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ABSTRACT

Peptide-based vaccines are composed of minimal microbial components that are required to
stimulate immune responses. Peptide antigens are easy to produce, relatively cheap and non-
toxic. They are also able to activate the immune system in a well-controlled manner. However,
peptides themselves are poor immunogens and have to be co-administered with an adjuvant
(immune stimulator) to produce desired immune responses. Unfortunately, many adjuvants are
toxic, poorly effective or not compatible with peptide antigens. Recently, we demonstrated that,
upon conjugation to a peptide antigen, poly(hydrophobic amino acids) can self-assemble into
nanoparticles and induce strong humoral immune responses. Here, we examine the ability of
polyphenylalanine to act as a self-adjuvanting moiety when conjugated to a peptide antigen
derived from Group A Streptococcus M-protein. The polyphenylalanine moiety was further
lipidated to alter the conjugate conformation and its ability to form nanoparticles. The lipidated
analogue triggered the production of a high level of antibodies in immunized mice. The antibodies
produced were highly opsonic against tested GAS clinical isolates.

Keywords: adjuvant, amino acid polymers, epitope conformation, Group A Streptococcus,

nanoparticles, opsonic antibodies, peptide self-assembly, peptide vaccine.

Introduction

Peptide epitopes are minimalistic antigens that can be utilized to induce very specific
immune responses without the risk of inflammation, allergic or autoimmune responses. *-*!
However, they are poorly immunogenic on their own. Consequently, they must be co-
administered with an immune stimulating agent (adjuvant) and/or an appropriate deliv-
ery system to protect them from degradation. The only widely approved human adjuvant,
alum, is not effective enough to induce a robust immune response against peptides.>*]
Many other commercially available adjuvants are based on microbial components or their
synthetic derivatives. The clinical applications of these adjuvants have been limited and
they are usually poorly defined and present risks. Most current adjuvants considered safe
for human use are lipid-based mixtures (i.e. MF59, AS01, AS03, AS04); these are generally
only approved as components of specific vaccines.™®! A variety of very effective experi-
mental adjuvants exist; however, their safety profile is limited. For example, lipid-based
complete Freund’s adjuvant (CFA) is one of the most powerful adjuvants ever discovered.
CFA stimulates strong immune responses against peptide antigens, but its toxicity pre-
vents its application in human vaccines.””! The development of a well-defined adjuvant
that does not cause inflammation, allergic responses or other adverse effects is needed.
Group A Streptococcus (GAS) is a Gram-positive bacteria, and the common cause of
pharyngitis. It is also responsible for invasive infections, such as streptococcal toxic shock
syndrome and post-infection complications, such as rheumatic fever (RF) and rheumatic
heart disease (RHD).!®! Recent estimates suggest that 33-70 million people worldwide
have RHD, resulting in 0.3-1.4 million deaths per year.!”!°! Both RHD and RF are
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autoimmune diseases related to cross-recognition of bacte-
rial antigens and human heart tissue. Historically, vaccines
developed against GAS were based on whole bacteria or the
major virulent factor of GAS: M-protein. However, whole
bacteria triggered autoimmune responses in clinical trials,
and M-protein was suggested to be the main concern."''! In
addition, the presence of immunologically redundant bio-
logical components or biological impurities in such vaccines
could also cause other side effects (e.g. allergic responses).
These disadvantages may all be overcome by the develop-
ment of fully synthetic peptide-based vaccines and an appro-
priate adjuvanting system to stimulate strong immune
responses.'?! Indeed, all vaccine candidates against GAS
recently tested in clinical trials have been peptide-based.!*!

Previously, we demonstrated that conjugation of pep-
tide epitopes with lipids or hydrophobic polymers pro-
duced amphiphilic conjugates that can self-assemble
into nano- or microparticles.'’**>! Upon conjugation to
non-autoimmunogenic B-cell epitope derived from GAS
M-protein, poly(tert-butyl acrylate) was able to stimulate
the production of high antibody titers,'®! even after single
immunization in mice.!*”! The antibodies produced were able
to opsonize clinically isolated GAS strains.''® The applied
dendritic polymer had a relatively low polydispersity index
(1.09);'¢! however, the polymer was not biodegradable and
neither its chemical composition (number of units) or stereo-
chemistry were fully defined. In contrast, we recently pro-
posed a new delivery system based on fully biocompatible,
biodegradable and defined polymers built from hydrophobic
amino acids.""”! Upon conjugation with hydrophilic peptide
antigen, the hydrophobic unit formed an amphiphilic
compound that self-assembled into a mixture of small nano-
particles (10-30nm) and chain-like aggregates of nano-
particles with sizes reaching into the micrometer range.
The GAS B-cell epitope-poly(hydrophobic amino acid)
conjugates induced significant humoral immune responses;
however, only the compound bearing a 15-leucine unit
induced the production of superior IgG titers.['*!! The
antibodies produced were opsonic against GAS clinical iso-
lates. Interestingly, mice treated with the compound bearing
10 phenylalanines did not produce opsonic antibodies, in
contrast to its 10-leucine analogue, despite both inducing
the same IgG titers.

Here, we prepared a short series of polyphenylalanine-
antigen conjugates and their analogues (Fig. 1), then evaluated
how structural modifications influenced their physicochemical
properties and immunogenicity.

Results and discussion

Nano/microparticles are usually far more potent in trigger-
ing immune reposes than soluble antigens.!'*'>2?*! Thus,
vaccine candidates 2-5 were designed to have amphiphilic
properties (Fig. 1). The candidates were able to self-assemble
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Fig. I. Schematic structures of our vaccine candidates against GAS.
Conjugates 2—-5 were constructed from three building blocks: B-cell
epitope (J14), T-helper epitope (PADRE) and a polyphenylalanine,
without (2, 3) or with (4, 5) additional lipid moiety. C16 =2-(R/S)-
aminohexadecanoic acid.

under aqueous conditions to form nanoparticles, in a similar
manner to lipopeptides and polyacrylate-peptide conju-
gates.'>>?%! vaccine candidates 2-5 were comprised of a
hydrophilic B-cell epitope from GAS M-protein (J14, KQAE-
DKVKASREAKKQVEKALEQLEDKVK) and a universal human
T-helper epitope (PADRE, AKFVAAWTLKAAA) as antigen
(1) and a hydrophobic polyphenylalanine unit as a delivery
system. Polyphenylalanine was additionally lipidated (con-
jugates 4 and 5) to further promote self-assembly into
particles. All conjugates were synthesized using stepwise
Boc-SPPS. A polyphenylalanine moiety was also introduce
to the compounds using Boc-SPPS, as click chemistry (copper-
catalyzed 1,3-dipolar cycloaddition of polyphenylalanine-
azide to PADRE-J14-alkyne) failed due to the extreme
insolubility of the azide-modified polyphenylalanine unit
during the HPLC purification process. Similarly, the produc-
tion of conjugates with more than 12 copies of phenylalanine
failed due to solubility issues.

Conjugates 2-5 were self-assembled in PBS to form small
nanoparticles (~5nm for 2-4; ~10nm for 5), as well-as
chain-like aggregates of the nanoparticles (Fig. 2). A similar
tendency to self-assemble was observed with polyleucine
antigen conjugates." *-?!1 Particles were highly polydisperse
due to aggregates formation. Consequently, particle size
distribution measured by dynamic light scattering (DLS)
did not fully correspond with that observed through trans-
mission electron microscopy (TEM) (Supplementary Fig. S1).

Peptide epitope conformation is crucial for generating
antibodies that are able to recognize the native protein. As
the GAS M-protein is helical, the J14 epitope should main-
tain the helical properties of its parent protein. Indeed, we
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Fig. 2. The morphology and size distribution of conjugate 2 (a);
3 (b); 4 (c) and 5 (d), as illustrated by TEM images (scale bar 200 nm;
negative staining from 2% phosphotungstic acid visible as darker
areas).
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Fig. 3. Circular dichroism spectra of conjugates 1-5.

previously reported that the polyleucine-PADRE-J8 conju-
gate adopted a predominantly helical conformation and
induced strong antigen-specific humoral immunity. 2%
J8 and J14 are close analogues derived from the same
helical region of GAS M-protein. They differ in sequence
only by four amino acids, and both have been widely used
for GAS vaccine design.''*>?”-?®1 Here, the J14 epitope
adopted a mixture of random coil and helical conformations
with minima at 201 nm and around 220 nm (Fig. 3). This
correlated well with previously reported conformations
when helix-stabilizing trifluoroethanol was not used for
measurements.'?>>°! Interestingly, J14 epitope-based con-
jugates 2 and 3 most likely lost helical properties, showing
only single minima at 222 and 225 nm, respectively, closely
resembling a [(-sheet conformation. Indeed, this type of
circular dichroism (CD) spectra (and minima) have been
observed for P-sheet-rich proteins.**?! Conformational

differences between polyleucine and polyphenylalanine
could be expected as leucine has a tendency to adopt a
helical conformation, while phenylalanine adopts a strand
conformation (ﬁ-sheet).[33] Incorporation of a single lipid
moiety into peptide 2 significantly restored the helical prop-
erties of J14 and the CD spectra of compound 4 displayed two
minima, at 207 and 222 nm. Finally, compound 5, bearing
two lipids, adopted typical a-helical conformation with
minima at 223nm (stronger) and 209 nm (weaker). Thus,
lipidation significantly improved the helical properties of
the peptide epitope, similarly as previously reported.>*-371

We previously demonstrated that conjugation of poly
(hydrophobic amino acids), especially polyleucine, conju-
gated to peptide epitope can induce the production of high
levels of GAS antigen-specific IgG titers in mice at a dose of
100-150 ug per mouse, following two or three immuniza-
tions."'®21 Polyleucine conjugates were also very effective
at generating humoral immunity against hookworm infec-
tion.***%1 Here, the polyphenylalanine-based conjugates
failed to induce strong humoral immune responses at a dose
of 30ug per mouse after four immunizations (Fig. 4a).
However, antigen-specific immune responses were restored
once conjugate 2 was lipidated. The resulting conjugate 5
was as effective as CFA-adjuvanted antigen in inducing IgG
titers against J8 epitope. Importantly, the antibodies produced
were opsonic against several clinical GAS isolates (Fig. 4b—f).
As mentioned above, to generate opsonic antibodies against
GAS, epitope conformation must be helical. Thus, the confor-
mational properties of conjugate 2 and 3, rather than the
reduced dose, were responsible for the loss of efficacy.
Antibodies produced in mice following immunization with
helical conjugate 5 were clearly opsonic; they were partially
opsonic following immunization with partly helical conju-
gate 4. The antibodies generated by non-helical conjugates 2
and 3 were not at all opsonic on bacteria, even though 2-4
generated the same level of IgG titers. The larger size
of particles formed by 5 (~10 nm) may also partially explain
its higher immunogenicity when compared with other
conjugates (~5nm), as nanoparticles in the size range
of 10-50nm are typically the strongest inducers of
humoral immunity.!"* In addition, the two lipidic moieties
presented in conjugate 5 could have acted as an additional
adjuvant; lipidation often enhances the immunogenicity of
peptides.[?7:2]

Conclusion

We demonstrated that polyphenylalanine can act as a
self-adjuvanting moiety in peptide-based vaccines. However,
further modifications of the moiety were required when
the peptide antigen required helical properties. Interestingly,
upon double-lipidation, polyphenylalanine conjugated to
GAS-derived peptide antigen adopted the desired helical con-
formation and induced the production of high levels of
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Fig. 4. (a) Antigen-specific serum IgG titers (log;o) measured after the final bleed (day 49). Each

point in the figure represents an individual mouse (five mice pergroup); mean J14-specific serum IgG
titers are represented as a line. The antibody titer levels induced by 2-5 were compared with PBS or
5, and statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test
(n.s., P>0.05; *P<0.05; *P<0.0l; ***P<0.001; ***P<0.0001). Average opsonization potential of
different GAS strains: 2727 (b), 2002 (c), D2612 (d), GC2203 (e) and D3840 (f) by serum collected on
day 49 following primary immunization of C57BL/6 mice (n=5) with conjugates 2—5 and controls.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test in

comparison to PBS-administered mice (n.s., P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).

opsonic antibodies, comparable to antigen adjuvanted with
powerful CFA-adjuvant.

Experimental

Materials

Boc and Fmoc-protected r-amino acids were purchased from
Novabiochem (Laufelfingen, Switzerland) and Mimotopes
(Melbourne, Australia). pMBHA resin was obtained from
Peptide International Inc. (Kentucky, USA). Trifluoroacetic

432

acid (TFA), N, N’-dimethylformamide (DMF), dichloromethane
(DCM), methanol, piperidine and HPLC-grade acetonitrile
were purchased from Merck (Merck KGaA, Darmstadt,
Germany). Todd-Hewitt broth (THB) was obtained from
Oxoid and horse blood was purchased from Serum
Australis. Phenol-free IMDM Glutamax medium was pur-
chased from Gibco (California, USA). All other reagents
were obtained from Sigma-Aldrich (Castle Hill, NSW,
Australia). Microwave-assisted Fmoc and Boc-SPPS were
performed on a CEM Discovery reactor (CME Corporation,
Matthews, NC, USA). Hydrofluoric acid (HF) cleavage was
achieved using an AKel-F HF apparatus (Peptide Institute,
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Osaka, Japan). ESI-MS was performed on a Perkin-Elmer-
Sciex API3000 machine with Analyst 1.4 software (Applied
Biosystems/MDS Sciex, Toronto, Canada). RP-HPLC separa-
tion was achieved using Agilent 1100 series equipment on
gradient mode with solvent B (90% MeCN; 9.9% H,0; 0.1%
TFA) over solvent A (99.9% H,0; 0.1% TFA) on a Vydac
analytical C4-column (214TP54; 10um, 4.6 X 250 mm),
0-100% for 40 min. Compound purification was achieved
using preparative RP-HPLC Shimadzu (Kyoto, Japan) instru-
ments (LC-20AT, SIL-10A, CBM-20A, SPD-20AV, FRC-10A) in
linear gradient mode. Dynamic light scattering (DLS) measure-
ments were taken using a Nanosizer instrument (Zetasizer
Nano Series ZS, Malvern Instruments, Worcestershire, UK)
at a back-scattering angle of 173° at 25°C using Zetasizer 6.2
software. Particle imaging was achieved with a JEM-1010
transmission electron microscope (JEOL Ltd., Tokyo, Japan).
Endotoxin free Millipore water (Merck, VIC, Australia) was
used for all formulations and immunizations. CD spectra were
measured using a Jasco J-710 CD spectropolarimeter (Jasco
Corporation, Japan).

Synthesis of peptide | (J14-K-PADRE)

Peptide 1 was synthesized as described previously.!®

Synthesis of conjugates 2-5

Peptides 2-5 (Fig. 1) were synthesized by microwave-assisted
standard Boc-solid-phase peptide synthesis (SPPS),[*!! similar
to previously reported methods."'” However, once the 10
phenylalanines were coupled, the palmitic acid and two
(2-(R/S)-[(tert-butoxycarbonyl)amino]hexadecanoic acids'*!
were conjugated using standard coupling conditions (HATU,
DIPEA) to produce conjugates 4 and 5, respectively.
Conjugates 2-5 were purified by RP-HPLC and analyzed by
ESI-MS (Supplementary Fig. S2).

Compound 2. Yield: 30%. Molecular weight: 6325.5.
ESI-MS [M + 3HI** m/z 2110.5 (calc. 2109.5), [M + 4H]**
m/z 1583.0 (calc. 1582.4), [M + 5HI°" m/z 1266.7 (calc.
1266.1), [M+ 6H"1°* m/z 1055.9 (cale. 1055.3),
[M + 7HI”" m/z 905.3 (cale. 904.6), [M + 8HI** m/z
792.5 (calc. 791.7), [M + 9HI°* m/z 704.5 (calc. 703.8).
tg = 26.6 min, purity = 95%.

Compound 3. Yield: 24%. Molecular weight: 6619.8.
ESI-MS [M + 4H]** m/z 1656.5 (cale. 1656.0),
[M + 5H"1°* m/z 1325.5 (calc. 1325.0), [M + 6H]°* m/z
1104.8 (calc. 1104.3), [M + 7H]” ™ m/z 947.5 (calc. 946.7),
[M + 8H]®** m/z 828.6 (calc. 828.5), [M + 9HI°* m/z 736.9
(cale. 736.5), [M + 10HI'** m/z 663.6 (calc. 663.0).
tg = 27.9 min, purity = 95%.

Compound 4. Yield: 21%. Molecular weight: 6563.9.
ESI-MS [M + 4H]** m/z 1641.9 (calc. 1641.9), [M + 5H]>"
m/z 1314.0 (calc. 1313.8), [M + 6H]®" m/z 1095.1 (calc.
1095.0), [M + 7H]”* m/z 938.7 (calc. 938.7), [M + 8H]®**
m/z 821.6 (calc. 821.5), [M + 9H]°* m/z 730.4 (calc. 730.3).
tg = 24.8 min, purity = 95%.

Compound 5. Yield: 19%. Molecular weight: 7050.2.
ESI-MS [M + 4H*1** m/z 1763.9 (cale. 1763.6),
[M + 5H1°* m/z 1411.0 (calc. 1411.1), [M + 6H]°* m/z
1176.0 (cale. 1176.0), [M + 7H]’" m/z 1008.1 (calc.
1008.2), [M + 8H]®" m/z 882.2 (calc. 882.3), [M + 9H]°*
m/z 784.3 (calc. 784.4), [M + 10H]'°* m/z 705.9 (calc.
706.0). tg = 29.7 min, purity = 95%.

Size and morphology of nanoparticles 2-5

Conjugates 2-5 were self-assembled by simple dissolution of
solid material in PBS (1 mg mL™, 25°C) followed by sonica-
tion for 5 min at 25°C. The nanoparticles were characterized
for average particle size and polydispersity index (PDI) by
DLS. All measurements were performed at least five times.
Morphological studies were performed using TEM at an
accelerating voltage of 100kV. A single drop of solution
was placed on glow-discharged carbon-coated copper grids
for 2 min, followed by the removal of excess of liquid, then
negative staining with 1% phosphotungstic acid (pH 7).

Secondary structure analysis

The secondary structure of conjugates 1-5 (1 mg mL™ in
PBS) was analyzed by CD spectroscopy. The parameters
were: 5nm bandwidth; 50 nm min™ scan rate; 2s response
time; 1nm intervals over the wavelength range of
195-260 nm; in nitrogen atmosphere at 25°C. The data
reported is the mean of six measurements. Mean residue
molar ellipticity (deg X cm® X dmol™!) was calculated
using the formula [0] = mdeg/(l X ¢ X n), where: [ is the
path length (1 mm), ¢ is the peptide concentration (M) and n
is the number of residues in the peptide.

Immunization and serum collection

All animal protocols were approved by the Griffith University
Animal Ethics Committee, GU Ref No: GLY/07/14 and carried
out following the NHMRC Australia guidelines for generating,
breeding, caring for and using genetically modified and cloned
animals for scientific purposes (2007). The 4-6-week-old
female C57BL/6 inbred mice (Animal Resource Centre,
Perth, Western Australia, n = 5 mice per group) were immu-
nized subcutaneously with 30 pg of peptide vaccine candidates
2-5 dissolved in 50 pL of PBS, followed by equal booster doses
on days 21, 28 and 35 post-primary immunization. A negative
control group received 50 uL. of PBS and a positive control
group received 30 g of peptide 1 emulsified in a total volume
of 50 uL. of CFA-PBS (1:1). On days —1, 20, 27 and 34, blood
(10 pL) was collected from each mouse by tail snip and dis-
solved in 90 pL PBS. On day 49, mice were sacrificed by CO,
asphyxiation, and blood was collected via cardiac puncture.
Collected blood was allowed to clot for at least 30 min at 37°C.
Serum was collected following centrifugation of the blood
samples for 10 min at 1000g. The collected serum was then
stored at —20°C for antibody titer determination.
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Antibody titer determination via ELISA

Indirect enzyme-linked immunosorbent assays (ELISA) were
used to determine J14-specific IgG antibody titers.
Polycarbonate plates were coated with 100 uL well™ of J14
peptide (pH 9.6, 0.5mg mL™ in carbonate coating buffer),
and incubated at 4°C overnight. After washing the plates five
times with PBS-Tween 20 buffer, 150 puL of 5% skim milk PBS-
Tween 20 was then added. The plates were incubated at 37°C
for 2 h. The plates were washed in a similar manner between
incubations. Sera samples (200 uL of 1:100 dilution) were
added to the plate, followed by serial dilution down the
plate with 0.5% skim milk PBS-Tween 20 buffer. All plates
were incubated for 1.5h at 37°C, then washed. Peroxidase-
conjugated goat anti-mouse IgG (100uL well™, 1:3000
diluted in 0.5% skim milk PBS-Tween 20) was added, and
the plates were again incubated for 1.5 h at 37°C and washed.
OPD substrate was added at 100 uL well™. The plates were
incubated for 30 min in a dark environment at room temper-
ature. Plates were read at 450 nm on a POLARstar Omega
microplate reader (BMGLabtech, Victoria, Australia) and anti-
body endpoint titers were determined as the lowest dilution
factor that gave an absorption value of more than three
standard deviations (s.d.) above the mean absorbance of the
respective control wells.

Bactericidal assessment

Serum collected from immunized mice was used to evaluate
the bactericidal efficacy of the antibodies against clinically
isolated GAS strains (Royal Brisbane Hospital): 2002 and
2727 (human abscess — lymph gland), GC2203 wound swab,
D3840 (naso-pharynx swabs) and D2612 (naso-pharynx
swabs). The bacteria were prepared by streaking on THB
agar supplemented with 5% yeast extract, followed by incu-
bation (37°C, 24 h). A single colony from the bacterium was
transferred to THB (5mL) supplemented with 5% yeast
extract and incubated for 24 h at 37°C to give approximately
4.6 x 10° colony forming units (CFU) mL™. The culture was
serially diluted to 10~2 in PBS and an aliquot (10 uL) was
mixed with heat-inactivated serum (10 pL) and horse blood
(80 pL). Heat-inactivated sera were prepared by incubation
in a 50°C water bath for 30 min. The bacteria were then
incubated in the presence of sera in a 96-well plate at 37°C
for 3h. Ten microlitres of the suspension was plated on
Todd-Hewitt agar plates supplemented with 5% yeast
extract and 5% horse blood and incubated at 37°C for 24 h.
Bacterial survival rate was analyzed based on CFUs counted
on the incubated Todd-Hewitt agar plates. Assays were
performed in triplicate from three independent cultures.

Statistical analysis

Statistical analysis was performed with the help of
GraphPad Prism® 7 (GraphPad Software, Inc., California,
USA), with P < 0.05 considered statistically significant.
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J14-specific IgG or IgA titers were described as the lowest
dilution that offered an absorbance of greater than three s.d.
above the mean absorbance of the negative control wells
(wells coated with serum from mice injected with PBS).
A one-way ANOVA followed by Tukey’s post hoc test was
applied for statistical analysis of the antibody titers, with
P < 0.05 considered statistically significant. The opsonic
activity of the antibodies’ (anti-peptide) sera (% reduction in
mean CFU) was calculated as [1 — (CFU in the presence of
anti-peptide sera)/(mean CFU in the presence of PBS)] x 100.
Two-way ANOVA followed by Tukey’s post hoc test was
applied for opsonization statistical analysis.

Supplementary material

Particle size distribution analysed by dynamic light
scattering and ESI-MS spectra for peptides 2-5 are provided
in the Supplementary Material. Supplementary material is
available online.
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