknown [81)
MDAS—{PS-1 Long dsRNA/synthetic dsRNA (poly 1:C) {40]
NALP3-ASC Adenoviral DNA/unknown [34]
AIM2-ASC Synthetic DNA/unknown {35-38]
Unknown receptor - Synthetic dsDNA (poly dA:dT)/DNA vaccine (plasmid dsDNA) [31,33}
STING

AIM2: Absent in melanoma 2; 1PS-1: IFN-B promoter stimulator-1; MDAS: Melanoma differentiation-associated gene-5; MyD88: Myeloid differentiation primary
response gene 88; Poly I:C: Polyinosinic:polycytidylic acid; PYD: Pyrin domain; RiG:Retinoic acid-inducible gene; STING: Stimulator of interferon genes; TLR: Toll-like

receptor; TRIF: Toll/IL-1R domain-containing adapter inducing IFN-B.

studies have reported a new molecule, absent-in-melanoma 2,
which forms a complex with ASC and procaspase-1; it can directly
interact with dsB-DNA in the cytoplasm and induce IL-1B
secretion (Ficure 1) {35-38].

Adjuvant effects of nucleic acids mediated by

immune receptors

As mentioned previously, immunostimulatory activity of nucleic
acids through specific receptors and signaling pathways has been
demonstrated to be a potent adjuvant. Some mechanisms of effi-
cacy in nucleic acid adjuvants have been clarified recently (Tasie 1).
Three kinds of nucleic acids adjuvants — polyl: C (dsRNA), influ-
enza virus genome (ssRNA) and DNA vaccine (dsDNA) - are
discussed here.

Recent evidence suggests that DCs and macrophages are acti-
vated by dsRNAs such as polyl:C through TLR-3 and MDAS5,
and their specific adaptors TRIF and IPS-1, thereby resulting in
the production of proinflammatory cytokines, parricularly IL-12
and type I IFN, respectively (39,40]. These pathways contribute to
the adjuvant effects of polyl:C (40]. In this study, the polyl:C-
enhanced, anrigen-specific antibody (Ab) response was severely
decreased in IPS-1-deficient mice but not in TRIF-deficient
mice; no antibody production was elicited in TRIF- IPS-1-
doubly-deficient mice {40]. In addition, antigen-specific CD8*
T-cell expansion was reduced in both IPS-1 and TRIF mice and
completely abolished in the IPS-1-TRIE-doubly deficient mice.
Therefore, the adjuvant effect of poly I:C appeared to be coordi-
nately regulated by the TLR-3—TRIF and MDAS5-IPS-1 signaling
pathways (40].

Influenza virus genome ssRNA can stimulate TLR-7 and
RIG-L. In influenza virus infection, the contribution of the
TLR-7-dependent pathway to adaptive immunity is the subject
of some debate [41,42). However, a recent study has shown that the
immune response to influenza A virus is cooperatively regulated
by the TLR-7/myeloid differentiation primary response gene 88
{(MyD88) and RIG-1/IPS-1 pathways in vive. Their concurrency
was apparent as mice lacking both pathways — but not mice lacking
only one of these pathways — failed to induce antiviral responses

via type I IFNG, resulting in increased viral load in the lung.
The adaptive immune response, including influenza-specific Th1-
type antibody response and CD4* T-cell activation, was strictly
regulated by TLR-7/MyD88, but not RIG-I/IPS-1 signaling; the
induction of influenza-specific CD8* T cells was unimpaired by
the absence of either MyD88 or IPS-1 [43]. Some recent reports
suggest that NLR-mediated recognition of influenza viruses is
also involved in antiviral responses, as ASC/caspase-1-dependent
inflammasomes and secreted IL-18 appeared to be involved in
adaptive immune responses to influenza virus infection, especially
CD8* T-cell activation. However, it is as yet unclear how TLRs,
RLRs and NLRs are differentially regulated for influenza virus
recognition [44-46].

In vaccinations with inactivated whole influenza virus, the
immune response has been shown to be dominantly controlled by
the TLR-7/MyD88-dependent signaling pathway [43]. Moreover,
a recent report demonstrated that whole-virus vaccines induce a
much better adaptive immune response than split vaccines. Split
vaccine is commonly used as a seasonal influenza vaccine, and
mostly consists of the surface protective antigens hemaggluti-
nin and neuraminidase to reduce reactogenicity. By contrast, the
whole-virus vaccine contains viral genome ssRNA in addition
to the several viral proteins lost during the purification process
of split vaccine, which might function as built-in adjuvants (47).
These results indicate that influenza genome ssRNA could play an
important role as an adjuvant in influenza vaccination, and that its
adjuvant efficacy is dominantly controlled by the TLR-7/MyD88
signaling pathway.

DNA vaccines are DNA plasmids encoding the target anti-
gen genes that become expressed in the administered host cells,
resulting in both humoral and cellular antigen-specific immune
responses. Unmethylated CpG motifs within plasmid DNA had
been thought to be builrin adjuvants for DNA vaccine immuno-
genicity [48,49]. Recent evidence, however, has changed earlier opin-
ions that TLR-9 was essential for the adjuvant effect of the plasmid
DNA backbone towards a new one that plasmid dsDNA activates
the immune system by a distinct recognition mechanism in the
cytoplasm involving type I IFN production using TBK1 133,50, but
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not TLR-9/MyD88 or DLM-1/ZBP1 (later renamed DAI) (33.51).
Using in vive DNA vaccination by transfection methods such
as electroporation, IFNotR2 and TBK1 mice could not induce
optimal DNA vaccine immunogenicity, including antigen-specific
T- and B-cell activation. By contrast, MyD88-TRIF-doubly
deficient mice and DAI mice could induce normal responses to
DNA vaccine, as well as wild-type mice. These results indicated
that DNA vaccine immunogenicity is dependent on TBK1 and
secreted type I IFNs [331. Moreover, bone marrow-transfer experi-
ments demonstrated that in DNA vaccination, TBK1-dependent
signaling in hematopoietic cells was essential for B-cell and CD4*
T-cell activation, whereas nonhematopoietic cells require it for
CD8* T-cell activation [33).

Are nucleic acid adjuvants enough?

As described previously, several kinds of synthetic nucleic acids
possess potent adjuvant effects through immune mechanisms of
action. Are we using them efficiently and safely enough? Here
we discuss potential ways to improve their potency and safety in
terms of the immunogenicity of vaccines, whether nucleic acids
are used as added adjuvant or as a built-in adjuvant.

Vaccine delivery systems
It is very imporrant to manipulate drug delivery systems by vac-
cine formations such as particle size and charge for improvement
of vaccine efficacy. The ideal goal is to ensure delivery of antigens
and adjuvants of interest to the key immune cells, such as DCs,
in order to increase the vaccines’ specific effect with their adju-
vants, while decreasing dosages and unnecessary side effects. With
the development of biotechnology, nano-sized vaccine delivery
systems, including virus-like particles, immunostimulating com-
plexes, inert nanobeads, and so on, are becoming useful in vac-
cine delivery [s2]. Virus-like particles are self-assembling particles
consisting of several viral proteins manufactured by recombinant
technology. These assembling proteins form subviral particles
ranging in size from approximately 20-100 nm and can mimic
viral infections 53]. Immunostimularing complexes appear as hol-
low particles of approximately 40 nm in diameter, and initially
have negative charges owing to their components, which include
Quil-A saponin, phospholipids and cholesterol. Therefore, posi-
tively charged antigens can be electrically and structurally embed-
ded into such particles (s4]. Nanobeads, which are 40-50 nm in
diameter and positively charged, have been shown to be more
efficiently taken up by DCs. Moreover, 40—-100-nm-sized beads
have been found to be more efficiently taken up by DEC205*
DCs, whereas larger 1-pm beads are preferentially taken up by
F4/80* macrophages in mice {55]. Cationized gelatin nanobeads
containing CpG ODN strongly induced type I IFN responses in
human plasmacytoid DCs {56]. Thus, nano-sized vaccine delivery
systems ate available not only as mimics of viruses or inducers
of the depot effect, but also as uptake modulators for DCs and
macrophages according to particle size or charge.

However, for several vaccine-targeted diseases, little is known
about which cells are essential for vaccine immunogenicity and
adjuvant effect, and where interactions between such key cells and

antigens occur in each tissue and organ. The more such immu-
nological mechanisms are elucidated, the more effectively drug
delivery systems can be utilized.

Adjuvant combinations

It is known that some combinations of immune receptor ligands
can stimulate immune signaling synergistically and/or competi-
tively with each other [57]. Synergy was observed in combina-
tions between TRIF-dependent and TRIF-independent APCs, as
with MyD88-dependent and MyD88-independent TLRs, such
as TLR-3 and -9 [s8,59]. These combinations increase the induc-
tion of the Thl cell-linked cytokines, IL-12 and IL-23, espe-
cially in DCs {59]. On the other hand, combining agonists that
share a single pathway appears to induce tolerance [60]. Synergy
can occur between TLRs but also between TLRs and NLRs,
such as NOD2-TLR-9 [¢1]; others are currently unknown. In
the case of nucleic acids, combination with TLR agonists that
do not share the same signaling pathway or noninnate immune
receptor agonists such as mineral salts, emulsions and liposomes
can induce synergic effects (Tasie 1). For example, combin-
ing the TLR-3/MDAS5 ligand poly 1:C with the TLR-9 ligand
CpG induces synergistic activation of antiviral innate immune
responses [62] and antibody. Similarly, CD4 T-cell response to the
influenza vaccine was enhanced by immunizations with MF59,
or in those with alum and CpG compared with CpG alone [e3].
While the synergy between these different adjuvants promotes
vaccine immunogenicity, they can also amplify vaccine reactiv-
ity. In a clinical trial of AS04 (monophosphoryl lipid A [MPLA]
and alum) and AS02 (MPLA and QS21 formulated with lipo-
somes), both local and general adverse events were more severe,
and detected more frequently in combination than in CpG alone
(although AS04 and AS02 are not nucleic acid adjuvants). While
no serious adverse events were observed even in these combina-
tion adjuvants [64], vaccines are mostly administered to healthy
populations. Therefore, it is necessary to weigh the risk-benefic
ratio in selecting an appropriate adjuvant combination.

Routes of administration

Administration route is one of the keys to vaccine efficacy and
safety. Although intramuscular and subcutaneous administrations
are the most common routes of vaccination, there is an increasing
call to reduce the use of needles and their related pain, as well as
other adverse events. Moreover, as most infectious diseases occur at
the mucosal surfaces of airways and gastrointestinal tracts (where
mucosal IgA is known to play a major role in immune protection),
mucosal vaccines may be considered safer, more efficient and more
cost effective against many infectious diseases, such as influenza
viruses and pneumocaccal infections. Among mucosal adjuvants,
CpG-ODNs and MPLA may be useful against ADP-ribosylating
enterotoxin (such as cholera roxin) and heat-labile enterotoxins.
However, both efficacy and safety are not well-defined, except
for MPLA in humans [65]. A recent study indicated that several
synthetic TLR ligands could work as intranasal vaccine adjuvants
in mice simply by mixing with antigens [66]. It means that every
innate immune receptor ligand could be a mucosal adjuvant; their
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modification might be dispensable in mucosal administration.
Although intranasal administration is a very common form of
mucosal administration [67], sublingual, intravaginal and intrarec-
tal vaccines are also indicated to be efficient in protection against
influenza virus infection [6s], sexually transmitted diseases (69} and
cancer [70] in animal models. However, their efficacy and safety
remain to be evaluated for human use.

Conclusion

Recent research on innate immunity has shed light on the mecha-
nisms of some empirically used adjuvants. Advances in molecular
biology and biotechnology have produced various immunostim-
ulants and formulations for vaccine adjuvants, including some
that incorporate nucleic acids. Researchers should characterize
the action of these drugs, select the proper routes and combine
them rationally to increase or modulate vaccine immunogenicity.
Several possibilities now exist for clinical development, although
more research is needed to design the safest and most efficient
vaccines and adjuvants for each targeted disease.

Expert commentary & five-year view

Recent advances in molecular biology and biotechnology have
enabled the production of various immunostimulants and for-
mulations for vaccine adjuvants suitable for vaccine delivery.

However, in spite of this progress, most vaccine immunogenicity
mechanisms are still not fully understood. Future development
in this area is required for the development of new, safe and effi-
cacious vaccines — especially the identification of the types of
immune cells active in vaccine uptake and antigen presentation,
and the location and other derails of their interacrions with B
and T cells.
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Key issues .

e Optimal vaccine efficacy not only needs a protective antigen, but also an innate immune receptor ligand as an adjuvant.
» Some viral and nonviral genetic vaccines contain nucleic acids as ‘built-in’ adjuvants and those nucleic acids play a key role

in vaccine immunogenicity.

* Recent progress in innate immunity has shown that Toll-like receptors, retinoic acid-inducible gene I-like receptors, and nucleotide-
binding oligomerization domain-like receptors are essential for the recognition and adjuvant activity of nucleic acids.

» Besides nucleic acids, many kinds of innate immune activators are available for vaccine adjuvants.

» Optimal use of nucleic acids as adjuvants requires a combination of approaches, including drug-delivery systems, routes of
administration, adjuvant combinations and appreciation of species-specific differences.

» A more detailed understanding of vaccine immunogenicity mechanisms is indispensable for evidence-based vaccine development.
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Abstract

The pandemlc influenza virus (2009 H1N1) was recently mtroduced into the human populatlon. The hemagglutlnm (HA)
gene of 2009 HIN1 is derived from “classical swine HIN1 virus, WhICh Ilkely shares a common ancestor.with the human -
H1N1 virus that caused the pandemic in 1918, whose descendant viruses are still cnrculatmg in the human population with
highly altered antigenicity of HA. However, information on the structural basis to compare the HA antigenicity among 2009
H1N1, the 1918 pandemic, and seasonal human H1N1.virtses has been lacking. By homology modeling of the HA structure,
here we show that HAs of 2009 HIN1 and the 1918 pandemrc virus share a significant number of amino acid residues in
known antigenic sites, suggesting the existence of common epitopes for neutralizing antibodies cross-reactive to both HAs.
It was noted that the early human H1N1 viruses isolated in the 1930s-1940s still harbored some of the original epitopes that
are also found in 2009 HINT1. interestingly, while 2009 HIN1 HA lacks the multiple N-glycosylations that have been found to
be associated with an antigenic change of the human H1N1 virus during the early epldemlc of this virus, 2009 HIN1 HA stiil
retains unique three-codon motifs, some of which became N-glycosylation sites via a single nucleotide mutation in the
human HIN1 virus. We thus hypothesize that the 2009 H1N1 HA antigenic sites involving the conserved amino acids will
soon be targeted by antibody-mediated selection pressure in humans. Indeed, amino acid substitutions predicted here are
occurring in the recent 2009 H1N1 variants. The present study suggests that antibodies elicited by natural infection with the
1918 pandemic or its early descendant viruses play a role in specific immunity against 2009 H1N1, and provides an insight
into future likely antigenic changes in the evolutionary process of 2009 HIN1 in the human population.
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Introduction

In April 2009, pandemic (HINI) 2009 influenza virus (2009
H1N1) was first found in patients with febrile respiratory illness in
the United States and Mexico, and has spread rapidly across the
world by human-to-human transmission. On the llth of June
2009, the World Health Organization declared a global pandemic
of 2009 HINI infection. HIN1 influenza virus caused a pandemic
in 1918 (1918 HINI) [1], and its descendant virus with highly
altered antigenicity of the viral surface protein, hemagglutinin
(HA) has been causing “seasonal flu” in humnans.

The 2009 HINI resulted from genetic reassortment between
the recently circulating swine H1 viruses in North America and
the avian-like swine viruses in Europe [2]. Phylogenetic analysis
showed that the HA gene of 2009 HIN1 was derived from the so-
called “classical swine HINT” virus, which likely shares a common
ancestor with the recent human HINI virus {2]. Accordingly, it
has been reported that the early strains of the classical swine HIN1
virus, which was first identified in North America in 1930, were
antigenically similar to the prototype strain of 1918 HINI1, A/
South Carolina/1/1918 (SC1918), detected from a few victims of
the pandemic in 1918 [3,4]. Since antigenic changes occur more

@ PLoS ONE | www.plosone.org

slowly in swine than in the human population [5], HA of the
classical swine HIN1 virus was antigenically highly conserved until
the late 1990s [4,6], raising the possibility that the recently
emerged 2009 HIN1 may still retain an antigenic structure similar
to that of SC1918 and the early isolates of its descendants,

In this study, we generated three-dimensional (3D) structures of
the HA molecules of 1918 HINI, its descendent, recent seasonal
HINI viruses, and 2009 HINI, and compared their antigenic
structures to look for evidence for the existence of shared epitopes
for neutralizing antibodies. Since the 2009 HIN1 HA antigenic
sites will be targeted by antibody-mediated selection pressure in
humans in the near future, we further discuss possible directions of
antigenic changes in the evolutionary process of this pandemic
virus.

Results and Discussion

It is known that the Hl HA molecules have four distinct
antigenic sites: Sa, Sb, Ca, and Cb [7,8,9,10] (Figure 1). As a
result, these sites consist of the most variable amino acids in the
HA molecule of the seasonal human HIN1 viruses that have been
subjected to antibody-mediated immune pressure since its

January 2010 | Volume 5 | Issue 1 | e8553



Influenza Virus H1HA Structure

A 1918 H1N1 Seasonal H1N1 2009 H1N1
(5C1918) (BR2007)

(CA2009)

Globular
head

B 1918 H1N1 Seasonal H1N1 2009 H1N1
{SC1918) (BR2007) (CA2009)

Sa

Sb

Cat

Ca2

Cb

Figure 1. Comparison of the structures of antigenic sites on the HA molecules among 1918 H1N1 (SC1918), recent seasonal H1N1
(BR2007), and 2009 H1N1 (CA2009). Three-dimensional models of the H1 HA molecules of SC1918, BR2007, and CA2009 were constructed based
on the HA crystal structures of A/South Carolina/1/18, A/Puerto Rico/8/34, and A/swine/lowa/30, respectively (PDB codes: 1RUZ, 1RU7, and 1RUY,
respectively). Models with solvent-accessible surface representation were generated by a molecular modeling method as described in the Methods
section. Molecular surface of the HA trimers viewed on its side (upper) and top (lower) are shown (A). One monomer (center) is colored gray and the
others are colored dark gray. The antigenic sites, Sa (light pink), Sb (light blue), Ca (pale green), and Cb (light orange) are indicated on the model of
5C1918 HA. The spatial locations of amino acid residues that are distinct from those of SC1918 HA are shown in red on the models of BR2007 and
CA2009 HAs. Each amino acid residue is mapped on the close-up views of each antigenic site of S5C1918, BR2007, and CA2009 HAs (B). The Cassite is
divided into subregions, Cal and Ca2. Amino acids are colored by the default ClustalX color scheme [29]: Trp, Leu, Val, lle, Met, Phe, and Ala (blue); Lys
and Arg (red); Thr, Ser, Asn, and Gln (green); Cys {pink); Asp and Glu (magenta); Gly (orange); His and Tyr (cyan); Pro (yellow).
doi:10.1371/journal.pone.0008553.g001
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Table 1. Amino acid similarity in the HA antigenic sites
among recent seasonal HIN1 (BR2007), 2009 H1N1 (CA2009),
and 1918 HIN1 (5C1918).

Antigenic No. amino acids

sites involved No. of amino acids identical to SC1918
BR2007 CA2009

Sa 13 8 12

Sb 12 4 10

Ca 19 13 13

b 6- 2 . 5

doi:10.1371/journal.pone.0008553.1001

emergence in 1918 [3]. To investigate the structures of these
antigenic sites of 2009 HINI, 3D structures of the HA molecules
of SC1918, the recent seasonal human HIN1 virus A/Brisbane/
59/2007 (BR2007), and 2009 HINI A/California/04/2009
(CA2009) [2] were constructed by a homology modeling

Influenza Virus H1HA Structure

approach, and compared by mapping all the amino acid residues
that were distinct from those of SC1918 HA (Figure 1 and Table
S1). We found that most of these antigenic sites of BR2007 HA
predominantly contained altered amino acid residues if compared
with SC1918. By contrast, amino acid residues at these positions
were relatively conserved in CA2009 HA. Notably, the Sa and Sb
sites that contain many amino acids involved in neutralizing
epitopes near the receptor binding pockets [8,10] remain almost
intact in CA2009 HA (Table 1), suggesting that antibodies raised
by natural infection with SC1918 or its antigenically related
descendant viruses play a role in specific immunity against
CA2009.

We then constructed 3D structures of the representative strains
of seasonal H1 viruses that had been isolated since 1934, and
tracked the amino acid substitutions on their HA molecules
(Figure 2 and Figure S1). We confirmed that amino acid
substitutions associated with the antigenic changes gradually
accumulated on the globular head region of HA and were
distributed over four distinct antigenic sites. However, it was noted
that the early isolates represented by the A/Puerto Rico/8/1934
and A/Bellamy/ 1942 strains, but not the strains isolated after the

A/Puerto Rico/8/
1934

A/Bellamy/
1942

AlTexas/36/
1991

A/Singaporel6/

1986 1998

AlAlbany/4836/
1950

AIUSSRI90/
1977

AlHong Kong/1035/  AlBrisbane/59/

2007

Figure 2. Amino acid substitutions associated with antigenic changes of seasonal human H1N1 virus HAs. All models were generated
and shown by a molecular modeling method as described in the Methods section and the legend of Figure 1.

doi:10.1371/journal.pone.0008553.g002
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1950s, still harbored unchanged amino acids forming potential
neutralizing epitopes in the Sa and Sb sites (Figure 2). It seems
likely that most of the amino acids on these antigenic sites were
eventually substituted in the late 1940s (Figure S1).

It is well-documented that antigenic changes of HA occasionally
result in the acquisition of carbohydrate side chains on the HA
molecule [8,11]. Since the carbohydrate side chains in the vicinity
of antigenic sites mask the neutralizing epitopes on the HA surface,
amino acid substitutions associated with acquisition of carbohy-
drate chains are believed to efficiently generate antigenic variants,
Accordingly, recent seasonal HIN1 viruses have acquired 4-5 M-
glycosylation sites (Asn-Xaa-Ser/Thr, where Xaa is any amino
acid except Pro) in the globular head region of HA [12,13],
whereas SC1918 HA had only one site, at Asn 104 (Figure 3).

Interestingly, CA2009 also has a single potential M-glycosylation
site at the same position in the globular head region of HA (Figure 3),
despite the fact that the classical swine HINI virus emerged in the
early 1900s and was circulating in the pig population until recently.
This prompted us to estimate the potential of 2009 HIN! to acquire

1918 H1N1
(SC1918)

Thr201
(201)

Influenza Virus HIHA Structure

additional N-glycosylation sites on its HA, which may be related to
its future evolutionary process in the human population. We
previously defined a three-codon motf that becomes an M-
glycosylation site with a single-nucleotide mutation as “Candl”,
and suggested that the presence of the Candl sites in the HA
sequence is one of the key factors for human influenza A viruses to
rapidly acquire N-glycosylation sites during the early epidmic in the
human population [13]. We compared the number of the Candl
sites in the HA globular head region between SC1918 and CA2009
(Figure 3 and Table S1). We found that CA2009 HA possessed
three Cand] sites on the antigenic sites Sa and Ca, all of which were
also present at the same position in SC1918 HA (positions of the first
Asn residue, 177, 179, and 184). Of these, the Cand! sites with
positions at 177 and 179 had actually become potential N-
glycosylation sites in human HINI viruses, although these two
sites did not exist concurrently [12]. It is noted that these two Cand!
sites are still present on the surface of CA2009 HA, suggesting the
likelihood of additional N-glycosylation at these sites during future
antigenic changes of 2009 HIN1 HA.

2009 H1N1

Gly277
(2y75)

Asni04 Asni(4

Arg226
(224)
Tyr215
215)

Lys177
177)

Ser179
(179)

T&M 75

73)

(CA2009)

Lys256
\ (256)

Lys186
184)

Ser179
(179)

Figure 3. Comparison of the Atglycosylation potential of HA between SC1918 and CA2009. Residues shown in green represent Asn at the
actually existing N-glycosylation sites. Residues shown in orange or blue represent the amino acids in Cand] sites that require a nucleotide
substitution to produce N-glycosylation sites. Residues shown in blue represent the amino acids that were actually substituted, resulting in the
acquisition of N-glycosylation sites during the antigenic evolution of human HIN1 viruses. Numbers in parentheses show the positions of Asn
residues that may be linked to carbohydrate chains, if respective Cand1 sites mutate to have N-glycosylation sites. Al models were generated as

described in the Methods section and the legend of Figure 1.
doi:10.1371/journal.pone.0008553.g003
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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 HIN! had undergone less
significant antigenic changes of HA in the pig population than
human HINI 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 HIN1 [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 HIN1 or early human HINI
viruses (viruses present before the 1940s), but not with antigen-
ically divergent human HIN1 viruses circulating after the 1950,
elicited cross-neutralizing antibodies to 2009 HINI.

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 HINL. 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 HIN1 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 HIN1 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

@ PLoS ONE | www.plosone.org
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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 (FJ966082), A/Puerto Rico/8/
1934/Mount Sinai (AF389118), A/Bellamy/1942 (CY009276),
A/Albany/4836/1950 (CGY021701), 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 until 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]. Al 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, §2, 83, S4, S5, 86, S7, 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 S1
Found at: doi:10.1371/journal.pone.0008553.5001 (0.04 MB
PDF)

Figure 81 Amino acid substitutions of seasonal human HIN1
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.s002 (1.02 MB
PDF)

File S1 PDB file of the homology model of HI HA (A/
California/04/2009) after energy minimizations.
Found at: doi:10.1371/journal.pone.0008553.s003 (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.0008553.5004 (0.20 MB ZIP)

File $3 PDB file of the homology model of HI HA (A/Albany/
4836/1950) after energy minimizations.
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Influenza Virus H1HA Structure
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Figure 4. Prediction of the future amino acid substitutions on the antigenic sites of 2009 HIN1 HA. Amino acid sequences of HA
antigenic sites of human HIN1 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 (5C1918) 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
HIN1 in the near future. The amino acid substitutions which have already been found in the recent variants of the 2009 H1N1 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.0008553.5005 (0.20 MB ZIP)

File S4 PDB file of the homology model of Hl 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 Hl HA (A/
Singapore/6/1986) after energy minimizations.
Found at: doi:10.1371/journal.pone.0008553.5007 (0.20 MB ZIP)

File S6 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 S7 PDB file of the homology model of Hl HA (A/Hong
Kong/1035/1998) after energy minimizations.
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