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Abstract. Activation of the innate immune system is a prerequisite for the maturation of dendritic cells (DC) and
macrophages (M) followed by clonal expansion of the lymphocytes, targeting cells expressing “non-self” anti-
gens. Microbes usualy have a component competent to activate DC/M@for antigen presentation. This component
has been called adjuvant, but recently renamed “pathogen-associated molecular pattern” (PAMP) or modulin
based on its molecular identification. Here, we propose the hypothesis that DC/M ¢ express two sorts of receptors
for PAMP, whose signaling pathways lead to a sufficient antigen (Ag)-presenting state. In bacteria infection,
aToll-like receptor (TLR) and an uptake receptor participate in DC maturation and M activation. Likewise, with
anumber of viruses, two of the receptors, with short consensus repeats (SCR), immunoglobulin-like domains or
chemokine receptor-like motifs etc. induce functional modulation of DC/M@. In immune therapy for cancer,
primary activation of the innate system would be essential for tumor Ag-specific T cell augmentation. Cancer
cells express tumor-associated Ag but barely co-express PAMP, which situation does not allow for the activation
of innate immune responses. Supplementing tumor-associated Ag with PAMP may be an effective therapy for
patients with cancer. Here, we discuss the possibility of an innate immune therapy for cancer with reference to
bacillus Culmet Guillen cell-wall skeleton (BCG-CWS).

Key words: modulin; pattern-recognition receptors; leucine-rich repeat (LRR); short consensus repeat (SCR);
antigen-presenting cells (APC).

Introduction generearrangement and is clonally distributed on T and
B cells. A tremendous number of clones, each expres-

In the human immune system, lymphocytes are sing unigue antigen receptors can cover a huge variety
major effectors involved in the destruction of foreign  of non-self antigens. In order to eliminate foreign cells,
material. Each clone of a lymphocyte expresses aspe- CD8" T lymphocytes mature into cytotoxic T lympho-
cific antigen receptor which is generated by somatic cytes (CTL) equipped with perforin, granzymes and
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Fas ligand, while B lymphocytes mature into plasma
cells to produce antibodies (Abs). Antigen (AQ) is ab-
solutely required to trigger activation of the lymphocyte
immune system, a system designated as acquired im-
munity™.

Minimal as well as ineffective Ab production and
CTL induction in vitro have resulted from stimulation
with pure Ag in the absence of adjuvant’®. Animals
effectively produce Ab against foreign material, how-
ever, when they are co-sensitized with adjuvant plus
purified Ag. Adjuvants, consisting of mineral oil and
bacterial constituents, do not directly activate lympho-
cytes, but can potentially induce activation of innate
immune responses, which can then lead to total immune
activation involving lymphocytes. Recent findings
have, in fact, shown that the target of adjuvant isindeed
the innate immune system, including antigen-presen-
ting cells (APC), leading to the hypothesis that the in-
nate immune system must be activated prior to the
priming of the lymphocyte system'* 2, If this is the
case, lymphocyte activation is strictly controlled by the
more basic innate system, which is regulated by ad-
juvants. However, the role of adjuvant in the innate
system has not been clarified, since the innate system
per se has not been well characterized compared with
the acquired immune system®,

Most of the known microbia products that have
immunostimulatory activity represent invariant struc-
tures shared by large groups of microorganisms®” %
which are absolutely essentia for the microbe’s survi-
val. For instance, lipoteichoic acids (LTA) and lipopoly-
saccharide (LPS) are common components of Gram-
-positive and Gram-negative bacteria, respectively.
Double-stranded RNA is a structural signature of sev-
eral groups of RNA viruses. Specific CpG repeats with-
out methylation are present in bacterial DNA. Mannans
and galactans are conserved as characteristic compo-
nents of yeasts and bacteria. In addition, bacteria cannot
survive without certain peptidoglycans, which are not
shared with mammals. None of the above-mentioned
molecules are found in host organisms, and all are es-
sentia for the physiology and survival of the respective
microbes. Notably, these molecules exhibit potent im-
munomodulatory activity in the host immune system,
similar to that of adjuvants, and are designated after
molecular identification as pathogen-associated mole-
cular patterns (PAMPs)?” or modulins'’. Based on these
findings, we suggest the necessity of immune stimula-
tion with both adjuvants (or PAMP) and Ag for the
induction of strong host immune responses.

Tumor cells share the same major histocompatibility
complex (MHC) as host cells and barely express
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PAMPs. Tumor-associated Ags, however, have been
identified particularly in melanomas®. Thus, we hypo-
thesized that the inability of tumors to provoke host
immune responses is due to the lack of PAMPs in pa-
tients with cancer. Since PAMP-mediated immune ac-
tivation proceeds presumably in a non-specific manner
with inherited primary responses, we proposed that ad-
ministering supplements containing PAMPs as ad-
juvants to patients could result in an increased effi-
ciency of immune responses against tumor Ags. This
was supported by the observation that severe infection
sometimes improves the prognosis of patients with
potentially lethal cancer. We have challenged cancer
patients with bacillus Culmet Guillen-cell wall skeleton
(BCG-CWS) for this purpose and have obtained good
results™ 16 ¥ We have designated this PAMP-sup-
plementation therapy as “innate immune therapy for
cancer”.

BCG-CWS Revisited

BCG or mycobacterium infection induces potent
immune responses (see below) in the host immune sys-
tem. Live BCG therapy was commenced 20 years ago
for treatment of bladder cancer, and has resulted in
good prognosis® 2%, Live BCG therapy has since been
accepted as an effective treatment for a variety of other
cancers as well. BCG-CWS is a highly purified factor
of the cell-wall skeleton of BCG. It consists of only
mycolic acid, arabinogalactan and peptidoglycan, and
lacks possible contaminants such as treharose dimyco-
late (TDM), lipoarabinomannan or phospholipids®. Its
anti-tumor activity wasfirst described by Y AMAMURA et
al.*inthe 1960's, ten years before live BCG anti-tumor
immunotherapy was initiated (Fig. 1a). The most
prominent difference between live BCG and BCG-CWS
treatment in tumor immune therapy indicates that the
non-infectious components of BCG are sufficient to
elicit anti-tumor host responses. In other words, live
BCG-mediated cellular responses and latent infection
are not essential to potentiate host immunity for regres-
sion of cancer in patients. This point was supported by
many animal experiments using transplanted tumors in
guinea pigs and mice* 4+ 2, Unexpectedly, however, it
was suddenly designated an “ineffective” drug in the
1970's.

Revival of cancer immune therapy involving BCG-
-CWS has come in Japan with the clinical study by
HavasHi et al.'® who reported an excellent 5-year sur-
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Fig. 1. Pand a — principle of innate immune therapy for cancer. Micro-organisms are often found to activate immune competent cells,
which non-specifically potentiate tumor immunity if tumor Ag is provided. The exact mechanism for €iciting tumor immunity remains
unknown. The non-infectious reagent, PAMP or modulin, possesses tumor-regressive activity and has been administered as an adjuvant
in experimental anti-tumor therapy. Pand b — receptors for BCG-CWS. BCG-CWS is a PAMP/modulin that binds to innate immune
competent cells, M@DC. Two sorts of receptorswere identified on M@/DC. Oneis Toll-like receptors (TLR), TLR2 and 4, which transduce
signals through ERK and NFkB, resulting in M@/DC survival and maturation. The other is a putative lectin receptor which may facilitate

endosomal uptake of BCG particles

vival rate of the BCG-CWS therapy in stage 111 lung
cancer patients. These results are intriguing, given that
no other chemotherapeutic agents were used in con-
junction with BCG-CWS in patients with post-surgical
tumor resection™ *°, In contrast, patients with distant
metastasis are out of the target of this therapy®®. Surgi-
cal resection of the tumor is an essential prerequisite
for thisimmune therapy, since the host immune system
is often modulated by factors produced in tumors. In
fact, serum interferon y (IFN-y) levels are increased by
treatment with BCG-CWS in patients only after tumor
elimination. In cancer patients, induction of IFN-y may
be a good marker for host immune activation'> 6.
The results of this study are summarized in the ref .
In stage 111 lung cancer patients, prediction of 5-year
survival is 51% (Caplan-Mayer method), suggestive of
BCG-CWS therapy being significantly effective com-
pared with the conventional therapy used in our cancer
ingtitute. Based on these data, we are attempting to
re-introduce BCG-CWS cancer therapy and, finaly,
to establish a “genera” principle of tumor immune

therapy.

Two Receptor Theory for PAMP: in the Case
of BCG-CWS

By flow cytometric analysis, FITC-labeled BCG-
-CWS binds monocytes, neutrophils, dendritic cellsand
activated macrophages but not lymphocytes®. Al-
though elevation of IFN-y is afinal outcome of in vivo
BCG-CWS treatment in cancer patients, brefeldin
A-treated lymphocytes still do not induce IFN-y*°.
Hence, the targets for BCG-CWS are not lymphocytes,
including T and B cdlls, but rather cells of myeloid li-
neages. In other words, BCG-CWS serves as a modu-
lator of the innate immune system. The target cells
appear to express two sorts of receptors for BCG-CWS.
OneisaToll-like receptor (TLR), which is afamily of
proteins with an ectodomain of leucine-rich repeats
(LRR) and an intracellular I1L-1R-like domain®. In
human cells, TLR2 and TLR4 are receptors for BCG-
-CWS?®. The other is a putative lectin receptor which
is being identified in our laboratory (Tsua et d., to be
published elsewhere). BCG-CWS is phagocytozed
through the lectin by endosomal uptake and transmits
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signals through TLR2/4 (Fig. 1b). TLR are reported to
induce two types of responses in dendritic cells (DC),
resistance to apoptosis and maturation?. DC maturation
isaresult of nuclear factor kB(NFkB) activation, while
the prolonged survival of DC is sustained by an ERK-
-related pathway®. As shown by Uerori and Tsua
(submitted for publication), BCG-CWS consists of
combinations of mycolic acid, arabinogal actan and pep-
tidoglycan, and each component may play a respective
role in the binding/activation of the two receptors on DC.

In the mouse model, BCG-CWS does not induce
delayed-type hypersensitivity (DTH), unlike in humans
or guinea pigs. BCG-CWS treatment caused regression
of transplanted tumors in mice with much less effi-
ciency than that seen in humans. The mouse innate
immune system may differ in some respects from those
of humans and guinea pigs. For instance, recent reports
suggested that there are 8 CD1b and ¢ haplotypes in
guinea pigs'® and 4 haplotypes CD1a, b, c and d in hu-
mans” 2%, whereas mice have only one CD1 isoform,
known as CD1d?. It has been accepted that CD1d pres-
ents aGal. Cer®, while CD1b presents mycolic acids> %°.
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Thus, mice lack the presenting molecule for mycolic
acids. The species differences with respect to trans-
planted tumors and DTH induction may reflect essen-
tial differencesin the innate immune systems of various
species. Another possibility isthat certain properties of
tumor lines are an important factor for raising immune
activation. The MHC level, particularly HLA-E and
class |, on targets is a critical factor for discriminating
between CTL-mediated killing or NK-mediated killing
in the host environment™®, BCG-CWS would be effec-
tive for tumors with high class | expresson levels,
whereas NK targets tumors with low MHC levels®.

Mechanism whereby BCG-CWS Activates
the Human Immune System

BCG-CWS has been identified as an adjuvant®.
Given that adjuvant usually potentiates the innate im-
mune responses of APC but not lymphocytes, we added
BCG-CWS to each maturation step from monocytes to
mature DC in an in vitro assay. It selectively mediated

a BCG-CWS + GM-CSF
b: EB + GM-CSF

¢ FITC-BCG-CWS (7 h)
d: FITC-BCG-CWS (7 h)

Fig. 2. Morphology of DC and phagocytosis of FITC-BCG-CWS. Immature DC differentiated with GM-CSF and IL-4 for 6 days were
incubated for additional 2 days (a, b) or 7 h (c, d) in a medium containing GM-CSF (500 U/ml) and one of the following materials:
a—BCG-CWS (15 pg/ml), b — emulsion buffer (Eg; 15 pl/ml), ¢ — FITC-BCG-CWS (15 pg/ml). Magnification: x400. Cells were observed
under a microscope (a, b), alight fluoresence microscope (c), or a phase-shift microscope (d) [the same field as (c)]. White arrows show

FITC-BCG-CWS binding to the surface of a floating cell
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Fig. 3. Maturation of myeloid cell lineage in humans. Hierarchy of maturation of myeloid lineages. The maturation steps mediated by
BCG-CWS are indicated. BCG-CWS has the ability to mature DC to an Ag-presenting form and to differentiate monocytes to activated M

the step involving the immature-to-mature conversion
of DC (Fig. 2 and 3). BCG-CWS up-regulated the cos-
timulators CD83 and CD86 as well as MHC levels and
secretion of 1L-12 and tumor necrosisfactor a (TNF-a)
by DC?¥. In addition, BCG-CWS had an ability to con-
vert monocytes to active macrophages (M) (Fig. 3).
These functional features support the hypothesis that
BCG-CWS is a PAMP contributing to the final matur-
ation of myeloid cells whose functional profile is rep-
resentative of adjuvant treatment. There have been no
data, however, indicating that the presentation of tumor
antigen is elevated on M@/DC secondary to BCG-CWS
stimulation. This point needs to be clarified in APC
harvested from BCG-CWS-treated patients with cancer
and from BCG-CWS-treated guinea pigs inoculated
with tumor cells. Mice, however, do not appear to be
an appropriate animal model for testing innate im-
munity. Induction of tumor-specific CTL could be
tested in vitro using tumor cells and lymphocytes from
guinea pigs with syngeneic tumors.

Principle of Innate Immune Therapy for Cancer

Although the final immune responses, including
CTL induction, remain to be identified, we found that,

in animal systems, administration of tumor cells with
microbial products resulted in significant regression of
some kinds of syngeneic tumors. The microbial pro-

Dendritic cells
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Receptor complex

Voo

Signaling
Endosomal uptake

v v

Cellular responses| | Infection

Fig. 4. Two receptors in virus infection. Two receptors on human
cells are often associated with virus infection. Examples of measles
virus and its receptors are shown in this figure
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Table 1. Current information about human Toll-like receptors (TLR)

T. Seyaet al.: Innate Immune Therapy for Cancer

TLR Protein L .
family (LRR+TIR) Expression in tissues Function
TLR1 786aa spleen, ovary, small lipoprotein
intest, thymus, PBL, recognition??
T&B cells, macrophage,
DC
TLR2 784aa PBL, spleen, bone PGN, lipoprotein
marrow, macrophage, DC recognition
IEC
TLR3 904aa placenta, pancreas ”
IEC, DC
TLR4 799aa spleen, PBL, LPS, LTA
IEC, monocyte, recognition
macrophage, DC
TLR5 837aa ovary, PBL, prostate, ¥ée
testis
TLR6 7968a thymus, ovary, lung, lipoprotein
spleen recognition??
TLR7 1049aa lung, placenta, PBL ”
spleen, macrophage, DC
TLR8 1041aa lung, placenta, PBL ”
spleen, macrophage, DC
TLR9 1032aa spleen, PBL non-methylated

macrophage, DC CpG recognition

IEC — interstitial epithelial cells, PBL — periphera blood lymphocytes, PGN — peptidoglycan, LTA — lipoteichoic acid

Table 2. Human membrane-associated SCR proteins

SCR protein Mr (kDa) Structure Ligands Destribution Function
CR1 (CD35) A: 190 30 SCRs C3b, C4b phagocytes immuneclearnce
B: 220 37 SCRs C3bi podocytes (kidney) self-protection
C: 160 23 SCRs dendritic cells Ab production?
D: 250 44 SCRs oocytes
CR2 (CD21) 140 15/16 SCRs C3dg, C3bi B lymphocytes Ab production
EBV thymocytes EBV receptor
DAF (CD55) 70 4 SCRs C3b, C4b al cellsto be self-protection
some echo V protected from C  decay of convertases
adhesin E. coli echo V receptor
MCP (CD46) 45~70 4 SCRs C3b, C4b al nucleated cells self protection
measles V factor I-cofactor
streptcocci measles V' receptor

ducts of bacteria, fungi and viruses predominantly bind
M@DC to activate the innate immune system. Again,
lymphocytes are not a target for this immune therapy.
In most cases, two receptors are thought to be involved
in the binding of these products and the activation of
APC. For BCG-CWS, one receptor is TLR and the
other isa putative lectin receptor not yet identified (Fig. 1b).
With other bacteria products, such as M161Ag/MAL P2 %
of mycoplasma and its homologs of borrelia'® and tre-
ponema??, the usage of these two kinds of receptors

seems to be conserved. Furthermore, it has become
clear that some viruses a'so modulate the function of
DC/Me by binding two different kinds of receptors on
these cells (Fig. 4). Thus, the most likely hypothesisis
that the stimulation of DC by microbes participates in
the initial modulation of antigen presentation of the DC
followed by the expansion of targeting lymphocyte
clones. The threshold level of Ag presentation by APC
would be lowered in the response of APC to foreign
materials, and tumor Ags could be sufficiently
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presented by APC if the APC had been prestimul ated
with the foreign material. The signals transduced by the
two receptors remain largely unknown and may play an
important role in the effective presentation of tumor
Ags.

Per spectives

The concept that bacterial substances ameliorate
tumor regression is not new. This phenomenon was
first described more than 100 years ago®. The foreign
materials were called “adjuvant” and their potential im-
mune activation properties have been investigated ex-
tensively®. However, the molecular mechanism where-
by the foreign material induces tumor regression has
not been elucidated. A more thorough understanding of
this mechanism is now possible, however, with the
identification of the TLR (Table 1) and other bacterial
receptors, including lectins'. A variety of combinaions
of these receptor, families may recognize a huge num-
ber of micro-organisms. To date, limited information is
available about these receptors, but they may partici-
pate in the first non-self recognition in the immune
system (Table 1). We favor the interpretation that these
receptors synergistically induce common cell-activation
responses supported by similar signaling events. It is
becoming clear that a common signa transduction
pathway may be evolutionaly conserved across
species’ 32 and the resulting cellular responses are
aimed at the activation of lymphocytes in vertebrates.
Furthermore, DC functions and maturation are found to
be modulated by viruses. Viruses usually choose short
consensus repeat (SCR), chemokine and |g superfamily
receptors (Table 2), eg., HIV binds CD4 (Ig) and
achemokine receptor on M@ *. Measles virus appears
to use two receptors CD46 (SCR)®* and an alternative
receptor (CDw150, SLAM) on DC/M@; HHV6 also use
CD46 and one of the chemokine receptors™®.

Although an additional event may occur in DC
which induces DC-specific responses, the functions of
microbial receptors are essentially conserved across
species in myeloid lineages. The anti-tumor effect of
these receptors may also be conserved over species. We
suggest that an initial activation of microbia receptors
on APC is a prerequisite for the induction of effective
tumor immunity. This hypothesis will be tested with
non-mammals, since Toll SCR, lectin and Ig receptors
are widely conserved from the fly to humans®.

Dendritic cell therapy is a potentialy effective treat-
ment for cancer prognosis. Patients monocytes are dif-
ferentiated to DC with GM-CSF plus IL-4, and these

S19

DC are coated with tumor Ag which can be prepared
from a resected tumor. These Ag-stimulated DC can be
further matured for effective Ag-presentation with an
innate immune activator, such as BCG-CWS, and these
mature CD injected back into the patients. If microbial
products play an important role in effective Ag presen-
tation involving tumor-associated Ag, this therapy may
result in the elimination of scattered micro metastatic
tumor cellsin patients. Such a study is currently under
way in our laboratory.
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