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Abstract

Biomaterials that modulate innate and adaptive immune responses are receiving increasing interest
as adjuvants for eliciting protective immunity against a variety of diseases. Previous results have
indicated that self-assembling B-sheet peptides, when fused with short peptide epitopes, can act as
effective adjuvants and elicit robust and long-lived antibody responses. Here we investigated the
mechanism of immunogenicity and the quality of antibody responses raised by a peptide epitope
from P. falciparum circumsporozoite (CS) protein, (NANP)3,conjugated to the self-assembling
peptide domain Q11. The mechanism of adjuvant action was investigated in knockout mice with
impaired MyD88, NALP3, TLR-2, or TLR-5 function, and the quality of antibodies raised against
(NANP)3-Q11 was assessed using a transgenic sporozoite neutralizing (TSN) assay for malaria
infection. (NANP)3-Q11 self-assembled into nanofibers, and antibody responses lasted up to 40
weeks in C57BL/6 mice. The antibody responses were T cell- and MyD88-dependent. Sera from
mice primed with either irradiated sporozoites or a synthetic peptide, (T1BT*),4-P3C, and boosted
with (NANP)3-Q11 showed significant increases in antibody titers and significant inhibition of
sporozoite infection in TSN assays. In addition, two different epitopes could be self-assembled
together without compromising the strength or duration of the antibody responses raised against
either of them, making these materials promising platforms for self-adjuvanting multi-antigenic
immunotherapies.

INTRODUCTION

Vaccines based on peptide and protein subunits that focus the host’s immune response on
epitopes known to play a role in protective immunity are attractive owing to their
compositional definition and their advantageous safety profiles [1-3]. However, the
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immunogenicity of subunit vaccines depends heavily on adjuvants, many of which currently
suffer from imprecise chemical definition, instability, local toxicity, or an inability to confer
optimal protection [4, 5]. In recent years, the presentation of peptides and small molecule
antigens on the surface of macromolecular assemblies has emerged as a powerful strategy
for eliciting immune responses without adjuvants [6-13]. Antigenic formulations composed
of peptide epitopes coupled to lipopeptides [10-12, 14], coiled-coil oligomerization domains
[8, 9], polymers [15], and virus-like particles [7, 13, 16] have demonstrated excellent
adjuvanting capability and induced robust antibody and cellular responses. We recently
reported that a self-assembling pB-sheet fibrillar peptide, Q11 (Ac-QQKFQFQFEQQ-AM),
can act as an immune adjuvant when fused to a peptide antigen [6]. Peptide ligands,
epitopes, or small chemical moieties that are appended to the N-terminus of Q11 can be
displayed on the surface of the nanofibers, retaining their biofunctionality [17-19]. Fusion
peptides containing Q11 and the antigenic peptide OVA3»3.339 (OVA323.339-Q11), raised
robust long-lived, anti-OVA antibody responses in mice, which were comparable to
OVA323.339 administered in complete Freund’s adjuvant (CFA) [6, 20]. In contrast, Q11 by
itself was non-immunogenic, even when delivered in CFA. The antibody response to
OVA3,3.339-Q11 was found to be dependent on CD4+ T cells, and disrupting fibril
formation via targeted mutations in the core of Q11 also led to loss of antibody responses
[20]. Another self-assembling peptide KFE8 (Ac-FKFEFKFE-Am) was also shown to have
an immunological profile similar to Q11 when conjugated to OV Aszy3.339 Suggesting that
self-assembling peptides, while being non-immunogenic themselves, can act as potential
immune adjuvants for applications in vaccine development and immunotherapies [20].

To develop a better understanding of the immune responses associated with self-assembling
peptides, we sought to investigate the mechanisms through which Q11 nanofibers activate
the immune system and elicit robust antibody responses. It is now well known that most
adjuvants act through the stimulation of the innate immune system, which further regulates
the adaptive immune response [4, 21]. Antigen presenting cells like dendritic cells (DCs)
express pattern recognition receptors (PRRS) that recognize molecular signatures, leading to
their maturation and expression of co-stimulatory molecules along with antigen processing
and presentation [22, 23]. The most studied PRRs are the toll-like receptors (TLRs), which
are found on the surface of DCs and macrophages and in their intracellular compartments
[24]. Due to their fibrillar morphology, which is similar to bacterial flagellin and curli, we
hypothesized that Q11 nanofibers could activate the innate immune system through specific
TLRs; conversely, due to their particulate nature similar to alum, they could activate
alternative pathways [25-27]. Alum has been shown to act through the inflammasome
pathway involving NOD-like receptors (NLRs) [27]. Also, previous work demonstrating the
adjuvant activity of Q11 was limited to the model antigen OV A3p3.339. Therefore, to
investigate the mechanism of adjuvant activity and quality of the antibody response, we
chose the malaria peptide antigen (NANP)3 (NANPNANPNANP) derived from
circumsporozoite (CS) protein of P. falciparum [28]. Antibodies recognizing the tandem
repeat peptide, (NANP),, have been identified as a major protective component in the sera
of animals immunized with sporozoites and people living in malaria-endemic regions [29,
30]. Many potential malaria vaccines based on synthetic peptides [31], multiple antigenic
peptides (MAPs) [32], polyoxime branched peptides [33], and virus-like particles (VLPs) [8,
34] have utilized (NANP)3 as a major protective epitope. By inhibiting sporozoite motility,
anti-NANP antibodies block host hepatocyte invasion and prevent the blood-stage infection
that causes clinical disease [35].

In this work, the malaria peptide epitope (NANP)3 was conjugated to Q11, and the
fibrillization behavior and secondary structure were investigated. The longevity of antibody
responses was investigated in C57BL/6 mice and the mechanism of adjuvant action was
investigated using knockout mice lacking T cell receptors, toll-like receptors, or

Biomaterials. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rudra et al.

Page 3

inflammasome complexes. Protection against infection with murine malaria transgenic
sporozoites was investigated using a prime/boost regimen with (NANP)3-Q11, alone or in
mice primed with irradiated sporozoites (Irr. Spz.) or the multi-epitope peptide derivative
(T1BT*)4-P3C [33]. Inhibition of sporozoite infection was measured using TSN assays [36,
37]. Finally, to test the feasibility of raising antibody responses against multiple different
antigens administered together on the same nanofibers, mice were immunized with co-
assemblies of (NANP)3-Q11 and OVA323.339-Q11, and the antibody responses against both
antigens were measured.

MATERIALS AND METHODS

Peptide Synthesis and Purification

Peptides Q11 (Ac-QQKFQFQFEQQ), (NANP)3-Q11 (NANPNANPNANP-SGSG-Q11),
and OVA-Q11 (ISQAVHAAHAEINEAGR-SGSG-Q11), were synthesized on a CSBio136-
XT peptide synthesizer using standard Fmoc chemistry. Peptides were purified using
reverse-phase HPLC and water/acetonitrile gradients. The peptides were lyophilized and
stored at —20 °C until further use. Peptide identity and purity (>90% for all peptides used in
the study) were confirmed by MALDI-MS and HPLC, respectively. Endotoxin levels of all
formulations were tested using a limulus amebocyte lysate (LAL) chromogenic end point
assay (Lonza, USA) at the same volume and peptide concentration used for immunizations.
Endotoxin levels in all immunization formulations were found to be less than 0.22 EU/mL
within acceptable limits [38]. The polyoxime peptide (T1BT*)4-P3C, containing the
minimal B epitope (NANP)3, T helper epitope (T1-DPNANPNVDPNANPNV), universal T
epitope (T*-EYLNKIQNSLSTEWSPCSVT), and an endogenous adjuvant palmitoyl-S-
glyceryl cysteine (P3C), was synthesized as described in [33] and [39].

Transmission Electron Microscopy

Stock solutions of 1 mM peptides were allowed to fibrillize in water overnight at 4 °C,
diluted in PBS to 0.25 mM, and further incubated for 4 h at room temperature for OVA-Q11
or overnight at 4 °C for (NANP)3-Q11. Peptide solutions were then pipetted onto carbon-
coated 200 mesh lacey grids (Electron Microscopy Sciences). For the co-assembled fibrils,
OVA-Q11 and (NANP)3-Q11 peptides were mixed as dry powders, dissolved in deionized
water, and diluted in PBS to produce working peptide concentration of 0.25 mM. After
incubating overnight, peptide solutions containing the co-assembled fibers were applied to
the grids. The grids were stained with 1% uranyl acetate for 2 minutes and imaged with a
FEI Tecnai F30 transmission electron microscope (TEM).

Circular dichroism spectroscopy

An AV1V 215 circular dichroism spectropolarimeter was used with 0.1 cm path length
quartz cells. Stock solutions were prepared by dissolving the peptides in ultrapure water
(Millipore Milli-Q system) and diluting them to a working concentration of 1 mM. The
wavelength range was 190-260 nm, the scanning speed was 0.5 nm/sec, and the bandwidth
was 0.5 nm. Each spectrum is the average of three scans. Under the solution conditions
described, adequate signal strength was observed at wavelengths up to 200 nm. The solvent
background was subtracted and resultant CD signals were converted to mean residue
ellipticity.

Animals and Immunizations

Peptides were dissolved in sterile water (8 mM stock), incubated overnight at 4 °C, and
diluted in sterile PBS (2 mM working concentration) prior to immunizations. For (NANP)3-
Q11, peptides were additionally incubated at 4 °C in PBS overnight to ensure complete fibril
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formation, as the kinetics of assembly for (NANP)3-Q11 was observed to be slower than for
the previously investigated OVA-Q11 [6]. To prepare co-assembled fibers of OVA-Q11 and
(NANP)3-Q11, the peptides were combined as dry powders, mixed thoroughly, and
dissolved in sterile water. The peptides were allowed to incubate overnight at 4 °C and
diluted to working concentrations with sterile PBS. Female C57BL/6 (B6), B6.129P2-
TerbtmIMomTergtmiMomyy (T cell receptor knockout), B6.129- 7/r2mIKiry (TLR-2
knockout), B6.129P2(SJL)- MyD88m1.-1Defry (MyD88 knockout), and BALB/c were
purchased from Jackson Labs. Breeder pairs of the TLR-5 knockout mice were the kind gift
of Dr. A.T. Gewirtz, Emory University. Mice were immunized subcutaneously in the flank
with two 50 pL injections containing 100 nmol of peptide each and boosted at 28 days with
half the amount of the primary immunization. Blood was drawn via the submandibular
maxillary vein, and sera were stored at =80 °C until analysis. In all animal work,
institutional guidelines for the care and use of laboratory animals were strictly followed
under a protocol approved by the University of Chicago’s and New York University’s
Institutional Animal Care and Use Committees.

Enzyme-linked Immunosorbent Assay (ELISA)

ELISA plates (eBioscience) were coated with 20 pg/mL of peptide in PBS overnight at 4 °C
and blocked with 200 pL of 1% BSA in PBST (0.5% Tween-20 in PBS) for 1 h. Serum was
applied (1:100, 100 p.L/well) for 1 h at room temperature followed by peroxidase-
conjugated goat anti-mouse 1gG (H+L) (Jackson Immuno Research) (1:5000 in 1 % BSA-
PBST, 100 p.L/well). Plates were developed using TMB substrate (100 p.L/well,
eBioscience) and absorbance values were read at 450 nm. Absorbance values of PBS (no
antigen) coated wells were subtracted to account for background. The plates were washed
between each step with PBST. Serum ELISA techniques for mice primed with Irr. Spz. or
(T1BT*)4-P3C peptide and boosted with (NANP)3-Q11 have been described in detail
elsewhere [40]. ELISAs for the knockout mice and corresponding wild type mice were
conducted at the following days and serum dilutions post-immunization: MyD88 KO mice
(day 35, 1:100), TLR-2 KO mice (day 35, 1:100), TLR-5 KO mice (day 43, 1:160), and
NALP3 KO mice (day 10, 1:100).

Boosting pre-infected mice with (NANP)3-Q11

PfPh, the recombinant £. berghei rodent malaria parasite bearing P. falciparum CS protein
repeats, was generated as described previously [41]. Mice (n=8) were primed with 2 doses
of irradiated PfPb sporozoites through 15-20 mosquito bites per mouse 14 days apart, and
pre-boost sera were collected up to 93 days after infection. A second cohort of mice was
immunized with a single dose of the synthetic vaccine construct, (T1BT*)4-P3C, as
previously described [39], and pre-boost sera was collected for up to 107 days after
immunization. Antibody titers were equivalent at 93 days and 107 days after priming with
irradiated sporozoites and (T1BT*)4-P3C peptide respectively. Half the mice in each cohort
(n=4) were then boosted with 100 nmol (NANP)3-Q11, and the other half did not receive
boosting. Geometric mean antibody titers against sporozoites or (T1B) repeat peptide in the
sera were subsequently evaluated by ELISA.

Transgenic Sporozoite Neutralizing Assay (TSNA)

The detailed methods for the transgenic sporozoite neutralization assay have been described
elsewhere [37]. Briefly, 2x10% PfPb sporozoites were incubated with antisera from
immunized mice or control mice at 1:5 dilution for 45 min. The sporozoites were then added
to wells containing HepG2 hepatoma cell cultures. 48 h post infection, cells were harvested,
and parasites were measured by quantitative real-time PCR, using primers for parasite 18 S
rRNA.
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Statistical analysis

Data represent the mean and standard deviation within a group of mice. Statistical analysis
was performed by Student’s t-test or ANOVA with Tukey or Bonferroni post-hoc
comparisons, with p-values < 0.05 considered significant.

RESULTS

(NANP)3-Q11 self-assembled into nanofibers and adopted a B-sheet structure

By TEM, it was observed that (NANP)3-Q11 self-assembled into fibrous structures similar
to Q11 and other Q11 derivatives. Fibril formation was detected as early as 30 min after the
addition of PBS (Fig 1a); however, thicker fibrils were observed after overnight incubation
(Fig 1b). Secondary structure analysis of (NANP)3-Q11 indicated a predominant p-sheet
character similar to Q11 (Fig 1c). In previous studies, similar fibril morphology and
secondary structure were observed when cell-binding ligands, small chemical moieties, or
antigenic peptides were conjugated to Q11 [6, 17-19]. Collectively, these data indicated that
like these previous peptides, (NANP)3-Q11 could also self-assemble into -sheet rich
nanofibers. For many previously studied Q11-based peptides including those containing
ovalbumin epitopes [6] and cell binding ligands of various charge and hydrophobicity [17],
the ligand or epitope domain was found to be enriched on the surface of the peptide fibrils
using TEM and immunogold labeling. Although immunogold labeling of the malaria epitope
was not performed for (NANP)3-Q11 in the present study, the morphological similarities
between (NANP)3-Q11 fibrils and previous Q11 fibrils make it likely that the (NANP)3
epitope domains were also enriched on the nanofibers’ surfaces.

Antibody responses to (NANP)3-Q11 were long-lived and T cell-dependent

In B6 mice, unadjuvanted self-assembled (NANP)3-Q11 raised strong antibody responses
that were detectable for at least 40 weeks, the duration of the study (Fig. 2a). Average titers
peaked at the twelfth week, but a significant booster response was not observed. Mice
immunized with equivalent amounts of Q11 lacking the (NANP)3 epitope failed to elicit any
antibodies, even upon boosting (Fig. 2b), indicating that the epitope was critical for
generating antibody responses. In BALB/c mice, (NANP)3-Q11 did not raise any significant
antibody responses (Fig 2c). The fact that (NANP)3-Q11 raised strong, persistent responses
in B6 mice (H-2P haplotype) but not in BALB/c (H-2%) suggested to us that proper
restriction and presentation within MHC molecules was critical, and that the antibody
responses were likely to be T cell mediated. Therefore we investigated the immunogenicity
of (NANP)3-Q11 in T cell receptor knockout mice (B6.129P2-TcrbtmiMomTcygtmiMomyj on
a B6 background), chosen for their specific and durable lack of functional T cells. These
mice did not raise antibody responses against (NANP)3-Q11, whereas they were fully
capable of generating antibody responses against NP-Ficoll, a known T-independent antigen
(Figure 3). This result demonstrated that T cells are required for antibody production against
self-assembled (NANP)3-Q11 materials, which could aid in producing stronger recall
responses and immunological memory.

Antibody responses against (NANP)3-Q11 were MyD88-dependent

The mechanism of action of self-assembled Q11-based adjuvants has not previously been
fully outlined, so we employed additional knockout mouse models to ascertain the
requirement for several signaling components that have been shown to be critical for the
adjuvanticity of other systems. Toll-like receptors (TLRs) play a critical role in the
mechanism of action of many adjuvants; bacterial flagellin and curli proteins signal through
TLR-5 and TLR-2 respectively [25, 26]. Alum has been shown to exert its adjuvant activity
through the inflammasome pathway, specifically NALP3 [27]. Given the fibrillar and
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proteinaceous nature of Q11 nanofibers and their morphological similarity to flagellin and
curli, we investigated antibody responses in TLR-5 and TLR-2 knockout mice. Given their
nanoparticulate nature, which is in some respects similar to the particulate nature of alum,
we also investigated them in NALP3 knockout mice. In MyD88-knockout mice, antibody
responses to (NANP)3-Q11 were abolished (Fig 4a) but they remained in NALP3-knockout
mice (Fig. 4b). With respect to specific TLRs, mice lacking functional TLR-2 were capable
of generating antibody responses against (NANP)3-Q11 (Fig. 4c), as were those lacking
functional TLR-5 (Fig. 4d). Collectively, these data indicated that the adjuvant activity of
Q11, at least in the context of (NANP)3-Q11, is dependent on T cells and MyD88, but not
NALP3. Although we have not yet exhaustively determined if any TLR signaling is
important, it is clear that TLR-2 and TLR-5 are not required.

Boosting pre-infected mice with (NANP)3-Q11 protected against sporozoite infection

The quality of the antibody responses raised by (NANP)3-Q11 was assessed by evaluating
antisera in transgenic sporozoite neutralizing (TSN) assays. Using this assay, the ability of
antisera to inhibit sporozoite infection of human HepG2 hepatoma cells was measured [37].
Groups included antisera raised with primary immunizations of irradiated PfPb sporozoites
(delivered via mosquito bites) or of (T1BT*)4-P3C peptide and booster immunizations of
(NANP)3-Q11; and prime/boost regimens of (NANP)3-Q11 only. Mice primed with PfPb
sporozoites and boosted with (NANP)3-Q11 had significantly higher levels of antibodies
against the falciparum CS repeat peptide (T1B)4 compared to mice that did not receive the
boost (Fig 5a). Antibody levels also remained significantly higher for up to 76 days after the
boost. Similarly, mice primed with (T1BT*)4-P3C peptide and boosted with (NANP)3-Q11
showed significant antibody responses compared to mice that did not receive a boost (Fig
5b). TSN assays showed that sporozoite infection was reduced by 85% when incubated with
immune sera from mice that were primed with irradiated sporozoites and boosted with
(NANP)3-Q11 (Fig 5c¢). Similarly, 97% inhibition was observed in mice primed with
(T1BT*)4-P3C peptide and boosted with (NANP)3-Q11, a level of protection that was
statistically similar to that achieved using the positive control monoclonal antibody 2A10,
directed against P. falciparum CS repeats (99.6%). This antibody is a standard for inhibition
studies, and 90% inhibition is usually considered significant and commensurate with 7n vivo
protection [37]. As a negative control, no significant inhibition was observed in sporozoites
incubated with the P. berghei-directed monoclonal antibody 3D11. Sera from mice
immunized with (NANP)3-Q11 alone did not show clinically relevant levels of protection.
Taken together, these data suggest that boosting with antigen-Q11 nanofibers might be
advantageous in situations where strong recall responses are required against previously
encountered antigens.

Antibody responses to two different epitopes can be maintained upon their co-assembly

Transmission electron microscopy indicated that OVA-Q11, (NANP)3-Q11, and co-
assembled OVA-Q11:(NANP)3-Q11 (1:1) self-assembled into nanofibers having similar
morphologies (Figure 6a-c) [6], although mixed fibrils stained to a lesser extent with uranyl
acetate. To investigate if antibodies could be raised simultaneously against multiple antigens
co-assembled together, mice were immunized with the co-assembled fibrils, and their
responses were compared to those produced in mice receiving separate immunizations of the
two different peptides. The total peptide concentration was kept the same in both groups.
Injecting the peptides either separately or as co-assembled fibrils resulted in similar antibody
responses for up to 16 wks (Fig 6d-g). This suggested that the presence of one peptide did
not adversely affect the antibody response raised by the other when the two were co-
fibrillized together, opening the possibility of designing multi-epitope fibers using the Q11
system.
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DISCUSSION

Ideally, an adjuvant is an immune stimulant that amplifies or modifies immune responses to
co-delivered antigens but does not elicit any specific responses of its own [4, 21]. Many
adjuvants currently in use or under investigation are chemically heterogeneous mixtures of
plant- or pathogen-derived molecules or formulations of mineral salts [4]. Until recently, in
the USA, aluminum-based formulations were the only clinically approved adjuvants, and
their mechanism of action is still not completely understood [42, 43]. Although powerful
adjuvants like CFA elicit strong immune responses, they are generally associated with
deleterious side effects such as toxicity and autoimmunity, precluding human use [4, 44]. In
addition to requiring adjuvants, many subunit vaccines also require multiple injections to
achieve long-lived antibody responses, presenting logistical and economical challenges,
especially in developing countries [4]. The present results indicate that in mice, self-
assembled (NANP)3-Q11 can elicit durable antibody responses without the need for multiple
boosts or supplemental adjuvants. Following a single boost at 4 weeks, antibodies were
detectable in the sera of mice for as long as 40 weeks. We did not observe detectable
antibody responses to unmodified Q11, even when Q11 was administered in CFA, [6]
indicating that Q11 was non-immunogenic by itself, which is a desirable feature in an
adjuvant. In addition, no overt inflammation or nodule formation was observed at the
injection sites of any Q11-based peptides, but the tissue response, clearance, and clinical
safety of these materials remains to be systematically and completely investigated.

In previous work, the mechanism of immunological activity for Q11-based materials has not
been fully determined [6, 20], so we investigated several mechanistic aspects involving
adaptive and innate immunity. Our initial observation was that antibody production against
(NANP)3-Q11 was haplotype dependent. C57BL6 mice of the H-2° haplotype generated
robust antibody responses, while BALB/c mice (H-29) failed to raise significant responses
(Fig 2¢). (NANP)3 has been reported to be a poor immunogen in BALB/c mice, and
conjugation to Q11 did not alter this property [45]. The requirement of T cells, suspected
from the haplotype dependence, was confirmed when T cell receptor knockout B6 mice
failed to raise antibodies against (NANP)3-Q11 even after a boost (Fig 3). This T cell
dependence may be advantageous for conferring long-lasting immunological memory [47].
It is also known that most adjuvants enhance humoral and cellular responses by engaging
components of the innate immune system [4]. Recently, many natural and synthetic
biomaterials have been investigated for their ability to activate the immune system and as
vaccine adjuvants against a variety of diseases [22, 48, 49]. It has recently been shown that
some polymeric materials such as poly(lactide-co-glycolide) (PLGA) and alginate are
recognized as pathogen-associated molecular patterns (PAMPSs) by innate immune cells such
as macrophages and dendritic cells (DCs) [48, 50-52]. (NANP)3-Q11 immunogenicity was
abolished in MyD88-knockout mice, but not in mice with defective TLR-5, TLR-2, or
NALP3 (Figure 4), so it appears that these materials signal through MyD88, but it is not
clear whether they engage a specific type of TLR or NLR. In sum, it is possible that the
nanofibers act directly on certain innate immune receptors or indirectly mediate the release
of activators of innate immunity, which subsequently act through the MyD88 pathway. At
this time, however, it is not known which cell types require MyD88 to respond to the fibrils,
as the experiments reported here have been performed in mice lacking any MyD88 at all.
This question could be resolved in models having MyD88 deficiencies in only a limited set
of cell types. It is also possible that the nanofibers could be providing an antigen depot for
long-term activation of immune cells. However, at this time it is not clear if such a depot
exists at either the immunization site or in the draining lymph nodes, or whether the long-
term antibody production is instead the result of long-lived plasma cells.

Biomaterials. Author manuscript; available in PMC 2013 September 01.
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Early studies demonstrated that immunizing rodents and humans with irradiated sporozoites
results in sterile immunity, considered to be a gold standard for malaria vaccine
development [53-55]. Immunization with (NANP)3-Q11 alone did not generate high levels
of neutralizing antibodies, although the inhibition of infection was significant compared to
mice that received only PBS. This may be due to lack of appropriate T helper epitopes,
which are present in sporozoites and are included in the (T1BT*)4-P3C peptide, suggesting
future embodiments of the approach that contain T helper epitopes [32, 40, 56]. Although
antibodies raised against (NANP)3-Q11 by itself were not sufficient to confer protection, the
high levels of protective antibodies raised in sporozoite-primed mice boosted with
(NANP)3-Q11 suggest the possibility that these materials could be useful for boosting
responses to previously encountered antigens.

Although long-term antibody production against protein and peptide antigens has been
reported with other synthetic particulate adjuvants such as PLGA microparticles [57, 58],
some practical advantages may be offered by self-assembled peptide adjuvants. Polymeric
microparticles require emulsification techniques and organic solvents that may affect
antigen stability [59, 60], and the process can also result in antigen loss into the aqueous
phase that may be difficult to control [59]. In contrast, previous work has demonstrated that
Q11-based materials can be engineered so that they undergo minimal compositional drift.
That is, each ligand- or epitope-bearing Q11 peptide can be assembled predictably, so that
specific ratios of ligands or epitopes can be maintained [8, 10]. In the present work, we
observed that OVA-Q11 and (NANP)3-Q11 could be co-assembled without diminishing the
immunogenicity of either epitope. This modularity may prove useful in the design of multi-
antigen vaccines with tightly controlled amounts of more than one epitope. Traditionally,
peptide epitopes are employed within vaccines by conjugating them to carrier proteins and
delivering them with an additional adjuvanting compound or mixture of compounds. In the
system reported here, co-assembly of multiple epitope-bearing Q11 peptides into a single
formulation may be a comparatively straightforward route for producing multi-antigen
materials able to raise strong antibody responses alone, without requiring a conjugation step
or co-delivery with an adjuvant.

CONCLUSIONS

Immunizing with self-assembled peptides containing Q11 and the minimal epitope (NANP)3
produced vaccines capable of raising long-lived antibody responses without the requirement
for frequent boosts. Unadjuvanted antibody responses were durable, lasting at least 40
weeks, and these responses were dependent on T cells and MyD88. Mice primed with
irradiated PfPb sporozoites or (T1BT*)4-P3C and boosted with (NANP)3-Q11 showed
significant boosts of antibody titers, and antisera from these mice conferred significant
protection against sporozoite infection in HepG2 human hepatoma cell cultures. Two
different epitope-bearing peptides could be co-assembled without diminishment of the
antibody responses to either epitope, suggesting the feasibility of developing multi-epitope
vaccines.
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Figure 1.

(NANP)3-Q11 fibril formation and structural analysis. TEM images of (NANP)3-Q11
nanofibers after incubation in PBS for 30 min (a) and overnight (b). Scale bar = 100 nm.
Secondary structure of (NANP)3-Q11 (open circles) and Q11 (solid circles) showing beta
sheet structure.
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Figure2.
Antibody responses to (NANP)3-Q11 were durable in B6 mice (a). In contrast, Q11 did not
elicit any antibody responses (b). Antibody responses were not observed in BALB/c mice

(c).
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Figure 3.

Antibody responses to (NANP)3-Q11 were T cell-dependent. T cell receptor knockout mice
(open circles) did not produce antibodies against (NANP)3-Q11, but did respond to a T-
independent antigen, NP-Ficoll. B6 mice (solid circles) responded to both antigens.
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Figure4.

Anti-(NANP)3-Q11 responses in knockout mouse models, measured by ELISA. Antibody
production was abolished in MyD88-knockout mice (a), but not in knockout mice lacking
functional TLR-2 (b), TLR-5 (c), or NALP3 (d).
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Figure5.

Recovery of antibody titers in mice boosted with (NANP)3-Q11, after priming with
irradiated sporozoites (a) or (T1BT*)4-P3C peptide (b). Closed circles represent boosted
mice, open circles indicate mice that did not receive a boost, and the error bars indicate
SEM. TSN assay showing sporozoite neutralizing activity in HepG2 cells after incubation
with antisera from immune mice (c). Immune sera from mice immunized with PBS and the
monoclonal antibodies 2A10 or 3D11 were used as controls. Mice primed with irradiated
sporozoites or (T1BT*),-P3C are labeled Irr. Spz. and (T1BT*) respectively. Mice that
received (NANP)3-Q11 only are labeled NANP. Pre, +, and - denote antibody titers pre-
boost, post-boost with (NANP)3-Q11, or no-boost within each group. The levels of parasites
in HepG2 cells were measured using qPCR. * p<0.05 by ANOVA.
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Fibril formation was not disrupted when peptides bearing two different epitopes were mixed
together. TEM images of OVA-Q11 fibrils (a), (NANP)3-Q11 fibrils (b), and co-assembled

fibrils of OVA-Q11 and (NANP)3-Q11 (c). Antibody levels in mice raised against

(NANP)3-Q11 (d, e) and OVA-Q11 (f, g) after immunization with individual epitopes (d, f)

or co-assembled epitopes (e, g) respectively. * p<0.05 by t-test between groups at

corresponding time points.
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