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NOVEL MUCOSAL ADJUVANTS AND DELIVERY SYSTEMS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This patent application claims the benefit of priority of United States Provisional Patent 

5 Application No, 61/719,713, filed October 29, 2012, which is incorporated herein by reference in 

its entirety, 

INTRODUCTION 

An adjuvant is a pharmacological or immunological agent that modifies the effect of 

.10 other agents, such as a drug or vaccine. Adjuvants are often included in vaccines to enhance the 

recipient's immune response to a supplied antigen, while keeping the injected foreign, material to 

a minimum. 

Adjuvants do not in themselves confer immunity. Adjuvants can act in various ways in 

presenting an antigen to the immune system. Adjuvants can act as a depot For the antigen, 

15 presenting the antigen over a long period of time, thus maximizing the immune response before 

the body clears the antigen. Examples of depot type adjuvants are oil emulsions, like Freund's 

adjuvant. Adjuvants can also act as an irritant which causes the body to recruit and amplify its 

immune response. The tetanus, diphtheria, and pertussis vaccine, for example, contains minute 

quantities of toxins produced by each of the target bacteria, but also contains aluminum 

20 hydroxide, Aluminum salts are common adjuvants in vaccines sold in the United States and 

have been used in vaccines for over 70 years. 

Chiiosan is a linear polysaccharide composed of randomly distributed P-(l-4)-linked. D-

glueosamine (deacetylated unit) and N-aeetyl-D-giucosamine (acetylated unit). It is made by 

treating shrimp and other crustacean shells with the alkali sodium hydroxide. Chitosan has been 

25 used as a carrier for both oral and subcutaneous vaccines with some success. Here we present 

novel chitosan-based adjuvant formulations which are shown to perform better as adjuvants than 

the traditionally used Alum adjuvants,. In particular, the chitosan-based adjuvants provided 

herein were effective at stimulating an IgA response. 

30 
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SUMMARY 

Provided herein are adjuvants, vaccine formulations comprising the adjuvants, methods 

of making the adjuvants and methods of using the adjuvants and vaccine formulations. In 

particular, chitosan and an antigen may be cross-linked using an aldehyde. 

In one aspect, there is provided a vaccine comprising an effective amount of an adjuvant 

composition and an antigen, 

wherein the adjuvant composition comprises a carbohydrate linked to chitosan to form a Schiff 

base, 

wherein the carbohydrate is an open-ring mannose moiety, 

wherein the effective amount is an amount of composition that, when administered to a subject 

for enhancing the immune response of the subject, is capable of increasing the immune response 

of the subject, 

and wherein the vaccine is formulated for administration in food or drinking water. 

In one aspect, there is provided a use of the vaccine formulation as disclosed herein in the 

manufacture of a medicament for enhancing the immune response of a subject to an antigen. 

In one embodiment, a composition comprising 0.5% to 2% of an aldehyde cross-linked 

chitosan and an antigen is provided. The final concentration of aldehyde in a vaccine 

composition is less than 0.5%. 

In another embodiment, an adjuvant composition comprising a carbohydrate linked to 

chitosan to form a Schiff base is provided. The adjuvant may be combined with an antigen. The 

carbohydrate may be mannose. 

In yet another embodiment, vaccine formulations are provided. Vaccine formulations 

may include the adjuvants provided herein and an antigen. The antigens may be proteins or 

microbial in nature, suitable microbes include bacteria, yeast, or other fungi, eukaryotic parasites 

and viruses and may be attenuated, recombinant, killed or otherwise inactivated. 

In still another embodiment, methods of making the adjuvants and vaccine compositions 

are provided herein. The chitosan is dissolved in a solution of acetic acid, and an antigen is 

added to the dissolved chitosan. Finally the antigen and chitosan are combined with 
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an aldehyde such that the final concentration of the aldehyde is between 0.02% and 0.5%.  

Tris may be added to the adjuvant to quench free aldehydes and result in a more stable 

adjuvant. 

 In a still further embodiment, methods of enhancing the immune response of a subject 

to an antigen are also provided.  The methods include administering a vaccine formulation 

comprising an antigen and a chitosan-based adjuvant disclosed herein to the subject.  The 

chitosan-based adjuvant may be an aldehyde cross-linked chitosan or a carbohydrate-linked 

chitosan. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

 Figure 1 is a graph showing the anti-β-galactosidase IgG antibody response in turkeys 

following primary vaccination and boost with the indicated vaccine-adjuvant formulations.  

Different letters indicate significant differences (p≤0.05). 

 Figure 2 is a graph showing the Clostridium septicum IgG antibody response in 

turkeys following primary vaccination and boost with the indicated vaccine-adjuvant 

formulations.  Different letters indicate significant differences (p≤0.05). 
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Figure 3 is a set of graphs showing the IgG (Figure 3A) and IgA (Figure 3B> antibody 

response it* chickens at various time points after vaccination and boost with the indicated 

Bacillns-vectored avian influenza vaccine-adjuvant formulations. 

Figure 4 is a graph showing the IgG antibody levels against Salmonella following 

5 primary vaccination and boost with the indicated vaccine-adjuvant formulations measured using 

a competitive ELISA. Different letters indicate significant differences (p<0.05). 

Figure 5 is a graph showing the IgA antibody levels against Salmonella following 

primary vaccination and boost with the indicated vaccine-adjuvant formulations measured using 

a competitive ELISA. Different letters indicate significant differences (p<9.05). 

10 Figure 6 is a set of graphs showing the IgG (Figure 6A) and IgA { Figure 6.B) antibody 

levels against Salmonella following primary vaccination and boost with the indicated vaccine-

adjuvant formulations .measured using a competitive ELISA. Different letters indicate 

significant differences (p<0,05). 

Figure 7 is a graph showing the percent recovery of Salmonella in the liver and spleen 

15 CL/S) or cecal tonsils (CT) on day 22 after -primary vaccination (day 3 after challenge). The 

vaccination protocol was the same as that used in Figure 6 and a * indicates P< 0,05. 

Figure 8 is a graph showing the IgA antibody level against Salmonella at Day 22 

following primary vaccination and boost (Day 1,2) with the indicated vaccine-adjuvant 

formulations via the indicated routes of administration as measured using a competitive ELISA. 

20 Different letters indicate significant differences (p<0.05). 

Figure 9 is a graph showing the IgG immune response to Salmonella after vaccination of 

chicks with the indicated vaccine-adjuvant formulations as measured by a competitive ELISA, 

Different letters indicate significant differences (p<0.05). 

Figure 10 is a graph showing the IgA immune response to Salmonella after vaccination, of 

25 chicks with the indicated vaccine-adjuvant formulations as measured by competitive ELISA. 

Different letters indicate significant differences (p<0.05). 

Figure 11 is a graph showing the IgG immune response to Bimktello avium after a single 

parenteral vaccination of turkeys with the indicated vaccine-adju vant formulations. Di fferent 

letters indicate significant differences (p<0.05). 

30 Figure 1.2 is a graph showing the IgG immune response to Borcieiella avium after 

subcutaneous vaccination with the indicated vaccine-adjuvant formulation of day-of-hateh 
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turkeys followed by a drinking water administration of the same vaccine-adjuvant combination 
on day 14. The response was measured at day 21. Different tetters indicate significant 
differences (p<0.05). 

5 DETAILED DESCRIPTION 
Provided herein are adjuvants which include chitosan, vaccine formulations comprising 

the adjuvants, methods of making the adjuvants and methods of using the adjuvants and vaccine 
formulations. In summary, a novel adjuvant system that can be used in similar methods to other 
adjuvants such as those used for parenteral (injection) is described herein. The base molecule 

10 involves chitosan, which is a deacetylated form of chitin, the exoskeleton of many invertebrate 
animals (shrimp, crabs, insects, etc.). Chitosan is considered a generally recognized as safe 
(OR AS) compound and is used for weight loss, cholesterol reduction, insomnia, and kidney 
function improvement, Chitosan is also used as an adjuvant used with various mucosal vaccines 
(Jabbal-Gill et al, 2012), but the chitosans described herein are new and function better than 

15 traditional chitosan as shown in the Examples, 
Chitosan-protein cross-linked with formaldehyde and carbohydrate-linked chitosan 

provide a unique adjuvant for oral or parenteral delivery of vaccine antigens. Chitosan lias been 
used as a carrier for both oral and subcutaneous vaccines. In some of the formulations* the 
antigen is covalently bound to the chitosan by treatment with formaldehyde. In others, the 

20 adjuvant system is improved, by addition of a carbohydrate (mannose, fucose, and .galactose) 
linked to the chitosan, allowing targeting of the mannose receptors on the antigen presenting 
cells, thus enhancing the immune response to the chiiosan-aniigen complex. Both the chitosan-
protein cross-linked with formaldehyde and the mannosylated-c-hitosan protein complex, give a 
robust immune response by both parenteral and oral (or other mucosal) deli very routes, which is 

25 unique for inactivated vaccines. 
in one aspect, an adjuvant composition comprising a carbohydrate linked to chitosan to 

form a Schiffbase is provided. The adjuvant may be combined with an antigen. The 
carbohydrate may be mannose, mannobiose, glucose, galactose or fructose. Other suitable 
carbohydrates may be used. Without being limited by theory, the carbohydrate is added to the 

30 chitosan for the purpose of targeting the chitosan to receptors for these carbohydrates on the 
surface of antigen presenting cells. 
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The carbohydrate-chitosan used herein is made as described more fully in the Examples 
below. Our method is. based cm Jayasree (Jayasree ei at, 2011) using an open ring carbohydrate 
with an available carbon vi group that reacts with the amino group on chitosan to .form a Sc.hiff-
base. This Schiff-base can be stabilized by reduction with sodium cyanoborohydride 

5 (NaCNBl L}), We have shown thai the reduction was not necessary for imniunopotentiaiion in 
Figure 6 in which the reduced (Maa-C VI) was compared to the non-reduced form (Man-C V2) 
of the chitosan. The non-reduced form produced the best IgA response, thus either form can he 
used. In addition, the non-reduced form of the mannosylated chitosan does not require the 
addition of a toxic chemical (NaCNBR*). Briefly, the carbohydrate, suitably mannose (lOpM), 

10 is dissolved in 0TM sodium acetate pH4.0 at 60°C for 2 hours and. chitosan (0.2-2%) is 
dissolved in 1.5% acetic acid. The dissolved mannose and the dissolved chitosan are then 
combined and incubated at room temperature to allow the amine group on the chitosan. to react 
with the earbonyl on the sugar to produce a ScMIFbase, Reduction of the Schiffba.se is not 
necessary for the adjuvant to function and indeed the Examples show the non-reduced Schiif 

15 base is a better adjuvant (see Figure 6), In other embodiments, the Schiff base may be reduced. 
In another embodiment, chitosan and an antigen may be cross-linked 'using an aldehyde. 

In one aspect, a composition comprising 0.5% to 2% of an aldehyde cross-linked chitosan and an 
antigen. The final vaccine formulation suitably contains 0,5 to 1,5% chitosan. The adjuvant 
may contain 0.5% to 3% chitosan, suitably 0,5% to .2% chitosan, suitably 0-5% to 1,5% chitosan, 

20 suitably 0.5% to 1.2% chitosan. The final concentration of aldehyde in a vaccine composition is 
suitably less than 0.5%. The maximum concentration of aldehyde is based on the maximum 
level of residual aldehyde allowed in vaccines. A higher level of an aldehyde may be used for 
cross-linking the chitosan, but the final vaccine formulation suitably contains less than 0.5% 
aldehyde. In the Examples, formaldehyde was used as the aldehyde to cross-link the chitosan. 

2,5 Other aldehydes, such as formalin, ghUaraldehyde. acetaldehyde, propio.naldehyde, or 
butyraldehyde, may also be used. The aldehydes cross-link the chitosan amino groups with those 
on other chitosan molecules or on the antigens. 

Methods of making a vaccine formulation comprising an aldehyde cross-linked chitosan 
and an antigen is also provided herein. The methods include dissolving chitosan in a solution of 

30 acetic acid. The carbohydrate-linked chitosan may also be used as the chitosan in this method. 
Suitably the acetic acid is used at 1.5% final concentration in water or 15 ml. of acetic acid 

5 



WO 2014/070709 PCT/US2013/067212 

dissolved in 1L of water. Suitably the amount of chitosan is between 0,5% and 2%, suitably 

between 0.5% and 1.5%, An antigen is added to the dissolved chitosan at the appropriate level 

The amount and form of the antigens used in the vaccine fomi.ufati.ons can be determined by 

those of skill in the ait. Finally, the antigen and chitosan are combined with the aldehyde such 

5 that the .final concentration of the aldehyde is between 0.02% and 0.5%. The aldehyde is capable 

of chemically cross-linking the chitosan to other chitosan molecules and. the chitosan to the 

antigen. Tris-HCl can be added to quench free aldehydes. The Tris can be added to a final 

concentration of G,5g/L. 

Either adjuvant composition disclosed herein may be combined with enhancing 

.10 molecules including hut not limited to saponin, toll-like receptors, the B subunit of a bacterial 

toxin, bacterial toxins, tetanus toxoid, CpG motifs, liposomes or monophosphoryl lipid A. 

Suitably the enhancing molecules act as further stimulators-of the immune system and enhance 

the immune response generated after administration of the vaccine formulation to a subject 

The vaccine formulations provided herein comprise the chitosan-based adjuvants 

15 described herein and antigens. The antigens may be any antigens available to those of skill in the 

art. Antigens such as proteins, synthetic peptides, peptides conjugated to earners, or microbes 

may be used in the vaccines. Microbes include bacteria, yeast, parasites, fungi, viruses, 

helminthes or other disease causing organisms, Microbes include live, dead, attenuated, 

recombinant or inactivated organisms. Examples of microbes include, but are not limited to 

20 Salmonella, Escherichia, Shigella, Bordetella, Clostridium. Mycoplasma, Staphylococcus, 

Streptococcus, Bacillus, Influenza, and Eimerki. Microbes may be inactivated or killed prior to 

use by treatment with heat, methanol or other fixatives such as formaldehyde or other aldehydes. 

The aldehydes can be quenched by subsequent addition ofTris-HCl to a final concentration of 

0.5g/L, Suitable antigens may also include peptide antigens such as Influenza M2e, 

25 Hemagiutinin, Neuraminidase, or nuclear proteins; Eimeria TRAP or MPP; Clostridium 

sialidase, Sag A, alpha-toxin, NetR toxin, or iron transport protein. Examples of other peptide 

antigens can be found at least in U.S. Application Nos. 12/441,851; 12/740,631; 12/740,608; 

13/574,504; and 13/702,827, all of which are incorporated herein by reference in their entireties. 

The chitosan based adjuvants may be used to increase the immune response to vaccines already 

30 available or to newly developed vaccines or autogenous vaccines. 
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There are two significant improvements to vaccination associated with this work. First, 
when modified, chitosan is co-administered with inactive vaccine by the parenteral, route, we see 
an immune response that is superior to the immune response observed with other adjuvants, such 
as alum, with a minimal injection-site reaction. Many adjuvants work by causing an 

5 inflammatory response at the site of injection or delaying absorption from the injection site, or 
both. One of the down sides to traditional adjuvants is that they often cause some reaction, 
soreness, and in some cases they cause persistent lesions that cause downgrading or trimming of 
meat-producing animals at slaughter. The modified chitosan may reduce these concerns 
associated other vaccine adjuvants. It is cheap to produce and easy to make into commercial 

!0 vaccines, 
l.n addition, robust immune responses are being generated when killed antigens axe co-

presented orally either by gavage or by inclusion in the. drinking water. This is really important 
for domestic animals-especially for poultry, because handling for parenteral injection is very 
labor intensive and causes stress to the birds or other animals. With the exception of the 

15 hatchery, it is generally too expensive to use inactivated vaccines in poultry because of the 
administration cost. The ability to deliver the vaccine orally changes the way we are able to 
vaccinate animals. There are two main advantages of live (called modified live or attenuated 
vaccines) for mass administration. First, yon can mass apply by drinking water or spray 
application. Second, these live vaccines also generate immunity in the local mucosa (respiratory 

20 tract and intestinal tract where most pathogens infect). As such, eilher killed or live vaccines can 
protect from disease, but the live vaccines are 'historically more effective at preventing actual 
infection, and therefore are preferred. 

There are huge advantages to killed vaccines in that they can be produced quickly with 
very low risk of causing infection and disease, they cannot genetically change back into the 

25 disease-causing parent type, and they have much lower regulatory issues for these reasons. Also, 
there are a large and ever-growing number of orphan diseases which are not sufficiently common 
for a vaccine company to develop a regulated/licensed vaccine, and there are provisions in US 
law (and many other countries) for producing "autogenous" vaccines specifically made from the 
pathogen of interest, killed, and used on the source flocks (or animal or human populations). In 

30 developing countries orphan diseases occur that require vaccines that are not affordable or that 
are technically not possible to produce locally or quickly enough to deal with an outbreak. The 



WO 2014/070709 PCT/US2013/067212 

adjuvants provided 'herein are affordable and technologically straightforward to produce. They 
can be readily combined with a killed or inactivated microbe to generate a vaccine. 

Several potential applications for the technology described herein are available. The 
systemic response to killed vaccines can be improved by incorporation of the altered chitosan as 

5 an adjuvant for injection. We can prevent some diseases through oral, administration of killed 
vaccines with this adjuvant platform. This adjuvant, platform, when administered orally, may be 
targeted to stimulate systemic and/or mucosal responses - meaning that it has many of the 
advantages of live vaccines, but avoiding the issues of live vaccines described above. 

The adjuvants and vaccine formulations described herein may be combined with other 
10 pharmaceutically acceptable carriers, A pharmaeeutically acceptable carder is any carrier 

suitable for m vivo administration. Examples ofpharmaceuiically acceptable carriers suitable for 
use in the compositions include, but are not limited to, water, buffered solutions, glucose 
solutions, oil-based or bacterial culture fluids. Additional components of the compositions may 
suitably include, for example, excipients such as stabilizers, preservatives, diluents, emulsifiers 

15 and lubricants. Examples of pharmaceutical^ acceptable carriers or diluents include stabilizers 
such as carbohydrates (e.g., sorbitol, mannitoL starch, sucrose, glucose, dexiran), proteins such 
as albumin or c-asein, protein-containing agents such as bovine serum or skimmed milk and 
buffers (e.g., phosphate buffer), Especially when such stabilizers are added, to the compositions, 
the composition, is suitable for freeze-drying or spray-drying. The composition may also be 

20 emulsified. 
The compositions described herein may also be combined with other pharmaceutical 

compositions and these compositions may be administered in any order, at the same time or as 
part of a unitary composition. The two compositions may be administered such that one is 
administered before the other with a difference in adniinistration time of 1 hour. 2 hours, 4 hours, 

25 8 hours, 12 hours, 16 hours, 20 hours, 1 day, 2 days, 4 days, 7 days, 2 weeks, 4 weeks or more. 
An effective amount or a therapeutically effective amount of the vaccine formulations as 

used herein means the amount of the composition that, when administered to a subject for 
enhancing the immune response of the subject to the targeted disease is capable of increasing the 
immune response, such as the cell-mediated or antibody mediated immune response to limit the 

30 morbidity or mortality associated with, infection or exposure to the targeted disease. Suitably, the 
immune response is enhanced to a level such that, administration is sufficient to effect a treatment 
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or block disease related morbidity or mortality. The-therapeutically effective amount will vary 

depending on the vaccine* formulation or composition, the disease and its severity and the age, 

weight, physical condition and responsiveness of the subject. For example the level of antibody 

produced in response to vaccination may be increased by two fold, three fold, four fold or more 

5 by inclusion of the adjuvant described herein as compared to administration of the same antigen 

without an adjuvant or with alum as an adjuvant. The increased immune response may be an 

IgA response, or an IgG response. The adjuvant may also lead to a reduction in the morbidity or 

mortality associated with subsequent infection.. As shown in the Examples, use of the adjuvants 

described herein in combination with an antigen may lead to a reduction in the rate of subsequent 

.10 infection, or the severity of subsequent infection with the microbe to which the antigen elicits an 

immune response as compared to vaccination with the antigen alone or vaccination with the 

antigen and a distinct adjuvant The severity of the infection may be measured by the ability of a 

microorganism to invade tissues beyond the site of introduction, replicate and/or persist within 

the organism over time, or cause morbidity or mortality. The vaccinated animals may be 

15 subsequently infected with a pathogen. In such eases, the growth of the pathogen in the subject 

after challenge is reduced by at least 1 Iogu>» 2 Iogj«, or even 3 logic in subjects administered the 

vaccine as compared to subjects administered a control. 

The compositions described herein may be administered by any means known to those 

skilled in the art, including, but not limited to, oral, intranasal, intraperitoneal, parenteral, 

20 intravenous, intramuscular, subcutaneous, nasopharyngeal, or transmucosal absorption.. Thus the 

compounds may be formulated as an ingestable, sprayable or injectable formulation. For 

example, oral administration may entail addition to the drinking water, spraying on food, 

spraying on the animals (such as chickens or turkeys thai will ingest the vaccine in the spray 

when they preen their feathers). The subjects may be mammals, including humans, cows, pigs, 

25 eats, dogs or other domesticated animals or non-mammals such as poultry, i.e., chickens or 

turkeys. 

it will be appreciated that the specific dosage administered and timing of administration 

(i.e. primary vaccination and boost) in any given ease will be adjusted in accordance with the 

formulation being administered, the disease being targeted, the risk of exposure, the condition of 

30 the subject, and other relevant medical factors that may modify the response of the subject or 

feasibility of providing the formulation to the subject For example, the specific dose for a 
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subject depends on type of subject, age, body weight, general state of health, diet, the timing and. 
mode of administration, the rate of excretion,, medicaments used in combination and the severity 
of the particular disorder to which the vaccine is targeted.. The initial vaccination and the boost 
may be administered by different means. For example, an initial vaccination via a subcutaneous 

5 mute, can be boosted by inclusion of the adjuvant-antigen complex in the drinking water or food. 
The percentage of chitosan in the vaccine formulations is generally betxveen 0.2 and 2%, suitably 
0.5-1.5%. The total amount of chitosan administered may be from less than Img per vaccination 
to lOOmg, suitably, 2, 4, 5,6, 8,10, 1.2, 14, 1.6,18, 20, 25, 50, 75 or 100 rag of chitosan. In the 
Examples, 2-5mg chitosan was used per dose. When combined with a microbial antigen, the 

10 microbe may be included at between 1 x 10*"' to 1 x 109 microbes per dose. In the Examples, 1 x 
10' to 1 x 10s microbes were used per dose. An antigen may be included at 1 Opg to 1 Omg per 
dose. In the Examples, 1 OO^g per dose was used. 

The following examples are meant only to be illustrative and are not meant as limitations 
on the scope of the invention or of the appended clai ms. All references cited, herein arc hereby 

15 incorporated by reference in their entireties, 

EXAMPLES 
Example I: Immune response to P-galaciosidase following primary vaccination and boost 

Our first experiment to test the eh.itosan-p.rotein cross-linked with formaldehyde vaccine 
20 used the classical protein j3~galaetoskla.se (P~Gal) as a model protein. Turkey poults were 

vaccinated with p-Gal, as described in Table 1 below, with six treatment groups and one control. 
Poults were vaccinated with saline or j'5-Ga.1100 |ig (0,25 ml.) in either saline, 15% alum, 1% 
chitosan cross-linked (3 groups} with formaldehyde (Form), or .1.5% chitosan not cross-linked 
with formaldehyde by parenteral subcutaneous (sq) injection at day-of-hatch, Ail groups were 

25 boosted with the same formula sq at days 14 and 25 except two of the 1% chitosan groups, one 
boosted both days with 1% chitosan-j3»Ga! by oral gavage and one boosted by spray with; 1% 
chitosan-p-Gal (2 m.L). 

The immune response to the p-Galaetosidase was determined using serum in an ELISA 
for p-galaetosidase and the results are shown in Figure 1. Levels of the immune response are 

30 reported as sample to positive control ratios of ahsorbance in an. indirect ELISA. Higher S/P 
ratios indicate higher anti-p-galactosida.se antibody titers. There was very little cross-reactivity 
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in the ELISA using serum from turkeys vaccinated with saline and only a modest numerical 

increase when vaccinated with P~Gal m saline. A common commercial adjuvant used currently 

is 15% alum and there was a good immune response when this was used. Using our chitosan-

immunostimulated and formaldehyde cross-linked vaccine system (labeled as 1% chitosan) there 

5 was a significant increase in the immune response to the mode! antigen, P-Gai. Using chitosan 

alone even at a higher concentration of 1.5% there was a significantly lower immune response. 

In addition, when the antigen was boosted with 1% ehitosan-formaldehyde treated adjuvant by 

spray or oral treatment, there was a .response comparable to the standard adjuvant, 15% alum, 

administered subcutaneous!}'. 

10 "fable 1 ^Treatment Groups 

Group fmmunogen Primary Day-of-
hatch VX 
(100*ig/<X25mi) 

Boost at 14 days after 
hatch 

Saiine None SQ SQ 
(lOOjig/O.Sm!) 

$6 in Saline p-GaSactosidase SQ SQ 
{lOOpg/O-Sml} 

15% Alum p-6aSactosidase SQ SQ 
{lG0pg/0.5mi} 

1% Chitosan p-Gaiactosidase SQ SQ 
{100pg/0.5m!} 

1,5% Chitosan no Form p-Gaiactosidase SQ SQ 
(100|ig/0.5mf) 

1% Chitosan 2r!: oral p-GaSactosidase SQ Oral gavage 
(lOOpg/O.Srni; 

1% chitosan 2ficf Spray P-Gaiactosidase SQ Spray (lOOug/rni j 
atomized spray of 50 mi 
per 20 birds in a 20 sq, ft, 
room 

Example 11: Immune response to Clostridium following vaccination with various adjuvants 

A similar experiment to the one described above was carried out by administering 4 X 

10* efti/mi Clostridium sepdcum bacterin (CS) in either alum or formalin-cross-iinked chitosan 

15 so that the final dose per bird is I X 10" cfu/bird to day-of-hatch turkey poults subeutaneoitsly (in 

0.25 mL) either alone or in combination with 12% alum or 0.5% forraalin-cross-Sinked-chitosan, 

All birds were boosted at day 14 with the same vaccine by the same route. Levels of the 

resulting immune response were measured by an indirect ELISA assay and reported as sample to 
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positive control (S/P) ratio of absorbanee. Higher S/P ratios are indicative of higher anti-CS 

antibodies. 

Birds receiving vaccine without adjuvant resulted in an. BLfSA-detectable antibody 

response with an S/P ratio of 0,16 as shown in Figure 2, This antibody level was not statistically 

5 different from that of the CS adjuvanted with alum. After one boost (14 day s after primary 

vaccination), poults vaccinatedwith the CS bacteria adjuvanted with 0.5% formalin-cross-

linked-chitosan showed igG levels that resulted in S/P ratios approximately double that of the CS 

baeterin without adjuvant, 0.4 and 0.16 respectively. The CS baeterin with aluminum hydroxide 

adjuvant induced IgG levels that were approximately 30% lower than IgG levels induced by CS 

10 with chitosan compared by S/P ratios, 0.2? and 0.4, respectively. (See Figure 2). Importantly, 

injection site lesions are less pronounced at 72 .hours (or later) due to chitosan administration 

whereas alum always produces local inflammation and granulomas, often progressing to 

encapsulated sear tissue, 

15 Example 111: Avian influenza vaccination experiments. 

Avian influenza (A!) is a significant public health concern and serious economic threat to 

the commercial, poultry industry worldwide. Our previous data suggest that Salmonella-vectored 

vaccines expressing M2e in association with CD154 are effective against AI. New constructs 

using Bacillm mibtilis as the vector and M2e epitopes with immunostimulatory molecules were 

20 tested, M2.e specific serum IgG and mucosal IgA antibody levels were determined by ELISA on 

days 11,1.5 and 2.1 post hatch. On day-of-hatch chicks were vaccinated by either oral gavage or 

subcutaneous injection with either Bacillm Wild Type (BSB.ITh Bacillus vectored avian 

influenza vaccine (BSAI) as a live vaccine, BSAI after formalin inactivation, BSAI after 

formalin inactivation, lyophiiizatkm and reeonstitistion with saline or BSAI after formalin 

25 motivation and cross-linked with 1% chitosan. Each vaccine was administered at 106cfu/ch.iek 

in 0.25ml or 0.25ml saline. On day 10 post-hatch chicks in two groups (BSAI live, BSAI 

inactivated and lyophilized) were given a booster vaccination of the same treatment they 

received at day 0 and all other groups did not receive the 2,ld vaccine dose. 

Serum IgG and mucosal IgA samples were then obtained from birds in all groups on days 

30 1.1, 1.5 and 21 post hatch and used in an antibody capture ELISA. Plates were coated with M2e 

conjugated to BSA (10 pg/ml), blocked, incubated, with serum from each of the treatment groups 
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diluted 1:50 in 2% FBS/PBS, followed by incubation with a HRP-conjugated secondary antibody 

diluted 1:7,500, and developed using TMB substrate. The results are presented as mean S/P 

ratios (sample mean ••• negative control mean)/(pos.itive control mean - negative control mean) + 

SEM (n~20). 

5 When compared with the Bacillus backbone control (BSBB), there were significant 

increases in M2e specific IgG antibody responses in each vaccinated group at each time point 

tested. However, there were no differences observed, within each time point between any of the 

six vaccinated groups in increased IgG antibody response (See Figure 3A). The real difference 

m immune response is apparent when looking at the mucosal IgA specific antibody response 

10 (See Figure 3B). BSAI+1 % chitosan showed a marked increase in specific IgA antibody 

response when compared to control or the additional five treatment groups receiving vaccination 

at all three time points sampled. 

To summarize, in experiments using cross-linked chitosan we have demonstrated above 

that this modification of chitosan is a better adjuvant than aluminum hydroxide through both. 

55 parenteral and oral routes (Figure 1 and 2), Chitosan treated with formaldehyde as a cross-linker 

was shown to be more effective than chitosan without formaldehyde .(Figure 1). When used 

orally., chitosan. enhanced the production of IgA (Figure 3B) preferentially over IgG (Figure 3 A). 

Example IV: Enhancement of Chitosan Adjuvant: 

20 The adjuvant was further enhanced, through a series of experiments designed to improve 

the chitosan-based adjuvant by addition of potential enhancing molecules or alternative delivery 

strategies. Immimostimulatory compounds can potentially improve responses when used with 

adjuvants and several have been investigated previously; see reviews (Guy, 2007; Mutwiri et a!.., 

2011), Potential adjuvants include saponins, bacterial components, compounds that interact with 

25 the innate immune system such as Toil-like receptors, nucleic acids such, as the CpG motif, 

viruses, emulsions including liposomes, or a combination of any of these components. Some of 

the more promising immunosttmulafoiy molecules that interact with the innate immune system 

are Tetanus toxoid (TT), heat-labile enteroloxin B suhunit (L'TB), and Cholera toxin B subunit 

(CTB). Other compounds shown to enhance the immune system empirically through innate 

30 chemical properties include saponin and monophosphoryl. lipid A. (MPLA). Using mannose or 

other sugars to target binding to macrophage receptors may enhance immune function. 
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Combinations of different adjuvants may act synergistieally such as with IL-12 or other 
cytokines to stimulate the Immune response. 

The first experiment to improve the adjuvant compared the formaldehyde-cross-linked 
chitosan adjuvant, which consists of an antigen of interest cross-linked with 0,5% chitosan, using 

5 formaldehyde to generate the data shown in Figures 1 -3 above. This adjuvant system was then 
used as the control or baseline for selection of the best combinations of selected candidate 
immune enhancing molecules. The test immunogen was a Salmonella enteritidis (SE) baeterin 
grown to 10" cfo/ral and inactivated with formaldehyde. To determine whether the cross-linked 
chitosan adjuvant could be further improved, the test immunogen (Salmonella baeterin with 

10 chitosan was 4 X 10 'etVml with a final dose of I X 10' cfu per bird) was mixed in a 2:1 ratio 
with cross-linked chitosan alone or enhanced with tetanus toxoid (TT), heat-labile enlerotoxin B 
subunit (LTB), or .mannosylated chitosan and administered in either the drinking water or feed. 
The results are presented in Figure 4. 

TT maybe a potential im.mu.ne enhancing molecule and has been used extensively in 
15 vaccine development. The heat-labile enterotoxin from E. colt has been shown to be a powerful 

immunostimmulatory molecule but is very toxic and is, therefore., not suitable as an adjuvant. 
The heat-labile enterotoxin consists of two subunits, a central core LTA and five submits of 
LTB (da Mora et al, 2011), The LTB subunit retains the Immune adjuvant properties and yet is 
non-toxic. Therefore, this is a safe potential adjuvant component Mannose and some other 

20 carbohydrates (such as galactose and fucose) are Hgands for receptors that activate macrophages. 
The mannosylated chitosan was prepared by a method similar to that described previously by 
Yalpani and Hall (1980 and 1985 } and Jayasree et a/,, (2011) without the addition of the zke. 
Briefly, two molar equivalents of mannose in one volume of 0,1 M sodium acetate were heated 
at 6fPC for two hours. The solution was then added to two volumes of one molar equivalent of 

25 2% chitosan. in 0.1.5% acetic acid and allowed to react .for 10 min at room temperature to produce 
1,5% mannosylated chitosan. The SE baeterin was then added to 1.5% mannosylated chitosan in 
a two to one ratio. The Schiff-bases formed were then reduced with sodium cyanoborohydrate 
(NaCNBI-Lj)-

In addition, to the irnmunopoteniiating molecules, different delivery systems were also 
30 investigated as noted above. The typical drinking water delivery system used in the poultry 

industry dilutes the drag or chemical one part to 128 parts of water. The original chitosan 

14 
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formula used in Figures 1-3 was diluted 1:128 in the drinking water as a potential deliver)-' 

system. The last test group was 0.5% chitosan cross-linked with formaldehyde with the SE 

baeterin (original chitosan formula) encapsulated by drop wise addition, to ^polyphosphate 

(TPP) then dried and ground to a powder for addition to the feed at a rate of 0,5% (wt/wt), 

5 Day-of-hatch broiler chicks were primed with 0.23 ml of the indicated preparations 

subeutaneously as outlined above. These groups were primed the same as the chitosan only 

group. Chicks were boosted by oral gavage at 1.2 days of age except for the drinking water and 

TPP groups which were boosted in water at 1 :128 or in the feed at 0.5% (wt/wt) for 8 hours, 

respectively. Antibody levels on day 22 in serum (IgG) and ileal mucosal (IgA) were determined 

10 with a competitive ELISA kit (IDEXX). Decreased absorbance levels or sample to control ratios 

indicate higher levels of antibodies that recognize the SE flagellin coated plates. 

As noted in Figures 1 and 2 above the chitosan adjuvant was superior to alum, in 

producing a robust immune response. Here each of the chitosan based adjuvants was able to 

produce a robust response to the SE baeterin, with significantly higher levels of both IgG and. 

15 IgA as compared to chitosan alone administered subeutaneously (Figures 4 and 5, respectively). 

The TT and dry powder TPP groups had a significantly higher immune response than the sq 

primed with sq boost chitosan adjuvant (Figures 4 and 5), The other three groups, chitosan with 

LTB, mannosylated chitosan, and chitosan boost in the drinking water, were consistently 

superior in antibody production as compared to chitosan alone administered subeutaneously 

20 (Figures 4 and 5). 

In the next set of experiments, the three best groups from, the previous experiment (LTB, 

chitosan boost in DW, and reduced mannosylated chitosan) were repeated along with the 

negative control (saline) and the benchmark control of 0.5% formakiehyde-cross-Iinked-chitosan. 

administered sq for primary and boost vaccinations, which was previously shown to be superior 

25 to alum. In. this experiment, we added three new treatment groups using the benchmark control 

of 0,5% fornsaldehyde-cross-lihked-chitosan iniraunopotentiated with either Cholera toxin B 

subunit (CTB), Lipid A from Salmonella (MPLA), or saponin. Also added in this experiment 

was 'another treatment group that was the similar to the mannosylated chitosan treatment group, 

which was shown to be an excellent adjuvant in the previous experiment (Mannosylated chitosan 

30 version 1, Man-C VI), but this group was not reduced with NaCNBlL; (Man~C V2). 
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The SE flagellin competitive ELISA again showed, that the birds vaecmated 
subcutaneously with 0.5% chitosan (C) for both the primary and boost had higher levels of 
immunoglobulins in the serum (Figure 6A). The birds vaccinated with 0.5% chitosan with CTB 
(C +CTB), Man-C V2 and Chitosan with saponin (C 4- saponin) gave the best IgG response 

5 (Figure 6A), The Man-C V2 gave numerically the best IgA response (Figure 6B), All three of 
these treatment groups were significantly different from the benchmark group (0.5% chitosan 
vaccinated sq for both the primary and boost) (Figure 6). 

In addition, the birds were challenged at day 19 with live Salmonella at 5 X 10' 
efu/ehick. Three days posl-challenge the birds were cultured for Salmonella in the cecal tonsil 

10 (CT) and Liver/spleen (L/S). Chitosan with CTB, 'both versions of mannosylated chitosan, 
chitosan in the drinking water boost, and chitosan plus saponin significantly decreased 
Salmonella to below detectable limits .in the liver/spleen (L/S) when compared to the negative 
(saline vaccinated) control (Fig. 7; p <0.05). In the intestine (CT), the levels of Salmonella were 
significantly reduced using either of the two versions of mannosylated chitosan and in. the group 

15 boosted with 0,5% chitosan diluted S: 12B in the drinking water. The significant decrease in the 
mannosylated chitosan groups indicate that the direct targeting of the macrophage with a iigand 
for the mannose receptor increases the effectiveness of the chitosan adjuvant. Also, very 
important is that the non-reduced Schiff-hase formulation of the mannosylated chitosan was just 
as effective as the NaCNBLL reduced mannosylated chitosan which did not have the addition of 

20 a potentially harmful chemical Another major surprise was that the 1; 128 diluted 0.5% chitosan 
in the drinking water that was used for the boost gave superior results in decreasing colonization 
of Salmonella compared to parenteral vaccination only (Fig 7), 

Example V: Route of Administration for Vaccination 
25 The best route and adjuvant combination .for vaccination was investigated. Day-of-hatch 

chicks were administered 0,25mL of either saline or the vaccine with the respective adjuvant 
mixture as indicated in Figure 8, The adjuvants compared include the formaldehyde-cross-
linked chitosan, the reduced mannosylated chitosan (Man C VI), the non-reduced mannosylated 
chitosan (Man C V2), and each adjuvant was combined, with antigen and administered, at day-of-

30 hatch either subcutaneously or in. the drinking water. Birds were boosted with a second 
administration of the same adjuvant-antigen combination either subcutaneously, in the drinking 
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water or via oral gavage, The groups that were vaccinated m the drinking water (DW) were 
diluted J: 128 in the water. Those boosted by oral gavage were given. 0,25ml. Mucosal. IgA 
response was measured using a competitive SE flagellin ELISA. assay (IDEXX) as described 
above. Although the last five treatment groups In Figure 8 were not significantly different, the 

5 numerically lowest group was the mannosylated chitosan V2 delivered sq in the primary 
vaccination and a 1:12-8 dilution in DW for the boost. This group had. significantly higher levels 
of IgA in the ileum compared to 0.5% chitosan with aq primary vaccination and either sq or DW 
boost. No significant differences were observed between the reduced and non-reduced forms of 
the mannosylated chitosan or when the boost was given via the drinking water or oral gavage, 

10 
Example VI; Comparison to a mineral oil based adjuvant 

The mannosylated chitosan was then compared to and combined with a commercially 
available mineral oil based adjuvant. Salmonella enferitidis (SE) baeterin grown to 10* cfii/ml 
and inactivated with formaldehyde was used as the antigen. The Salmonella baeterin was mixed 

15 with chitosan, mannosylated chitosan, the mineral oil adjuvant, a combination of chitosan and 
the mineral oil adjuvant or PBS at 4 X 10' c.fu/ml with, a final dose of I. X. 10' cfu per bird in a 
2:1 ratio. Day-of-hatch broiler chicks were primed with 0.25 ml of the indicated preparations 
subcutaneously as outlined above. Chicks were boosted by oral gavage at 12 days of age. 
Antibody levels on day 22 in serum (IgG) and ileal mucosa! (IgA) were determined with a 

20 competitive ELISA kit (IDEXX) and. results are shown in Figures 9 and 10, respectively. 
Decreased absorbance levels of sample to control ratios indicate higher levels of antibodies that 
recognize the SE flagellin coated plates. The mannosylated chitosan. vaccination and boost 
protocol produced significantly increased I gG and IgA levels as compared to each of the other 
groups. 

25 
Example VII; IgG Response after a single administration 

To investigate the IgG immune response after a single parenteral vaccination, day-of-
hatch chicks were vaccinated subcutaneously with 2.5 x 10* efu/pouit Bordetella avium baeterin 
combined with saline, normal chitosan or mannosylated. chitosan. Serum was collected at day 14 

30 and the Bordetella specific .IgG was measured by EX-ISA. The results are shown in Figure 1.1 
and show the sample to positive control ratios of absorbance for the indicated treatments. Higher 
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levels of absorbance are indicative of increased specific IgG. The mannosylated chitosan 
combined, with the Bordetella antigen produced the highest levels of IgG, 

Example VIII: IgG Response after boost in the drinking water 
5 To investigate the IgG immune response after administration of Bordetella avium 

baeterin subcutaneously followed by a drinking water boost at day 14. Day-of-hatch chicks were 
vaccinated subcutaneously with 2.5 x 10s cfu/poult Bordetella avium baeterin combined with 
saline, normal chitosan or mannosylated chitosan. At day 14, 7.8 x 106 cfu/mL Bordetella 
avium baeterin was included in the drinking water as a boost to vaccination. At day 2 L 7 days 

10 post-boost serum was collected and the specific IgG response was measured by ELISA, The 
results are shown in Figure 1.2 and show the sample to positive control ratios of absorbance for 
the indicated treatments. Higher levels of absorbance are indicative of increased specific IgG. 
The mannosylated chitosan combined with ihe Bordetella antigen produced significantly higher 
levels of IgG as compared to the control or unmodified chitosan. 

15 
Methods for adjuvant preparation: 
Preparation of chitosan-protein cross-linked with formaldehyde vaccine: 

The final product of chitosan without mannose can range Irom a minimum final 
concentration of 0.5% chitosan and maximal final concentration of 2% chitosan in the vaccine 

20 formulation. Chitosan is dissolved in a solution, containing 15 ml of glacial acetic acid per L 
deionized water at the appropriate concentration (1.5% acetic acid in water). Typically for broth 
cultures 2 volumes of culture are mixed with one volume of 1,5% chitosan (0.5% chitosan in the 
final vaccine formulation}. Other antigens are diluted as minima! as possible giving a final 
concentration of up to 1.5% chi tosan. The formaldehyde is then added to the antigen-dissolved 

25 chitosan mixture such that the final concentration is 0.2% formaldehyde or 0,008 V! 
formaldehyde. In the Examples above, a 37% solution of formaldehyde is used. Tris-HCl can 
he added to a final concentration 0.5g/L. 

Preparation of mannosylated chitosan: 
30 Two molar equivalents of mannose in one volume of 0.1. M sodium acetate, pH 4.0 were 

heated at 60°C for two hours. The solution was then added to two volumes of one molar 
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equivalent of 2% chitosan in 0.15% acetic acid and allowed to react for 10 mill at room 
temperature to produce a I .5% mannosylated chitosan solution. This can then be-mixed with 
broth cultures such that 2 volumes of culture are mixed w i th one volume of 1,5% mannosylated 
chitosan. Concentrated antigens can be diluted as minimal as possible or as desired. Tris-HCi 

5 can be added to a final concentration 0,5g/L. 
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We claim: 

1. A vaccine comprising an effective amount of an adjuvant composition and an antigen, 

wherein the adjuvant composition comprises a carbohydrate linked to chitosan to form a 

Schiff base, 

wherein the carbohydrate is an open-ring mannose moiety, 

wherein the effective amount is an amount of composition that, when administered to a 

subject for enhancing the immune response of the subject, is capable of increasing the 

immune response of the subject, 

and wherein the vaccine is formulated for administration in food or drinking water. 

2. The vaccine of claim 1, wherein the Schiff base is not reduced. 

3. The vaccine of claim 1, wherein the Schiff base is reduced. 

4. The vaccine of any one of claims 1-3, further comprising an enhancing molecule. 

5. The vaccine of claim 4, wherein the enhancing molecule is saponin, toll-like receptors, 

the B subunit of a bacterial toxin, bacterial toxins, CpG motifs, liposomes or 

monophosphoryl lipid A. 

6. The vaccine of claim 4, wherein the enhancing molecule is tetanus toxoid, cholera toxin 

B subunit, heat labile enterotoxin B subunit, or tripolyphosphate. 

7. A vaccine of any one of claims 1-6, wherein the antigen comprises a microbe. 

8. The vaccine of claim 7, wherein the microbe is Salmonella, Escherichia, Shigella, 

Bordetella, Clostridium, Mycoplasma, Staphylococcus, Streptococcus, Bacillus, 

Influenza, or Eimeria. 

9. The vaccine of claim 7 or 8, wherein the microbe is inactivated or killed. 

10. The vaccine of claim 9, wherein the microbe is killed using formaldehyde, glutaraldehyde 

or formalin. 

11. Use of the vaccine formulation of any one of claims 1-10 in the manufacture of a 

medicament for enhancing the immune response of a subject to an antigen. 

12. The use of claim 11, wherein the immune response includes an enhanced antibody 

response as compared to administering the vaccine without the adjuvant. 

13. The use of claim 12, wherein the enhanced antibody response is an enhanced secretory 

IgA antibody response as compared to administering the antigen without an adjuvant. 

14. The use of any one of claims 11-13, wherein the subject is a mammal or poultry. 
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15. The use of any one of claims 11-14, wherein the route of administration is oral. 

16. The use of any one of claims 11-15, wherein the vaccine formulation is administered in 

the food or drinking water. 
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