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Abstract

Burkholderia mallei are Gram-negative bacteria, responsible for the disease glanders. B. mallei
has recently been classified as a Tier 1 agent owing to the fact that this bacterial species can be
weaponised for aerosol release, has a high mortality rate and demonstrates multi-drug resistance.
Furthermore, there is no licensed vaccine available against this pathogen. Lipopolysaccharide
(LPS) has previously been identified as playing an important role in generating host protection
against Burkholderia infection. In this study, we present gold nanoparticles (AuUNPS)
functionalised with a glycoconjugate vaccine against glanders. AuNPs were covalently coupled
with one of three different protein carriers (TetHc, Hcpl and FliC) followed by conjugation to
LPS purified from a non-virulent clonal relative, B. thailandensis. Glycoconjugated LPS generated
significantly higher antibody titres and compared with LPS alone. Further, they improved
protection against a lethal inhalation challenge of B. mallei in the murine model of infection.
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1. Background

Bionanotechnology is an emerging field in which nano-sized materials are utilised to
address biologically-relevant problems. The development of safe and effective vaccine
delivery systems is an area where nanotechnology can provide new avenues of innovation.
Studies into the use of nanoparticles for vaccine delivery have demonstrated great potential
for improving vaccine efficacy, either by encapsulating antigens to improve their stability or
promoting antigen-presentation by decorating antigens onto the nanoparticle surface (1-3).
Gold nanoparticles (AuNPs), in particular, have generated a lot of interest due to their
unique optical properties for imaging and site-directed release of drugs or antigens, as well
as being non-toxic and biocompatible (4-7). Moreover, there are a number of established
techniques for the fabrication of gold nanofibres (nanorods or nanotubes) and nanoparticles
of various sizes with limited size dispersity (8). The versatility and structural diversity of
gold nanomaterials allows for a variety of approaches towards their application in therapy,
bio-sensing and diagnostics.

Glanders is one of the oldest known infectious diseases, having first being described in 350
BC by Avristotle (9). Glanders is caused by the non-motile, Gram-negative bacterium
Burkholderia mallei, which usually infects equines whilst humans are considered accidental
hosts. Furthermore, B. mallei has been identified by the CDC as a Category B Select Agent
and has recently been included by the Federal Security Advisory Panel as a Tier 1 agent
(10). Elevating B. mallei to a Tier 1 agent stems from the fact that this bacterial species: (i)
can be weaponised for aerosol release; (ii) causes infection with a relatively low number of
organisms; (iii) has a high mortality rate from inhalational infection and; (iv) lacks effective
treatments and accurate diagnosis. Mortality rates for individuals with this disease vary
significantly depending on the route of infection, but can be as high as 50% even with the
correct antibiotic therapy (11). One factor contributing to this high mortality rate is the
expression of lipopolysaccharide (LPS) on the outer membrane of the bacterium. The O-
antigen moiety of LPS has been demonstrated to play an important role in bacterial
resistance to hydrophobic antimicrobials as well as the bactericidal action of human serum
(12-14). LPS is also an important antigen for generating protection against Burkholderia
infection. For example, passive protection studies using monoclonal antibodies raised
against B. mallei LPS O-antigen were shown to be protective against a lethal challenge of
glanders in a murine model of infection (15). Immunisation with LPS purified from clonal
relatives of B. mallei, B. thailandensis and B. pseudomallei, has been shown to protect mice
against an intraperitoneal (16) or an aerosol challenge (17) with B. pseudomallei.
Furthermore, immunological studies demonstrated structural similarity with LPS from these
clonal relatives to B. mallel LPS suggesting a vaccine may be cross-protective (18).
However, partial protection afforded by LPS is short-lived and the animals eventually
succumb to infection. This is because LPS is a T-independent antigen, unable to induce
long-term immunity (19). To induce a more favourable T-dependent response,
polysaccharides can be conjugated to a protein carrier, which is subsequently presented on
MHC I/11 molecules for recognition by T cells. This has previously been shown with the
Haemophilus influenzae type b (Hib) and meningococcal type C vaccines (20, 21).
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The aim of this study was to improve the protection afforded by B. thailandensis E264 LPS
by conjugating to a protein carrier. The protein carriers used included the Hc fragment
(TetHc) of tetanus toxin (TeNT; produced by Clostridium tetani), which is the current
choice of protein carrier for several licensed glycoconjugate vaccines (22—24). We also
tested haemolysin co-regulated protein (Hcpl) which is produced by both B. mallei and B.
pseudomallei, and flagellin (FIiC) which is produced by B. pseudomallei but not by B.
mallei, as carrier proteins. The glycoconjugates were covalently coupled onto the surface of
AUNPs to evaluate their potential to generate a more favourable immune response.

2. Methods

2.1 Nanoparticle synthesis

AUNPs were synthesised using the Turkevich method (25). Briefly, 90 mL 1 mM Gold (111)
chloride trihydrate (Sigma) was heated to 90 °C with stirring. Next, 10 ml 90 mM sodium
citrate dihydrate (Sigma) was added. The colloidal solution was cooled to room temperature
and stored in the dark. Particle characterisation was carried out using ultraviolet-visible
spectroscopy and their diameters determined by transmission electron microscopy (TEM).
Nanoparticle tracking analysis (NanoSight NS500) was used to determine the concentration
of AUNPs.

2.2 Protein expression and purification

His-tagged recombinant TetHc was expressed in Escherichia coli BL21 (ADE3) containing
plasmid pKS1, encoding the Hc fragment of TeNT, and cultured in Luria Bertani broth
containing 50 pg/mL kanamycin (26). Cultures were grown to early log phase prior to
induction with 1 mM isopropyl -D-1-thiogalactopyranoside (IPTG) for 4 h at 37 °C, 250
rpm. Cultures were centrifuged at 14,000 x g for 20 min at 4 °C and the cell pellet and
flocculant layer resuspended in 100 mL BugBuster® (Merck), 30 KU/uL lysozyme (Pierce),
25 U/PL benzonuclease (Merck) and 1 EDTA-free protease inhibitor tablet (Sigma) before
incubating with gentle rolling at room temperature for 30 min. Insoluble cell debris were
removed by centrifuging at 16,000 x g for 20 min at 4 °C and supernatant was added to a
HisBind column (Novagen). The TetHc protein was desalted in a PD10 buffer exchange
column (GE Healthcare) before concentrating in a Vivaspin 6 column (Sartorius) at 4,000 x
g for 20 min at 4 °C. The resulting solution was collected and assayed for TetHc by SDS-
PAGE, and Western blotting using a peroxidase conjugated anti-polyhistidine monoclonal
antibody (mAb; Sigma).

An hepl coding sequence (BMAAQ742; amino acid residues 1 — 169) was amplified by
PCR from B. mallel ATCC 23344 genomic DNA. An fliC coding sequence (BPSL3319;
amino acids 175 — 297) was amplified by PCR from B. pseudomallei K96243 genomic
DNA. The amplified hcpl gene was cloned in frame with a C-terminal 6 x His affinity tag
(vector pET28a; Novagen). The amplified fliC gene was cloned with an N-terminal tag
(vector pET15b; Novagen). E. coli (\DE3) Rosetta strains harbouring these constructs were
cultured in Overnight Express instant TB medium (Novagen) and grown at 37 °C, 250 rpm
for 18 — 20 h prior to harvesting by centrifugation: 8,000 x g for 15 min. Bacterial pellets
were resuspended in 25 mL of Lysis buffer (50 mM NaH,PO,4, 300 mM NaCl, 10 mM
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imidazole, pH 8.0) supplemented with EDTA-free protease inhibitor cocktail (Roche) and 1
mg/mL lysozyme (sigma). After 15 min on ice, bacteria were lysed by sonication using a
Misonix 3000 sonicator with a flat tip probe (power level 3.5; 10 x 30 s pulses, 30 s delay).
Cell lysates were centrifuged at 19,118 x g for 20 min and the supernatant added to 1 mL of
washed Ni2*-NTA agarose resin (Qiagen). Samples were rotated at 4 °C for 1 h and the
resin washed three times with wash buffer (Lysis buffer containing 25 mM imidazole)
followed by centrifugation at 1,000 x g. Proteins were eluted with 750 pl of Elution buffer
(Lysis buffer containing 250 mM imidazole) under gravity flow conditions through Poly-
Prep chromatography columns (Bio-Rad). Eluted proteins were further purified by size
exclusion chromatography using a Hiload 16/60 Superdex 200 preparatory grade column
(GE Healthcare) connected to an ACTA FPLC (GE Healthcare). Running buffer was
HEPES-buffered saline (10 mM HEPES, 150 mM NacCl, pH 7.4) used at a flow rate of 0.5
mL/min, 4 °C. Fractions containing protein were identified by SDS-PAGE and pooled prior
to concentration with Amicon Ultra protein concentrators (Millipore). Protein concentrations
were calculated using the BCA assay (Pierce) and confirmed by SDS-PAGE and Western
blotting using a peroxidase conjugated anti-polyhistidine mAb (Sigma). Aliquots of proteins
were stored at —80 °C.

2.2 LPS purification

LPS was extracted from Burkholderia thailandensis E264 using a modified hot-phenol
extraction method (27). Briefly, bacterial cell pellets were lysed for 16 h at 4 °C using
15,000 U of lysozyme (Sigma) per mg of bacteria. DNase | (Promega) and RNase |
(Promega) were added at 20 pg/mL each, stirred at room temperature for a further 16 h,
prior to digestion with 50 pg/mL Proteinase K (Promega) for 6 h. An equal volume of 90%
(w/v) aqueous phenol was added and the bacterial suspension heated to 70 °C for 30 min
with vigorous stirring. The mixture was dialysed against dH,O for 3 days, with frequent
changes, prior to lyophilisation. The dry material was subsequently digested with 50 pg/mL
Proteinase K for 4 h at 45 °C and ultracentrifuged at 100,000 x g for 3 h. Gel-like pellets
were resuspended in dH,0 and lyophilised. The dry LPS was weighed, resuspended in
dH,0, stored in aliquots at —80 °C. The quality of the purified LPS was verified using SDS-
PAGE and silver-staining (Bio-Rad Silver Stain Plus kit).

2.3 Antigen coupling onto gold nanoparticles

Recombinant carrier proteins were immobilised onto AuNPs using carbodiimide chemistry.
To an AuNP suspension, 0.1 mM 16-mercaptohexadecanoic acid (MHDA) was added
followed by 0.1% (v/v) Triton® X-100 (Sigma) and incubated for 2 h 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-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (Sigma; EDC) and N-hydroxysuccinimide (NHS; Sigma),
0.15 mM and 0.6 mM, respectively, were added before further adding 20 pg/mL of carrier
protein. The solution was incubated at room temperature for 2 h. Centrifugation was used to
sediment the conjugated AuNPs which were resuspended in PBS.

To make a 1 mL solution of LPS coupled to AuNPs, 4.3 uL 40 mM EDC and 17.3 pL 10
mM NHS was added to 0.26 mg LPS in 50 mM MES buffer pH 5.5 and incubated at room
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temperature for 15 min. Following this, 10.9 pL 800 uM 6-maleimidocaproic acid
hydrazide, trifluoroacetic acid salt (EMCH; Pierce) was added to the LPS solution and
incubated at room temperature for a further 15 minutes. The pH of the LPS solution was
adjusted to 7.0 using NaOH and left to incubate for an hour. Meanwhile, AuNPs coupled
with a protein carrier of choice was suspended in 874.6 L potassium phosphate buffer (pH
7.5) before adding 25.4 pL 250 mM S-acetylthioglycolic acid N-hydroxysuccinimide ester
(SATA; Sigma) and incubating at room temperature for 60 minutes. Hydroxylamine and
EDTA were then added to the AuNP solution to quench the reaction with SATA. LPS was
centrifuged in a Vivaspin® 6 centrifugal concentrator (Sartorius) for 15 min at 3,220 x g
and desalted into 5 mM EDTA in PBS pH 7. The AuNP solution was also centrifuged, at
13,366 x g for 10 minutes before resuspending into the LPS solution and incubating at room
temperature for 4 h. The conjugation reaction was quenched with 5 mM N-ethylmaleimide;
the nano-glycoconjugates were centrifuged and resuspended in PBS with or without 0.26%
(w/v) alhydrogel.

2.4 Glycoconjugate quantification

Confirmation of nano-glycoconjugate formation was assessed by measuring the absorbance
spectra using a UV-visible spectrometer (Bio-Rad 680 microplate reader) where a red-shift
in Amax 0f AUNPs was indicative of coupling to the surface. A two-colour Western blot was
also performed, where possible, using a rabbit polyclonal antibody (pAb) raised against
TetHc and a mouse mAb against LPS before incubating with a goat secondary antibody
raised against either rabbit or mouse, tagged with an infrared dye at 680 nm or 800 nm (LI-
COR®), respectively. The two infrared channels could then be viewed simultaneously on an
Odyssey® CLx imager. Protein concentrations were measured using the BCA assay.
Conjugated protein was released from AuNPs by displacing the MHDA linker using 0.1 mM
11-mercapto-1-undecanol (MUD; Sigma) and incubating at room temperature for 4 h. The
degree of AUNP separation was determined by measuring extinction at Anax 0f AUNPs (>
99.5%). A BCA assay was performed as before, using BSA as a standard.

A modified version of a phenol-sulphuric acid assay was performed to determine the
concentration of LPS conjugated to AuNPs (28, 29). As previously described, the MHDA
linker attached to the AuNP surface was displaced using MUD and the AuNPs removed by
centrifugation. Next, 50 L of cleaved LPS was added in triplicates to a 96-well micro-titre
plate alongside a known concentration of LPS. To each sample, 150 uL concentrated H,SO4
was added followed by the rapid addition of 30 uL 5% (w/v) phenol. The plate was covered
and carefully floated on a static water bath for 5 min at 90 °C before cooling to room
temperature and reading on a micro-titre plate reader (Bio-Rad) at 490 nm.

2.5 Protection study

BALB/c female mice were purchased from Harlan Sprague Dawley, Inc. (Indianapolis,
Indiana) and maintained in ABSL-2 or ABSL-3 laboratories. Animals were provided with
rodent feed and water ad libitum and maintained on 12 h light cycle. All protocols were
approved by the Animal Care and Use Committee of the University of Texas Medical
Branch (protocol number 0503014) and carried out in accordance with the National
Institutes of Health guidelines.
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In the first immunisation study groups of 9 female 6 — 8 week old BALB/c mice were
immunised three times at two-weekly intervals, receiving 0.05 mL per mouse by the
intranasal (IN) route. Group 1 received AuNPs conjugated with 0.93 ug TetHc; group 2
received AuNPs conjugated with 0.93 ug TetHc and 0.93 ug LPS (TetHc-LPS); group 3
received AuNPs conjugated with 0.93 ug LPS; group 4 received 0.93 ug LPS and group 5
received PBS. All of the vaccine materials were formulated in PBS with 0.26% (w/v)
alhydrogel. One week after the final boost, mice were bled from the lateral tail vein to obtain
blood for antibody analysis. Three weeks after the final boost, the mice were challenged by
the IN route with 2.27 x 105 CFU/50 pL (~3.5 x LDsq [expected was 3 x LDsq]) of B.
mallei strain ATCC 23344 (China 7).

In the second immunisation study, the same protocol as before was implemented with mice
receiving 1.19 x 10° CFU/50 pL (~1.9 x LDsg [expected was 3 x LDsg]) B. mallei strain
ATCC 23344. The groups of mice were as follows: group 1 received AuNPs conjugated
with 0.93 pg FIiC and 0.93 ug LPS (FIiC-LPS); group 2 received AuNPs conjugated with
0.93 pg Hepl-antigen and 0.93 pg LPS (Hcpl-LPS); group 3 received AuNPs conjugated
with 0.93 pg TetHc and 0.93 pg LPS (TetHc-LPS) and group 4 received PBS. All of the
vaccine materials were formulated in PBS with 0.26% (w/v) alhydrogel. In both
experiments, bacterial loads were determined in lungs and spleens of surviving animals.

In the third immunisation study the same protocol was followed as before, with mice
receiving a higher dose of 4.2 x 10° CFU/50 uL (6.5 x LDsg [expected was 7 x LDsg]) B.
mallei strain ATCC 23344. The groups of mice were as follows: group 1 received AuNPs
conjugated with 0.93 pg FliC and 0.93 pug LPS (FIiC-LPS); group 2 received AuNPs
conjugated with 0.93 pg Hepl-antigen and 0.93 pg LPS (Hcpl-LPS); group 3 received
AUNPs conjugated with 0.93 g TetHc and 0.93 ug LPS (TetHc-LPS); group 4 received 0.93
ug LPS and group 5 received PBS. All of the vaccine materials were formulated in PBS with
0.26% (wi/v) alhydrogel. In this study, a subset of mice was sacrificed 3 days post-infection
to determine bacterial load in spleens and lungs during early stage of infection.

Mice were euthanized three weeks (first study) or five weeks (second study) after challenge
with B. mallei. In the third study, mice were euthanized after 19 days to comply with Animal
Research Committee regulations. In all the studies, blood was taken and spleens were
removed.

2.6 Immunological analysis

Serum was collected from animals one week after the final boost and assayed for antibody
isotypes and 1gG subclasses by ELISA (30). Microtitre plate wells were incubated with 50
pL 5 pg/mL LPS overnight at 4 °C. The plate was washed with 0.05% (v/v) Tween 20 in
TBS and wells blocked with 200 uL 3% (w/v) skimmed milk powder in TBS for 1 h at 37 °C
before washing again with TBS/Tween. Serum samples were serially diluted from 1:100 to
1:12,800 in 1% (w/v) skimmed milk powder in TBS. Serum from mice given PBS plus alum
was used as a negative control. The plate was incubated at 37 °C for 1 h before it was
washed three times with TBS/Tween. An appropriate isotype or 1gG subclass specific goat
anti-mouse horseradish peroxidise conjugate was added to the wells at a dilution specified
by the manufacturer (Abcam) followed by incubation at 37 °C for 1 h. The plate was washed
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a further three times with TBS/Tween before adding an ABTS substrate (Pierce). The
absorbance from the wells was measured at 415 nm using a micro-titre plate reader.
Antibody titres were defined as the lowest A4sg value greater than three standard deviations
above the mean absorbance of control wells. ELISA data is expressed as the geometric mean
antigen-specific 1gG antibody titre with a 95% confidence limit.

2.7 Statistical analysis

3. Results

Statistical differences between mean values were calculated using an unpaired, two-tailed
Student’s t-test or a one-way ANOVA with orthogonal contrast. A Mantel-Haenszel test was
used to compare survival curve data. A p value of < 0.05 was considered significant.

3.1 Nano-glycoconjugate synthesis

A citrate reduction of gold (I11) chloride trihydrate was performed to generate near-
monodisperse gold spheres, AUNPs, of approximately 15.6 + 2.3 nm in diameter at 1.37 x
1012 particles/mL. Conjugation of protein antigens onto AuNPs was performed using
carbodiimide coupling chemistry. LPS used in this study was purified from the lowly
virulent B. thailandensis strain. Purified LPS was subsequently conjugated onto
nanoparticle-immobilised protein carriers using thiol-maleimide coupling (Figure 1).
Confirmation of nano-glycoconjugate synthesis was by measuring the absorbance spectra of
AUNPs (Figure S1). An increase in the penetration depth of the AuNP plasmon, as indicated
by red-shift in Amax of 9 nm from 532 nm for AuUNP-TetHc to 541 nm, indicated an increase
in the mean diameter of AUNP conjugates as a result of LPS conjugation. The extinction
peak is also much broader for AUNP-TetHc-LPS, suggesting the size distribution of particles
is much larger. This is likely to be due to variable lengths of the repeating O-antigen
disaccharide on the particles. A two-colour Western blot was used to demonstrate the
presence of both antigens and the retention of antigenicity after chemical conjugation
(Figure S2). Using a phenol-sulphuric acid assay and nanoparticle tracking analysis, the
amount of LPS measured on nano-glycoconjugates was determined to be approximately 6
molecules of LPS/NP.

3.2 Immunoanalysis

An immunisation and protection study was designed to evaluate the protective efficacy of
nano-glycoconjugated LPS compared with free LPS. Groups of BALB/c mice were
immunised with either LPS or TetHc-LPS coupled onto AuNPs. Control groups consisting
of TetHc conjugated to AuNPs and AuNPs-LPS were also used. Antibody titres were
measured one week after the final boost (five weeks post first immunisation) by ELISA.
Animals immunised with AUNP-TetHc-LPS generated the highest LPS-specific 19G
response, which was significantly higher than those immunised with LPS alone (p < 0.001;
Figure 2A). 1gG subclasses 1 and 2a were measured as determinants for the type of immune
response induced. Mice immunised with AUNP-TetHc-LPS generated an 1gG2a dominant
response, accounting for almost half of the total 1gG. In mice immunised with LPS alone,
IgG1 and 2a titres accounted for approximately a third of the total 1gG and there was no
significant differences between the two isotype titres. Further investigation into the isotype
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profile of LPS immunised mice revealed that IgG3 is the dominant isotype present (Figure
S3). Since LPS is a T-independent antigen, IgM responses were also measured (Figure 2B).
Mice immunised with AUNP-TetHc-LPS generated the greatest IgM response, which was
significantly higher than those given LPS alone (p < 0.05).

3.3 Protection study

Three weeks after the final immunisation boost, mice were challenged IN with 3.5 x LDsgg
B. mallei ATCC 23344 and the mean time to death recorded. The protection study was
terminated after 21 days, at which point the LPS-immunised mice demonstrated the highest
level of survival (100%) (Figure 3A). There was no significant difference between the
survival of mice immunised with LPS, AuNP-LPS or AuNP-TetHc-LPS. The colony counts
in the spleens of challenged mice were significantly lower in mice that had been immunised
with AuNP-TetHc-LPS or AuNP-LPS than in mice immunised with LPS alone (p < 0.05;
Figure 3B). The bacterial loads in the lungs in mice were also measured (range 1.1x102 to
4.9x102 CFU / g). There was no significant difference in the lung burdens of B. mallei
between any of the groups (data not shown).

A second immunisation study was carried out to determine whether the efficacy of a
glycoconjugate vaccine was influenced by the protein carrier and could extend the
protection against B. mallei. Two additional protein carriers were included; Hcpl and FliC.
The LPS and AuNP-LPS groups were not included in this experiment because our previous
study had shown that the glycoconjugate groups outperformed them. Antibody titres were
measured as before and showed that animals immunised with AUNP-Hcpl1-LPS generated a
significantly higher IgG titre than mice immunised with AUNP-FIiC-LPS or AuNP-TetHc-
LPS (p < 0.01) (Figure 4A). Mice immunised with AUNP-FIiC-LPS or AUNP-TetHc-LPS
generated an 1gG2a dominant immune response (p < 0.01 and p < 0.05, respectively). Three
weeks after the final immunisation boost, mice were challenged IN with 1.9 x LDsq of B.
mallel and their mean time to death was recorded. The protection study was terminated after
35 days, at which point AUNP-Hcp1-LPS immunised mice demonstrated the highest level of
survival (90%; Figure 4B). However, there was no significant difference in survival between
any of the nano-glycoconjugate immunised mice. There was a 20% survival rate from PBS
immunised mice, however this was statistically lower than the three treatment groups (p <
0.01). Colony counts taken from the spleens of challenged mice were significantly reduced
in mice immunised with nano-glycoconjugates compared with PBS (p < 0.05; Figure 4C).

A final study was carried out to determine whether the glycoconjugate vaccines tested in the
previous study could provide protection against a higher challenge dose. The immunisation
procedure was repeated as before and three weeks after the final boost mice were challenged
with 6.5 x LDgq of B. mallei and their mean time to death was recorded. The protection
study was terminated after 19 days, at which point the only survivors were mice that had
been immunised with AUNP-FIiC-LPS, AuNP-Hcpl-LPS or AuNP-TetHc-LPS (Figure 5A).
The survival times of mice immunised with the AuNP-glycoconjugates were significantly
longer than the survival times of mice immunised with LPS or AuNP-LPS (p < 0.05).
However, there was no significant difference in the survival times of mice in the three
glycoconjugate immunisation groups. As with the first study, there was no significant
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difference in protection between mice immunised with LPS or AUNP-LPS. Body mass
measurements of infected mice were also recorded which initially shows a sharp decline for
all groups (Figure 5B). However, mice that were able to survive 7 days post infection
showed a significant increase in body mass. Colony counts were also determined from 5
additional mice per group 3 days post-infection in the spleens and lungs. Bacterial loads of
challenged mice that had been immunised with nano-glycoconjugates were significantly
lower than those from the spleens of mice that had been dosed with PBS only (p < 0.001;
Figure 5C)

4. Discussion

One of the major pitfalls in designing glycoconjugate vaccines is the poor efficiency
associated with the bio-conjugation chemistry. In this study, AuUNPs were used as a surface
onto which the chemistry could be performed. Moreover, whilst reductive amination is
traditionally used to couple polysaccharides onto protein carriers, this requires alkaline
conditions owing to the high pKj of the € amino group on lysine residues. This method of
coupling is not only slow and inefficient, typically taking several days, but also forms
reversible Schiff bases which require reduction to stabilise the linkage formed (31, 32). A
borohydride salt is often used as the reducing agent for this chemistry, which is not only
toxic but can hydrolyse or deacylate pH sensitive polysaccharides, such as the capsule from
Neisseria meningitidis A, reducing the display of protective epitopes (31). We found that
thiol-maleimide coupling chemistry could be used to couple B. thailandensis LPS onto a
range of protein carriers to generate nano-glycoconjugates, which were then tested both for
their abilities to induce antibody responses in mice and to provide protection against
experimental glanders.

The evidence is that B. mallei is a clonal derivative of B. pseudomallei (33) and these
closely related pathogens share many surface antigens including LPS (33, 34). Both
pathogens have similar facultative intracellular lifestyles, though B. mallei has a narrower
host range (35). Previous workers have shown that antibody plays a major role in protection
against experimental B. mallei and B. pseudomallei infection in mice (17, 36—41). In the
case of human infection with B. pseudomallei there is also evidence that the level of 1IgG
antibodies to LPS were significantly higher in patients who survived melioidosis compared
to those who died, and also higher in patients with non-septic melioidosis compared to septic
patients (42). Antibodies against LPS appear to be protective by promoting opsonisation-
induced phagocytic Killing of bacteria in vitro (36, 43). These studies in mouse models of
disease also reveal that antibody-mediated protection is only effective against low challenge
doses and one study showed a clear dependence of the level of protection on the level of
antibody to LPS (38).

Previous studies have shown that monoclonal antibodies reactive with LPS, and belonging
to subclasses 1gG1, 1gG2a, 1gG2b or 1gG3, are reported to provide protection against
experimental B. mallei and B. pseudomallei infection (36—38, 41). These findings suggest
that protection is not necessarily linked to the induction of one specific subclass of
antibodies, though there are no reports of testing of the testing of IgM antibodies to LPS for
protection. Our results show that immunisation with LPS linked to nanoparticles, or with
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LPS linked to a protein immobilised on AuNPs, increased the 1gG1, 1gG2a and IgM
responses to LPS. The increased IgG1 and IgG2a responses were greatest in mice
immunised with the nano-glycoconjugates. Since the coupling chemistry is selective for
nucleophilic carbonyl groups in the LPS core region, this leaves the O-antigen and lipid A
moieties exposed. Whilst the O-antigen provides epitopes for the development of antigen-
specific antibodies, the lipid A region is a potent agonist for TLR4 and evokes a strong
immune response from interaction with B memory cells (44). Additionally, the increased
response from AuNP-TetHc-LPS may be due to the presentation of LPS in its coupled form
and the high density of O-antigen epitopes localised on an AuNP surface compared with
uncoupled LPS.

In the second immunisation study, two additional protein carriers were chosen alongside
TetHc. The first was FliC, the major structural protein of Gram-negative flagella, which has
been studied for its adjuvantal role in vaccine formulations (45, 46). While B. mallei strains
are non-motile, FIiC (flagellin) has a high affinity for TLR5, which plays a fundamental role
in activating innate immunity (47, 48). Through the induction of cytokines and chemokines,
flagellin increases the recruitment of B and T lymphocytes to draining lymph nodes
resulting in enhanced activation of B cells and the generation of plasma and memory cells
(49, 50). Additionally, sera raised against FliC provides partial protection against a lethal
challenge of B. pseudomallei in a diabetic rat model (51). The second protein carrier was
Hcpl, which is member of a family of haemolysin co-regulatory proteins (Hcp) that share
homology to Vibrio cholerae Hep (52). This family of proteins have been identified as
interacting with valine-glycine repeat protein G (VgrG) to assemble into a structure which
resembles the cell-penetrating needle of a bacteriophage tail (53). This molecular assembly,
known as the type six secretion system (T6SS), uses Hcp proteins as both structural and
secreted components in vivo as evidenced by sera from mice, horses and humans reacting
with Hepl (54). The T6SS-1 protein Hepl has also been shown to provide significant
protection against a lethal inhaled B. mallei and B. pseudomallei challenge in a murine
model of infection (55).

The levels of the antibody responses, irrespective of subclass, that we have recorded can be
related to the level of protection we have seen following challenge with B. mallei. At the
lowest challenge dose tested, prior immunisation with LPS, AuNP-LPS or nano-
glycoconjugates provided broadly similar levels of protection. At a higher challenge dose
immunisation with LPS alone failed to provide any protection but protection was seen in
mice which had been immunised with nano-glycoconjugates. Given that B. mallei is a
facultative intracellular pathogen which can spread from cell-to-cell (35), it is likely that
antibody is only able to protect against bacteria during the extracellular phase of infection.
Antibody would therefore be expected to protect against the haematogenous spread of
bacteria from the initial site of infection. This is consistent with our observation that
bacterial loads in spleens were reduced in animals with the highest levels of antibodies to
LPS. The inability to reduce the bacterial burden in the lungs may reflect the need to induce
immunity at the lung mucosal surface to eliminate bacteria before they gain entry into cells.
A previous study with a live attenuated mutant of B. pseudomallei has shown that protection
against an IN challenge was dependent on IN immunisation (56). Others have found that
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dosing with killed cell vaccines by the IN route did not improve protection against an
aerosol challenge (57). Additional work would be needed to determine whether protective
immunity in the lungs could be achieved using alternate immunisation routes.

Thus, our results have shown that coupling a glycoconjugate vaccine derived from B.
thailandensis LPS onto AuNPs can markedly increase both the levels of antibody and reduce
the bacterial loads in spleens of mice subsequently challenged with B. mallei. Our data
suggest that the protection elicited is mostly mediated by antibody against LPS. Our results
also support the suggestions that antibodies against LPS and belonging to a range of
subclasses plays a key role in protecting against B. mallei infection. They also indicate that
protection can be enhanced by stimulating higher levels of antibody to LPS but suggest that
it will be difficult to achieve sterile immunity against glanders using vaccines which rely on
LPS as the major immunogen.
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Figure 1.
Glycoconjugate coupling chemistry to AUNPs. MHDA was added to a solution of AuNPs,

forming a gold-thiol bond to generate a self-assembled monolayer (A). A protein carrier was
coupled to the terminal carboxyl group of MHDA (spacer) using carbodiimide chemistry
(B). Maleimide-modified LPS was conjugated onto the protein carrier using thiol maleimide
coupling (C). AuNP-coupled glycoconjugate (D).
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Figure 2.

LPS-specific 1gG and 1gG subclasses (A) and IgM titres (B) in sera collected from groups of
eight mice, five weeks after the first immunisation with the antigen indicated and
determined using ELISA. Error bars are calculated using the standard error of the mean. * p
<0.05, *** p < 0.001.
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Figure 3.
Survival curve for groups of 9 BALB/c mice challenged IN with 3 x LDgy B. mallei ATCC

23344, five weeks post-first IN immunisation with 3 x 50 uL doses of LPS or AuNP-TetHc-
LPS (A). Colony counts of B. mallei in spleens three weeks post challenge. Each point is the
mean of values from five mice. Error bars represent the standard error of the mean; asterisks
indicate significant differences (p < 0.05) (B).
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LPS specific 1gG and 1gG subclass titres in sera collected from groups of eight mice, five
weeks post-first immunisation with the antigen indicated and determined using ELISA (A).
Survival curve for groups of 9 BALB/c mice challenged IN with 2.62 x LDsgg B. mallei
China7, 3 weeks post-last IN immunisation with 3 x 50 pL doses of AUNP-FIiC-LPS,
AUNP-Hcpl-LPS or AuNP-TetHc-LPS (B). Colony counts of B. mallei in spleens three days
post challenge. Each point is the mean of values from five mice. (C). Error bars are
calculated using the standard error of the mean. * p < 0.05, ** p < 0.01.
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Figure 5.
Survival curve for groups of 9 BALB/c mice challenged IN with 7 x LDsq B. mallei China?,

3 weeks post-last IN immunisation with 3 x 50 uL doses of AUNP-FIiC-LPS, AuNP-Hcpl-
LPS, AuNP-TetHc-LPS or LPS alone (A). Body mass of immunised animals during the
course of infection. Only AuNP-glycoconjugate immunised mice survived past day 7 (B).
Colony counts of B. mallei in spleens three days post challenge. Each point is the mean of
values from five mice. (C). Error bars represent the standard error of the mean,; asterisks
indicate significant differences (p < 0.001)
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