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VACCINE ADJUVANTS FROM SELF-ASSEMBLING PEPTIDES

CROSS-REFERENCE TO RELATED APPLICATIONS
The present application claims the priority benefit of U.S. Provisional Patent Application
Serial No. 61/490,438, filed May 26, 2011, entitled RATIONAL DESIGN OF RESPONSIVE
SELF-ASSEMBLING PEPTIDES DERIVED FROM NATIVE SEQUENCES AND
APPLICATION FOR INFLUENZA HIN1 VACCINE ADJUVANT, incorporated by reference in

its entirety herein.

SEQUENCE LISTING
The following application contains a sequence listing in computer readable format (CRF),
submitted as a text file in ASCII format entitled "SequenceListing," created on May 24, 2012, as

9 KB. The content of the CRF is hereby incorporated by reference.

BACKGROUND
Field of the Invention
The present disclosure relates to peptide-based adjuvants, associated vaccines, and

pharmaceutical or veterinary compositions containing the same.

Description of Related Art

Vaccines may be administered in conjunction with an adjuvant. An adjuvant is a substance
that increases the immunological response to a vaccine when administered before, during, or after
administration of the vaccine. Adjuvants potentiate the vaccine by stimulating antigen-presenting
cells and other immune cells or by controlling the release of antigens from the injection site. An
adjuvant may be administered with the vaccine or at a time, manncr, or site that differs from the
time, manner, or sitc at which the vaccine is administered. Vaccines containing dead organisms
(inactivated vaccines) or pieces of the infectious organisms or their toxins (acellular or recombinant
vaccines) generally need adjuvants to boost their effectiveness, Common adjuvants include

aluminum hydroxide, aluminum potassium sulfate, other mineral salts, oil emulsions, particulate
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adjuvants, and microbial derivatives. Modified live vaccines (aka live attenuated vaccines),
containing weakened forms of an infectious organism, are generally not administered with an
adjuvant and there are few adjuvants available for use with live vaccines. In addition, many
adjuvants for use with vaccines are known to cause unacceptable side effects in some patients,
including adverse reactions and injection-site reactions, while some are toxic. There is also a large
variety of new and future vaccine candidates against infectious, allergic and autoimmune diseases,
and also for cancer and fertility treatment, which all require diverse new adjuvants with desirable
functions and performance to successfully achieve new vaccine development and implementation.
Thus, there is a need in the art for improved adjuvants, and particularly adjuvants that can be used

with modified live vaccines.

SUMMARY

The present disclosure is broadly concerned with pharmaceutical or veterinary compositions
comprising a peptide adjuvant and an active agent, optionally dispersed in a pharmaceutically-
acceptable carrier. The peptide adjuvant comprises a peptide having a hydrophobic region, a turning
region, and a hydrophilic region, with the turning region being between the hydrophobic and
hydrophilic regions. The turning region comprises (in any order) amino acid residues GSII (SEQ
ID NO: 10).

Methods of treating or preventing a condition in a subject are also disclosed. The methods
comprise administering to the subject a therapeutically-effective amount of a peptide adjuvant and
an active agent. The peptide adjuvant comprises a peptide having a hydrophobic region, a turning
region, and a hydrophilic region, with the turning region being between the hydrophobic and
hydrophilic regions. The turning region comptises (in any order) amino acid residues GSII (SEQ
ID NO: 10).

Embodiments described herein are also concerned with vaccine systems. The systems
comprise an active agent and a peptide adjuvant. The peptide adjuvant comprises a peptide having
a hydrophobic region, a turning region, and a hydrophilic region, with the turning region being
between the hydrophobic and hydrophilic regions. The turning region comprises (in any order)

amino acid residues GSII (SEQ ID NO: 10).



10

15

20

WO 2012/162637 PCT/US2012/039642

The disclosed embodiments are also concerned with kits for vaccinating a subject to treat or
prevent a condition. The kits comprise a vaccine system as described above and herein, and

instructions for administering the vaccine system to the subject.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure (Fig.) 1 is diagram showing how the elastic calcium-binding peptide eD, was derived
from the calcium-binding domain and elastic region of spider silk;

Fig. 2 shows a TEM image of eD, in water;

Fig. 3 shows a TEM image of €D, in 10 mM Ca™ solution, and the molecules binding with
Ca®" assembled as nanofibres;

Fig. 4 shows a TEM image of €D, in 100 mM Ca*" solution, and nanofibres packed as sheet
or rod shapes;

Fig. 5 shows a TEM image of aggregation of h3¢ in Ca® solution;

Fig. 6 shows a TEM image of hydrogel fibre network of h9¢ in Ca*" solution;

Fig. 7 shows a TEM image of a flat film of LyGSIIK,, (SEQ ID NO:23);

Fig. 8 shows a TEM image of a fibre network of L;K,, (SEQ ID NO:21), with the peptides
stacked at the hydrophobic region and layered as nanofibres based on hydrogen bond,

Fig. 9 shows circles of L.PP’K,, (SEQ ID NO:22) peptides packed as a dilayer, folding the
hydrophilic regions out;

Fig. 10 shows mass spectrometry (MS) fragments of h5e and h%e;

Fig. 11 is a table of the fragmentation behavior of several precursor ions observed in the ESI
spectra of the h3e peptide (M);

Fig. 12 is a table of the fragmentation behavior of several precursor ions observed in the ESI
spectra of the h9e peptide (M);

Fig. 13 shows a TEM image of h9e acidic hydrogel;

Fig. 14 shows the G' of h9e Ca*" and h9e acidic hydrogels. (solid: h9e Ca’* gel, open: h9¢
acidic gel. Peptide concentration: square: 0.0025M; circle: 0.005M; triangle: 0.01M);

Fig. 15 shows the temperature profile test of h9¢ Ca’™ and h9¢ acidic hydrogels. (solid: h9
acidic hydrogel, open: h9e Ca** hydrogel);
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Fig. 16 shows the thermal reversible of G' of h9¢ Ca** hydrogel (black: 2°C, red: 80°C);

Fig. 17 shows the G' and G" values of h9% Ca’* hydrogel under four amplitude sweep shear
circles; time interval between each cycle was 10, 30 and 60 s, respectively (black: G'; red: G"); and

Fig. 18 shows the CD specira of h9%¢ Ca* and h9 acidic hydrogels (black: h9 acidic
hydrogel, red: h9¢ Ca’" hydrogel);

Fig. 19 is a graph of G' of h9e Zn®" (triangle, top), Na* (square, middle) and Mg™ (circle,
bottom) hydrogels. (peptide concentration 0.005M);

Fig. 20 is a graph of the temperature profile test of h9%¢ Na' hydrogel;

Fig. 21 is a graph of G' and G" values of h9% Na™ hydrogel under 4 amplitude sweep shear
circles, time interval between each cycle was 10, 20 and 30 s, respectively (black: G'; red: G");

Fig. 22 is a graph of G' and G" values of h9% Mg’ hydrogel under 4 amplitude sweep shear
circles, time interval between each cycle was 10's, 1 min and 5 min, respectively (black: G'; red: G");

Fig. 23 is a graph of G' and G" values of h9% Zn*" hydrogel under 4 amplitude sweep shear
circles, time interval between each cycle was 10's, 1 min and 5 min, respectively (black: G'; red: G");

Fig. 24 is a) a graph of the application of h9% Ca** hydrogel as an adjuvant for HIN1 swine
influenza virus killed vaccine in the mice in Example 1; b) a graph of the antibody response analysis
(*p<0.03);

Fig. 25 is an LSCM image of h9% Ca*" hydrogel;

Fig. 26 is a graph of body weight gain in pigs from Example 3 before viral challenge;

Fig. 27 is a graph of body weight gain in pigs from Example 3 on Day 35;

Fig. 28 is a graph of body weight gain in pigs from Example 3 on Day 42;

Fig. 29 is a graph of body temperature in MN184a challenged pigs from Example 3;

Fig. 30 is a graph of body temperature in VR-2332 challenged pigs from Example 3;

Fig, 31 is a graph of the dynamic viremia after vaccination in pigs from Example 3;

Fig. 32 is a graph comparing the dynamic viremia on Day 35 in pigs challenged with
MN184a and VR-2332 from Example 3;

Fig. 33 is a graph comparing the dynamic viremia on Day 42 in pigs challenged with
MN184a and VR-2332 from Example 3;

Fig. 34 is a graph of the IDEXX ELISA S/P value after vaccination in Example 3;

4-
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Fig. 35 is a table showing the number of pigs with positive serum in each group from
Example 3;

Fig. 36 is a graph of the dynamic of INDEXX ELISA Ab titer after challenge with MN184a
in Example 3;

Fig. 37 is a graph of the dynamic of INDEXX ELISA Ab titer after challenge with VR-2332
in Example 3;

Fig. 38 is a graph of the VNT after challenge with VR-2332 and MN184a in Example 3;

Fig. 39 is a graph of the frequency of IFNr-secreting cells in PBMCs after VR-2332
stimulation;

Fig. 40 is a graph of the frequency of IFNr-secreting cells in PBMCs after MN184a
stimulation;

Figs. 41-48 are graphs of different lymphocyte populations in blood at Day 28 from
Example 3;

Figs. 49-56 are graphs of different lymphocyte populations in blood at Day 42 from
Example 3;

Figs. 57-64 are graphs of different lymphocyte populations in lymph nodes at Day 42 from
Example 3;

Figs. 65-72 are graphs of different lymphocyte populations in lung samples at Day 42 from
Example 3; and

Figs. 73-76 are graphs of interleukin levels (IL-10 or IL-4) on Day 42 from Example 3.

DETAILED DESCRIPTION
The present disclosure is concerned with novel peptide-based adjuvants, associated vaccines,
and pharmaceutical (or veterinary) compositions containing the same. The term “adjuvant™ is used
herein to refer to substances that have immunopotentiating effects and are added to or co-formulated
with an active agent in order to enhance, elicit, and/or modulate the innate, humoral, and/or
cell-mediated immune response against the active agent. In one or more embodiments, a

composition suitable for pharmaceutical or veterinary use is provided. The composition comprises
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apeptide adjuvant and an active agent, optionally dispersed ina pharmaceutically-acceptable carrier.

Peptide Adjuvants

The peptide adjuvants are amphiphilic and self-assembling, and preferably comprise three
segments or regions: a hydrophobic region, a turning region, and a hydrophilic region. The turning
region is positioned between, and preferably directly connected to, the hydrophobic and hydrophilic
regions. The hydrophobic region is preferably elastic and capable of binding Group I and Group II
metals (and particularly calcium). Preferred hydrophobic regions comprise from about 2 to about
15 amino acid residues, preferably from about 4 to about 9 amino acid residues, and more preferably
about 5 amino acid residues. The amino acid residues are preferably selected from the group
consisting of F, L, [, and V. Asused herein, it will be appreciated that when referring to amino acids
that are present as part of a peptide, the amino acids are actually amino acid residues, regardless of
whether “residues” is specifically stated. In some embodiments, the hydrophobic region comprises,
and preferably consists of, in any order, amino acid residues of FLIVI (SEQ ID NO:1). In other
embodiments, the hydrophobic region comprises, and preferably consists of, in order, amino acid
residues of FLIVI(SEQID NO:1). In one or more embodiments, the hydrophobic region comprises,
and preferably consists of LLLLL (SEQ ID NO:2).

Preferred hydrophilic regions comprise from about 5 to about 20 amino acid residues,
preferably from about 5 to about 10 amino acid residues, and more preferably about 10 amino acid
residues. More preferably, the hydrophilic regions comprise amino acid residues selected from the
group consisting of G, P, D, R, K, and Q. In one or more embodiments, the hydrophilic region
comprises, and preferably consists of, in any order, amino acid residues of GPXGDGPXGD (SEQ
ID NO:3), where each X is selected from the group consisting of G, R, K, and Q. In some
embodiments, the hydrophilic region comprises, and preferably consists of, in any order, amino acid
residues of KKKKKGPXGD (SEQ ID NO:4), where each X is selected from the group consisting
of G, R, K, and Q. In other embodiments, the hydrophilic region comprises, and preferably consists
of KKKKKKKKKK (SEQ ID NO:6). Particularly preferred hydrophilic regions comprise, and
preferably consist of, in any order, amino acid residues selected from the group consisting of

GPGGDGPGGD (SEQ 1D NO:5), GPRGDGPRGD (SEQ ID NO:7), GPGGDGPRGD (SEQ ID
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NO:8), KKKKKKKKKK (SEQ ID NO:6), and KKKKKGPRGD (SEQ ID NO:9), or a fragment or
variant having at least about 70% sequence identity to one of these sequences. More preferably, the
% sequence identity is at least about 80% and even more preferably at least about 90%.

The turning region comprises, and preferably consists of, amino acid residues of GSII (SEQ
ID NO:10), in any order, and even more preferably in this order.

The inventive peptides are preferably short peptides. Thatis, itis preferred that the inventive
peptides have less than about 30 amino acid residues, more preferably less than about 20 amino acid
residues, and even more preferably about 19 amino acid residues. The most preferred peptide
according to the embodiments disclosed herein comprises, and preferably consists of, the amino acid
sequence FLIVIGSHGPGGDGPGGD (SEQ ID NO:11), or a fragment or variant thereof having at
least about 70% sequence identity to this sequence, more preferably at least about 80% sequence
identity to this sequence, and even more preferably at least about 90% sequence identity to this
sequence. Additional preferred peptides according to the embodiments disclosed herein comprise,
and preferably consists of, amino acid residues selected from the group consisting of
FLIVIGSIHKKKKKKKKKK (SEQ ID NO:12), LLLLLGSIKKKKKKKKKK (SEQ ID NO:13),
FLIVIGSIIGPRGDGPRGD (SEQ ID NO:14), FLIVIGSIIGPGGDGPRGD (SEQ ID NO:15), and
LLLLLGSIKKKKKGPRGD (SEQID NO:16), or a fragment or variant thereof having at least about
70% sequence identity, more preferably at least about 80% sequence identity, and even more
preferably at least about 90% sequence identity to these sequences.

Finally, the inventive peptides will have a weight average molecular weight of from about
600 Da to about 4,500 Da, more preferably from about 1,000 Da to about 3,000 Da, and more
preferably about 1,740 Da.

The inventive peptides can be prepared by microwave synthesizer, microbiosynthesis,
fermentation, or genetic engineering technologies. A preferred method involves combining two
native sequences from an elastic segment of spider silk and a trans-membrane segment of human
muscle L-type calcium channel. More specifically, hydrophilic regions in one or more embodiments
are designed from a spider flagelliform silk protein, while the hydrophobic and turning regions are
derived from human muscle L-type calcium channel protein. In one or more embodiments, a peptide

solution is then formed. The peptide is suspended, dispersed, or dissolved in a solvent (preferably
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water) at levels of at least about 0.1%, preferably from about 0.1% to about 5% by weight, more
preferably from about 0.3% to about 3.5% by weight, and even more preferably from about 0.5% to
about 2% by weight, based upon the total weight of the solution taken as 100% by weight. It is
preferred that this peptide solution have a pH of from about 6 to about 12, and more preferably from
about 8 to about 10. The peptides can also be desiccated or freeze-dried for storage until use.

The peptides can be used to form hydrogels. Advantageously, low levels of the peptides can
be used to form these gels. The method involves providing a solution of the peptide or forming a
peptide solution (described above). The peptide solution can then be converted to a gel by adjusting
the pH or adding ions to the solution. In the pH adjustment method, the pH of the solution is
adjusted to a level of from about 1 to about 6, preferably from about 2 to about 5, and more
preferably from about 3 to about 4. This can be accomplished, for example, by adding an acid
selected from the group consisting of HCI, formic acid (HCOOH), acetic acid (CH;COOH), HBr,
and nitric acid (HNO,) until such pH is achieved. In the other method, a source of ions (described
in more detail below) is introduced into the peptide solution. In either method, the gel is considered
formed once G' (storage modulus) is greater than G" (storage loss).

The gels formed by the above methods have a uniform internetwork morphology with a
porous structure and open cells. They typically comprise from about 0.1% to about 3% by weight
of the peptide, preferably from about 0.25% to about 1.5% by weight of the peptide, and more
preferably from about 0.5% to about 1% by weight of the peptide, based on the total weight of the
gel taken as 100% by weight. The average cell size of the gel will be from about 10 pm to about 80
um, preferably from about 20 wm to about 60 pm, and more preferably from about 30 um to about
50 um, as observed under a scanning electron microscope. Furthermore, the gel will comprise
peptide nanofibers having an average diameter of from about 3 nm to about 30 nm, preferably from
about 5 nm to about 20 nm, and more preferably from about 8 nm to about 15 nm, as measured under
a transmission electron microscope. The gel will include peptide nanofibers having an average
length of from about 0.3 pm to about 5 wm, preferably from about 0.8 pm to about 3 pm, and more
preferably from about 1 um to about 2 pm.

The inventive gels also possess a number of advantageous properties. The gels are shear

thinning (i.e., the viscosity decreases with an increase in the rate of shear stress) when created by the
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ion trigger method. With either the ion trigger method or the pH adjustment method, the gels are
very strong, having a storage modulus of at least about 500 Pa, preferably from about 800 Pa to about
3,000 Pa, and even more preferably from about 1,000 Pa to about 2,500 Pa at a peptide concentration
of 0.85% and at room temperature (about 22°C). The gels formed by the ion trigger method can
achieve a storage modulus of at least about 800 Pa, preferably from about 900 Pa to about 1,500 Pa,
and even more preferably from about 1,000 Pato about 1,200 Pa at a peptide concentration of 0.85%
and a temperature of 90°C. The gels formed by the pH adjustment method can achieve a storage
modulus of at least about 800 Pa, preferably from about 900 Pa to about 1,500 Pa, and even more
preferably from about 1,000 Pa to about 1,200 Pa at a peptide concentration of 0.85% and a
temperature of 75°C.

After gel destruction, the gels have a % recovery of at least about 60%, preferably at least
about 80%, more preferably at lcast about 90%, and even more preferably about 100% n less than
about 10 minutes, preferably less than about 5 minutes, and more preferably less than about 2
minutes. A gel’s % recovery is the % of the original (i.e., before gel destruction) storage modulus
achieved by the gel after destruction.

The inventive gels are water soluble and temperature stable up to about 90°C. As used
herein, “water soluble” means the gels can be diluted with water after formation, and “temperature
stable” means that the hydrogel retains substantially all of its properties and is not denatured at

temperatures ranging from about 1°C to about 90°C.

Vaccines and Methods

The inventive peptide adjuvants and resulting hydrogels are useful for potentiating the
immune effects of vaccines and other pharmaceutical or veterinary compositions. In one or more
embodiments, the active agent useful in the inventive embodiments is an immunogenic active
component (e.g., antigen) in that it resembles a disease-causing microorganism or infectious agent,
and/or is made from weakened or killed forms of the same, its toxins, subunits, particles, and/or one
of its surface proteins, such that it provokes an immune response to that microorganism or infectious
agent. Some vaccines contain killed, but previously virulent, microorganisms that have been

destroyed. Examples include influenza, cholera, polio, hepatitis A, and rabies vaccines. Some
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vaccines contain live, attenuated microorganisms (modified live virus). These vaccines use live
viruses that have been cultivated under conditions that disable their virulent properties, or closely
related but less dangerous organisms to produce a broad immune response. Some are also bacterial
in nature. Live vaccines typically provoke more durable immunological responses and in humans
are the preferred type for healthy adults. Examples include yellow fever, measles, mumps, rubella,
whooping cough, porcine reproductive and respiratory syndrome (PRRS), distemper, canine
adenovirus Type 2, parainfluenza, and kennel cough vaccines. Toxoid vaccines are made from
inactivated toxic compounds that cause illness rather than the microorganism itself. Examples of
toxoid-based vaccines include tetanus and diphtheria. Protein subunit vaccines can also be used.
In these vaccines, a fragment of the microorganism is used to create an immune response. Examples
include subunit vaccines against HPV, hepatitis B, and the hemagglutinin and neuraminidase
subunits of the influenza virus. Vaccines can also be formulated using viral or bacterial DNA to
provoke an immune response. Furthermore, although most current vaccines are created using
inactivated or attenuated compounds from microorganisms, synthetic vaccines using synthetic
peptides, carbohydrates, or antigens can also be used. Cancer vaccines using tumor antigens are also
contemplated herein. Suitable vaccines can be monovalent or polyvalent.

Asnoted above, the active agent and adjuvant can be dispersed in a carrier. The term carrier
is used herein to refer to diluents, excipients, vehicles, and the like, in which the adjuvant and active
agent(s) may be dispersed for administration. Suitable carriers will be pharmaccutically acceptable.
As used herein, the term “pharmaceutically acceptable” means not biologically or otherwise
undesirable, in that it can be administered to a subject without excessive toxicity, irritation, or
allergic response, and does not cause any undesirable biological effects or interact in a deleterious
manner with any of the other components of the composition in which it is contained. A
pharmaceutically-acceptable carrier or excipient would naturally be selected to minimize any
degradation of the active agent or adjuvant and to minimize any adverse side effects in the subject,
as would be well known to one of skill in the art. Pharmaceutically-acceptable ingredients include
those acceptable for veterinary use as well as human pharmaceutical use. Compositions suitable for
administration via injection are typically solutions in sterile isotonic aqueous buffer. Exemplary

carriers and excipients include aqueous solutions such as normal (n.) saline (~0.9% NaCl), phosphate
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buffered saline (PBS), sterile water/distilled autoclaved water (DAW), as well as cell growth
medium (e.g., MEM, with or without serum,), aqueous solutions of dimethyl sulfoxide (DMSO),
polyethylene glycol (PEG), and/or dextran (less than 6% per by weight.), various oil-in-water or
water-in-oil emulsions, and the like.

In one or more embodiments, the composition can further comprise ions or a source of ions,
with preferred ions being selected from the group consisting of ions of Group I and Group II metals.
The most preferred Group I and Group II metal ions are selected from the group consisting of Ca,
Na, Mg, K, and Zn ions, with Ca and Na ions being particularly preferred. Exemplary sources of
these ions include Group I and Group II metal chlorides, Group I and Group 1I metal bromides,
Group [ and Group I metal sulfides, Group I and Group Il metal carbonates and bicarbonates. When
present, the molar ratio of peptide to ion is from about 1:1 to about 1:100, preferably from about 1:5
to about 1:20, and more preferably about 1:10.

In related embodiments, the composition can further comprise proteins, such as albumin from
serum, plants, or other sources. Where necessaty, the composition may also include solubilizing
agents, preservatives, stabilizers, emulsifiers, and the like. A local anesthetic (e.g., lidocaine) may
also be included in the compositions, particularly for injectable forms, to ease pain at the site of the
injection.

The compositions and vaccines according to the embodiments disclosed herein are useful in
treating and preventing disease, Thus, embodiments described herein have therapeutic and
prophylactic uses, depending upon the particular active agent utilized. The terms “therapeutic” or
“treat,” as used herein, refer to processes that are intended to produce a beneficial change in an
existing condition (e.g., infection, disease, disorder, etc. including cancer) of a subject. The terms
“prophylactic” or “prevent,” as used herein, refer to processes that are intended to inhibit or
ameliorate the effects of a future infection or disease to which a subject may be exposed to.

Inuse (e.g., for a vaccine system), the ingredients are generally supplied either separately or
mixed together in a unit dosage form. In one or more embodiments, the peptide adjuvant can be
provided separately from the active agent (e.g., in its own vial, ampule, sachet, or other suitable
container). Likewise, the active agent can be provided separately from the peptide adjuvant (e.g.,

in its own container). In some embodiments, additional ingredients, such as ions, proteins, etc. can
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be present in the active agent container. In other embodiments, any additional ingredients can be
provided in yet a separate container. In some embodiments, any additional ingredients can be mixed
in the carrier with which the active agent and adjuvant are mixed prior to administration.
Regardless, when the ingredients are separately provided, it will be appreciated that the ingredients
can then be mixed onsite by a practitioner before being administered to the subject to treat or prevent
a condition. In one or more embodiments, the composition is administered less than about 72 hours
after mixing, preferably about 24 hours after mixing, more preferably less than about 4 hours, and
even more preferably about 1 to about 2 hours after mixing.

It will be appreciated that the active agent and adjuvant may be provided in various forms,
depending upon the particular vaccine. For example, the peptide adjuvant can be provided in
solution, or it can be provided in hydrogel form. Both of these forms are described above, and can
be provided with or separate from the active agent. In one or more embodiments, the active agent
is separately provided dispersed in a carrier along with ions or a source of ions, and optionally
proteins. The active agent solution is mixed with the peptide solution prior to administration. Upon
mixing, the adjuvant forms a hydrogel, as described herein. The peptide adjuvant can also be
concentrated, desiccated, or freeze-dried with or without the active agent, and then reconstituted with
carrier before administration. For example, the active agent and/or adjuvant (optionally along with
additional ingredients) can be provided as a dry, lyophilized powder or water-free concentrate. The
vaccine components can then be rehydrated with the accompanying liquid diluent (carrier), which
is added to the vaccine container (or vice versa). Optionally only one of the adjuvant or active agent
is dried, while the other is provided in solution (e.g., dispersed in the carrier). Regardless, the carrier
may contain additional ingredients, such as ions or protein, which trigger hydrogel formation in the
composition. In alternative embodiments, the vaccine components are free of ions or proteins.
Instead, hydrogel formation is triggered in situ once the composition is administered, relying on ions
and proteins in the body of the subject to trigger hydrogel formation. In alternative embodiments,
the active agent and adjuvant are not mixed prior to administration, but are co-administered to the
subject. In such embodiments, the adjuvant and/or active agent may be dispersed in a carrier,
optionally along with any additional ingredients. The term “co-administer,” as used herein, refers

to administering the adjuvant, as part of a distinct composition, substantially simultaneously,
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sequentially, or separately with the active agent. It will be appreciated that other vaccine forms or
systems may be used, depending on the nature of the active agent and the route of administration.

Regardless, the composition to be administered will comprise a therapeutically effective
amount of adjuvant and/or active agent. Asused herein, a “therapeutically effective” amount refers
to the amount that will elicit the biological or medical response of a tissue, system, or subject that
is being sought by a researcher or clinician, and in particular elicit some desired therapeutic or
prophylactic effect. One of skill in the art recognizes that an amount may be considered
therapeutically effective even if the condition is not totally eradicated or prevented but improved or
inhibited partially, In some embodiments, the weight ratio of adjuvant to active agent in the
composition will be from about 1:100 to about 1:1, preferably from about 1:10 to about 1:50, and
more preferably from about 1:10 to about 1:20.

Further embodiments described herein are concerned with methods of treating or preventing
acondition in a subject. The methods comprise administering to a subject a therapeutically effective
amount of an active agent and a peptide adjuvant, as described herein. In some embodiments, the
active agent and peptide adjuvant are co-administered as described above. In one or more
embodiments, the methods comprise administering to a subject a pharmaceutical or veterinary
composition comprising a therapeutically effective amount of an active agent and a peptide adjuvant,
optionally dispersed in a pharmaceutically acceptable carrier. In some embodiments, the subject is
afflicted with a condition (e.g., infection, disease, or disorder), wherein methods described herein
are useful for treating the condition and/or ameliorating the effects of the condition. In other
embodiments, the subject is free of a given condition, wherein the methods described herein are
useful for preventing the occurrence of the condition and/or preventing the effects of the condition.

The disclosed embodiments are suitable for various routes of administration. The
pharmaceutical or veterinary compositions can be injected intramuscularly, subcutaneously, or
intradermally. They can also be administered via mucosa such as intranasally, orally, or
intravaginally. The composition can also be administered through the skin via a transdermal patch.

A kit comprising a peptide adjuvant and an active agent is also disclosed herein. The kit
further comprises instructions for administering the peptide adjuvant and active agent to a subject.

As noted above, the peptide adjuvant and active agent can be provided in a single container or in
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separate containers in the kit. In one or more embodiments, the kit comprises an active agent held
in a first container and a peptide adjuvant held in a second container. In one or more embodiments,
the kit further comprises a carrier and instructions for preparing a pharmaceutical or veterinary
composition as described herein. The carrier may be present in the same container as the adjuvant
and/or active agent, or may be provided in a separate (c.g., third) container. In one or more
embodiments, the kit comprises a first container comprising peptide adjuvant and active agent and
a second container comprising a carrier, along with instructions for dispersing the adjuvant and
active agent in the carrier. In an alternative embodiment, the kit comprises a first container
comprising peptide adjuvant and a second container comprising an active agent dispersed in a carrier
along with any additional ingredients. The kit further comprises instructions for mixing the peptide
adjuvant with the active agent to form a pharmaceutical or veterinary composition as described
herein.

It will be appreciated that therapeutic and prophylactic methods described herein are
applicable to humans as well as any suitable animal, including, without limitation, dogs, cats, and
other pets, as well as, rodents, primates, horses, cattle, etc. The methods can be also applied for
clinical research. Additional advantages of the various embodiments of the disclosure will be
apparent to those skilled in the art upon review of the disclosure herein and the working examples
below. It will be appreciated that the various embodiments described herein are not necessarily
mutually exclusive unless otherwise indicated herein. For example, a feature described or depicted
in one embodiment may also be included in other embodiments, but is not necessarily included.
Thus, the present invention encompasses a variety of combinations and/or integrations of the specific
embodiments described herein,

The term “sequence identity” is used herein to describe the sequence relationships between
two or more nucleic acid or amino acid sequences when aligned for maximum correspondence over
a specified comparison window. The percentage of “identity” is determined by comparing two
optimally aligned sequences over the comparison window, For “optimal alignment” of the two
sequences, it will be appreciated that the portion of the sequence in the comparison window may
include gaps (e.g., deletions or additions) as compared to the reference sequence, which does not

contain additions or deletions. After alignment, the number of matched positions (i.e., positions
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where the identical nucleic acid base or amino acid residue occurs in both sequences) is determined
and then divided by the total number of positions in the comparison window. This result is then
multiplied by 100 to calculate the percentage of sequence or amino acid identity. It will be
appreciated that a sequence having a certain % of sequence identity to a reference sequence does not
necessarily have to have the same total number of nucleotides or amino acids. Thus, a sequence
having a certain level of “identity” includes sequences that correspond to only a portion (i.e., 5'
non-coding regions, 3' non-coding regions, coding regions, etc.) of the reference sequence.

As used herein, the phrase “and/or,” when used in a list of two or more items, means that any
one of the listed items can be employed by itself or any combination of two or more of the listed
items can be employed. For example, if a composition is described as containing or excluding
components A, B, and/or C, the composition can contain or exclude A alone; B alone; C alone; A
and B in combination; A and C in combination; B and C in combination; or A, B, and C in
combination.

The present description also uses numerical ranges to quantify certain parameters relating to
various embodiments of the invention. It should be understood that when numerical ranges are
provided, such ranges are to be construed as providing literal support for claim limitations that only
recite the lower value of the range as well as claim limitations that only recite the upper value of the
range. For example, a disclosed numerical range of about 10 to about 100 provides literal support
for a claim reciting “greater than about 10" (with no upper bounds) and a claim reciting “less than

about 100” (with no lower bounds).

EXAMPLES
The following examples set forth methods in accordance with the invention. It is to be
understood, however, that these examples are provided by way of illustration and nothing therein

should be taken as a limitation upon the overall scope of the invention.
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EXAMPLE 1
Peptide Synthesis and Analysis
I Peptide Synthesis

Peptides were synthesized on a CEM Liberty microwave peptide synthesizer (CEM
Corporation, Matthews, NC) according to the automated base-labile 9-fluorenylmethoxycarbonyl
(Fmoc) strategy with Fmoc-protected amino acids (EMD Biosciences, San Diego, CA). Peptides
were cleaved using 95% trifluoroacetic acid (Sigma-Aldrich, Milwaukee, WI), 2.5%
triisopropylsilane (Sigma), and 2.5% deionized water. After synthesis, peptides were washed three
times with anhydrous ether (Fisher Biotech, Fair Lawn, NJ), dissolved in acetonitrile and distilled
deionized (DI) water (50/50 v/v), and then freeze-dried. Molecular weight and purity of the
synthesized peptides were confirmed by matrix-assisted laser desorption/ionization time-of-flight
mass spectroscopy (Ultraflex ITinstrument, Bruker Daltronics, Billerica, MA) and high performance
liquid chromatography (HPLC, Beckman Coulter, Inc., Fullerton, CA).

2 Hydrogel Preparation

The synthesized peptide was dissolved in DI water to a concentration of 5 mM by adjusting
the pH to 8.0-10.0 with I M NaOH (Sigma). The hSe acidic solution and acidic h9¢ hydrogel were
made by adjusting the pH to 4.0 with 1 M HCI (Sigma). The h9e Ca’ hydrogel was prepared by
adding CaCl, to a basic h9e peptide solution (molar ratio of peptide and Ca™ was 1:10, final pH was
7.0 t0 9.0). The same method was used to prepare the h5e Ca™ solution,

3. Transmission Electron Microscopy (TEM)

Peptide solutions were prepared on Formvar/carbon-coated 200-mesh copper grids (Electron
Microscopy Sciences, Fort Washington, PA) and stained with 2% (w/v) uranyl acetate (Ladd
Research Industries, Inc., Burlington, VT) for 60 seconds at ambient conditions before being imaged.
The samples were imaged with a CM100 TEM (FEI Company, Hillsboro, OR) at 100 kv.

4. Mass Spectrometry (MS)

MS experiments were performed using LTQ-Orbitrap (Thermo Electron Bremen, Germany)
equipped with an electrospray ionization source. Samples were injected through a pulled fused silica
capillary (50 um ID) at a flow rate of 0.3 to 0.5 pL/min. using a spray voltage of 4 kV. The system
was opetated in the positive ion mode with a resolving power of 60,000 at m/z 400. MS/MS
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experiments were performed using a 2 to 3 amu isolation window. The collision energy was
adjusted for each species to obtain about 70-90% fragmentation of the precursor ion. High-
resolution mass analysis enabled unambiguous identification of the resulting fragments.

Stock solutions of peptides were prepared by dissolving 0.85 mg and 0.94 mg of hSe (SEQ
ID NO:17; MW 1370.6951) and h9 (SEQ ID NO:11; MW 1740.9167), respectively, in 500 pL.
HPLC grade water and adding 60 to 80 uL of 0.25 M NaOH to obtain solutions with a pH of 8.
Solutions for MS experiments were prepared by mixing 10 uL of the stock solution with 10 pl of 0.1
M CaCl, and adding 200 pL of 50:50 (v:v) H,O/acetonitrile.
5. Circular Dichroism (CD) Experiments

The CD spectra of h9e basic solution, acidic hydrogel, and Ca® hydrogel were recorded at
ambient conditions using a Jasco J-815 Spectrometer (Jasco Corporation, Tokyo, Japan). The
concentrations of the samples were 1 mM (0.17 wt%). CD spectra were recorded from 190 to 260
nm with 1 nm bandwidth and 20 nm min" scanning specd, and then averaged over two
accumulations. Baselines were recorded using basic, acidic, and Ca®" solutions without peptide.
6. Rheology

The storage, G', and loss, G", moduli of h9% acidic and Ca’" hydrogels were determined on
arheometer system C-VOR 150 (Malvern instruments, Malvern, Worcestershire WR141XZ, United
Kingdom) with a 20-mm diameter parallel plate geometry through frequency sweep (strain 1%,
frequency 0.01 to 10 Hz, temperature 25°C), amplitude sweep (strain 1 to 500%, frequency 1Hz,
temperature 25°C), and temperature profile (strain 1%, frequency 1Hz, Temperature 5°C, 20°C,
37°C, 50°C, 75°C, and 90°C) measurements. The multiple amplitude sweep experimenis were
conducted to test the moduli recovery of peptide hydrogels. The time gap between every two tests

was 10, 30, and 60 seconds for h9¢ Ca™ hydrogel.

EXAMPLE 2
HINI Killed Vaccine Adjuvant Study
1. Vaccine Preparation
Vaccines were prepared using FluSure XP® (HHIN1 and H3N2 killed virus) from Pfizer as

antigen. A 50-dose vial of vaccine was rehydrated to 100 ml with a 100 ml vial of sterile diluents
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from the manufacturer. The antigen was mixed with either h9e peptide adjuvant or a commercially-
available adjuvant. The commercially-available adjuvant was an oil-in-water emulsion designated
Amphigen® (4.5% oil; Pfizer). The antigens were mixed with PBS to make 2x vaccine and then
mixed with an equal volume of h9e, or mixed with Amphigen” according to manufacturer
recommendations. Dosages for vaccination were 200 ul/mouse.

2. Animals and Vaccination Study

In this study, C57/BL6 mice (female, 8-week old, 4 mice per group) were immunized twice
in a 3-week interval with killed HIN1 swine influenza virus antigen (Pfizer) with h9e adjuvant or
commercial oil-based adjuvant (Pfizer). Sera were collected from each mouse 2 weeks after the
second immunization.

3. Antibody response analysis

Anti-swine HIN1 influenza virus-specific IgGl were determined by enzyme-linked
immunosorbent assay following the methods described by Skountzou et al. (J. Virology 81,
1083-1094 (2007)) and Koutsonanos et al. (PLoS ONE 4, 4773 (2009)) with some modifications.
Optical density (OD) was read at 450 nm. The results were expressed as an S/P ratio calculated as
the mean OD of duplicate wells of each unknown serum divided by the mean OD of a positive
control.

The mean hemagglutination inhibition (HAI) titers followed the WHO protocol. After proper
treatments, heat-inactivated sera were serially diluted and preincubated at room temperature with 4
HA units/50 ml of HIN1 virus for 30 min. An equal volume of 0.5% chicken red blood cells was
then added to each well and incubated at room temperature for 30 min. The HAI titer was read as
the reciprocal of the highest dilution of serum that conferred inhibition of hemagglutination. The

values were expressed as the geometric mean of each treatment group.

DISCUSSION
In this study, we report a self-assembling peptide designed by rationally combining two
native functional sequences, the subsequent synthesis of responsive peptide hydrogels, and
evaluation of these hydrogels for use as vaccine adjuvants. A novel peptide-based adjuvant (h9¢)

was designed that was biologically safe and improved HIN1 immune response by about 70%
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compared with an oil-based commercial adjuvant. The ability to induce HIN1-specific IgG1
antibody response of h9e was similar as that of the commercial adjuvant. No injection site reaction
(redness or swelling) was observed in vaccinated mice, showing that the h9 is biocompatible in
mice system testing.

The h9e peptide contains 19 amino acid residues with molecular weight of about 1740 Da
containing anionic residues (i.¢., aspartic acid), and formed B-structure at neutral pH. The peptide
can form a hydrogel at low concentration (i.e., 0.05% in the presence of antigen) at neutral pH
ranging from 5.0 to 11. The hydrogel is shear thinning, and becomes micro gels with Newtonian
flow after shaking, and then becomes a hydrogel again after a short time. This hydrogel is water
soluble and also temperature stable up to 90°C. The hydrogel has uniform internetwork morphology
with a porous structure with open cell size from 20 m to 60 m. Under microscope, nanowire-like
fibers were observed with diameter from 5 to 20 nm and length at um scale, which is the main
morphology of the hydrogel open cell wall.

Hydrogel formation has been achieved by designing model peptides with alternating charged
and non-charged amino acids or blocks of hydrophobic and hydrophilic copolymers. The identified
functional domains of native proteins also are potential models for peptide design. Here, we report
a self-assembling peptide, eD,, designed by rationally combining two native sequences from spider
silk and calcium-binding motifs, which formed ordered fibrous aggregates triggered by Ca®". A p-
spiral motif of spider flagelliform silk protein, [GPGGX], (X = any amino acid)(SEQ ID NO:19),
was selected as one of our model sequences. [GPGGX], (SEQ ID NO:19) proves the elasticity of the
extremely high tensile strength of spider silk. The Ca®" binding domain of lipase Lip A from
Serratia marcescens, GXGXDXX'X (X = any amino acid; X' = hydrophobic residue)(SEQ ID
NO:20), has a sequence structure similar to that of [GPGGX], (SEQ ID NO:19)(Fig. 1, where X =
any amino acid, and U = X' = large hydrophobic residue). We combined these two motifs by
replacing the X residues of [GPGGX], (SEQ ID NO:19) with D and defined the newly designed
peptide as GPGGDGPGGD (eD,)(SEQ IDNO:5). The Ca*' binding sequence was hidden in the first
eight residues of eD,. This peptide was expected to assemble into fibres triggered by Ca™ ions.

In water, eD, molecules formed uniform spherical agglomerates with diameter of 10 to 20

nm (Fig. 2). When Ca*'solution (20 mM) was added to the peptide solution (volume ratio: 50/50),
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peptide molecules bound to Ca** at Asp residues assembled as a nanotiber with 10 nm width (Fig.
3). Some individual filaments stacked together by surface attraction as shown in the inserted
window of Fig. 3 with a 100 nm scale bar. As Ca*" solution concentration increased to 200 mM, the
eD, nanofibres compacted into high-density sheet and rod shapes tens of hundreds of nanometers
in width and several micrometers in length (Fig. 4). This designed peptide bonded with Ca*" and
orderly aggregated into nanofibre shape, presenting both fibre- and calcium-binding properties. The
packing of peptide molecules could be tightened by increasing the link between peptides and ions.

We initially used ¢D, to design a responsive hydrogel for medical applications. Two native
hydrophobic sequences, FLIVI (h5)(SEQ ID NO:1) and FLIVIGSII (h9)(SEQ ID NO:18), from the
third transmenbrane segment of subunit IV in the dihydropyridine-sensitive human muscle L-type
calcium channel were tailored to eD,. These two segments are sensitive to metal ions, possess
adhesion when flanked with Lysine residues, and form nanofibers, which indicates that they are good
hydrophobic segment candidates for hydrogel peptide design. We combined these two segments
with eD, to design two new sequences: FLIVIGPGGDGPGGD (h3e) (SEQ ID NO:17) and
FLIVIGSUGPGGDGPGGD (h9) (SEQ ID NO:11).

Both peptides were expected to form hydrogels in Ca** solution; however, h3¢ precipitated
with Ca>", while h9e formed a hydrogel. The h5e molecules packed into twisted fibrillar tapes more
than 100 nm in width (Fig. 5), whereas h9% molecules assembled into nanofibres (8 nm in width) and
crossed as a hydrogel fibre network (Fig. 6). We hypothesized that the turning function of the GSII
(SEQ ID NO:10) segment dominated the assembly pathway of h9e. To demonstrate this hypothesis,
we selected a simple diblock peptide, LLLLLKKKKKKKKKK (LK) (SEQIDNO:21), consisting
of both hydrophobic and hydrophilic segments. A segment with sharp turning function, PP®, was
inserted into the L;K,, (SEQ ID NO:21) and defined as L;PP’K,, (SEQ ID NO:22). For comparison,
GSII(SEQ ID NO:10) was also inserted into the diblock and defined as LGSIIK,, (SEQ IDNO:23).
In water, L;GSIIK,, (SEQ ID NO:23) formed a flat film (Fig. 7), L,K,, (SEQ ID NO:21) formed a
fibre network (Fig. 8), while L,PP’K, (SEQ ID NO:22) formed nonuniform micelle structures (Fig.
9). The sharp-turning PP® segment made the hydrophobic block, Ls (SEQ ID NO:2), parallel with
the hydrophilic block K,, (SEQ ID NO:6) in L,PP’K,, (SEQ ID NO:22). Unlike the antiparallel
assemble of LK, (SEQ ID NO:21) (Fig. 8), two L;PP’K,, (SEQ ID NO:22) molecules packed the
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L, (SEQ ID NO:2) inside and folded K,, (SEQ ID NO:6) outside as dilayer assemblies (Fig. 9),
mirroring the association of peptides of alternating hydrophilic and hydrophobic residues. The
association of LsGSIIK ;, (SEQ ID NO:23) was between these two extreme (linear and sharp turning)
situations. Ca*" ions (at 0.005M peptide concentration) were also added into peptides L K, (SEQ
ID NO:21), L,PPPK,, (SEQ ID NO:22) and LGSIIK,, (SEQ ID NO:23) solutions, but no hydrogel
formation was observed.

Mass spectrometry (MS) experiments were conducted to identity possible precursors of the
peptide assembly and nanofibre crossing in a Ca** solution of h5e and h9e peptides (Fig. 10). Mass
spectra obtained for both peptides were dominated by Ca*' adducts indicating high affinity of hSe
and h9e to calcium. MS/MS experiments were conducted to gain insight on the mode of binding of
calcium to h5e and h9 peptides. In agreement with earlier work, fragmentation of peptide
molecules cationized on calcium produces a number of backbone fragments including y-, b-, a-, z-
and c-ions. It has been demonstrated that the a-ion formation is promoted by calcium binding and
occurs C-terminal to the Ca® binding site. Examination of MS/MS spectra obtained for different
calcium adducts of the h5e and h9e peptides (Figs. 11-12) shows that in [M+Ca]*" ion calcium is
most likely coordinated by the carboxyl group of the internal D residue is and solvated by the C-
terminal D. Fragmentation behavior changed in an interesting way for [h9%e+Cal" (Fig. 11).
Cleavages indicative of Ca® binding were observed in the SII and GDGPG (residues 13-17 of SEQ
D NO:11) regions, suggesting that although the first Ca** is bound to the internal D residue, the
second one is coordinated by serine. Differences in Ca’” binding capacity of the two peptides may
explain why hydrogel formed in h9% but not hSe. Both h9 and eD, regions of h9e reacted with Ca™
for hydrogel formation, indicating that these two selected regions from the native sequence are
particularly useful for this rational peptide design.

To experimentally confirm the specificity of the GSIT (SEQ ID NO:10) function and h9, we
synthesized other peptides by modifying the h9 sequence. When GSII (SEQ ID NO:10) was
replaced with SII, PP®, or ITVI (residues 6-9 of SEQ ID NO:26), these alternating peptides did not
form a hydrogel with Ca®" at the same peptide concentration used for h9¢ (0.005M). However, the
PPP segment changed the solubilities of these peptides in water, which may be due to the different

assemblies of these peptides. Retaining the GSII (SEQ ID NO:10) region but substituting the FLIVI
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(SEQ IDNO:1) segment of h9 with LLLLL (SEQ ID NO:2) resulted in the peptide forming a weak
hydrogel (G*: 21.6+ 0.3 Pa)in Ca’" solution. A similar hydrogel was observed in basic pH (G’: 55.0
+ (.9 Pa) when the eD, of h9% was replaced with KKKKKKKKKK (SEQ ID NO:6).

The h9¢ also formed a hydrogel in acidic pH. Originally, hSe and h9 were insoluble in
water until the solution pH was adjusted to neutral or basic. When the pH was adjusted back to
acidic, h5e precipitated but h9 became entangled and formed a hard hydrogel (Fig. 13) because of
the flexibility of sequence due to GSII. A storage moduli (G) of the h9 acidic gel was about 10
times higher than that of the h9¢ Ca®' gel at 0.0025M peptide concentration (Fig. 14). The difference
in G’ between these two hydrogels became smaller as peptide concentration increased. For example,
at 0.01M, G’ of the h9e Ca*" gel was about 9,000 Pa, which was even slightly higher than that of the
h9e acidic gel. In a temperature profile test, G* of the h9% Ca’" hydrogel increased 10 fold as
temperature increased from 5 to 90°C and was thermal reversible within 2 to 80°C (Fig. 15, Fig. 16).
However, G’ of the h9e acidic hydrogel decreased as temperature increased and reduced to 1,000 Pa
at 75°C. The shear thinning and rapid recovery of mechanical strength was found only in the h9%
Ca’ hydrogel (Fig. 17). Hydrogels underwent a serial amplitude sweep test. There was a short
pause between every two test cycles. Gel became like pure liquid (G > G’ = 0) under 500% strain
oscillation. After 10 s of the first cycle, 75 to 80% of the hydrogel strength was recovered.
Percentage of strength recovery increased as pause time increased and reached 100% recovery by
60 seconds. The multiple recovery properties and short recovery time demonstrate that the hoe Ca™
hydrogel would perform similarly to other reported recovering hydrogels.

The turning segment, GSII, of h9 promoted hydrogel formation in both Ca* solution and
acidic pH conditions at water content more than 99.5%. Although h9¢ Ca® hydrogel and h9e acidic
hydrogel had the same sequence, they had distinct physical properties. The shear-thinning, rapid-
strength-recovering h9% Ca’” hydrogel was used as an HIN1 influenza vaccine adjuvant. The results
demonstrate two types of hydrogels with distinct mechanical properties created from a peptide with
same primary structure, According to published studies, changing an amino acid in certain positions
could result in peptide hydrogels with different mechanical strength, thermal responses and recovery
properties because these changes in primary structures facilitated molecular folding and cross-linking

of peptide fibres. The distinct properties of these two h9e hydrogels suggest that h9¢ molecules
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could undergo different molecular assembly and nanofiber cross-linking controlled by different
external parameters despite having the same primary structure. The circular dichroism (CD)
spectrum (Fig. 18) suggests that h9e adopted a significant f-structure in Ca®" solution, whereas a
more random structure was detected in acidic condition.

Tons Na*, Mg*', and Zn*" were also studied with h9e. In these three ion solutions, h9e formed
hydrogels with different G (Fig. 19). The h9¢ Na" hydrogel had physical properties similar to those
of the h9 Ca®* hydrogel (Figs. 20-21). However, h9e formed a soft hydrogel in Mg** solution. In
Zn*" solution, h9e formed a hard hydrogel as it did in h9¢ acidic gel. The rapid shear strength
recovery property was not found in h9%e Mg”* or h9e Zn** hydrogels (Figs. 22-23). The phenomenon
of hydrogel formation of h9e in these ions requires further study.

The h9e Ca®* hydrogel was applied as an adjuvant for vaccine antigen delivery and showed
significantly higher efficiency than a commercial adjuvant. Mice immunized with h9e-adjuvanted
vaccine or commercial vaccine did not show any abnormality and remained healthy before they were
euthanized for sera collection. No injection site reaction (redness and swelling) was observed in
vaccinated mice. Adjuvanticity of h9% Ca** hydrogel was determined by immunizing mice with
killed HIN1 swine influenza virus in the presence or absence of h9% Ca*” hydrogel and acommercial
adjuvant, which was used as a positive control. As shown in Fig. 24a, the mean hemagglutination
inhibition (HAT) titer in the sera from mice immunized with h9% Ca®" hydrogel and killed HIN1
virus antigen was 1020, which was about 70% higher the HAI titer of 600 observed in mice
immunized with commercial vaccine. HAT activity was not detected in sera from mice treated with
antigen in the absence of an adjuvant.

We also measured the effect of h9e Ca®" hydrogel on production of antigen-specific IgG1
antibody response. As shown in Fig. 24b, a positive antigen-specific antibody response (S/P ratio
>0.4) was observed in mice immunized with antigen plus h9¢ Ca’* hydrogel or a commercial
adjuvant. Mice immunized with killed antigen alone did not produce any detectable HIN1-specific
IgG1 antibody (data not shown). There was no significant difference between h9%¢ Ca* hydrogel and
commercial adjuvant in ability to induce an HIN1-specific [gG1 antibody response.

Our studies provide the first evidence that h9 Ca’* hydrogel can be a safe, efficacious

adjuvant for HIN1 swine influenza virus killed vaccine. Known adjuvants usually render
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adjuvanticity by directly stimulating antigen-presenting cells and other immune cells or by
controlling the release of antigens from the injection site. The mechanism of h9e-mediated
adjuvanticity remains to be determined. It is possible the hydrogel network controlled the antigen
release, or the major segments of h9, which were selected from native functional protein, might
activate immune cells directly through a specific cell surface receptor, although the receptor for h9%
has yet to be identified. It is equally possible that h9e and killed HIN1 viruses form nanoparticles.
The laser scanning confocal microscope (LSCM) image of h9¢ Ca™ hydrogel (Fig. 25) shows
microporous morphology (i.c., the nanofibres crossed each other and aggregated like nanoparticles
at the crossing points). It is well established that microparticles can function as adjuvants to promote
immune responses. For example, anionic microparticles coated with recombinant p55 gag protein
from HIV-1 elicited strong cell-mediated immunity as well as antibody response in mice.

In summary, we used two native functional sequences from spider silk and calcium-binding
motifs to design and synthesize novel peptides that formed nanofibers triggered by Ca’*, However,
eD, alone or tailored with hydrophobic segments (i.e., hS) was not able to form hydrogels. The
turning function of GSII (SEQ ID NO:10) played a key role, altering the molecular assembly
pathways of h3GSII eD, (h9¢) for hydrogel formation. In acidic condition, h9 formed hard
hydrogels that had a storage modulus (G*) 10 times stronger than that of the hydrogel formed in Ca™
solution (at 0.0025 M peptide concentration). The G’ of h9 acidic hydrogel was weakened upon
heating, whereas the G’ of h9¢ Ca’ hydrogel increased as temperature increased and was reversible
in the temperature range of at 2 to 80°C. The h9e Ca’* hydrogel was shear thinning and had 100%
recovery within 1 min. These distinct physical properties between h9e acidic hydrogel and h9¢ Ca™
hydrogel suggest that a peptide’s molecular assembly pathways and degree of nanofibre cross-linking
could be induced by external parameters such as pH and metal ions.

The adjuvant prepared using the h9e Ca®" hydrogel was biologically safe, improved immune
response on killed HIN1 virus antigen by ~70% and had a similar ability to induce an HI1N1-specitic
IgG1 antibody response compared with an oil-based commercial adjuvant. Our studies provide the
first evidence that h9e can be a safe and efficacious adjuvant for HINI swine influenza virus

vaccine. Application potentials include, but are not limited to, adjuvants that can be formulated with
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killed and attenuated microbes (i.e., HIN1, other Influenza, H3N1, H5N1) in the forms of injections

or microgel encapsulations, or other delivery approaches.

EXAMPLE 3
PRRS Live Vaccine Adjuvant Study

1. Vaccine Preparation

A stock solution of h9e peptide (concentration 1.75% by weight in water) was prepared. For
the active agent, 2X Ingelvac PRRS MLV (Boehringer Ingelheim Vetmedica, St. Joseph, MO) was
used. The vaccine was rehydrated by adding half of the contents of the accompanying liquid diluent
to the vial containing the virus. Medium was then prepared by adding 0.3 ml bovine serum to 7.2 ml
MEM medium (ion source). Next, 5 ml of the peptide stock solution was added to the medium and
mixed well, This was then mixed with the vaccine solution. The final concentration of h% as
adjuvant was 0.35% by weight, and the final concentration of serum was 0.012% by weight.

Vaccines were also prepared using a commercially-available adjuvant, Montanide™ Gel 01
(aqueous polymeric gel veterinary adjuvant, Seppic Inc., Fairfield, New Jersey), or a published
peptide hydrogel, designated hereinas A1/2 (SEQ [D NO:28, corresponding to the N-terminal region
of mineral directing gelator (MDG) 1; Gungormus, et al., Biomaterials 31 (2010) 7266-7274).
2. Animals and Vaccination Study

55 PRRSV serum negative pigs were initially divided into 5 vaccination groups and
vaccinated on Day 0. The pigs were then challenged on day 28 with a control (no challenge) or one
of two PRRSV strains: PRRSV VR-2332, the parental strain of the Ingelvac PRRS MLV vaccine,
or PRRSV MN 184a, a highly pathogenic isolate able to induce severe clinical signs that is
heterologous to both PRRSV VR-2332 and the vaccine virus. The challenge dose of VR-2332 was
2-fold that of MN184a. The test groups are outlined in the Table below.

Experimental Outline

Challenge Group
Vaccine Group None VR2332 MN184a
None/naive pigs Group 1 Group 2 Group 3

25.
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MLV PRRSV - Group 8 Group 4
MLV + h%e - Group 9 Group 5
MLV + A1/2 - Group 10 Group 6
MVL + Gel01 - Group 11 Group 7

At Day 0, all pigs were weighed, and weight was monitored weekly and recorded on Days 7, 14,21,
and 28. Prior to vaccination a blood sample was taken from each pig for serum isolation. Body
temperature and clinical signs were monitored daily and recorded. Blood was collected on Days 7,
14,21, and 28 after vaccination for serum. Blood was collected weekly after challenge. On Day 42,
the pigs were euthanized and necropsy was performed on all pigs to collect blood, lung, tonsil and
lymph node samples for PBMC, serum and histopathology analysis.
3. Data Analysis

4. Body weight gain performance

Vaccination with adjuvant did not influence pig body weight gain performance before the
viral challenged. The virus challenged pigs showed slightly lower body weight gain performance
compared to the unchallenged pigs. There was no difference among challenged groups. The results
are shown in Figs. 26-28.

B. Body temperature change

The average body temperature of pigs challenged with MN184a was 1°C higher than with
VR2332. There was no difference among each challenged group. The results are shown in Figs. 29-
30.

C. Dynamic viremia after vaccination

After vaccination, viremia started to increase to the maximum of 5x10° TCID;,/mL, and then
began to drop to the neglected level at Day 28. Compared to the MLV groups, viremia in the h9e-
adjuvanted group started to increase and reached the maximum of 1x 10* TCID,/mL (2 folds of
MLV group on Day 28), and then begun to drop to the neglected level at Day 28. As for the other
groups adjuvanted with A1/2 or Gel01, there was no difference compared to the MLV group. The

results are shown in Fig. 31.



10

15

20

WO 2012/162637 PCT/US2012/039642

D. Dynamic viremia afier challenge

After challenge, the viremia was lower in the h9¢-adjuvanted groups and the GelO1 groups,
butnot in the A1/2 groups. Two weeks after challenge, viral titers began to drop in all groups. Pigs
challenged with MN184a heterologous PRRS virus showed higher viremia compared to the
homologous VR2332 challenge. The results are shown in Figs. 32-33.

E. Dynamic of IDEXX ELISA Ab titer after vaccination

After vaccination, more pigs converted PRRSV Ab positive in the h9e group on Day 14 (9
out of 10), as compared to the MLV only group (5 out of 10). The GelO1 group had the highest
ELISA Ab titer. The A1/2 group had the lowest Ab titer compared to the other three groups. The
results are shown in Fig. 34 and the table in Fig. 35.

F Dynamic IDEXX ELISA Ab titer after virus challenge

After MN184a challenge, the Ab titer was not significantly different among each group.
After VR2332 challenge, the Gel01 group still had the highest titer. However, the h9¢-adjuvanted
group had a slightly higher Ab titer than the MLV-only group after one week and became the same
after 2 weeks post-challenge. Interestingly, five out of five pigs converted to serum positive when
challenged, with MN184a compared to only two out of five pigs in the VR2332-challenged group.
The results are shown in Figs. 36-37.

G. Virus neutralizing Ab titer to VR2332 and MN184a challenge

Pigs in the h9¢-adjuvanted groups and GelO1-adjuvanted groups developed the highest virus
neutralizing titer (VNT) to VR2332 and MN184a virus. Pigs in the GelO1-adjuvanted group then
challenged with MN184a had even higher VNT to MN184a (middle box) than VR2332 (right box).
In contrast, pigs in the h9e-adjuvanted group challenged with MN184a and VR2332 developed
higher titer to homologous VR2332 challenge than MN184a virus challenge (left box). The results
are shown in Fig. 38.

H Frequency of IFNr-secreting cells in PBMCs

PBMCs (peripheral blood mononuclear cells) from the h9e-adjuvanted group got the highest
IFNr-secreting population when re-stimulated with homologous VR2332 or heterologous MN184a
after 2 weeks of challenge. It was statistically significant different from the other groups. The

results are shown in Figs. 39-40.
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I Freguency of different lymphocyte populations in blood on Day 28

The lymphocyte populations on Day 28 were analyzed. MLV vaccination alone reduced the
v§ T cells frequency on Day 28 compared to naive pigs. MLV vaccination alone increase the
frequency of T-regulatory cell. All 3 adjuvants helped to reduce the frequency of T-regulatory cells,
although h9e and Gel01 worked better. The h9e adjuvant did increase the CD4'CD8" T cells (T
memory cells) population, which enlarged the pool of memory T cells to PRRSV. The results are
shown in Figs. 41-48.

J. Frequency of different lymphocyte populations in blood on Day 42

The lymphocyte populations on Day 42 (or 14 days post-challenge) were analyzed. The h9e
adjuvant further reduced T-regulatory cell and increased CTL and T memory cell percentages in the
blood circulating system two weeks after homologous or heterologous challenge. The results are
shown in Figs. 49-56.

K Frequency of different lymphocyte populations in TBLN on Day 42

The lymphocyte populations in the tracheobronchial lymph nodes (TBLN), which directly
drain to the lungs was analyzed. The h9¢ adjuvant reduced T-regulatory cell and increased CTL and
T memory cell percentages in the lymph nodes two weeks after homologous or heterologous
challenge. The results are shown in Figs. 57-64.

L. Frequency of different lymphocyte populations in Lung on Day 42

The lymphocyte populations in the lung was analyzed. The h9¢ adjuvant reduced

T-regulatory cell and increased CTL and T memory cell percentages in the lungs two weeks after
homologous or heterologous challenge. The results are shown in Figs. 65-72.

M IL10/IL4 protein level on Day 42

ELISA was used to analyze interleukin (IL) levels in serum, PBMC supernatant, and lung
mononuclear cells supernatant. The h9 and Gel01 adjuvants helped to reduce 1L-10 protein levels
in the serum as well as supernatant of cultured PBMCs or Lung MNCs which were re-stimulated
with PRRSV. The h9 adjuvant did increase serum 1L-4 level when challenged with homologous
VR2332 virus but not MN184a virus. The results are shown in Figs. 73-76.

8-
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We claim:

1. A pharmaceutical or veterinary composition comprising a peptide adjuvant and an
active agent, optionally dispersed in a pharmaceutically-acceptable carrier, said peptide adjuvant
comprising a peptide having a hydrophobic region, a turning region, and a hydrophilic region, said
turning region being between said hydrophobic and hydrophilic regions, said turning region

comprising amino acid residues GSII (SEQ ID NO: 10).

2. The composition of claim 1, wherein said hydrophobic regions comprise from about
2 to about 15 amino acid residues, said amino acid residues being selected from the group consisting

of F, L, I, V, and combinations thereof.

3. The composition of claim 1, wherein said hydrophobic region comprises amino acid

residues FLIVI (SEQ ID NO:1) or amino acid residues LLLLL (SEQ ID NO:2).

4, The composition of claim 1, wherein said hydrophilic region comprises from about
5 to about 20 amino acid residues, said amino acid residues being selected from the group consisting

of G, P, D, R, K, Q, and combinations thereof.

5. The composition of claim 1, wherein said hydrophilic region comprises
GPXGDGPXGD (SEQ ID NO:3), where each X is selected from the group consisting of G, R, K,
and Q.

6. The composition of claim 1, wherein said hydrophilic region comprises
KKKKKGPXGD (SEQ ID NO:4), where each X is selected from the group consisting of G, R, K,

and Q.

7. The composition of claim 1, wherein said hydrophilic region comprises

KKKKKKKKKK (SEQ ID NO:6).

9.
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8. The composition of claim 1, wherein said hydrophilic region comprises amino acid
residues selected from the group consisting of GPGGDGPGGD (SEQ ID NO:5), GPRGDGPRGD
(SEQ ID NO:7), GPGGDGPRGD (SEQ ID NO:8), KKKKKKKKKK (SEQ ID NO:6),
KKKKKGPRGD (SEQ ID NO:9), and fragments or variants thereof having at least about 70%

sequence identity thereto.

9. The composition of claim 1, wherein said peptide comprises amino acid residues
selected from the group consisting of FLIVIGSIIGPGGDGPGGD (SEQ ID NO:11),
FLIVIGSHKKKKKKKKKK (SEQ ID NO:12), LLLLLGSIKKKKKKKKKK (SEQ ID NO:13),
FLIVIGSIIGPRGDGPRGD (SEQ ID NO:14), FLIVIGSIIGPGGDGPRGD (SEQ ID NO:15),
LLLLLGSIIKKKKKGPRGD (SEQ ID NQ:16), and fragments or variants thereof having at least

about 70% sequence identity thereto.

10.  The composition of claim 1, wherein said peptide comprises

FLIVIGSHGPGGDGPGGD (SEQ ID NO:11).

11.  The composition of claim 1, wherein the weight ratio of adjuvant to active agent in

said composition is from about 1:100 to about 1:1.

12, The composition of claim 1, wherein said active agent is selected from the group
consisting of killed virus, modified live virus, viral or bacterial proteins, viral or bacterial DNA,

toxoids, protein subunits, and tumor antigens.

13, The composition of claim 1, wherein said carrier is selected from the group consisting
of normal saline, phosphate buffered saline, sterile water, cell growth medium, aqueous solutions
of dimethyl sulfoxide, aqueous solutions of polyethylene glycol, aqueous solutions of dextran, oil-in-

water emulsions, and water-in-o1l emulsions.

-30-
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14.  The composition of claim 1, said composition further comprising ions or a source of

ions.

15.  The composition of claim 14, wherein said ions are selected from the group consisting

of Ca, Na, Mg, K, and Zn ions.

16.  The composition of claim 14, wherein the molar ratio of peptide to ion is from about

1:1 to about 1:100.

17.  The composition of claim 1, said composition further comprising proteins,

solubilizing agents, preservatives, stabilizers, emulsifiers, and/or local anesthetics.

18. A method of treating or preventing a condition in a subject, said method comprising
administering to said subject a therapeutically-cffective amount of a peptide adjuvant and an active
agent, said peptide adjuvant comprising a peptide having a hydrophobic region, a turning region, and
a hydrophilic region, said turning region being between said hydrophobic and hydrophilic regions,

said turning region comprising amino acid residues GSII (SEQ ID NO: 10).

19.  The method of claim 18, wherein said active agent and said peptide adjuvant are co-

administered.

20.  Themethod of claim 18, wherein said active agent and peptide adjuvant are dispersed

in a pharmaceutically acceptable carrier.

21.  Themethod of claim 18, wherein said administering compriscs injecting said peptide

adjuvant and active agent intramuscularly, subcutaneously, or intradermally.

22.  The method of claim 18, wherein said peptide adjuvant and active agent are

administered intranasally, orally, intravaginally, or transdermally.

31-
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23.  The method of claim 18, further comprising mixing said peptide adjuvant and active

agent prior to said administering.

24.  The method of claim 23, wherein said peptide adjuvant and active agent are

administered less than about 72 hours after said mixing.

25. A vaccine system comprising:

an active agent; and

apeptide adjuvant, said peptide adjuvant comprising a peptide having a hydrophobic region,
a turning region, and a hydrophilic region, said turning region being between said
hydrophobic and hydrophilic regions, said turning region comprising amino acid

residues GSII (SEQ ID NO: 10).

26.  The systemof claim 25, wherein said active agent and said peptide are mixed together

in unit dosage form.

27.  The system of claim 25, wherein said active agent is in a first container and said

peptide adjuvant is in a second container separate from said active agent.

28.  The system of claim 25, further comprising a pharmaceutically-acceptable carrier.

29.  The system of claim 28, wherein said active agent is dispersed in said carrier in a first

container.

30.  The system of claim 29, further comprising ions or a source of ions dispersed in said

carrier with said active agent.

31.  The system of claim 28, wherein said carrier is in a container separate from said

active agent and said peptide adjuvant.
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32.  AKkit for vaccinating a subject comprising:
a vaceine system according to claim 25; and

instructions for administering said vaccine system to said subject.

33.  Thekitofclaim 32, said kit comprising a first container comprising said active agent

and a second container comprising said peptide adjuvant.

34.  Thekit of claim 33, further comprising instructions for mixing said active agent and
said peptide adjuvant to form a pharmaceutical or veterinary composition prior to administering said

vaccine system to said subject.

35.  Thekitof claim 32, said kit comprising a first container comprising said active agent

and said peptide adjuvant mixed together therein.

36.  The kit of claim 35, said first container further comprising a pharmaceutically-

acceptable carrier, said active agent and said peptide adjuvant being dispersed therein.

-

37.  Thekitofclaim 35, said active agent and said peptide adjuvant being mixed together

and concentrated, desiccated, or freeze-dried.

38.  The kit of claim 37, further comprising a second container comprising a

pharmaceutically-acceptable carrier.

39.  The kit of claim 38, further comprising instructions for reconstituting said active

agent and said peptide adjuvant.

-33-
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 Percentage of positive serum
- Group/Date D7 D14 D21 D28

Naive pigs 015 0M15 015 015
MLV 310 510 10/10  10/10
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MLV+ Gel01 2/10 4/10 10/10  10/10
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D42 NK cells (lymph node)
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