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Abstract

The TLR2 agonist, dipalmitoyl lipopeptide (Pam2LP), has been used as an immune adjuvant without much success.
Pam2LP is recognised by TLR2/6 receptors in humans and in mice. This study examined the proliferative activity of
cytotoxic T lymphocytes (CTL) using mouse Ag-presenting dendritic cells (DCs) and OT-l assay system, where a library
of synthetic Pam2LP was utilised from the Staphylococcus aureus database. Ag-specific CTL expansion and IFN-y levels
largely depended on the Pam2LP peptide sequence. The first Aa is cysteine (Cys), which has an active SH residue to
bridge fatty acids, and the second and third Aa are hydrophilic or non-polar. The sequence structurally adapted to the
residual constitution of the reported TLR2/6 pocket. The inactive sequence contained proline or leucine/isoleucine after
the first Cys. Notably, no direct activation of OT-I cells was detected without DCs by stimulation with the active Pam2LP
having the Cys-Ser sequence. MyD88, but not TICAM-I or IFN pathways, in DCs participates in DC maturation
characterised by upregulation of CD40, CD80 and CD86. Hence, the active Pam2LPs appear suitable for dimeric
TLR2/6 on DCs, resulting in induction of DC maturation.
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stimulate cytokines/IFN production and inflammation
via MyD886*8 and, to a lesser extent, via the Toll-IL-1R
homology domain-containing adaptor molecule-1

Introduction

Dendritic cells (DCs) evolve from myeloid progenitors

and professionally participate in activation of the
immune system.' DCs recognise microbial patterns
and mature to facilitate Ag presentation and appropri-
ate immune activation." TLRs are a family of PRRs
and are preferentially expressed by DCs.>* Mice and
humans share most of the orthologues of the TLR
family.*

Human Ag-presenting DCs (characterised by
CD141) predominantly express TLR3, as well as mem-
bers of the TLR2 families, consisting of TLRI1, 2 and
6.> TLR2 recognises peptidoglycan (PGN) by homodi-
merisation.” TLR2 also recognises the dipalmitoyl lipo-
peptide (LP) Pam2 in combination with TLR6 and
recognises tripalmitoyl Pam3 in combination with
TLRI in both humans and in mice.”® TLR2 agonists

(TICAM-1; also called TRIF) adaptors, which appear
to be bridged by TICAM-2 (also called TRAM).?
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We have suggested that the TLR2 family consists of
distinct members in humans and chickens. They have
evolved to recognise bacterial LPs with a different set of
TLR2 members.'® However, the principle of the bacter-
ial pattern recognition by TLR2 family is conserved
across the entire vertebrate species.!! The recognition
of various LPs by TLR2/6 and/or TLR2/1 has been
structurally defined,'? and the recognition of LPs and
PGN by TLR2 family is evolutionally conserved in
humans and mice."?

Previously, we have studied the role of the peptide
portion of Pam2LP in TLR2/6 recognition using a
DC-NK cell activation system.'*'> We chemically syn-
thesised various Pam2LPs with modifications based on
the predicted Aa sequences from the Staphylococcus
aureus database.'* The results suggest that Pam2LP
acts on both DCs (in this case, bone marrow—derived
DC [BMDC]) and NK cells.'>'® In either case, the pep-
tide sequence followed by Pam? is crucial in NK cell
activation. The levels of cytokines released in the co-
culture (BMDC+ NK cells) in response to Pam2LP
correspond to the degrees of NK cell activation
in vitro, measured by IFN-y and cytotoxicity.">~!’
However, in vivo administration of Pam2LP only mar-
ginally regresses NK-sensitive tumours implanted in
mouse models.'®'"” The tumour micro-environment,
including prostanoids, reactive oxygen species (ROS),
myeloid-derived suppressor cells (MDSCs) and regula-
tory T cells (Tregs), might be involved in this decreased
activation of NK cells."® 2!

We herein tested whether the peptide sequence of
Pam2 is important for cytotoxic T lymphocytes
(CTL) activation and proliferation using the OT-I
assay. The results show that the second and third Aa
in a TLR2 agonist Pam2LP play a critical role in DC
maturation via the MyD88 but not TICAM-1-Type 1
IFN pathway. The MyD88 pathway plays an import-
ant role in sufficient proliferation of CTL.

Materials and methods
Mice

WT C57BL/6J mice were purchased from CLEA.
Ticaml”~ mice were made in our laboratory.”
Ifnar ™, Myd88~'~ and OT-I mice were kindly provided
by Dr Taniguchi (Tokyo University, Tokyo, Japan),
Dr Akira (Osaka University, Osaka, Japan) and
Dr Ishii (Tohoku University, Sendai, Japan), respect-
ively. All mice were backcrossed more than eight times
to C57BL/6 background and maintained under specific
pathogen-free condition in the animal faculty of the
Hokkaido University Graduate School of Medicine.
Animal experiments were performed according to the
guidelines set by the animal safety centre, Hokkaido
University, Japan.

Cells

BMDCs were prepared, as described previously.?
CD8u" DCs (Thyl.2~ B220~ DX5~ CD8a" popula-
tion) were isolated from mouse spleen with a CD8o™
DC isolation kit (Miltenyi Biotec; cat. no. 130-091-
169). Cells were cultured in RPMI 1640 (Gibco;
11875-093) supplemented with 10% heat-inactivated
FBS (Thermo Fisher Scientific; SH30910.03), 10 mM
of HEPES (Gibco; 15630-080) and 50 IU of penicillin/
50 pg/ml of streptomycin (Gibco; 15070-063).

Reagents and Abs

Pam2LPs were synthesised, as described previously.'*
Poly(I:C) was purchased from GE Healthcare Life
Sciences (27-4732-01). EndoGrade® Ovalbumin was
purchased from Hyglos (321001). Anti-TLR2 Ab
(Clone: 6C2; cat. no. 12-19021-80) and a mouse IFN-
v ELISA KIT (88-7314) were purchased from
eBioscience. ViaProbe was purchased from BD
Biosciences (555816). Carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE) was purchased from Molecular
Probes (C1157). The following Abs were purchased
from BioLegend: anti-CD3¢ (145-2C11, 100314), anti-
CD8a (53-6.7, 100712), anti-CD11c (N418, 117310),
anti-CD16/32 (93, 101302), anti-CD28 (37.51,
102111), anti-CD40 (3/23, 124607), anti-CD80 (16-
10A1, 104707), anti-CD86 (GL-1, 105005) and anti-
TCR Vp5.1,5.2 (MR9-4, 139504). An anti-TLR6 Ab
(418601, MABI1533) was purchased from R&D
Systems.

OT proliferation assay

OT-I T cells were isolated from spleens of OT-I mice by
CDS8-microbeads (Miltenyi Biotec; 130-049-401). OT-I
T cells were labelled with 1 uM of CFSE for 10 min at
37°C. In the co-culture with OT-I cells and BMDCs,
5% 10° BMDCs were seeded in a 24-well plate. PBS or
100 nM of Pam2LPs were added to a well. After 18 h,
cells were added with 500 ng/ml of OVA and allowed to
stand for 4h. The cells were washed three times with
saline. BMDCs (1 x 10°) were reseeded in a 96-well
plate and were co-cultured with 1 x 10> CFSE-labelled
OT-I cells for 60 h. In the single culture of OT-I cells
without DCs, 1 x 10° CFSE-labelled OT-I cells were
seeded in a 96-well plate. PBS or Pam2LPs were
added to the wells in the presence or absence of
0.25 pg/ml of anti-CD28 and 0.01 or 0.1 pug/ml of anti-
CD3 Abs. The OT-I cells were cultured for 60 h. In the
co-culture with OT-I cells and CD8x " DCs, 3.5 x 10*
CD8u" DCs were seeded in a 96-well plate. PBS or
Pam2LPs were added to the wells in the presence or
absence of 2.5ug/ml of OVA. After 3h, CD8x" DCs
were co-cultured with 3.5 x 10* CFSE-labelled OT-I
cells for 60h. Then, the cells were stained with
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anti-CD8a and anti-TCR Vf5.1,5.2 Abs. Dead cells
were removed by 7-amino actinomycin D staining.
The degree of OT-I proliferation was assessed by the
attenuation of CFSE intensity by FACSCalibur™ (BD
Biosciences). The concentration of IFN-y in the culture
medium was measured by ELISA.

Real-time PCR

For the TIr2 gene expression analysis, OT-I cells and
CDS8a" DCs were isolated from OT-I mouse spleen.
The isolated cells were lysed with TRIzol reagent
(Invitrogen; 15596018). Real-time PCR was performed,
as described previously.>® Sequences of primers in this
study are: Gapdh: 5-GCCTGGAGAAACCTGCCA-3
and 5-CCCTCAGATGCCTGCTTCA-3'; Tir2: 5-AA
GAGGAAGCCCAAGAAAGC-3 and 5-CGATGG
AATCGATGATGTTG-3.

Analysis of maturation markers on BMDCs

PBS and 100nM of Pam2-13, Pam?2-13s and
Pam2CSK4 were added to BMDCs derived from vari-
ous gene knockout mice. After 18 h, CD40, CD80 and
CDS86 expression levels on CD11 " cells were analysed
by FACS Ariall (BD Biosciences). In Myd88 "'~
BMDC:s, poly(I:C) was set as a positive control because
upregulation of the co-stimulatory molecules by
poly(I:C) is independent of MyD88.%*

Results

OT- proliferation depends on the peptide sequence
of Pam2LP

OT-I cells were prepared from OT-I mice, labelled with
CFSE and co-cultured with BMDC:s in the presence of
various Pam2LP (Table 1) and OVA (Figure 1). The
gating strategy and purity of DCs are in part shown in
Supplementary Figure S1. The peptide sequences were
obtained from the S. aureus database and artificially
linked to Pam2."* Pam2 OT-I proliferation was
assessed by flow cytometry. PBS was the negative con-
trol, and Pam2CSK4, which is known as TLR2-agonis-
tic Pam2LP, was the positive control. Pam2-1 to -12
and Pam2-14 induced potent OT-I proliferation
comparable to Pam2CSK4 in the presence of DCs
(Figure la and b). Under the same conditions, Pam2-
13, -15 and -16 barely induced OT-I proliferation
(Figure la and b). Based on the Aa sequences of
Pam2LP in Table 1, when the second Aa was Pro or
hydrophobic, OT-I proliferation was disrupted. When
the second Aa was Gly/Ala/Thr/Ser, full DC matur-
ation, in terms of CTL functional expansion, occurred.
To confirm this finding, we used Aa substitutes for
Pam2-13 (Pam2-13s: the -second Pro was replaced
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Table I. The sequences of Pam2LP used for the study.
Name Lipid+Aa sequence
Pam2-1 Pam2+CANTRHSESDK
2 Pam2+CGTGGKQSSDK
3 Pam2+CGNGNKSGSDD
4 Pam2+CSNIEIFNAKG
5 Pam2+CTTDKKEIKAY
6 Pam2+CSFGGNHKLSS
7 Pam2+CGSQNLAPLEE
8 Pam2+CGQDSDQQKDG
9 Pam2+CGNDDGKDKDG
10 Pam2+CGNNSSKDKEA
I Pam2+CSLPGLGSKST
12 Pam2+CSTSEVIGEKI
13 Pam2+CPFNCVGCYNK
13s Pam2+CSFNCVGCYNK
14 Pam2+CGSQNLAPLEEK
15 Pam2+CLILIIASETL
I5sn Pam2+CSNLIIASETL
16 Pam2+CLILIASETLFSFSHLTDVK
Pam2CSK 4 Pam2+CSKKKK

with Ser) and Pam2-15 (Pam2-15sn: the -second Leu
and -third Ile were replaced with Ser and Asn). The
results suggested that the second and third Aa positions
are crucial for DC-mediated CTL induction by
Pam2LP (Figure la and b). The first Aa must be Cys
in Pam2LP. These results are consistent with those
reported in the NK cell system.'?

Pam2-13s does not act directly on OT-l cells

Pam2LP directly activates NK cells in the absence of
DCs and/or Ag.'®?! In addition, our in vitro notion is
that TLR2 on T cells plays a role in DC-independent
T-cell activation.”>° In fact, TLR2 activates the adap-
tor complex consisting of TRAM (TICAM-2)/TRIF
(TICAM-1).° In general, T cells express TLR2 and
MyDS88, which are associated with direct T-cell activa-
tion in vitro.>>> Next, we assessed whether Pam2LP
had a direct effect on OT-I cells in our experimental
setting. The T/r2 gene was expressed on OT-I cells,
but the expression level was lower than that on
CD8a" DC which is a professional Ag-presenting
DC subset (Figure 2a). In the analysis of protein
expression, while TLR2 expressed in CD8x" DCs,
it barely expressed in OT-I cells (upper panels of
Figure 2b). TLR6 was expressed on OT-I cells, but
the expression level was lower than that on CD8a "
DCs (lower panels of Figure 2b). In the absence of
the co-culture with DCs, Pam2-13s did not directly
act on OT-I cells, even in the presence of CD28 and
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Figure |. The Aa following Pam2Cys determines the cross-priming activity in bone marrow—derived DC (BMDC). (a) and (b)
BMDCs were stimulated with Pam2LPs in the presence of OVA. Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labelled OT-I
cells were co-cultured with the BMDCs. After 60 h, the degree of OT-l proliferation was assessed by flow cytometry. (a) OT-I cells
were gated as CD8o" TCR Vp5.1,5.2" population. The histograms of representative samples are shown. (b) The result including all
samples is shown. The results are representative of two independent experiments.

CD3 stimulation (Figure 2¢). In the presence of the co-
culture with either BMDCs or CD8a" DCs, on the
other hand, OT-I proliferation was initiated by TLR2
agonistic Pam2LPs.

OVA Ag was necessary for Pam2LP-mediated OT-I
proliferation by DCs, suggesting that OT-I cells prolif-
erate in response to Ag (Figure 3a). The results were
confirmed with the CD3/CD28 stimulation assay
(Supplementary Figure S2). The conditions facilitated
DC maturation-induced OT-I proliferation; Pam2-13s
and Pam?2-15sn induced DC-mediated CTL expansion
comparable to Pam2CSK4, a representative positive
control, whilst Pam2-13 and 15 did not (Figure 3a).
IFN-vy levels reflected the degree of OT-I proliferation
in this system (Figure 3b). In the absence of Ag, IFN-y

was not produced in the setting. These results reinforce
the importance of the second and third Aa of the
Pam2LP for the activation of DC-mediated acquired
immunity.

MyD88, but not type | IFN, is necessary for
Pam2LP-mediated DC maturation

To identify the pathway responsible for Pam2LP-
mediated BMDC maturation, BMDCs were isolated
from a variety of gene-disrupted mice and stimulated
with Pam2-13, -13s and Pam2CSK4 to test the upregu-
lation of co-stimulatory molecules. Pam2-13 failed to
elevate CD40, CD80 and CD86 levels, whereas Pam2-
13s and Pam2CSK4 increased the levels of these
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Figure 2. Pam2-13s is not directly recognized by OT-l cells. (a) TIr2 gene expression level on OT-I cells and CD8¢" DCs isolated
from OT-l mouse were analysed by real-time PCR. Error bars show £SD. (b) Splenocytes were harvested from OT-l mouse and TLR2.
TLR6 expression levels on OT-l cells (CD8a." CD3" population) and CD8¢* DCs (CD8o." CDI Ic" population) were analysed by flow
cytometry. Shaded and open histograms indicate isotype control and TLR2, TLRé staining, respectively. (c) CFSE-labelled OT-I cells
were cultured singularly in the presence or absence of anti-CD28 and anti-CD3 Abs. PBS, Pam2-13 and Pam2-13s were added to the
culture media. After 60 h, the degree of OT-I proliferation was assessed. The histograms of each sample are shown.
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Figure 3. The conversion of an Aa following Pam2Cys to Serine gives rise to cross-priming in CD8u" DC. (a) and (b) CD8a." DCs
(Thyl.2~ B220~ DX5~ CD8u" population) isolated from spleen were stimulated with Pam2LPs in the presence or absence of OVA.
CFSE-labelled OT-I cells were co-cultured with the CD8a" DCs. After 60 h, the degree of OT-l proliferation was assessed. (a) The
histograms of each sample are shown. (b) The concentration of INF-y in the culture medium was measured by ELISA. The results are
representative of two independent experiments.
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Figure 4. Pam2-13s induces DC maturation via MyD88 but not TICAM-|-Type | IFN pathway. PBS, Pam2-13, Pam2-13s and
Pam2CSK4 were added to BMDCs derived from various gene knockout mice. In Myd88™~ BMDCs, poly(1:C) was also added as a
positive control. After 18h, CD40, CD80 and CD86 expression levels on CDIIc” populations were analysed by flow cytometry
(gating strategy is shown in Supplementary Figure Sl1). Error bars show £SD.

molecules on wild type (WT) BMDCs (Figure 4 and
Supplementary Figure S1). Notably, the Pam2-13s
and Pam2CSK4 functions were abrogated in
Myd88”~ BMDCs (Figure 4). Knockout of Ticaml or
Ifnar did not affect Pam2-13s and Pam2CSK4 functions
in DCs. The co-stimulators appeared to be elevated on
the surface of DCs, irrespective of the TICAM-1 or
IFNAR pathway. The result is in part consistent with
the IRF7 activation profile by Pam2LP.?” Therefore,
the MyD8S, but not the IFN-inducing axis, plays a
key role in TLR2 agonistic Pam2LPs-mediated
BMDC maturation and resultant CTL expansion.

Discussion

Our motivation for publishing these data is to dem-
onstrate that Pam2LP is a good candidate for
immune-enhancing adjuvant for maturation of DCs.
Co-stimulatory molecules and cross-presentation are
tuned up by Pam2LP. 1I-12p70 and IFN-induced gene

Ifit] levels are up-regulated in DCs by Pam2LP
stimulation.'®**?° The DC maturation profile was simi-
lar to that induced by another lipopeptide FSL-1
(Pam2CGDPKHSPKSF).*® The properties of the
second and third Aa in the Pam2LP determine the
DC maturation. CTL proliferation occurs exclusively
through DCs in this context. The active Pam2LP con-
taining serine after the first cysteine did not induce
direct CTL proliferation in our experimental setting.
However, we could not determine whether the given
Aa are crucial for masking accessibility of the fatty
acids in the peptide or changing affinity to the receptor.
Since type I IFN-inducing pathways hardly participate
in DC maturation by Pam2LP, the MyDS88 axis of the
TLR2 pathway actually works in DCs for T-cell prim-
ing. Thus, Pam2LP is a prime adjuvant for targeting
DCs via MyDg8.2%-3!

There is a long history in the study on the adjuvan-
ticity of bacterial LPs. Earlier exploratory studies of the
structural studies on bacterial (Escherichia coli)
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lipoproteins were summarised by Hantke and
Braun.*** Jung and Bessler depicted the functional
features of synthesised Pam3 bacterial lipoproteins.***
Their assays suggest that the synthetic tripalmitoyl
(Pam3) pentapeptide has mitogenic activity for B-cell
activation. The functional characteristics of the
immune-enhancing LPs were summarised in their
review, where T-cell activation by LP was mentioned.*®
Pam3LP and Pam2LP share the receptor TLR2,
although the pair co-receptors of TLR2 are differen-
tially evolved for Pam3LP and Pam2LP, which are
TLR1 and TLRG, respectively.”® These studies contrib-
uted to the development of biological response modi-
fiers, which were later referred to as innate immune
adjuvants. LPs are defined as TLR2 agonists.
Mycoplasma harbours diacylated lipoproteins, whereas
most Gram-negative and -positive bacteria possess tria-
cylated lipoproteins, which reflects the difference in the
repertoire of enzymes for lipoprotein synthesis.?’
Tripalmitoyl Pam3CSK4 derived from E. coli and
dipalmitoyl MALP-2 from Mycoplasma fermentans
have been utilised as standard of lipoproteins. Their
inflammatory properties are characterised by the recep-
tor complex TLR1/2 and TLR6/2.

A Gram-positive S. aureus express a number of LPs
according to the database. Fujimoto’s group made a
series of synthetic peptides based on the predicted pro-
teins with N-terminal dipalmitoylation.'**® Although
the dipalmitoylation of these peptides appears to be
artificial, they have good adjuvanticity in DC-mediated
NK cell activation.'> We reason that the second and
third Aa in the Pam2LP peptide facilitate the acquired
immune response in this study. The first Aa, Cys, is
connected to a diacylated palmitate in all LPs designed
from the natural bacteria.”® The second and third Aa
are categorised into non-polar/hydrophilic or hydro-
phobic groups. We found that only the former activates
BMDCs and CD8o" Ag-presenting DCs to expand
CTL (represented by OT-I cell) in the presence of
OVA Ag. Taken together, Pam2LP and Ag efficiently
suppress tumour growth.>*?’

In other reports, the TLR2 agonist Versican pro-
motes progression and invasion of tumours.** The
TLR2-MyD88 pathway provokes monocytic-MDSCs,
which induce iNOS up-regulation.'”?® An inducible
ROS is a product which acts as an effector for
the blocking of CTL reinvigoration in the tumour
micro-environment.”® Additionally, TLR2 is involved
in the expansion and activation of MDSCs,'**° which
in turn exacerbates the tumour micro-environment.
TLR2 antagonists might relieve tumour-supportive
functions of monocytic-MDSCs. Although DCs are
classified into many subsets, BMDCs and splenic
CDS8a" DCs are sufficiently activated by the TLR2
pathway.>**' Designing the peptide portion of
Pam2LP to target DCs but not MDSCs may lead to
the development of specific DC-priming adjuvant.

Segregation of Pam2-13 and 13s by DCs suggests that
a TLR2 antagonist versus agonist would be an effective
modulator of the tumour micro-environment for Pam2
adjuvant.

In comparison to the TLR3-TICAM-1 pathway, the
TLR2-MyD88 pathway poorly activates NK cells
in vivo, which permits tumour progression.'®!” Cox2
is a factor that suppresses NK activation.”' Treg induc-
tion may be a factor participating in this immune dys-
regulation."”” TLR2 induces a sequence of complex
events in tumours, where DC-priming, Treg activation,
MDSC expansion and Th2-skewing simultaneously
occurs, and the balance of these effectors finally
appears to determine the tumour fate. In fact, admin-
istration of TLR2 agonist plus Ag or tumour lysate
(that includes tumour-associated Ag) yields a good
prognosis in tumour-bearing mice, at least in some
models.**

Nevertheless, Pam2LP sufficiently proliferates CTLs
in a different fashion to poly(I:C) (activating MDAS
and TLR3) or the TLR3-specific adjuvant
ARNAX.*** Pam2LP acts as an agonist for TLR2,
but barely induces activation of TICAM-1- or type I
IFN-inducing pathway in DCs. Mouse in vivo studies
using Pam2LP and tumour Ag (OVA) suggest that the
TLR2-MyD88 axis but not the TLR2-TICAM-1 axis
takes part in DC maturation and anti-tumour CTL
proliferation.?® This finding is in contrast to previous
reports, which show that TICAM-1 is involved in
TLR2 signalling in bone marrow—derived macro-
phages.’ Therefore, the TLR2-MyD88 pathway solely
participates in DC maturation and successive CTL pro-
liferation in the DC-OT-I model. It has been reported
that the transcription factors of the Activator protein-1
(AP-1) family play an essential role in DC matur-
ation.*> Thus, MyDS8$ signal links the AP-1 activation
and induces the maturation of Ag-presenting DCs as
well as TICAM-1 signal, independent of the type I IFN
pathway. These two different signals result in the
common features of DC maturation. This is not sur-
prising, as a number of cell type-specific variations have
been reported in TLR responses, particularly in
DCs."* These results support the previous advoca-
tion*”*® that TLR2 is a good adjuvant for CTL prolif-
eration.”” Treg induction and MyD88-mediated
cytokine production indeed remain problematic in
terms of using TLR2 agonists as an adjuvant, in par-
ticular NK activation.'” However, these problems
could be resolved by designing the peptide portion of
Pam2LP to specifically target DCs.*’

After completing this study, a paper describing a
novel role of the long-chain N-acylated lipoprotein in
the function of Pam3LP was reported.® N-terminal
hydrophobicity may further affect the TLR2-agonistic
function of Pam2LP. However, the inter-association
between the fatty acid and the peptide remains to be
analysed in the context of these Pam2LP.
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