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Graphical abstract 

 
Abstract  
Peptide-based vaccines consist of short antigen fragments derived from a specific pathogen. Alone, 

these peptide fragments are poorly or non-immunogenic; however, when incorporated into a proper 
delivery system, they can trigger strong immune responses. To eliminate the need for toxic and often 
ineffective oral adjuvants, we designed single molecule-based self-adjuvating vaccines against 
hookworms using natural and unnatural hydrophobic amino acids. Two vaccine conjugates were 
synthesized, consisting of B-cell epitope p3, derived from the hookworm Na-APR-1 protein; universal 
T-helper peptide P25; and either double copies of unnatural lipoamino acid (2-amino-D,L-eicosanoic 
acid), or ten copies of the natural amino acid leucine. After challenge with the model hookworm, 
Nippostrongylus brasiliensis, mice orally immunized with the conjugates, but without adjuvant, 
generated antibody responses against the hookworm epitope, resulting in significantly reduced worm 
and egg burdens compared to control mice. We have demonstrated that vaccine nanoparticles composed 
exclusively of natural amino acids can be effective even when administered orally.  
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Rational and purpose 
Low immunogenicity of peptide vaccines, 

especially following oral administration, is an 
important hurdle in their development. 
Designing a vaccine delivery system without 
toxic and often ineffective oral adjuvants is 
important for the control of hookworm in 
endemic areas. The purpose of this study was to 
develop oral, single molecule-based self-
adjuvating vaccines against hookworms using 
natural and unnatural hydrophobic amino acids.  

Introduction 
Necator americanus is the most prevalent 

human hookworm, infecting more than 0.4 
billion people. The intestinal parasite attaches 
to the mucosa of the small intestine with its 
teeth or cutting plate and feeds on blood and 
mucosal tissue. The parasite can cause long-
term pathological issues, such as iron-
deficiency anaemia, which can lead to impaired 
neurological and cognitive function in 
chronically infected infants. Globally, 
hookworm infection is one of the most common 
tropical diseases, outranking dengue fever, 
schistosomiasis and leprosy in terms of 
disability-adjusted life-years.1 Current 
treatment for hookworms involves mass 
administration of anthelminthic drugs, such as 
albendazole and mebendazole, to school-aged 
children in endemic regions. While 
chemotherapy is generally effective, reduced 
drug efficacy, continuous reinfection and the 
wide distribution of hookworms has prompted 
the need for alternative strategies to control 
infection.1 Intriguingly, life-long exposure to 
hookworm infection does not stimulate robust 
protective immunity, since worm burden is 
often heaviest in the elderly.2 Furthermore 
current efforts to develop a hookworm vaccine 
have not been successful. 

Peptide-based vaccines have the potential to 
overcome the limitations of classical whole-
pathogen vaccines. This includes the 
prevention of allergic and autoimmune 
responses and overcomes the difficulty in 
producing essential biological materials.3 
Peptide vaccines consist of short, defined, 
synthetic epitopes derived from a specific target 
pathogen. They can be easily synthesized and 
purified in large-scale using purely chemical 
methods, avoiding any biological 
contamination. However, peptides are not 

stable in vivo and are poorly immunogenic, 
lacking the danger signals needed for 
recognition by the immune system. Thus, 
peptide antigens need to be incorporated into an 
appropriate delivery/adjuvant system.4, 5  

Unnatural amino acids, such as lipoamino 
acids (LAAs), have been widely used in the 
lipid core peptide (LCP) system to generate 
immune responses against a variety of 
pathogens,6-11 including hookworm.12, 13 LCP 
consists of peptide epitopes, a branching 
moiety, and LAAs incorporated together into a 
single molecule. LCPs can self-assemble into 
nanoparticles using the amphiphilic properties 
of the lipid peptide conjugates.14 Nanoparticles 
are particularly attractive in vaccine design,15, 16 
as they can be effectively taken up by antigen-
presenting cells, stimulate adaptive immunity 
and have improved oral stability.17-20 We 
demonstrated previously that LCP 
nanoparticles can be effective in inducing the 
production of high antibody titers against 
Group A Streptococcus (GAS) infection.21, 22  

Upon conjugation with a peptide antigen, 
polymerized natural hydrophobic amino acids 
(HAA) could also form amphiphiles, which 
were able to self-assemble into nanoparticles.14 
Poly-HAAs (pHAAs) were produced through 
classical solid-phase peptide synthesis, which 
allowed their and peptide antigens 
incorporation into one molecule in a single 
procedure. Key advantages of this system were 
improved biodegradability and 
biocompatibility as well as the ability to adjust 
the properties of the pHAA unit (solubility, 
conformation, etc.) as required by changing the 
type and number of incorporated HAAs. While 
we recently demonstrated that the pHAA 
system can self-assemble into chain-like 
nanoparticle aggregates and serve as an 
injectable vaccine against GAS,23 the ability of 
such a system to deliver antigens orally has not 
yet been investigated.  

Most commercially available vaccines require 
administration through invasive and 
inconvenient techniques that could result in low 
patient compliance and need to be delivered by 
professional medical staff in remote areas 
where neglected tropical diseases prevail. Oral 
delivery has been shown to have many 
advantages over invasive delivery methods. 
These include the capacity for self-
administration, which greatly reduces the cost 
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of vaccination campaigns, simplified 
production and storage 
procedures/infrastructure, and improved 
efficacy against gastrointestinal tract (GIT) 
pathogens.17, 24 Oral vaccines, however, are 
exposed to the bacteria, proteolytic enzymes 
and low pH of the GIT, which can degrade 
peptides. Therefore, effective oral delivery of 
antigens usually requires dietary changes, 
advanced administration of alkalisers and 
multiple doses, which could induce oral 
tolerance and reduce patient compliance. So 
far, several oral vaccines have been licensed; 
however, they are all composed of whole 
pathogens (inactivated and live-attenuated). 
Labile antigens, such as peptides, are yet to be 
successfully used in oral vaccines. 

Promising anti-hookworm vaccine candidates 
are under development based on Na-APR-1, the 
cathepsin D-like aspartic protease that is 
responsible for the degradation of human 
haemoglobin, which the worms use as 
nourishment.25, 26 These vaccines were designed 

to stimulate the production of neutralizing 
antibodies to inhibit Na-APR-1 activity during 
hookworm blood feeding in the host intestine. 
Problems with scale-up of protein production 
and its aggregation27 prompted the discovery of 
a synthesizable peptide derived from Na-APR-
1, called A291Y, which was the target of 
monoclonal antibodies that neutralize the 
proteolytic activity of the parent Na-APR-1 
protein.28 We established that a 22-mer peptide 
derived from A291Y, called p3, when lipidated 
or mixed with adjuvant, stimulated the 
production of Na-APR-1 proteolysis-
neutralizing antibodies upon subcutaneous 
immunisation.12, 13 We then further 
demonstrated that a mixture of p3-bearing 
lipopeptides forming rod-like nanoparticles and 
anchored to sodium alginate/trimethyl 
chitosan-coated liposomes could stimulate 
hookworm neutralizing immune responses 
upon oral administration.29  

 

 

 
Figure 1. Schematic representation of vaccine peptides 1, 2 and 3. Vaccine candidates consisted of p3 peptide derived from 

hookworms, and T-helper P25 (1), conjugated to an LCP delivery system with KKKKS peptide as hydrophilic linker (2) or 
conjugated to a polyleucine delivery system with the same linker (3).  

Experimental design 
Here, we aimed to create a simple, single 

molecule-based self-adjuvating oral vaccine 
against hookworm infection. We designed two 
vaccine candidates with peptide antigens 
conjugated to either unnatural lipidic LAA or 
natural pHAA units. The p3 hookworm B-cell 
epitope was coupled to a T-helper peptide (P25) 
with a lysine branching spacer (1) and attached 
to an LCP system containing 2-amino-D,L-
eicosanoic acid21 to produce lipopeptide (2) and 

a pHAA delivery system containing 
polyleucine to produce peptide (3) (Figure 1). 
The vaccine candidate’s efficacy was examined 
in the mouse model using antibody titers and 
parasite challenge. The hookworm responsible 
for human infection, N. americanus, does not 
naturally infect laboratory animals. Therefore, 
to determine the antigenicity and vaccine 
efficacy of the conjugates, the soil-transmitted 
nematode N. brasiliensis (“rodent hookworm”) 
was used for animal experiments. N. 
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brasiliensis has a similar lifecycle and 
morphology to the human hookworm, and its 
secretome is highly conserved with that of N. 
americanus. Of particular note, the p3 peptide 
of Na-APR-1 is completely conserved between 
the two parasites.29  

Materials and methods 
Materials 
All chemical materials used in this study were 

analytical grade unless otherwise stated.  
Protected Fmoc amino acids and [(1-

bis(dimethylamino) methylene]-1H-1,2,3-
triazolo[4,5-b] pyridinium 3-oxid 
hexafluorophosphate (HATU), were purchased 
from Mimotopes (Melbourne, Australia). Rink-
amide p-methylbenzhydrylamine (MBHA) 
resin was purchased from Novabiochem 
(Hohenbrunn, Germany). Dichloromethane 
(DCM), diethyl ether, piperidine, 
trifluoroacetic acid (TFA), N,N'-
dimethylformamide (DMF), HPLC grade 
acetonitrile and methanol were purchased from 
Merck (Darmstadt, Germany). N,N’- 
diisopropylethylamine (DIPEA), 
triisopropylsilane (TIS), acetic anhydride, 
cholera toxin B subunit (CTB), phosphate-
buffered saline (PBS), goat anti-mouse IgG and 
goat anti-mouse IgA conjugated to horseradish 
peroxidase and 3,3’,5,5’tetramethylbensidine 
(TMB) substrate were purchased from Sigma-
Aldrich (St Louis, USA). All other reagents 
were purchased from Sigma-Aldrich (Castle 
Hill, NSW, Australia). 

Synthesis of Peptide 1 
Peptide 1 was synthesised at 0.1 mmol on rink 
amide MBHA resin using Fmoc-SPPS, as per 
the standard protocol.30 In summary, resin 
(substitution ratio: 0.79 mmol/g, 0.1 mmol 
scale, 0.127 g) was swelled overnight in DMF. 
Synthesis was carried out by microwave-
assisted Fmoc-SPPS, using the SPS mode on a 
CEM Discovery reactor. The Fmoc group was 
removed using 20% piperidine/DMF for 2 and 
5 minutes at 70°C. Amino acids were activated 
with 0.5 M 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxid 
hexafluorophosphate (HATU) (4 equiv, 0.8 
mL) and N,N-diisopropylethylamine (DIPEA) 
(5.2 equiv, 91 µL) in DMF and added to the 
resin for 5 and 10 minutes of coupling. 
Unreacted resin was acetylated with acetic 

anhydride, DIPEA and DMF (5:5:90) at 70°C, 
twice (5 minutes and 10 minutes). The 
remaining amino acids were coupled in the 
same manner. The peptide was cleaved from the 
resin using a mixture of TFA:TIS:water 
(95:2.5:2.5).The lipopeptide was dissolved in 
solvent B (acetonitrile and water at a ratio of 
90:10) prior to lyophilization. The product was 
purified by RP-HPLC using a C18 Vydac 
column with a solvent gradient of 45–65% 
solvent B over 30 min. Analytical analysis was 
performed using a Shimadzu instrument (C4 
column): tR = 26.0 min, purity >95%. Yield: 
32%. ESI-MS: m/z 1423.6 (calc 1423.3) 
[M+3H]3+; 1067.8 (calc 1067.7) [M+4H]4+; 
854.3 (calc 854.4) [M+5H]5+; 701.8 (calc 
701.8) [M+6H]6+. MW = 4267.1. 

Synthesis of Peptide 2 
Peptide 2 was synthesized at 0.2 mmol using 

the tert-butyloxycarbonyl (Boc) SPPS 
technique on MBHA resin in a similar manner 
as above. Resin (substitution ratio: 0.59 
mmol/g, 0.2 mmol scale, 0.34 g) was swelled 
for 2 hours in DMF and DIPEA (5.2 equiv, 91 
µL). LAA and amino acids were activated with 
HATU (4 equiv, 0.8 mL) and DIPEA (5.2 
equiv, 91 µL) in DMF and added to resin for 5- 
and 10-minute couplings. 4,4-dimethyl-2,6-
dioxycyclohexylidene-2-amino-d,l-eicosanoic 
acid (Dde-C20-OH) was coupled to the resin 
using two 1-hour couplings at room 
temperature. The Dde protecting group was 
removed from the resin using hydrazine 
monohydrate (5%) for 10, 10, and 20 minutes 
at room temperature. The remaining amino 
acids were coupled in the same manner. The 
Boc protecting group was removed using TFA, 
twice, for 1 minute each time with stirring at 
room temperature. Boc-Lys(Fmoc)OH was 
introduced before synthesis of the P25 
sequence allowing for peptide branching. The 
Fmoc group was removed using 20% piperidine 
upon completion of the P25 sequence to allow 
for branching of the p3 peptide. The peptide 
was cleaved from the resin using hydrofluoric 
acid (HF) (10 mLHF/g resin) at −8ºC in the 
presence of 5% (v/v) p-cresol and 5% (v/v) p-
thiocresol. The lipopeptide was dissolved in 
solvent B prior to lyophilization. The product 
was purified using RP-HPLC with a C4 column 
at a gradient of 45–65% solvent B over 30 
minutes. tR = 41.1 min, purity >95%. Yield: 
13%. ESI-MS: m/z 1886.3 (calc 1886.6) 



Prnano.com, https://doi.org/10.33218/prnano3(1).191210.1   Andover House, Andover, MA USA  

The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC-SA 4.0 
475 

[M+3H]3+; 1415.6 (calc 1415.2) [M+4H]4+; 
1132.5 (calc 1132.4) [M+5H]5+; 944.0 (calc 
943.8) [M+6H]6+; 809.3 (calc 809.1) [M+7H]7+. 
MW = 5657.0. 

Synthesis of Peptide 3 
Peptide 3 was synthesized at 0.2 mmol using 

Boc SPPS on MBHA resin in the same manner 
as that described for peptide 2. The initial 
peptide containing p3 and P25 sequences was 
synthesized, followed by attachment of the 
pHAA chain. Boc-Lys(Fmoc)OH was 
introduced after the synthesis of P25 allowing 
for peptide branching. Following the synthesis 
of p3 to the lysine-P25 sequence, the Fmoc side 
chain was removed using 20% piperidine and 
the poly-leucine moiety was attached using the 
standard coupling procedure. The product was 
purified using RP-HPLC with a C4 column at a 
40–70% solvent B gradient over 30 minutes. tR 

= 30.2 min, purity >95%. Yield: 16%. ESI-MS: 
m/z 1522.0 (calc 1521.6) [M+4H]4+; 1217.6 
(calc 1217.5) [M+5H]5+; 1014.9 (calc 1014.7) 
[M+6H]6+. MW = 6082.5. 

Characterization of 2 and 3 
The size of the self-assembled particles was 

measured by dynamic light scattering using a 
Zetasizer 3000TM (Malvern Instruments, 
Malvern, UK). Morphology of the vaccine 
peptides was evaluated using transmission 
electron microscopy (TEM) (HT7700 Exalens, 
HITACHI Ltd., Japan) following vacuum 
drying. Briefly, the samples were diluted in 
pure distilled water (1:100), dropped directly on 
a glow-discharged carbon-coated copper grid, 
then stained with 2% uranyl acetate. The 
samples were observed at 200 000 
magnification. 

Vaccination scheme and hookworm 
challenge 

Ten-week-old male BALB/c mice (Animal 
Resources Centre, Perth, WA, Australia) were 
randomly divided into four groups of 10. The 
mice had free access to pelleted food and water. 
Freshly prepared preparations were orally 
administered at a dose of 100 µg of peptides 2 
and 3 in 100 µL of water per mouse using a 20-
gauge oral gavage tube on days 0, 7, 14, 21, 28, 
and 35. The negative control group received 
100 µL PBS per mouse, while the positive 
control group received 100 µg control peptide 1 
with 10 µg of CTB in 100 µL of water per 

mouse, all on the same dosing schedule. Two 
weeks after the final immunization (day 49), 
mice were subcutaneously administered with 
500 infectious Nippostrongylus brasilisensis 
larvae (L3) in 200 µL PBS in the scruff. N. 
brasiliensis was maintained in Sprague-Dawley 
rats (Animal Resources Centre), as previously 
described.31, 32 Infectious L3 were freshly 
prepared from 2-week-old rat faecal cultures. 
Mice were euthanized with CO2 7 days post-
infection. Blood, adult parasites from the small 
intestine and weighted faecal samples from the 
large intestine were collected.  

Collection of serum 
Blood samples on day 48 were taken from the 

tail, while samples on day 56 were collected via 
cardiac puncture euthanasia. All samples were 
deposited into separation Z-Gel micro tubes 
(Sarstedt 41.1378.005), left for 1 hour at room 
temperature, then centrifuged for 5 minutes at 
10,000 g. The serum was removed and stored at 
−20°C until analysis. 

Evaluation of antibody responses 
Enzyme-linked immunosorbent assays 

(ELISAs) were performed to determine 
antigen-specific IgG antibody titers from serum 
samples. All reactions were performed in 100 
µL/well. Each well of a 96-well microtiter plate 
(Greiner Microlon® 600) was coated with 5 
µg/mL of p3 peptide, mature recombinant Na-
APR-1 (provided courtesy of Pearson et al. 33) 
or N. brasiliensis excretory/secretory proteins 
(Nbr ESP; as described by Eichenberger et al.34) 
diluted in 0.1 M sodium carbonate/bicarbonate 
(pH 9.6) for 2 hours at 37°C. Plates were 
washed three times with PBS/0.5% Tween 20 
(PBST) and blocked with 5% skim milk to 
reduce non-specific binding overnight at 4°C. 
Samples at a 1:100 dilution for IgG in serum 
were added for 1 hour at 37°C. All reactive 
samples were titrated to endpoint in two-fold 
serial dilutions. Plates were washed three times 
and horseradish peroxidase-conjugated goat 
anti-mouse IgG antibody (1:4000 in PBST, 
Invitrogen #62-6) was added for 1 hour at 37°C. 
Plates were washed four times and incubated 
with TMB substrate solution (Invitrogen 00-
4201-56) at room temperature for 20 minutes. 
Antibody titers from the samples were taken at 
the lowest dilution that exceeded an absorbance 
of three standard deviations of the mean 
absorbance from the negative control group. 
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Statistical Analysis 
Statistical analysis of antibody titers between 

groups was performed using one-way analysis 
of variance (ANOVA) followed by Tukey’s 
multiple comparisons test. Differences in adult 
worm and faecal egg burdens were determined 
by non-parametric Mann-Whitney U test. 
GraphPad Prism 7.03 software (GraphPad 
Software Inc., CA, USA) was used for 
statistical analysis. Differences were 
considered significant at p < 0.05. 

Results and Discussion 
Peptides 1-3 were synthesized according to 

the standard Boc-SPPS procedure.35 A 
hydrophilic moiety built from lysine and serine 
was introduced to peptides 2 and 3 to increase 
solubility and promote the self-assembly of 
peptides as both P25 and p3 are relatively 
hydrophobic. This moiety is identical to the 
traditional solubilizing unit used in the 

Pam3Cys adjuvant and its derivatives.36 A 
similar approach effectively produced self-
assembled LCP-based nanoparticles (15–20 
nm) for a peptide-based vaccine against GAS.37  

Peptides 2 and 3 were self-assembled under 
aqueous conditions. Their properties were 
measured using dynamic light scattering (DLS) 
and TEM (Figure 2). Peptide 2 formed particles 
of around 115 nm and 340 nm in size with a 
high polydispersity index (PDI) of 0.4, similar 
to random aggregates previously seen in LCP-
based systems.38-40 Peptide 3 displayed a range 
of particle sizes (100–5000 nm) with a PDI of 
0.4; however, 100 nm nanoparticles were 
predominantly observed through TEM (Figure 
2). Particle size can affect absorption through 
the GI tract and, subsequently, recognition and 
processing by antigen presenting cells; particles 
less than 500 nm are taken up more efficiently 
than larger particles.17, 41  

 

 
Figure 2. Transmission electron microscopy images of (a) peptide 2 (bar 200 nm) and (c) 3 (bar 500 nm) stained with 2% 

uranyl acetate. Particle size distribution by the intensity of (b) peptide 2 and (d) 3. Five independent measurements by dynamic 
light scattering were recorded per compound. 

The ability of the vaccine peptides to elicit a 
humoral response against hookworm was 
investigated. BALB/c mice (10 mice/group) 

were orally immunised with vaccine 
candidates. The positive control group received 
peptide 1 formulated with cholera toxin subunit 
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B (CTB), a potent mucosal adjuvant that is only 
approved for mouse studies due to its potential 
adverse effects in other animal species and the 
negative control group received PBS. 
Following weekly oral dosing for 6 weeks (day 
49), immunized mice were subcutaneously 
challenged with 500 N. brasiliensis third-stage 
larvae (L3) and left for 7 days. Peptide-based 
vaccines against hookworm not only need to 
induce the production of antibodies against the 
p3 peptide but those antibodies also need to 
recognize the parent N. americanus and N. 
brasiliensis proteins, Na-APR-1 and Nb-APR-
1, respectively. Recombinant Na-APR-1 is 
accessible42; however, recombinant Nb-APR-1 
is presently only available in the native form in 
N. brasiliensis excretory/secretory products 

(Nbr ESP).43 Similar IgG antibody titers against 
p3, Na-APR-1 and Nbr ESP were detected in 
mice treated with peptides 2 and 3 and positive 
control CTB + 1, respectively (Figure 3). All 
mice immunized with peptides 2 and 3 
produced antibodies against the hookworm 
peptides and parent proteins, with similar titers 
to positive control mice. No quantifiable 
induction of a natural immune response to the 
peptide/proteins was seen in the negative 
control group for at least 7 days following N. 
brasiliensis challenge (Figure 3d-f, PBS 
group). Natural immune responses may be seen 
anywhere up to two weeks following infection, 
but the vaccinated groups in this study 
produced higher antibody titers after just 7 
days.  

 

 
Figure 3. p3-specific, Na-APR-1 and Nbr ESP IgG antibody titers from pre-challenge blood (day 48) and 7 days post-

challenge with N. brasiliensis (day 56). (a) p3-specific serum IgG titers at day 48; (b) Na-APR-1-specific serum IgG titers at 
day 48; (c) Nbr ESP-specific serum IgG titers at day 48;(d) p3-specific serum IgG titers at day 56; (e) Na-APR-1-specific 
serum IgG titers at day 56; (f) Nbr ESP-specific serum IgG titers at day 56. Each point represents an individual inbred BALB/c 
mouse (n=10). Statistical analysis was performed for mice immunized with peptide antigens in comparison to mice treated 
with PBS (there were no statistical significant differences between immunized groups except that shown on panel (d)); ns, 
p > 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001.  

Adult worms were collected from the small 
intestine and eggs counted from faecal samples 
7 days after infection (day 56). Mean adult 
worm burden was significantly reduced in mice 

vaccinated with 2 (85% reduction), 3 (89%) and 
CTB + 1 (98%) compared to negative control 
mice (Figure 4). Faecal egg burden was also 
significantly lower in mice vaccinated with 2 
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(84%), 3 (75%) and CTB + 1 (98%). While 
there was no significant difference in worm 
burden between mice that received the 
unnatural and natural amino acid-based 
delivery systems (i.e. peptide 2 vs 3), the 
pHAA-based vaccine (3) has other notable 
advantages, as it is fully biodegradable with 
natural metabolites, composed of readily 
available natural amino acids, and is a fully 
defined single molecule without racemic 
moieties. There is not a distinct threshold of 
protection required for human helminth 
infections. What is generally accepted is that 
sterilizing immunity is unlikely to be achieved, 
and importantly, unnecessary to limit 

pathology.44 In helminth infections, and 
notably hookworm disease, there is a clear 
correlation between infection intensity and 
morbidity. The more worms that are present, 
the greater the blood loss and accompanying 
iron-deficiency anaemia (IDA). IDA is 
responsible for the pathogenesis of hookworm 
disease, so limiting adult worm burdens without 
necessarily eliminating the infection altogether 
is required to achieve an effective anti-disease 
vaccine. The ability of a host to tolerate blood 
loss induced by feeding hookworms is also 
dependent on the nutritional status of the host 
and their ability to replenish lost blood.45 

 

 
Figure 4. Peptides 1, 2 and 3 induced significant reductions in parasite burden after challenge with Nippostrongylus 

brasiliensis. The number of worms in the small intestine (a) and eggs in feces collected from the colon (b) were significantly 
reduced compared to control mice that received just PBS. Egg burden was calculated based on the number of eggs in 1 g of 
feces. Horizontal bars represent the mean of each group. Statistical analysis was performed for mice immunized with peptide 
antigens in comparison to mice treated with PBS; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ****, p < 0.0001.  

Conclusion 
Effective, non-toxic, adjuvating delivery systems for oral peptide vaccines do not exist, and the 

development of a universal adjuvant has been one factor limiting mucosal vaccination. Here, we 
produced single component, self-assembling, nanoparticle delivery systems that protected mice against 
a model hookworm infection. While classical, multicomponent delivery systems, such as polymers or 
modified liposomes, are commonly used in vaccine design we demonstrated that a single molecule-
based delivery system for oral administration can be effective. In comparison to unnatural lipid-based 
vaccine candidates, the self-adjuvating pHAA system is easily and inexpensively produced, and 
properties (e.g. water solubility, conformational behaviour, etc.) of the pHAA unit can be adjusted as 
required by altering length and amino acid composition. The pHAA-based vaccine presented here is the 
first construct built entirely from natural amino acids that has been effective at inducing humoral 
immune response after oral administration.  
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