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the TLR-7/9-MyD88-dependent signaling pathway (Kawai and Akira 2006)
(Fig. 12.1).

Notably, TLR activation upon recognition by nucleic acids occurs mainly in the
endosome. Conceivably, TLR localization in the endosome is necessary to prevent
contact with “self” nucleic acids, which are not taken into the endosome without
‘ additional components, as described below.

12.3.1.2 Cytoplasmic Sensors for Exogenous Nucleic Acids

Although endosomal TLRs that rccognize nucleic acids are expressed mainly in
the specialized immune cells, such as B cells and DCs, there are receptors in the
cytoplasm that are also capable of sensing nucleic acids, namely RLRs and NLRs.
In addition, several molecules have been proposed as capable of recognizing
double-stranded B-form DNA (Takeshita and Ishii 2008; Vilaysane and Muruve
2009).

RIG-I and Melanoma Differentiation-Associated gene 5 (MDAS) belong to
RLRs (Yoneyama et al. 2004; Takeuchi and Akira. 2008). Both of these cytoplas-
mic proteins contain helicase domains, including ATP-binding domains, C-terminal
regulatory domains capable of binding tRNA, and Caspase Activation and Recruit-
ment Domains (CARDs) to interact with adaptor molecule Interferon-p Promoter
Stimulator 1 (IPS-1, also known as MAVS, Cardif and VISA). RIG-I discems viral
RNA by detecting the 5'-triphosphates of ssSRNA and its short double-stranded
form, while MDAS recognizes long double-stranded RNA (Takeuchi and Akira
2008; Saito and Gale 2008). However, the exact element in viral RNA identified by
RIG-I and MDAS is currently unknown. It has been shown so far that genomic
RNA of influenza viruses, paramyxoviruses, and HCV and short (=1 kb) dsRNAs
are detected by RIG-I, while picornaviruses such as Encephalomyocarditis Virus
(EMCYV) and longer (> 2 kb) dsRNA such as poly I:C are detected by MDAS (Kato
et al. 2008; Saito et al. 2008). Both RIG-I and MDAS signal through IPS-1, which
lies on the outer membrane of mitochondria and is associated with Stimulator of
IFN Genes (STING; also known as MITA) (Ishikawa and Barber 2008; Zhong et al.
2008) and Fas-Associated Death Domain (FADD) (Balachandran et al. 2004). This
complex activates NF-kB and IRF3 via IxkK complex and TBK1/IkKi, respectively,
initiating pathways that culminate in proinflammatory cytokines and IFN- pro-
duction (Fig. 12.1). LGP2 is also an RLR and shares homology with RIG-I and
MDADS in the helicase domain but lacks a CARD domain. It was shown in vitro to
be a negative regulator of RIG-I and MDAS5; however, results derived from
knockout mice suggest that it is actually a positive regulator (Venkataraman et al.
2007; Satoh et al. 2010).

Cytoplasmic DNA recognition is quite distinct from RLR-mediated cytoplasmic
RNA recognition. As initially shown by Isaacs et al. (1963) and rediscovered
by Suzuki et al. (1999), DNA, especially double-stranded DNA, has been shown
to be immunomodulatory. Ishii et al. refined their findings that transfection by
natural DNA, or by synthetic polynucleotides that form double-stranded structures,
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stimulates cells to produce type-I IFNs and induces cell-autonomous protection
from viral replication, independently of TLR9. Unlike the CpG motifs needed for
TLRO activation, methylation of such dsDNA has.no effect on activity. Rather, poly
(dA-dT) * poly(dT-dA) induces higher levels of type-1 IFNs compared with poly
(dG-dC) * poly (dC-dG), suggesting that the right-handed helical structure of B-
form DNA (B-DNA) is essential for cellular activation of type-I IFNs production;
this process is mediated through a TLR-independent, TBK 1-dependent means (Ishit
et al. 2006). Therefore, TLR-independent, TBK1-dependent cytoplasmic DNA
recognition plays an important role in immune responses during viral and bacterial
infections (Yasuda et al. 2005; Ishii et al. 2006; Stetson and Medzhitov 2006;
Cortez-Gonzalez et al 2006; Martin and Elkon 2006), and in controlling the ensuing
adaptive immune responses (Ishii et al. 2008a; Baccala et al. 2007; Babiuk et al.
2004; Spies et al. 2003).

DNA derived from dying host cells can reportedly accumulate when nuclease
functions are obstructed, including DNase-I, II, and -III (also known as TREX)
(Okabe et al. 2005; Yoshida et al. 2005; Yasutomo et al. 2001; Morita et al.
2004; Napirei et al. 2000). The resultant activation of immune responses through
TLR-independent DNA recognition by as-yet undefined receptors can lead to
immunological disorders, such as autcimmune diseases (Kawane et al. 2006;
Stetson et al. 2008).

Many receptors have been proposed for this TLR-independent, TBK 1-dependent
type-1 IFN production by ds B-form DNA. The first candidate DNA sensor was
reported to be DAI (DNA-dependent activator of IFN-regulatory factors), previ-
ously called DLM-1 and Z-DNA binding protein 1 (ZBP1) (Takaoka et al. 2007).
However, mice lacking DAI (ZBP-1) did not show any expected phenotypes,
in vitro or in vivo, suggesting that DAI is not essential for DNA-induced, TBK1-
dependent type-I IFN production, or for DNA vaccine immunogenicity (Ishii et al.
2008a). More recent reports suggest that RNA polymerase-III can recognize
AT-rich dsDNA, to generate 5'-triphosphate RNA, activating RIG-I in human
cells (Ablasser et al. 2009), or in transformed cells {Chiu et al. 2009). Moreover,
RIG-I (Choi et al. 2009), HMGB proteins (Yanai et al. 2009), and histone H2B
(Kobiyama et al. 2010) werc shown to recognize ds B-form DNA and respond by
promoting TBK 1-dependent type-I IFN production. Although it may take time to
resolve how these distinct proteins recognize ds B-form DNA, it will be an exciting
field of research.

Recent reports indicate that both type-I IFN (through RLRs) and IL-1B/18
(through inflammasome activation) are engaged in immune response to cytoplas-
mic nucleic acids (Muruve et al. 2008; Kanneganti et al. 2006a, b). Initially,
microbial recognition by innate immune receptors like TLRs induces pro-1L-1B/18
accumulation in the cytosol through MAPK or NF-kB activation. Pro-IL-1B/18 is
then cleaved with caspase-1, a major component of all types of inflammasomes, and
released as mature form, IL-1p/18. Currently, four types of inflammasome com-
plexes, NLRP1, NLRC4, NLRP3, and AIM2 inflammasome, have been partially
characterized. Among them, only NLRP3 and AIM2 appear to be involved in
nucleic acid sensing (Vilaysane and Muruve 2009; Franchi et al. 2009).
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The NLRP3 inflammasome consists of NLRP3 (also known as NALP3 or
cryopyrin), which is an NLR — an Apoptosis-Associated Speck-Like Protein Con-
taining a CARD (ASC) and caspase-1. NLRs are a large family of cytoplasmic
sensors, containing 23 members in human and 34 members in mice; their ligands
have been only partially elucidated. NLRP3 consists of three domains: C-terminal
LRR, central Nucleotide-Binding Oligomerization (NOD) domain and N-terminal

* ligand-sensing domain, and Pyrin Domain (PYD). A variety of ligands, including
* nucleic acids and their metabolites, such as RNA, RNA analogs, uric acids crystals,
and ATP, are known to trigger NLRP3 inflammasomes (Martinon et al. 2006;
Mariathasan et al. 2006; Kanneganti et al. 2006a), inducing formation of inflamma-
some complexes. These complexes include NLRP3 multimers, the adaptor mole-
cule ASC, and pro-caspase-1 recruited via the ASC CARD domain, leading to
autocleavage of caspase-1 (Fig. 12.1). However, it is unclear how NLRP3 detects
its nucleic acid ligands.

In contrast to the NLRP3 inflammasome, which is mainly engaged in the
recognition of RNAs, such as bacterial and viral RNA, synthetic dsSRNA (poly I:C),
and ssRNA (imidazoquinoline), the AIM2 inflammasome is activated by ds B-form
DNA derived from bacteria, viruses, and host. AIM2 was recently identified as a
member of HIN200 protein family; it consists of two domains: HIN200 domain,
which binds to cytoplasmic dsDNA , and PYD, which recruits ASC (Roberts et al.
2009; Burckstummer et al. 2009; Fernandes-Alnemri et al. 2009; Hornung et al.
2009). The AIM2 inflammasome leads to activation of caspase-1 in the same
manner as the NLRP3 inflammasome (Fig. 12.1).

12.3.2 The Mechanism to Avoid the False Recognition of the
Endogenous Nucleic Acids: The Case of Tissue Damage

The innate immune system protects the host against invading infectious agents;
however, the same system can also respond to endogenous stimuli (Gallucci et al.
1999; Ishii et al. 2001; Tsan and Gao 2004; Kono and Rock 2008). These stimuli
include molecules released from damaged or dying host cells; some are endogenous
cytokines and chemokines, including HMGB proteins, IL-1a, and IL-33; the others
are heat-shock proteins, hyaluronan degradation fragments, oxidized lipids, nucleic
acids, etc. RNA and DNA are normally sequestered tightly in the cells but can be
released from host cells in the case of tissue damage, such as necrosis and apoptosis
(Matzinger 2002; Ishii and Akira 2005). Nevertheless, nucleic acids are barely
recognized by host immune system as there are safety mechanisms. One of these is
the limited accessibility to the endosomal compartments where nucleic acid-sensing
TLRs are expressed. Another is the immediate elimination of nucleic acids by
RNases or DNases within the phagosome, extracellular matrix, or in the serum.
A third is the sequential or molecular modification of nucleic acids (Kariko et al
2005). The presence of so many safety mechanisms suggests that any nucleic acid
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species can be immunostimulatory if not in the right place in the cells or tissues. In
fact, endogenous RNA and DNA are quite immunostimulatory if these safety
mechanisms are broken — for example, if immune complexes of RNA or DNA
with anti-RNA/DNA antibodies or RNPs are exogenously introduced into cells by
transfection reagents, or if nucleotides are subjected to nuclease-resistant modifica-
tion , or host nucleotides are removed or naturally modified. Otherwise, host RNA

and DNA are normally inert to our immune system.

12.3.3 The Mechanism to Recognize Endogenous Nucleic
Acids and Their Metabolites as Danger Signal:
Another Case of Tissue Damage

Normally, cxtracellular concentrations of nucleic acids are very low. However,
several kinds of molecules, including nucleic acids and their metabolites, which are
mainly stored inside the host cell, are released from damaged or dying host cells in
the case of tissue injury. Aberrant high concentration of extracellular nucleotides,
such as ATP and its metabolic end products, uric acids, can be detected by innate
immune sensors as danger signals (Mariathasan et al. 2006; Martinon et al. 2006)
(Fig. 12.2). These responses culminate in IL-1B/18 production via NLRP3 inflam-
masome activation. Although several kinds of mechanisms that activate inflamma-
somes appear to be involved, the ATP-gated P2X7 receptor contained in the P2
receptor, a class of ubiquitous plasma membrane receptors, plays an important role
in the upstream signals that trigger inflammasome activation (Kahlenberg et al.
2005; Ferrari et al. 2006; Di Virgilio 2007). Extracellular high concentration of
ATP, a predominantly intracellular molecule, stimulates the P2X7 receptor and
induces the activation of a cation channel that mediates potassium efflux. It also
induces high concentrations of end-product uric acids and generates uric acids
crystals, both of which can activate NLRP3 inflammasomes in gout (Martinon
et al. 2006). Extracellular ATP is also engaged in the pathogenesis of bronchial
asthma (Idzko et al. 2007). Uric acids, ATP, and adenosine — which is degraded
from ATP through a cascade of ectonucleotidases, including nucleoside triphos-
phate diphosphorylase (NTPDase, also called CD39) and 5’-ectonucleotidase
(Ecto50NTase, also called CD73) — induce immune responses (Hasko and Cronstein
2004). Extracellular adenosine binds to and activates four G protein-coupled cell
surface receptors, Al, A2A, A2B, and A3, contained in P1 receptors, which signal
through alterations in intracellular cyclic AMP and Ca®* concentrations.
Nucleotides and their metabolites can both activate immune responses as
danger signals and control or suppress immune reactions (Di et al. 2009).
Adenosine’s interaction with A2A receptors, which are the predominant subtype
in immune cells, may inhibit inflammation by cAMP induction. For instance,
hypoxia-inducible factor-la (HIF-1o) mediates 5’-nucleotidase induction follow-
ing accumulation of extracellular adenosine; therefore, hypoxic conditions can also
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induce immunosuppressive effects via the A2A receptor (Ohta and Sitkovsky
2009). Thus, the recovery process from tissue damage is built upon a strict immu-
nomodulatory mechanism.

12.3.4 Endogenous Nucleic Acids Recognition: The Case

of Autoimmune Diseases

Despite the mechanisms to prevent false recognition of “self” nucleic acids and their
metabolites described above, innate immune recognition of endogenous nucleic acids
can induce detrimental adaptive immune response to “self ” antigen — the so-called
autoimmune diseases (Marshak-Rothstein and Rifkin 2007). Two major mechanisms
of “self” nucleic acids have been identified to trigger autoimmune diseases: delayed
clearance of damaged host cells, and unfavorable reactions to immune complexes
(Fig. 12.3).

Damaged host cells generated from microbial infections and tissue injuries
are immediately eliminated by phagocytes in normal conditions; however, necrotic
cells always lose membrane integrity and unavoidably release intracellular contents,

Endosomal TLRs’ recognition of autoantigens including nucleic acids
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Fig. 12.3 B-cell receptors (BCRs) expressed on the surface of autoreactive B cells can bind
autoantigen (DNA or RNA) directly or immune complexes including DNA or RNA and transport
both BCRs and autoantigen or immune complexes to the cytoplasmic endosomal compartment
containing TLR7/9. pDCs express receptors for the Fc portion of IgG (FcyRs). Immune complexes
including DNA or RNA bind FcyRs on pDCs and are transported to cytoplasm. The interaction
between HMGB1 (High-Mobility Group Box 1) and RAGE (receptor for advanced glycation end
products) also contributes to the recognition of self-DNA-containing immune complexes
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inducing immune responses via danger signals (Matzinger 2002). In contrast to

necrotic cells, apoptotic cells arc strictly cleared through interactions between

opsonins and their receptors, such as scavenger receptors, complement receptors

on phagocyte cell surfaces (Savill et al. 2002; Erwig and Henson 2008), and the
recently identified peroxisome proliferator-activated receptor-6 (PPAR-3) sensing

system (Mukundan et al. 2009). Recent studies also suggest that impaired clearance
~ of nucleic acids in apoptotic cells plays an important role in autoimmunity patho-
*genesis (Kawane et al. 2006; Napirei et al. 2000; Stetson et al. 2008).

Autoreactive B cells can bind autoantigens released from dying host cells via
specific B-Cell Receptors (BCR), which are shown to exist in 5-20% of healthy
individuals (Wardemann et al. 2003), and in a greater percentage of autoimmune-
disease patients, due to defective early B-cell tolerance (Yurasov et al. 2005). Once
these autoantigens are endocytosed by BCR, nucleic acids contained in the cells can
stimulate endosomal TLR-7 and -9. These immune system activations, especially
type-I IFNs responses via TLRs, play a key role in autoantibody production from
proliferated and differentiated autoreactive B cells (Le Bon and Tough 2002;
Theofilopoulos et al. 2005; Marshak-Rothstein and Rifkin 2007). B cells also
express TLR-9 and the antigen receptor for self-immunoglobulin-gamma (IgG).
Both are engaged in the recognition of IgGG2a-chromatin immune complexes and
induce production of a class of autoantibodies known as Rheumatoid Factors (RF)
(Leadbetter et al. 2002). Both B cells and pDCs are involved in recognition of
immune complexes — including self~-RNA and DNA. PDCs express FcyRs (also
known as CD32) to detect the Fc portions of autoantibodies, and Receptor for
Advanced Glycation End Products (RAGE), to detect extracellular High-Mobility
Group Box-1 (HMGB1) derived from necrotic cells (Tian et al. 2007). These
interactions induce engulfment of immune complexes and stimulate TLR-7/8 and -9
in endosomal components, as with B cells.

Microbial infections can also trigger or accelerate a detrimental cascade mediated
through increased proinflammatory cytokines (Munz et al. 2009) and damaged host
cell products; interestingly, the gene dosage of TLR-7 directly contributes to the risk
of autoimmune diseases (Pisitkun et al. 2006; Subramanian et al. 2006).

12.4 Therapeutic Applications of Nucleic Acids as Innate
Immune Activators: Vaccine and Vaccine Adjuvants
(Table 12.2)

As described above, extracellular nucleic acids and their metabolites can induce
both immune activation and suppression via immune receptors, suggesting that
nucleic acids and their analogs are candidates for therapeutic agents against infec-
tious diseases, such as vaccines and vaccine adjuvants (Table 12.2) as well as
therapies for autoimmune diseases and allergies. Here, we discuss vaccines and
vaccine adjuvants that utilize the immunostimulatory effect of nucleic acids: DNA




12 Immune Recognition of Nucleic Acids and Their Metabolites 221

Table 12.2 Nucleic acids based vaccines and vaccine adjuvants

Vaccine/Vaccine adjuvants (Formation Receptors and adaptors involved

of nucleic acids) in the recognition

Inactivated influenza whole virus vaccine (ssRNA) TLR7/8-MyD88, RIG-I-IPS-1, NLRP3-ASC
Imidazoquinolines (ssRNA) TLR7/8-MyD88, NLRP3-ASC

Poly I.C, Poly I:.C[12]U (dsRNA) TLR3-TRIF, MDAS5-IPS-1, NLRP3-ASC
CpG oligonucleotides (ssDNA) TLRY9-MyD88

Poly dA:dT (dsDNA) Unknown-STING-TBK 1

* DNA vaccine (dsDNA) Unknown-STING-TBK 1

Underlined innate immune signalings are essential for their inmunogenicity
Poly I.C: polyinosinic:polycytidylic acid, STING: stimulator of interferon genes

vaccine (dsDNA), inactivated Whole Virus Influenza vaccine (influenza WV)
(ssRNA) and poly I:C (dsRNA). CpG-ODNs (ssDNA), which are also very
good candidates for therapeutic agents, are discussed in detail in the next section
(Klinman 2004). )

DNA vaccines are DNA plasmids encoding target antigen genes. Once these
vaccines are administered, target antigens are expressed in host cells, inducing
adaptive humoral and cellular immune responses. The immunogenicity of DNA
vaccine was recently shown to depend on plasmid dsDNA (but not unmethylated
CpG-motifs) and mediated through the DAI-independent, TBK 1-dependent signal-
ing pathway (the sensor for DNA vaccine has yet to be identified) (Ishii et al.
2008a). On the other hand, the immunogenicity including B cells and Thl-type
CDAT cells activation of the influenza WV is dominantly controlled by a TLR7/
MyD388-dependent signaling pathway, although TLR7/MyD88, RIG-I/IPS-1, and
inflammasome activation are shown to be involved in live influenza virus infection
(Allen et al. 2009; Koyama et al. 2007; Thomas et al. 2009; Ichinohe et al. 2009;
Koyama et al. 2009). It suggested that genomic ssRNA remaining in influenza WV
is essential for vaccine efficacy as an immune activator, detectable by only TLR but
not RLR or NLR (Koyama et al. 2010).

A vaccine adjuvant is a compound that promotes and modulates vaccine immu-
nogenicity. In theory, all PAMPs and DAMPs could be candidates for vaccine
adjuvants (if safety were not an issue). Poly I:C, a synthetic dsSRNA, is a vaccine
adjuvant commonly used in animal models. Poly I:C can be detected by both endo-
somal TLR3 and cytoplasmic MDAS5 (Miyake et al. 2009; McCartney et al. 2009);
its adjuvanticity is mediated via both pathways (Kumar et al. 2008). The adju-
vanticity of poly I:C (Longhi et al. 2009), DNA vaccines (Ishii et al. 2008a), and
influenza WV (Koyama et al. 2010) requires dendritic cell activation and type-I
IFNs production.

These studies demonstrate that specific signaling pathways in specific host cells
play key roles in the efficacy of nucleic acids-based vaccines and vaccine adjuvants,
though they can stimulate multiple immune sensors. Therefore, improved efficacy
of vaccines and clinical applications require that target antigens and adjuvants be
delivered to key immune cells, utilizing various manipulations of drug delivery
systems, vaccine formation, routes of administration, and so on.
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12.5 Conclusions

Nucleic acids and their metabolites are recognized by the specific host receptors
such as TLRs, RIG-like receptors (RLRs), and NLRs, purinergic receptors such
as P2X and P2Y receptors, and adenosine receptors such as A2A receptors. Resul-
. tant responses vary and may contribute to host defenses, aid homeostatic clearance
of dying host cells, or even promote deleterious autoimmune diseases. As more
‘questions emerge about nucleic acids and their relationships with the immune
system, more efforts will be needed to elucidate the mechanism of immune recogni-
tion of, and regulation by, poly- and oligonucleotides such as RNA and DNA
and their metabolites — including mononucleotides, nucleosides, bases, sugars, and
uric acids — and the therapeutic potential of nucleic acids and their metabolites.
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REMEY > K

HSP70

mRNA

HSP70,::857 7252
fibrinogen, fibronectin,
hyaluronic acids

autoantigens
savF HEAHk

uric acid/ATP, 87304
K, EQUBhHILS T L

AV OEENFES DY,
l RIG like receptors (RLRs)

TLRs PWHZAOENIEA L72BBR % @ik %
27k L CRLRs 165N T4 (K2). RLRs
iZ, C &z RNA helicase domain ZH§H, £
A EAICEA LT E72JEH O RNA 2789
4. N E¥#ZIE 2 D0 caspase activation and re-
cruitment domain (CARD) »3FfE$ %. RLRs (2
it RIG-1I, MDAS &IN5 2 DO L 725+
DIED, RIG-1 ® negative regulator £ &z b
Tw5b LGP2 A& 3 D4%¥FEY 5. RLRs DFEH
FREHE LIRS §, 1 3E A CT oM

ZUFFAEHL TV,

RLRs Ao A1 ICRT LA Y F Y Fed
#4325 E (LGP2 1B L Cidfkik: LTARBEL AN
Z\ie, T2 T RIG-T, MDAS 22V TRY),
RIG-I ¥ MDA5 O3tEDT ¥ 7% —Tdh b IFN-
B-promoter stimulator 1 (IPS-1) (MAVS,
VISA, CARDIF & bIfiZhz) & CARD &4tL
THEE LY 7T VEERBIET 5. TR TH,
TBKI % IKK &% & C IRF3, NF-«B%¢
DEERFHEELEh, T7xs 85— LTIE
[FN RSt 4 M4 v opeihssssn s’



I NOD like receptors (NLRs)

MBI O BRI AL, BEBOZE L
L7z RLRs PI#HZ NLRs #54£469°% (B 2). NLRs
FBIEE TiCe PTIX 2378 (Bl L), <
ACBWTE M4 (BET L) dFEET 52
EFHIONTWS, NEMRICIE, CARD b L< It
pyrin domain (PYD) % L < i baculovirus inhibi-
tor domain (BIR) %4 L, NOD domain ##A T,
CREZTA L) v F ) E— bEF— TR HD,
REDNITIX, NLRs DFEE L w2 3 NOD1 %
NOD2 ® X 9 iZ inflammasome % &ML L 22\ 4
V—7&, NLRP1, NLRP3 % NLRC4 =& D k5
{2 inflammasome DIEMALEZ ) 7L — T2 45%
T&5. TENENDONLRsAER1 DI H v
FOREEZITLL, WiETRTY Ty LT
RICK 1&tAb L, %% Tid ASC, caspase-1 7
LMK S5 inflaimmasome OEMALDIHE: U5 .
RICK @it T, mitogen-activated protein ki-
nases (MAPKs), IkB kinase (Ikk) #&k% &
T nuclear factor-kappa B (NF-«B) 7 & 0izE
WFANEHEIL SN, RIEVET A Mo £ > OBk
#2215, inflammasome DIEHEALD T Tid,
caspase-1 {2 & T pro IL-18, pro IL-18 2*5 1%
LRI IL-18, IL-18 DEAHFLEI N BY,

| ZOMOEARESEE (CLRs 15E)

TLRs, RLRs, NLRs U0 ESRGRIEZTAED 72
DAL, AA N T v —FHRAER Fe SRALZ LS
MONTWDBDS, %2 Th C-type lectin recep-
tors (CLRs) 2"K& L7 N—T% w2 (F2).
CLRs i€ DREMEIC L o TE 52 17 O 7 v —
TG bhns. X TCRFMEIEET 2
CLRs OftF & LT Dectin-1 ##lic»iF5 &, 1
Ty FELTRIIRTEBY, CEREOMaS
FAXAL VT R-T NI 2 % Bkt B &, MR im-
munoreceptor tyrosine-based activation (ITAM)
like €F— 7 % /- L T spleen tyrosine kinase
(Syk), X512 CARDI DIFMEL % # € Jesi btk
1 M4V DREADFEESN DY,

a
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HEIR7 Y 2\ FOIRRE S

Tk EBY, LHiNS T 7F b b LI ffiE
NTELT V230 FOEL P ARGIESRIAD)
Hy FELTERLTYAZ EASEERS 25
720 WIS &, MR, Z4etER Thl, Th2 /85
YAGREREIRT UL, TRTOBRGESAL
UA Y N, €£OEEMFTEETHNE, RE7 V2
N PELCHHEHITEETHL EE2 bNE. 12717
L, BAREERAEIMERT S 2500057 D an
Y MIRBZEAMT O TR, 72 218
B A G5 c R & SO TB SRR, Sk
MR A RS A 2 L B O R T Y asy b
MRO—ZEHoTWE, E5128—4y MIAK
CIEZBETD, MR UCE ST 2720
CHREGRHEERELY, T rrouv-hbk
FIHLFZ v 77N =S ZAF A% IFHRIZa Y b
O—L§52¢8T, AAGECERROE L ER S
OLIESEGROI I F Uy BILU7 T2y %
e TRHDEMETHL, 2Tk, LiidroH
S CEIRIR T V20 N AR ANVER &
NTVBET T2y MWL O LTS
T5.

| fesomcrsmmr sz e

B OFHINTOEHET Vo b e L
T, SCTRMIED A L 7- 3 FEEORERUR S
(D ADP-ribosylating enterotoxin (cholera toxin
(CT) B&UTKBH heat-labile enterotoxin
(LT)), @ CpG EF— 7 %# oligodeoxynucleo-
tides (CpG ODN), ® monophosphoryl! lipid A
(MPLA) 22\ T2 (8 3).
®cholera toxin (CT), heat-labile entero-

toxin (LT)

CTBIULTEAY 2=y FEBH T2
v bbb,

ANV 7azy MIFEROELERFL, BY 72z
v FOSRE RO GML F Y 70) A FIBSET 5.
TTamy N LTORRE MR LA, TTRE
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LPS

T HBEENFBRT A0 AT Ty FOK
TEVEREA 2% EOFEDPFRITIN TS, WEL
LTIELT OFa, 63FDN Vi) viclle
b0 (LT (S63K)) R 2 /DT NVF= %2 T 7=
iz L2b @ (LT (A72R)) DL {HbhTWA
CT LTWwW¥hd A¥ 7= b2 ADP-Y)K¥
VES AT F5—EiEEEEL, CT LT »1EH
THLT TRy 7 T —EDEICEE b S IR
BBz, MFATA 2 ) v 7 AMPIRESEE 5.
Nl G022 I - e LR AW RS R ey e
s, MiaEBOTE, KHEETA NI A Y DE
4 BHRMBE O RS EhFE I NS, U
Ve A AT 205, 7Y any hELTIECT S
Th2 #ORERE (IL-4, IL-52WE O CD4'T
MR OIEMEA LR IgA, TgGl, IgE WEL) BLU
Thl7 #FKES 5D LT, LTix Thl, Th2 &
O O5IEIUS (IFN-y 53 Fi CD4*T M
VLB & 0 1gG2 DREsk) % s+ 587,

GMIHTUALE

Lisprtiic] E&i=b b S
b H3 KROEHERE7 Y 2\ b
lipid A “‘ uw cholera toxin (CT) - heat-labile enterotoxin

Ty b7k, TLRIDFERIE L FTit
AR BHAMEA & BAIRIZERB L T 5.

L Ladih, SRLEDT Y28y MIEsE
W, ESEBOFIE, HEIMICBIT LR
FERCHIMOEESE, T L IVX—ULDFRL L ORIE
HomMEAHRkE LCRT 5. FEB 2000 123 —
Oy BT LT 27 Vo e LTHYE
4 VI NIRRT 7 F v OBRABRAER S T
7255, BRI OBWERIC L W FERT ¥ 2/
¥ N OB L VIR E 72 o TV B OHFE
ThHaY.

e oligodeoxynucleotides (CpG ODN)

< 4 VADO DNA 21, WHiFLaED DNA &
B E# 20 B E% { FEAF AL CpG EF 7
DAY B, O BRGEER O, C0
XEBAETIX TLROD Y # Y FE LTE mbhd
L3t RIEEM Ao 72 CpG ODN iKH
ZORF), Wik REEEORRG, SEED
35 (D/A % CpG, K/BH CpG, CE CoG) 7
b4 S bR, D/AE CpG iE, i pDC

i
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DL, K/B & CpG i3E12 B MFLOTEHALE 7
B4 5, CHICpG kB FOUEE R > TV ADNE
PZRREEV (WThoRlD CpG & TLRI 12 & -

CEHEND). CpG ODN B FNEFNDRIEHIA
IZHAET A TLRI WL o TR &s B &, [HIIFN
RPFEME A M AA COFEEFFESH, BAlfaD
Wl BERHRBOBILDIEI IS FF 2TV F 5
— (NK) ffaoiEE by b v, 7% Thl Bo
WS RERS (1gG2a WA, Thl Mz X 5
IFN-y @A, MR EN T Mo Mias S5 M)
PEREINSE, D2F), MoLOHEE L HIC
CpG ODN %7V anNy e LTHATAZ LT,
PEDE ) B AN X LSRR CHEYT S &
D b5 2250 % Thl BOBERENFETE
%. CpG ODN 3FFFICHRERT V2N b T
HHIT TR, B FELL) TOFEHLTHE
THb EBIZTIFTTanv b, T UILF
—3, MEBEEL LTS F ST RERERS T
., BEOESN L 25723 Th L, Reak5%
FLo LT ARMER S BT, FOREMED
—HTHEPINTWBOW L Lzeds, AW
D TLRY OB/ — v OB ED L, K
me LTk Maxt LT s iw
® monophosphoryl lipid A (MPLA)

MPLA £ &b L VERTEHD) KEHE (lipo-
polysaccharide : LPS) St S /- E T,
TLRADSZDT V287 MIRIZUHATHH I LS
MmonTnsd (b OB T TLR2 b 32k B4
THZENMESNLTWS). MPLADT Y /8>
MDD ) RS T A2 b oT, AF
BREWEHMPE IS W £ Co H 5. FOH
HE& LT REHEL LB LT MLPA 4%, MyD88
KTF DR & 1T & A SRS TRIF KEED
A IR 5 2 &) BRI IR
B IL-10 # % K AT H—F CHREWT A b A
YOIL-1BEFELIC W LR EPHEINT
W5, MPLA XJIZCD4THIlBD 7514 3~
7 EEAL R FEY DO, FIZ Thl Bl
Rihz#ERTA. 7957V - AIAZI54 73,
MPLA # W2 EAR—a P25/ b
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F2 DOFUTIINTH(GHED)

BRTF V2V BREEZER®
monophosphoryl lipid A (MPLA) TLR2, TLR4
CpG ODN TLRO
Pam3Cys-SK4 TLR1/2
MALP2 TLR2/6
poly 1:C TLR3, MDA5
imiquimod, resquimod TLR7, TLR8
aluminium based salts NALP3
chitosan NALP3
HEMHEEE (eg CT, LT) ?

#HR=> (es. QS-21) NALP3 ?
Iv)LY 3 (e.g MF59) 2

MALP2 : macrophage-activating lipopeptide 2
poly I: C : polyinosinic—polycytidylic acid

HEICETL, ASOL (MPLA & QS21 % 1) R —
ATEALEL®D), AS02 (MPLA & QS21 2w
W arTaAREL®D), AS04 (MPLA +alum)
ERLTwA (QS21, alum (Z2oWTidfEil 4
5). F—1 v /8TiE AS04 % v 72 hepatitis B
virus (HBV) 77 F v & LT FENDrix® 24— 2
b5 7 CiEE L < AS04 % Fivy7z human papillo-
ma virus 77 F v, =) v 2®HF@WifEn
Tw5Y FENDrix® d4—/31) v 7 A® b HiE
FHCTHREG SR TwADS, MPLA (ZFEHEIZ T
137 BRI RIE IS BN TH TV 2N MRS
35, BlziE, EMERLVTIEELS L
BB IF DTV a3y bELTORREIFERS
nCwai,

| enemmsmcsocmmana
P2 /C b

ko Bh, BRCIEZTERDO) A i, B
NIRRT RTT7 Yoy b LTHETE 2T
MEHETL. B MBI TEH STV T Y
237 P THRBEZAREDBBRIHL S
TWALDIE, FELTHITIEHSDS (R2), Hi
W7z [7 7 282 PRI 5 BIRGIEZE
K] CTRULE I, BHERRZSNTHRGES
TREFDY T FIMeEERPHO NI, 36



