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VLP-based Vaccines for Targeting Stapliyloceccrs aurens SBecreted Yivulence Factors
Related Applications amd Grant Support

This application claims the benefit of priority of United States provisional application
~

US62/200.092 of identical title, fled February 2, 2010, the entire contents of which

application is incorporated by reference herem.

This invention was made with government support under grant nos. AI091917,
ATH14706 and AI083308 awarded by the National Institutes of Health. The government has

certain rights in the invention.

Field of the Invention

The present invention is directed o virus-like particles (VLPs) which are engineered
to present epitopes from Saphviococcwy aurens (SA} antoinducing peptides (AIPs), which
regulate guorum-sensing dependent viralence in this pathogen, or epitopes from SA toxins
and leukociding. These VLPs may be used to provide immumogemic compositions and
efficacious vaccines. In a mouse model of SA dermonecrosis, vaccmation with AIP-
containing VLPs or SA toxin-containing VLPs induces protective immunity to limit the

pathogenesis of SA infection and promote bactertal clearance.

Background and Overview of the Invention

The Gram Positive pathogen Stapidococens aurens {(SA), including both
methicitlin-sensitive and methicillin-resistant SA (MSSA, MRSA), is a major cause of human
disease and the primary cause of skin and soft tissue wfection (8STI) in the US.
Staphvlococeus aurens is a Gram-positive bacterium well known for what is commonly
known as staph infections. More serious forms of this infection can progress io
bacterial pneumonia and bacteria in the bloodstream. These conditions sometimes can be
fatal. With the advent of antibiotics, over time certain stramns of 8. aurews became resistant to
antthtotics. Drug-resistant, including methicillin-resistant S arreus (MRSA) infections
began to appear. Today, MRSA is viewed as any strain of § gureys that has developed
resistance to B-lactams and other antibiotics, which inclnde the pemcilling, ervthromyvemn,
methicillin, dicloxacillin, nafeillin, oxacillin, the cephalosporins and others. Resistance does
render MRSA infections far more difficult to treat with standard antibiotics. MRSA s a

dangerous miection and poses serious health problems to the general public especially i



WO 2017/136400 2 PCT/US2017/015960

hospitals, prisons, and nursing homes, but also in variows commuanity settings. People who

are unmunocompromised (for example, those with diabetes) or have immune systems that are
weakened are at much greater risk of mfection than the general public. MRSA causes a range
of diseases from skin and wound infections to pnewmonia and bloodstream infections that can

cause sepsis and death.

Both community acquired MRSA (CA-MRSA) and hospital acquired MRSA (HA-

MRSA) are resistant to traditional anti-staphylococcal B-lactam antibiotics.

Staphylococeys gurens 1s the leading canse of skin and soft tasue infections (85TIs)
in the United States. Mounting antibiotic resistance requires innovative tregtments such as
ones that inhibit N serens pathogenicity and support mnate immune clearance. 8. mureus
coordinates virulence factor expression through the density-dependent accessory gene
regulator {ogr} operon via secretion of cyclic awtoinducing peptides (AIPs). 8 wrens lacking
agr fails to cause denmonecrosis in mouse models of S8T1 and is meore readily cleared
compared to agr positive isolates. Therefore, the inventors hypothesized that vaccination
against S. gurens AIP could generate protective immunity against subsequent SST1 challenge.
Because 8 awrens AlPs are too small to stimulate a natural immuone response {7-9 amuno
acids), the inventors engineered a virus-like-particle (PP7-VLPs) for surface presentation of a
modified antoindacing peptide sequence (AIP1S). VLP-based vaccines allow multivalent
presemtation of target antigens and are highly immunogenic due to their repetitive, virus-like
structure. As expected, vaccination with PP7-AIPIS mnduced AIP1-specific antibodies, and
transcriptional analysis of skin from vaccinated and challenged mice showed that PP7-AIPIS
vaceination hmits ggr-activation in vivo, Most importantly, in a challenge model of S, aurens
SETL, PRP7-AIPIS vaccinated mice showed significantly reduced dermonecrosts and
increased bacterial clearance compared to control vaccinated mice, demonstrating the
efficacy of this vaccination approach. To the best of owr knowledge, this is the first report of
an efficacious, VLP-based vaccine which induces immune control of §. aurens AIPI-
regnlated virulence. To date, no vaccine against SA has been successful in clinical trials,
However, these data suggest that VLP-based vaccination, i particular, PP7-AIPIS

vaceination could be an effective tool 1o linit S arerens pathogenesis during 88TL
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Brief Description of the Invention

Pursuant to the present invention, the inventors used VLPs to present epitopes
from SA autoinducing peptides (AlPs), which regulate quorum-sensing dependent
vitulence in this pathogen, ot epitopes from SA toxins and leukocidins, as efficacious
vaceines. In a mouse model of SA dermonecrosis, vaccination with AIP- VLPs or SA
toxin-VLPs induces protective ummuanity to limit the pathogenesis of SA infection and

promuote bacterial clearance.

The development and commercialization of vaccines for bactenial infections,
especiatly vaccines for Staphviocovcus aurens infections including MRSA, would be a
stgnificant public health breakthrough towards the goal of comtrolling and eradicating
Staphyiococeus aureny infections, especially MRS A mfections, given how rapidly bacterial

resistance occurs in these microbes.

The present invention provides immunotherapeutic and prophylactic bacteriophage
viral-like particles (VLPs) which are useful in the treatment and prevention of
Staphviococeus aureus (SA) infections, especially MRSA and related disorders. Related
compositions {e.g. vaccines), nucleic acid constrocts, and therapeutic methods are also
provided. VLPs and related compositions of the invention induce high titer antibody
responses against Staphviloccus aurens and protect against SA challenge & vive, VLPs, VLP-
containing compositions, and therapeutic methods of the invention indocs an immunogenic
response against SA infection, confer immunity against SA mfection, protect against SA
infection, and reduce the likelihood of infection by and/or inhibit SA infection, especially

mclading MRSA infection,

Because antibodies that are specific for epitopes of AlPs which are thiolactone
{cychie), peptides may be necessary for antibody-mediated neutralization of Staphviococens
awrens. AIP1 or AIPIS (also referred to as AIP1CAS) targeting VI.Ps and related
compositions {e.g. vaccines) of the invention provide a more comprehensive protection
agamst infection by Staphylococcus aurens, especially including MRSA. Surprisingly, these
do not require the presence of the thiolactone in the epitopic peptide in order to provide

excellent immunogenigcity,



WO 2017/136400 4 PCT/US2017/015960

Thus, the mvention provides mummotherapentic and prophylactic bacteriophage
viral-like particle (VLPs) which are useful in the prevention of Stapfviococcus aurens {(SAJ,
including MRSA| infections and related disease states and conditions, including persistent
nfections associated with SA. Related compositions (e.g. vaccines), nucleie acid constructs,
and thevapentic methods are also provided. VLPs and related compositions of the invention
mnduce high titer antibody responses against § qurews and protect against S argreny challenpe
in viva, VLPs, VLP-containing compositions, and therapeutic methods of the invention
induce an immunogenic response against SA infection, confer immunity against SA

mfection, protect against SA mfection, and reduce the likelihood of infection by SA.

In a first embodiment, the mvention provides a VLP comprising a bacteriophage
single chain coat polypeptide dimer and an epitopic V. arrens heterologous peptide {“SA
peptide™), wherein the epitopic SA peptide is displayed on the VLP in the A-B loop (in the
downstream or upstream A-B loop, preferably the downstream A-B loop), or at the amino or
carboxyl terminal ends of the dimer, and wherein vaccmation with the VLP is prophylactic
for 3. aurens-induced disorders. In emboduments of the invention, the epitopic SA
heterologous peptide is a SA autoinducing peptide {AIP), which regulates quorum-sensing
dependent virulence in SA or is an epitopic peptide from SA toxins and lukocidins as
otherwise described herein.  In preferred embodiments, the epitopic SA heterologous peptide
1s the peptide AIPL (YSTCDFIM, SEQ. ID NO: 1) or the peptide AIPIS (YSTSDFIM SEQ.
ID NOY:2), which are set forth in figure 10 hereof (note that the thiolactone is not expressed
on the VLP). 1o preferred embodiments of the invention, the expressed epitopic peptide on
the VLP does not contain a thiolactone group.  In alternative preferred embodiments, the SA
heterologous peptide is AIP2 GVNACSSLF (SEQ ID NO: 3) or AIP2S GVNASSSLE (SEQ
ID NG 4) AIP3 INCDFLL (SEQ IDNO: 5y or AIP3S INSDFLL {SEQ 1D NG 6)

AlP4 YSTCOYFIM (3EQ 1D NO: 7y or AIP4S YSTSYFIM (SEQ ID NQ: 8} In cettain

embodiments, the VLP expresses two of the above heterologons epitopic peptides.

o another aspect, the invention provides a composition comprising a VLP comprising
a bacteriophage single chain coat polypeptide dimer and an epitopic SA peptide, wheremn the
epitopic SA peptide is displayed on the VLP, and wherein the composition is prophyiactic for
SA-induced disorders, especially including SA infections, including MRSA and related

disease states and/or conditions.
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Certain aspects of the mveniion reflect that the single-cham dimer of PP7 {as well as
MS2} coat protein can tolerate the insertion of a wide variety of peptides, including peptides
derived from cyclic avtoinducing peptides AlPs and are highly immunogenic, even though
the AIPs tend to be of small size and the thivlactone bond has heretofore hindered vaccine

development.

In addition to heterologous peptides based upon AIPs, other SA toxin and leukocidin
peptide sequences may be used and are described in greater detail in the detailed description

of the invention which follows.

In another aspect, the invention provides a composition comprising a VLP comprising
a bacteriophage single chain coat polypeptide dimer and a SA epitopic peptide as otherwise
described hervein (preferably, a AIP peptide, e.g. AIPL, AIPIS, AIP2, AIP2S, AIP3, AIP3S,
AlP4 or AIP4S, especially AIP] or AIPIS as otherwise described herein), wherein the
heterologous peptide is displayed on the VLP, preferably i an unconstrained conformation,
and preferably encapsidates bacteriophage mRNA, and wherein the composition is
immunotherapeutic and prophylactic for SA-induced disorders. The AIP peptide, when
incorporated into the VLP does not contain a thiolactone or is displayed without the
thiolactone (the carboxylic acid of the methionine is mcorporated as a peptide boad into the

VLP strocture), while still providing excellent immunogenicity,

In certamn embodiments, VLPs and VLP-containing compositions {g.g. vaccines) of
the invention are comprised of VLPs comprising AIP peptides, heterologous peptides from
SA toxins and/or lukociding, In other aspects, VLPs and VLP-containing compositions of the
invention comprise hvbrid VLPs that display 8A epitopic peptide sequences preferably in an
unconstrained conformation derived from several AlPs (e.g AIPT, AIPIS, AIPZ, AIP2S,
AIP3, AIP3S, AlP4 or ATP4S).

Tu another aspect, the invention provides a composition comprising & VLP displaying
SA epitopic peptides from two or more peptides on the same VLP, preferablv inan
unconstrained conformation, and wherein the composition is immunotherapeutic and

prophylactic for SA-induced disorders.
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In embodiments, the invention provides a VLP, or a composition comprising a VLP,
wheremn the VLP 15 made by transforming a prokarvote with a nucleic acid construct

comprising either:

{1} {a} a bacterial or bacteriophage promoter which is operably associated with a coding
sequence of a bacteriophage {e.g., PP7 or MB2, preferably g PP7) single chain coat
polvpeptide dimer, wherein the coat polypeptide dimer coding sequence is modified to: (1)
define a first restriction site which is located in the upstream or downstream (preferably
upstream) portion of the coat polypeptide dimer coding sequence and which is etther
pasitioned 37 1o, or located within, the sequence which defines the coat polypeptide dimer A-
B loop, N-ternunus or carboxy-terminus, and (1) contain g nucleotide sequence encoding a
SA epitopic peptide; (b} a second restriction site positioned 37 to the coat polvpeptide dimer
coding sequence; () an antibiotic resistance gene which is operably associated with the

promoter; and (d) a replication origin for replication in a prokaryotic cell; or

{2} {a} a bacterial or bactertophage promoter which is operably associated with a coding
sequence of bacteriophage (e.g. PP7 or MS2 single chain coat polypeptide dimer, wherein the
coat polypeptide dimer coding sequence 18 modified to (1) define a codon sequence positioned
§° to that portion of the sequence which defines the coat polypeptide dimer A-B loop, N-
terminugs or carboxy-terminus, and (i) contain a nucleotide sequence encoding a SA epitopic
peptide; (b} a restriction site posttioned 37 to the coat polvpeptide dinser coding sequence; ()
a PCR primer positioned 37 to the second restriction site; () a repressor o resistance to a first
antibiotic, wherein the repressor is operably associated with the promwoter; (&) a helper phage
gene modified to contain a gene conferring resistance 1o a second antibiotic, and (fy a

replication origin for replication in a prokaryotie cell.

In certain aspects, the invention provides a VLP, or a composition comprising a VLP,
wheretn the VLP is made by transforming a prokarvote with a nucleic acid construct
comprising either:

{1} {a) a bacterial or bacteriophage promoter which is operably associated with a coding
sequence of a bacteriophage (preferably PP7 or MS2, more preferably PP7) single chain coat
polvpeptide dimer, wherein the coat polypeptide dimer coding sequence is moditied o2 (1)
define a first restriction site which 1s located in the downstream portion of the coat

polypeptide dimer coding sequence and which is exther positioned 37 to, or located within, the
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sequence which defines the coat polypepiide dimer AB loop, and (it} contain a nucleotide
AIPIS;

{b} a second restriction site positioned 3 to the coat polypeptide dimer coding sequence;
{¢) any antibiotic resistance gene which is operably associated with the promoter; and

{d} a replication origin for replication in a prokaryotic cell; or

{2} {a} a bacterial or bacteriophage promoter which is operably associated with a coding
sequence of a bacteriophage {preforably PP7 or M2, more preferably PRT), single chain coat
poiyvpeptide dimer, wherein the coat polypeptide dimer coding sequence is modified ©;

{1} define a first restriction site which is located in the downstream portion of the coat
polypeptide dimer coding sequence and which is either posttioned 37 {0, or located within
{preferably within), the sequence which defines the coat polvpeptide dimer AB loop, and
{11} contain a nucleotide sequence encoding a SA epitopic peptide, preferably a AIP epitopic
peptide, such as A1P] or AIPIS;

{b} a second restriction site positioned 37 to the coat polypeptide dimer coding sequence;

{c} a PCR primer positioned 3’ to the second restriction site;

{d} an antibiotic resistance gene which is operably associated with the promoter; and

{e} a replication origin for replication in a prokaryotic cell; or

{3} {a) a bacterial or bacteriophage promoter which is operably associated with a coding
sequence of a bacteriophage (preferably PR7 or M32, more preferably PP7) single chain coat
polypeptide dimer, wherein the coat polypeptide dimer coding sequence 1s modified to (1)
define a codon sequence positioned 57 to that portion of the sequence which defines the coat
polypeptide dimer AR loop, and (11} contain a nucleotide sequence encoding a SA gpitopic
peptide, preferably a AIP epitopic peptide, such as AP or AIPLS;

{b} a restriction site positioned 37 to the coat polypeptide dimer coding sequence;

{c} a PCR primer positioned 3" to the second restriction site;

{d} an antibiotic resistance gene for resistance to a first antibiotic, wherein the resistance gene
is operably associated with the promoter;

{2} a helper phage gene modified to contain a second antibiotic resistance gene conferring
resistance o a second antibiotic, and

{f} a rephication ongin for replication m a prokaryvotic cell,
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In alternative embodiments, the present invention provides 8 VLP, or a composition
compiising & VLP, wheremn the VLP 1s made by transforming a prokarvote with a nucleic

acid construct comprising etther:

{1} {a} a bacterial or bacteriophage promoter which is operably associated with a coding
sequence of bacteriophage PP7 single chain coat polypeptide dimer, wherein the coat
polyvpeptide dimer coding sequence 1s modified tor (1) define a first restriction site which is
located in the dowastream portion of the coat polypeptide dimer coding sequence and

which i3 either posttioned 57 to, or located within, the sequence which defines the coat
poiyvpeptide dimer N-ternvtnus, and {(11) contain a nucleotide sequence encoding a SA epitopic
peptide, preferably a AP eptiopic peptide, such as A1PL or AIPIS; (b) a second restriction
site positioned 37 to the coat polypeptide dimer coding sequence; {¢) an antibiotic resistance
gene which is operably associated with the promoter; and (d) a replication origin for

replication in a prokarvotic cell; or

{2} {a} a bacterial or bactertophage promoter which is operably associated with a coding
sequence of bacteriophage M32 single chain coat polypeptide dimer, wherein the coat
polypeptide dimer coding sequence is modified to (1) define 8 codon sequence positioned 57
to that portion of the sequence which defines the coat polypeptide dimer N-terminus, and (i1)
contain a nucleotide sequence encoding a SA eptiopic peptide, preferably a AIP epitopic
peptide, such as AIP! or AIPIS; (b} a restriction site positioned 37 to the coat polypeptide
dimer coding sequence; {o) a PCR primer positioned 37 to the second restriction site; {(d) g
repressor to resistance to a first antibiotic, wherein the repressor is operably associated with
the promwoter; {¢) a helper phage gene modified to contain a gene conferring resistance to @

second antiblotic, and () a replication origin for replication in a prokaryetic cell.

In certain aspects, the invention provides VIPs made by transforming a prokaryote
with a SA epitopic peptide sequence~containing construct as described herein. In other
aspects, VLPs and VLP-containing compositions {e.g. vaccines) of the mvention are
comprised of VLPs comprising SA epitopic peptides derived from SA autoinducing peptides,
which regulate quorum-sensing dependent virulence in SA or epitopic peptides from SA
toxins and lukocidins. In other aspects, VLPs and VL P-containing compeositions of the

mvention comprise hybnid VLPs that display multiple SA epitopic sequences.
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In certat embodiments, the coding sequence of the bacteriophage single chain coat
polypeptide dimer, especially PP7 or MS2, preferably PP7, further comprises a transeription

terminator positioned §7 to the second restriction site.

In certain aspects, the invention provides a method of inoculating a subject at risk of
developing a SA-related disorder, including an SA infection, including a MRSA infection,
the method comprising admimstering to the subject one or more doses of a composition
comprising a SA epitopic peptide-containing VLP as described herein. In other aspects, the
invention provides a method of treating a subject who is at risk of developing a SA-related
nfection, inclnding MRSA or a disorder, the method comprising adosinistering to the subject
one or more doses of a composition comprising a SA epitopic peptide-containing VLP as
described herein. In still other aspects, the invention provides a method of treating a subject
who has developed a SA-related infection or disorder, mncluding MRSA, the method
comprising administering to the subject one or more doses of a composition comprising a SA

epitopic peptide contamning VLP as described herein.

Thus, the mventors describe the use of recombinant VLPs derived RNA
bacteriophages to mduce high titer antibody responses against SA epitopic peptides that

protect against SA infections, including MRSA infections and related disorders.

These and other aspects of the nvention are described further inthe Detailed

Description of the Invention, which follows,

Brief Description of the Figures

Figure 1 shows the cloning of the Staphilococcus aurens (SAY antoinducing peptide 1
{AIP1) with a C4S mutation into the AR loop of the PP7 dimer. This peptide is also referred
to as AIPIS. AIP! is the quorum sensing peptide produced by agr type I SA isolates and 15

required for agr sigoaling and virnlence. SA isolates exist as one of four agr tvpes {agr FIV}

with each type making a comresponding AIP (AIP1-4).

Figure 2 shows purification of PP7-AIP1S on gel filtration (right}.
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Figure 3 shows the purity of PP7-AIPLS on 196 agarase gel electrophoresis ethidium

bromide {EtBr) stain (left) and 4-12% SDS/PAGE B Stain {right).

Figure 4 shows the homogeneity of PP7-AIP1S using Malvern Zetasizer Dynamic
Light Scattering in PBS {top two panels) and PBS + TWEEN 80 {0.2%).

Figure 3 shows a schematic of a vaccination schedule. Fowr week old female BALB/
that AIP1C4S and AIP S are equivalent pepuds;b) A boost was given 4 weeks later and mice

were challenged with a SA skin infection 2 to 8 weeks after the boost.

Figure 6 shows that PP7-AIPHCAS vacomation protects nuice agatnst weight loss, used

tod

as @ measure of morbidity, during skin infection challenge with agr tvpe I MRSAL

Figure 7 shows that PP7-AIP1C4S vaccination protects mice agamst abscess
formation, used as a measure of pathogenesis, during skin infection challenge with agrtype 1

MRSA.

Figure 8 shows PP7-AIP1C4S vaccination protects mice against dermonectoss (lefi)
during skin mfoction challenge with agr type TMRSA. Toxans regulated by agr are required
for dermonscrosis, sugpesting that vaccination with PP7-AIPIC4N induces protection against

AlP signaling. PP7-AIPICAS vaccinated mice are also better able to clear SA at the site of
infection (right}). This is consistent with inhibition of immune cell Iytic toxing regulated by

agr,

Figure 9 shows the agr pathway schematic.

Figure 10 shows the design and preparation of PP7-AIP1S VLPs. (a} Schematic of
AIPT and amivo acid sequence of AIP1-C48 {(ATP1S). (h) Ribbon representation of the PP7
coat protein dimer depicting the first AB loop (indicated by arrow} and the AIP1S sequence
{spheres) modeled into the second AB loop (PDB 1D 2QUD2) using GalaxyWebs:., Image
prepared using PyMol (PyMOL molecular graphics system, version 1.5.0.4; Schrodinger,
LLCY. {¢) Schematic of the site of AIPIS insertion into the second AB loop of the PP7 single

chain dimer. (d) Agarose gel electrophoresis of size exclusion chromatography fractions
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showing assembly and punity of PP7-AIPIS based on Coomassie {protem) and ethidium

bromide (EtBr) statning {showing VLP encapsulated nucleic acids).

Figure 11 PP7-AIP1S vaccination induces antibodies which recognize soluble AIPL
BALB/c mice were vaccinated twice (L) at £ week intervals with 10 pg of PP7-AIPIS or
PP7 wild-type (control}. () Serum was collected af the mdicated time points after the second
vaccination. Serum was then pooled (n=3 mice per group), treated as descnibed m Materials
and Methods, and relative binding to PP7-AIPIS determined by ELISA. (b) PP7-AIPIS
antiserumcoliected at eight weeks afier the second vaccination was prepared as in (a), and
relative AIP1S binding determined in the presence and absence of the indicated
concentrations of AIPL or AIPZ (=3 mice per group; duplicate experiments performed in
triplicate}. Data are mean + s.e.m Kraskal-Wallis ANQOVA p<0.0001 with Dunn’s post-test:

* p<0.05; #*5p<0.001.

Figure 12 shows that PP7-AIP1S vaccination himits the severity of S. aurens skin
infection i a mouse model of dermonecrosis. BALB/C mice were vaceinated twice {i.m.} at 4
week intervals with 10 gg of the indicated VLPs or PBS control. Eight weeks after the second
vacomation, mice were challenged by subcutaneons infection with 4 x 10: CFU of USA300
LAC. Representative (a) day 3 images of infection site and (b) daily measures of abscess area
and dermonecrosis. Calenlated area under the curve (AUC) values for {¢) ahscess area
{ANOVA p<.0042), (d) dermonecrosis (p=(.0177}) and (g} percent weight change over the
six day infection, as well as () day 6 bacterial burden at the site of infection {(p=0.0001)
{representative of two independent experiments of 16 mice per group). (g) Cytokine levels
it clarified abscess tissne homogenate on day 6 postinfection (ANOVA {L-1§, p=0.0587;
TNF(, p=0.0388) (n=6 mice per group). Data are mean = s.em. Newman-Keuls post-test: ns,
not significant; ™ p<.05; ¥¥p<0.01; ¥ 0001, Some of this data 13 also presented

figures 6-8.

Figure 13 shows that PP7-AIP1S vaccination Himits ggr function af the site of 5.
awrens infection. BALB/c mice were vaccinated twice (im. ) at 4 week intervals with 10 pg
of the indicated VLPs or PBS control. Eight weeks after the second vaccination, mice were
challenged by subcutaneous infection with 4 x 1 CPU of USA300 LAC, {a) Local RNATH

transcription on day 1 postinfection measured by gPCR (=4 mice per group, Kruskal-Wallis
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ANOVA p=0.0029). (b)Representative immunoblot (showing 3 replicates) and guaniification
of Hia levels (relative to PBS control) in clarified abscess tissue homogenate on day 6 post-
infection (=6 mice per group) {(Kruskal-Wallis ANOVA p=0.0025) with Dunn’s post-test:
ns, not significant; * p<0.05; ¥*p<t++0.01.

Figure 14 shows an apti-ATP IS antibody mechanism of action of the present
mvention, based upon the results of experimentation described 1 the Examples section

hereof,

Detailed Description of the Invention

In accordance with the present tnvention there may be emploved conventional
molecular biology, microhiology, and recombinant DNA technigues within the skill of the
art. Such techniques are explained fully in the literature. See, e.g., Sambrook et al, 2001,
“Molecular Cloning: A Laboratory Manual™; Ausubel, ed., 1994, "Carrent Protocols i
Molecalar Biology" Volomes [ Celis, ed., 1994, "Cell Biology: A Laboratory Handbook"
Volames M Coligan, ed., 1994, "Current Protocols in Immunology” Volames I-HT; Gait

Ty

ed., 1984, "Oligonucleotide Synthesis™; Hames & Higgias eds., 1985, "Nuclere Acid
Hybridization", Hames & Higging, eds., 1984, "Transcription And Translation”; Freshuey,
ed., 1986, "Animal Cell Cultore”; IRL Press, 1986, "Inunobilized Cells And Enzymes™,

Perbal, 1984, "A Practical Guide To Molecular Cloning ¥

‘Where a range of values is provided, it is understood that each intervening value, to
the tenth of the unit of the lower limit unless the context clearly dictates otherwise,
between the upper and lower lmit of that range and any other stated or intervening value in
that stated range is encompassed within the mvention. The upper and lower limits of these
smalier ranges may independently be included in the smaller ranges is also encompassed
within the invention, subject to any specifically excluded limt 1n the stated range. Where the
stated range includes one or both of the himits, ranges excluding either both of those included

Limits areqalso included i the nvention,

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skilt in the art to which this invention

belongs. Although any methods and materials similar or equivalent to those described herein
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can also be used in the practice or testing of the present invention, the preferred methods and

matertals are now described.

It must be noted that as used herein and in the appended clalms, the singular forms

W N

&, "and” and "the” include phuval references pnless the context clearly dictates otherwise,

Furthermore, the following terms shall have the definitions set out below.

The term “patient”™ or “subject” is used throughont the specification within context to
describe ap aninal, generally a mammal and preferably a human, © whom treatment,
mcluding prophylactic treatment {prophylaxis), with the immunogenic compositions and/or
vaceines according to the present invention is provided. For freatment of those infections,
conditions or disease states which are specific for a specific animal such as 3 bwman patient,
the term patient refers to that specific animal.  in most instances, the patient or subject of the

present invention is a human patient of either or both genders.

The term “effective” is used herein, unless otherwise indicated, to describe a nuwnber
of VLP's or an amount of a VLP-contaiming composition which, in context, is used to
produce or effect an intended result, whether that result relates to the prophylaxis andfor
therapy of an SA-tnduced or SA-related disorder or disease state, mcloding an SA infection
or as otherwise described herein. The term effective subsumaes all other effective amount or
effective concentration terms (including the term “therapeutically effective™) which are

otherwise deseribed or used in the present application.

As used herein, the term "polvnucieotide” refers to a polymeric form of nucleotides of
any length, ether ribonucleotides or deoxynucleotides, and includes both double- and sinple-
stranded DNA and RNA. A polynucleotide may include nacleotide sequences baving
different functions, such as coding regions, and non-coding regions such as reguiatory
sequences {e.g., promoters or transcriptional termmators), A polvnucleotide can be obtamed
directly from a natural source, or can be prepared with the aid of recombinant, enzvmatic, or
chemical techniques. A polynucleotide can be linear or circular in topology. A polynucleotide
can be, for example, a portion of a vector, such as an expression or cloning vegtor, or a

fragment.
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As used heretn, the term "polypeptide” refers broadly to a polymer of two or more
amino acids joined together by peptide bonds. The term “polypeptide” also includes
molecules which contain more than one polypeptide joined by a disulfide bond, or complexes
of polypeptides that are joined together, covalently or noncovalently, as multimers {e g,
dimers, tetramers). Thus, the terms peptide, oligopeptide, and protein are all incloded within
the definition of polypeptide and these terms are used interchangeably. It should be
understood that these terms do not connote a specific length of a polymer of anuno acids, nor
are they intended to imply or distinguish whether the polypeptide is produced using
recombinant technigues, chemical or enzymatic synthesis, or is natarally occurring,

The term “single-chain dimer” refers 1o a normally dimenic protein whose two
subunits of coat polyvpeptide of a RNA bacteriophage have been genetically {chenncally,
through covalent bonds) fused into a single polvpeptide chain. Specifically, in the present
mvention single~chain dimer versions of PP7 coat proteins were constructed. Each of these
proteins is naturally a dimer of identical polypeptide chams. in the PP7 coat protein dimers
the N-terminus of one subunit Hes n close physical proximity to the C-terminus of the
companion subunit. Single-chain coat protein dimers were produced using recombinant
DINA methods by duplicating the DNA coding sequence of the coat proteins and then fusing
them to one another in fail to head fashion. The result is a single polypeptide chain mn which
the coat protein amino acid appears twice, with the C-terminus of the upstream copy
covalently fused to the N-terminus of the downstream copy. Neormally {wild-type) the two
subunits are associated only through noncovalent interactions between the two chains. In the
single~cham dimer these noncovalent interactions are maintained, but the two subnnits have
additionally been covalently tethered to one another. Thix greatly stabilizes the folded
structure of the protein and confers to it #ts high tolevance of peptide insertions as described

ahove.

This application makes frequent reference to coat protein’s "AB-loop”™. The RNA
phage coat proteins possess a conserved tertiary structure. The PP7 coat protems, for
example, possess a structure wherein each of the polypeptide chains is folded mto of a
number of B-strands. The B-strands A and B form a hairpin with a three-amino acid loop
connecting the two strands at the top of the hairpin, where it 1s exposed on the surface of the
VLP. As evidenced in the present application, peptides inserted into the AB-loop are

exposed on the surface of the VLP and are strongly mmmunogenic.
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The amino acid residues described herein are preferred 1o be in the *L” isomeric form,
However, residues in the "DY isomeric form can be substituted for any L-amino acid residue,
as long as the deswed functional is retained by the polypeptide. NH; refers to the free amino
growup present at the amino terminus of a polypeptide. COOH refers to the free carboxy

group present at the carboxy terminus of a polypeptide.

The tenm “valency™ Is used to describe the density of the SA epitopic peptide
{preferably a heterologous AP thiolactone peptide such as AIPT or AIPS) displayed on VLPs
according to the present invention. Valency in the present mvention may range from low
valency to high valency, from less than 1 to more than about 180, preferably 90 to 186,
fmnnmogenic compositions according to the present ivention comprise VEPs which are
preferably bigh valency and comprise VLPs which display at least 50-60 up to about 180 or

more SA epitopic peptides, preferably an AIP, more preferably AIP1 or AIPS.

The term “coding sequence” i3 defined herein as a portion of a nucleic acid sequence
which directly specifies the amine acid sequence of its protein product. The boundaries of
the coding sequence are generally determined by a rihosome binding site (prokaryotes) or by
the ATG start codon (eukaryotes) located just upstream of the open reading frame at the 3'-
end of the mRNA and a transcription terminator sequence located just downstream of the
open reading frame at the 3°~ end of the mRNA. A coding sequence can include, but is not

Himited to, DNA, ¢DNA, and recombinant nucleie acid sequences.

A "heterologous” region of a recombinant cell is gn 1Wdentifiable segment of nuclete
acid within a larger nucleic acid molecule that is not found in association with the larger

molecule i nature.

An "origin of replication” refers to those DNA sequences that participate in DNA

synthesis.

A "promoter sequence” is a DNA regulatory region capable of binding RNA
polvmerase in a cell and initiating transcription of a downstream (3' direction) coding
sequence. For purposes of defining the present inveantion, the promoter sequence is bounded

at its 3" terminus by the transeription intiation site and extends upstream (5 divection) to
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mehude the mmiaum nwmber of bases or elements necessary to iibiate transcription at levels
detectable above background, Withun the promoter sequence will be found g transcription
initiation, as well as protein binding domains {consensus sequences) responsible for the
binding of RNA polymerase. Eukarvotic promoters will ofien, but not alwavs, contain
"TATA" boxes and "CAT" boxes. Prokaryotic promoters contain Shine-Dalgarno sequences

m addition to the ~18 and <38 consensus sequences.

In bacterta, transcription normally terminates at specific transeription termination
sequences, which typically are categorized as rho-dependent and tho-mdependent {or
intrinsic) tevnuinators, depending on whether they require the action of the bacterial rho-factor
for their activity. These terminators specify the sites at which RNA polymerase s caused to
stop its transcription activily, and thus they largely define the 37-ends of the RNAs, although

sometimes subsequent action of ribonucleases further trims the RNA.

An "expression control sequence” 1s a DNA sequence that controls and regulates the
transcription and transiation of another DNA sequence. A coding sequence is "under the
control” of transeriptional and translational control sequences n a cell when RNA
polymerase transcribes the coding sequence into mRNA, which 1s then translated into the
protein encoded by the coding sequence. Transcriptional and translational control sequences
are DNA regulatory sequences, such as promoters, enhancers, polvadenviation signals,

tertminators, and the Hke, that provide for the expression of a coding sequence in a host cell

An “antibiotic resistance gene” refers {0 a gene that encodes a protein that renders a
bacteriwm resistant to & given antibiotic, For example, the kanamvemn resistance gene directs
the synthesis of a phosphotransferase that modifies and mactivates the drag. The presence on
plasmids of a Kanamyein resistance gene provides a mechanism to select for the presence of
the plasmid within transformed bacteria. Similarly, the chloramphenicol resistance gene
allows bacteria to grow in the presence of the drug by producing an acetyltransferase enzyme

that mactivates the antibiotic through acetylation.

The term “PCR” refers to the polymerase chain reaction, a technique used for the
amplification of specific DNA sequences in vitro. The term “PCR primer” refers to DNA
sequences {usually svnthetic oligonucleotides) able to anneal to a target DNA, thus allowing

a DNA polymerase (e.g. Taq DNA polyvmerase) to mthiate DNA synthesis. Pairs of PCR
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primers ave vsed in the polymerase chaiy reaction to mitiate DNA synthesss on each of the
two strands of a DNA and to thus amiphfy the DNA segment between two priners,
Representative PCR primers which used in the present invention are those which are
presented in the examples section hereof. Additional PCR primers may be obtained for the

varions SA epitopic peptides which are presented herein.

Examples of primers used for PCR described above and otherwise in the present
invention are presented in the examples section (Methods). In addition to those primers, the
following primer E3.2: §° CGG GCT TTG TTA GCA GCC GG 37 — (SEQ ID No., 39) may
serve as the 3" (reverselprimer in POR reactions o amphify coat protein, Primers nsefd in
the present invention, among others, are otherwise set forth in the exaroples (Methods)

section of the present application.

A cell has been "transformed” by exogenous or heterologous DNA when such DNA
has been introduced inside the cell. The transforming DNA may or may not be integrated
{covalently linked} into chromosomal DNA making up the genome of the cell. In
prokaryotes, veast, and mammalian cells for example, the transforming DNA may be
maintained on an episomal element such as a plasmid, which normally replicate
independently of the bacterial chromosome by virtue of the presence on the plasmid of a
replication origin. With respect to eukaryotic cells, a stably transformed cell is one tn which
the transforming DNA has become integrated into a chromosome so that it is inherited by
daughter cells through chromosome replication. This stability is demonstrated by the ability
of the eukaryotic cell to establish cell lines or clones comprised of a population of daughter

cells containing the transforming DNAL

A "signal sequence™ can be included before the coding sequence. This sequence
encodes a signal peptide, Neterminal to the polvpeptide, that commuanicates to the host cell to
direct the polypeptide to the cell surface or secrete the polypeptide nto the media, and this
signal peptide is clipped off by the host cell before the protein leaves the cell, Signal
sequences can be found associated with a variety of proteins native to prokarvotes and

sukaryotes.
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H should be appreciated that also within the scope of the present mvention ave nucleic
acid sequences encoding the polypeptide(s) of the present invention, which code for a
polypeptide having the same amuine acid sequence as the sequences disclosed herein,
but which are degenerate to the nucleic acids disclosed herein. By "degenerate to” is meant

that a different three-fetter codon 1S nsed to spectfy a particular amino acid.

1t should be appreciated that also within the scope of the present invention are nucleic
acid sequences encoding the polypeptide(s) of the present invention, which code fora
polypeptide having the same amino acid sequence as the sequences disclosed heretn,
but which are degenerate to the nucleic acids disclosed herain. By "degenerate to" i meant

that a different three-letter codon 1s used to specify a particular amino acid.

As used herein, "epitope” refers to an antigenic detenminant of a polypeptide. An
epitope could comprise 3 aminoe acids i a spatial conformation which is unique to the
epitope. Generally an epitope consists of at least 4 such amino acids, and more often, consists
of at least 5-10 such amino acids. Methods of determining the spatial conformation of amino
acids are known in the art, and include, for example, x-ray crystallography and 2-dimensional

nuclear ﬂ}ﬂgﬁﬁtit‘ FCSOIHANICE.

As used herein, the term "coat protein{s)” refers to the protein{s) of a bacteriopbage or
a RNA-~phage capabile of being incorporated within the capsid assembly of the bacteriophage
or the RNA-phage. These mclude, but are not himited to PP7, MS2, AP205, Qf, R17, 8P,
PP7, GA, ML, MX]I, #4, CbS, Cbi2r, Ch23r, 75 and £2 RNA bacteriophages.  Preferred coat
proteins which are used in the present invention include coat proteins from bacteriophages
inctude PP7MS2, AP205, Q. Preferably, PP7 or MS2 coat polypeptides are used to create

VLPs according to the present mvention.

As used herein, a “voat polypeptide” as defined herein is a polypeptide fragment of
the coat protein that possesses coat protein function and additionally encompasses the fall

length coat protein as well or single-chain vartants thereof.

As used herew, the ferm "inmune response” refers to @ humoral mmune response

andfor cellular inumue response leading to the activation or proliferation of B- andfor T-
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lymphocyies andfor antigen presentimg cells. In some nstances, bowever, the mnune
responses may be of low intensity and become detectable only when nsing at least one
substance in accordance with the invention. "Immunogenic” refers to an agent used to
stimulate the immune system of a Hiving organism, so that one or more functions

of the imnuune system are increased and divected towards the immmogenic agent. An
“tmmunogenic polypeptide” is a polypeptide that elicits a cellular andéor humoral

mmmune response as described above, whether alone or linked to a carrier in the presence or

absence of an adjuvant. Preferably, antigen presenting cell may be activated.

As used heremy, the term "vaccine” refers to a formulation which contains the
cotnposition of the present invention and which 1s in a form that is capable of being

adnunistered to an amimal, often a human patient or subject.

As used herein, the term "virus-like particle of a bacteriophage” refers to a virus-like
particle (VLP) resembling the structure of a bacteriophage, being non-replicative and
noninfectious, and lacking at least the gene or genes encoding for the repheation machinery
of the bactertophage, and typically also lacking the gene or genes encoding the protein or

proteins responsible for viral attaclument to or entry o the host.

This definition should, however, also encompass virus-like particles of
bacteriophages, in which the aforementioned gene or genes are still present but inactive, and,
therefore, alse leading © non-replicative and nonintections virns-like particles of a

bacteriophage.

VLP of RNA bacteriophage coat protein: The capsid stracture formed from the selft
assembly of one or more subunits of RNA bactettophage coat protemn and optionally
containing host RNA is referred to as a "VLP of RNA bacteriophage coat protein™. Ina
particular embodiment, the capsid structure is formed from the self assembly of 90 coat

protein single~chain dimers or 180 coat protein monorsers.,

A nucleic acid molecule is "operatively linked” to, or “operably associated with™, an
expresston control sequence when the expression control sequence contrels and regulates the
transcription and translation of nucleie acid sequence. The term "operatively hinked" includes

having an appropriate start signal {e.g., ATG) i front of the nucleic acid sequence o be
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expressed and maintaining the correct reading frame to permut expression of the nuclesc acid
sequence under the comrol of the expression control sequence and production of the desired
product encoded by the nucleic acid sequence. If a gene that one desires to nsest into a
recombinant DNA molecule does not contain an appropriate start siganal, such a start signal

can be mmserted in front of the gene.

SA-Induced Disorders, Immunogenicity, and Prophylactic Efficacy

“SA-mnduced disorders™ or “SA-related disorders™ mclade, but are not limited to, the
disorders identified in this application which are caused by 8. awreny infections, including the
mnfection iself, which may be a methicillin sensitive Staphyfococcus aurens IMSSA)
infection or a methicillin resistant Staphviococcus anrens (MRSA) infection.
Immunogenicity and prophylactic efficacy (e.g. whether a composition is prophylactic for
SA~nduced disorders) may be evaluated either by the technigues and standards mentioned in
this section, or through other methodologies that are well-known to those of ordinary skill in

the art.

To assess immunogenicity {e.g. whether a composition has induced a high titer
antibody responses against SA), an anti-SA geometric mean titer (GMT) can be
Measured by ELISA, e.g after a fow weeks of treatment (e.g. 3 or 4 weeks) and after
administration of a few dosages {e.g. 3 or 4). The percentage of subjects who seroconverted
for SA after a few weeks of treatment {e.g. 3 or 4 weeks) and after administration of a few
dosages (e.g. 3 or 4} can also be determined to assess immuanogenicity.

o

To determine prophylactic efficacy, an innunogenicity analysis can be conducted on

subjects who remain SA seronegative and PCR-negative to SA fofection {(swab and biopsy) at

various endpoints after challenge.

Staphylococens aurens

“SA epitopic peptide” as used herein includes the 8 gurens epitopic peptides of all
autoinducing peptides {A1Ps), which regulate quorum-sensing dependent virulence in this
pathogen, or epitopes from SA toxins and lenkocidins. These epitopic peptides include the

following, which can be inserted into VLPs in the A-B loop (upstream or downsiream,
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preferably i the downstream A-B loop) or in the amino oy carboxyl terminus of a

bacteriophage protein coat dimer,

Production of Virus-Like Particles

The present invention s divected to virus-like phage particles as well as methods for
producing these particles in viva as well as i vifro. As used herein, producing virions "in
vitro” refers 1o producing virions outside of a cell, for instance, 1 a cell-fres system, while
producing virtons “in vive” refers to producing virions inside a cell, for instance, an

Escherichia coli or Peendomonas aeruginosa cell.

Bacteriophages

The VLPs described here consist of assemblies of the coat proteins of single-strand
RNA bacteriophage [RNA Bacteriophages, in The Bacteriophages. Calendar, RL, ed. Oxford
Untversity Press. 2005}, The known viruses of this group attack bacteria as diverse as
E. coli, Pserlomonas and Acinetobacter. Each possesses a highly similar genome
organization, replication strategy, and virion structure. In particular, the bacteriophages
contain a single-stranded (+)-sense RNA penome, contain maturase, coat and replicase genes,
and have small (<300 angstrom) icosshedral capsids. These include but are not imited to
PE7, MS2, AP205, Qf, R17, 5P, PP7, GA, M1, MX1, 4, Cbs, Cbl2r, Cb23r, Tsand £2

RNA bacteriophages.

The information required for assembly of the fcosahedral capsid shell of this fanly of
bactertophage is contained entirely within coat protein itself. For example, purified coat
protein can form capsids i vifro m a process stimulated by the presence of RNA [Beckett et
al., 1988, J. Mol Biol 204: 939-47]. Moreover, coat protein expressed in cells from a plasioid
assembles into a virus-like particle # vive {Peabody, D.S., 1990, I Biol Chem 263; 5684~

56891,

Examples of PP7 coat polypeptides include but are not Hmited to the various chains of
PP7 Coat Protein Dimer in Complex With Rna Hairpin (e.g. Genbank Accession Nos.

2QUXR2QUXD; 20UX L 2QUX L 2QUX Frand 2QUX_C) See alve Example | hersin
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and Peabody, er af | RNA recogmition site of PP7 coat protein, Nucleic Actds Research, 2002,

Vol. 30, No. 19 4138-4144,

RNA Bacteriophage Coat Polypeptide

The coat polypeptides useful in the present invention also include those having
stmitarity with one or more of the coat polvpeptide sequences disclosed above. The
similarity Is referred to as structural sinilarity, Structural similarity may be determined by
aligning the residues of the two amino acid sequences (i.¢., a candidate amino acid sequence
and the amino acid sequence) to optinize the number of identical amino acids along the
lengths of their sequences; gaps in either or both sequences are permitted in making the
atigniment in order to optimize the number of identical amino acids, although the amino acids
in each sequence nmust nonetheless remain in their proper order. A candidate amino acid
sequence can be isolated from a single stranded RNA virus, or can be produced using
recombinant techniques, or chemically or enzymatically synthesized. Preferably, two amino
acid sequences are compared using the BESTFIT algorithm in the GOG package (version
10.2, Madison W), or the Blastp program of the BLAST 2 search algorithm, as described by
Tatusova, et al. (FEMS Microbial Lert 1999, 174:247-2503, and available at
http:/fwww.nebinlonth. gowblast/dbl2seq/bI2 html. Preferably, the default values for all
BLAST 2 search parameters are used, incloding mattix =BLOSUMG62; open gap penalty =
11, extension gap penalty = 1, gap xdropoff = 3, expect = 10, wordsize = 3, and optionally,
filter on. In the comparison of two amino acid seguences using the BLAST search algorithm,
structural similarity is referred to as "identities.” Preferably, a coat polypeptide also includes
polvpeptides with an aminoe acid sequence having at least 80% amino acid identity, at least
85% amino acid identity, at least 80% amino acid identity, or at least 939% amino acid identity
o one or more of the amino acid sequences disclosed above. Preferably, a coat polypeptide is
active. Whether a coat polypeptide is active can be determined by evaluating the ability of the
polypeptide to form a capsid and package a single stranded RNA molecule. Such an
evalnation can be done using an o vive or in vitre system, and such methods are known in
the art and routine. Alternatively, a polvpepiide may be considered to be structurally similar
if it has similar three-dimensional structure as the recited coat polypeptide andfor functional

activity.

The SA Epitopic Peptide
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As described herein, the SA epitopic peptide sequence may be present in the A-B
Joop, at the N-tenminus or the carboxy terminus of a coat polypeptide, but preferably in the
A-B loop in the downstream. Preferably, the SA epitopic peptide sequence is expressed on

the outer swrface of the capsid.

The SA epitopic peptide sequence includes but is not himited to amino acid sequences
dertved from the automnducing peptides {AlIPs), which regulate quornm-sensing dependent

virulence in this pathogen, or epitopes from SA toxins and leukocidins.

In preferred embodiments, the present invention is directed to A-B loop, N-tetminal
or C-terminal presentation of SA AP -4 wild-type and C48 mutants epitopic SA peptides on
VLPs including PP7, MS2, AP20S and Qf}. These VLP-AIPs can be used singly oras a
combination vaccine., The inventors have generated prelinunary dafa showing profection
against infection using a vaccine consisting of a peptide from the SA toxin alpha-hemolysin
{Hla) presented on AP20S. Sequence alignment of Hla with SA bicomponent leskotoxing
{including LukS¥ components of gamma hemolysin, Panton-Valentine leukocidin {PVL),
Luk ED and LukGH) show similar peptide epitopes which are predicted to also mnduce
neutralizing inumunity, with the greatest protection provided by vaccination with a combined

VL Pdeukocidin cocktail

Epttopic peptides which are used in the present invention include the following:
In each mstance of a peptide, at least four (4} contignous amino acids are used as the epitopic
peptide and anywhere from 4-9 contignous amino ackds (depending on the epitopic peptide

employed).

AIPT YSTCDFIM (SEQ ID NO: 1y or AIPIS YSTSDFIM (SEQ IDNO: 2}
AIPZ GVNACSSLF (SEQ ID NGQ: 3) or AIP2S GVNASSSLF (SEQ ID NO: 4)
AIP3 INCDFLL (8EQ ID NO: 5) or AIP3S INSDFLL (SEQ ID NO: 6)

AIP4 YSTOYFIM (SEQ IS NO: 71 or AIP4S YETSYFIM (SEQ 1D NO: 8}

Or guncations of any of the above (te. any 4, §, 8, 7, 8 or 9 contiguous amino acids found

within the sequences described above).
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Additional SA epitopic peptides {or truncations as described hevein below) include the

following:

PVL (Panton-Valentine leukocidin
From Lak$-PY Q2FGUS
Y INYLPENKIDSVNVSQTLGYNIGOGNENSGPSTOGONGSENYSKTTISYN
QQNYIS (SEQ ID NO:9)

2y KWGOGVTONI (SEQ ID NO:1G)

From LuakF-PV Q2FGVO

1} VDYAPKNONEEFQVOOQTYOYSYGGDINISNGLSGGONRGSKSFSETINYQ
ESYRT (SEQIDNOUL)

2y LKISQIL (SEQ ID NO:12)

From Hla- alpha hemolysin POB616
13 STLIYGENGNVTGDDTGKIGGLIGANVSIGHTLK (SEQ ID NG:13)
2} ENGMHKKYV (SEQ 1D NO:14)
3) SDYYPRNSIDKEY (SEQ ID NQO:15)
4y KYVQPDFKT {SEQ D NQO:16)

Hlg - gamma-hemolysin
From A subunit POAD74
I} INYLPKNKIDSADVSQKLGYNIGGNFQSAPSIGOGSGIENYSKTISYNQK
NYVT (SEQIDNOIT

2} RLAITONI (SEQ ID NO:S)
From B subunit POARTY

1) VDYAPKNONEEFOVONTLGY TFGGDISISNGLSGGLNGNTAFSETINYKO
ESYRT (SEQIDNO:19)
2) FKISOQIL (SEQ ID NO:20)

From C subunit Q07227
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1}y INYLPKNKIESTNVSQTLOYNIGONFQSAPSLGGNGSFNY SKSISYTQQ
NYVS (SEQID NO2)
2y KWGOVTONL (SEQ 1D NO:22)

LukED -
From Lak E Q2FXB0

1) INYLPENKIETTDVGQTLGYNIGGNFFQSAPSIGGNGSFNYSKTISYTQK
SYVS (SEQ ID NO:23)

2) KWGVTONY (SEQ ID NO:24)

From Luk D 054082

RT {(SEQ M NOG2ZH)

2) LNIFQIL (SEQ ID NO:26)

LikAB (also called LukGH)
From LukA/G sequence taken from SAUSA300 1974

1y TDFAPKNODESREVKYTYGYKTGGDESINRGGLTGNITKESNYSETISYQOQPS
YRT (SEQ ID NO:27)
2} KNITQSL (SEQ IDNO:28)
From LakB/H sequence taken from SAUSA300 1975
1y LDOLPENKISTAKVDSTESY SSGOKFDSTKGIGRTSSNSYSKTISYNQQ
NYDT (SEQ I NG:29)
7} KTNILONL {SEQ ID NO:39)

LukF, P3171S
Luk§, P31716

Or epitopic trumcations of any of the above sequences {1e. any 4, §, 6,7, 8,9, 184, 11,

12,13, 14, 15,16, 17, 18,19, 20, 21, 22, 23, 24, 25 up to 35 contiguous epitopic amimo acids,
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swhere relevant or any epitopie aming acid sequence from any of the above amino acid

sequences thereof comprising at feast 4 contiguous amine acids).

In order to determine a corresponding position in a structurally similar coat
poltypeptide, the amino acid sequence of this stracturally stimilar coat polypeptide 18 aligned

with the sequence of the named coat polypeptide as specified above.

In a particular embodiment, the coat polypeptide is a single-chain dimer contatning an
upstream and downstream subunit. Each subanit contains a functional coat polypeptide
sequence. The SA eptiopic peptide sequenve niay be inserted in the upstream and/or
downstream subunt at the sites mentioned herein above, e.g., the A-B loop, the N-ternunus
or a carboxyl termiinus. In a particular embodiment, the coat polypeptide s a single chain
dimer of a PP7 or MS2 coat polypeptide, preferably a PP7 coat polypeptide, although a
number of bacteriophage coat polypeptides may be used.

Preparation of Transcription Unit

The transcription unit of the present invention comprises an expuession reglatory
region, {e.g., a promoter), a sequence encoding a coat polypeptide and transcription
terminator. The RNA polvnucleotide may optionally include a coat recognition site {also
referred to a “packaging signal”, “translational operator sequence”, “coat recognition site”).
Alternatively, the fransceription unit may be free of the wansiational operator sequence.
The promoter, coding region, transcription termunator, and, when present, the coat
recognition site, are generally operably linked. “Operably linked" or “operably associated
with” refer to a juxtaposition wherein the components so described are m g relationship
permitting them to fimction in their intended manner. A regulatory sequence is "operably
{inked" to, or “operably associated with”™, a coding region when it 18 joined in such & way
that expression of the coding region is achieved under conditions compatible with the
regulatory sequence. The coat recogaition site, when present, may be at any location

within the RNA polynucleotide provided it functions o the intended manner.

The invention is not limited by the use of any particular promoter, and a wide variety
of promoters are known. The promoter used in the invention can be a constitutive or an
mducible promoter. Preferred promoters are able to drive high levels of RNA encoded by me

coding region encoding the coat polypeptide Examples of such promoters are known in the
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art and mclode, for instance, the lac promoter, T7, T3, and SP6 promoters.

The nucleotide sequences of the coding regions encoding coat polypeptides described
herem are readily determiined. These classes of nucleotide sequences are large but finite, and
the nucleotide sequence of each member of the class can be readily determined by one skilled
in the art by reference to the standard genetic code. Furthermore, the coding sequence of an
RNA bacteriophage single chain coat polypeptide comprises a site for insertion of SA
gpitopic peptide-encoding sequences. in a particular embodiment, the site for insertion of the
SA epitopic peptide-encoding sequence 1s a restriction enzyme site,  In another embodiment,
the SA epitopic peptide-encoding sequence 15 inserted using polvmerase chain reaction

{PCR) using standard techuiques.

In a particular embodinment, the coding region encodes a single-chain dimer of the
coat polypeptide. In a most particular embodiment, the coding region encodes a modified
single chaimn coat polypeptide dimer, where the modification comprises an msertion of a
coding sequence at least four amino acids at the nsertion site, which four amino acids
represent an epitopic SA peptide as otherwise described herein. The tanscription unit may
contain a bacterial promoter, such as a Iac promoter or it may contain a bacteriophage

promaoter, such as a T7 promoter.

Svnthesis

The VLPs of the present invention may be produced i vivo by introducing
transcription ynits nto bacteria, especially if transeription units contain a bacterial promoter.
Alternatively, it may be synthesized M visro i a coupled cell-fiee transcription/transiation

system,

Assembly of VIPy Encapsidatio Heterologous Substances

As noted above, the VLPs of the present invention encapsidate a 3A epitopic peptide-
encoding sequence. These VLPs may be also be assembled in combination with another
substance, such as an adjuvant. Specifically, purified coat protein subunits are obtained from
VLPs that have been disaggregated with a denaturant {usually acetic acid). The adjuvant is

mixed with coat protein, which is then reassembled 1n 18 presence. In a particular
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embodiment, the substance has some affinity for the interior of the VLP and s preferably

negatively charged.

In another embodiment, the adjnvant 1s passively diffused into the VLP through pores
that naturally exist in the VLP surface. In a particudar emibodiment, the substance is small

enough to pass through these pores and has a high affinity for the interior of the VLP.

The following experuments were conducted 1o determine the potential for providing
tmnunogenic VLPs which imcorporate heterologous peptides from Staphriococcus qurens as
patential compositions for inducing protection agamst Stapindoceceons aurens infection,
especially including MRSA nfection.

The followmg facts formed the basis of the rationale for the present invention:
«  Antibiotic resistance of Staphylocacens aurens emphasizes the importance of
alternative approaches;
»  The N qureys accessory gene reguiator {agr) pathway utitizes secreted sutoinducing
peptides (AlPs) for virulence regulation. See figure 9, which shows the agr pathway.

«  AlPs (7-9 amino acids} are too small to inveke natural immune response, but might be

effective targets if preseated on Virus-like-particles (V

adjuvants and can serve as effective vaccines.

Thus, the hypothesis enverged that vaccination with VLP-ATP will induce antibodies with
structural vecognition of native AIP, and thereby will confer mmune protection from
Ntaphyviococcus aurens SSTI via agr disruption.  The following examples test that

hypothesis,

Examples

In certain preferred embodiments, the present invention is directed to A-B loop, N~
termingl or C-terminal (preferably A-B loop) presentation of SA AIPI-4 wild-type and C48
mutant epitopic SA peptides on VLPs including PP7, MS2, AP20S and QB. These VLP-AlPs
can be used singly or as a combination vaccine. The inventors have geperated data showing
protection against imfection using a vaccine consisting of & peptide from the SA toxin alpha-

hemolysin (Hia) presented ou AP205. Sequence alignment of Hla with SA bicomponent
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leukotoxms (mncluding LokSF components of gamma bemolysin, Panton-Valentine

have predicted would also induce neutralizing vamunity, with the greatest protection
provided by vaccination with a combined VLP-leukocidin cocktail. With the expectation of
immunogenic activity, further testing will concentrate on these embodiments; as well as

others.
Additional Examples

The production of virulence factors required for 8 aurens SSTH s largely regulated by
the accessory gene regulator operon {agry™ through a hacterial communication system
known as quorum sensing. Induction of agr signaling depends upon the accumulation of
unall, secreted autoinducing peptides (AlPs) to activate a receptor histidine kinase, AgrC, in
the bacterial cell membrane ™. Agr( activation drives downstream production of the
effector molecule, RNAII, which in turn regulates expression of over 200 virulence genes
contributing to invasive infection’. §. cerens isolates express one of four agr alleles (agr-1 to
AgrC. Previously, both an anti-AIP4 monoclonal antibody (mAbY ''* and an AIP4
immunologic mimotope vaccine” showed protection against infection caused by agr type 1V
isolates, However, antibody or vaccine targeting of signaling by agr type I tsolates, which are

most associated with invasive S aroens infection’™ ", has not been reported.

& awrens AIPT is an eight amino acid peptide (YSTCDFIM, SEQ IDNGO:1) cyclized
by a thiolactone bond between the Cys4d side-chain and the carboxyl group of the C-termingl
residue {Met8) (Fig. 10a}. Given that cyelization is essential for function, mmune
recogaition of the eyvelic form of AIPT may be necessary for antibody-mediated
neutralization. However, the small size of these peptides makes them innately non~
mmunogenic and, together with the labile nature of the thiclactone, increases the difficulty

. s T 1316
of vaccine development 5

. The mventors sought to overcome these challenges using a
bacteriophage virus-like particle (VLP) vaccine platform. These VLPs self-assemble from
recombinantly expressed bacteriophage coat proteins which can be genetically altered for
surface presentation of practically any epitope in a multivalent format that virtually
guarantees strong immunogenicity resulting in high titer, high affimty and long-lasting

antibodies' . Specifically, the inventors hypothesized that a vaccine prodnced by
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conformationally-restricted presentation of the AP anuno acid sequence on the surface of
bacteriophage VLPs would ehictt antibodies apainst native AIP1 and induce tmmune control
of agr type I-regulated virulence, despite the absence of a thiolactone in the heterologous

epitopic peptide mncorporated i to the VLP.

To test this, the inventors produced a VI.P-based agv type | vaccine by cloninga
modified AIP1 amino acid sequence {YSTSDFIM, SEQ 1D NG:2) into an immuno-prominent
surface loop (the AB-loop) of the Pseudomonas aeruginose RNA bacteriophage PP7 coat

18-21

protein’ . As expected, the resulting vaccine {(PP7-AIP1S) ehictied antibodies which
recogrized AR & vitre and was efficacious iy a murine SST1 model upon challenge with a
highly virnlent MRSA agr type [ isolate. Comparad to controls, PP7-AIPIS vaccination
resulted in reduced agr function and agr-regulated virulence factor production at the site of
nfection. Importantly, PP7-AIPIS vaccination significantly reduced 8. aurens pathogenesis,
based on dermonecrosis and weight loss, and mcreased bacterial clearance, findings

I op
. Together,

consistent with enbanced host innate defense in the absence of agr function >
these results demonstrate the protective benefits of vaccine-induced tmmune controt of agr
tvpe I-regulated virulence. Given that several important pathogens atilize similar structurally
constrained peptides for virulence regulation™ | the findings highlight the potential clinical
utility of VLP-based vaccines targeting virulence regnlators as an alternative or adjunct

approach to combat infections cansed by other human pathogens.

Results

Presentation of the 8. aurens AIPY sequence on VLPs induces AIPi-recognizing
antibodies.

The icosahedsal capsid of the Psewdomonas aernginosa RNA bacteriophage PP7 self-
assembles from coat protein monomers, with each monomer presenting a highly constrained

1382

B-turn, called the AB-loop, on the surface of the assembled capsid™**® In an effort 1o
promote immunogenicity and maintain the structural integrity of AIP1 presentation to the
adaptive immune system, the inventors inserted a modified AIP1 sequence into the second
AB-loop of the previously reported PP7 single-chain coat protein dimer which self-assembles
into stable VLPs (Fig. 1a-0)™ %% 7o avoid potential intermolecular disulfide bond
formation that could negatively impact VLP purification and mmmune presemntation, the

inserted AIP] sequence mchuded a cvsteine to serme mutation i position 4 (YSTCDFIM
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SEQ D NGO o YSTSDEIM, SEQ ID NO:2) (veferred to as AIP1S) Recombynantly-
expressed PP7-AIPIS protein dimers seif-assembie mto soluble VLPs as indicated by a single
protein band (Coomassie staining) upon agarose gel electrophoresis, and by co~-migration of
encapsidated RNA {(ethidinm bromide staining) (Fig. 1d). The resulting highly purified PP7-
ATPLS VLPs consist of 90 single-chain coat protein dimers, which therefore display 90

copies of AIPIS per VLP to be presented for inynune stimulation.

The nventors Hrst sought to determvine whether vaccination with PP7-AIP1S would induce
production of antibodies capable of recognizing 8. anrers AIPY, To address this, we
vaccinated mitce with PP7-AIPIS (twice with a 4-week mterlude) and then measured the
ability of serum antibodies to specifically bind the AIP1S sequence. Serum collected at two-,
four- and eight-weeks after the last vaccination with PP7-AIPIS, but not after PP7 control
vaccination, showed dose-dependent binding to the AIPIS sequence present on PP7-AIPIS
VELPs (Fig. 2a). Inportantly, m competitive dose-response assays, AIPIS binding by eight-
week post-vaccination antiserum (geometric mean titer= 4,550} was inhibited by synthetic
cvelic AIPL, but not synthetic AIP2 (GVNACSSLY, SEQ 1D NO:3) (Fig. 2b}, demonstrating
specificity and the ability to bind native AIP1. These results, showing the production of
spectfic antibodies which recognized soluble, native AIP1, suggested maintenance of the

conformational integrity of AIP! presentation within the PP7 AB-loop.

PP7-AIPIS vaccination provides protection in a murine model of 8 aurens
dermonecrosis. MRSA isolates of the pulsed-field gel electrophoresis type USA30D {agr
type I} have long been the cause of most comnwnity-associated MRSA {CA-MRSA}
infections, and now alse cause an increasing number of health-care associated infections™ . In
mouse models of USA300 SSTI, infection with an isogenic agr-deletion mutant {Aagn)
results in significantly decreased pathogenesis and increased bacterial clearance compared to
infection with the wild-type agr+ strain™™ . Therefore, we postulated that vaccination with
PPT-AIPTS would induce immune suppression of agr-signaling & vive, thus reducing
pathogenesis and increasing bacterial clearance during SSTL To evaluate the efficacy of PP7-
AIP1S vaccination against agr type mediated virulence and to avoid potential non~-specific
effects of VLP administration™, we challenged mice eight weeks after final vaccination using

a well-established mouse model of 8. areus SSTI™ and the highly virulent USA300 isolate
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LAC™, As expecied, PP7-AIPIS vaccinated mice showed reduced abscess formation,
dermonecrosis and weight loss (used as a measure of morbidity) over the course of g six-day
infection compared to controls (Fig. 3a-e). Importantly, bacterial burden on day 6 post-
nfection was also significantly reduced in the PP7-AIPIS vaccinated group (Fig. 30
consistent with lower local levels of the inflammatory cytokines 1118 and TNFa (Fig. 3¢)

Given the contributions of agr-signahing to pathogeoesis and inflammation in this infection

incuces expression of the effector molecule RNAHT as well as production of alpha-hemolysin
{Hla), the caunsative agent of dermonecrosis’ . The results of our challenge studies, as well
as our & vidro studies showing that antibodies from PP7-AIPLS vaccinated muce bind soluble
AIPI, suggested that vaccination with PP7-AIP1S results in immune suppression of agr-
signaling during §. enorens SSTL If correct, we would expect reduced RNATH transcription
angd Hla expression at the siie of infection (local} in PP7-AIPIS vaccinated mice compared ©
conirols. To test this, we measured local RNAUT expression and Hia protein levels on days
one and six, respectively, following subcutaneous mfection. As expected, RNA expression
was reduced at the site of infection in PP7-AIPIS vaccinated mice compared to controls (Fig.
4a), as were local levels of Hia (Fig. 4b). Together, these data support a mechanism of action

whereby vaccination with PP7-AIPIS induces imyune control of 8 aurens agr type 1

signating and virulence regulation during SSTL

Discussion
The ongoing antibiotic resistance crisis highlighis the urgent need for non-
conventional approaches to combat infections disease, ncluding approaches o inlibit

F243

bacterial virulence™™ . In the case of the important human pathogen Staphydlococcus aurens,

" These

virulence regulation is largely mediated by the agr operon via secretion of AlPs
small, conformationally-restrained, secreted peptides bind 1n an autocrine and paractine
fashion {0 the bacterial membrane receptor Agr(C, which in tum regulate downstream
viralence factor expression. Therefore, antibodyv-mediated sequestration of secreted AlPs
could neptvalize ggr-signaling and virplence factor expression ou a population level. Of the

four 8. cnorenss agr types, agr type | isolates are most frequently associated with invasive
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infection'™ Here we report that multivalent, conformationally-restricted presentation of a

modified AIP1 amino acid sequence on VLPs clicits immune control of 8. aurens agr type 1
regulated virulence. Specifically, PP7-AIP1S vaccination (1} mduced the production of anti-

AlPt antibodies, {2} limited agr tyvpe I-signaling in vive and {3) demonstrated efficacy

{reduced pathogenesis and increased bactertal clearance} i amonse model of & awrens

SSTY Given these results and the contribution of agr type | isolates to human S gwras
infection™", vaccine prevention of agr type Imediated virnlence could have a major clinical

impact and make a significant contribution to the fight against antibiotic resistance.

The diversity of virulence factors produced by S awrens’, many of which disable

4346

mnate inimune cells . and the range of infection tvpes {skin, pnewnoma, bacteremig,

IAY . " ' g SR i o g . . .
ete.}”’, suggests that nultiple anti-virulence approaches may be needed to limit human

o

disease. For example, targeting specific virulence factors, in particular Hla which is a major

38 39.40.52

contributor to pathogenesis™, has shown efficacy in numerous animal models and a
monoclonal antibody targeting Hla (MEDI4893) is currently in human clinical trials™ .
Broader approaches aimed at inhibiting 8. augrens virulence regulation have included peptide

AR a5 well as development of a

and small molecule targeting of the agr system
monoclonal antibody (mAb) against 8 cuvens ATPA™Y . However, agr-signaling has been
shown to occur early post-infection and disruption of this early signaling correlates with
recuced pathogenesis in the host™, suggesting a possible Hmit to the window of opportunity
for therapeutic ggr-inhilition. Therefore, the development of an efficacious anti-agr vaccine
could expand the impact of 8. gurews virulence repunlation strategies o have the broadest
potential clinical benefit to patients. In this regard, we previously developed a VLP-based
AlP4 mimotope vaccine by screening a VLP-peptide hibrarv against an anti-AlP4 mAb, AP4-
24H11TYY shown by passive transfer to be protective in a mouse model of agr type IV
SSTL Here we advance this work by demonstrating the efficacy of PP7-AIP1S vaccination
agaist 8. gurens agr type Lregulated vivulence, Our Hindings suggest that this VEP-based
approach may be utilized to produce a combined vaccine against virulence regulation by each

of the agr types, thas serving as a valuable component of an overall anti-vivulence strategy.

In addition to Staphylocoscal species ™', other human pathogens using agr-like
quornm sensing systems and secreted peptides to coordinate viralence factor expression”™
could be targeted by VLP-based vaccination, For example, the tood-borne pathogen Listeria

monocytogenes uses a variety of communication systems to regulate virolence™, including
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an agr Jocus and recently identified secreted AIP™™ . In L. monocytogenes, the agr system
regulates over 650 genes contributing o virwlence including ones mvolved in biofilm
formation and host cell invasion™'. Similarly, Enterococeus fiuecalis, an important cause of
drug resistant infections™, uses the agr-like fir gene locus and the secreted, cyelic peptide
gelatinase biosynthesis-activating pheromone ({GBAPY™ to regulate expression of virulence

factors important for biofilm formation and pathogenesis™ . Importantly, it has alse
recently been shown that an agr locus regulates production of toxins A and B by the
multidrug resistant pathogen Clostridion difficite®™® . These ¢ difficile toxins are directly
responsible for disease manifestation™® which, in severe cases, can result in sepsis and

2%
b
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death”™, supgesting that interference with agr-signaling by this pathogen could significantly
limit disease, Therefore, a VLP-vacaine platform could provide a stratght-forward approach
to ehicit immune ihibition of ggr- and agr-like virulence signaling by these and other

important human pathogens.

Viras-like particles have proven to be a flexible and lighly inumunogenic platfonm for
vaceine design, and are currently used in FDA-approved vaccines™, including Hepatitis B
vaceines’ and the current nonavalent HPV vaccine (Gardasil 9) designed to induce
protection against nine HPV types™. Although non-replicating, the dense, repetitive array of
coat proteins comprising VLPs is largely unique to microbial antigens and this multivalency
triggers a robust immune response tn mammals. Therefore, VLPs can dramatically increase
the immunogenicity of otherwise poorly immunogenic peptides’ ™ even including self~
antigens . This property, along with the potential for presentation of conformation-
dependent antigens, has resulted in investigation of VLP-based vaccines against numerous
pathogenic viruses, allergies, cancer, autoimmune disease, Alzheimer’s disease and chronic

Rl R

diseases such as hypertension’ . However, reports of the use of VLP-based vaccines to

elicit adaptive innmunity against specific bacterial pathogens or proteins have come mainly

13,98-10 :
‘ , suggesting that

from ouvr own work and from research tavgeting Streptococcal species
the flexibility of VLP-based vaccine approaches to address bacterial diseases remains largely
urtapped. Given the FDA approval and success of VLP vaccines against viral pathogens, the
use of VLP-based vaccines to prevent infections by the many important human bacterial

pathogens warrants further investigation.

In this era of dimmishing antibiotic ethcacy, a multi-pronged approach, including novel

antibiotics, host-targeted therapeutics, vaccines, anti-virulence strategies and combined
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therapies will hkely be crucial for combating disease caused by antibiotic resistant

1A24806
pa.thogens”% $3.40

. Here we present a novel approach to achieve vaceine induced immune
control of 8. aurens agr-regulated viralence. This work highlights the potential clinical utility
of VLP-based vaccines as part of an overall strategy 1o combat infections caused by MRSA
and other important antibiotic resistant human pathogens utilizing secveted peptides for

o

viralence regulation”’ .
Summary

The tnventors can sumyarize the successful resulis of the experimentation described berein

as follows,

»  VLPs can be constructed which present AIP epitopes {AIP], AIPIS, among othersyon
their surface.

«  Vaccination with PP7-AIP1S induces antibodies that recognize native AP,

»  PP7-AIPIS vaccination himits pathogenesis {abscess, dermonecrosis) and promotes

bacterial clearance during 5. aurens SSTL

+  PP7-AIPIS vaccination Hmits the focal pro-inflammatory eytokine response during 8.

cureus SSTL

+  PP7-AIPIS vaccination disrupts agr-signaling and agr-mediated virulence.

Methods

Ethics statement, Animal stadies described herein were approved by the Institutional
Ammal Care and Use Committes (JACUC) of the University of New Mexico Health Sciences
Center {(Animal Welfare Assurance number ID16-00228} and conducted in strict accordance
to recommendations in the Guide for the Care and Use of Laboraiory Animals’™, the Animal

Welfare Act, and U8, federal law,

Bacterial strains and growth conditions. The CA-MRSA USA300 isolate LAC™
{generously provided by Dr. Frank Del.eo, Rocky Mountain Nationpal Laboratories, National
Institutes of Health, Hamilton, MT}) was used for infection studies. Early exponential-phase
bacteria were prepared as previously described'™ and stored at -80°C for no more than two
weeks prior to use. For infection studies, bacteria were diluted m USP-grade saline (B. Braun

Medical, Irvine, CA) to vield 4 x107 CFU per 50 pL. The number of CFU was verified by



WO 2017/136400 36 PCT/US2017/015960

plating ten-fold serval ditations onte Trypticase soy agar containing $% sheep blood (Becion,

Dickinson and Company; Franklin Lakes, Ny

VLP cloning, expression and purification. The pET2P7K32 plasmid™, encoding the PR7
single~chain dimer under the T7 promoter and transcription fevminator, was wsed for
synthesis of PP7-AIPIS VLPs in £ coll. With pET2P7K 32 as a template, PCR was used to
produce an insert fragment encoding a Kpnl restriction site, the modified AIP1 sequence
{YSTSDFIM, SEQ 1D NO:2), and a downstream BamHI site (forward primer 5°-GGC GGT
ACCTACAGT ACCTCT GACTIC ATC ATG GAG GCT ACT CGC ACT CTG ACT
GAG-Y (SEQ I NO:31); reverse primer 5°-CGG GCT TTG TTA GCA GCC GG-37 (SEQ
D NO:323 The PCR fragment was cloned trto the pET2PT7K32 at the Kpnl and BamHl

restriction sites and insertion was verified by sequence analysis.

E coli C41 cells (Lucigen, Middleton, W1} wansformed with pET2PTK32 or the
pETRPTR32-AIPIS expression plasmid were grown at 37°C to an Ol of 0.8, Expression
was induced with 1 mM IPTG, cells cultured for an additional 3 howrs, and harvested by
centrifugation. Cell pellets were lysed and VLPs purified essentially as described
previoasly™ but with size exclusion purification using a 16/60 Sephacryl S-400 HR column
{GE Healthcare, Pitsburgh, PA). VLP purity was verified by agarose gel electrophoresis plus
ethidtom bromide and Coomassie staintng. VLPs were concentrated using Amicon Ultra
determined by SDS-PAGE comparison to hen egg lysosome concentration standards (Sigma-

Aldrich, St. Lowis, MO) VLP aliquots were stored at ~20°C until use.

Mouse immunizations. Four week old, female BALB/ T nuice (Jackson Laboratories, Bar
Harbor, ME, USA} were immunized by mjection into the candal thigh muscle with 50 L of
PBS alone or containing 10 ug of either PP7-AIPIS or PP7. Mice received an identical
mjection four weeks after the initial dose. Serum for ELISA analysis was collected by cardiac
puncture at two, four or eight weeks atter the second vaccination, with challenge expenimenis

performed at the eight week time-point.

ELISA, ELISA plates to measure serum antibody binding to AIP1S were prepared by coating
Ultra Cruz ELISA High Binding plates (Santa Cruz Biotechnology, Santa Cruz, CA) with

125 ng per well of recombinant PP7 or PP7-AIPIS in 50 pl. PBS and meubating 20 hours at
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room temperature (RT) with shaking, After removing excess liguid, plates were blocked for 2
hours with PBS containing 0.05% Tween-20 and 1% casein. To reduce PP7- and potential £,
coli-binding antibodies (depleted serum) mouse serum was treated as follows: Serum was
diluted 1:50 m PBS and incubated for one hour at RT with end-over-ead rotation together
with recombinant PP7 {10 pg per 300 pl. diluted seram) and PBS-washed C41 cells (the £
coli stram used for VEP-expression} (~9 x 1000 FUs). The mixture was centrifuged {3 min at
11,600 x 2} to remove antibody bound to €41 cells, and the mtermediate depleted serum
processed through an Amicon Ultra Cemrifugal filter unit {J00K MWCO) to remove
antibody bound to PP7. The final depleted serum was serially diluted onto PP7- or PP7-
AlP1S-coated ELISA plates and incubated $or 1 howr at RT. Murine antibodies bound to
VLPs were detected using goat anti-mouse poly-HRP secondary antibody (ThermoFisher
Scientific, Waltham, MA} and developed using 1-Step™ Ultra TMB-ELISA according to
manufacturer’s divections { ThermoFisher Scientific). For each serum sample and dilution,
AIPIS specific binding (AA4s) was equal to the Ayso for PP7-AIPIS binding mitnus the Agsg
for PP7 binding. For competition ELISAs, depleted serum was incubated for 1 hour at 37°C
with the indicated concenirations of AP or AIP2 (BioPeptide Co., Ing., San Diego, CA)

before addition to VEP-coated BLISA plates.

Mouse skin infection model. The mouse model of dermonecrosis was implemenied
essentially as previously described™. One to three days before infection {eight weeks after the
second vaccmation}, Nan™ was used 1o depilate the right Hank of the mice {site of
mfection}. On the day of infection, mice were anesthetized by isoflurane inhalation and
infected by subcutaneous injection of 50 L of saline containing 4 x107 CFU of LAC. Mice
were weighed the day of injection and daily thereafter until sacrifice. Injection sifes were
photographed daily and abscess and dermonecrosis areas determined by analysis with
Imagel™. Six days after infection, mice were sacrificed by CO; asphyxiation and a 2.25-cm”
section of skin surrounding the abscess was excised for mechamcal disruption. Abscess
homogenate was serially diluted and plated on sheep blood agar to determine infection site
bacterial burden. The remaining homogenate was clarified by centrifugation and the clanified

fraction stored at -80°C unti cytokine analysis.

Cytokine analysis by muliiplex assay, Clarified abscess tissue homogenates were guick

thawed at 37°C and concentrations of the indicated cytokines determined using a BioPlex 200
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systerm and BioPlex manager software { Bio-Rad, Hercoles, CA} together wath a custon-
designed mouse multiplex assay (EMD Millipore, Billerica, MA Y according to

manufacturer’s divections.

RNA isolation from tissue and guantitative POR analysis, For analysis of day one posi-
infection bacterial gene transcription, 2.25 -cm” sections of skin surrounding the infection site
were harvested, minced, and stored in RNAlgfer (Qiagen, Valencia, CA) at ~20°C. RNA was
isofated using QlAzol (Qiagen) and purified using RNeasy kits (Qiagen) according to
manufacturer’s directions. cDNA conversion from RNA was performed with g High Capacity
cDNA Reverse Transcription Kit { Applied Biosystems, Foster City, CA) and specific primers
for 5. aurens 168 (reverse, §7-TTC GCT CGA CTT GCA TGT A-37, SEQ ID NO:33) or
RNAI (reverse, S-CATGTTGTTTACGATAGCTTACATGC-3, SEQ ID NO:34)
{Integrated DNA Technologies, Coralville, 14). Quantitative PCR {gPCR) was performed
using a ViiA-7 RT-PCR system {Applied Biosystems), the specific primers and probes™ for
168 (forward primer, 5°-TGA TCC TGG CTC AGG ATG A37, SEQ 1D NO:35; reverse
primer above and probe §7-CGC TGG CGG CGT GOC TA-3, SEQ 1D NO:36) and RNAIH
{forward primer, 5-AAT TAG CAA GTG AGT AAC ATT TGC TAG T-3° SEQ ID NO:37
reverse primer above and probe $-AGT TAG TTT CCT TGG ACT CAG TGU TAT GTA
TTT TTC TT-3°, SEQ ID NG:38) (Integrated DNA Technologies) and TagMan Gene
Expression Master Mix according to the manufactorer’s protocol {Applied Blosystems). Data

are shown as the fold expression of RNAI versus 168 and relative to the PBS control.

Tissue Hia quantification by Western blot. For Western blot analysis of Hla levels in
clarified abscess homogenate, frozen samples were quick thawed and equal amounts of total
proteins (based on Ageq) were electrophoresed on 16% Tris-glycine SDS-PAGE gels (Life
Technologies, Grand sland, NY). Following transfer to polyvinylidene fluoride membrane,
membranes were blocked ovemnight at 4°C with TBST (20 maM Trig, pH 7.5, 150 mM NaCl,
0.1% Tween 20) with 5% nonfat dry milk. Hla was detected using sheep anti-Hia primary
antthody (ah15948, Abcam, Cambridge, MA) and alkaline phosphatase-conjugated rabhit
polyclonal anti-sheep secondary. Membranes were developed with nitroblue tetrazolium
{NBT)/5-bromo-4-chloro-3-indolyi-phosphate { BCIPY {Thenmo Scientific). Band intensity
refative to recombinant Hla control was measured on a FluorChem R system using

AlphaView software (ProtemnSumple, San Jose, CA).
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Statistical analysis. GraphPad Prism version 5,04 {GraphPad Software, San Diego
California) was used for all statistical evaluations. One-way ANOVA parameters followed

Bartlett’s test for equal variances and were used with Bonferront™s ( ANOVAYor Dunn's

considered statistically significant at;.vi{".i.,{}f?.
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A composition comprising: {a) a virus-like particle; and {b) af least one antigen or
antigenic deferminant; wherein said antigen or antigenic determinant is displayved on
said virus-like particle, and wherein said antigen or antigenic determinant comprises
an epitopic peptide derived from Siaphvlococcrs aurens autoinducing peptides
{AIPs), SA toxins or lenkocidins.

The composition of clabm 1, wherein said antigen or antigenic determumant is
displayed at the A-B loop, Nutermings or carboxy termings of a bacteriophage coat
protein,

The composition of claim 1 or 2, wherein the bacteriophage coat protein is a single-
cham dimer coat protein dertved from PP7 bacteriophage.

The composition of claim 1 or 2, wherein the bactenophage coat protein is a sigle-
chain dimer coat protein derived from MS2 bacteriophage.

The composition of claim 1 or 2, wherein the bacteriophage coat protein is a single-
chain dimer coat protein derived from the family of single-stranded RNA
bacteriophage, incloding, but not limited to, PP7, MS2, Qf, R17, 8P, GA, M11,
MX1, 4, ChS, Cbi2r, Cb23r, Ts and £2.

The composition of any of claims 1-5, wherein said SA epitopic peptide is derived
from SA automducing peptides.

The composition according to any of claims 1-5 wherein said SA epitopic peptide is
according to SEQ ID NQ: 1, SEQ IDNO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID
NQ:5, SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: §, SEQ 1ID NO:9, SEQ D NO: 10,
SEQ ID NO: 1, SEQ ID NO:12, SEQ 1D NO:L3, SEQ ID NO: 14 SEQ 1D NOui S,
SEQ D NQO1e, SEQIDNG:LT7, SEQ ID NO:IS, SEQ 1D NO1g, SEQ 1D NO:20,
SEQ ID NO2L, SEQ ID NO:22, SEQ 1D NO:23, SEQ 1D NO24, SEQ ID NO:23,
SEQ ID NO:26, SEQ 1D NO:27, SEQ ID NO:28, SEQ 1D NO:29, SEQ ID NO:30,
or any epitopic ammino scid sequence thereof comprising at least 4 continguons amino
acids.

The composition according to claim 7 wherein said SA epitopic peptide is SEQ ID
NQ:1, SEQ ID NO2, SEQ 1D NO:3, 3EQ IDNO:4, SEQ 1D NOS, SEQ ID NO: 6,
SEQ I NO: 7 or SEQ 1) NO: 8.

The composition according to any of claimns -8 wherein said SA epitoptic peptide 18
SEQ IDNO:T or SEQ ID NO:2
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The composition according to any of claims 1.3, wherein said SA epitopic peptide is
derived from SA Toxins,
The composition according to any of clasns 1-5, wherein saxd SA epitopic peptide s

dertved from SA leukocidins.

. A composition according to claig 2 or 3 wherein said VLP comprises a

bacteriophage coat protein which is a single-chain dimer coat protein derived from
PP7 bacteriophage, said SA epitopic peptide 15 SEQ ID NO:1 or SEQ ID NO:2 and
said epitopic peptide is displaved at the A-B loop of said bacteriophage dimer coat

protei.

. The composition according to claim 12 wherein said SA epitopic peptide 18 SEQ 1D

NO:t.

. The composition according to claim 12 wherein said SA epitopic peptide i3 SEQ IDE
NO:2.

. A population of virus-like particles according to any of claims 1-14.

A pharmaceutical composition comprising a population of virus-like particles
according to claim 1§ in combination with a pharmaceutically acceptable carrier,

additive andfor excipient.

. A method for enhancing san immune response agamst an antigen in an animal

comprising intreducing the composition of any of claims 1-14 and 16 into said
animal, wheremn an enhanced immune response against said antigen is produced in

said animal.

. The method of claim 17, wherein the composition is prophylactic for S. aureus

induced disorders.
The method of claim 18 wherein said 8 aureny induced disorder is ¢ MRSA infection.
The method of claim I8 wherein said 8 coereny induced disorderis a MSSA

infection.

. The method according to any one of claims 17-20, wherein said immune response is

an enhanced B cell response and/or an enhanced T cell response.

. The method according 1o any one of claims 17-21, wheretn said antmal 15 a human.

. The method according to any one of claims 17-22, wherein said composition is

introduced into said animal subcutaneously, intramuscularly, intravenously,

intranasally, intravaginally or directly into the lymph node.
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24, A vaccine comprising an immunclogically effective amount of the composition of any
of claims 1-14 together with a pharmaceutically acceptable diluent, carvier andfor
excipient.

25. A method of immunizing or treating an animal comprising administering to said
antmal an invnunologically effective amount of the vaccine of claim 24,

26. The method of claim 19, wherein said animal is a human.

27. The vaccine of claim 14, wherein said vaccine further comprises an adjuvant.
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FIGURE 12 (Cont'd)
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