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Inherited GPI deficiencies:a new disease with intellectual disability and epilepsy

Yoshiko Murakami, Taroh Kinoshita

Department of Immunoregulation, Research Institute for Microbial Diseases, Osaka University

Glycosylphosphatidylinositol (GPI) is a glycolipid, which anchors 150 or more types of proteins to the cell surface. There are at least
26 genes involved in the biosynthesis and transport of GPI-anchored proteins (GPI-APs). Many inherited GPI deficiencies (IGDs) have
been recently found using whole-exome sequencing. Patients with IGD have only a partial deficiency because complete GPI deficiency
causes embryonic death. The major symptoms of IGDs include intellectual disability, epilepsy, coarse facial features, and multiple organ
anomalies. These symptoms vary in severity depending upon the degree of the defect and/or position in the pathway of the affected gene.
We clarified a mechanism of hyperphosphatasia, which is characterized by elevated release of tissue-nonspecific alkaline phosphatase.
Hyperphosphatasia is observed in some patients with IGDs, such as hyperphosphatasia mental retardation syndrome or Mabry syndrome,
caused by mutations in genes in the later stage of GPI biosynthesis. The possibility of IGD should be considered in patients with seizures
and intellectual disability. The presence of hyperphosphatasia is strong evidence of IGD. Flow cytometric analysis of GPI-APs on granulo-

cytes is also useful for the detection of IGD.
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Interleukin-17A (IL17A), a characteristic cytokine
produced by the T helper 17 cells (Th17 cells), can
form either a homodimer or a heterodimer with
IL17F.

It is produced not only by Thl17 cells, but also by
cytotoxic CD8" T cells (Tcl7 cells), y8 T cells,
invariant natural killer T cells (NKT cells),
lymphoid tissue inducer cells (LTi cells), and other
hematopoietic and non-hematopoietic cells. During
development, these cells exhibit flexible or plastic
features distinct from those of Thl and Th2 cells.
IL17A plays important roles in the pathogenesis of
autoimmune diseases and in the host defenses
against bacterial and fungal infections.

Expression of IL17A and its related factors, as well
as the infiltration of IL17A-producing cells into the
tumor microenvironment, has been implicated in
anti-tumor or pro-tumor effects in various cancers.

Keywords: Thl7 cells, RORyt, STAT3, IL23,
TGER, inflammation

Other names: CTLAS, IL-17,IL-17A,IL17
HGNC (Hugo): IL17A

Location: 6pl12.2

Local order: pter - PKHDI1 (polycystic kidney and
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hepatic diseases 1) - MIR206 (microRNA 206) -
MIR133B (microRNA 133b) - IL17A - IL17F
(interleukin 17F) - SLC25A20P1 (solute carrier
family 25, member 20 pseudogene 1) - MCM3
(minichromosome maintenance complex

component 3) - centromere.

Note

ILI7A was initially identified in a subtractive
hybridization screen of a rodent T cell library as
mouse cytotoxic T lymphocyte-associated antigen 8
(mCTLAS8) (Rouvier et al., 1993), but is now
recognized as a characteristic cytokine of the Th17
cell subset, which has effector functions distinct
from those of Thl and Th2 cells (Korn et al., 2009;
Kurebayashi et al., 2013).

Description

The IL17A gene spans a region of 4252 bp,
consisting of three exons.

Transcription

The transcript is 1859 bp and has a 45 bp 5' UTR, a
468 bp coding sequence, and a 1346 bp 3' UTR.
Pseudogene

No pseudogenes homologous to this gene exist
elsewhere in the genome.
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Exon 2

Exon 1

Bach LA

Exon 3

IL17A gene. The IL17A gene spans a region of 4252 bp, consisting of three exons (untranslated region (UTR), light blue; coding
region, blue) and two introns (brown). Exons 1, 2, and 3 are 72 bp (45 bp 5' UTR plus 27 bp coding region), 203 bp (all coding
regions), and 1584 bp (238 bp coding region plus 1346 bp 3' UTR) in length, respectively. The two introns are 1144 bp and 1249
bp in length.

Note

The ILI7A protein is a glycoprotein that can form
either a disulfide-linked homodimer or a
heterodimer with the ILI7F protein. Members of
the IL17 protein family (IL17A-F) contain four
highly conserved cysteine residues on each
monomer (Kolls and Lindén, 2004; Iwakura et al.,
2011). Structural analysis of the IL17F protein has
revealed that these four cysteines participate in the
characteristic cystine-knot formation observed in
other growth factors such as nerve growth factor
(NGF), transforming growth factor 2 (TGFB2) and
platelet-derived  growth  factor  (PDGF)-BB
(McDonald and Hendrickson, 1993), although one
of the canonical disulfides of the cystine-knot is
absent from the IL17 protein family (Hymowitz et
al., 2001). Two additional cysteine residues
participate in homodimer formation via inter-chain
disulfide bonds. Crystal structures are now
available for ILI7A in complex with an antibody
(Gerhardt et al., 2009), an ILI7F/IL17 receptor A
complex (Ely et al., 2009) and an IL17A/ILI7
receptor A complex (Liu et al., 2013).

Signal
peptide

IL17A protein. The IL17A protein (155 amino acids)
consists of a signal peptide (light green, 23 amino acids)
and a mature peptide (green, 132 amino acids). Four
conserved cysteines (Cys) form the intra-chain disulfide
bonds indicated by black lines (Cys94/Cys144 and
Cys99/Cys146) (Hymowitz et al., 2001). The two cysteines
indicated by asterisks (Cys33 and Cys129) participate in
homodimer formation via inter-chain disulfide bonds.
Asparagine 68 (Asn68, black circle) is predicted to be
glycosylated.

Description

The IL17A monomer is a peptide consisting of 155
amino acids. The ILI7A peptide comprises a 23
amino acid signal peptide and a 132 amino acid

Disulfide bonds
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mature peptide. The IL17A homodimer has a
molecular weight of 35 kD (Kolls and Lindén,
2004).

Expression

IL17A is secreted not only by CD4" T cells (Thl7
cells), which also produce I1LI7F, IL21, and 1L22
(Korn et al., 2009; Kurebayashi et al., 2013), but
also by CD8'T cells (Tcl7 cells), y6 T cells,
invariant natural killer T cells iNKT cells), innate
lymphoid cells (ILCs) including lymphoid tissue
inducer cells (LTi cells), B cells, neutrophils, and
other non-hematopoietic cells (Cua and Tato,
2010). These lymphocytes all express the retinoic
acid receptor-related orphan nuclear receptor C
(RORC, the human analogue of mouse RORyt, a
splice variant of the Rorc gene). RORyt is essential
for IL17A production and the development of
ILI7A-producing cells, at least in lymphocytes, and
is thus considered a master regulator of ILI7A-
producing cells.

Th17 cells

Th17 cells are a subset of helper T cells that have
effector functions distinct from those of Thl and
Th2 cells. Early reports showed that stimulation
with transforming growth factor Bl (TGFB1) and
IL6 is required to induce differentiation of IL17-
producing CD4" T cells (Th17 cells) from naive
CD4" T cells (Korn et al., 2009). More recent
reports have shown that Thl7 cells can be
categorized into two distinct subsets: conventional
Thi7 cells (Th17(B) cells, also called non-
pathogenic Thl17 cells), which differentiate in the
presence of 1L6 and TGF1, and Th17(23) cells
(also called pathogenic Th17 cells), which
differentiate in the presence of IL6, IL23 and IL1f
without exogenous TGFp1 (Ghoreschi et al., 2010;
Basu et al., 2013; Kurebayashi et al., 2013). IL6
and ILIB can induce the expression of IL23
receptor in naive CD4* T cells in the absence of
TGFBL. Th17(B) cells express IL9, IL10, CCL20,
and CXCRG6 as well as IL17A and IL17F, whereas
Th17(23) cells express 122, CCL9 and CXCR3;
relative to Th17(B) cells, Th17(23) cells make a
greater contribution to pathogenesis in autoimmune
diseases (Ghoreschi et al., 2010). Thl7 cells
stimulated with 1L.23, which is secreted by dendritic
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cells and macrophages following stimulation with
Toll-like receptor (TLR) ligands, induce expression
of TGFp3, leading to the induction of pathogenic
Th17(23) cells (Lee et al., 2012). These pathogenic
Th17 cells are characterized by the expression of T-
bet (TBX21, T-box protein 21), a master regulator
of Thl-cell development, as well as RORyt.
Compared with Thl and Th2 differentiation, Th17-
cell differentiation exhibits plastic or flexible
features (Oestreich and Weinmann, 2012; Basu et
al., 2013). TGFBI signaling induces the expression
of both Foxp3 and RORyt in antigen-activated
naive CD4" T cells and is involved in the
differentiation of both iTreg and Thl7 cells.
Therefore, additional factors determine iTreg and
Th17 polarization. Furthermore, iTreg and Thl7
cells can transdifferentiate under specific conditions
(Hoechst et al., 2011). The transition from Thl7
cells to Thl cells is also induced by IL23 and IL12
in a STAT4- and T-bet-dependent manner (Lee et
al., 2009; Mukasa et al., 2010).

In addition to RORyt and the aforementioned
cytokines, several transcriptional regulators
positively regulate Th17 cell differentiation: signal
transducer and activator of transcription 3 (STAT3),
BATF (basic leucine zipper transcriptional factor,
ATF-like), interferon regulatory factor 4 (IRF4),
Runt-related transcriptional factor 1 (RUNXI),
RORa and aryl hydrocarbon receptor (AHR, a
nuclear receptor for a number of low-molecular
weight chemicals such as the tryptophan
photoproduct 6-formylindolo[3,2-b]carbazole
(FICZ)) (Hirahara et al., 2010; Kurebayashi et al.,
2013). Moreover, prostaglandin E2, ATP, and C-
type lectin ligands act on antigen-presenting cells to
facilitate Th17-cell differentiation. By contrast, [L4,
interferon-y (IFNy), IL27, suppressor of cytokine
signaling 3 (SOCS3), and STATS all suppress
Th17-cell differentiation.

Tel7 cells

CD8* T cells develop into Tcl7 cells in the
presence of TGFB1 and either IL6 or IL21, similar
to the requirements for Thl7-cell development
(Intlekofer et al., 2008). Tcl7 cells are also
characterized by the expression of RORyt, STAT3,
RORca and IL23R. However, Tcl7 cells do not
express Granzyme B, and they exhibit impaired
cytotoxic activity relative to conventional cytotoxic
CD8'T cells (Huber et al., 2009). A recent report
suggested that TGFp signaling is not required for in
vivo differentiation of Tcl7 cells (Dwivedi et al.,
2012).

v T cells

Two distinct subsets of CD27* or CD27 y8 T cells
develop in the mouse fetal thymus: co-stimulation
of TCR and CD27 induces CD27" y& T cells to
express T-bet and produce IFNy whereas the
absence of TCR signaling (or weak signaling)
promotes the development of IL17A-producing
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CD27 y8 T cells, a process controlled by RORyt
and RUNX1 (Cua and Tato, 2010; Prinz et al.,
2013). Because peripheral CD27y3 T cells have
permissive histone modification at loci involved in
expression of not only I117a but also Ifng, they can
produce both IL17A and IFNy upon stimulation
with ILIB and IL23 (Schmolka et al., 2013). All
innate ILI7-producing lymphocytes, including v8 T
cells, INKT cells and LTi cells, express RORyt and
develop in an IL6-independent manner (Cua and
Tato, 2010).

INKT cells

iNKT cells are activated in response to glycolipid
antigens presented by CD1d (Cua and Tato, 2010;
Guo et al., 2012). IL17A-producing iNKT cells
develop in the thymus, and express RORyt and
IL23R. A recent report suggested that iNKT cells
can be induced to produce IL17A in the presence of
TGFp1 and IL1B (Monteiro et al., 2013).

LTi cells

Innate lymphoid cells (ILCs), a family of RAG1/2-
negative lymphoid cells, require the common
cytokine receptor y-chain (also known as IL2RG)
and inhibitor of DNA binding 2 (ID2), a
transcriptional repressor (Guo et al., 2012; Fuchs
and Colonna, 2013; Spits et al., 2013). LTi cells,
which like NK cells are prototypical ILCs, belong
to the Group 3 ILCs (ILC3s), defined by the
production of ILI7A and/or IL22 (Spits et al.,
2013). ILC3s require the expression of RORyt for
their development, express IL23R and ILIR, and
produce IL17A and/or IL22 upon stimulation with
1123 or IL1.

B cells

A recent report shows that Trypanosoma crusi
promotes IL17A production by B cells in human
and mouse (Bermejo et al., 2013). T. crusi trans-
sialidase mediates addition of sialyl residues onto
CD45 expressed on B cells, resulting in induction
of IL17A and F via BTK activation without the
involvement of the transcriptional factors RORyt
and AHR.

Other cells

Although the details of the underlying signaling
pathways and transcriptional factors are not known,
cells other than lymphocytes, such as Paneth cells
in the gut and CD11b'Grl™ cells in the injured
kidney also produce IL17A (Cua and Tato, 2010).

Localisation
IL17A is a secreted protein.

Function

IL17A is a pro-inflammatory cytokine that acts on a
variety of cells (e.g., fibroblasts, epithelial cells,
endothelial cells, and monocytes) to induce the
production of other cytokines, including IL6, tumor
necrosis factor-o (TNFa), granulocyte-macrophage
colony-stimulating-factor (GMCSF), granulocyte
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colony-stimulating-factor  (GCSF), chemokines
(chemokine (C-X-C motif) ligand | (CXCLI),
CXCL2, CXCL5, and CXCLS8), antimicrobial
peptides (defensins) and matrix metalloproteinases
(MMPI1, MMP3, and MMP13) (Eyerich et al.,
2010; Iwakura et al., 2011). These factors mediate
the recruitment, activation and migration of
neutrophils and myeloid cells, and also induce
angiogenesis and tissue destruction.

IL17A, ILI7F, and the ILI7A-ILI7F heterodimer
bind to a heteromeric receptor complex composed
of 1L.17 receptor A (IL17RA) and 1L17 receptor C
(IL17RC). ILI7RA is expressed at high levels in
hematopoietic cells and at low levels in epithelial
cells, fibroblasts, and endothelial cells (Gaffen,
2009; Iwakura et al., 2011). On the other hand,
IL17RC is expressed at low levels in hematopoietic
cells and at high levels in the adrenal gland,
prostate, liver, and thyroid. ILI7RA has higher
affinity for IL17A than IL17F, whereas 11.1 7RC has
higher affinity for ILI7F than IL17A. Although
cytokines secreted by most activated helper T cells
generally stimulate the Janus kinase (JAK)/STAT
pathway, the ILI17-family cytokines stimulate
signaling pathways involved in the innate immune
system, such as the TLR signaling pathway
(Gaffen, 2009; Iwakura et al., 2011).

IL17 receptors contain a conserved domain, 'similar
expression to fibroblast growth factor/IL17R'
(SEFIR), in the cytoplasmic region. This domain is
similar to the Toll-/ILIR (TIR) domain (Gaffen,
2009; Iwakura et al., 2011). When the 1L.17 receptor
is activated, the adaptor molecule actin-related gene
I (ACT1, a U-box E3 ubiquitin ligase) is recruited
to the SEFIR domain and mediates the lysine 63-
linked ubiquitination of tumor necrosis factor
receptor-associated factor 6 (TRAF6) (Gaffen,
2009; Iwakura et al., 2011). Ubiquitinated TRAF6
then activates the transcriptional factor nuclear
factor kB (NFxB), various mitogen-activated
protein (MAP) kinases including ERKs and p38,
and CCAAT/enhancer-binding proteins (C/EBPB
and C/EBP3).

IL-17A expression and Th17 cell development are
remarkably affected not only by microorganisms
and tumors, but also by several environmental
factors such as nutrients, metabolites, hypoxia,
toxins, NaCl concentrations, and circadian rhythm.

The tryptophan photoproduct FICZ positively
regulates Thl7-cell differentiation through AHR,
whereas 2,37 8-tetrachlorodibezo-p-dioxin
(TCDD) negatively regulates  differentiation
through that receptor (Quintana et al., 2008;
Veldhoen et al., 2008). Activation of mTORCI1
(mTOR complex containing mLST8 and Raptor)
promotes Thl7-cell differentiation via positive
regulation of hypoxia-inducible factor la (HIFla
expression and the activation of S6 kinase (Barbi et
al., 2013; Kurebayashi et al., 2013). HIFla directly
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upregulates expression of RORyt and ILI7A.
Therefore, amino acid deprivation selectively
blocks Th17-cell development through inhibition of
mTORCI, whereas hypoxia promotes Thl7
development through the activation of HIFla. High
levels of lactic acid, secreted from tumors due to
the Warburg effect, induce macrophages or
monocytes to mediate increased IL17A production
by Th17 cells in an antigen-dependent manner, but
do not Thl7-cell differentiation or proliferation
(Shime et al., 2008; Yabu et al., 2011). ‘
The circadian rhythm is controlled by a series of
feedback loops between the transcriptional factors,
a CLOCK-BMALI complex and REV-ERBa
(Arjona et al., 2012). The expression of RORyt is
suppressed by the leucine zipper transcriptional
factor NFIL3, which is negatively regulated by
REV-ERBa (Yu et al., 2013). Accordingly, CD4* T
cells purified during the day express RORyt at
higher levels than those purified at night, and tend
to differentiate into Th17 cells.

High salt concentration (e.g., 40 mM NaCl) induces
phosphorylation of p38 and the expression of serum
glucocorticoid kinase | (SGK1) and nuclear factor
of activated T-cells 5 (NFATS5) to promote the
I1.23-dependent differentiation of pathogenic Th17
cells (Kleinewietfeld et al., 2013; Wu et al., 2013a).
In vivo, a high salt diet promotes Thl7-cell
differentiation and exacerbates neuropathy in mice
with experimental autoimmune encephalomyelitis.

Homology

ILI7A is a prototypical member of the IL17 family.
This family includes six proteins: ILI7A, IL17B,
IL17C, IL17D, ILI7E (also called IL25), and
[LI7F. Interleukins 17A-F are not homologous to
any other known proteins. IL17A has the highest
sequence identity with IL17F (46.5 %). It is less
similar to the other IL17 family members: IL17B,
264 %; 1L17C,28.9 %; 1L17D, 21.8 %; and IL17E,
17.7 %.

Ovarian cancer

Note

Tumor infiltration by Thl7 cells is positively
correlated with infiltration by Thl cells, IFNy-
producing CD8" cells (Tcl cells), ILI7A- and
IFNy-double-positive T cells, and NK cells, but
negatively correlated with the presence of Treg
cells (Kryczek et al., 2009a). Increased ILI7A
levels in ascites are well correlated with better
patient survival and lower grades of ovarian cancer.

Esophageal cancer

Note
Elevated levels of IL17A-producing cells, including
Thl7 cells, in esophageal cancer tissues are
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associated with the intratumoral accumulation of
CD8* T and NK cells, as well as with better
prognosis (Lv et al., 2011).

Prostate cancer

Note

In prostate tumors, elevated levels of Th17 cells are
associated with a lower pathologic Gleason scores
(Sfanos et al., 2008). However, in prostate cancer
patients, a higher frequency of CCR4" Th17 cells in
peripheral blood is correlated with shorter time to
metastatic progression after immunotherapy with an
allogeneic whole-cell vaccine (Derhovanessian et
al., 2009).

Gastric cancer

Note

The relationship between IL17A and gastric cancer
is controversial. Expression of IL17A in peripheral
blood mononuclear cells (PBMC) and gastric
cancer tissue is elevated, especially in patients with
advanced-stage gastric cancer (Zhang et al., 2008;
Zhuang et al., 2012; Su et al., 2014). One group
suggested that increased infiltration of Tc17 cells in
tissues is associated with higher stages and lower
overall survival rates (Zhuang et al., 2012). Th17
cells also infiltrate tumors, but the percentage of
Th17 cells is lower than that of Tcl7 cells.
CXCLI12, which is produced by tumors stimulated
with IL17A, promotes the recruitment of CXCR4-
dependent MDSCs and suppresses the function of
the cytotoxic CD8" T cells (Zhuang et al., 2012).
However, another group's report showed that
intratumoral expression of IL17A is associated with
good prognosis (Chen et al., 2011). Several studies
have examined the relationship between gastric
cancer risk and a single nucleotide polymorphism
(SNP) in the IL17A gene promoter region. This
SNP (152275913, G/A SNP, 52051033 bp from
pter) is located at position -197 relative to the start
codon within the NFAT-binding motif. The A-
allele is associated with higher ILI7A promoter
activity and higher affinity for NFAT, which plays
critical roles in the IL17A production, than the G-
allele (Espinoza et al., 2011). Studies of the
association between rs2275913 and gastric cancer
have yielded different results in different
populations. Four groups reported that the AA-
genotype and A-allele of SNP rs2275913 are
significantly associated with gastric cancer risk in
Japanese (Shibata et al., 2009), Iranian (Rafiei et
al., 2013), and Chinese populations (Qinghai et al.,
2014; Zhang et al., 2014a), whereas one Chinese
group reported that this SNP is not associated with
total cancer risk or survival in gastric cancer
patients (Wu et al., 2010). Two studies suggested
that this SNP is significantly associated with gastric
cancer risk in Helicobacter pylori-infected patients,
smokers, or non-cardia gastric cancer patients

Atlas Genet Cytogenet Oncol Haematol. 2014; 19(1)

103

Inoue N, Akazawa T

(Qinghai et al., 2014; Zhang et al., 2014a). The TT-
genotype of the SNP rs3748067, which is localized
in 3' UTR of the IL17A gene (C/T SNP, a position
at 52055339 bp from pter), was associated with
increased risk of gastric cancer in two studies
(Qinghai et al., 2014; Zhang et al., 2014a).

Colorectal cancer

Note

Elevated levels of IL17A-producing cells are
associated with poor prognosis as a result of
increased VEGFA expression in colorectal cancer
patients (Liu et al., 2011; Tosolini et al., 2011; Wu
et al., 2013b). Furthermore, the A-allele of SNP
rs2275913 is  positively  associated  with
susceptibility to colorectal cancer, as well as with
clinical features as tumor location, tumor
differentiation, and TNM stage (Omrane et al.,
2014). In a mouse model of colorectal cancer, loss
of effective barrier function in the transformed
epithelial cells of colonic adenoma results in the
infiltration of non-pathogenic bacteria and their
products, leading to the production of inflammatory
cytokines (including 11.23 and IL17A) and the
induction of tumor-elicited inflammation, which
promotes tumor development (Grivennikov et al.,
2012).

Hepatocellular cancer

Note

In patients with hepatocellular carcinoma, increased
intratumoral accumulation of IL17A-producing
cells is significantly associated with poor prognosis

and increased tumor vasculogenesis (Zhang et al.,
2009).

Uterine cervical cancer

Note

Levels of Tcl7 cells are higher in PBMCs and
tumors of uterine cervical cancer patients with
lymph-node metastasis than in patients without
metastasis (Zhang et al.,, 2014b). Higher
accumulation of Tc17 cells in tumors is associated
with a greater degree of tumor vasculogenesis and
increased infiltration by Th17 cells and Treg cells.
In Chinese women, the AA-genotype and A-allele
of IL17A polymorphism rs2275913 are positively
associated ~ with  susceptibility,  peritumoral
intravascular cancer emboli, and high clinical stage
(Quan et al., 2012).

Breast cancer

Note

Increased infiltration of IL17A-producing cells in
tissues is associated with shorter disease-free
survival in breast cancer patients and higher
histopathological grades (Chen et al., 2013).
Among Han Chinese women, the frequency of the
AA-genotype of the IL17A SNP rs2275913 is also
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higher in patients than controls (Wang et al., 2012).
IL17A-producing T cells and Treg cells are
synchronically increased in peripheral blood and
tumor tissues of breast cancer patients relative to
those of healthy individuals (Benevides et al.,
2013). Levels of the angiogenic factors CXCLS,
MMP-2, MMP-9, and VEGFA, which are induced
by IL17A, are also elevated in breast cancer tissue.
Thus, ILI7A is an important prognostic factor in
breast cancer.

Lung cancer
Note
Higher levels of IL17A-producing cells are

associated with poor prognosis and increased
lymphangiogenesis in non-small cell lung cancer
tissues (Chen et al., 2010). Although no significant
relationship between SNP rs2275913 in the ILI7A
gene and lung cancer risk has been observed in the
total Tunisian population, the A-allele is associated
with increased lung cancer risk in the male and
smoker subgroups (Kaabachi et al., 2014).

Bladder cancer

Note

The frequency of the AA-genotype and A-allele of
SNP rs2275913 in bladder cancer patients is
significantly higher than in control Han Chinese
populations (Zhou et al., 2013). This SNP is also
associated with increased bladder cancer risk in
males and non-smokers, as well as with invasion of
bladder cancer.

Autoimmune and inflammatory
diseases

Note

IL17-producing cells are associated with the
pathogenesis  of  many  autoimmune  and
inflammatory diseases, such as EAE/multiple
sclerosis, inflammatory skin diseases/psoriasis,
inflammatory ~ bowel  diseases,  ankylosing
spondylitis, and experimental arthritis/rheumatoid
arthritis, in both human patients and mouse models
(Awasthi and Kuchroo, 2009; Korn et al., 2009).
Recent reports have shown that treatment of
psoriasis patients with the antibodies that neutralize
IL17A and ILI17A-IL17F heterodimer or block
IL17RA results in reduction in the affected skin
area and disease severity (Leonardi et al., 2012;
Papp et al., 2012). Thus, therapies targeting the
ILI7A signaling pathway are predicted to be
effective in psoriasis patients.

Infections

Note

Both ILL17A and IL17F are preferentially produced
during infections with the Gram-negative bacteria
Klebsiella pneumoniae in the lungs and Citrobacter
rodentium in the colon, the Gram-positive
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bacterium Staphylococcus aureus in the skin, and
the fungus Candida albicans in the mouth; IL17A
appears to protect against all of these types of
infections (Korn et al., 2009; O'Connor et al., 2010;
Iwakura et al., 2011). During the early response to
infection, IL17A is predominantly secreted by y8 T
cells and INKT cells, and it induces the production
of antimicrobial peptides such as B-defensins,
regenerating (REG) proteins, and S100 proteins, as
well as granulopoietic factors such as GCSF and
CCL20, from epithelial cells (Cua and Tato, 2010).
This results in the rapid recruitment of neutrophils
to sites of infection, which in turn promotes
efficient pathogen clearance. Later, antigen-specific
a3 Th17 cells contribute to further responses to
infection.

Cancers in mouse models

Note

Elevated expression of ILI7A and increased
accumulation of IL17A-producing cells in the
tumor microenvironment are associated with anti-
tumor or pro-tumor effects in various types of
cancer in human patients and mouse models (Zou
and Restifo, 2010). Although IL17A-producing
cells are not the dominant T-cell subset in the tumor
microenvironment, their levels are elevated to a
greater extent in the tumor site than in peripheral
blood of patients (Kryczek et al., 2009a). Recent
reports have suggested that the increased
accumulation of not only Th17 cells, but also Tc17
(Hinrichs et al., 2009; Zhuang et al., 2012), IL17-
producing y8 T cells (Wakita et al., 2010; Schmolka
et al., 2013), and 1L.C3s (Kirchberger et al., 2013),
regulates tumor development.

Overexpression of IL17A in tumor cells suppresses
tumor growth in a cytotoxic T lymphocyte-
dependent manner (Benchetrit et al., 2002). The
transfer of tumor antigen-specific T cells polarized
to the IL17-producing phenotype also induces
eradication of tumor cells by inducing strong CD8"
T-cell activation (Martin-Orozco et al., 2009).
Furthermore, deficiency of ILI7A in mice promotes
growth and metastasis of tumors (Kryczek et al.,
2009b; Martin-Orozco et al., 2009). ILI7A-
producing T cells are predicted to induce
recruitment of other effector cells (e.g., cytotoxic
CD8" T cells and NK cells) to tumors by inducing
expression of CXCL9 and CXCLI10 within tumor
sites (Kryczek et al., 2009a). Moreover, Th17 cells
induce expression of CCL20, a ligand for
chemokine (C-C motif) receptor 6 (CCR6), in
tumor tissues. CCL20 recruits dendritic cells, which
mediate anti-tumor effects in a CCL20/CCR6-
dependent manner (Martin-Orozco et al., 2009).

On the other hand, overexpression of IL17A in
tumors facilitates tumor growth by inducing
angiogenesis in the tumor microenvironment
(Numasaki et al., 2003; Numasaki et al., 2005).



IL17A (interleukin 17A)

Furthermore, IL17A-deficient or ILI7RA-deficient
mouse models were used to show that IL17A was
involved in the promotion of tumor growth via
induction of myeloid-derived suppressor cells
(MDSC) (He et al., 2010), activation of IL6-STAT3
pathway (Wang et al., 2009), and elevated
angiogenesis (Wakita et al.,, 2010). The
discrepancies between anti-tumor and pro-tumor
effects may be due to the distinct roles of IL17A-
producing cells in different tumors.

A recent report showed that IL17A is involved in
tumor resistance to anti-angiogenic therapy
targeting vascular endothelial growth factor A
(VEGFA) (Chung et al., 2013). In this case, the
primary effect of ILI7A is the induction of
granulocyte colony-stimulating factor (GCSF)
expression in tumor-associated fibroblasts, leading
to recruitment of MDSC in the tumor
microenvironment and induction of another
angiogenic factor, prokineticin 2 (PROK2, Bv8).
These results suggest that inhibition of IL17A
function may improve the efficacy of anti-

angiogenic therapies.
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Bacterial components activate innate immune cells, including
dendritic cells (DCs), through Toll-like receptors (TLR). This
leads to the activation of acquired immune cells, such as
CTL, which can directly kill tumor cells. The identification of
the TLR family advanced our understanding of DC function
and the roles of immunoadjuvants, because most microbial
immunoadjuvants work as TLR ligands.* These findings
provide the scientific basis for the development of effective
immunoadjuvants.

Previous reports have shown that a cell-wall skeleton frac-
tion of Mycobacterium bovis bacillus Calmette-Guérin (BCG-
CWS), which is a ligand for TLR2 and 4, activates DCs to
induce antitumor cytotoxic activity in vitro and in mouse
experimental models in vivo.> BCG-CWS has also been
shown to increase the effectiveness of antitumor peptide vac-
cine therapy.® In addition, we have shown that treatment
with BCG-CWS after surgery improves the prognosis for
patients with non-small-cell lung cancer.® Although BCG-
CWS is effective as an antitumor immunoadjuvant, the mac-
romolecule is difficult to chemically synthesize and modify.

Clinical trials and basic researches of cancer peptide vac-
cines in recent years have resulted in suggestions that a new
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efficient immunoadjuvant is needed for cancer vaccine ther-
apy.”” Materials such as alum, mineral oil, Freund’s com-
plete/incomplete adjuvant, and mycobacterium components
have been used as immunoadjuvants for more than 30 years.
New adjuvants must be developed based on recent scientific
advancements. Macrophage-activating lipopeptide (MALP)-2
is a lipopeptide of mycoplasmic origin and acts as a TLR2
ligand, similar to BCG-CW $.1912 The N-terminal cysteine of
the hydrophilic peptide of bacterial origin is modified with
two palmitates (Pam2Cys or P2C). The crystal structure anal-
ysis of the binding of lipopeptides to TLR2 has already been
reported.”!* Although lipopeptides have been developed as
immunoadjuvants using various methods,'>" here, we engi-
neered lipopeptides that function as novel TLR2 ligands with
alternative functions by replacing the peptide of bacterial ori-
gin with a hydrophilic functional motif.

We previously designed the lipopeptide P2CRGDS via this
strategy.'® The RGDS peptide binds to the integrin molecules
such as aV/P3 and 581, which are expressed on DCs.'**°
To enhance the antitumor immunoactivity of the lipopeptide
by increasing its ability to bind to DCs, P2C was conjugated
to the RGDS peptide. P2CRGDS activated DCs and spleno-
cytes more efficiently over short incubation times in vitro and
showed a greater ability to inhibit tumor growth in vivo than
MALP-2. However, P2CRGDS induced severe inflammation
at the vaccination site that correlated with the antitumor
effect, similarly to another artificial lipopeptide, P2CSK4.2"%*
The RGDS peptide of P2CRGDS could bind to many integrin-
expressing cells, such as other immune cells and epithelial cells
present at the vaccination site. In addition, the KKKK
sequence of P2CSK4, which is composed of four positively
charged lysines, could have a nonspecific ionic affinity to neg-
ative charged species on the plasma membrane of cells. There-
fore, these lipopeptides may nonspecifically bind and activate
various cells at the vaccination site.

To avoid this local inflammation, we developed a lipopep-
tide with a CD11c-specific binding sequence that selectively
targets DCs. CD1lc, which associates with CD18 to form
complement receptor 4, is well known as a marker of DCs.
Frick et al. identified a circular peptide that binds to CD11c¢/
CDI18 by panning random peptide phage display libraries
over purified CD11c/CD18.%* They identified a phage
expressing the circular peptide C-GRWSGWPADL-C, which
shares homology with the D4 domain of intracellular ad-
hesion molecule (ICAM)-1(PEDNGRSES). Here, we have

CD11c-targeting antitumor immunoadjuvant

newly developed DC-targeting lipopeptide, hllc (P2C-
ATPEDNGRSFS), to maintain antitumor immunity while
avoiding the undesirable immune responses that lead to local
inflammation.

Material and Methods

Mice, cells, and reagents

Wild-type and TLR2-/- C‘i”BL/ﬁ mice were purchased from
CLEA Japan (Tokyo, Japan). The mice were maintained
under specific pathogen-free conditions in the animal facility
of the Osaka Medical Center. All animal experiments were
performed in accordance with institutional guidelines and
approved by the Animal Care and Use Committee of the
Osaka Medical Center for Cancer and Cardiovascular
Diseases.

Ovalbumin-expressing EL4 thymoma cells (E.G7-OVA
cells) were obtained from the American Tissue Culture Col-
lection (ATCC) (Manassas, VA).>> A subline of B16 mela-
noma cells, B16D8, was established in our institute® A
murine Wilms tumor 1 (WT1)-expressing acute myeloid leu-
kemia cell line (mWT1-C1498) was kindly provided by Dr.
H. Sugiyama (Osaka University, Osaka, Japan).”” RMA-S, a
TAP2-deficient subline of RMA (Rauscher leukemia virus-
induced lymphoma cell line), was kindly provided by Dr. K
Kirre (Karolinska Institute, Sweden). All cell lines were cul-
tured in RPMI 1640 supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 100 U mL™" penicillin, and 100 pg
mL™" streptomycin at 37°C in a 5% CO, atmosphere. The
E.G7-OVA cells were cultured in medium additionally sup-
plemented with 10 mmol L™" HEPES (pH 7.3), 1 mmol L™
sodium pyruvate, 55 pmol L™' 2-mercaptoethanol, and 400
Hg mL ™! G418, and the mWT1-C1498 cells were cultured in
medium additionally supplemented with 55 pmol L' 2-
mercaptoethanol and 500 pg mL™' G418, Cell lysates were
prepared by the freeze-thaw method.

Peptides and lipopeptides

Peptides, lipopeptides, and FITC-labeled lipopeptides
(purity > 90%) were customized by Bio-Synthesis (TX, USA)
via Biologica (Aichi, Japan). Peptides and lipopeptides were syn-
thesized as follows: OVA peptide, SIINFEKL; murine WT1 pep-
tide, RMFPNAPYL?; hllc lipopeptide, P2C-ATPEDNGRSES;
P2CSK4 lipopeptide, P2C-SKKKK; and MALP2 lipopeptide,
P2C-GNNDESNISFKEK. The peptide portions of the lipopepti-
des were synthesized by Fmoc-based solid-phase chemistry.
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Pam2Cys (P2C) Peptide for DC targeting
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Figure 1. Structure and characteristics of a novel lipopeptide designed to target DCs via TLR2. (a) The structure of hilc. The lipopeptide

h11c (P2C-ATPEDNGRSFS) consists of an N-terminal cysteine modified wi
peptide, ATPEDNGRSFS. (b) The structure, molecular weight, isoelectric p

th two palmitates (Pam2Cys, P2C) and a C-terminal CD11c-binding
oint (pl), and hydrophobicity of natural (MALP-2) and synthetic

(h11c and P2CSK4) lipopeptides used in this study. The pl and hydrophobicity of the peptide portion were calculated using the ProtParam
tool (http://br.expasy.org/tools/protparam.html). The gray boxes indicate hydrophobic amino acids. (¢) IL-12p40 production by BMDCs
(left) and IFN-y production by splenocytes (right) stimulated with each lipopeptide in wild type and TLR2 knockout mice. (d) The selectivity
of h11c to CD11c+ or CD11b+ cells. Bone marrow cells cultured with GM-CSF were incubated with FITC-lipopeptide for 6 hr at 37°C. Repre-
sentative images and FACS data from two experiments with similar results are shown.

N-fluorenylmethoxycarbonyl- S-2, 3-bis (palmitoyloxy)-(2-RS)-
propyl- (R)-cysteine (Fmoc-Pam2Cys) were coupled with the
peptide using standard coupling reagents. Fluorescein isothiocy-
anate (FITC)-labeled lipopeptides were composed of FITC-
aminohexanoic acid linking to an amino group of the
N-terminal cysteine of the lipopeptide.

Int. . Cancer: 00, 00-00 (2014) © 2014 UICC
109

Preparation of mouse BMDCs, splenocytes, and lymph

node cells

Bone marrow-derived DCs (BMDCs) were prepared as previ-
ously described.*® Inguinal lymph node cells and spleno-
cytes were prepared using Lympholyte-M (Cedarlane,
Ontario, Canada). CD1lc+ or CD11b+ cells were separated
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Figure 2. The antitumor effects of lipopeptides in mouse models. (a) The antitumor effects of hllc, P2CSK4 and MALP2 were evaluated in
mice bearing E.G7-OVA tumors. The lipopeptides were subcutaneously injected around the tumor with tumor cell lysate (left panel) or OVA
peptide (right panel) as a tumor antigen on days 13, 16 and 20. (b) The antitumor activity of lipopeptide in E.G7-OVA tumors in TLR2 KO
mice. (¢) Significant suppression of tumor growth by h11c in the mWT1-C1498 model. (@) In the MHC class I-negative B16D8 melanoma
model, h11c induced similar antitumor activity when administered alone or with tumor lysate. Data are representative of more than two
independent experiments and are shown as the average + SE *p < 0.05, **p < 0.01 (vs. untreated control group). Each experiment was per-

formed using more than five mice per group.

from total splenocytes with CD1lc or CDI1b microbeads
(MACS system; Miltenyi Biotec, Auburn, CA).

In vitro stimulation assays

For the in vitro stimulation assays, BMDCs and splenocytes
were stimulated with the synthesized lipopeptide (10 nmol L™
for BMDCs, 1,000 nmol L™ for splenocytes and 100 nmol L™
for cells isolated by MACS) or with 10 ug mL™" BCG-CWS.
BMDCs were stimulated for 24 hr for FACS analysis and 48 hr
for ELISA analysis, and splenocytes were stimulated for 72 hr
for ELISA analysis. For the stimulation assays over short incu-
bation with lipopeptide, after stimulation with TLR2 ligands at
4°C for 60 min, the cells were then washed and recultured for
72 hr. To exclude the possible effects of contamination with
lipopolysaccharide, all lipopeptides were pretreated with poly-

myxin B (Sigma-Aldrich Chemical Company, St. Louis, MO)
at 37°C for 60 min.

FACS analysis, ELISA, H&E staining and immunostaining

The following antibodies were used for FACS analysis: FITC-
conjugated anti-mouse CD80, phycoerythrin (PE)-conjugated
anti-mouse CD11b, and allophycocyanin (APC)-conjugated
anti-CD11c (eBioscience, San Diego, CA). For evaluation of
secreted proteins, culture supernatants were analyzed with
ELISA kits for IFN-y, IL-12p40, IL-6 and macrophage
inflammatory protein (MIP)—2 (R&D Systems, Minneapolis,
MN). H&E staining was performed using standard methods.
For immunostaining, frozen sections were fixed with cold
acetone for 30 min and incubated for 30 min at room tem-
perature with FITC-anti-CD31, FITC-anti-CD11b, PE-anti-
Gr-1, PE-anti-CD8a or PE-anti-CD11c antibodies.
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Figure 3. CTL induction by lipopeptides in tumor-bearing mice. (a
and b) Splenocytes were harvested from mice with E.G7-OVA
tumors treated with the lipopeptide plus OVA peptide. After in vitro
culture with OVA peptide and IL-2 for 6 days, the cytotoxic activity
against RMA-S cells pulsed with the OVA peptide (black bars) or
the WT1 control peptide (white bars) was measured by **Cr release
assay. Tumor-specific CTLs were induced via TLR2 activation (a) or
by stimulation with lipopeptide alone (b). (¢) In the mWT1-C1498
tumor model, WT1 peptide-specific cytotoxic activity was meas-
ured. Data are representative of two independent experiments and
are shown as the average + SD *p < 0.05, **p < 0.01. (vs. control
splenocytes derived from untreated tumor-bearing mice).

In vivo therapy models

For experiments with E.G7-OVA cells, mice were shaved on
the back and injected subcutaneously with 200 pL of 1-2 X
10° syngeneic E.G7-OVA cells in PBS on day 0. Treatments
were administered three times/week on days 14-24. A mix-
ture (50 pL) consisting of 10 nmol of lipopeptide and lysate
from 2 X 10° E.G7-OVA cells or 10 nmol OVA peptide was
injected intradermally around the transplanted tumor. Tumor
volume was measured as previously described.'® For experi-
ments with mWT1-1498 cells, mice were subcutaneously
implanted with 3 X 10° cells in 100 pL of PBS on the right
flank. The mice were treated with mWT1 peptide as in the
E.G7-OVA model. In the B16D8 melanoma model, mice
were subcutaneously injected on the back with 6 x 10° synge-
neic B16D8 melanoma cells in 200 uL of PBS on day 0.*

Cytotoxicity assay

For analysis of CTL activity, the mice were treated with the
same protocol as in the in vivo therapy models. The mice
were sacrificed 24 hr after the third treatment, and the sple-
nocytes were cultured with 20 U mL™" recombinant murine
IL-2 (PeproTech, London, UK) and 5 pg mL™" antigen pep-

Int. J. Cancer: 00, 00-00 (2014) © 2014 UICC

tide. Additional IL-2 was added to the culture medium at a
concentration of 20 U mL™" 2 and 4 days later. After 6 days
of culture, *'Cr release cytotoxicity assays were performed
against WT1 peptide-pulsed or OVA peptide-pulsed RMA-S
cells. The percentage of specific lysis was calculated as previ-
ously described.’®

Analysis of the biokinetics and selectivity of
FITC-conjugated lipopeptides

For an analysis of the biokinetics of the lipopeptides in vivo,
mice bearing E.G7-OVA tumors were intradermally injected
with a 50 pL of a mixture consisting of 10 nmol of FITC-
conjugated lipopeptide and the cell lysate of 2 X 10° E.G7-
OVA cells, adjacent to the transplanted tumor mass. Twenty-
four hours after the injection, the mice were sacrificed and
tissue samples were prepared from the skin around the
administration site, the tumor, the draining lymph node, and
the spleen.

For an analysis of the selectivity of the lipopeptides in
vitro, BMDC were treated with 100 nmol L™' of FITC-
conjugated lipopeptides in culture medium for 6 hr at 37°C.
BMDCs were washed and then incubated for 30 min at 4°C
with PE-conjugated anti-mouse CD11lc and APC-conjugated
anti-CD11b antibodies (eBioscience) and analyzed by FACS.

Statistical analyses

For measurements of cytokine levels and tumor volumes, the
data represent the average = SD (for cytokines) or the avera-
ge * standard error (SE) (for tumor volumes). Statistically
significant differences between groups were analyzed by the
Student’s  test in all experiments. A p value of <0.05 was
considered significant.

Results
The structure and characteristics of the DC-targeting
lipopeptide, hi1c
We designed a DC-targeting lipopeptide, hllc (P2C-
ATPEDNGRSES), composed of a cysteine conjugated with
two palmitates (P2C) and a CDllc-targeting peptide
(ATPEDNGRSES) (Fig. 1a). The peptide is derived from
human ICAM-1 and shares homology with a cyclic peptide
with affinity to human CD11¢/CD18. We expected that this
lipopeptide would selectively activate DCs but not other
immune cells. The water solubility and isoelectric point (pI)
of the lipopeptide are similar to those of MALP-2, but differ-
ent from those of the artificial lipopeptide P2CSK4 (Fig. 1b).
Firstly, we investigated the ability of these lipopeptides to
activate immune cells. The hllc lipopeptide induced IL-
12p40 production by BMDCs and IFN-vy production by sple-
nocytes as efficiently as P2CSK4 and MALP2, in a dose-
dependent manner (Supporting Information Figs. 1a and 1b).
The induction of these cytokines by hllc was dependent on
TLR2 (Fig. lc). Moreover, hllc induced the expression of
CD80, a known DC maturation marker, in wild-type but not
TLR2-knockout (KO) DCs (Supporting Information Fig. 1c).
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Figure 4. Histopathological analysis of the skin vaccination site and tumor. (a and b) Skin reactions at the vaccination site of tumor-bearing mice
treated as shown in Figure 2. (¢) Normal mice were injected with 10 nmol lipopeptide and E.G7-OVA lysate. Five days later, the skin at the vaccination
site was prepared for frozen or paraffin-embedded sections. Samples were stained with the indicated antibodies or methods. White and black stars
indicate differences observed between the treatment groups with respect to inflammation and hyperplasia, CD31 expression (as a marker of angiogen-
esis), CD11b expression (as a marker of macrophages), and Gr-1 expression (as a marker of neutrophil accumulation). In H&E staining analysis, hemor-
rhagic lesions (black arrow) were observed in only P2CSK4-vaccinated mice. (d) Analysis of biokinetics of FITC-conjugated lipopeptides. The skin,
draining lymph nodes and tumors were prepared 24 hr after the injection of FITC-P2CSK4 (upper panels) or FITC-h11c (ower panels). (e) CD11c+ cells
and CD8+ cells infiltrated into the tumors in mice treated with FITC-h11c¢ more efficiently than in mice treated with FITC-P2CSK4. Red, CD8+ or
CD11c+ cells; green, FITC-conjugated lipopeptides. Red line: 1 cm, green line: 1 mm, blue line: 100 pm.
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dependent production of cytokines and chemokines. MIP-2 (left), IL-6 (middle) and IFN-y (right) production by splenocytes in stimulation
assay over short incubation with lipopeptides. The splenocytes stimulated with hi1c produced less MIP-2 and IL-6 than those stimulated
with P2CSK4. (b) The production of IL-12p40 (left) and MIP-2 (right) by isolated CD11b+ or CD11c+ cells stimulated with lipopeptides. IL-
12p40 was produced by both CD11b+ and CD11c+ cells, while MIP-2 was specifically produced by CD11b+ cells. Data are shown as the
average + SD *p < 0.05, **p < 0.01. n.d., not detected; n.s., not significant.

Next, we examined the affinity of FITC-conjugated lipopepti-
des for various immune cell subpopulations in bone marrow
cells cultured with granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) for 5 days (Fig. 1d). FITC-hllc selec-
tively bound to CD1lc+ cells, while FITC-P2CSK4 mainly
bound to CD11b+ cells. These data suggest that hllc selec-
tively activate CD11c+ DCs in vitro.

Antitumor activity of h1ic in experimental mouse models

To investigate the antitumor immunoadjuvant activity of
hllc in vivo, mice bearing E.G7-OVA tumors were treated
with the lipopeptide plus/minus E.G7-OVA cell lysate (Fig.
2a, left) or OVA peptide (Fig. 2a, right). Treatment with
hilc resulted in significant antitumor effects even without an
OVA antigen source. Combination treatment with hllc and
tumor lysate increased the antitumor activity compared to
that of hllc alone (Fig. 2a). The antitumor effect of hllc
was dependent on TLR2 (Fig. 2b). Moreover, hllc also
showed strong antitumor effects in two other models, the
mWT1-C1498 tumor model, which is sensitive to vaccination
with WT1 peptide (Fig. 2¢),”” and the B16 melanoma model,
which is susceptible to lysis by natural killer (NK) cells (Fig.
2d)>"* The addition of tumor lysate did not affect the anti-
tumor activity of hllc in the B16 melanoma model. At a
high dose of lipopeptide (10 nmol), P2CSK4 and hilc had
equivalent antitumor activity, while MALP-2 treatment had
no effect on tumor growth (Fig. 2). However, hllc had a
stronger antitumor effect than P2CSK4 at a low dose of lipo-
peptide (1 or 3 nmol), indicating that hllc is more efficient
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than P2CSK4 at inducing antitumor immune responses (Sup-
porting Information Fig. 2).

Efficient CTL induction by hllc

To examine whether mice treated with the lipopeptide and
antigen peptide acquire antigen-specific cytotoxic activity in
the E.G7-OVA and mWT1-C1498 tumor models, a °'Cr
release assay was performed using peptide-pulsed RMA-S
cells as targets. In E.G7-OVA tumor-bearing mice treated
with lipopeptide and OVA peptide, OVA-specific CTLs
were efficiently induced by hllc and P2CSK4 to the same
extent, in a TLR2-dependent manner (Fig. 3a). Interestingly,
OVA-specific CTLs were induced in E.G7-OVA mice
treated with hllc alone (Fig. 3b). Because tumor-bearing
mice had already been exposed to the tumor and its anti-
gens in vivo, it was possible to induce tumor-specific CTLs
even without antigen peptide in the vaccine. Furthermore,
in another tumor model in which mWT1-C1498 tumor-
bearing mice were treated with hllc or P2CSK4, WTI-
specific CTLs were also induced (Fig. 3¢). These results sug-
gest that both hllc and P2CSK4 have the ability to induce
antigen-specific CTL.

Skin reactions to lipopeptide at the vaccination site

Although there were no significant differences in the antitumor
effects of the hllc and P2CSK4 lipopeptides at doses of 10
nmol/mouse, severe inflammatory symptoms such as redness,
ulcers, and necrosis were observed in the skin near the injection

113

o
| &=
=
=
£
,:;"EI
=
| -
£
£
=




=
=
g
£
B
E
o

site of 47 out of 51 mice treated with P2CSK4 (Fig. 4a). This
effect was dependent on TLR2 (Fig. 4b). However, these inflam-
matory effects were not abserved at the hllc injection sites.
Next, non-tumor-bearing mice were injected intracutane-
ously with the lipopeptides and the skin around the injection
site was analyzed immunohistochemically (Fig. 4c). In the
P2CSK4 injection sites, severe inflammation was observed, with
infiltration of inflammatory cells, notable epidermal hyperpla-
sia, and hemorrhaging evident upon H&E staining. In addition,
increased vascularization and infiltration of granulocytes was
detected using fluorescent immunostaining with anti-CD31
and Gr-1 antibodies, respectively. Infiltration of CD11b+ mac-
rophages and mild increases in vascularization were also
detected around the injection sites in mice administered hllc,
but infiltration of Gr-1+ granulocytes was not observed.
Because P2CSK4 induced this local inflammatory reaction at
the administration site, even at 1/10 of the dose of hllc (1 vs.
10 nmol), the pro-inflammatory effect of P2CSK4 is at least 10-
fold greater than that of h11c (Supporting Information Fig. 3).

Biokinetics of FITC-conjugated hlic

To elucidate the mechanism by which P2CSK4 but not hllc
induced severe inflammation around the vaccination site, the
biokinetics of FITC-conjugated lipopeptides were examined
in mice bearing E.G7-OVA tumors 24 hr after peritumoral
administration (Fig. 4d). Most P2CSK4 had accumulated in
the skin around the administration site, and small amounts
of P2CSK4 were detected in the draining lymph node, but
very little P2CSK4 was detected in the tumor mass. Mean-
while, h1lc was rapidly cleared from the administration site
and was detected in the draining lymph node and the tumor
(Fig. 4d). Furthermore, CD1lc+ cells and CD8+ cytotoxic T
cells infiltrated the tumors of mice treated with hllc more
effectively than those treated with P2CSK4 (Fig. 4e).

Selectivity of lipopeptide for DCs or macrophages affects
the splenic cytokine profiles

To examine the mechanism through which Gr-1+ granulo-
cytes selectively infiltrated the P2CSK4 injection sites, the
cytokine profiles of splenocytes in the stimulation assays over
short incubation with P2CSK4 or hllc were examined.
P2CSK4 induced significantly more MIP-2 and IL-6 than
hilc, but the expression of IFN-y was not different between
P2CSK4 and hllc (Fig. 5a). Furthermore, h1lc and P2CSK4
acted on isolated CD11b+ cells and CD11lc+ cells to induce
the production of IL-12p40, but induced the production of
MIP-2 only in CD11b+ cells (Fig. 5b). MIP-2 is a selective
chemotactic factor for granulocytes and is secreted by macro-
phages. These results suggest that hllc selectively stimulates
CDllc+ DCs in the spleen and avoids inducing the produc-
tion of MIP-2 from CDI11b+ macrophages.

Discussion
We developed a novel candidate for an antitumor immu-
noadjuvant, hllc, through our adjuvant engineering project.

CD11c-targeting antitumor immunoadjuvant

An ideal lipopeptide immunoadjuvant should have the ability
to activate DCs at low doses and should avoid the activation
of the other immune cells. Indeed, although P2CSK4 induced
efficient antitumor effects, it also induced severe local inflam-
mation at the vaccination site. In contrast, hllc retained the
antitumor activity similarly to P2CSK4 while avoiding the
induction of local inflammation (Figs. 2 and 4a). Moreover,
hllc showed stronger antitumor activity than P2CSK4 at low
doses (Supporting Information Fig. 2). Although inflamma-
tion at the vaccination site has been regarded as an index of
immune activation, this is a side effect to be avoided for
patients. On the other hand, hllc induced strong antitumor
effects when mixed with various types of antigens such as
peptides or protein in saline solution (Fig. 2). Moreover,
because antitumor effects and tumor-specific CTLs were
induced by hllc alone, it may be possible to apply hllc
widely to tumor-bearing patients even when the immuno-
dominant tumor antigens have not been identified.

In this study, we report two mechanisms by which hllc
fails to induce the local inflammation that is often observed
at the site of administration of other lipopeptides. First, hllc
induced less production of MIP-2 from stimulated mouse
splenocytes than P2CSK4 (Fig. 5a). MIP-2 is a chemotactic
factor for neutrophils produced by CD11b+ macrophage but
not CD11c+ DCs (Fig. 5b),>>*" and numerous Gr-1+ neu-
trophil-like cells were detected invading the skin at the site of
P2CSK4 administration (Fig. 4¢). These results suggest that
hllc may avoid inducing local inflammation by selectively
activating DCs and not macrophages. Indeed, hllc seems to
have the ideal properties of an adjuvant, in that it selectively
binds to CD11c+ cells (Fig. 1d) and induces significant anti-
tumor activity (Fig. 2) without inducing MIP-2 production
and neutrophils accumulation leading to local inflammation
at the vaccination site (Figs. 4a, 4c¢, and 5a). In in vitro
experiments, IL-6 and MIP-2 production by splenocytes in
response to P2CSK4 was higher than the response induced
by hllc. However, different responses to P2CSK4 and hllc
were only observed in cultures of total splenocytes, and both
lipopeptides induced similar amounts of cytokines when
BMDC were stimulated. It might be that the cultivation.of
large amounts of purified cells with a high concentration of
lipopeptide induced a maximal response.

The second mechanism accounting for the superior toxicity
profile of hllc lies in the observation that hllc was quickly
cleared from the injection site and transported to the lymph
node and tumor site. In contrast, most P2CSK4 was retailled at
the injection site for more than a day (Fig. 4d), where it could
continuously activate TLR2 on macrophages and other cells and
induce local inflammation. P2CSK4 may nonspecifically bind to
the negatively charged cell membrane by its positively charged
poly-lysines and thereby be retained at the vaccination site.
Although both P2CSK4 and hllc were similarly transported
from the vaccination site to the tumor-draining lymph node
(Fig. 4d), h1lc was also transported into the tumor by blood cir-
culation or diffusion. It is also possible that hllc was
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transported into the tumor by DCs, because many DCs were
detected in the tumors of hllc-treated mice and co-localized
with hllc. Based on the localization of the lipopeptides, it
appears that P2CSK4 activated immune cells within the skin,
causing local inflammation, while hilc induced immune activa-
tion within the tumor. In a recent report, it was suggested that
the accumulation of antigen-specific CTL with local inflamma-
tion at the vaccination site (rather than within the tumor itself)
was associated with a decreased antitumor effect.*® Although
proper inflammation promotes antitumor immune responses,
our results also suggested that the skin inflammation is not nec-
essary for antitumor effects of immunoadjuvants. Our synthetic
lipopeptide could serve as a next-generation standard adjuvant
to control immune activation at the vaccination site.

All responses to lipopeptides, including activation of
BMDCs and splenocytes in vitro, and CTL induction and
antitumor activity in vivo, depend on TLR2. Although the
most remarkable difference in the immune responses between
hllc and P2CSK4 was the induction of severe inflammation
and necrosis at the vaccination site, this response was also
dependent on TLR2. Microarray analysis of BMDCs and
splenocytes stimulated with hllc or P2CSK4 failed to identify
differences in TLR2 signaling, but other signals were differen-
tially induced by each lipopeptide. Therefore, we assume exis-
tence of a second signal or receptor dependent on the
peptide sequence.’*™*® The adverse effects of the lipopeptide
may therefore be due not only to simple skin retention of the
lipopeptide and the selectivity of DCs or macrophages for the
lipopeptide, but also to differences in signaling. A more
detailed analysis of this point is required.

Although hllc was designed based on the human ICAM-1
sequence,”’ m11c-T (P2C-AREEDDGRTLS), which was designed
based on the mouse testicular cell adhesion molecule, TCAM-1,%
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was also evaluated. Mouse TCAM-1 shares homology with
mouse ICAM-1. These two lipopeptides have similar characteris-
tics and induce strong antitumor activity without severe inflam-
mation at the vaccination site. Two additional lipopeptides,
mllc-I (P2C-ASSEDHKRSFF), which was based on the mouse
ICAM-1 sequence,” and dllc (P2C-ASAADNRRSES), which
was based on the canine ICAM-1 sequence,*® were also gener-
ated. Unlike h1lc, these lipopeptides induced local inflammation
at the vaccination site. Interestingly, in an in vivo mouse experi-
mental model, the lipopeptide based on the human ICAM-1
sequence or the mouse TCAM-1 sequence showed more ideal
responses with respect to side effects than the lipopeptide based
on the mouse ICAM-1 sequence. These results suggest that not
only the binding motif but also other characteristics of the lipo-
peptide, such as its pl or hydrophobicity, may influence its
activity.

MALP-2, a natural lipopeptide derived from mycoplasma,
did not induce a strong antitumor effect in this study. How-
ever, human clinical trials of MALP-2 with favorable results
have already been reported.*> Because hllc shows greater
antitumor activity than MALP-2 in mouse models, we expect
that hllc will also show favorable antitumor immune
responses in human patients. We intend to accelerate the use
of hllc in human clinical trials by evaluating the validity and
safety of h1lc in a veterinary setting*®
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