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Abstract

Immune adjuvant is an artificial pathogen-associated molecular patterns (PAMP) for
potentiating various immune responses. Vaccine represents one event that is capable of
inducing immune response caused by antigen and PAMP stimuli, which act on
antigen-presenting dendritic cells (mDCs). Here, we introduce the pathways by which CTL
and NK cells are driven through mDC maturation in response to adjuvants.

Microbial pattern molecules (PAMP, pathogen-associated molecular patterns) are
agonists of pattern-recognition receptors, a representative of which is Toll-like receptor.
Adjuvants belong to non-infectious artificial PAMP, typically administered with the target
antigen (Ag) in order to enhance the host immune response (1). However, the mechanism
by which these reagents enhance immunity had not clearly been understood, until the recent
progress on elucidation of the ligand properties of Toll-like receptors (TLRs) and
TLR-mediated DC maturation (2). The accumulated evidence on TLR-dependent DC
maturation has solidified the current understanding that DC TLRs participate in
determining what kind of effector cells are driven by the DCs that present antigens. Now,
we hold that Ags determine the object toward which immune cells are proliferated whereas
adjuvant determines what effectors will be selected for immunological output (1). The
fundamental concepts of the immune system should be re-evaluated through the
understanding of TLR-mediated DC immune responses, which will also revolutionize the
concepts related to vaccination.

In myeloid DCs (mDCs), a representative Ag-presenting cells, the two major arms of
the innate immune signaling pathway, the MyD88 and TICAM-1 (Toll-IL-1 receptor
homology domain-containing adaptor molecule, also named TRIF) pathways, have been
identified through the investigation of TLR signaling (2). TLR3 represents the sensor of
dsRNA of viral origin and recruits TICAM-1 (3). TICAM-1 links the type I IFN-inducing
pathways in mDCs of both human and mouse (2,3). TLR4 recruits both MyD88 and
TICAM-1 (2). TLRs other than TLR3 can take the MyD88 pathway. Hence, the
representative inflammatory responses in TLR pattern-recognition are rooted in the
properties of the adaptors MyD88 and TICAM-1. In myeloid DCs, these pathways play a
significant role in differential maturation.

Using BCG-CWS as the TLR2/4 adjuvant, we found that MyD88 is an adaptor
essential for induction of cross-priming in mDCs (4). MyD88 -/- mice have been reported
to far less induction of CTL against exogenous Ags and TLR2/4 adjuvants (4). Cytokines
and NF-kB-inducing factors may be required for mDC cross-priming, although the
molecular mechanism whereby MyD88 can induce responses related to cross-presentation
in mDCs.

We have used polyl:C for evaluating the TICAM-1 (TRIF) potential in mDC
maturation (5). The TICAM-1 pathway allows mDCs to activate IRF-1 and IRF-3, which in
turn activate the IFN-f promoter as well as unidentified NK-driving factors. The data imply



that the cross-priming and the NK-driving signals are also dependent upon TICAM-1, but
the transcription factors utilized by TICAM-1 are wholly distinct from those of MyD8&8. We
found that mDC TICAM-1-mediated NK activation largely relies on the IRF-3-derived
NK-activating molecule (INAM) which promotes mDC-NK cell contact (6), in addition to
the reported soluble mediators IL-15, IFN-a, and IL-12p70. Thus, the mode by which
mDCs matured differs in the MyD88 and the TICAM-1 pathways. If an appropriate
adjuvant is conjugated with vaccine, NK cells can be activated for eradication of microbes.

We have analyzed how mDCs acquire effector-driving functions by focusing on the
innate immune response (1). Live vaccines usually contain microbe-specific Ags and
PAMPs. Since DNA per se has an adjuvancy, DNA vaccine also includes PAMPs.
Nevertheless, potential vaccines have not been established for some viral infections. For
example, HCV, HIV and influenza infections have their own problems. Low titers of
antiviral antibody and CTL induction may be dissolved by developing efficient adjuvants
by inducing appropriate effectors. In this stand, an effective strategy for tackling the issue
of low immune response against vaccines has yet to be proposed with obstinacy infectious
diseases. Even the fundamental immune aberrance present in the focal nests of infection has
not been grasped by researchers in some virus-induced persistent infections.

There is almost no information concerning the molecular mechanisms by which
mDCs drivie these effector cells. Each DC subset seems to correspond to a specific effector,
although the selection strategy how DCs induce various effectors is not clear in most
instances. However, it is known from mouse models that splenic CD8+ DCs induce Treg
(7) and NK cells (8) in the mouse spleen, and lamina propria pDCs in the mouse enteric
canal promotes IgA production (9). In addition, CD70+/CD11c+ DCs induce Th17 cells by
the ATP of enterobacteria (10), and bone-marrow (BM)DCs markedly activate NK cells via
the TICAM-1 pathway (11). It is known that plasmacytoid dendritic cells (pDCs) induce
tremendous amounts of IFN-o in response to CpG DNA through TLRO. Although what
molecular background supports this pDC phenotype has long been unknown, pDC-specific
events should regulate the activation of IRF-7 (12, also see the review of T. Kaisho in this
issue). Further examples of DC subsets that preferentially function with specific effectors
will likely be demonstrated through continued investigation.

For future studies, it is necessary to determine the potential of peptide-conjugating
materials including Ags and inflammation-inducing reagents. A number of reports have
suggested that adjuvants can greatly increase the efficiency rate of treatment, although there
are no criteria to fairly evaluate the function of adjuvants in vaccine recipients or patients.
The method for stimulating DCs needs to be carefully selected as systemic administration
of inflammation-inducing material can also lead to the acceleration or exacerbation of
infection at the same time. In this case, the route and molecule that selectively raises the
degree of DC maturation without severe malicious inflammation should be clarified. The
design of DC maturation can be manipulated without helping flare inflammation. In the
future, we hope that through continued research, patients will have access to convenient and
highly effective prophylactic immunotherapy.
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Review Article

Pattern recognition receptors of innate immunity and
their application to tumor immunotherapy
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Dendritic cells (DC) begin maturation in response to complex stimuli
consisting of antigens and pattern molecules (PAMP) for the activa-
tion of the immune system. Immune adjuvant usually contains
PAMP. Infection represents one event that is capable of inducing
such a complex set of stimuli. Recently, DC were subdivided into a
number of subsets with distinct cell-surface markers, with each sub-
set displaying unique differential maturation in response to pattern
molecules to induce various types of effector cells. In the present
study, we review how pattern recognition molecules and adaptors
in each DC subset drive immune effector cells and their effect in the
stimulated DC. Although tumor cells harbor tumor-associated anti-
gens, they usually lack PAMP. Hence, we outline the properties of
exogenously-added PAMP in the modulation of raising tumor
immunity. In addition, we describe the mechanism by which DC-
dependent natural killer activation is triggered for the induction of
antitumor immunity. (Cancer Sci 2010; 101: 313-320)

A djuvants are typically administered with target antigens in
order to enhance the host immune response. Freund com-
plete adjuvant (FCA), Freund incomplete adjuvant (FIA), and
hydrated alumina (alum) are representative adjuvants that are
used as antigen conjugates to potentiate immune responses and
antibody production in animals. Although the mechanism by
which these reagents enhance immunity was not completely
understood, it appeared that the addition of adjuvants to antigens
potentially induced immunity by ‘‘making it dirty’ * ) However,
more recently the agonistic features of adjuvants for pattern-
recognition receptors (PRR) have been highlighted based on
elucidation of the ligand properties of Toll-like receptors (TLR)
and TLR-mediated dendritic cell (DC) maturation. The accumu-
lated evidence on TLR-dependent DC maturation has solidified
the current understanding that DC TLR confer the direction of
the effector driving on the DC that present antigens. We hold
that antigens determine the object toward which immune cells
are proliferated, whereas adjuvants determine what effectors
will be selected for immunological output.” The fundamental
concepts of the immune system should be re-evaluated through
the understanding of TLR-mediated DC immune responses,
which will also revolutionize the concepts related to antitumor
immunity.

The two major arms of the innate immune signaling pathway,
the MyD88 and toll-interleukin 1 receptor domain (TIR)-contain-
ing adoptor molecule (TICAM-1) pathways (Fig. 1), have been
identified through the investigation of TLR signaling.®’
Although MyD88 is dominant in mammals living on land, most
aquatic vertebrates preferentially use TICAM-1 for TLR signal-
ing.*) TLR employing MyD88 adaptors usually recognize bacte-
rial patterns, whereas TLR taking TICAM-1 recognize virus
products, including nucleic acids. In addition to these PRR, the
retinoic acid-inducible protein I (RIG-I)-like receptor and nucleo-

doi: 10.1111/1.1349-7006.2009.01442.x
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tide-binding oligomerization domain-containing protein (NOD)-
like receptor (NLR) systems are located in the cytoplasm®® and
are inherent in most animals.”” PRR systems are also distributed
across the cell membrane and cytoplasm. The mineral oil compo-
nent of FIA, crystallized uric acid, and alum are able to activate
the NLR-inflammasome pathway,”® which yields interleukin
(IL)-1P and IL-18. These cytokines in turn stimulate their respec-
tive receptors to activate the MyD88 pathway in myeloid DC
(mDC).® The activation of the MyD88 pathway in mDC is a
common feature in bacterial stimulation.

The MyD88 pathway of plasmacytoid DC (pDC) is unique, as
TLR7 and TLRY predominantly activate interferon-regulatory
factor (IRF)-7 and induce interferon (IFN)-0.” Human mDC
lack TLR7 and TLRY and the IFN-inducing MyD88 pathway,
although mouse mDC harbor the TLR7 and TLR9 MyD88 path-
way, which are inducible by RNA and CpG DNA respectively.!?
In contrast, TICAM-1 links the type I IFN-inducing pathways in
the mDC of both humans and mice,"'? while TLR3 represents
the sensor of dsRNA of viral origin."? In addition, viral
products, double-stranded (ds) RNA, and 5’-triphosphate RNA
stimulate the intracytoplasmic helicases melanoma-differentia-
tion-associated gene 5 (MDAS) and RIG-1, which in turn acti-
vate the IRF-3- and IRF-7-activating kinases (TANK-binding
kinase (TBK1)/1 kappa B kinase (IKK)e."!" The adaptor of
this pathway is IPS-1,” and it is therefore known as the inter-
feron-beta promoter stimulator 1 (IPS-1) pathway. The 1PS-1
pathway shares the downstream signaling components, includ-
ing the kinases, with the TICAM-1 pathway to activate the IFN-
inducing pathway.”3 ) Thus, the representative inflammatory
responses in pattern recognition are rooted in the properties of
the adaptors in the case of TLR, MyD88, and TICAM-1. In DC,
these pathways play a significant role in differential maturation.

Bacterial and viral pattern molecules revisited

It is known that FCA contains heat-killed mycobacteria (the
causative agent of tuberculosis), which functions as a ligand of
TLR.M These are MyD88-dependent properties and the fea-
tures of the DC maturation profiles with these TLR ligands have
been examined (Table 1). Although the toxicity of the TLR
agonists is not removed, their role in triggering antitumor immu-
nity, including cytokine- and effector-inducing abilities, are
being examined with respect to their practical use for patients
with cancer. Alum (aluminuom hydroxide) acts as an NLR ago-
nist involving the secondary activation of MyD88"* and is cur-
rently used as a standard adjuvant in humans. However, a
sufficient immune potential may not be accomplished with a

1To whom correspondence should be addressed.
E-mail: seya-tu@pop.med.hokudai.ac.jp

Cancer Sci | February 2010 | vol. 101 | no.2 | 313-320



single stimulation of the NLR system. The adjuvant BCG- cell
wall skeleton (CWS), which contains mycolic acid, arabino-
galactan, and peptidoglycan (PGN), has been used for patients
with cancer, and a good prognosis was reported after BCG-
CWS treatment.'® This adjuvant contains muramyl dipeptide
(MDP) as a center for the activation of TLR2 and TLR4 and also
involves MyD88 activation.'”” The DC maturation profile
induced by BCG-CWS is comparable to that induced by Pam2
peptides that activates TLR2 (4) BCG-CWS does not contain
DNA, which excludes the possibility of activating TLR9. Only
rare examples of fatal shock and interstitial pneumonia have
been reéaorted with BCG-CWS that stimulates TLR2 and
TLR4.1'®

In contrast, viral products, including dsRNA (and its analog
polyl:C), and the lipopolysaccharide (LPS) of Gram-negative
bacteria were identified as TLR ligands with TICAM-1 agonis-
tic function.” dsRNA and LPS stimulate TLR3 and TLR4,
respectively, both of which link the adaptor TICAM-1.%'" Ag
they activate nuclear factor (NF)-xB and IRF-3, cytokine storm
(hypercytokinemia) or endotoxin-like shock tends to occur in
vivo." It is therefore mandatory to reduce their toxic proper-
ties before they are applied to human patients. Importantly, pol-
yL:CLC (TLR3-complexed poly inosinic: polycytidylic (IC)
with carboxymethylcellulose and poly-L-lysine to improve
resistance to ribonucleases (i.e. TLR3),*” and monophosphoryl
lipid A (i.e. TLR4)?" have been considered promising candi-
dates for immunotherapy. These TLR agonists mainly stimulate
the TICAM-1 pathway without the robust activation of the
MyD88 pathway®®?" "and rarely induce side-effects, such as
cytokine storms, skin festering, and the symptoms of inflamma-
tion during preclinical trials. It is important that the differential
view of the MyD88 and TICAM-1 adjuvants in terms of their
DC maturation and effector-driving properties be examined.
The development of TLR agonists with properties superior to
those of alum can be expected to be revealed through these
studies. In this review, the molecular mechanisms of effector
activation by DC TLR are outlined and discussed.

Adjuvants stimulate tumor-associated myeloid cells and
bC

We have speculated from in vitro studies that immature mDC
are matured to antigen-presenting mDC by BCG-CWS, a
TLR2 agonist,m’ which also induces a variety of immune
effector cells, including CD8+ T cells (CTL)(B) and NK
cells.® These effector cells can damage tumor cells under high
effector target (E/T) ratios in vitro.(% 24 Indeed, tumor BI16
mutanoma growth is retarded in ftumor-bearing mice
(C57BL/6) when BCG-CWS-matured mDC or secondary-
induced CTL are injected in the area surrounding the tumor. It
is the CTL, but not NK, cells that are the main effector respon-
sible for tumor regression in vivo.”* Unexpectedly, however,
the immune cells which infiltrate into the tumor largely consist
of macrophages and not lymphocytes or mDC in mouse models
(Shime H and Seya T, unpublished observation, 2009). The
properties of these macrophages remain experimentally undeter-
mined. As the tumor-infiltrating macrophages contain many
subsets, and some of them often possess immune suppressing
properties,®> these macrophages could be related to myeloid-
derived suppressor cells (MDSC) and act as inflammation in-
ducers to sustain tumor growth. Thus, BCG-CWS-mediated
functional modification of these macrophages and their effect
on tumor growth in mice remains to be determined. Specific
questions also remain concerning adjuvant administration to
patients. How myeloid cells mature to DC after they are phago-
cytozing tumor-associated antigens, how mature mDC are
located by effector cells, and how tumors regress in such situa-
tions still remain unanswered.
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Treg, a regulatory population of CD4 T cells, has an inhibi-
tory activity against antitumor immunity®® and has been shown
to inhibit CD8 CTL tumoricidal activity in vitro.?® Several
reports indicate that Treg cells infiltrate into tumors and support
tumor progression.*”*® However, mDC are present at very low
levels in the tumor masses where Treg cells invade. Again, the
functional modulation of Treg cells in the local tumor environ-
ment by adjuvants or mDC is unclearly illustrated.

Recently, several myeloid cell populations have been discov-
ered that are associated with tumor cell Progression, including
interferon-producing killer DC (IKDC),*® MDSC,?®**? and
tumor-associated macrophages (TAM).®" Although the matura-
tion or activation of these myeloid cells is likely crucial for
tumor progression, only a few reports have investigated their
maturation mechanism and effect on tumors by adjuvant treat-
ment. Early-acting pattern molecules can act on tumor cells to
release late-acting substances. In fact, damage-associated molec-
ular patterns (DAMP), such as high-modify group box protein
(HMGBU), uric acids, heat-shock protein (HSP), and DNA
comp]exes,m) are secondary liberated from tumors, and stimu-
late the TAM. Whether these stimuli alter the tumor-progressing
ability of the macrophages should be a point of consideration for
adjuvant therapy. The types of TLR present in these myeloid
cells and the effect of administered adjuvants are topics that
need to be investigated.

Many studies on TLR knockout mice allowed us to describe
the properties of mouse bone marrow-derived DC (BMDC) trea-
ted with a variety of adjuvants®® and to show the points for
induction of immune effector cells through the adjuvant immu-
notherapy of cancer. Ambivalent functions between mDC and
MDSC in a tumor environment can affect the conformation of
antitumor immunity.

MyD88- and TICAM-1-mediated DC maturation

Soon after the discovery of the TLR,(3 “) it was shown that TLR
agonists have a DC maturation activity.*> DC maturation is
characterized by TLR adaptors, which have common features,
including the upregulation of major histocompatibility complex
(MHC), costimulators and NK-activating ligands, and the fol-
lowing features which are unique to each adaptor in mDC.®®
MyD88-dependent DC maturation has two modes, with NK acti-
vation and CTL induction occurring concomitantly with the acti-
vation of NF-xB, followed by the induction of inflammatory
cytokines.®” Using BCG-CWS as an adjuvant for the TLR2
agonist, we examined how the TLR2 agonist acts on mDC and
tumor cells.?> While NK activation by MyD88 is feasible in vi-
tro, TLR2 agonists exhibit minimal NK-mediated tumor-sup-
pression activity in tumor-implant mice.?® The TLR2-
dependent antitumor NK activity is abrogated in MyD88-/—
mice, suog)esting the presence of a NK-activation pathway via
MyD88.%" However, following an in vitro analysis, it was
revealed that TLR2-MyD88 in NK celis, but not in mDC, is
rather dominant in this mode of NK activation, and that acti-
vated NK cells barely enter the tumor mass. For this reason, the
subcutaneous administration of BCG-CWS marginally retards
tumor growth in mice via the activation of NK cells.

In contrast, mDC maturation is accompanied with potent anti-
gen presentation secondary to cross-priming in TLR2-primed
mDC.? Tumor antigen-specific CTL induction is facilitated in
mice with an implant tamor burden, concomitant with the retar-
dation of tumor growth. This CTL induction is MyD88 depen-
dent, since TLR2-mediated cross-priming does not occur in
MyD88—/— mDC. Neither CTL induction nor the retardation of
tumor growth significantly occurs in MyD88-deficient mice.
Thus, MyD88 in mDC preferentially participates in cross-prim-
ing and driving CTL in vivo. The downstream molecules of
MyDS88 associated with mDC CTL driving are unknown.
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