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Abstract Synthetic lipopeptides have demonstrated great
potential as a vaccine strategy for eliciting cellular and
humoral immunity. One of the most potent lipid moieties
used is S-[2,3-bis(palmitoyloxy)propyl]cysteine (Pam2Cys).
Pam2Cys binds to and activates dendritic cells by engage-
ment of Toll like receptor 2 (TLR 2). In this study, we have
investigated the structural requirement of the agonist activity
of Pam2Cys by varying the three structural elements of the
core structure S-(2,3-dihydroxypropyl)-cysteine namely (1)
the a-amino group of the cysteine residue (2) the sulphur atom
of the cysteine residue and (3) the 2,3-dihydroxypropyl
moiety. Four novel analogues of Pam2Cys were made and
each of these analogues were incorporated into vaccine
constructs and examined for immunogenicity. Our results
demonstrate that (1) the potency of the peptide vaccine is least
affected by removal of the amino group (2) substitution of the
sulphur atom with an amide bond leads to significant reduc-
tion of biological activity (3) removal of the amino group and
at the same time substitution of the sulphur with an amide
bond significantly decreases the biological activity (4) in the
two analogues in which the sulphur atom is replaced with an
amide bond the analogue containing the 1,3-dihydroxypropyl
moiety demonstrates higher activity than the one which
contains 2,3-dihydroxypropyl. In conclusion, the results
demonstrate strict structural requirements for agonist activity
of the TLR2 ligand Pam2Cys.
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Introduction

In recent years, we have demonstrated the potential of
lipopeptides as prophylactic and therapeutic vaccines in a
number of situations where they were shown to be capable
of eliciting either CD8" T cell or antibody-mediated
immune responses that mediate protection against viral
(Alphs et al. 2008; Day et al. 2007; Deliyannis et al. 2006;
Jackson et al. 2004; Lau et al. 2006) and bacterial
(Batzloff et al. 2006; Jackson et al. 2004) infection, model
tumours (Baz et al. 2008; Jackson et al. 2004) as well as
abrogating reproductive function (Zeng et al. 2002, 2005,
2007).

Commonly used lipopeptide constructs consist of pep-
tide epitopes of CD4 ™" helper T cells and a target epitope of
either CD8™ T cells or B cells that are conjugated to a lipid
moiety in a linear (Borges et al. 1994; Jung and Bessler
1995; Vitiello et al. 1995) or more recently in a branched
(Zeng et al. 2002) configuration. One of the most potent
lipid moieties used in such vaccines is S-[2,3-bis(palmi-
toyloxypropyl)]cysteine (Pam2Cys) which is derived from
the lipid component of macrophage-activating lipopeptide
2 (MALP-2) present in Mycoplasma (Mubhlradt et al. 1997,
1998). Lipopeptides containing Pam2Cys induce signalling
and activation of cells of the innate immune system, par-
ticularly dendritic cells, through TLR2 in combination with
TLR6 (Takeda et al. 2002) although it has been reported
that some Pam2Cys-peptides can be recognised by TLR2
in a TLR6-independent manner (Buwitt-Beckmann et al.
2005a). A characteristic of the sequence of these peptides
is that tetralysine is incorporated. Similar results have also
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been obtained for some N-palmitoyl-S-[2,3-bis(palmitoyl-
oxypropyl)]cysteine (Pam3Cys)-containing lipopeptides
(Buwitt-Beckmann et al. 2006).

The structure of the Pam2Clys lipopeptide can be divided
into three components: (1) two fatty acid components (2)
the core structure S-(2,3-dihydroxypropyl)-cysteine to
which the two fatty acids are attached and (3) the peptide
component. The influence of the length of the fatty acid
carbon chain on Pam2Cys activity has been previously
investigated (Buwitt-Beckmann et al. 2005b; Chua et al.
2007) where it was demonstrated that immunogenicity, as
measured by ability to activate cells expressing TLR2
(Buwitt-Beckmann et al. 2005b; Chua et al. 2007) and
inducing specific antibody (Chua et al. 2007), is dependent
on the length of the alkane chains with the hierarchy
C16 = C18 > C12 > C8 (Buwitt-Beckmann et al. 2005b;
Chua et al. 2007).

A number of reports have appeared concerning the
structure—activity relationship of the core structure S-(2,3-
dihydroxypropyl)cysteine of Pam2Cys. For example, the
R-stereoisomer of lipopeptide MALP-2 (differing in
the configuration around the asymmetric carbon atom of
the 2,3-hydroxypropyl moiety) is 100 times more active
than the S-stereoisomer (Takeuchi et al. 2000) and substi-
tution of the sulphur atom by a methylene group leads to
77% reduction of biological activity (Metzger et al. 1991;
Spohn et al. 2004). Finally, substitution of the two ester
bonds, through which the two fatty acids are attached, by
an amide bond also leads to abolition of TLR2 agonist
activity (Schromm et al. 2007; Seyberth et al. 2006).

In this paper, we have studied the structural requirement
for the agonist activity of Pam2Cys by varying three of its
structural elements. To do this four analogues were con-
structed (Fig. 1) (1) in the first the amino group of the
cysteine residue was removed (2) in the second analogue
the sulphur atom of the cysteine residue was substituted
with an amide bond (3) in the third analogue a 1,3-di-
hydroxypropyl group instead of 2,3-dihydroxypropyl was
used (4) in the fourth analogue the amino group was
removed and the sulphur atom was also replaced with an
amide bond. Each of these analogues were then used in
vaccine constructs and tested in vitro and in vivo for bio-
logical activity.

Materials and methods

Chemicals

Unless otherwise stated chemicals were of analytical grade
or its equivalent. Acetonitrile, dichloromethane (DCM),

diethylether, dicyclohexylcarbodiimide, diisopropylethyl-
amine (DIPEA), 4-dimethylaminopyridine (DMAP),

@ Springer

N,N'-dimethylformamide (DMF), diisopropylcarbodiimide
(DICI), I-hydroxybenzotriazole (HOBt), N-hydroxy-
succinimide, isopropanol, O’benzotriazole-N,N,N',N'-tetra
methyl-uronium-hexafluorophosphate (HBTU), piperidine,
tetrahydrofurane (THF), trifluoracetic acid (TFA) and
triethylamine were obtained from either Auspep Pty Ltd
(Melbourne, Australia) or Fluka (Buchs, Switzerland).
Phenol, triisopropylsilane (TIPS), 3-amino-1,2-propandiol
and serinol were from Aldrich (Milwaukee, USA).
3-Bromopropionic acid, 1-thioglycerol, succinic anhydride
and trinitrobenzylsulphonic acid (TNBSA) were from
Fluka (Buchs, Switzerland). 1,8-Diazabicyclo-[5.4.0]
undec-7-ene (DBU) was obtained from Sigma. Fmoc-
amino acids were obtained from either Auspep (Mel-
bourne, Australia) or Merck Australia (Kilsyth, Australia).

Synthesis of the derivatives for preparation
of the Pam2Cys analogues (Scheme 1)

Synthesis of 3-S-(1,2-dihydroxypropyl)-propionic acid
(Dhp-OH, 1a)

To 1.53 g (10 Mmol) of 3-bromopropionic acid in 6 ml of
acetonitrile was added 1 ml of 1-thioglycerol (11.52 Mmol)
and 1.6 ml (21.77 Mmol) of triethylamine. The solution
was left at 37°C overnight. The reaction mixture was
evaporated in vacuo to dryness. The residue was washed by
adding acetone and dried in vacuo. The product was used
without further purification.

Synthesis of N*-Fmoc-f3-1,2-dihydroxylpropylamide
aspartic acid (Fmoc-1,2-Dha-OH, 1b) and N*-Fmoc-f3-1,3-
dihydroxylpropylamide aspartic acid (Fmoc-1,3-Dha-OH,
Ic)

To 500 mg of Fmoc-Asp-OtBu (1.21 Mmol) in 4 ml of
tetrahydrofurane (THF) was added 140 mg of N-hydroxy-
succinimide (1.21 Mmol) and 280 mg of dicyclohexylcar-
bodiimide (1.34 Mmol). The reaction mixture was left at
room temperature (RT) overnight. The urea was filtered off
and the filtrate evaporated in vacuo to leave a residue. This
residue was dissolved in 4 ml of acetonitrile and to this
solution was added 110 mg (1.21 Mmol) of 3-amino-1,2-
propandiol in 1 ml of isopropanol. Finally 168 pl
(1.21 Mmol) of triethylamine was added slowly. After 3 h
the solution was evaporated in vacuo to dryness. The
residue was dissolved in 5 ml of TFA and left at RT
for 90 min and the TFA was then evaporated under a
stream of nitrogen and the product precipitated with cold
diethylether. The product (Fmoc-1,2-Dha-OH, 7b) eluted
as a single peak using reverse-phase chromatography and
had a mass of 429.0 Da (theoretical mass 429.4 Da). The
same procedure was used for the synthesis of Fmoc-1,



Structural requirement for the agonist activity of the TLR2 ligand Pam2Cys 473

Scheme 1 Schematic ICH2—COOH

representation of the synthesis 1-thioglycerol/triethylamine CHy

of the derivatives for Br-CH2-CH7-COOH - |

. g S

preparation of Pam2Cys- i

analogues (|:H2
ICHOH
CHpOH

Fmoc-N H—CIH—COOC(CH_?, )3
2
COOH

CHy-C<,

3-S-[2,3-Dihydroxypropyl]-propionic acid, Dhp-OH, 1a

3-amino-1,2-dihydroxypropane/triethylamine

(i) DCCI/HOBt
(ii) 2-amino-1,3-dihydroxypropane Fmoc-NH-CH-COOH
or CIH2
1-Amino-2,3-propandiol co
(iii) TFA |
> NH
g2
CHOH
CHpOH

Noa-Fmoc-N-[2,3-dihydroxypropyl]-aspartic acid, Fmoc-
1,3-Dha-OH, 1b or N a-Fmoc-N-[1,3-dihydroxypropyl]-
aspartic acid, Fmoc-2,3-Dha-OH, 1c

(IJH—COOH

CHy-C_|

3-Dha-OH (/c). The only change was that serinol
(2-amino-1,3-propandiol) was used instead of 3-amino-1,
2-propandiol.

Preparation of N-(1,2-dihydroxypropyl)-succinic acid
(Dhs-OH, 1d)

To a solution of 1.07 g (11.74 Mmol) of 3-amino-1,
2-propanediol in 4 ml of isopropanol and 1.63 ml
(22.18 Mmol) of triethylamine was added slowly 1.18 g
(11.79 Mmol) of succinic anhydride in 4 ml acetonitrile.
The reaction was left at RT for 30 min and then evaporated
in vacuo to dryness. The product (Dhs-OH, 1d) was used
without further purification.

Synthesis of the lipopeptide containing Pam2Cys
and Pam2Cys-analogues (Scheme 2)

A schematic of the lipopeptide construct into which
Pam2Cys and each of the four analogues was incorporated

- (IIHQ
CIO

I\II H
G
CIHOH
CH,OH

N-(2,3-dihydroxypropyl)-succinic acid, Dhs-OH, 1d

is shown in Fig. 1. The T helper cell epitope [(T)] used
throughout the study is from the light chain (HA2) of
influenza virus hemagglutinin and has the sequence
GALNNRFQIKGVELKS (Jackson et al. 1995). The target
epitope is a truncated form (Zeng et al. 2007) of the
luteinising hormone releasing hormone (LHRH) with the
sequence of SYGLRPG.

Peptide and branched lipopeptides containing Pam2Cys
were synthesized in house using Fmoc chemistry
throughout; details of the synthetic procedures are to be
found elsewhere (Zeng et al. 2005). The same protocol was
adapted for the synthesis of the branched lipopeptides
incorporating the Pam2Cys analogues. Briefly, as shown in
Scheme 2, a contiguous peptide containing both the target
epitope and the T helper cell epitope was assembled with
an Fmoc lysine derivative, Fmoc-Lys(Mtt)-OH, inserted
between the two epitopes. At the end of synthesis, and with
the peptides still attached to the solid support, the epsilon
amino protecting group Mtt present on the lysine situated
between the two epitopes was selectively removed by
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[T]-Pam2Asp-[LHRH], Lipid moiety = Pam2Asp
[T]-Pam2Suc-[LHRH], Lipid moiety = Pam2Suc

treating the peptide solid support with 1% TFA in dichlo-
romethane for 60 min. To the exposed epsilon amino group
two serine residues were then added.

For the synthesis of Pam2Prp-containing, Dhp-OH (/a)
was coupled to the terminal serine residue using HOBt and
DICI as activators and the two hydroxy groups were then
acylated overnight with palmitic acid (10 equiv.) using
DICI (10 equiv.) and DMAP (1 equiv.) as activator.
The lipopeptide [T]-Pam2Prp-[LHRH] (2¢, Scheme 2)
was cleaved from the solid support by treatment with
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Reagent B (88% TFA containing 5% phenol, 5% water and
2% triisopropylsilane) and purified by semipreparative
HPLC.

For the synthesis of Pam2Asp-containing lipopeptide
[T]-Pam2Asp-[LHRH], Fmoc-1,2-Dha-OH (/b) was cou-
pled to the terminal serine residue using HOBt and DICT as
activators. The two hydroxy groups were subsequently
acylated overnight with palmitic acid using DMAP and
DICI as activators. The same conditions were used to
prepare [T]-Pam2Asp-serinol-[LHRH] in which Fmoc-1,
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Scheme 2 Schematic representation of the synthesis of Pam2Cys- and Pam2Cys-analogue-containing lipopeptide

Table 1 HPLC elution and mass characteristics of the peptide constructs incorporated with Pam2Cys and its four analogues

Peptide constructs Retention Expected Experimental determined
time (min)* mass (Da) mass (Da)®
[T]-Pam2Cys-[LHRH] 40.4 3460.3 3459.8
[T]-Pam2Prp-[LHRH] 43.1 3445.4 3444.8
[T]-Pam2Asp-[LHRH] 41.0 3470.3 3470.7
[T]-Pam2Asp-serinol-[LHRH] 40.8 3470.3 3470.7
[T]-Pam2Suc-[LHRH] 40.5 3455.2 3455.0

? RP chromatography was carried out on Vydac C4 column (4.6 x 250 mm) installed in a Waters HPLC system and developed at a flow rate
1 ml/min using 0.1% TFA in H20 and 0.1% TFA in CH3CN as the limit solvent

" Mass spectrometric measurements were carried out using a Agilent 1100 Series LC/MS Trap operated with electrospray ionisation in the

positive ion mode

3-Dha-OH (/c¢) instead of Fmoc-1,2-Dha-OH was used. At
the end of the synthesis the Fmoc group was removed by
treating the peptide resin in 2.5% DBU in DMF twice for
5 min and the peptide was cleaved from the solid support
and purified semipreparative HPLC.

For the synthesis of [T]-Pam2Suc-[LHRH] lipopeptide,
Dhs-OH (/d) was used to couple to the terminal serine
residue using HOBt and DICI as activators and the two
hydroxy groups were then acylated overnight with palmitic
acid as described above. The peptide was cleaved from the
solid support and purified semipreparative HPLC.

Analytical HPLC was carried out using a Vydac C4 col-
umn (4.6 x 300 mm) installed in a Waters HPLC system.
Chromatograms were developed at a flow rate of 1 ml/min
using 0.1% TFA in H,O and 0.1% TFA in acetonitrile as the
limit buffer. Purification of peptide constructs was carried
out using a semipreparative Vydac C4 column (10 x
300 mm) installed in a Waters HPLC system using the same
solvent system as for analytical HPLC except that a flow rate
of 2.5 ml/min was used. All peptides eluted as single major
peaks by analytical HPLC. Mass analysis was carried out
using an Agilent 1100 Series Capillary LC system in-line

with an Agilent 1100 Series LC/MSD ion-trap mass spec-
trometer. The mass spectrometer was operated with elec-
trospray ionisation configured in the positive ion mode. All
purified peptides and lipopeptides had the expected mass
(Table 1). The final quantitation of the immunogens was
determined by measurement of UV absorption at 280 nm
exploiting the presence of tyrosine residues in the constructs.
The molar extinction coefficient for tyrosine e = 1.1 x 10°
was used in the calculation.

Flow cytometric analysis of D1 cells to detect
upregulation of surface MHC Class II expression
of dendritic cells

This assay was carried out as described previously (Jackson
et al. 2004; Zeng et al. 2002). Briefly, mouse spleen-
derived immature dendritic cells (DC) were prepared
according to the method adapted from (Winzler et al.
1997). The prepared DI cells (1 x 10’ cells per sample)
were then seeded in a Petri dish with 1 ml of DC media
and incubated with 10 or 100 pmol of lipopeptide. After
overnight incubation the cells were then exposed to
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FITC-conjugated 14-4-4S monoclonal antibody (IgGa,,
anti-I-E*%) (Becton-Dickinson, USA), for 30 min on ice.
FITC-labelled mouse IgG2a (Becton-Dickinson, USA) as
an isotype control. Flow cytometric analysis was
performed using a FACSCalibur flow cytometer (BD
Immunocytometry Systems) and the data analysed by
FlowJo sofware (Tree Star, Inc., San Carlos,CA, USA).

NF-xB reporter gene assay to determine the ability
of lipopeptides to signal through TLR2

This assay was carried out as described previously (Jackson
etal. 2004; Lau et al. 2006; Sandor et al. 2003). The HEK293
cells were cultured in 96-wells plate at 2 x 10* per well and
transfected 24 h later with 100 ng of an NF-xB luciferase
reporter gene, 50 ng of TK-Renilla-luciferase expressing
plasmid (Promega corporation, Madison, USA) with or
without 5 ng TLR2-expressing plasmid in the presence of
0.8 ul Fugene 6 (Roche Diagnostic) per well. Lipopeptides
were added to the wells 24 h later at concentrations of 0.025
or 0.25 nmol/ml, respectively in PBS. Cell lysates were then
prepared 5 h after stimulation using reporter lysis buffer
(Promega Corporation, Madison, USA). Luciferase activi-
ties in the cell lysates were determined using a reagent kit
(Promega Corporation, Madison, USA) and a TopCount
NXT (Perkin—Elmer Life and Analytical Sciences Inc.,
Boston, USA). The NF-kB-dependent firefly luciferase
activity was normalised with NF-xB-independent renilla
luciferase activity. The relative stimulation was calculated
as the ratio of the stimulated to non-stimulated samples.

Enzyme-linked immunosorbent assays (ELISAs)

Groups of five female BALB/c mice, 6-8 weeks old, were
inoculated subcutaneously on day 0 with a dose of 40 nmol
vaccine formulated in saline. Mice received a second
similar dose of vaccine on day 28. Animals were then bled
4 weeks after the primary inoculation and 2 weeks fol-
lowing the secondary inoculation. Sera were prepared from
the blood and used for ELISAs. ELISA assays were carried
out on serum samples as described previously (Zeng et al.
2005) using LHRH as the coating antigen. Serial dilutions
of antisera were prepared and incubated overnight on
antigen-coated plates. Antibody titres were expressed as
the reciprocal of the highest dilution of serum achieving an
optical density of 0.2. This value represents approximately
five times the optical absorbance observed in the absence
of anti-peptide antibody.

Fertility studies in mice

Fertility studies were initiated 2 weeks after the second
inoculation of vaccine candidate and were carried out as
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described previously (Zeng et al. 2002). Briefly, female
mice were examined for their ability to drop litters fol-
lowing inoculation with peptide immunogens and sub-
sequent co-habitation with untreated male mice. A male
mouse was introduced to either two or three female mice
2 weeks after females had received the second dose of
vaccine. Males were rotated between each group of females
in order to expose each female to every male. Males and
females were kept together for a total of 3 weeks at the end
of which time males were removed and the females kept
under observation. A group of female mice inoculated with
non-lipidated peptide in saline was used as a negative
control.

Statistical analysis

The statistical analyses of the antibody data was carried out
using two-tailed Student’s ¢ test calculated using Prism
software. Each of the resultant P values for a particular
comparison is shown in the appropriate text or in the figure
legend.

Results
Synthesis of the Pam2Cys analogues

Four analogues were constructed as shown in Fig. 1: in the
first, Pam2Prp, the amino group was removed; in the sec-
ond, Pam2Asp, the sulphur atom was substituted with an
amide bond; in the third, Pam2Asp-serinol, the 1,3-di-
hydroxypropyl group was substituted with 2,3-dihydroxy-
propyl and in the fourth, Pam2Suc, the amino group was
removed and the sulphur atom was also replaced with
an amide bond. The syntheses of each of these analogues
and their incorporation into lipopeptides are shown in
Schemes 1 and 2. As an example, in order to prepare the
Pam2Prp analogue, 3-S-[2,3-dihydroxypropyl]-propionic
acid (Dhp-OH, Ia) was firstly prepared by reacting thio-
glycerol with bromopropionic acid in the presence of tri-
ethylamine. The peptide portion consisting of the T helper
cell epitope [T] [derived from the light chain of influenza
virus hemagglutinin and the B cell target epitope (lutein-
izing hormone release hormone (LHRH)], was synthesized
as a contiguous sequence with a single lysine residue with
its epsilon amino group protected with the methyltrityl
group (Mtt) inserted between the two epitopes. Selective
removal of the Mtt group with 1% trifluoroacetic acid
(TFA) and subsequent coupling of two serine residues then
generated 2a. Reaction of Dhp-OH /a with 2a in the
presence of 1-hydroxybenzotriazole (HOBT) and diiso-
propylcarbodiimide (DICI) and subsequent esterification of
the two hydroxyl groups in the presence of palmitic acid,
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dimethylamino pyridine (DMAP) and DICI produced 2b.
Cleavage of 2b generated the final product 2c,
[T]-Pam2Prp-[LHRH]. In a similar manner, reaction of 2a
with Fmoc-1,3-Dhd-OH (/b), Fmoc-2,3-Dhd-OH (/c¢) and
Dhs-OH (Id) allowed the production of [T]-Pam2Asp-
serinol-[LHRH], [T]-Pam2Asp-[LHRH] and [T]-Pam2Suc-
[LHRH] lipopeptides, respectively. A summary of their
characteristics, conducted by analytical RP-HPLC and
mass spectrometry, is presented in Table 1. Each of these
lipopeptide constructs was then tested in vitro and in vivo
for biological activity.

Upregulation of surface MHC Class II expression
on dendritic cells

Previous reports have demonstrated that the immunoge-
nicity of the Pam2Cys-containing peptide-based vaccine
[T]-Pam2Cys-[LHRH] correlates with its ability to mature
dendritic cells by upregulating surface MHC class II
expression (Zeng et al. 2002). Here, using a similar
approach, we compared the ability of the four Pam2Cys-
analogue-containing lipopeptide constructs to cause den-
dritic cell maturation. The results (Fig. 2) showed that at a
concentration of 10 nM the peptide construct containing
Pam2Cys caused a similar number of cells to express high
levels of MHC class II molecules on their surface as did
lipopolysaccharide (LPS) which is used here as a positive
control. With the possible exception of [T]-Pam2Prp-
[LHRH] none of other three Pam2Cys analogues caused a
significant higher level of maturation than did medium
alone.

At a concentration of 100 nM (Fig. 2), there was little
change in the ability of the [T]-Pam2Cys-[LHRH] to
activate DC. However, at this concentration [T]-Pam2Prp-
[LHRH] and [T]-Pam2Asp-serinol-[LHRH] did cause sig-
nificant upregulation of MHC class II.
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Fig. 2 Up-regulation of MHC Class II expression on the surface of
DI cells exposed to Pam2Cys- and Pam2Cys-analogue-containing
peptides. D1 cells were incubated with 10 or 100 pmol of lipopeptide
for 24 h. Lipopolysaccharide purified from E. coli serotype O111:B4
(Difco, Detroit, Michigan, USA) was used at 5 pg/ml as a positive
control. Data are expressed as the percentage of cells showing high
levels of MHC class II molecule expression

Ability of lipopeptides to signal through TLR2

Using a TLR2-dependent NF-kB activation assay it has
been demonstrated that Pam2Cys-containing peptides sig-
nal through TLR2 (Jackson et al. 2004; Lau et al. 2006).
Here, we have also compared the ability of the Pam2Cys-
analogue-containing peptides to stimulate NF-kB gene
activation in a TLR2-dependent manner. Lipopeptides at
two different concentrations (0.25 and 0.025 nmol/ml),
were incubated with HEK293 cells that were transfected
with a TLR2-encoding plasmid and an NF-kB luciferase
reporter gene and the induced luciferase activities deter-
mined (Jackson et al. 2004; Sandor et al. 2003).

The results (Fig. 3a, b) show that [T]-Pam2Cys-[LHRH]
could stimulate NF-kB-dependent gene activation in
TLR2-transfected cells to a significantly higher extent at
both concentrations than any of the analogues. At a con-
centration of 0.025 nmol/ml (Fig. 3a) little or no signifi-
cant stimulatory activities was observed with the analogue-
containing lipopeptides or the non-lipidated peptide. At a
concentration of 0.25nmol/ml (Fig. 3b), [T]-Pam2Prp-
[LHRH] and [T]-Pam2Asp-serinol-[LHRH] activated
NF-kB to a level which was significantly higher than either
[T]-Pam2Suc-[LHRH] or the non-lipidated peptide.
[T]-Pam2Asp-[LHRH] shows the lowest activity at both
concentrations.

Induction of anti-LHRH antibody

Luteinizing-hormone releasing hormone is a peptide hor-
mone secreted by the hypothalamus amd initiates a cascade
of endocrine events which lead to the control of repro-
duction in female and male of most mammals in which the
sequence is conserved. Previous studies have shown that a
peptide  construct containing [T]-Pam2Cys-[LHRH]
induced a strong anti-LHRH antibody response which is
similar to if not better than, that elicited by mice receiving
the non-lipidated peptide in the presence of complete
Freund’s adjuvant and the presence of the high titres of
anti-LHRH antibody rendered mice infertile (Zeng et al.
2002).

Here, we compared the ability of the Pam2Cys-con-
taining peptide construct and the four lipid analogue-based
vaccines to induce a specific anti-LHRH antibody
response. Groups of 5 BALB/c mice received two doses of
40 nmol of lipopeptide vaccine candidates on days 0 and
21. Animals were bled on days 21 and 35 and anti-LHRH
antibody titres in sera determined by ELISA.

The results (Fig. 4) show that two doses of the lipo-
peptide vaccine [T]-Pam2Cys-[LHRH] elicited a strong
anti-LHRH antibody response. The other lipopeptide can-
didates also elicited significantly higher specific secondary
antibody responses than that obtained with non-lipidated
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Fig. 3 NF-kB reporter gene assay to determine the ability of
lipopeptides to signal through TLR2. The target epitope in these
constructs is LHRH. HEK293 cells were transfected transiently using
an NF-«B luciferase reporter gene system with or without a TLR-2-
expressing plasmid using FuGENE. Twenty-four hours after trans-
fection, Pam2Cys-, Pam2Prp-, Pam2Asp-, Pam2Asp-serinol- or
Pam2Suc-containing lipopeptide were added to individual wells at a

peptide inoculated in saline. Of the responses elicited by
the analogues, [T]-Pam2Prp-[LHRH] and [T]-Pam2Asp-
serinol-[LHRH] gave the highest titres, a hierarchy that
correlates well with the results obtained in the two in vitro
assays described above.

The results (Fig. 4) of the fertility trials carried out to
determine the functionality of the antibodies elicited by
each of the lipopeptides indicate that [T]-Pam2Cys-
[LHRH] rendered all five mice infertile while the group
that received non-lipidated peptide in saline all produced
litters. Although significant antibody titres were detected in
the sera obtained from the mice that received [T]-Pam2Prp-
[LHRH] and [T]-Pam2Asp-serinol-[LHRH], some mice in
each group remained fertile. Incidences of pregnancy were
also observed in the groups that received the other two
lipidated peptides. These results appear to correlate with
the antibody levels observed.

Discussion

Pam2Cys is a synthetic analogue of the lipid moiety of
MALP2 lipopeptide which activates the innate immune
system promoting adaptive immunity following stimulation
with specific antigens. One of the main receptors respon-
sible for the functional recognition of the lipopeptide is
Toll like receptor 2, a member of the Toll family which are
prominent pattern recognition receptors of the innate
immune system and which recognise conserved features
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Fig. 4 Induction of anti-LHRH antibody responses by Pam2Cys-
containing lipopeptide and Pam2Cys-analogue-containing lipopep-
tides. The target epitope in these constructs was LHRH. Groups of
five BALB/c mice received two doses (40 nmol) of lipidated peptides
in saline on days O and 21. Non-lipidated peptide administered in
saline was also included as a control. Mice were bled on days 21 and
35 and sera prepared. The anti-LHRH antibody response was
determined by ELISA using LHRH as coating antigen. Antibody
titres were expressed as the reciprocal of the highest dilution of serum
achieving an optical density of 0.2. The numbers on the top of each
panels refer to incidence of pregnancy during the course of fertility
studies carried out 2 weeks following the second inoculation

present on various pathogens. The TLRs differ not only in
ligand specificity but also in their expression pattern on
different cells of the innate immune system. In addition the
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recognition events experienced by distinct TLRs result in
the expression of different sets of target genes (Heine and
Lien 2003).

In this study, four novel analogues of Pam2Cys designed
around its three structural elements (1) the a-amino group
(2) the sulphur atom and (3) the 2,3-dihydroxypropyl
moiety were prepared and incorporated into vaccine can-
didates and then tested in vitro and in animals for
immunogenicity.

Our results showed that although each of the four ana-
logues showed reduced biological activities compared with
Pam2Cys, there was nevertheless a hierarchy of activities
observed. Two of the analogues, Pam2Prp and Pam2Asp-
serinol, were consistently more potent than Pam2Asp and
Pam2Suc at activating NF-kB in a TLR2-dependent man-
ner, inducing DC maturation and also at eliciting specific
antibody responses. Given that Pam3Cys, which does not
possess a primary amino group, is a strong stimulator of
splenocytes (Metzger et al. 1995) and macrophages
(Muhlradt et al. 1997, 1998) it is perhaps not surprising that
Pam2Prp which lacks the primary amino group has the
highest activity among the four analogues. Furthermore
earlier reports have shown that the length of the carbon
chain of the N-terminal amide-bound fatty acid has mini-
mal or no effect on the TLR2-mediated effect; no signifi-
cant differences in the release of IL-8 from cells stimulated
with lipopeptides containing N-bound fatty acyl residues
ranging from hexanoic acid with 6 carbon to palmitic acid
with 16 carbon atom chains has been observed (Buwitt-
Beckmann et al. 2005b). Nevertheless, Pam2Prp is much
less potent than Pam2Cys indicating the importance of the
primary amino group. The crystal structure of TLR2 in
complex with a Pam2Cys-containing peptide has recently
been reported. The exact interaction of the amino group of
Pam2Cys with either TLR2 or TLR6 or solvent, however,
is yet to be defined (Jin et al. 2007; Jin and Lee 2008a, b).

An earlier report (Metzger et al. 1991) has shown that
replacement of sulphur with a —CH,— group (i.e. CHy—
CH,—CH, instead of CH,—S—CH,) reduces activity to about
23%. We extended this finding by substitution of the sul-
phur with an amide bond. Our results show that this
alteration led to significant loss of biological activities as in
the case of the Pam2Asp analogue. Simultaneous removal
of the primary amino group as in the case of the Pam2Suc
analogue also generated reduced activities. These results
demonstrate the importance of the presence of the thioether
bond between the 1,2-dihydroxypropyl group and the
cysteine residue.

Although replacement of the thioether bond with an
amide bond (Pam2Asp and Pam2Asp-serinol analogues)
leads to significantly lower biological activity the lipo-
peptide construct incorporating Pam2Asp-serinol demon-
strated consistently higher biological activity than did

Pam2Asp. The difference between these two analogues is
the substitution position of the fatty acids in the dihydr-
oxypropyl moiety. In Pam2Asp the two palmitoyl groups
are vicinal (1,2-substitution) the same as in Pam2Cys and
also in other TLR2 ligands such as lipoteichoic acid
(Kumagai et al. 2008; Lehner et al. 2001; Schwandner et al.
1999), but in Pam2Asp-serinol the two 1,3-palmitoyl
groups are separated by a carbon atom. It remains to be
determined if the replacement of 1,2-dihydroxypropyl
moiety with 1,3-dihydroxypropyl in Pam2Cys would lead
to an increase in its biological activity. On the other hand
the higher immunogenicity of Pam2Asp-serinol may be
due to a synergistic effect caused by simultaneous
replacement of thioether bond with an amide bond and the
1,2-dihydroxypropyl group with the 1,3-dihydroxypropyl
group.

We have also replaced the core structure of Pam2Cys
with (+)-glyceric acid, (—)-glyceric acid and shikimic acid
and assessed their biological activities in assays similar to
those described in this paper. The results (data not shown)
indicate that these changes also lead to significantly
reduced biological activity.

In conclusion, our results show the importance of the
intact core structure as well as the sulphur atom and the
free amino group of the cysteine residue of Pam2Cys in
causing the activation of dendritic cells which play a
central role in mediating both innate and adaptive immune
responses (for a review see Belz et al. 2004). The finding
that even in the relative absence of dendritic cell activa-
tion, significant antibody responses can be detected with
some of the analogues does, however, indicate that an
adaptive immune response is being initiated perhaps
raising the possibility that these compounds can act as
ligands for TLR2 without causing all of the downstream
signal transduction events associated with full occupancy
of TLR2 with Pam2Cys. The biological consequences of
occupancy without full activation are currently under
examination.
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