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NOVEL MUCOSAL ADJUVANTS AND DELIVERY SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS
This patent application claims the henefit of priority of United States Provisional Patent
S Application No, 61/719.713, filed October 29, 2012, which i3 incorporated herein by reference in

its entivety.

INTRODUCTION
An adiuvant is a pharmacological or immunological agent that modifies the elfect of
10 other agomts, such as g drug or vacune, Adjuvants are often included in vagcines 1o enhance the
recipient’s immune response to a supphied antigen, while keeping the injected foreign material {o
a mininan.
Adjuvants do not in themselves confor immumity, Adjuvanis can act in various ways in
preseting an antigen to the immumne system. Adjuvants can act as a depot for the antigen,

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

o
41

the body clears the antigen. Examples of depot type adjuvanis are oif emulsions, like Freund’s
adjuvant. Adjuvants can also act ax an irritant which causes the body to recruit and amplify its
tmmune response, The tetanus, diphtheria, and pertussis vaceine, for example, containg minute
quantities of toxins produced by each of the target bacteria, but also contains aluminum
20 hvdroxide. Alominum salts are conmnon adjuvants in vaceines sold m the United States and

have been used 1 vaceines for over 70 vears.

Chitosan is a lnear polvsaccharide composed of randomly disteibuted §-(1 -4 )-linked D-
glucosamine (deacetylated vnit) and N-acetyl-D-glucosamine (acetylated unit). I is made by

treating shrimp and other crostacean shells with the atkali sodivm hydroxide. Chitosan has been

23 used as a carner for both oral and subcutancous vaccomes with some suceess. Here we present
novel chitosan-based adjnvant formulations which are shown to perform better as adinvants than
the traditionally used Alum adjuvants. In particalar, the chitosan-based adjuvaats provided
herein were effective at stimulating an IgA response.
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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



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-f-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 1gG 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 lgG (Figure 3A) and IgA (Figure 3B) antibody
response in chickens at varions thme points after vacemation and boost with the indicated
Bacillus-vectored avian influenza vaccine-adjuvant formulations.

Figure 4 is a graph showing the 1gG antibody levels against Safmonella following
pramary vaceination and boost with the mwdicated vaccine~adjuvant formmdations measured using
a competitive ELISA. Different letters indicate significant differences {(p<0.05).

Figure 5§ is a graph showing the IgA antibody levels against Salmonelln following
primary vaceination and boost with the indicated vaccine-adjuvant formulations measured using
a competitive ELISA. Dhifterent lelters indicate significant ditferences {(p<0.05).

Figurs 6 is a set of graphs showing the 1gG (Figure 6A) and 1gA (Figure 6B) antibody
levels aganst Selmoaella following primary vaccination and hoost with the indicated vacome-
adyuvant formulations measured nsing a competitive ELISA. Different letters indicate
significam differences (p=0.035),

Figure 7 is a graph showing the percent recovery of Sebnonello i the hver and spleen

Ty on day 22 atter primary vaccination (day 3 afier challenge). The
vaccination protocol was the same as that used in Figure 6 and a * indicales P< 005,

Figure 8 s a graph showing the IgA antibody level against Salmonella at Day 22
following primary vaccination and boost {Day 12} with the indicated vaccine-adjuvant
foronulations via the indicated routes of administration as measured using a competitive ELISAL
Different letters indicate significant ditferences (p=0.05).

Figure 9 is a graph showing the Ig(s immune response to Safponella atter vaceination of
chicks with the indicated vacome-adinvant formulations as measured by g competitive ELISA.
Drifterent letters indicate significant differences (p<0.05}.

Figure 10 15 a graph showing the IpA immune response to Salmonella after vaccination of
chicks with the indicated vaccine-adjuvant formalations as measored by compelitive ELISA.
Dafferent letters indicate significant differences (p<(.05).

Figure 11 1s a graph showing the IgQG immune response to Bordetella avium alter a single
parenteral vaccination of turkeys with the indicated vaccine-adjuvant formulations. Different
letters indicate significant differences (p=0.03).

Figure 12 ts a graph showing the 1gG immune response 1o Bordetella aviver after

subcutancous vaceination with the indicated vaceme-adinvant formulation of day-of-hatch
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turkeys followed by a drinking water adiministration of the same vaccine-adjuvant combination
on day 14, The response was measored at day 21, Different letters indicate significant

differences {p=<0.03).

DETAILED DESCRIPTION

Provided herein are adjuvants which include chitosan, vaceine formulations comprising
the adpevants, methods of waking the adjuvants and methods of using the adjuvants and vaceine
formulations. In summary, a novel adjuvant system that can be used in similar methods to other
adjuvanis such as those used tor parenferal (ingection) is described herein. The base molecule
mvelves chitosan, which is g deacetylated form of chitin, the exoskeleton of many nvertebrate
animals {shrimp, crabs, msects, ee.). Chitosan is considered a generally recognized as safe
{GRAS) compound and 18 used for weight loss, cholesterol reduction, insomunia, and kidney
function improvement, Chitosan is also used as an adjuvant used with various mucosal vaccines
{Tabbal-Gilf er g/, 2012}, bat the chitosans deseribed herein are new and function belter than
traditional chitosan as shown in the Examples,

Chutosan-protein cross-linked with formaldehyde and carbohydrate-linked chitosan
provide a unique adjuvant for oral or parenteral delivery of vaccine antigens. Chitosan has been
used as @ carrier for both oral and soboutaneous vaccines, In some of the formulations, the
antigen 18 covalently bound to the chitosan by treatment with formaldehyde. In others, the
adjuvant system 1s improved by addition of a carbohydrate (mannose, fucose, and galactose}
hinked to the chitosan, allowing targeting of the mannose receptors on the anfigen presenting
cells, thus enbancing the imnune response to the chitosan~-antigen complex. Both the chitosan-
protein cross-tinked with formaldehyde and the mannosylated-chitosan protein complex, give a
rabust finmune response by both parenteral and oral (or other mueosal) delivery routes, which is
unigue for inactivated vacoines.

In one aspect, an adjpvant composition comyprising a carbohydrate linked to chitosan to
form a Schiff base s provided. The adjuvant may be combined with an antigen, The
carbohydrate may be mannose, mannobiose, glucose, galactose or fructose, Other suitable
carbohvdrates may be used. Without being Himited by theory, the carbohydrate is added o the
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 carbohyvdrate~chitosan used herein is made as desoribed more fully in the Examples
below. Our method is based on Jayasree (Jayasree ef al., 2011} using an open ving carhohydrate
with any available carbony! group that reacts with the amino group on chitosan 1o form a Schiff-
base. This Schiff-hase can he stabilized by reduction with sodinm cyanoborohydride
{NaUNBHg). We have shown that the reduction was not pecessary for immunopotentiation in
Figure 6 in which the reduced (Man-C V1) was compared 1o the non-reduced form (Man-C V2)
of the chitosan. The non-redaced form produced the best IgA response, thus either form can be
used. In addition, the non-reduced form of the mannosylated chitosan does not require the
addition of a toxie chemical (NaUNBH,). Brefly, the carbohydrate, suftably mannose (10uM),
is dissolved in 0.1M sodium ascetate pH4.0 at 00°C for 2 hours and chitosars (0.2-2%) is
dissolved m 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 carbonyl on the sugar to produce a Schit base. Reduction of the Schilf base is not
necessary for the adjuvant to function and mdeed the Examples show the non-reduced Sehift
base is @ better adpuvant (see Figure 6). 1o othor embodiments, the Schiff base may be reduced.

I another embodiment, chitosan and an antigen may be cross-Hnked using an aldehyde.
In one aspeet, a composition comprising 0.5% to 2% of an aldehyde cross-linked chitosan and an
aatigen. The final vaceine formulation suitably containg 0.5 to 1.5% chitosan, The adjuvant
may cantain 0.5% to 3% chitosan, suitably 0.5% to 2% chitosan, swtably 0.53% 1o 1.5% chitosan,
suitably 0.5% to 1.2% chitosan. The final concentration of aldehyde v a vaccine composition 1s
saitably less than (.5%. The maximum concentration of aldehyde 18 based on the maximum
tevel of residusl aldehyvde allowed 1 vaceines. A higher level of an aldehyde may be used for
cross-linking the chitosan, but the final vaccine formulation suitably containg less than 0.5%
aldehyde. In the Examples, formaldehyde was used as the aldehvde o cross-link the chitosan.
Other aldehydes, such as formalin, glutaraldebyde. acetaldehyde. propronaldehyde, or
butyraldehyde, may also be used. The aldehydes cross-link the chitosan aminoe groups with those
on other chitosan molecales or on the antigens,

Maethods of making a vaccine formulation comprising an aldehyde cross-linked chitosan
and an antigen s also provided herein. The methods include dissolving chitosan in a solution of
acelic acid, The carbobydrate-hinked chitosan may also be used as the chitosan in this method.

Suitably the acetic aoid is used at 1.5% final concentration in water or 1 3mi. of acetic acid
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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 1s added {o the dissolved cliutosan st the appropriate level.
The amount and form of the antigens used i the vaceine formulations can be determined by
those of skill in the art, Finally, the antigen and chifosan are combined with the aldehyde such
3 that the final concentration of the aldchyde is between .02% and §.5%. The aldehyde s capable
of chemically cross-linking the chitosan to other chitosan molecules and the chitosan to the
antigen. Tris-HCT can be added to quench free aldehydes. The Tris can be added {o a {final
concentration of 0.5g/1..
Either adjuvant composition disclosed herein may be combined with enhancing
16 moelecules inchuding but not Himited to saponin, toll-like receptars, the B subunit of a bacterial
toxin, bacterial toxms, tetanus foxoid, CpG motits, iposomes or monophosphoryl lipid A,
Nuitably the enbancing molecules act as Rurther shinmdators of the immune system and enbance
the insmune response generated after administration of the vacoine formulation 1o a subject.
The vaccine formulations provided herein comprise the chitosan-based adjuvants

deseribed herein and sntigens. The antigens may be any antigens avatlable to those of skill in the
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art, Antigens such as protems, synthetic peptides, peptides comjugated to carriers, or microbes
may be used in the vaccines. Microbes include bacteria, yeast, parasites, fungi, virases,
helnunthes or other discase causing organisms, Microbes include live, dead, atienuated,
recombinant, or inactivated organisms. Examples of microbes include, bat are not Hmited to

20 Salmonella, Excherichia, Shigella, Bordetella, Clostridivin, Mycoplasma, Staphodococcus,
Streptococcus, Bacillus, fnfluenza, and Eimeria. Microbes may be nactivaied or killed prior to
use by treatment with heat, methano! or other fixatives such as formaldehvde or other aldehydes.
The aldehydes can be quenched by subsequent addition of Tris-HC1 to a final concentration of

{.5g/L, Suitable antigens may alse include peptide antigens such as Igffuenza M2e,

o
i

Hemaghutinin, Neuraminidase, or nuclear protems; Eimeria TRAP or MPP; Closiridium
sialidase, SagA. alpha-toxin, NetB toxin, or iron transport protein. Examples of other peptide
satigens can be found at east in ULS. Application Nos. 12/441.851; 12/740,63 1; 12/740,608;
13/574. 504 and 13/702 827, all of which are incorporated herein by reference in their entiretios.
The chitosan based adjuvants may be used to fnerease the inmnune response to vaccines alveady

30 available or o newly developed vaccines or antogenous vaccines,
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There are two significant improvements to vaceination associated with this work, First,
when modified chitosan is co-administered with mactive vaceine by the parventeral route, we see
an e response that is superior to the immung response observed with other adjuvants, such
as alum, with 8 minimal injection-site reaction. Many adiuvants work by causing an
mlammatory response at the site of yection or delaying absorption from the myection site, or
both. One of the down sides to traditional adjuvants is that they often canse some reaction,
soreness, and w some cases they cause persistent lestous that eause downgrading or rimming of
meat-producing animals at slaughter. The modified chitosan may redoce these concerns
associated other vaccine adjuvants. it s cheap to produce and easy to make into commercial
VAeOIngs,

I addition, robust innmune responses are being generated when killed antigens ave co-
presented orally etther 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 1o the birds or other amimals, With the exception of the
hatchery, it ix generally too expensive o use inactivated vacaines in pouliry because of the
administraiion cost. The ability to deliver the vaceine orally changes the way we are able fo
vaceinate animals. There are two main advantages of live {called modified live or attenuated

saccines) for mass adminisiration, First, you can mass apply by drinking water or spray
application. Second, these live vacomes also generate immunity in the local mucosa {respiratory
tract and intestinal tract where most pathogens mfect). As such, either killed or hive vaccines can
protect from disease, but the live vacomes are ustorieally more effective at preventing actual
infection, and therefore are preforred.

There are huge advaniages to killed vaccines in that they can be produced quickly with
very low risk of causing infection and disease, they cannot genctically change back into the
disease-causing parent type, and they have much lower regnlatory issues tor these reasons. Also,
there are a large and ever-growing mumber of orphan diseases which are not sutficiently common
for a vaceine company to develop a regulatediicensed vaccine, and there are provisions in US
law (and many other countries) for producing “autogenous™ vaccines specifically made from the
pathogen of imterest, killed, and used on the source Hocks (or animal or human populations). In
developing countries orphan diseases ocour that require vaccines that are sot affordable or that

are technically not possible to preduce locally or quickly enough to deal with an outbreak. The
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adjuvants provided herein are affordable and technologically straightforward to produce. They
can he readily combined with a killed or inactivated microbe to generate a vaccine.

Several potential applications for the techuology described herein are available, The
systermic response o kitled vacemes can be tmproved by incorporation of the altered chitosgn as
an adppvant for igection. We can prevent some discases through oral administration of killed
vaccines with this adjuvant platform. This adjuvant platform, when admimistered orally, may be
targeted to stimulate systemie andfor mucosal responses — meanimg that i has many of the
advantages of live vacemes, but avoiding the issues of Hive vaceines desentbed above.

The adjuvanis and vaceine formulations deseribed herein may be combined with other
pharmaceutically acceptable carriers. A pharmaceutically acceptable carrier is any carrier
sutlable for i vive adnumstration. Exawples of pharmacentically acceptable carriers suitable for
use in the compositions inchade, but are not limited to, water, butfered solutions, glucose
scdutions, oil-based or bacterial calwre Hoids, Additional components of the compositions may
suitably include, for example, excipients such as stabihizers, preservatives, difuents, envalsifiers
and lubricants. Examples of pharmaceutically acceptable carriers or diluents mchude stabilizers
such as carbohydrates {e.g., sorhitol, mannitol, starch, sucrose, glucose, dexiran), proteins such
as albumin or casein, protein-containing agents such as bovine serum or skinumed milk and
buffers (e.g., phosphate buffer). Especially when such stabilizers are added 1o the compositions,
the compasition is suitable for freeze-diving or spray-drying. The composition may also be
emulsified.

The composibions deseribed herein may also be combined with other pharmaceatical
compositions and these compositions may be administered m asny order, ot the same time or as
part of a unitary compostiion. The two compositions oy be administered such that one is
administered before the other with a difference m admmistration time of 1 hour, 2 hours, 4 hours,
8 hours, 12 howrs, 16 hours, 20 hours, 1 day, 2 davs, 4 days, 7 days, 2 weeks, 4 weeks or more.

An effective amount or a therapeutically effective amount of the vaccine formmiations 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 discase is capable of increasing the
mmune response, such as the cell-medianted or antibody mediated fonaune response to fimit the
morbidity or mortality associated with infection or exposure to the targeted disease. Suttably, the

immune response 18 enhanced to a fevel such that administration is sufficient to effect a treatment
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or block disease related morbidity or mortality. The therapeutivally effective amount will vary
depending on the vaceme, 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 vacemation may be increased by two fold, three fold, four fold or more

by inclusion of the adjevant 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

TeA response, or an gy response. The adjovant may also fead to a reduction in the morbidity or
muortality associated with subsequent infection. As shown in the Examples, use of the adjuvants
deseribed heretn in combination with an antigen may fead o a reduction in the rate of subseqguent
infection or the severity of subsequent infection with the microbe to which the antigen elicits an
mmune response as compared o vaccination with the antigen alone or vaccination with the
antigen and 8 distinet adjuvant. The severity of the infection may be measured by the ability of a
microorganism o invade tissues beyvond the site of introduction, replicate and/or persist within
the organism over time, or cause morbidity or mortality. The vaccinated animals may be
subsequently infected with a pathogen.  In such vases, the growth of the pathogen in the subject
after challenge is redoced by at least 1 logig, 2 logye ov even 3 loge in subjects adminastered the
vacemne as compared to subjects admunistered a control,

The compositions described herein may be administered by any means known to those
skilled in the art, including, but not Himited to, oral, intranasal, mtraperitoneal, parenteral,
mtravenous, inbramuscular, subouianeous, nasopharyngeat, o transtmucosal absorption. Thus the
compounds may be formulated as an ingestable, sprayvable or injectable formulation. For
example, oral admmistration may entail addition to the drinking water, spraying on food,
spraying on the animals (such as chickeus or turkeys that will ingest the vaccine in the spray
when they preen their feathers). The subjects may be mammals, including humans, cows, pigs.
cats, dogs or other domesticated aimals or pon-mammals such as poultry, v.e., chickens or
turkeys.

I will be appreciated that the specific dosage administered and timing ol administration
{i.e. primary vaccination and boost) in any given case will be adjusted in accordance with the
formulation being adminisiered, the discase being targeted, the risk of exposure, the condition of
the subject, and other relevant wedical actors that may modity 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, bady weight, general state of health, diet, the timing and

of the particular disorder to which the vaccine is targeted. The mitial vaccination and the boost

may be adnunistered by different means. For example, an inttial vaceination via g suhcutancous
rongte 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 between 0.2 and 2%, suitably
3.5-1.5%. The total amount of chifosan admumstered way be from less than Tog per vaccination
to 100mg, suttably, 2,4, 5, 6, 8, 10, 12, 14, 16, 18, 20, 25, 50, 75 or 100 myg of chitosan. In the
Examples, 2-3myg chutosan was used per dose. When combined with a nicrobial antigen, the
microbe may be included at between 1 x 107t 1 x 107 microbes per dose. In the Examples, 1 x
107 1o 1x 10° microbes were used per dose. An antigen way be incladed at 10pg to 10mg per
dose. In the Examples, 100ug per dose was used.

The tollowing examples are moant only {0 be ilinstrative and are not meant as Himitations
on the scope of the nvention or of the appended clayms. Al references cited herein are hereby

meorporated by reference mn thewr entireties.

EXAMPLES

Example I Immune response to f-galaciosidase following primary vaccination and boost

Our first experiment o test the chitosan-protem cross-linked with formaldehyde vaccine
used the classical profemn Bgalactostdase (B-Gal) as a model protein. Turkey poults were
vaccinated with $-Gal, as deseribed in Table 1 below, with six reatment groups and oue conirol.
Poults were vacomated with saline or f~Gal 100 pg {0.25 mi) in cither saling, 15% alum, 1%
chitosan cross-linked (3 groups) with formaldebvde (Formy, or 1.3% chitosan not cross-linked
with formaldehyde by parenters! subcutancous (3¢) injection at day-of-hateh,  All groups were
boosted with the same formula sq at dayvs 14 and 23 except two of the 1% chitosan groaps, one
boosted both days with 1% chitosan-B-Gal by oral gavage and one boosted by spray with 1%
chitosan-f-Gal (2 mL).

The nmune response to the B-Galactosidase was determined vsing serum in an ELISA
for Brealactosidase and the results are shown in Figure 1. Leovels of the immune response are
reported as sample {o postiive control ratios of absorbance in an indirect ELISA. Higher &P

ratios indicate higher anti-B-galactosidase antibody titers. There was very liftle cross-reactivity
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m the ELISA using serum from turkeys vacoinated with saline and only a modest numerical
mcrease when vaccingted with §-Gal m saline. A commaon commercial adiuvant used currently
is 15% alum and there was a good immnumne response when this was used. Using our chitosan-
tmmunostinndated and formaldehyde cross-linked vaccine system (labeled as 1% chitosan) there
was a significant increase in the immane response 1o the model antigen, §-Gal. 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% chitosan~-formaldehyde treated adjuvant by
spray or oral treatment, there was a response comparable to the standard adivvam, 15% alum,
admingstered subcutancously.

Table 1 Treatment Groups

Group imnunogen Primary Day-of- | Boost at 14 days after
hatch VX hatch
{100pg/0.25mi)

Satine Nong 50 SQ
{100ue/0.5mi)

BG in Saling B-Galactosidase | SQ sQ
{1001g/0.5mi)

15% Alem B-Galactosidase | SQ SQ
{1001g/0.5mi)

1% Chitosan B-Galactosidase | SQ SQ

, {100ug/0.5mi)

1.5% Chitosan no Form | B-Galactosidase | SQ sQ
{100ue/0.5mi}

1% Chitosan 2™ oral B-Galactosidase | SQ Oral gavage
{100ug/0.5mi}

1% chitosan 2% Spray | B-Galactosidase | SQ Spray {100ug/mi }
atomized spray of 50 mi
per 20 birds in a 20 sq. ft.
[gaieisnd

Example I Immune response to Clostridiom following vaceination with various adjuvants

A similar experiment to the one described above was carried out by administering 4 X
10 efwimt Closeridivm septicum bacterin (CS) in either alom or formalin-cross-linked chitosan
so that the final dose per bird is 1 X 10% efarbird to day-of-hateh turkey poults subeulaneously (in
.25 ml} cither alone or in combination with 12% alum or 0.5% formalin-cross-linked-chitosan.
All birds were boosted at day 14 with the same vaccine by the same ropte. Levels of the

resulting mmune reésponse were measured by an indireet ELISA assay and reported as sample to
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positive control (8/P) ratio of absorbance. Higher S/P ratios are indicative of higher anti-CS
antibodies.

Birds receiving vaccine withowt adjuvant resulted in an ELISA-detectable antibody
response with an 8/P ratio of 0.16 as shown in Figure 2, This antibody level was not statistically
different frony that of the CS adjuvanted with aham. After one boost (14 days afler primary
vaccination}, poults vaccinated with the €8 bacterin adjuvanted with 0.5% formalin-cross-
linked-chitosan showed g levels that resalied in §/P ratios approximadely double that of the €S
bacterin without adjuvant, 0.4 and 0.16 respectively. The €8 bacterin with alominum hydroxide
adjuvant induced TeG levelds that were approximately 30% lower than IgG levels induced by €S
with chitosan compared by S/P ratios, 0.27 and 0.4, respectively. (See Figure 2). Importantly,
fjection site testons are less pronoanced at 72 howurs {or fater) due to chitosan adiinistration
whereas alum always produces local inflammation and granulomas, offen progressing to

encapsulated sear gssue.

Exampie HE: Avian influenza vaccingtion experiments,

Avian inflnenza {Al} is a significant public health concern and serious cconomic threat to
the commercial pouliry indostry worldwide, Our previous data suggest that Salmonella-vectored
aceines expressing M2e i gssociation with CDIS4 are effective against AL New constructs
using Bacilluy subtifis as the vector and M2e epitopes with imvmunostinmulatory molecules were
tested. MZe specific serwn (gl and mucosal IgA antibody evels were determined by ELISA on
days 11, 15 and 21 post hatch, On day-of-hatch chicks were vaccinated by either oral gavage or
subcutancous injection with either Bacifluy Wild Type (BSBB), Bucillus vectored avian
influenza vaccine (BSAD as a live vacecine, BSATL after formalin fnactivation, BSAT after
formalin iactivation, lyophilization and reconstitution with saline or BSAT after formalin
inactivation and cross-tinked with 196 chitosan. Fach vaccine was administered ai 10%fw/chick
in 0.25ml ar 0.25md saline. On day 10 post-haich chicks m two groups (BSAI live, BSAI
inactivated and Ivophilized) were given a booster vaceination of the same trestment they
received at day 0 and all other groups did not receive the 2™ vaceine dose.

Serum g and mocosal IgA samples were then obtained from birds in all groups on days
11, 15 and 21 post batch and used in an antibody caphre ELISAL Plates were coated with M2e

conjupated o BSA (10 ggimi), blocked, incubated with serum from cach of the treatment groups
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diluted 1:50 m 2% FBYPBS, followed by incubation with a HRP-conjugated secondary antibody
diluted 1:7 500, and developed using TMB substrate. The resulls are presented as mean S/P
ratios {sample mean - pegative control mean)/(positive control mean - negative control mean) +
SEM (n=20).

When compared with the Bacifluy backbone control {BSBR), there were significant
moreases 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 vaceinated groups in increased IgG antibody response {See Figure 3A). The real difference
in immane response is apparent when looking at the mucosal IgA spectfic antibody response
{See Figure 3B). BSAI+1% clitosan showed a nurked increase in specific A antibody
response when compared to control or the additional five treatment groups receiving vaccination
at all three time points sampled.

To sunmmarnize, in oxperiments using cross-linked chitosan we have demonstrated above
that this modification of chitosan s a betler adjuvant than aluminam hydroxide through both
parenteral and oral routes (Figure 1 and 2). Chitosan treated with formaldebyvde as g cross-linker
wias shown to be more effective than chitosan without formaldebyvde (Figure 1), When used

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

Example IV: Enhancement of Chitosan Adjnvant

The adjuvant was further enhanced throngh a series of experiments designed to improve
the chitosan-based adjuvant by addition of potential enhancing molecules or alternative delivery
strategios. Immunostimulatory compounds can potentially waprove responses when used with
adjuvants and several have been investigated previously: see reviews (Guy, 2007; Mutwiri etal.,
2011} Potential adjuvants include sapenins, bacterial components, compeunds that interact with
the imnate inmune system such as Toll-like receptors, nuelere acids such ay the CpG motif]
viruses, emulsions including Hposomes, or a combination of any of these components. Some of
the more promising immunostimulaiory molocules that interact with the mnate immune system
are Tetanus toxoid (TT), heat-labile enterotoxin B subunit {L'YB), and Cholera toxin B subunit
{CTB). Other compounds shown to enhance the immune system empirically through innate
chemical properties include saponin and monophosphoryd Hpid A (MPLA). Using manvose or

other sngars to target binding to macrophage receptors may enhancs imanne function.



10

o
41

o
i

WO 2014/070709 PCT/US2013/067212

Combinations of different adjuvants may act synergistically such as with IL-12 or other
cytokines o stimulate the immune response.

The first experiment 0 improve the adjuvant compared the formaldehyde-cross-tinked
chitosan adjuvant, which consists of an antigen of inferest cross-linked with 0,5% chitosan, using
formaldehyde to generate the data shown m Figures 1-3 above. This adpevant system was then
used as the control or baseline for selection of the best combinations of selected candidate
immune enhancing molecules. The test immuanogen was a Safmonella exteritidis (SE) bactenin
grown to 10" efwml and inactivated with formaldebyde. To determine whether the cross-fioked
chitosan adjuvant could be further improved, the test anmunogen {(Salmoneila bacterin with
chitosan was 4 X 107 cfu/ml with a final dose of 1 X 107 cfu per bird) was mixed in a 21 ratio

with cross-linked chitosan alone or enhanced with tetanus toxoid (TT), heat-labile entevotoxin B

-y

subuait (LT8), or mannosylated chitosan and administered in either the drinking water or feed.
The results are presented in Figure 4.

TT may be a potential immune enhancing molecule and has been used extensively in
vaceing development. The beat-labile enterotoxin from £, coff has been shown to be a powerlul
inmuanostimmudatory molecule but is very foxic and 15, therefore, not suitable as an adjuvant.
The heat-labile enterotoxin consists of two subunits, a central core LTA and five subunits of
LTB {(da Hora ef ¢, 2011, The LTB subumit retaing the mmune adjuvant properties and yet is
noa-toxic. Theretore, this 15 a sale potential adjuvant component. Mannose and some other
carbolydrates (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 ef ¢f., (2011} without the addition of the zine.
Brielly, two molar equivalents of mannose i one volume of 9.1 M sodivm acetate were heated
at 60°C for two hours. The solution was then added 1o two volumes of one molar equivalent of
2% chitosan in 0.153% acetic acid and allowed to react for 10 min at room temperiure to produce
1.5% mannosylated chitosan. The SE bacterin was then added 0 1.5% mannosylated chitosan in
g two to one ratio. The Schiff*bases formed were then redoced with sodium eyanoborohydrate
{NaCNBH,).

In sdddition, to the immunopotentiating molecnles, different delivery systems were also
mvestigated as noted above, The typical drinking water delivery system used in the poulivy

industry diluies the drag or chemical one part to 128 parts of water. The original chitosan
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formula nsed in Figures 1.3 was difuted 1:128 in the drinking water as a potentiad delivery
system. The last test group was 0.5% chitosan cross-hoked with formaldehyde with the SE
bacterin (original chitosan formula} encapsulated by drep wise addition to tripolyphosphate
{TPP) then dried and ground to a powder for addition to the feed at a rate of 0.5% (wt/wt).

Day-of-hateh broler ehicks were primed with 0.25 mi of the indicated preparations
subcutaneousty as outlined above., These groups were primed the same as the chitosan only
group. Chicks were boosted by oval gavage at 12 days of age except for the drinking water and
TEP groups which were boosted n water at 11128 or in the feed at 0.5% (wi/wt) for 8 hours,
respectively. Antibody fevels on day 22 1 serum (16 and leal mucosat {IgA) were determined
with a competitive BELISA kit (IDEXX). Decreased gbsorbance levels or samiple to control ratios
mdicate higher levels of antihodies that recognize the SE flagelhn coated plates.

As noted in Figures 1 and 2 above the chitosan adjuvant was superior 1o alurg in
producing a robust immune response. Here each of the chitosan based adjuvants was able to
produce a robust response to the SE bacterin, with significantly higher levels of both 1gG and
fgdA gs compared o chitosan alone adnunistered subeutaneously (Fipures 4 and 5, respectivelyvy.
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
LT, mannosylated chitosan, and chitosan boost in the drinking water, were consistently
superior in anttbady production as compared (o chitosan alone administered subentansously
{Figures 4 and 3).

in the next set of experiments, the three best groaps from the previous experiment {LT8,
chitosan boost in DW, and reduced mannosylated chitosany were repeated along with the
negative control {saline} and the benchimark control of 8.3% formaldehyde-cross-hnked-chitosan
administered sg for primary and boost vaceinations, which was previously shown to be superior
to alum. In this experiment, we added three new treatment groups psing the benchmark control
of .5% formaldehyde-cross-linked-chitosan inmnunopotentiated with either Cholera toxin B
subunit (CTB), Lipid A from Safmoenella (MPLA), or saponin,  Also added w 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

version I, Mag-C V1), but this group was not redoced with NaUNBHy (Man-(C V2),
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The SE flagellin competitive ELISA again showed that the birds vaceinated
suboutgneousty with 0.5% chitosan (C} for both the primary and boost had higher levels of
mmmunoglobulins in the serum (Figure 6A ) The birds vacoinated with 8.3% chitosan with CTB
{C +CTB), Man-C V2 and Chitosan with saponin (C + saponin) gave the best 1gG response
{Figure 6A). The Man-C V2 gave numerically the best oA response (Figure 683, All three of
these treatment groups were significantly different from the benchmark group (0.5% chitosan
vaceinated sg for both the primary and boost) (Figure 6).

In addition, the birds were challenged at day 19 with live Salmonella at § X 107
cludchick. Three days post-challenge the birds were coltured for Salmonelle in the cecal tonsil
{CT) and lverdspleen {L/3). Chitosan with CTB, both versions of mannosylated chitosan,

chitosan in the drinking water boost, and chitosan plus saponin significantly decreased
Salmonella to below detectable Hmits in the liver/spleen (1/8) when compared to the negative
{saling vaccinated) control (Fig. 7; p <0.03), In the imtestine {CT), the levels of Salmonella were
significantly veduced using either of the two versions of mannosylated chitosan and in the group
boosted with 0.3% chitosan diluted 11128 in the drinking water, The significant decrease in the
mannosylated chitosan groups indicate that the direct targeting of the macrophage with a ligand
for the mannose receptor increases the effectiveness of the chitosan adjuvant. Also, very
tmportant is that the non-reduced Schiff-base formulation of the mannosylated chitosan was just
as effective as the NaCONBHy redoced mannosylated chitosan which did not have the addition of
a potentially harmiul chemical. Another myjor steprise was that the 1128 diluted 0.3% chitosan
i the drivking water that was used for the boost gave superior results in decreasing colonization
of Salmonella compared o parenteral vaccination only (Fig 7).
Example V: Route of Administration for Vaceination

The best route and adjuvant combination for vacoination was investigated. Day-of-hatch
chicks were administered 0.25ml of either saline or the vaccine with the respective adjnvant
mixture as indicated 10 Figure 8. The adjuvants compared include the formaldehyde~cross-
linked chitosan, the reduced mamnnosylated chitosan (Man C V1), the nonreduced mannosylated
chitosan (Man C V), and each adjovant was combined with antigen and administered at day-ob
hatch sither subcataneously or in the drinking water. Birds were boosted with a second

administration of the same adjuvani-antigen combination either subcutancously, in the drinking
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water or via oral gavage. The groups that were vaceinated in the drinking water (DW) were
diluted 11128 in the water, Those boosted by oral gavage were given 0.25mi. Mucosal IgA
response was measured using a competitive SE flagellin ELISA assay {1DEXX) as deseribed
ghove, Although the last five treatment groups in Figure 8 were not significantly different, the
mmertcally lowest group was the mannosylated chiiosan V2 delivered sq in the primary
vaccination and a 1:128 dilution in DW for the boost. This group had significantly higher levels
of e A m the teuwm compared to 0.5% chitosan with sq primary vaccination and either sq or DW
hoost. No significant differences were chserved between the reduced and non-reduced forms of

the mannosylated chitosan or when the boost was given via the drinking water or oral gavage.

Example VI: Comparison o @ mineral oil based adprvant

The manoosylated chitosan was then compared to and combined with a commercially
available mineral oif based adjuvant. Safmonelia enteritidis (SE) bacterin grown to 1 0" efiml
and inactivated with formaldehyde was used as the antigen. The Selmonella bacterin was mixed
with chitosan, mannosviated chitosan, the mineral oif adjuvant, a combination of chitosan and
the nuneral oif adjuvant or PRBS at 4 X 107 chusmi with a final dose of 1 X 167 cfu per bird in a
2:1 ratio. Day-of-hatch broiter chicks were primed with 8.25 ml of the indicated preparations
subcutancousty as outlined ahove. Chicks were boosted by oral gavage at 12 days of age.
Antibody fevels on day 22 in seram (Ig(3) and ieal mucosal (IgA) were determined with a
competitive ELISA kit (IDEXX) and resudis are shown i Figures 9 and 10, respectively.
Decreased absorbance levels of sample to control ratios indicate higher levels of antibodies that
recognize the SE Hagellin coated plates. The mannosylated chitosan vaccination and boost
protocol produced significantly increased Te(i and IgA levels as compared to each of the other

Sroups.

Example VII: {2G Response after a single administration

To investigate the 1gG immane response affer a single parenteral vaceination, day-of-
hatch chicks were vaceinated subcutaneousiy with 2.5 x Ho ciwpoult Bordetella avim bacterin
combined with saline, normal chitosan or mannosylated chitosan. Serum was collected at day 14
and the Bardetella specific 1gQG was measured by BLISA. The results ave shown in Figure 11

and show the sample o positive contred ratios of absorbance for the indicated treatments, Higher

pam—
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levels of absorbance are indicative of Increased specific 1gG. The mannosylated chitosan

combined with the Bordetella antigen produced the highest levels of 1gG.

Example VHIE 1gG Response after boost in the drinking water

3 To investigate the {gG immune response after administeation of Bardetello aviiam

bacterin subcutaneousty followed by a deinking water boost at day 14, Dav-of-hatch chicks were
vaceinated subcutaneously with 2.8 x 1° chw'powdt Borderell aviom bacterin combined with
saling, normal chitosan or mannosylated chitosan, At day 14, 7.8 x 106 cfuiml. Bordetella
avirn hacterin was included in the drinking water as a boost {o vaceination. Atday 21, 7 days
160 post-boost serum was collected and the speeific 1g(3 response was measured by ELISA. The
resulis are shown 1 Figure 12 and show the samaple to positive control vatios of absorbance for
the indicated treatiments. Higher levels of absorbance are ndicative of increased specific 1gG.
The mannosylated chitosan combined with the Borderella anligen produced significantly higher

levels of oG ay compared to the control or anmeodified chitosan.

o
41

Meothods for adjuvant preparation:
Freparation of chitosan-protein cross-linked with formaldehyde vaceine:
The final product of chitosan without mannose can range from a minimum fingl

concentration of 0.5% chitosan and maximal final concentration of 2% chitosan i the vaccine
20 formulation. Chitesan is dissolved in g solution containing 15 mi of glacial acetic seid per L

deronized water at the appropriate concentration {1.5% acetic acid w1 water). Typically for broth

cultures 2 volumes of culture are mixed with ong volume of 1.5% chitosan (0.53%6 chitosan in the

final vaccine formulation). Other antigens are diluted as minimal as possible giving a final

concentration of up to 1.5% chitosan. The formaldehyde is then added to the antigen-dissolved

25 chitosan mixture such that the fingl concentration is 8.2% formaldehyde or L0088 M
formaldelyde. In the Examples above, a 37% solution of formaldehyde is used. Trs-HCOL can
he added o a final concentration 0.53g1..

Prepargtion of mannosylated chitosan:
30 Two molar equivalents of mannose in one volume of 0.1 M sodiam acelate, pH 4.0 were

heated at 60°C for two hours. The solation was then added to two volumes of one molar

18
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equivalent of 2% chitosan in 0.15% acetic ackl and allowed to react for 10 min at reom
temperature o prodoce 8 1.53% mannosylated chitosan sofution. This can then be mixed with
broth cultures such that 2 vohumes of culture are mixed with one volume of 1.5% mannosylated
chitosan. Concentrated antigens can be diluted as minimal as possible or ag desired. Tris-HCH

can be added to a final concentration 0.53g/1..
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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.

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

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

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

A

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.

20



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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