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Abstract

The efficacy of 15 nm gold nanoparticles (AuNP) coated with Yersinia pestis F1-antigen, as an
immunogen in mice, has been assessed. The nanoparticles were decorated with F1-antigen using
N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide coupling chemistry.
Mice given AuNP-F1 in alhydrogel generated the greatest 1gG antibody response to F1-antigen
when compared with mice given AuNP-F1 in PBS or given unconjugated F1-antigen in PBS or
alhydrogel. Compared with unconjugated F1-antigen, the 1gG2a response was enhanced in mice
dosed with AuNP-F1 in PBS (p < 0.05) but not in mice immunised with AuNP-F1 in alhydogel.
All treatment groups developed a memory response to F1-antigen, the polarity of which was
inflenced by formulation in alhydrogel. The sera raised against F1-antigen coupled to AuNPs was
able to competitively bind to rF1-antigen, displacing protective macaque sera.
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Introduction

Yersinia pestis is a Gram-negative bacterium and the causative agent of plague [1].
Although the bacterium no longer causes pandemics of disease, the World Health
Organisation estimates that world wide there are still approximately 3000 cases of plague
annually [2]. The isolation of drug resistant strains, as well as the concern over the potential
for Y. pestisto be used as a bioterrorism agent, has led to a recent resurgence in research in
developing a vaccine. Immunisation with the F1-antigen, which normally encapsulates the
bacterium, can provide protection against experimental plague [3-5]. Consequently, the F1-
antigen is currently included in candidate plague vaccines, some of which have completed
preliminary trials in humans [6-8].

The field of nanotechnology has growing applicability to medical biotechnology including
drug and vaccine delivery. For example, liposomes can self-associate to form spherical
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micelles, typically 400 nm in diameter, with an aqueous interior [9]. Polymeric micelles,
made from inert materials or biodegradable polymers such as poly-L-lactide (PLA) or poly-
L-lactide-co-glycolides (PLGA) allow drug encapsulation within a hydrophobic core or
absorption to the hydrophilic shell. This encapsulation processes can be manipulated to
encapsulate drugs or vaccines within the interior. Encapsulation technologies have allowed
otherwise toxic drugs, such as paclitaxel, to be delivered without the use of toxic solvents
[10].

Also of interest for drug and vaccine delivery is the use of solid NPs, composed from a
range of materials and ranging in size from 1-500 nm. Some research has used gold
nanoparticles (AuNPSs) since they can be easily synthesised in the laboratory to provide
monodisperse particles of a predetermined size [11-13]. Subsequently the rate and
mechanisms of uptake of AuNPs have been determined and 50 nm particles shown to be
optimal for uptake by HelLa cells [14]. Smaller particles (< 20 nm) may be able to enter
mammalian cell lines via non-endosomal pathways [15, 16]. Therefore, particles of different
sizes might influence the immune response to the passenger antigen. AuNPs also allow
alternate immunisation routes to be used. For example, oral or nasal administration of
insulin loaded AuNPs enhanced the intestinal absorption of insulin and reduced blood
glucose levels in diabetic rats to a greater extent than insulin solution alone [17, 18]. AuNPs
have also been used widely for the epidermal delivery of DNA vaccines using a “gene gun”
[19, 20]. Despite its low delivery efficiency, this method elicits humoral and cellular
immune responses making it one of the most successful approaches to DNA vaccine
delivery to date [19]. Here we describe the conjugation of Y. pestis F1-antigen onto AuNPs ,
in order to determine whether this delivery system will enhance immunogenicity in mice.

2. Materials and methods

2.1 Nanoparticle synthesis

Gold(11) chloride trihydrate (HAUCl, - 3H,0, 99.9%), sodium citrate dihydrate
(NazCgH507 - 2H,0, 99%), N-(3-dimethylaminopropyl)- A:ethylcarbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS, 98%) were purchased from Sigma-
Aldrich Co. Ltd. (Gillingham, UK).

AUNPs were synthesised using the Turkevich method [13]. Briefly, 90 ml 1mM
HAUCI4.3H,0 was heated to 90°C with stirring. Next, 10 ml 90 mM Na3zCgHs07 was added
before cooling to room temperature in the dark. Particle characterisation was carried out
using ultraviolet-visible spectroscopy and their diameters determined by transmission
electron microscopy (TEM).

2.2 Conjugation of protein onto gold nanoparticles

Untagged recombinant F1-antigen (rF1) was produced in Escherichia coli from the
expression system previously described [21], under good manufacturing practice conditions.
Briefly, £. coliharbouring the cafoperon were grown in L-broth and centrifuged cells re-
suspended in PBS to release F1-antigen from the cell surface. The F1-antigen was purified
using ammonium sulphate precipitation followed by gel filtration chromatography. The F1
antigen preparation was demonstrated to be endotoxin free. The F1-antigen was immobilised
onto AuNPs using carbodiimide chemistry. To a NP suspension, 0.1 mM 16-
mercaptohexadecanoic acid (MHDA) was added followed by 0.1% (vol/vol) Triton®-x 100
and incubated for 2h at room temperature. The mixture was centrifuged at 13,000 x g for 10
min, the supernatant removed and the pellet re-suspended in phosphate buffered saline
(PBS). N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), 0.15 mM and 0.6 mM respectively were added before further adding 20 ug/ml (final
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concentration) F1-antigen. The solution was incubated at room temperature for 2h.
Centrifugation was used to sediment the conjugated NPs which were resuspended in PBS
and characterised using spectrometry.

2.3 Protein quantification

Conjugated protein was released from AuNPs using 0.1 mM mercaptoethanol (Sigma-
Aldrich), displacing the MHDA linker from the gold. The sample was separated through a
NuPAGE® 4-12% Bis-Tris gel alongside known amounts of protein, before staining with
Coomassie Blue. Densitometry was used to determine the amount of protein released from
the AUNPs.

2.4 Immunisation

Groups of 5 female 6-8 week old BALB/c mice were immunized once with 0.1 ml per
mouse by the intra-muscular (i.m.): group 1 received 0.93 ug rF1-antigen conjugated NPs
formulated in 0.26% wi/v alhydrogel (AuNP-F1/alhy); group 2 received 0.93 ug rF1-antigen
conjugated NPs in PBS (AuNP-F1/PBS); group 3 received empty NPs in PBS (NP/PBS);
group 4 received 0.93 pg rF1 formulated in 0.26% wi/v alhydrogel (F1/alhy); and group 5
received 0.93 g rF1 in PBS (F1/PBS). Mice were bled from the lateral tail vein each week
to obtain blood for antibody analysis. Mice were euthanized after six weeks with terminal
blood sampling and splenectomy.

2.5 Immunoanalysis

Sera from individual animals were assayed for F1-specific IgG titre using an enzyme-linked
immunoassay (ELISA) [22]. Briefly, sera were aliquoted into microtitre wells pre-coated
with 5 pg/ml F1 (in PBS). Binding of serum was detected using an HRP-conjugated goat
anti-mouse IgG, anti-mouse 1gG1 or anti-mouse 1gG2a (Abcam; 1:5000 in 1% skimmed
milk in TBS) followed by incubation (37°C, 1 h). ABTS substrate was added (Pierce) and
the absorbance measured at 415 nm using a Multiskan plate reader. Titres were determined
by comparison with a standard curve using Ascent software. Geometric mean titres were
determined + standard error of the mean for each treatment, allowing a statistical
comparison of mean titres between groups, using the Student’s t-test.

The detection of antibody which competed with a protective polyclonal macaque serum for
binding to F1-antigen was determined as previously described [6]. Briefly, F1-antigen was
coated (5 pg/ml) onto microtitre plate wells followed by the addition binding of reference
serum at a 1:10 dilution. Individual sera were added in duplicate in a 2-fold dilution series in
1% (w/v) skimmed milk powder in TBS. Naive macaque serum was used as a negative
control. HRP-conjugated goat anti-mouse 1gG (Abcam; 1:5000 in 1% skimmed milk in
TBS) was added followed by incubation (37°C, 1h). Plates were washed prior to the addition
of ABTS substrate (Pierce) with subsequent reading of the absorbance at 415 nm.

2.6 Flow cytometric analysis

Spleens from individual mice were homogenised in Dulbecco’s Modified Eagles Medium
supplemented with L-glutamine, penicillin and streptomycin and the suspension splenocytes
washed by centrifugation (10,000 rpm; 5 min) prior to collecting the cell pellet and re-
suspending the cells in DMEM supplemented as described above, with additional 10% v/v
foetal calf serum. Live splenocytes were enumerated and 200 ul of each was aliquoted in
duplicate to the wells of a 96-well plate, and F1-antigen was added to each well at a final
concentration of 25ug/ml. Plates were incubated overnight (37°C/5% CO2). Next day, plates
were centrifuged and cell culture supernatants were collected and frozen (-80°C) pending
analysis of cytokines by cytometric bead assay (Becton Dickinson, UK). Non-adherent
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splenocytes were removed after centrifugation, collected and stained with a mastermix of
antibodies specific for surface markers CD3, CD4, CD8 and CD45, and each labelled with a
different chromophore (Becton Dickinson, UK). Antibody-bound cells were analysed by
fluorescence activated cells sorting (Cantifluor, Becton Dickinson, UK) and the percentage
and activation status of cells in the mixed splenocyte suspension was determined.

2.6 Statistical analysis

3. Results

Statistical differences between mean values were calculated using an unpaired, two-tailed
Student’s t-test and p values of < 0.05 were considered significant.

3.1 Preparation of gold nanoparticles

The synthesis of AuNPs used the Turkevich method of gold chloride reduction with citrate,
where the diameter of the particles was controlled by the concentration of the citrate. The
particles remain stable due to the repulsion of the anionic surface in the citrate solution.
Characterisation of the particles using spectrometry showed them to be monodisperse with a
Amax Of 519 nm (Fig. S1A). The particles were imaged using TEM and had a mean diameter
of 15.6 nm (Fig. S1B). The concentration measured using NP tracking analysis was 1.37 x
108 particles/ml.

3.2 Gold nanoparticle functionalisation

In order to conjugate F1-antigen onto the NPs a linker consisting of MHDA was first bound
to the NP. The MHDA was covalently attached via a gold-sulphur bond, and formed a self-
assembled monolayer projecting a carboxyl group for linkage to the protein. Carboxylated
NPs were purified from the bulk material, by centrifugation and washing, and then
characterised by spectrophotometry, which revealed a shift in A 5 from 519nm to 525 nm
(Fig. S1A).

Carbodiimide coupling chemistry was used to conjugate the 15 kDa F1-antigen onto the
MHDA linker. First, the concentration of F1-antigen required to saturate the NP surface was
determined. Increasing concentrations of F1-antigen, in the range 0-50 pg/ml, were added to
similar amounts of AuNPs. The binding of F1-antigen was assessed by monitoring the
change in the wavelength of maximum absorption of visible light and also by the change in
refractive index of the NPs [23]. This revealed that the NPs were saturated when 30 pg/ml of
F1-antigen was added (Fig. 1). The amount of protein conjugated onto the NPs was
measured by purifying the nano-conjugates, using centrifugation and washing, and re-
suspending into 2-mercaptoethanol which released the F1-antigen. The released protein was
analysed in a 4-12% Bis-Tris gel stained with Coomassie blue, where the relative intensity
of the protein band could be quantified against a standard curve of known concentrations
(Fig. 2). The amount of protein detected using this method was 0.3 g of protein released
from 10 pl NPs, equating to approximately 160 molecules per NP.

3.2 Immunisation study

To evaluate the immunogenicity of the F1-antigen AuNP conjugated vaccine, BALB/c mice
were immunised i.m. with a single dose of AUNP-F1 with or without an aluminium
hydroxide adjuvant (alhydrogel). The animals were observed for six weeks and the
development of antibody to F1-antigen in sera was measured using an ELISA (Fig. 3).
Control mice received F1-antigen in either alhydrogel or PBS, or AuNPs alone. After 14
days, mice given AuNP-F1/alhy generated the greatest F1-antigen-specific antibody
response when compared with AUNP-F1/PBS (p < 0.01). Mice immunised with F1/alhy
generated a greater immune response than those in the groups with PBS instead of
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alhydrogel (p< 0.01). There was a significant decline in IgG titres from mice immunised
with unconjugated F1-antigen with or without alhydrogel from days 35 or 21 days
respectively, post immunisation (p < 0.01). Mice given AuNP-F1/alhy showed no decline in
IgG titre at 42 days post-immunisation. Mice immunised with empty AuNPs alone did not
develop antibody against F1-antigen (data not shown). In all of the immunised groups the
concentration of F1-specific 1gG1 exceeded 1gG2a (Table 1). However, the concentration of
F1-specific IgG2a in mice immunised with AuUNP-F1/PBS was significantly increased
compared with mice administered unconjugated F1/PBS (p < 0.05). Formulation of AuNP-
F1/alhy significantly increased both 1gG1 and 1gG2a responses, (p < 0.01 and p < 0.05,
respectively), compared with AuUNP-F1/PBS.

Sera collected from mice in individual treatment groups were assesed for their abilities to
compete with sera from macaques previously immunised with F1-antigen. This sera has
been shown to passively protect mice from a Y. pestis challenge [24]. The sera from mice
immunised with F1-antigen formulations was able to displace the macaque sera (Fig. 4).
Sera from animals immunised with AuNP-F1/alhy competed most succesfully with the
macaque antibody, with a significantly greater percentage bind than any other group for the
intial two dilutions (p < 0.01). Sera from mice immunised with AuNP-F1 or unconjugated
F1-antigen competed similarly with the macaque sera.

3.3 Flow cytometric analysis

Flow cytometric analysis showed that a high percentage of cells positive for the activation/
maturation marker CD45 existed in all treatment groups (Table 2). CD4+ cells as a
percentage of cells bearing the pan T-cell marker (CD3) exceeded CD8+ cells as a
percentage of the CD3+ population, for all treatment groups, with no significant differences
between groups. Analysis of IFN+y in culture supernatants of splenocytes re-stimulated ex
vivo with F1-antigen, revealed a significantly reduced level from cells obtained from mice
immunised with AuNP-F1/alhy, compared with those from mice administered F1/PBS (P <
0.05), indicating the anti-inflammatory influence of alhydrogel in the vaccine formulation.

4. Discussion

Previous studies have shown that i.m. immunisation with recombinant F1-antigen induces a
protective immune response against Y. pestis[3, 5, 22]. There is also potential for a subunit
vaccine composed of Y. pestis F1-antigen and recombinant V antigen (a secreted Y. pestis
protein) encapsulated within polylactide microspheres to replace the current killed whole
cell vaccine [22, 25]. Although promising, the immmmune response to this vaccine was
reported to be slow to develop, atrributed to the slow release of antigen from the
microparticles; something which is true of many encapsulation strategies [26-28]. It would
therefore be favourable to develop a delivery system which is not only self-adjuvanting but
induces an appropriate immune response for protection without the need for multiple dosing.

Much attention has now turned to NPs as a method for delivering vaccines [29-36]. In this
study we have used F1-antigen coupled to 15 nm AuNPs. By ensuring that a non-ionic
detergent, such as Triton X-100, was present during the conjugation process, we were able
to separate NP-bound from free F1-antigen by centrifugation, avoiding inefficient gel
chromatography steps. This method may be useful to other workers aiming to generate gold
nanoconjugate vaccines.

When immunised i.m. into mice, F1 conjugated to AuNP induced antibody responses which
were superior to the responses induced by F1-antigen alone. NP conjugated F1 also
generated higher 1gG2a titres suggesting activation of Ty, cells. However, IFNvy levels from
splenocytes taken from mice immunised with AuNP-F1/alhy were lower than from mice
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immunised with F1/PBS or with AuUNP-F1/PBS. This indicates that the incorporation of
alhydrogel into the formulation supressed IFNvy responses. Unlike other studies using
microspheres to deliver antigens, our data shows no delay in the induction of antibody. This
is likely to be attributed to the presentation of F1-antigen on the NP surface. Similarly an
attenuated strain of Sa/monella Typhimurium expressing F1-antigen on its surface was a
potent immunogen and protected mice against challenge with Y. pestis (24).

Other workers [37-39] have reported the ability of AuNPs to enhance the ability of antigen
to evoke antibody responses compared with antigen given alone. In the case of merozoite
surface protein 1 or Nogo-66 receptor, coupling to AuNPs resulted in antibody responses
exceeding those elicited by the antigen given with Freunds adjuvant [38, 39]. Some workers
have reported that the use of alum as an adjuvant further enhanced the responses elicited by
antigen bound to AuNPs [38] but others have used antigen bound to AuNPs without an
additional adjuvant [37, 39]. We found that the use of alum as an adjuvant enhanced the
antibody response to F1-antigen linked to AuNPs.

F1 is a proven antigen which we know from the published literature to be immunogenic and
protective against Y. pestis [40, 41]. Whilst we have not challenged immunised mice in this
study the ability of sera from mice immunised with AuNP-F1 to compete with a protective
macaque antiserum [40-42] for binding to F1-antigen indicates that the AUNP-F1 has
induced a protective antbody response. Thus we conclude that the conjugation of F1-antigen
to AuNPs has been succesfully achieved without interference with protective B-cell epitopes
in F1-antigen.

Whilst our results are encouraging, the utility of NPs as vaccine carriers requires further
investigation. Gold has been used widely in medicine, but some recent publications suggest
that AuNPs can accumulate within tissues and elicit toxic effects [43, 44]. These reports
involve studies where high doses of NPs are repeatedly given intraperitoneally. In contrast
there is also literature indicating no evidence of toxicity associated with AuNPs [39, 45] and
it is possible that single doses of NPs given intramuscularly are not toxic. The toxicity of
gold might also be influenced by its phsyical state. In the case of TiO, and Cu,0,
nanoparticles have been shown to be toxic inducing tissue damage and production of
reactive oxygen species [44, 46-48], although larger particles lack toxicity. Further work is
also required to determine the fate of AuNPs given intramuscularly and, the mechanisms by
which AuNPs are taken up into antigen presenting cells requires clarification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Minimum protein concentrations required for AuNP saturation was determined by
measuring the shift in A5 With increasing F1-antigen concentration. Graph shows a
representative data set from three replicates.
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Fig. 3.

Relative concentrations of F1-specific total 1gG in sera from BALB/c mice at different times
after giving a single dose of the immunogens indicated. After 14 days, mice immunised with
gold AuNP-F1/alhy generated a significantly higher IgG titre compared with AUNP-F1/PBS
or unconjugated F1-antigen in PBS (P < 0.01). AuNP-F1/alhy immunised mice did not show
a decline in IgG at 42 days post-immunisation. Each point is the mean of values from five
mice.
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Fig. 4.

Competitive ELISA for binding to F1-antigen. After 14 days, mice immunised with AuNP-
F1/alhy generated a significantly higher IgG titre compared with AuNP-F1/PBS and
unconjugated F1-antigen in PBS (P < 0.01). Mice dosed with AuNP-F1/alhy did not show a
decline in total 1gG at 42 days post-immunisation. Each point is the mean of values from
five mice.
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Table 1

Analysis of F1-specific IgG1 and 1gG2a isotypes in sera taken from immunised mice. The concentration of
F1-specific IgG2a in mice immunised with AUNP-F1/PBS was significantly increased compared with mice
administered unconjugated F1/PBS (p<0.05). Formulation of AuNP-F1/alhy significantly increased both IgG1
and 1gG2a responses, (p<0.01 and p<0.05, respectively), compared with AuUNP-F1/ PBS

Vaccine Group  19gG1 (ug/ml) 1gG2a (ug/ml)  Ratio

1gG1:1gG2a
AuNP-Fl/alhy 22.95+3.83 1.67+0.11 13.75
AuNP-F1/PBS 6.59 + 0.86 0.98+0.13 6.72
F1/alhy 12.53 +3.15 0.86 +0.18 14.57
F1/PBS 6.46 £ 0.39 0.46 +0.07 14.04
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Table 2

Percentage of CD3+ splenocytes displaying the activation marker CD45 on ex vivo re-stimulation with F1-
antigen. For all treatment groups, CD3*CD4™ cells outnumbered CD3*CD8™ cells by approximately 2:1, with
no significant differences between groups. The secretion of IFN+y by restimulated splenocytes was
significantly reduced in the group receiving AuNP-F1/alhydrogel, compared with the F1/PBS group (p<0.05).

Vaccine group  CD45+ (% of CD3+ cells  IFN+y output (ng/ml £
+s.e.m.) specifically s.e.m.) in recall response
activated by F1 ex vivo specific for F1

AuNP-Fl/alhy  89.8+2.2 327 +24

AuNP-F1/PBS  86.0+5.0 704 + 187
F1/alhy 82.04£10.3 542 +121
F1/PBS 748+ 14 775+ 113
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