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VACCINE FOR ELICITING IMMUNE
RESPONSE COMPRISING LIPID

FORMULATIONS AND RNA ENCODING
MUI,TIPJ,E IVIAIUNOGENS

CROSS-Rlilil!RIJNCIJ TO Ri!J,A'111D

APPLICATIONS

llus applicduon is a continuation of U.S. patent applica-
tion Ser. No 13/808,080. filed Mar 14, 2013„v hich is a JJ.S.
National Phase of International Application No P(:1'/
US20111043105, filed .Jul 6, 2011 and published in I'.nglish,
lvhich claims the benefit of U.S. Provisional Application No.
61/361,830. fled Iul 6, 2010. and U.S. Provisional Appli-
cauon No. 61/378,837, lilcd Aug. 31. 2010. The complete
contents of thc above-hstixi apphcations arc hereby ulcor-
pomted herein by reference for all purposes

TECHNICAL FIELD

llus ulvenuou ls ul thc iield ol'non-viral delivery of RNA
for immunisation.

BACKGROUND

'Ihe delivery of nucleic acids for inununising animals has
been a goal for several years Various approaches have been
tested, including the use of DNA or RNA. of viral or
non-vimBJ delivery vehicles (or even no delivery vehicle. in
a "naked" vaccine), of replicatin or non-replicating vectors,
or of 1 ildl iir non-viral vcclors.

Thcic rcnldhls B ncixi iol fUIthcl dnd lnlplovcd UUclclc
acid vaccines.

DISCLOSURE OF THE INVENTION

According to thc invention. RNA mlcoding im nnmuno-
en is delivered in a liposome for the purposes of imnluni-

sation 1'he liposonle includes lipids which have a pKa in the
range of 5.0 to 7.6. Ideally the lipid with B pKa in this range
has a tertiary aminet such lipids behave dill'erently from
lipids such as DOTAP, wiuch has a quatcmary anunc ~oup.
At physiological pH Bmines with a pKa ln thc rmlgc of 5 0
to 7.6 llavc ncutrul or rcduccd surface charge, whereas a
lipid such as JX) IAP is strongly catioilic. Jhe inventors
have found that liposomes formed from quaternary amine
lipids (e.g. DOTAP) are less suitable for delivery of inunu-
nogen-encoding RNA than liposomec fonued Jbom tertiary
ammc lipids (e.g DLinDMA).

111UB thc invention plovldcs B hposonu: hBvhlg B llpul
bilaycr mlcapsulutlng an aqueous core. whcrcul. (i) the lipid
bilayer compuses a hpid having a pKa in the mange of 5.0 to
7 6. and preferably having a tertiary muine; and (ii) the
aqueous core includes a RNA which encodes Bn inununo-
gen. These liposomes are suitable for in vivo delivery of the
RNA to a vertebrate cell and so they arc uscl'ul as compo-
nents ul pharmuceuticdl composiuons for immumsulg sub-
Jccts dgllinst viulous dist uses.

'Ihe invention also provides a process for prepaung a
RNA-containin hposome. comprising, steps of (a) mixing
RNA with a lipid at a pH which is below the lipid*s pKB but
is above 4.5, to form a liposome in which the RNA ls
encapsulated: mid (b) lncrcasulg thc pH of thc resulting
liposome-contuu»ng mixture to bc above the lipid's pKa.
Thc Liposomc

1 he invention utilises liposomes in which immluxlgen-
encoding RNA is encapsulated I'hus the RNA is (as in a

natUrid vuUs) scpiudtcd flout inly'xtctllal nlcdliuu bv thc
liposome's lipid bilayer, and encapsulation in this way has
bimu fbund to protect RNA from RNBSO digestion. The
liposonles can include some external RNA (e g. on their
surface), but at Jcast half ol'hc RNA (und ideally all of it)
is encapsulated in the liposonle's core 1incapsulation within
liposomes is distinct from, for instance. the lipid/RNA
complexes disclosed in reference 1.

Vanous amphiplfilic lipids can foml bilayers in an aque-
1 I 1

ous mlvironmcnt to cncapsuldtc a RNA-contauung aqueous
core Bs a liposome. These lipids can have an anionic,
canonic or zwtttcnotuc hydropluhc head group Liposomes
of the invention conlprise a lipid having a pKa in the range
of 5 0 to 7.6. and prclhrrcd Jiptds with a pKa in dus range
have a tertiary amine lior example. they may comprise
1.2-dilinoleyloxy-N,N-dimethyl-3-1minopropane
(Dl,inDMA; pKa 5.8) anigor 1.2-dilinolenyloxy-N,N-dim-
ethyl-3-aminopropane (DLenDMA) Another suitable lipid
havulg a tertiary amine is 1,2-diolcyloxy-N,Ndimcthy1-3-
aminopropane (DODJVLS). See Flfi. 3 & reference 2. Some
of the anuno acid lipids of rcfcrencc 3 may also bc used, as
can certain of the amino lipids of reference 4 liurther useful
hpids with tertiary amines in their hcadgroups arc disclosed
in reference 5, the complete contents of which are mcorpo-
ratcd hcrcln by rcfcrcnce.

i,iposomes of the invention can be formed from a single
lipid or from a mixture of lipids, provided that at least one
of the lipids has a pKa in the range of 5 0 to 7 6 (and,

ill preferably. a tertiary amine). Within this pKa ran e. pre-
fcrrcd lipids have a pKa of 5.5 to 6.7 c g. betwimn 5.6 and
6.8. betv,een 5.6 and 6.3, beuveen 5.(i and 6.0. between 5.5
and 6.2. or bctwcen 5.7 and 5xb Thc pKa is tlm pH at wluch
50% of the lipids are charged, lymg halfway between the
point whcrc the lipuls are completely charged and the poult
where the lipids are completely uncharged It can be mea-
sured ul various ways. but is preferably measured using the
method disclosed below in the section entitled "pKa mea-

dc surement*k The pKa typically should be measured for the
hpid alone rather than for thc lipid in lhc context ol'a mixture
v hich also inciudes other lipids (e.g not as performed in
rcfcrcncc 6, which looks at the pKa ol' SNALP mther thun
of thc uidlvxlual Jtptds).

Where a liposome of the invention is formed fmin a
nuxture of lipids. it is preferred that the proportion of those
lipids which have a pKa within the desired mnge should be
between 20-80% of the total anlount of lipids e.v. betvveen
30-70%, or bctw ccn 40-60/o. For instunce, uscl'ul hposomcs

o are shown below ul wluch 40% or 60% of thc total hpid is
a hpxl with a pKa in the desired cdngc. The remmndcr cml
be made of e o. cholesteml (e.u 35-50% cholesterol) and/or
DM(i (optionally Pl:(iylated) andior DSPC Such mixtures
are used below. These %v values are mole percentages.

ss A liposome may include an amphlplulic hpld whose
hydroplulic portion is PEGylated (i.e. modilicd by covalent
attaclmlcnt of a polymhylcnc glycol) This modilication can
iucrcasc stability and prcvmlt non-spccilic adsorption of thc
liposonles For instance. Jipids can be conjugated to PJKJ

io using techniques such as those disclosed in references 6 and
7. PECJ provides the liposomes lvith a coat which can confer
favourable pharmacokinetic characteristics The combina-
tion of cllicient encapsulation of a RNA (parucularly a
self-rcphcatlng RNA). a catioluc hpld having a pKa ul the

si range 5.0-7.6. and a PEGylatcd surface. allows fiir cllicient
delivery to multiple cell types (including both immune and
non-imnnlne cells), thereby eliciting a stmnger and better
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immune response than when usulg quaternary mnmes w&lh-

out PECiylation. Various lengths of PECr'an be used e g.
between 0.5-8 kDa.

I.ipids used with the im ention can be saturated nr unsatu-
ratcxl. Thc usc of at least onc unsaturated lip&d for prepanng
liposomes is preferred. I&I(i. 3 sholvs three useful unsatu-
rated lipids. If an unsaturated lipid has two tails, both tails
can be unsaturated, or it can have one saturated tail and one
unsaturated tail.

1&1

A m&xlure of DSPC, DLO&DICLA, PEG-DMG and chulcs-
terol is used in the examples. An independent aspect of the
invm&t&on is a liposomc compnsulg DSPC, DL&nDI&rLA,

Pi:(i-l)M(i X cholesterol 1 his liposome prefensbly encap-
sulates RNA, such as a self-repbcanng RNA c.. encoding
an imnlunogen

Liposomal particles are usually divided into three groups
nniltilamellar vesicles (MI,V8 small unilamellar vesicles
(SUV): and lar e unila&nellar vesicles (LUV). MLVs have
multiple bilaycrs &n each vcsiclc, forming several separate
aqueous compartments. SUVs and LUVs have a single
b&layer encapsulat&ng nn aqueous core. SUVs typ&cally have
a dianleter s50 nm, and I.UVs have a diameter &50 nnl.
I iposomal particles of the invention are ideally I IJVs v ith
a diameter in the range of 50-220 n&n. 1&or a composition
con&prising a population of LUVS with diiferent diameters
(i) at least 80%v by number should have diameters in the
r;mgc of 20-220 &un, (n) thc average di&uneler (Zav, by
intens&ly) 01'the populat&on is ideally u& the ran e 01'40-200
nm, anchor (i&i) the diameters should have a polydispersity &0

index &0 2. The fiposome/RNA complexes of reference I are
expected to have a diameter in the range of 600-800 nnl and
to have a high polyd&spersity. The liposome can be substan-
tially spherical.

Tixluuques for preparing suitable 1&posomes arc well &s

known in llu: art c.g. scc reii:rcnccs 8 lo 10. One useful
method &s descnbed u& rcferencc 11 m&d involves nuxing (&)

an ethanolic solut&on of the hpids (ii) an aqueous solut&on of
the nucleic acid and (&i&) buifer, fi&llolved by mixing, equ&li-
bration. dilution and purificat&on. Preferred liposomes of the 40

invention are obtainable by this mixi&ig process.
Mixulg Process

As mcntioncd above, thc &nvennon provxlcs a process for
preparing a RNA-conte&nu&g hposomc. compnsing steps of
(a) nlixiug RNA w&th a lip&d at a pl I which is bekuw the
lipid's pKa but is above 4.5; then (6) increasing the pl I to be
above the lipid*s pKa.

Tints a cationic lipid is positively charged during lipo-
some Ihnnalion &n step (a), bul thc pH clwnge lhcreaftcr
mc;ms lhal the malowty (or all) of thc posil&vcly charged 0

groups become ncutrnl. Tins process &s advm&ta eous for
preparing liposomes of the invention. and by avoiding a pl I

below 4 5 during step (a) the stability of the encapsulated
RNA is in&proved.

The pH in step (a) is above 4.5. and is ideally above 4 8. Ss

Using a pH in thc range 01'.0 lo 6.0, or u& the range of 5 0
lo 5.5, c;m prov&dc su&table 1&posomes.

11&c incrcasixl pH &n step (b) is above thc hpul's pKa. Thc
pi I is ideally increased to a pl I less than 9„and prefensbly
less than 8 Depending on the lipid's PKS, the pil in step (b) io
may tints be increased to be within the range of 6 to 8 e
to pH 6.5 0.3. The pH increase of step (b) can be achieved
by transii:rr&ng thc l&posomes uuo a su&table bufii:r C.g. ulto
phosphate-builhred saline. The pH u&crcasc of step (b) &s

ideally pcrfom&cd sflcr 1&posome fom&ation luis laken place. Ss

RNA used in step (a) can be in aqueous solution. fi&r

nlixina v ith an organic solution of the lipid (e.a an etha-

nol&c solution. Ss u& rcihrencc 11). Thc m&xturc can then bc
diluted tn form liposonles, after wh&ch the pl I can be
increased in step (b)
I.&pid ('nmpositions

A composition may comprise a biolog&cally active com-
pound, optionally in combination with another lipid com-
ponent.

Thc other hpul componmlt(s) nuiy bc oue or morc selcctcxi
from the gmup consisting of cationic lipids, neutml lipids,
helper hpids, stealth lipids and alkyl resorcinol based lipids

I'he other lipid component(s) may, for example, be (a)
neutral lipid(s). The neutral lipid(s) may. in one embodi-
ment, be one or more selected from any of a variety of
neutral uncl&urged or zw&ttcnon&c hpids. Examples oi'neutral
phosphol&pids for lhc present anncxc u&cludc d&palmi-
toylphosphatidylcholine (l)PP('), d&stearoylphosphatidyl-
choline, phosphocholine (1)OP('). dimyristoylphosphatidyl-
choline (l)MP('), phosphatidylcholine (PI.P( ),
phosphatidylethanolamine (PE). egg phosphatidylcholine
(EPC), dilauryloylplu&sphatidylcholine (DLPC). dimyris-
toylphospl&atidylcholinc (DMPC). I-myrwloyl-2-palmiloyl
phosphalulylcholu&e (MPPC), I-palm&loyl-2-myrisloyl
phosphatidylchnline (PMP('), I-palmitoyl-2-stearoyl phos-
plwtidylcholine (PSP('), I-stearoyl-2-palmitoyl phosphati-
dylclmline (SPP('), 1.2-disteamyl-sn-glycero-)-phospho-
choline (DAPC). 1,2-diamchidoyl-sn-glycero-3-
phosphocholine (DBPC). 1„2-dieicosenoyl-sn-glycero-3-
phosphocholinc (DEPC), palmitoylocoyl
phosphalidylcholu&c (POPC). Jysophosphaudylcholine, dili-
nolenylphosphatidylcholine d&stearoylphophatidyletha-
nolmninc (l)SPE), dimyristoyl phosphatidylethanolamine
(l)MPE), dipaln&itoyl phosphatidylethanolmnine (1)PPJ'.),
palmitoyloeoyl phosphatidylethanolamine (POPE). lyso-
phosphatidylethanolamine or a combination thereof. In a
prcfi:rred cmbod&men&. thc neutral phosphol&pal is selected
from thc group cons&snug 01'dislearoylphosphandylcholu&e
and dimyristoyl phosphandylclhanokunu&e (DMPE).

I'he total amount of lipid in the composit&on being admin-
istered is, in one embodinlent, fronl about 5 to about 30 mg
lipid per mg biolo ically active compound (e.g. RNA). in
another embodiment from about 5 to about 25 mg lipid per
mg b&ologically act&ve compound (c.g. RNA), in another
mubodunent Iiom about 7 to about 25 mg bp&d pcr mg
b&olog&cally active compound (c.g. RNA) and u& a prcfc&sexi
embndiment fmm about 7 to about 15 nlg lip&d per mg,
biolngically active compound (e g RNA)

In one embodiment, the composition comprises a cationic
lipid component which forms from about 10% to about 80%,
from about 20% lo nbout 70%a or Ibom about 30% lo about
60% of the total hpid present in thc compos&non. These
pcrccntagcs are mole pcrccnlages relat&vc to thc total molcs
of lip&d co&nponents in the final hpid particie

In nne embodiment, the compos&tion comprises a neutral
lipid component wlfich fomls from about 0% to about 50%,
from about 0% to about 30%s or from about 10% to about
20% oi'hc total hpid prcscnt in thc compos&t&on. Thcsc
pcrccunlgcs arc ulolc pc&cent&&gcs &clat&vo to thc lolal u&olcs
of hpxl components u& lhc Iinal 1&p&d part&clc

In one embodiment, the composition comprises a helper
lipid component lvhich forms from about 5% to about 80%,
from about 20% to about 70% or from about 30% to about
50% of the total lipid present in the composition. These
pcrccntagcs are mole pcrccnlages relat&vc to thc total molcs
of lip&d components u& the Iinal hpid part&clc.

Iu ouc culboduucun thc coulpos&nou con&pl&les a stealth
lipid component which tbrms from about 0% to about 10'r'ls

from about 1% tn about 6%, or from about 2% to aix&ut 5%
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of lhe total lip&d present &n thc composil&on. These pcrccnl-
ages are mole percentages relative to the total nx&les of hpid
components in the final lipid particle.

In one embod&ment, the composition comprises a cationic
lipid component form&ng fmm about 30 to about (i0% of the
total lipid present in the formulation. a neutml lipid com-
pnsuig forming from about 0 to about 30% of lhc total lip&d

preseni ui Ihc formu

in& &on,

a helper 1&pid Ionuuig from about
18 to about 4(&% of the total lipid present in the fbnm&)ation
and a stealth lipid forming from about 2 to about 4% of the &n

total lipid present &n the formulation. These percentages are
mole percentages relative to the total moles of lipid com-
ponents in the final lip&d particle.
Hclpcr L&p&ds

11&c I em& "bc)per 1&p &d" as used harem &s meant a 1&p id that
enhances transfection (e g transfection of the liaiioparticle
includin the b&ologically active compound) tn snme extent.
'I'he meehan&sni by which the helper lipid enhances trans-
fection may include. for example. enhancing particle smbil-
ity and/or enhanc&ng membrane h&sogenicity. Helper lip&ds &o

include sleronls aud nlkyl rcsorcinols. Exmuplcs of helper
lipids arc cholcstcrol, estrogen, testosterone, progesterone,

lucocortisone, cortisol, vitamin D, retinoic acid. and/or
mivth hormones Steroids are thought to function as sta-

bilixin lipids m that they help provide rigidity to the
particie.

The other lipid component(s) may, for example, be (a)
neutral 1&p&d(s). Thc neutral lip&d(s) may. in one embod&-
mani, bc one or morc sclcctcd from miy ol a vanely of
neutral unchar ed or rwitteriionic lipids. I ixamples of neutral so

phospholipids for the present amiexe include dipalmi-
toylphosphatidylcholine (l)VV('), distearoylphosphat&dyl-
choline. plmsphocholine (DOPC), dimyristoyl phosphati-
dylcholine (DMPC). phosphatidylcholine (PLPC),
phosphatidylethauolnm&nc (PE), egg phosphatidylclx&lu&e ss
(EPC). d&lmiryloylphosphal&dylcholuie (DLPC), dimyns-
toylphosphat&dylcholinc (DMPC). I-myristovl-2-palnuloyl
phosphatidylcholine (MVV('), I-palmitoyl-2-myristoyl
phosphatidylcholine (VMV('), I-palmitoyl-2-stearoyl phos-
phatidylcholine (PSPC). I-stearoyl-2-palmitoyl phosphati- so
dylclmline (SPPC)„1,2-distearoyl-sn-glycero-3-phospho-
clx&lute (DAPC), 1,2-d&aracludoyl-sn- lycero-3-
phosphocholuie (DBPC), 1.2-dicicoscnoyl-sn- lycero-3-
plx&splioclloh&lc (DEPC), palnutoylocoyl
phosphatidylcholine (VOV( ), lysophosphatidylcholine, d&li-

noleoylphosplmtidylcholine distearoylphophatidyletha-
noLsmine (DSPE). dimynstoyl phosphatidyietlmnolarnine
(DMPE)„dipalmitoyl phosphatidylethanolamine (DPPE),
palmiloylocoyl phosphat&dylethanolamine (POPE). lyso-
phosphatidylethauolnm&nc or a combuial&on tlmreof. In a o

prefcrrcd mnboduncnl, thc neutral phospholipnl &s selcctcd
fmm the group consisting of distea&oylphosphatidylcholine
and DMPI &.

The other lipid component(s) may, for example, be (a)
anionic lipid(s). e . anionic lipids capable of producin a s.
stable complex Examples of an&on&c hp&ds arc phosplxit&-
dylglycerol, cariholipu&. d&acylphosphat&dylscnne, dia-
cylplx&sphatidic acid, N-dodccanoyl phosplril&dylctlm-
nolomnine. N-succinyl phosphatidylethanolanune,
N-glutmyl phosphatidylethanolamine and lysylphosplmti- io
dyl lyceroi.
The RNA

11&e uivenlion &s useful for in v&vo del&very OI'RNA wh&ch
cncodcs an immunogcu The RNA is trmislatcd by non-
immune cells al thc dcl&very s&tc, lcaduig to cxprcss&on of ss
tlm hn&riiuiogc&1,,'uld It also cailscs hiuiliuic cells to sec&'ctc

type I interferons and/or pm-inflammatory cytokines which

provide a local adluvanl cfli:ct. Thc uon-&nunuuc cells may
also secrete type I interferons and&or pro-inflammatory cyto-
kines in response to the RNA

'I'he RNA is +-stranded. and so it can be tmnsksted by the
non-inunune cells without needing any intervening replica-
tion steps such as reverse transcript&on. It can also bind to
TLR7 rcccptors cxprcssed by immune cells, thcrcby uutial-
iug an dilluvii&it cflcct.

Preferred +-stranded RNAs are self-replicating. A self-
replicating RNA n&olecule (replicon) can, when delivered to
a vertebrate cell even without any pmte&ns, lead to the
production ofnndtiple daughter RNAs by tmnscription from
itself (via an antisense copy which it generates from itsel fl.
A self rcplicaung RNA molecule is thus Iyp&cally a +-strand
molcculc wluch can bc directly translated after dcl&very lo a
cell, and this translation prm ides a RNA-dependent RNA
polymerase which then produces both antisense and sense
transcripts from the delivered RNA Tln&s the delivered
RNA leads to the production of nuiltiple daughter RNAs.
These daughter RNAs. as weil as collinear subgenomic
transcripts, may bc Iranslatcd Ihcmsclves lo provide in s&lu

expression of an cncodcd immunogeu, or may be lranscr&bcxf
to provide further transcripts w&th the same sense as the
delivered RNA which are translated to provide in situ
expression of the immunogen 'the overall results of this
sequence of transcriptio&m is a lnige amplification in the
number of the introduced repiicon RNAs and so the encoded
immunogcn bccomcs a ma)or polypcptidc product of thc
cells.

As shovni below, a self-replicatin act&vity is nor required
for a RNA to provide an adjuvant effect, although it can
e&whence post-trmisfection secretion of cytok&nes 'I'he self-
replicating activity is particularly useful for acluevin hIJI
level expression of the inununogen by non-inunune cells. It
cia& also cult&i&icc ilpoplos&s of &lie &lo&i-hiui&u&&c cells.

Ouc suitablesyslem for achicv&ng self-repl&cauon &s Io
usc an alphav&rus-based RNA rcplicon. Thcsc +-slrandcxf
replicnns are trmislated after delivery to a cell to give of a
replicase (or replicase-transcriptase). '11&e replicase is trans-
lated as a polyprotein ivhich auto-cleaves to provide a
replication complex winch creates genomic —strand copies
of the +-strand dcl&vcrcd RNA. These — strand transcnpls
can themsclvcs be uanscnbcd to give further copies of thc
+-stranded parent RNA and also to g&vc a subgenonuc
transcript which encodes the immunogen 1 mnsfation of the
subgennmic tmnscript thus leads to in situ exp&ession of the
inununogen by the infected cell Su&table a)pl&avirus repli-
cons can use a replicase from a sindb&s virus. a semliki forest
v&rus, an caslcm cquuic miccphalius v&rus, a venezuelan
equine cnccphahtis v&rus, clc. Mutant or w&ld-type virus
scqucuces can bc used e.g. Ihe at&caus&cd TCS3 mutant of
VEEM has been used in replicons, as disclosed in reference
12

A preferred self-replicating RNA molecule thus encodes
(i) a RNA-dependent RNA polymerase which can transcribe
RNA from thc self-rcpl&cal&ng RNA molecule and (&i) an
immunogcn. Thc polymcrasc can bc an alphav&rus rcf&hcasc
c g. comprising one or morc of alphav&rus proteuis nsP).
nsp2, nsp3 mid nsp4.

Whereas natural alphavirus genomes encode stn&ctum)
virion proteins in addition to the non-structural replicase
polyprotein. it is preferred that a self-replicating RNA
molcculc of Ihc invention does not cucodc alphav&rus struc-
tural proteins. Thus a prcfbrrixi self-repl&cal&ng RNA cmi
)cad to thc production of genomic RNA cop&cs of &&self in a
cell, but nnt to the production of RNA-containmg virions
1'he mability to produce these virions nieans that. unlike a
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wild-type alphav&rus, thc sell&replicating RNA molecule
cannot perpetuate itself in infectious form '11&e alphavinis
structural proteins ivhich are necessary for perpetuation in
wild-type viruses are absent fmm self-replicating RNAs of
the invention and their place is taken by gene(s) encoding
the inmumogen of interest. such that the subgenomic trm&-

scop& cncodcs lhc unmunogcn rather limn lhe structural
dlphiu n us 1 alon p&u leo&s.

finis a self-replicating RNA molecule useful with the
invention may have two open reading frames. 1he first (5') &n

open readin frame encodes a replicase: the second (3') open
reading frame encodes an immunogen. In some embodi-
ments the RNA may have additional (e.g. downsueau&) open
&edda&g f&'iuncs c.g. &0 cncixlc Iullhcl hun&unogcns (scc
below) or io encode accessory pofyT&cpndcs. I

A seltzreplicating RNA molecule can have a 5'equence
which is con&patible w&th the encoded replicase.

gelf-replicating RNA molecules can have various lengths
but they are typically 5000-25000 nucleotides long e
8000-15000 nucleotides, or 9000-12000 nucleotides. Thus Io
thc RNA is longer tlrdn simu u& siRNA delu cry.

A RNA niolccuhc iisci&d w&lh lhc ulvcnuon n&&iy hdvc II 5

c'Ip (e g. 'I 7-nlcth&'Igi&anus&nc). Ans cap c'ul cnhancc ul
vivo translation of the RNA.

1hc 5'ucleotide of a RNA molecule useh&1 with the
invention may have a 5'riphosphate I&roup. In n capped
RNA this may be linked to a 7-methyl uanosine via a
5mto-5'rnlgc. A 5'nphosphalc can enhance RIG-I bmding
dnd thus pron&oh: ddJuviu&l cficcbm

A RNA molecule may have a 3'oly-A tail It may also &o

include a poly-A polymerase recognition sequence (e g.
AAUAAA) near its 3'nd

A RNA molecule useful with the invention will typically
be single-stranded. Sin le-stmsnded RNAs can genemlly
iml&atc an adjuvant cflbct by binding to TLR7, TLR8, RNA &I

hehcases m&d/or PKR. RNA delivered u& double-stranded
form (dsRNA) can bu&d lo TLR3, and llus receptor cm& also
be tri gered by dsRNA which is formed either during
replication of a smgle-stranded RNA or within the secondary
structure of a single-stranded RNA, 40

A RNA molecule useful with the invention cnn conve-
niently bc prepared by &n vitro transcnplion (IVT). IVT can
usc a (cDNA) template created and propagated u& plasm&d
form &n bacteria, or crea&cd synthcucally (for example by
gene synthes&s and/or polymerase chain-reaction (PCR)
engineering methods) I'or instance, a l)NA-dependent RNA
polymerase (such as the bacteriophage T7. T3 or SP6 RNA
polymerases) can be used to transcribe the RNA from a
DNA template. Appropriate cappu&g dnd poly-A add&lion
reaci&ons can bc used as rcqu&rcd (although lhc rcplmon's o

poly-A is usually encoded witlun lhe DNA lmnplale). These
RNA polymerases can have stringent requirements for the
transcribed 5'ucleotide(s) and in some embodiments these
requirements must be matched with the requirements of the
encoded replicase„ to ensure that the IVT-transcribed RNA i.
can function cilicieully as a subslralc for &ts self-m&coded
I cp I I ca sc.

As discussed &nreferm&cc13, the self rcplicatm RNAcan
include (in addition to any 5'ap sth&cture) one or n&ore

nucleotides having a n&odified nucleobase. 1hus the RNA io
can comprise mSC (S-methylcytidine), mSU (5-methyluri-
dine), ln6A (N6-methyladenosine), s2U (2-thiouridine), Um
(2mO-mclhylund&ne), mlA (I-methylade&x&smc), m2A
(2-methyladcnos&nc), A&n (2mO-mclhyladcnos&nc),
ms2m6A (2-methylthio-N6-methyladcnosu&c): &6A (N6-&so- ss
penlenyladenos&ne); ms2ifiA (2-methylthio-
N6isopenlenyladenosine), io6A (Nfi-(cis-hydroxyisopente-

nyl)adcnosu&c), ms2io6A (2-mclhyltluo-N6-(cis-
hydroxyisopentenyl) adenosine): 86A (N6-
glycinylcarbamoyladenosine): t6A (N6-threonyl
carbamoyladenosine); n&s2t6A (2-n&ethylthio-N6-threonyl
carbamoyladenosine); m6t(iA (N(i-methyl-N6-threonylcar-
bamoyladenosine): hn6A (N(i.-hydmxynorvalylcarbmnoyl
adeuos&nc), ms2lu&6A (2-mcthylth&o-N6-hydroxynorvalyl
carbamoyhxfcnosinc). Ar(p) (2m0-nbosyladcuosu&c (phos-
pl&ate)); I (innsine); nell (I-methyhnosine); n&'Im (1,2m0-
dimethylinosine): n&3('3-methylcytidine): ( m (21&0-
niethylcysidine); s2( (2-thiocytidinek ac40 (N4-
acetylcytidine): f5('5-fonnylcytid&ne): mSCm (5.2-0-
dimethylcytidine): ac4Cm (N4acetyl2TOmethylcytidine);
k2C (lysid&nc), mlG (l-mcthylguauosu&c), m2G (N2-mcth-
ylguanosine): m7G (7-mcthylguanos&nc), Gm (2m0-mcth-
ylguanosine): m22(i (N2,N2-dimethylguanosine); m2(im
(N2,2mO-dimethylguanosine): m22(im (N2,N2,2mO-trim-
ethylguannsine): (ir(p) (2m0-ribosylguanosine (phos-
phate)): yW (isybutosine)l o2yW (peroxyv ybutosine);
OHyW (hydroxyv:ybutosine); OHyW'undermodified
hydroxywybutosu&e); imG (wyosinc), m&mfi (mclhyl-
guanosinc), Q (qucuos&nc), oQ (cpoxyqueuosinc), galQ
(galtactosyl-queuosine); n&anQ (mannosyl-queuosine);
preQo (7-cyano-7-deazaguanosme); preQi (7-aminomethyl-
7-deazaguanosine); (i (archaeosine); D (dihydrouridine);
mSUm (5.2mO-dimethyluridine); s4U (4-thiouridine);
mSs2U (5-methyl-2-thiouridine); s2Um (2-thio-2m0-methy-
lurnlinc), acp3U (3-(3-amu&o-3-carboxypropyl)undine).
ho5U (5-hydroxyuridine): moSU (S-mcthoxyuridine).
cmnSU (uridine 5-oxyacetic acid); n&cmoSU (urid&ne 5-oxy-
acetic acid methyl ester): chmSU (5-(carboxyhydmxym-
ethyl)uridine)); mchmSU (5-(carboxyhydroxymethyl)uri-
dine methyl ester); n&mnSU (5-methoxycarbonyl
methyluridine): mcm51J&n (S-n&ethoxycarbonylmethyf-2-0-
methylunduic), mcmSs2IJ (5-mcthoxycdrbonylmcthyl-2-
tluouudinc); tunSs2U (S-am&nomethyl-2-tluoundinc),
nuuuSU (5-mcthyldnunomclhyluridu&e). nuunSs2U
(5-methylaminomethyl-2-thiouridme); mnmSse2U (5-meth-
ylan&inomethyl-2-selenouridine); ncmSI.I (5-carbamoylm-
ethyl uridine): ncm5Um (5-carbamoylmethyl-2CO-methylu-
ridine): cnuunSIJ (5-carboxymethylaminomethyluridinc);
cnnunSUm (5-carboxymclhylaminomcthyl-2-L-0-mcthylu-
ndu&c): cnuunS s2U (5-carboxymcthylam&nomcthyl-2-tluou-
ndu&c): m62A (N6,N6-dimethyladcnos&nc), Tm (2m0-meth-
yl&nnsine); &n4('N4-melhylc&nidine); n&4('m (N4,2-0-
dimethylcytidine); lunS('5-hydroxymethylcytidine): m3U
(3-methyluridine); cmSU (5-carboxymethyluridine); m6Am
(N6.T-O-dimethyladenosine): rn62Am (N6,N(i.O trimethyl-
adeuos&nc), m2'7G (N2.7-dimethylguanosu&c): m2'2'7G
(N2,N2,7-&i&mcthylguanosine): m3Um (3,2T-O-duucthylu-
ridiue); mSD (5-&ncthyld&hydrouridu&c): fSCm (5-formyl-2m
0-methylcytidine); n&l (im (1.2m0-d&methylguanosine);
m'Am (1,2-0-dimethyl adenosine) irinomethyluridine);
tmSs2U (S-taurinomethyl-2-thiouridine)); imfi-14 (4-dem-
ethyl uanosine); im02 (isoguanosine); or ac6A (N6-acety-
ladcnosu&c), lqpoxdntlunc. inosinc, 8-oxo-adcuinc. 7-sub-
st&luted denvatives &hereof: dihydrourac&l, pscudourac&1.
2-tluouracil, 4-lhiourac&l. S-mninourdcil, 5-(Ci-C6)-alkylu-
mscil, S-methyluracil, s-(C2-('6)-alkenylumscil, 5-(02-( 6)-
alkynyluracil, 5-(hydmxyn&ethyl)uracil, S-chlomumscil,
5-fluorouracil. 5-bromouracil, S-hydroxycytosme, 5-(Cl-
C6)-afkTIcytosine, S-methylcytosine, 5-(C2-C6)-all enylcy-
tos&nc, 5-(C2-C6)-dlkynylcytosinc, S-chlorocylosmc,
5-fiuorocytosinc. S-bromocytosine, N2-dimethylgumunc,
7-dcazaguan&nc, 8-dzaguamnc. 7-dcazn-7-substituted gua-
nine, 7-deaza-7-((:2-('6)alkynylguanine. 7-dcaza-8-saba&i-
n&ted guanine, g-hydroxvcuanine, 6-thioguanine, 8-oxogua-
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nmc. 2-annnopunnc, 2-tmnno-6-cldoropunnc. 2.4-
diaminopurine. 2,6-diantinopurine, g-avapurine, substituted
7-deavapurine. 7-deaxa-7-substituted purine„7-deaxa-8-sub-
stituted purine, or an abasic nucleotide Iior instance, a
self-replicating RNA can include one or more modified
pyrimidine nucleobases, such as pseudouridine and/or
5-mcthylcytosinc residues. In some embodiments, howcvcr,
thc RNA includes no modiiicd nuclcobases, and may mclude
no ntodihed mtcleotides i e all of the nucleotides in the
RNA are standard A, (1 (i and U riboimcleotides (except fiir to

any 9 cap structure, winch may include a 7umethylguanos-
ine). In other embodiments. the RNA may include a 5'ap
contprising a 7umethylguanosine, and the first 1. 2 or 3 5'bonucleotidesmay bc methylated at thc 2'ostuon of thc
nbosc. 1

A RNA used with the imention ideally includes nnly
phosphodiester linkages between nucleosides, but in some
embodiments it can contain phosphoncmidate, phosphoro-
thioate, and/or methylphosphonate linkagec.

ideally. a liposome include~ fewer than 10 different spe- zo

ctcs of RNA c g. 5, 4, 3, or 2 dtficrent species. most
preferably, a liposomc includes a single RNA spccws t c. all
RNA molecules in the liposome have the same sequence and
s'istic leilatll.

1'he mnount of RNA per liposome can vary 1'he nuntber
of individual self-replicatin RNA moiecules per liposome
is typically a50 e.g &20. &10, &5. or 1-4 per liposome
Thc lnununogcn

RNA molcculcs used with the invenuon encode a poly-
peptide immunogen After administration of the liposomes co

the RNA is translated in vivo and the immunogen can elicit
an intntune response in the recipient. 11ie immunogen may
elicit an inunune response against a bacterium. 0 vints. a
fungus or a parasite (or. in some embodiment~. against an
allergen; and tn other emboihmcnts, agamst a tumor anti- sc

gen). The inununc rcsponsc may comprise mt anubody
respomc (usually including lgG) mtd/or a cell-mcdiatcd
immtute response 'I he polypeptide iminunogen v ill typi-
cally elicit an intmune response ivhich recoanises the cor-
responding bacterial. viral, fungal or parasite (or allergen or do

nuuour) polypeptide, but tn come embodiments the poly-

peptidec

lilac'Ct as d lllllllotopc to CltCtt all llltlltallc rCSpollSC

wiuch recognises a bacterial. viral, fungal or parasite sac-
chande. Thc umnunogcn will typically be a surface poly-
peptide e g. an adhesin, a heniagglutinin. an envelope gly-
coprotein, a spike glycopnitein. etc.

Self-replicating RNA molecules can encode 0 single poly-
peptide inuuuno en or multiple poiypeptides. Multiple
immunogmts can bc prcsmttcd as a single polypeptide tnunu-
nogen (fusion polypcqtttdc) or as separate polypepttdes. If 0

immunogmts arc cxprcssed as sc3caratc polypc3uidcs then
one or more of these ntay be provided with an upstreant
ll(I'8 or an additioilal viral promoter element Altenlatively,
multiple inununogens may be exprecsed from a polyprotein
that encodes individual inununogens fuced to a short auto- s.
catalytic pro(case (c g. foot-mtd-mouth discase virus 2A
pro(ctrl). Ot SS llltcllls.

Unlike refi:rcnces I mtd 14, the RNA mtcodes mt tmmu-
nogen lior the avoidance of doubt. the inventinn does nnt
encompass RNA ivhich encodes a firetly luciferase or which io
encodes a fusion protein ofE colt fi- alactosidase or which
encodes a green fluorescent protein ((iFP). Also. the RNA is
not total mouse thymus RNA.

111 solllc ClltbixhtllCllts tile tllllllullogcll C11C1(S slit lllllllullC
reapomc against onc oi'hcsc bacteria: Ss

Be/vier/0 mcu/ag///dhs'sefitl immunoaens include, but
are not limited to. membrane pniteins such as adhesins,

autotranspora:rs, toxins. iron acquisition protcuts, and
factor I I binding protein. A combination of three useful
polypeptides is disclosed in reference ilk

8/rep/ucuccuc pueuaioii/ue: useful polypeptide imnnuto-
gens are disclosed in reference 16. These include, but
are not limited to, the RrgB pilus suburut. the beta-N-
acetyl-hcxosamimdasc precursor (spr0067), spr009G,
(ieneral stress pro(cia CiSP-781 (spr2021, SP221G),
serine/threonine kinase Stkp ()F1732), and pneumo-
cnccal surface adhesin PsaA.

5(rcpruiuccus Iivugeims usefiil immunogens include. but
are not limited to, the polypeptides disclosed in refer-
ences 17 and 18.

Monrxegu ciirarrhulls.
Borderelld per/uss/r: Useful pertussis inmtunogens

include, but are not limited to, pertussis toxin or toxoid
(Hl'), filantentous haenm glutmin (I'I IA). pertactin,
and agglutinogens 2 and 3

Srupltvlororcus uureus: Usehd immunogens include, but
are not limited to, the polypeptides disclosed in refer-
mtcc 19, such as a hcmolysin. esxA, esxB, fcrnchrome-
butdutg pro(cut (sta006) and/or thc sta011 lipoprotein.

('los/r/d/iiai Ie/un/ the typical intmunogen is tetanus
tnxoid

('uru/ aehucrerl om diphrheriue'he typical immunogen is
diphtheria toxoid.

/Iuemophilus mIIucrtzue; Useful immunogens mclude, but
arc not limited to, thc polypcqttidcs disclosed ut rcfbr-
eaccs 20 and 21.

I'seudoiiiiuuui derog/ uuiu
Blrep/ucuccuc ugului/iui& useful imiltuilogens include,

but are nnt limited to. the pnlypeptides disclosed in
reference I 7.

Clilumi diu Iriichomutis: Usehd inmtunogens include, but
arc not luntted to. Pepk. LcrE. ArtJ, DnaK. CT398,
OmpH-like. L7/L12. OmcA, AtoS, CT547, Eno, HtrA
mtd MurG (c.g. as disclosed in rcfcrmtce 22. LcrE as
disclnsed in reference 23 and I ltrA as disclosed in
reference 24 are nvo preferred imniunogens.

Chluia/ diupaeuniouiuc; IJseful inuuuno ens include, but
are not limited to, the polypeptides disclosed in refer-
eacc 25.

IIiilr'obiic/i r //rior/. USi fhl ltltlllullogi llS lllCliuIC, but titC

not lunitcd to. Cag tc. )zacA. NAP, and/or urcasc as disclosed
in reference 26

Esiherichiu iiili Useful immunogens include, but are not
limited to. immunogens derived from enterotoxigenic E. Co/i

(ETEC). enteroaggregative F., co/I (EAggEC). difhisely
adhenng E. col/ (DAEC), entcropathogcnic E. Col/ (EPEC),
extrauttestinal pathogeruc E. Cofi (ExPEC) andlor cnterohe-
morrlmgic E. Col/ (EHEC). ExPEC strains utcludc uropatho-
genic IL CM/ (UPI I( ) and meningitis/sepsis-associated E.
rivi/ (MNII(') IJseful I.JPII('olypeptide intmunogens are
disclosed in references 27 and 28. IJsehd MNEC imnnmo-
gens are disclosed in reference 29. A useful imnutnogen for
several E col/ types is AciD as dtscloscxI tn rcfcrcnce 30.

Bric/I/us unrhrucls
Yersl ala pvs(ls. Usciiil umnunogens include, but arc not

limited to. those disclosed in references 31 and 32
8/uph) Iucuccus epidermis
Closrndiam perfnugeus or (//osiruhum borulinnms
Lcgtoneliu pacumopliilu
Cuz/ellu burner//
Bnicellu, such as B. ubonus, B. Ciia/s, B. mch/cas/s, B.

acotomae, B. Cvls, B. suit, B. plnulpcdiue.
Irruuciscllu, such as Iz auviiidu, E philumirugiu, I:

iolurcarls
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¹isscria govorrhoeae
Ireporie aa paihdam
//acmophi /us ducrey i

I:'«terr&i zzi cur fuccuhs or Itutenzcoct us facci vm

gtaphi /«coccus siiprophi ti cut
)'cr&i via cuter«c«ii tied
Mi'1'obactcvluzzi iiibcz'riiizlsls
Ijiiicttsia
Lit&cruz zilovocl'togc&zcs

111
Vibrio choicrae
Sajuzo tel/a t&piu
florvcj/a burgdorfen
I «1'jzhvzzzuuzlzas

g&11givzlihi'iebsiejja

In some embod&n&eats the imnnu&ogen elicits an imnnu&e

response against one of these virusess
OrtI«&mysovirus'.&seful immunogens can be from an

influenza th B or C vlnis. such ac the hemagglut&nin,
neuraminidasc or matnx M2 proicu&s. )&/J&crc thc
inununogen is an influenza A virus hemagglutinin it
may be from any subtype c.g. Hl. H2, H3, H4, HS. H6,
117. Hg. 119, 1110. I ll l. 1112, 1113, 1114. I I I 5 or 1116.

Paramyxov&ndac v&ruses Viral unmunoge&m u&elude, bul
are not lint&ted to, those derived fro&n Pneumoviruses
(c.g. resp&Cato&y svucvndl virus. RSV), Riibiilav&riiscs

(e g. C&u&1&ps vu1&s). P,'u'anivxovwuscc (e g. Pami&diu-
enza vinis). Metapneumovin&ses and Morbilliviruses
(e g. measles)

Poxviridae: V&ral immunogens include. but are not limited io

to. &hose denvcd I'rom Orth«parsi rut such as Viinoiii
vera, includin but not limited to. Kino/a &ua&or and
Varioia a&ivor

Picornavinis Viral in&munogens include, but are not
lim&lcd to, those dcnved from Picomav&niscs. such as
I:nterovin&ses. Rhinoviruses. Ileparnavirus, Card&ovi-

ruses and Aphthovinises. In one embodiment, the
enterovinis is a poliovm&s e g. a t)7e I „ type 2 and/or
type 3 poliovin&s. In another embodiment. the entero- dc
1 irus is an EV71 enterovirus. In another mnboduncnl,
the enterovirus &s a coxsackie A or B vinis.

Bunyai &rus: V&ral inununogcns &ncludc, bul are not lun-
ited to. those derived from an

Orthobunyav&rus, such as Cdl&forrua encephahl&s virus. a

Phlebovin&s. such as Rift Valley i&ever virus, or a
Nairovirus, such as Crimean-('ongo hemorrhagic fever
v&fus.

Heparnavinis Viral inununogens include. but are not
lim&lcd to. those dcrivcd from a Hepamav&rus, such as
hepatitis A virus (HAV).

Filovirus Viral inununogcns u&elude, bul are nol lnn&tcd
to. those derived from a filovirus. such as an Ebola
1 &rus (u&clud&ng a Za&rc. Ivory Coast, Rcston or Sudan

11
ebolavin&s) or a Marburg vinis

Togav&nis: Viral &mmunogens include, bul are not Inn&tcd
to. those derived from a 1 ogavirus, such as a Rubivirus,
an Alphavirus. or an Arterivin&s. Thic includes nibella
v&fus. So

Flavivirus: Viral imnnmogens include. but are not limited
to. those dcnvcd from a Flav&virus, suCh as T&ck-borne
encephalitis (TBE) virus, De»gue (types I, 2. 3 or 4)
iirus, Yellow Fever virus, Japanese encephalitis v&rus,

Kyasanur Forest V&rus, West N&lc cnc«3&Jrdlitis virus. Sl. sc
I ouis encephalitis virus. Russian spring-sununer
encephalitis virus. Powassan encephaliti ~ virus

Pcslivirus. 'v&ral imnnn&ogcns u&elude, but arc not limited
to, those derived fmm a Pestivirus, such as 13ovine vincl
diarrhea (IIVI)V). ('Jassical swme fever (('SJ&V') or
13order disease (131)V).

Hepadnavirus: Viral inuuuno ens include. but are not
limited to. those derived from a Hepadnavin&s, such as
Hcpat&t&s B virus. A composition can &nclude hcpatius
B v&rus surlhcc anugen (HBsAg).

Other hepatitis vimses A composition can include an
imnninogen from a hepatitis ('in&s, delta hepatitis
virus, hepatitis i, vin&s, or hepat&tis (i virus.

Rhabdovirus: V&ral inununogens include, but are not
limited to, those derived from a Rhabdoviruc, cuch as
d Lvssdv&rus (c.g. a Rdbu:s v&rus) rind Vcstcillovirus
(VSV).

('alic&viridae Viral immunogens include, but are not
limited to, those derived from ('alciviridae, such as
Nonvalk vin&s (Nomvinis). and No&walk-hke Vin&ses,
such as Hawaii Vin&s and Snow Mountain Virus.

Coronavirus: Viral imnnmogens include. but are not Jim-
&ted to, those denvcd from a SARS coronav&rus, avian
u&fcctious bronclnus (IBV), Mouse hepautis virus
(MI IV), and Porcine transmissible gastmenteritis vinis
('I'(IEV'). I'he comnavinis immunogen may be a spike
polypeptide

Retrovirus: Viral inununogens include. but are not limited
to. those derived froln an Oncovirus. a Lentivirus (e..
HIV-I or HIV-2) or d Spumav&rus.

Reov&rus: Viral immunogens include, but are nol limited
to, those derived fmm an Orthoreovirus. a Rotavinis,
an Orbivirus, or a Coltivirus

Parvovin&s: Viral immunoaens include, but are not limited
to. those derived from Parvovirus B19.

Herpesvirus; V&ral inuuuno ens include, but are not Jim-
&ted lo, those den& ixi from a lniman herpesvirus, such
as, by way ol'cxamplc only. Hcrpcs Snnplex V&ruses
(HSV) (e.g. HSV types I and 2), Vancclld-zoster virus
(VZV). Iipstein-13arr vinis (l&13V), ('ytomegalovin&s
((/MV), I lumen I ierpesvinis 6 (I II IV6), I lumen Iier-
pesvirus 7 (HHV7). and Human Herpesviruc 8

(HHV8).
Papovaviniscs. V&ral inununogm&s include, bul arc not

linutcd to. Ihosc der&vcd from Pap&llomaviruscs and
Polyomav&ruses. Thc (human) pap&llomavirus may bc
of serotype l. 2, 4, 5, 6. 8. 11, 13. 16, 18, 31 33, 35,
39, 41, 42, 47. 51. 57. 68, 63 or 65 e 8 from one or
more of serotypes 6, 11. 16 and/or 18.

Adenovirus: Viral inununogens include those derived
Iron& ailcnov&rus scrolv'pc 36 (Ad-36).

In some embod&ments. the &nununogcn cl&c&ls an inumu&c
response against a v&rus wluch u&fimts lish, such as. ufli:c-
tious salmon anemia vinis (ISAV). salmon pancreatic dis-
ease virus (SPI)V). infectious pancreatic necmsis vinis
(IPNV). channei catfish virus (CCV). hsh lymphocystis
disease virus (FLDV), infectious hematopoietic necrosis
v&rus (IHNV), koi herpesvirus. salmon pmoma-like virus
(also known as p&corns-1&kc v&nis of atlanuc salmon). Im&d-

lockcd salmon virus (LSV). alJant&c salmon rotavirus (ASR).
trout strav;berry disease vin&s (1SI)), coho salmon tumor
vinis (CS I V), or viral hemorrhagic septicem&a virus
(VHSV).

Fungal imnnu&ogens may be derived from Dermato-
phylrcs. u&eluding: Epiderviophytov f/occusu&v, Microspo-
nau aud«ui vi, Micr«span«a canis, Micr«spar«tv distort&au,
Microsporam cz/v/uuzz&, hficrosporvm gvpsutzz, Microspo-
rum vs«urn, 7richzgzh& tozz tuut cutru &mi. 7kichzzph& t«n cgui-
mmi, 7kv hoph& ttza guiiivac, 7hiihzzpizi t«v glpscuvi, 7kichzz-
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phivov mcgviv/. Trichopht lou &vrvlihgroph&les,
1rih Iw&phI lh&v hi&hivhievvv&v, 1riclv&pht loss rvhrvm, 7riciv&-

phvlhm .&Ihh&eviehv/. 7rih"hh&ph& lvv lvvsvrwvs, 7ri eh&&phylvv

verr&hhz&svm, T vernhcvs&mh var. album, var discoides. var.
ochraceum. Tnchophylov vholvce&mh. and'or Trw hopi&plow

fuvfhcrme: or from&fspcrg&//vsfmmghhlvs,.fsperghiiws Rvvws,
.4spcrgiIivs niger, Aspergi i/vs vik&ivvs..4spcrgiIivs lcrre&hs,

.4spcrgiIivs side&iz/. Aspcrgi ibis fivvvlhhs, Aspergil/vs giav-
h"h&S. Bivslhhrh'Izlzvvhl'hvs I'Qphnv&hs, C V&zdhdhh uibhh'vhzs, C&u&h-

didw evh&iv&e, C:hmdidw lrcpicviis, C h&vdidv givhrvlv, I:an-
d/du I rvseh, I'avC&dv pwrwpziivzis, C'v&viidv .&&Ciivloidew,

CIuvdidv /wsch. Cvvkda pvrakavsc&, CCBC&dv /vs&lmz&we.

CIuvdidv psevdolrophcaihs, C'vvdhdhh gvhllicrmovC&, C/a-
dospor/Ivv ra mom/. Cvccid/oi des /&v&vilis. Bias&urn& ccs
derv&vlidis, Cnplococcws vvoiormvvs, Geolrichvvh ciuvhh-

l&hm. H/sa&p/vsvhw h"apsvivlvm, Riehsieilw pvevvwm&ve,
,)7/hrh&sph&rid/a. Ifvcephwiilvzvvv spp.. Seplvlv /vleslihzvi&s
and Ifv/ervi&lvzvhm 6/evevs/, the less common are Bra-
ch&ola spp„&Microspondwwv spp.. Tease&va sppv Pic&slvphoru
spp.. Trvch&pie&slvphoru spp., Vitri&fora&v cpp Parvcvrmd-
lci des hrwsii&evsis, Pvcvmoc& slis cvrivi/. Pyrhi&vvv ivs&CI-

oshm&, Pig rosponhm ovule, Sacharcmt res cerev/svc, Svc-
chvrvmvccs hmhiurdi&, Svcrhvv&m&mes pvmbc,
Sccdosporivm wpivspervvh, S)&orvlhrir scimvrki/. 7richvz-
puma beigcii/, 1'h&aug&lvsmw gh&vdi/, Pew/william &h&hhnzc/fh&,

Mulusscziu spp.. Fovsccwea spp., ifbvg&ellhz spp.. Sporolhri I

spp., Bus&dioboiws spp.. ComC&obolus spp.. Rizhzophhs spp,
Mvcor spp, Absidiu spp, Mori/ere//a spp, Cmmivghumeiiu
spp, Svkscvvvv sppv Ailcrvvna spp, Cwrvwivriv spp, /lc/-
mivllv&sph&rivm spp, I&vsvrivvh spp, Azpcrgiliv& spp, I'ev/-
hill/&hm spp, Mvvh&iihziw spp, /Ihizh&hvvviv spp. I'veciivmvces
spp, Pilhvmvccs spp. and Civdh&rph&&iw&w spp

In some embodunents the immunogen elicirs an inmtune
response against a pamsite from the Pius&vodivm genus,
such as P. /Cicipvrmv, P. nvv1, P. &&&u/unvc or P. OvuIc. Thus
thc Ini cation nuI)'c u sexi fot ununuusulg BgBuls1 nlalalta.
In some cmbodnnents Ihc unmunogcn ehc&1s mt mumute
response against a parasite from the I aliaidae family, par-
ticularly those from the I.hpeh&phlheirws and Chhiigv& genera
e.. sea lice such as Lepcoph&hcinhs svh&hov&s or Cvlhgws
rogercrcsscv/.

In some embodnnents Ihc inununogmt ehctts an mununc
rcsponsc against. pollen allcrgcns (tree-. herb. wccxl-, and
grass pollen allergens), utscct or araclmid allergcns (inhal-
ant, saliva and venom allergens, e g rnite alleraens. cock-
roach and midges allergens. hymenopthera venom aller-

ens); anintal hair and dandruffaller enc (from e.g. dog. cat,
horse, rat, ntouse, etc.): and food aliergens (e.g. a gliadin).
Important pollen allcrgcns from trees. grasses and herbs are
such origutattng from thc taxononuc urders of Fagales,
Olealcs. Putales and platantweac including, but not lnnttcd
to. birch (Be/v/I/). alder (Aivvs), hazel (Cbr& Ihh&). hornbeam
(C'wrpimhs) and olive (0/ev), cedar (C&nplh&meriw and Jv&z/-

perws), plane tree (P/alvvvs), the order of Poales inch&ding
grasses of the genera Lohmv. Phiewm, Pov, Cyvodov, Due-
l& /is. Iioicvs, Phuiaris, Scca/e, und Sorghum, thc orders of
Asteralcs and Urttcales utcluihng herbs ol'hc gcncra
Av&bros/v, Ar/e&v/s/a, and Pvr/e/ar/u. Other Imporl utt Inlno
lation allergens are those from house dust mites of the genus
1)ermatophagoides and I:uroglyphus. storage rnite e g. I.epi-
doglyphys, Cilycyphagus and Tyrophagus. those from cock-
roaches, mtdges and fleas e.. Blatella. Peripianeta, Chi-
ronomus and Ctcnocepphahdcs, mtd those Ibom mammals
such as cat, dog and horse, venom aller cns utcludutg such
ongirvnutg from sttngtng orb&tutg insecm such as Ihose from
the taxonomic order of I iyntenoptem including bees (Api-
dae). wasps (tgespidea). and ants (1&ormicoidae)

In some mnboduncnts the inununogcn Is a tumor anugcn
selected from (a) cancer-testis ant&gens such as NY-I 180-1,
SSX2, SC:Pl as well as ICACilt. IIACil2 CiACili and MACili
family poi)T&eptides, for example, C&AC&l 31, C&AC&l 1-2,

lvL&&GE-I, MACiE-2, ICLWGE-3. 1&L&&GE-4. MACiE-5,
lvL&&GE-6, and MAC)E-12 (vvhich can be used, for example,
to address melanoma. lung. head and neck, NSCLC. breast,
gastrointestinal, mtd bladder tumors, (b) mutated mtugens,
for example, p53 (associated ivith various sohd tumors, e.g,

Io colorectal. lung, head and neck cancer). p21/lkas (associated
with, e.g . melanonm, pancreatic cancer and colorectal can-
cer). CDK4 (associated with, e.g „melanoma), MUMI (as-
sociated vvith, e,gv melanoma)„caspase-8 (associated with,
c g., head and neck cancer), CIA 0205 (associated with, e.g..
bladder cancer), HLA-A2-R1701, beta catcnut (associated
v ith, e.g, melanonta). 'I'I:R (associated with, e.g, Itcell
non-I Iodgkins iymphoma). l31'lC-abl (associated with. e.g,,
clu onic ntyeiogenous leukemia), triosephosphate isomentse,
KIA 0205, CDC-27, and LDLR-FUT: (c) over-expressed

Io antigens. for example, Cialectin 4 (associated with, e
colorcctal cancer), Galccttn 9 (associated with, c g., Hodg-
ktn's discase), protetnase 3 (associated with. e.g.. cluotuc
myelogenous leukemia). 3&v'f I (associated with, e 8, vari-
ous leukemias). carbonic anhydrase (associated with, e.g,
renal cancer), aldo)axe A (associated with, e g., lung cancer),
PRAME (associated with. e.g., mehnnoma). HER-2/neu (as-
sociated vvith, e.gv breast. colon„ lung and ovarian cancer),
nuunnulglobhl, alpha-fbtoptotcut (Bssocultcd wnh, c.g..
hcx&stoma), KSA (associated with, c.g., colorcctal cancer).

Io gastrin (associated with. e... pancreatic and gastric cancer),
telomentse catalytic pmtein. MUCXI (associated with. e.g,,
breast and ovarian cancer), Ci-250 (assocmted with, e.g,,
renal cell carcinoma). p53 (associated with. e.g.. breast,
colon cancer). and carcinoembryonic antigen (associated

31 wtth, c.g.. breast cancer. lung cancer, and ctmcers of Ihe
gastrointestinal Iruct simh as colorcctal cancer), (d) shared
ant tgmts, for cxamplc. mclmtoma-mclanocytc dtllerenttauon
antigens such as MAICF-I,'Melan A. gp100, MC'I R, melano-
cyte-stimuLtting homtone receptor. tyrosinase. tymsinase

So related protein-I/TRPI and tymsinase related protein-2/
TRP2 (associated with, e.g.. mehnnoma), (e) prostate asso-
ciated antigcns such as PAP. PSA, PSMA. PSH-PI, PSM-
Pl, PShI-P2, associated with e.gv prostate cancer: (I)
immunoglobulin Idiotypcs (associated w &Ih myeloma and B
cell lymplmmas, for example) In certain embodiments,
tumor imnninogens include. but are not linuted to, p15,
Hoot/Mel-40, H-Ras, E2A-PRL. H4-RET. IfiH-ICiK, MYL-
RAR. Epstein Barr virus anti ens. EBNA„human papillo-
mavtnis (HPY) antigcns, utcluding E6 and E7, hcpaut&s B

o and C vtnis antigcns, luiman T-cell lymphotrop&c virus
ant tgmts, TSP-180, p185crbB2, PI 80crbB-3, c-met,
mn-23111. 'I'ACi-72-4. CA 19-9. I A 72-4, I'AM 17 I, NuMa,
K-ras, p16. 'I'ACiE, PSC'A. I'I'7, 43-'&I'. 51'4, 791 I'gp72,
beta-HCG. BCA225. BTA.A, CA 125. CA 15-3 (CA

&1 27.29\BCAA). CA 193, CA 242. CA-50. CAM43,
CD68\KPI, CO-029, FGF-5, Ga733 (EpCAM), HTgp-f75.
M344. IlIA-50. MG7-Ag. MOY18, NB/70K, NY-CO-I.
RCASI, SDCCAG I 6. TA-90 (Mac-2 btndtng protein/cyclo-
philin I'-associated pmtein). 'I'AAI.6. TACi72, '11.P. I'P),

ho and the like.
Pharmaceutical Compositions

Liposomes of the invention are useful as components in
plmmtaccutical compostttons for nnmun&sing subjecIs
agtnnst various discascs. These composil&ons w&11 typically

Si include a phamtaccuucally accepn&bh: clara:I ut Iiddttnnl Io
the hposomes A thorough discussion of phannaceutically
acceptable carriers is available in reference 33
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A phamiaceuucal composition of lhe uivenlion may
include one or more small molecule inununopotentiators.
lior example, the coniposition may include a 'I'I R2 agonist
(e . Patn3('SK4), a 'I'I.R4 agonist (eg an aminoalkyl
lucosaminide phosphate, such as E6020). a TLR7 agonist

(e.g. iniiquimod), a TLR8 agonist (e.g, resiquimod) and/or a
TLR9 agonist (c.g. IC31) Any such agomst iilcally has a
molecular weight oi'2000 Da. Whcrc a RNA is encapsu-
lated, in some embodiments such agonist(s) are also encap-
sulated v ith the RNA, but in other einbodiinents they are io

unencapsulated Where a RNA is adsorbed to a particle. in
some embodiments such agonist(s) are also adsorbed v.ith
the RNA. but in other embodiments they are unadsorbed.

Phannaccuticul compositions of lhe uivmilion may
include thc liposomes in plain water (c g. w f i.) or in a buili r
e g. a phosphate buffer. a Tris butfer, a borate butfer, a
succinate buffer. a histidine butfer, or a citrate buffer. 13uffer
salts ivill typically be included in the 5-20 mM range

Phamtaceutical compositions of the invention may have a
pH between RO and 9.5 e.g between 6.0 and 8.0, io

Compositions of thc uivcntion may uicludc sodnim salle
(c.g. sodium chlondc) lo give loiucily. A roncmilralion of
10 2 mg,'ml Na('I is typical e a. about 9 mg,,'ml.

('ompositions of the invention may include metal ion
chelators. 'these can pmlong RNA stability by renxiviag
iona which can accelerate phosphodiester hydrolysis. Thus a
coniposition may include one or more of EDTxu EOTA,
BAPTA, pen(cue acnl. ctc. Such chelalors are lypmally
prcscnt at bctw can 10-SOO PM c.g. 0.1 mM. A citrate sah,
such as sodium cttmte, can also act as a chelator. wlule io
advantageously also pmviduig buffering activity

Pharmaceutical compositions of the invention may have
an osrnolality of bete een 200 mOsm/kg and 400 mOsnt/kg,
e.g. between 240-360 mOsm/kg. or beuveen 290-310
mOsnt/kg. 33

Ph inndccutitdl i.ompositions of lhi. uivmilion miy
include one or morc prcscrvalives, such as lluomersal or
2-phenoxyethanol Mercury-free compositions are pre-
ferred. and preservative-free vaccines can be prepared

Pharmaceutical compositions of the invention are prefer- do

ably sterile.
Phannaccuticul compositions of lhe uivcnlion arc prcfcr-

dbly non-pyrogenic c.g. containuig &I EI I (endoloxin unit,
st;mdard mcasurc) pcr dose, and prcfcrably &0.1 EU per

dose.
Pharmaceutical compositions of the invention are prefer-

ably gluten free.
Phamtaceutical compositions of the invention may be

prepared in uiut dose lorm. In some embodmicnls a unit
dose may have a volume of bc(ween 0.1-1.0 ml c.g. about c

0.5 ml.
1 he compositioiis inay be prepared as ittjectables, either

as solutions or suspensions. 1'he composition may be pre-
parR for pulmonary administration e.g. by an inhaler, using
a fine spray. The composition may be prepared for nasal, s.
dural or ocular administration c.g. as spray or drops. Injccl-
dblcs for uilramuscular adnunistmlion dre typical.

Compositions compnsc an immunologically cffi:ttivc
amount of liposomes, as well as any other componmits. as
needed. 13y 'imniunologically effective amount', it is meant rl!

that the administration of that amoiuit to an individual, either
in asingle dose or as part of a series. is effective for
trcaunmit or prcvcntiou. Thm amouni vance depending upon
thc health and physical condition of thc individual to be
neat&xi, agc. thc taxonomic group oi'uidiviilual to be trcatcd si
(e a. non-human primate. primate. etc.). the capacity of the
individual's immune system to syothesise antibodies, the

16
dcgrcc of protection dcsircd. thc fonnulauon of lhc vaccuic,
the treating doctor's assessnient of the medical situation, and
other relevant factors It is expected that the amount ivill fall
in a relatively bmad rmige that can be determined through
mutine trials. The liposome and RNA content of composi-
tions of the invention will genemlly be expressed m temis of
the iunounl oi'RNA pcr ilosc. A prcfi:rrcd dose has 100 pg
RNA (c.g. Ihom 10-100 pg, such as about 10 pg. 25 pg. 50
pg, 75 ps or 100 pg), but expression can be seen at much
Iov er levels e g. ai gg'dose, a100 ng/dose. a I 0 ng/dose. Cl
ng/dose, etc

The invention also provides a dehvery device (e..
syringe. nebuliser. sprayer, inhaler. demial patch. etc.) con-
taiuuig a phamiacculical composition of the uivcnlion. Tlus
device can bc used lo aihninister tlm composition io a
vertebrate subject.

I,iposomes ot the invention do not include ribosonies
Methods of 'I'reatment and Medical Uses

In contrast to the particles chsclosed in reference 14,
liposomes and pharmaceutical compositions of the invention
are for in vivo usc for eliciting an inunuue rcsponsc agauisl
dii iiiiiiiiiiiiigcli of iiucrcst.

I'he invention provides a method for raising an inunuoe
response in a vertebrate comprising the step of adniinistering
an etfective mnount of a liposonie or phaunaceutical com-
position of the invention.

The immune response is preferably protective and pref-
erably uivolvcs antibodies and/or cell-mcihatcd inunuiuiy.
Thc method may raise a booster response.

'I'he mvention also pmv ides a 1iposo me or pharmaceutical
composition of the invention for use in a method for raising,
an imnnine response in a vertebrate

The invention also provides the use of a liposome of the
invention in the mamifacnire of a medicament for raising an
imnnuic rcsponsc in a 3 crlebrdtc.

By raising an inunune rcsponsc in the vcrtcbralc by these
uses and methods, thc iertcbrate can bc protcclcd agauisl
various diseases anrgor infections e.g against bacterial
and/or viral diseases as discussed above 'I he liposomes and
compositions are immunogenic, and are more preferably
vaccine compositions. Vaccines accordin to the invention
may cilhcr be prophylactic (i.c. lo prevent uifcction) or
therapeutic (i.iv lo trent uifi:i:lion), but will typically bc
prophylactic.

'I'he vertebrate is preferably a mantmal. such as a huinan
ore large veterinary mammal (e g horses, cattle, deer, goats,
pi s). Where the vaccine is for prophylactic use, the iniman
is prefemtbiy a child (e.g. a toddler or infant) or a teenager;
wlicrc tlic vacciiic ls fol llicldpculic Usih llii: liiiiiiaii is
prcfi:rably a tccnager or mi adult. A vaccuie intended lor
cluldrmi may also bc administered to adults e g. to assess
safety, dosage. imnmnogenicity. etc

Vaccines prepared according to the invention may be used
to treat both children and adults. Thus a human patient may
be less than I year old. less than 5 years old, 1-5 years old,
5-15 yciim olii, 15-55 vciiis CICI, or al Icdsl 55 3'cars old.
Preferred patients Ihr recco ing the vaccines arc thc elderly
(c g. SO years old, 60 yours old. and prcicrably 6S vcars).
the young (e g. a5 years old). hospitalised patients, health-
care workers, amied service and niilitary personnel, prep;
nant women, the cluonicaily ill. or inmuinodeficient
patients. The vaccines are not suitable solely fiir these
groups, howcvcr. mid nuiy be used more generally in d

populatioii.
Compositions of thc uivcnlion will gcucrally beaihnin-

istered directly to a patient. Direct delivery may be accom-
plished by parenteral injection (e g. subcutaneously, iotnap-
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cnlonciiilvl hllravcnousl)', hllrannisculsllvs hlnddcmlaliv, or
to the interstitial space of a tissue; unlike reference I,
intra lossal injection is not typically used ivith the present
invention). Alternative delivery routes include rectal. oral
(e.g. tablet, spray)„buccal, sublingual. Vagnal. topical,
transdermal or transcutaneous, intranasal. ocular. aural. pul-
monary or other mucosal adnunislration. Intradcnnal and
hill'Bnlilscuiar Bdnlnllsndtlon Brclwo prclclrcd I nates. Illfcc-
tion may be via a needle (e g. a h)Endermic needle), but
needle-free hi)ection may alternatively be used. A typical la
intramuscular dose is 0 5 ml

The invention may be used to elicit systemic and/or
mucosal inuuunlty„prefemlbly to elicit an enhanced systemic
dnd/ol nulcosid nnnlanllv.

Dosage can be by a single dose schedule or B multiple
dose schedule. Multiple doses may be used in a primary
immunisation schedule and/or in a booster imnnulisation
schedule In a multiple dose schedule the various doses may
be given by the same or different routes e.g. a parenteral
prime and mucosal boost, a mucosal prime and parenteral lo
boost, elc. Mulnplc doses will typically bc admhustcrcxl al
least I week apart (e.g. Shout 2 weeks, about 3 weeks, about
4 weeks, about 6 weeks, about 8 weeks, about 10 weeks,
about 12 iveeks, about 16 weeks, etc ) ln one embodiment,
nniltiple doses may be administered approximately 6 weeks,
10 weeks and 14 weeks aller birth, e.g. at an age of 6 weeks,
10 weeks and 14 v eeks, as often used in the World Health
Orgdnisalion's Expandix! Proc)tun on Inununisalion
(*'EPI"). In an alternative embodiment, two pnmary doses
are administered about two months apart, e g about 7, 8 or lc
9 weeks apart. follolved by one or more booster doses about
6 months to I year after the second primary dose, e g. about
6. 8, 10 or 12 months after the second primary dose. In a
further embodunent„ tllree primary doses are administered
about lwo months apart, c.g. about 7, 8 or 9 wcmks apart, li
followed by onc or morc booster doses about 6 months lo I

v'cilr Bfier lhc third prnuary dose, e.. about 6, 8. 10, or 12
nlonths after the third printery dose
(ienenll

The practice of the present invention will employ. unless do

otherwise indicated, conventional methods of chemistry,
biochemistry. molecular biology, lmmunologv mid phamla-
cology, within thc skill of the arl. SuCh techniques arc
explained fully ln thc htecdturc. Sce. e, rcfcrenccs 34-40,
etc

'Hie term "comprising" encompasses "including" as well
as "consistin *'.g a composition "comprising" X may
consist exclusively of X or may include somerhing addi-
nonal e.g. X+Y.

lite tenn "about" ui rclanon lo a numerical value x is o

optional dnd means, for cxamplc, x 10'dk
1'he v ord "substantially" does not exclude "completely"

e g. a composition which is "substantially free" fnlm Y may
be completely free fmm Y Where necessary. the word
"substantially** may be omitted ibom the definition of the ss
nlvcnnon.

Rcfcrcnces to charge, to cdtlons, to anions. to zw ittenons,
ctc.. arc lalen at pH 7.

'I
I R3 is the I'oil-like receptor 3 it is a single membrane-

spanning receptor which plays a key role in the innate ic
imnume system. Known TLR3 agonists include poly(EC).
"TLR3" is the approved H(iNC name for the gene encoding
tins rcccptor. Bnd its uluquc HGNC ID ls HGNC.11849. The
ReIScq scqucncc lhr thc human TLR3 gmlc Is GE2459625.

TLR7 Is lhc Toll-hke receptor 7. Il is a single membrane- si
spanning receptor which plays a key role in the innate
immlule system Known 1'I,R7 agonists include e a. imiqui-

mod. "TLR7** ls thc approicd HGNC name for the cnc
encoding this receptor, and its unique HCiNC ID ic HGNC:
I S631. Thc RclScq sequence Ihr lhc human TLR7 gene ls
(il'67944638.

TLRN ls the Toll-hke rixeplor 8 It is a single mcmbrimc-
spanning receptor which plays a key role in the innate
inunune system. Known TLR8 agonists include e.. reciqui-
mod. "11.RN" is the apprmed H(iN('ame for the gene
encoding this receptor, and its unique HCiNC ID ic HGNC:
I S632. Thc RclScq sequence Ihr lhc human TLRN gene ls
(ik20302165.

Thc RIG-I-hkc rociptor ("RLR") I'emily ulcludes various
RNA helicases which play key roles in the innate inunune
system as disclosed in reli:rcncc 41. RLR-I (also intown as
RI(i-I or retinoic acid inducible ene I) has nvo caspase
recnutment domains near its N-terminus The approved
11(iN(.'aine for the gene encoding the RI,R-I helicase is
"DDX58" (for DEAD (Asp-Glu-Ala-Asp) box polypeptide
58) mid the unique HGNC ID Is HGNC.19102. Thc Rclgcxl
sequence for the hunlan RLR-I gene is Cik77732514
RLR-2 (also known as MDAS or melanoma diilhrentianon-
associated gene 5) also has tv o caspase recnlitment domains
near ils N-tcmunus. The approved HGNC name for thc cnc
mlcodlng thc RLR-2 hchcase is "IFIHI" (I'or ultcrlhron
induced v ith helicase C domain I ) and the unique I 1(iN('l )
is 11(iNC INN73 'I'he Reigeq sequence for the huinan
RLR-2 gene is Cik 278865(i7. RLR-3 (also known as L(iP2
or laboratory of genetics and physiology 2) has no caspace
recnutment domains. The approved H(iNC name for the
gene mlcodlng the RLR-3 hclicdse is '*DHX58" (for DEXH
(Asp-Glu-X-His) box polypcptldc S8) Bnd thc unique
11(iN(.'D is I 1(iN(129517 The Refgeq sequence for the
hlunan RI,R-3 gene is (ih149408121.

PKR is a double-stranded RNA-dependent pmtein kinase
It plays a key role in the innate itmnune system. "E]FZAK2"
(for eukaryotic translation initiation factor 2-alpha kinase 2)
is thc approvixl HGNC name Rlr thc gmie cncodul tlus
cnz)'nick Bnd Im anliptc HGNC ID m H(iNC.9437. Thc
Reigeq sequence for the human PKR gene is (ih208431825

BRIEF DESCRIPTION OF DRAWINGS

FI(i I shows a gcl with stained RNA. Lanes show (I)
markers (2) naked replicon (3) rephcon after RNase treat-
ment (4) replicon encapsulated in liposome (5) liposoine
after RNase treatment (6) liposome treated v ith RNase then
subjected to phenol/chloroform extraction.

FI(i 2 is an electron nncrograph of liposomcs.
FI(i 3 shows lhc structures ol'LinDMA, DLCBDMA

and DODb IA.
lil(i 4 sholvs a gel ivith stained RNA I.anes show (I)

markers (2) naked replicon (3) rephcon encapsulated in
liposome (4) liposome treated with RNase then subjected to
phenol/chloroform extraction.

FI(i 5 shows protein cxprcssion at days I, 3 and 6 alter
dchvery of RNA as a virlon-packaged rephcon (squares), as
naked RNA (diamonds). or in liposomcs (+=0.1 ps. x=1 pg).

ill(i 6 slmivs protein expression at days I, 3 and 6 after
delivery of four different doses of liposome-encapsulated
RNA.

FICi. 7 sholvs anti-F IgG titers In animals receivin
vtrion-packagcxi rcphcon (YRP or YSRP), naked RNA, and
I pg liposomc-cncapsulatcxI RNA.

FI(i 8 shows ann-F IgG liters in anunals recclvulg YRP,
I pg naked RNA, and 0.1 8 or I gg liposome-encapsulated
RNA.
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FIG. 9 shows ncutrahsing ant&body l&ters ul imimals
receiving VRP or either 0.1 or I pg liposome-encapsuL&ted
RNA.

FIG. 10 shows cxprcssion Icvcls al'lcr delivery of a
replicon as naked RNA (circles), liposoine-encapsulated
RNA (triangle 8: square), or as a lipoplex (im erted triangle).

FI(3. 11 shov, s F-specific I Ci titers (2 &veeks after second
dose) after delivery of a replicon as naked RNA (0.01-1 Jig),
liposome-encapsulated RNA (0.01-10 pg). or packaged as a
& irion (VRP, 10" infi:cuous un&ts or JU). I i 1

FIG. 12 shows F-spec&lic IgG tilcrs (circles) and PRNT
ti ters (squares) after delivery of a replicon as naked RNA (I
ug). Jiposome-encapsulated RNA (0 I or I pg), or packaged
as a virion (VRP, 10'U). Titers in naive mice are also
shown. Solid lines show geometric means. I

FIG. 13 shows intm&cellular cytokine production after
resiimulalion w&lh syuthcuc pepudcs rcprcscntulg Ihc ma)or
cp&lopes in the F protein, 4 wccks alter a second dose. The
y-axis shov s the % cytokine+ of ( Dg+Cl)4 —.

FIGS 14A and 1413 show lmspeciiic Ig(i titers (mean la
logm titerszstd dev) over 63 days (FICI. 14A) and 210 days
(FICJ. 14B) after inmulnisation of calves. The tluee lines are
easily distinguished at day 63 and are, from bottom to top
PBS ncgatnc control, ltposomc-dcltvcrc&I RNA: and thc
"Triangle 4" product.

11CJ 15 shows Sl IAP expression (relative intensity) at day
6 against pKa of hpids used m the liposomes. ('ircles shov
levels for liposomes with DSPC. Bnd squares for liposomes
without DSPC: sometunes a square and circle overlap,
leaving only the square visible for a given pK». c

FIG. 16 shows anti-F tncrs expression (relative lo RV01,
IOO/o) two wccks afier a Iirsl dose of rcplmon encoding F
pmtein I'he titers are plotted against pKa in the same way
as in I'ICJ 15 'I'he star shows I(V02. which used a cationic
lipid having a higher pKa than the other lipids I'riaagles &s

show data for liposomes lacking DSPC: circles are for
liposomes which included DSP(1

FIG. 17 shows total IgG tilcrs aller rcphcon dchvcry in
hposomcs using, from left to nglu, RV01. RV16, RV17,
RV18 or RV19 13ars show nleans. 'I'he upper bar in each sa
case is 2&vp2 (i e 2 weeks after second dose). whereas the
lo&ver bar is 2wp I

FIG. 18 shows IgCi titers in 13 groups ofmice. Each circle
is an individual mouse. and solid lines show geometric
mc;ms. The dolled honzonuil lute is Ihc assay's delcclion Bs

limit. The 13 groups arc, from left to nghl, A lo M as
described below

FIGS 19A and 1913 show 11,-6 (I'l(i 19A) and Il&NO

(i&l(i 19i3) (pgrml) released by pD('here are 4 pairs of
bars, from lefl to right: control: imnnlnised with RNA+ sc

DOTAP; inumuused v ith RNA+lipofectamine: and inunu-
niscd with RNA in hposomes. In each pair flle black bar is
will-Ivpc lnlcC, glc)'S rSiJJ nlulaill.

MODES FOR CARRYING OUT THE
INVENTION

RNA Rcphcons
Various replicons are used bein&v. In general these are

based on a hybrid alphavirus genome with non-stnictural ic
proteins from venezuelan equine encephalitis virus (VEEV),
a packaging signal fmm sindbis virus, and a 3'TR fmm
Sindbis & irus or a VEEV mutant. The rcplicon is about 10 kb
long Bnd has B polv-A tall

Plasmid DNA encoding alphavirus rcplmons (named ss
pT7-mVI:IJV-I&I, RSVJ& or A317; p'I'7-mVJ,JIV&SI,AP or
A306; pSP6-V'('R-(ilip or A50) served as a template fi&r

synthesis of RNA ul & itro. Thc rcphcons coulaul the alpha-
vinis genetic elements required ti&r RNA replication but lack
those encoding gene products necessary for particle assem-
bly; the stmctural proteins are instead replaced by a protein
of interest (either a reporter. such as SEAP or CJFP, or an
inununogen. such as hdl-length RSV F protein) and so the
rcphcons Brc ulcBpabh: of uuluculg fllc gcncidllon of ullcc-
tious particles. A baclcnophagc (T7 or SP6) promoicr
upstream of the alphavinls cl)NA facilitates the synthesis of
the replicon RNA in vitm and a hepatitis delta virus (I Il)V)
ribozyme immediately downstream of the poly(A)-tail gen-
erates the correct 3uend through its self-cleaving activity.

Folio&ving linearization of the plasmid DNA downstream
of lhc HDV ribozymc with a suitable restnct&on endonu-
clcasc, run-ofi'Iranscnpls werc syntlms&zcd in vitro using T7
or SP6 bacteriophage derived DNA-dependent RNA poly-
merase. I'ranscriptions &vere performed fi&r 2 horns at 37'
in the presence of 7.5 mM fl 7 RNA polynlerase) or 5 mM
(SP6 RNA poiymerase) of each of the nucleoside triphos-
phates (ATP. CTP, CJTP and UTP) following the instructions
provulcd by the mimufaclurer (Atnbtou). Followulg lran-
scnption the lcmplatc DNA was digcstcd with TURBO
DNase (Ainbion).

I'he replicon RNA ives precipitated with J,i('I and recon-
stituted in nuclease-free &vater Uncapped RNA was capped
post-trmscriptionally with Vaccinia Capping Enzyme
(VCE) using the ScriptCap m7CI Capping System (Epicentre
Biotcchnologies) as ouilulcd ul Ihc user manual: rcplicons
capped in tlus way arc g&vcn thc **1" prclix e.g &A317 is thc
A317 replicon capped by V( I I Post-transcriptionally
capped RNA v, as precipitated &vith I,i('I and reconstituted in
nuclease-free water 'I'he concentration of the RNA samples
v as determined by measuring ODziu „„, Integrity of the in
vitro transcripts was confirme by denaturing agarose gel
clcctrophorcsis.
Liposomal Encapsulation

RNA was encapsulated in hposomcs made by thc method
of references 11 and 42. 1 he liposomes were made of 10%
DSP(.'zv itterionic). 40/s 1)l.inl)MA (cationic), 48% cho-
lesterol and 2% PECI-conjugated DMCJ (2 kDa PECJ). These
proportions refer to the % nloles in the total liposome.

DLinDMA (1.2-dilinolcyloxy-N.N-dunethy1-3-tunulo-
propmlc) was synthesized using the procedure of refhrencc
6. DSPC (1,2-Diastcaroyl-sn-glyccro-3-phosphocholmc)
v as purchased from Cienzyme. Cholesterol was obtained
from Sigma-Aldrich. PJ',G-conjugated DM(i (1,2-dimyris-
toyl-sn-glycero-3-plu&sphoethanoL&mine-N-[methoxy(poly-
ethylene glycoi), anunonium salt). DOTAP (1,2-dioleoyl-3-
truncthylanuuotuum-propane. chlonde sah) and DC-chol
(3[3-[N-(N',Nud&melhylaminoethanc)-curbamoyl]cholcs-
tcrol hydmchloridc) werc from Avant& Polar L&pals. 1.2-
dimynstoyl-rac-glycerol-3-methoxypolyethylene glycol
was obtained front NOI''orpom&tion (catalog JJ (JM-020)

Briefly. Jipids were dissolved in ethanol (2 ml). a RNA
replicon was dissolved in buffer (2 ml„100 mM sodium
citratc, pH 6) and these acre mixed wnh 2 ml ol'ufii:r
followed by I hour ol'equihbratiou.

Thc mixture»as diluted with 6 ml bullbr then Iillered.
'I'he resulting product contained liposomes, with -959I&

encapsulation efliciency.
For example. in one particular method, fresh lipid stock

solutions were prepared in ethanol 37 mg of DLinDMA,
11.8 mg of DSPC, 27.8 mg of cholcstcrol and 8.07 mg of
PECi-DMG were wctgJ&txl and dissolved ul 7.55 mL ol'thanolThc freshly prepared hpid stock solus&on was gcnily
rocked at 37" (L for about 15 min to fornl a homogenous
nuxture 'I'hen. 755 Jd of the stock was added to I 245 mi,
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ethanol to mal e a working llpxl stock soluiion of 2 mL. Ttus
amount of lipids was used to form liposomes with 250 pg
l(NA A 2 ml. working solution of RNA wac also prepared
fmm a stnck solution of -I pg/pl. in 100 mM citrate buffer
(pH 6). Three 20 mL glass vials (with ctir bars) were nnsed
with RNase Away solution (Molecular BioProducts) and
washed with plenty of MllliQ water before use to dccon-
tiinlllratc Ihc vials ol RNii sea. Onc ot Ihc visits w Bs lisixi for
the I(NA lvorking solution and the others filr collecting the
lipid and RNA mixes (as described later). 'I'he working hpid IB

and RNA solutions were heated at 37'2 for 10 min before
being loaded into 3 cc luer-lok syringes. 2 mL citrate buffer
(pH 6) was loaded in another 3 cc syringe. Syringes con-
tainulg RNA and the liplds werc coiulectcd to a T mixer
(PEEK™ 500 Iun ID Junction. Idex Health Science) using
lit ip nibing (fiuorinated ethylene-propylene; all Iilip tubing
used has a 2 mm internal diameter and a3 nuu nuter
diameter) the outlet front the'I mixer was also 11'.P tubing.
The tlfird syringe containing the citrate buffer was connected
to a separate piece of FEP tubing. All syringes were then ln
dui cn st a fiow rate of 7 mL/mul usulg a syringe pump. The
tube outlets werc positioned Io collect thc nnxturcs ul a 20
nil. glass vial (while stirring). Jbe stir bar was taken out and
the ethanoliaqueous solution w:as allowed to equilibrate to
room temperature for I h 4 ml of the mixture ives loaded
into a 5 cc syrin e. winch was connected to a piece of FEP
nibing and in another 5 cc syringe connected to nn equal
length of FEP tubulg, an equal amount of 100 mM cltratc
buili r (pH 6) was londixl. Tllc two synngcs were dni ml at
7 ml,'min finw rate using the syringe pump and the final co

mixture collected in a 20 ml, olass vial (while stirring).
Next. the mixture collected fmm the second mixing step
(liposonles) were passed through n Mustan Q membmne
(an anion-exchan e support that hinds and removes anionic
llxilccides. obtained from Pall Corporslloli). Before lisulg lc
tins membrane Ibr thc liposomes. 4 mL of I M NaOH. 4 mL
ol' M NaCI and 10 mL ol'00 mM citrate bufibr (pH 6)
were successively passed through it I,iposomec v ere
warmed for 10 min at 37" (2 befiire passing through the
membrane. Next. Iiposomes v ere concentrated to 2 mL and co

dialyzed against 10-15 volumec of I xPBS using by tnngen-
ual fiow lit(ration bcforc rccovcnng thc Jinni product. Thc
TFF system and hollow liber liltmfion membranes werc
purchased from Spectrum Labs (Rancho Donmlguez) and
were used according to the nlanufacturer* s guidelines. Poly-
sultime hollow fiber filtration membranes lvith a 100 kD
pore size cutoff nnd 8 cma surface area were used. For in
vitro and in vivo experiments tbrmulationc were diluted to
thc rcqulrixl RNA concentration with I xPBS.

FIG. 2 shows an cxamplc electron nucrograph of lipo- o

somes prepared by thcsc methods. Thcsc hposomes contmn
encapsulated RNA encoding full-length RSV I'ntigen.
l)ynmnic light scattering of one batch cholved an avencge
diameter of 141 nm (by intensity) or 78 nm (by number).

The percentage of encapsulated RNA and RNA concen- s.
trauon were dctcrmlncd by Quani-iT RlboGreen RNA
reagent tot (Invitrogml). Iollowing manulaclurer's instruc-
uomn lite ribosomal RNA standard provxlcd ul the kit was
used to generate a standard curve l,iposomes v ere diluted
10x or 100x in I x'lil butTer (from kit) before addition of the io
dye. Separately„ liposomes were diluted 10x or 100x in
I xTE bufi'er containing 0.5% Triton X before addition of the
dye (Io disrupt Ihc hposomes and thus Io assay Joist RNA).
Thcrcsfter an equal amount ol'yc wss addict to each
soliinoll Bnd Ihcli — 180 IIL ol each sohilloli BI(el dvc Bddulon sc
was loaded in duplicate into a 9(i lvell tissue culture plate.
'I'he fiuorescence (Jlx 485 nm, lim 528 nin) wac read on a

microplatc reader. All liposome fiinnulauons werc dosed in
vivo based on the encapsulated amnunt of RNA

Iincapsulation in lipocomes ives shown to pnltect RNA
from RNase digestion. I ixperiments used 3 8 mAU of RNase
Aper micro ram of RNrk. incubated for 30 minutec at room
temperature. RNase wns inactivated with Proteinase K at5S'. I'or 10 muuitcs. A 1.1 v/v mixture ol'iunple Io
2S.24:I v/viv. phenol.chloroliinn:isoamyl alcohol was then
added to extract the RNA fmm the hpidc into the aqueous
plmse. Sainples lvere mixed by vortexmg for a few: seconds
and then placed on a centrifu e for 15 minutes at 12 k RPM
The aqueous phase (containing the RNA) wns removed and
used to analyze the RNA, Prior to loading (400 ng RNA per
well) all thc samples werc incubated with filnnakichydc
loading dyc, denatured Ibr 10 minutes at 6S'. and coolest
to room temperature Ambion Millennium markers were
used to approximate the mnlecular weight of the RNA
constnict I'he gel wac run at 90 V. 'I'he gel was stained using,
0.1% SYBR gold according to the manufacturer's guidelines
in water by rocking at room temperature for I hour. FICI. I
sholvs that RNasc completely digests RNA in thc abscncc of
encapsulation (lane3). RNA is undetcctablc aficr encapsu-
lation (lane 4), and no change ic seen if these liposomes are
treated with RNase (lane 4). After RNase-treated liposomec
are subjected to phenol extraction. undigested RNA ic seen
(lane 6) Even after I week at 4" C the RNA could be seen
without any fragmentation (FIG 4„arrow). Protein expres-
sion in vivo was unclmngixl after 6 winks at 4'. mid onc
frimze-thaw cycle. Tluis liposomc-cncapsulatcd RNA is
stable

'I'n assess in vivo expression of the RNA a reporter
enzyme (SIIAP; secreted alkaline phosphatase) was encoded
in the replicon, rather than an inmuinogen. Exprescion levels
v ere measured in sem diluted I 4 in lxPhospha-I ight
dilution bulli:r using s chcnulumincscmlt alkaline phosphaie
substrate. 8-10 wccl old BALB/c mice (5/group) were
inicctcd uuramuscularly on day 0, 50 Id pcr lcg with 0.1 Itg
or I pg RNA dnse 1'he same vector wac also adnlinistered
without the liposomes (in RNace free 1xp138) at I ug,
Virion-pact aged replicons were also tested. Virion-pack-
aged replicons used herein (referred to as "VRPS*') were
obtained by Ihc methods of refi:rmlce 43. where Ihe alpha-
virus rcplicon is dculixl from thc mutnnt VEEV or a
clumera dcrivid from the genonu: of VEEV enginccrcd to
contain the 3'J'I'R of Sindbis viols and a )indbis virus
packaging sigttal (PS), packaged by co-electmporating them
into BHK cells with defective helper RNAs encodin the
Sindbis virus capsid and glycoprotein enes.

As shown in FIG. 5, encapsulation ulcrcasixl SEAP levels
by about %1 log at Ihc I pg dose, and at day 6 expression
Jrom a 0.1 ps encapsulatixl dose matched lcvcls scca with I

pg unencapsulated dose 13y day 3 expression levels
exceeded those achieved with VRps (squares) 'I'huc

expressed increased lvhen the RNA was formulated in the
liposomes relative to the naked RNA controL even at a 10x
lower dose. Expression was also lugher relntlvc to thc VRP
control, but thc kinetics OI expression werc very ihITercnl
(sec FIG. 5). Delivery of thc RNA with clectroporatlon
resulted in increased expression relative to the naked RNA
control, but these levels lvere lolver than with liposomes

To assess whether the efi'ect seen in the liposome groups
v as due merely to the liposome components, or was linked
to thc encapsulation. thc rcplicon was administcrcd in

encapsulated I'omt (with tw o ddthrent p un i i ca non pro lo co la,
0.1 Itg RNA), or mixed with thc liposomcs after their
formation (a non-encapsulated "lipoplex", 0 I ng RNA). or
as naked RNA (I ng) lii(i. 10 shows that the hpoplex gave
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24
Ihe lowest levels ol cxprcsslon. showutg lhal shows mtcap-
sulation is essential for potent expression.

In vivo a(udice using liposomal dchvcry confirmed these
findin s Mice received vmious coinbinations of (i) self-
rcphcaung RNA rephcon encoding full-length RSV F pro-
tein (ii) selfreplicating (il!P-encoding I(NA replicon (tii)
(JFP-encodin RNA repl icon with 0 knockout in nsP4 which
eliminates self-replication (iv) full-length RSV lnprotein. 13

groups in total received
1!!

thc second (k!sc (FIG. 9). FIG. 12 shows both IgG and PRNT
titers 4 weeks afier the second dose.

FICi 13 conlinns llmt lhe RNA chclts a robust CDS T cell
response

Furllmr cxpcnmcnts compared F-spccilic IgG utcrs in
nuce receiving VRP, 0 I pg liposnme-encapsulated 13NA. or
I pg liposome-encapsulated RNA. Titer ratios (VRP:lipo-
some) at various times after the second dose were as follows

9 eeke 4 seeks Su eke
x
B
(

F
F
G

0

K
L

I pe el ( I asked
I pg of ( I eucepeuleted ui

I pot me
( I pg of ( I 9 th separate
lipoioiucs
0.1 p of(i) asked
01 pe ot'til asked
0.1 Ii of (i) ciiciipeiiletcd ui
I p ..»
01 pg fi ), *Sisuht I m
I p ..»

I pe ol (I encapsulated ii
I pot me

I pe ol (I encapsulated ui
I pot me
9 pe F protcui

pg F protcui

M pg F protcui

li! ug of lul. uekcd
10 u of (ui!, asked
li! ug of lul. ooked

Ii! 9 f (i 1 ,d d

I ug of ( ). eii epsulired ui
I poeoiue
I ug of i I. eucepeuleted u
I poeoiue

I uf f ( i), eu epeuletcd iu
Iipoeomc
I uf f ( ul, cucepeuleted ui

20

So
Resuhs ut FICJ 18 show that F-specfiic IgG responses

required encapsulation in the liposome mther than mere
co-dchvcry (compare groups C gc D). A companson of
groups K„L and M shows that the RNA provided an
adluvanl cfiiml dgmnsl co-dehvcrcd prolcm, tmd ibis ellccl lc
was seen with bnth replicating and non-replicating t(NA

Further SEAP cxpcnments showcxl 0 clear dose response
in vivo. with expression seen after delivery of as little as I

ng RNA (FICi 6). Further experiments comparing expres-
sion from encapsulated and naked replicons indicated that 40

0.01 pg encapsulated RNA was equivalent to I pg of naked
RNA. Al a 0.5 pg dose of RNA thc mtcapsulalcd matcnal
ave a 12-fold higher exprescion at day 6: at a 0.1 pg dose

icicle werc 24-fold lughcr at day 6.

Rather than looking at avemge levels in the group. (ndi-
cidual;mimals werc also studied. LB)term(s several animals
were non-responders to naked replicons, encapsulation
eliminated non-responders.

Further experintents replaced I)I inl)MA v ith DO'IAP.
Although the DOTAP liposomes gave better expression than
nal cil 107!ficou. they werc Infcnor lo (he DLBIDMA lipo-
somes (2- to 3-fold dlfi'erence at day I). )Vhereas DOTAP
has a qua(emery amlnc, and so have a positive charge at the
point of delivery, Dl.inl)MA lms a tertiary amine

To assess in vivo Immunogcnicity a rcplmon was con-
structed to express full-length I'rotein fn!m respiratory
syncyual virus (RSV). Tlus was dehvercd naked (I gg),
encapsulated in liposonles (0.1 or I ug), or packagmi in
virions (10e IU: "VI3P*) at days 0 and 2] 1!1(i 7 shows (0
anti-F IgCi titers 2 weeks after the second dose. nnd the
liposontes clearly enhance immuno enicity. FICi. 8 shows
ulcrs 2 wcmks later, by wluch point thcrc was no stat(a(ical
dill(:rmtcc bctwccn thc encapsulated RNA at 0.1 pg. the
encapsulated RNA at I pg, or the VRP group. Ncutrahsation dc

titer! (measured as 60% plaque reduction, "PILN1'60") v ere
not significantl different in these three groups 2 iveeks after

I leg
I I'g

29 10 11
09 )9

'lhus the liposnme-encapsulated RNA induces essentially
the same magnitude of immune response as seen w:ith virion
delivery.

Further experiments showed superior F-specific IgCJ
responses with a 10 pg dose, equivalent responses for I 0
and 0.1 ug doses, mtd a lower respome with a 0.01 pg dose.
FIG. 11 shows IgG ulcrs ut nucc rixmving thc rcphcon in
naked foml at 3 ditferent doses. in hposomes at 4 ditferent
dose~, or as VRP (10 ill). I'he response seen with I gg
liposnme-encapsulated RNA ives statistically insignificant
(ANOVA) when compared to VRP. but the hipter response
seen v ith 10 ug liposome-encapsulated RNA seas statisti-
cally signilicant (p&0.05) whmt compared to both ol'hcsc
grot(ps.

A further study confinlted that the 0 I pg of liposoine-
encapsulated RNA gave much higher anti-I! Ig(i responses
(15 days post-second dose) than 0 I pg of dehvered l)NA,
and even v:as more inununogenic than 20 ps plasmid DNA
encodln the F antigen, delivered by electroporation (El-
gcn™ DNA Dain cry System, Inovlo).

A further study was perlbrmed In couou rats (Sigalodoa
hisJ!it(is) instead ol'miciu Al a I p dose hposome encap-
sulation increased F-specific ig(i titers by 8 3-fold compared
to naked RNA and increased PRN I'iters by 9 5-fi!Id The
maputude of the antibody response was equivalent to that
induced by 5x10" IU VRP. Both naked and hposome-
mtcnpsulatml RNA v,crc able to protect thc couon mls I'rom

RSV challcngc (I xi 0'laque fornung uruts), rcxtucutg lung
viral lotul by at lmist 3.5 logs. Encapsulnuon lncrcascd thc
reduction by about 2-fold.

A large-animal study was perfnrmed in cattle ('otvs were
inununised with 66 ps ofreplicon encodin full-length RSV
F protein at days 0 and 21. fomutksted inside liposomes. PBS
alone was used as a ncgauvc control, and n hccnscd vaccutc
was used as a positive control ("Triangle 4" lrom For(
Dodge, conte(ning killed virus) FIG. 14 show F-spccliic
Ig(i titers nver 63 day and 210 day periods, respectively,
starting froin the first immunisatinn 'I'he RNA replicon was
inununogenic in the cows. although it gave lower titerc than
the hcensed vaccine. All vaccinated cocc s shocc ed F-specific
anubodics after the scmond dose, aud ulers werc very stable
from thc pcnod of 2 lo 6 necks after lhe second dose (and
were particularly stable for thc RNA vaccutc).
Mechanisin of Action

13one marroiv derived dendritic cells (pl)(') were obtained
from wild-type mice or the "Resq" (rsq1 ) mutant strain. The
mutant strain has a point nuttation at the amino terminus of
its TLR7 rimiptor whiCh abohslms TLR7 signaling wuhoul
alfccttng ligand buulmg as disclosed In rcfi:rance 44. The
cells cccrc stimululcd wuh 107!Roon RNA fonnulatcd wlfit
DO1'AP, lipnfectamine 2()00 or inside a liposonte. As shown
in 1(I(ig. 19A and 19I3. II -6 and INl su respectively, were
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induced in WT cells bul this rcsponsc was almost completely
abrogated in mutant mice. These results shows that TLR7 ls
rcxlutrcd Ibr RNA recognition in unmunc cells, and llmt
liposome-encapsulated replicons can cause immune cells to
sccrclc high Icvcls of both intcrfi:rona and pro-inff unmatory
cytokines.
pKa Measurement

'Ihe pKa of a lipid is measured in v;ster at standard
temperature and pressure using the following technique:

ni
2 mM solutiou ol'lipul ut etlmnol is prepared by weighing

the lipid and dissolving in ethanol. 03 mM solution of
lluoresccnt probe 6-(p-toluulino)-2-naphthalencsulfo-
nic acid (1 NS) in ethanohmethanol ') I i ~ prepared by
Iirsl mal in 3 mM solunon of TNS ui methanol and
then diluting to 0 3 niM with ethanol

An aqueous buffer containmg sodium phosphate. sodium
citrate sodiunl acetate and sodium chloride. at the
concentrations 20 mM. 25 mM, 20 mM and 150 mM,
rcspeclivcly, is prcparixl. The buffcr is sphl utlo eight zii

parts and the pH adjusted either ivith 12N HCI or 6N
NaOH lo 4.44-4.S2, 5.27. G.IS-G.21, 6.57, 7.10-7.20,
7 72-7.80. 8.27-'8.33 and 10 47-11.12 400 pi of 2 ntM
lipid soluuou and 800 HL of 0.3 mM TNS soluuon arc
mixed.

7 5 HL of probe/lipid nnx areaddixl lo 242 5 HL of buffbr
in a I ml, 96 well plate 1'his is done ivith all emht
buffers. After nuxing, 100 HL of each probe/lipid/buffer
mixture is transferred to a 250 pl, black v ith clear
bottont 96 well plate (e.g. model COSTAR 3904,
Coming). A couveiumit way ol perfonnin llus nuxing
is to use the Tecan Cienesis RSPI50 high tiuou hput
hquid lrandlcr aud Gemini Sollw are.

I'luorescence of each probe/lipid/bulTer mixture is ntea-
surtxi (e.g. with a SpcctraMax M5 spectropholomcter
and SoftMax pro 5 2 sofnvare) with 322 nm excitation,
431 nm emission (auto cutofi't 420 nm).

After the measurement, the background fiuorescence
value of an empty v ell on the 96 well piste is sub- sa
tractcd from each probe/hpiihbuffi:r nuxture. The ffuo-
rescence intensity values are then normalized to the
1 slue al lowest pH. Tlm nornmlizod lluorcsccnce inten-
sity is tlu:n ploucd against pH and a line of best Iit is
pmvided.

'Ihe point on the hne of best fit at which the normalized
fluorescence intensity is equal to 0.5 is found. The pH
corresponding to normalized fluorescence intensity
equal to 0 5 is found and is considered lhc pKa of the
hpid. o

llus method gives a pKa ol'.g for DLinDMA. 111c pKa
values measured by this metliod for cationic lipids of
reference 5 are included below
Encapsulation in Liposomes Usia Alternative Cationic
Lipids i.

As an allcmauvc to usutg DlinDMA, thc cauomc hpuls of
rcfcrencc 5 are used. Thcsc lipids cmi bc synthesiscxl as
ihscliwcd ul rcfbrcncc 5.

'lie lipo sonics formed above using I )linDMA are referred
to hereafter as the "RV01" series I'he l)linl)MA was ii!

replaced with various cationic lipids in series "RV02" to
"RV12" as described below. Two different types of each
liposome acre formed, usutg 2% PEG2000-DMG with
either (01) 40%v ol'hc cationic hpid, 10% DSPC, and 48%
cholcstcrol. or (02) 60% of the catioiuc hpid and 38% ss
cholesleml 11nis a comparison of the (01) and (02) lipo-
somes shows the etTect of the neutral zwitterionic lipid

SH
0

Hig
II

0

RV03 liposomcs werc made usia lhc followuig canoiuc
lipid (pKa 6.4)

26
RV02 liposomcs werc made usia lhc followuig canoiuc

lipid (pKa&9„without a tertiary amine):
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28
Rsr04 liposomes werc made usrng thc following cationic

lipid (pKa 6 621.
RV06 liposomcs werc made usus thc followurg catroruc

lipid (pKa 5.651.

RV06 liposomes were made using the follov in cationic
lipid (pKa 7.272
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30
Rsg07 liposomes werc made ustng thc following cationic

lipid (pKa 6 g1

RV09 liposomcs werc made usta thc followutg cattotuc
lipid (pKa 6.071:

20

Rsg08 liposomes werc made ustng thc following cationic 00

lipid (pKa 6 727
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RV10 hposomes werc made Rir companson using thc
followuig cationic lipid (pKa 7.86):

RV11 liposomes werc made usuig the lhllowing cationic
lipid (pKa 6.4)).

QU.'V12

liposomes were made usin the following cationic
lipid (pKa 7);

0
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34
RV16 liposomes werc made using lhc following cationic

lipid (pKa 6.1) as disclosed in reference 45:
-continued

p»l I 1P SPAl'l'vll

(021 641 139 ir!198)
RV12 ir!I) 7 13 7 10 161)
RV12 (r!2) 7 I 83 ir!28

7. 71 8 lt!7 2

78 8 65 lI!
694 788 82

RV17 liposomes !vere made using, the follov ing cationic
lipid (pKa 6.1) as dtsclosfxi ul rci'urence 45.

0

Lq»d SLAP SLAP
pga Za tpdll cocapavlavos dav I da3 6

RVI!I (0) I

RVDI io
RVI! (0) I

Rvr)2 I! 2j
RVDS rr»
Rvr) I! 2j
RVD4 rut)
RV!!4 (02)
RVDJ iol)
Rvvs 0)21
RV06 iol )

RVI!6 (0 I

RV07 iol )

RVI!7 (0 I

RVDS 0 I)
RVDS

0'vr)9

I! I j

RVDD rrn;
Rvlo (vll
Rvlr! i02)
Rvl1 ir.!I)

I 8 154 6 (0
162 0 (0

9 13 ! 'J (0
9 134 6 (0
6 4 )58 3 (0
64 1642((J
6 62 I'l 0 (t!

662 1346 (u

8 164 0 iv
5 85 177 8 (u

7 27 116 DID
7 27 136 3(0
6 8 140 6 (0
6 8 138 6(0
I 77 176 7 ((I

572 1995(0
607 165 3 (0
607 179 5 (0
786 I 97 (u
786 1476 iv
641 I 92 (u

I I)
I 4)
18

082!
121

145!
1451

117l
162)
117l
I tll) )

I 64 )

I tl4)
I

IS!!
(J)l
I 6J!
1571

I t14l

131)
I t16l

9 5

96 5

97.6
6

74 r!

(11.5

760
72.t(

9 tl

74 9
7

5iJ

46 3

7 2.

7 8.4
8)J 9
71

PJ)9 71 I

100 100
7 4 7

542 43
657 44 J
62 39 7
91 154 8

904 142 6

769 . 9t)
671 79

4
2411 2! I

26 ) 163
97 748

76 187
824 329 8

65 I 4539
68.5 658 2

11 4 47tl
782 104

11 6 42

RV18 liposomes were made using DODIvhau RV19 lipo-
somes werc made using DOTMA, Imd RV13 liposomcs
were made with DOTAP, both havillg a IIuatemary arnine
hcadgroup.

1'hese liposonles !vere characterised and v ere tested v ith
thc SEAP rcportcr dcscnbed above. Thc following table
sholvs the size of the liposomes ()'verage and polydisper-
sity index). the o/o of RNA encapsulation in each liposome,
to ether with the SEAP activity detected at days I and 6

after injection. SEAP activity is relative to "RV01(02)**
liposomes mmlc from DlulDMA. cholesterol and PEG-
DMG:

l)I(i 15 plots the SNAP levels at day 6 against the pKa of
I I I the cationic lipids. The best results are seen where the lipid

has a pKa between 5 6 and 6.Y. and ideally between 5.6 and
63

Thcsc hposomes werc also usa»I to dchver a rephcon
encoding full-length RSV F protein Total IgCI titers against
F prole)n two 34 ceks after thc Iirst dose (2wp1) arc plot(u»I

against pKa in FI(i 16 'I'he best results are seen where the
pKa Is whcrc the cduontc liptd has a pKa bctwccn 5.7-5.9.
but pKa alone is not enough to guarantee a high titer e.g the
hplrl nuts( sull suppol1 llposoule forulauou
RSV Intmunogenicity

Further vvork svas carried out with a self-replicating
replicon (vA317) encoding RSV I) protein IIAI,II/c mice. 4
or 8 animals per group, were given bilateusl intramuscular
vaccinations (50 F.l, per leg) on days 0 and 21 with the
replicon (I pg) alone or formulated as liposomes with the
RV01 or RV05 lipids (see above, pKa of 5.8 or 5.85) or with
RV13 The RV01 hposomcs had 40/o DlulDIVLWr 10%
DSPC, 48% cholcstcrol and 2'/o PECi-DMG, bul with diia

30 fenng amounts of RNA 'I'he RV05(01) liposomes had 40'r'(r

cattonic lipid, 488! cholesterol. 10o/o l)SP(L and 2'i'(r PE(i-
l)M(i; the RV05(02) liposonles had 60% cattomc lipid, 38%)
cholesterol. and 2% PEG-DMCi. The RV13 hposomes had
40% DOTAP. I0%o DPE, 48% cholesterol and 2% PECI-

35 DMG. For compauson. naked plasmid DNA (20 pg)
expressing thc smne RSV-F antigml was dchvercd either
using clcctroporauon or with RV01(10) hposomes (0.1 pg
DNA). 1)our mice !vere used as a na'ive control group

I,iposomes were prepared by method (A) or nlethod (13)
40 in method (A) fresh lipid stock solutions ln ethanol were

prepared. 37 mg ofcationic lipid. 11.8 mg of DSPC, 27.8 mg
of cholesterol and 8 07 mg 01'EG-DMCI werc weighu»I and
dlssolvcd ul 7.55 mL oi'ctlninol. Thc freshly prepared hpid
stock solution was gently rocked at 37'. for about 15 min
to form a homogenous mixture 1 hen, 226 7 ui, of the stock
v as added to I 773 ml ethanol to make a working lipid
stock solution of 2 mL. This amount of lipids was used to
form liposomes vs ith 75 pg RNA to give an 8: I nitrogen to
phosphate ratio (except that ul RV01 (08) aud RV01 (09) this

0 rauo was mod)lied lo 4:I or 16.1). A 2 mL worktng soluuon
of RNA (or, Ihr RVOI(10), DNA) was also prcparcd I'rom a
stock solution of -I gg,'gl, in I(X) nlM cttnste buffer (pl I 6)
1'hree 20 lnl, glass vials (with stir bars) were rinsed lvith
RNase Away solution (Molecular )3ioproducts) and washed

5. with plenty of MilliQ water before use to decontaminate the
vuils of RNascs. Onc of (hc vials was used I'or lhc RNA
work)ng solut)on and the others for collccung thc hp)d and
RNA nuxcs (as dcscribcd later). Thc w orluug hpal and RNA
solutions were heated at 37'2 filr 10 min before being,

(0 loaded mto 3 cc syringes. 2 ml of citrate buffer (pl I 6) was
loaded in another 3 cc syringe Syrin es containing RNA
and the lipids were connected to 0 T mixer (PEEK™ 500 Iun
ID Iuuctlon) using FEP tubulg. Thc outlet from thc T nuxer
was also FEP tubulg. Thc flurd syringe conte)ning the citraie

65 bullbr was conncclcd lo 0 separate plcce of FEP tubing. All
syringes were then driven at a flow mate of 7 nil./min using
a syringe pump I'he tube outlets were positioned to collect
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RV Zis (nm) pdl 'n epeeist on Y&epmsl on

l&VO) ()0!
ILVO( (08!
l&VO) (0 I

ILVO( (09!
Rvos!I Ij
RV05 l(2j
RVOI !in)
Rvl l(2j

158 6 0(ntl 90
I!6 8 I) )44 88 6 ('Li

1365 01 6 (lij
I! - I) 06! 76 7 ('Li

148 0 127 SL) 6

177 '1 136 72 4 (Al
I '14 7 0 147 878* IAI
I 8 3 (1 17J 97 tAI

Scnun was collcc lcd for anubody analysis on days 14, 36
and 49 Spleens were harvested from mice at day 4') for'I'ell

analysis.

F-specitic senun Ig(i titers ((iM'I') were as follows

RV D.!7 14 Doy 6

Vexed DI A plesnud
Veked JD I 7 ILVA
RVI! I (1nl
ILVO( (08)
ltvnl io
ILVO( inv)
Rvil !i I I

RV05 OJ2)
Rvnl I lul DNA
RVI OJ2)

439
78

23-6

1356
961

644

6712
2291

26170

972('9(

7
I 16
5346
691

I 'I

616

Tile proportion ol'T cells which arc cytokmc-positive and 65

specihc for RSV I(51-66 peptide are as filllows. shov ing
only hgures which are statistically significantly above zem

3i
the nnxlurcs ul a 20 mL glass vial (wlulc stlrrin ). Thc stir
bar Lvas taken out and the ethanol/aqueous solution was
aflowcd to cquihbralc lo room temperature li!r I hour. Then
the mixture Lvas loaded in a 5 cc syringe„ lvhich v as fitted
lo a piccc of FEP tubing and ul anoiher 5 cc syringe with
equal lenath of l)I:P tubing, an equal volulne of 100 n!M
citrate buffer (pH 6) was loaded. The two syringes were
driven at 7 ml./nun flow rate using a syringe pump and the
final mixture collected in a 20 mL glass vial (Lvhile stirring).

( I I

Next, liposomes acre conccnlratcd to 2 mL and &lialyzcd
against 10-15 volumes of 1xPBS using TFF before recov-
cnng thc final product. Tile TFF system and hollow fiber
filtration membranes were pmchased from Spectrum I.abs
and werc used according to thc mmlufacturer's gul&lclines.
Polyethersulfone (Plug) hollow: fiber filtration membranes
(part number P-Cl-100E-100-0 IN) with a 100 kD pore size
cato tf and 20 cmn surface area were used For in vitro and
in vivo experiments„ fomndations vvere diluted to the
r(xpnred RNA concentration with lxPBS. 20

Preparation method (13) ditTered in two ways from method
(A). Firstly, aflcr collection in the 20 mL glass vial but
before 'I I(l( concentration, the mixture was passed through a
Mustang Q membrane (an anion-exchange support that
binds and remnves anionic molecules. obtained from Pall
Corporation. Ann Arbor, Mich., USA). This membrane was
Iirsl washed with 4 mL ol' M NaOH, 4 mL of I M NaCI
and 10 mL of 100 mM citrate buffer (pH (i) in turn, and
liposomes were warmed for 10 min at 37" C. before being
Iihcred. Secondly. thc hollow liber liltrdtion membrmle was
Polysullbnc (part number P/N. XIAB-100-20P).

lllc 2 as eragc parucle diameter, polydisperslty index and
cncupstlldnon cfllclcilcv of fllc hposLullcs wclc ss lollows:

35

36

( l)4+('Ds— & 'D4— ('Dtl+

RV Ipgy IL ILS TNTO IniNy IL2 ILS TNI'u

I eked
Dl A

N.d. 4
'L317
RVA
RVO I (10)
RVOI f!IS!

RVO I (os)
RVO) (o9)
Rvnn (ol)
RVO. (o2)
RVO) (10)
DN!I
RL 13 ((lzi

0 t!4 LI 07

!1.04 0 05

007 0 10
00 004
008 0 I

Ot!6 t)08

0 t!5 tl 0!

fl.ns 0 04

Ifnf OL7 029

t!08 0 7 023

0 I!
006
01
If (19

0 11

0 03

I 30 0 59
046 030
I 90 0 68
16 067
I!06 004
064 03s

t!06 I I'! 041

IJ.66

0 67

I 'I

L) Sl
I 94
1.71
0 19
IJ.69
0 08

I 18

60

Thus the hposomc fomluldtions significantly cnhanccxi
inununogenicity relative to the naked RNA controls, as
dclcrnuncd by increased F-spccilic IgG uters and T cell
frequencies. Plasmid l)NA formulated with liposomes, or
dcllvercd naked using clectropordtion, was slgnllicanlly less
inununogenic than liposome-fnrmulated self-replicating
RNA.

'I'he IRVOI and RV05 RNA vaccines were more imnnulo-
genic than the RV13 (DOTAP) vaccine. These formulations
had comparable physmdl chdractcnstlcs and were formu-
Lated with the same self-replicating RNA. but they contain
d!ITi:real cationic lip!de. RVOI and RV05 both have a teruary
amine in the headgmup with a pKa of about 5 8, and also
include unsaturated alkyl tails. RV13 has unsaturatixi alkyl
tails but its beadgrflop has a quaternary amine and is very
strongly cationic. These results suggest tltnt lipids with
tertiary amines with pKas in the range 5.0 to 7 6 are superior
to hpids such as DOTAP, which are stron ly cationic. when
used in a hposome delivery system for RNA.
Further Alternatives to DLinDMA

Thc cationic hpul m RV 01 liposomes (DLulDIVLA) was
replaced by RV16, RV17, RV18 or RV19. Total I Gtiters are
shown in FIG. 17. Thc lowest results arc sfxn with RV19 I e.
the l)O'I'MA quaternary amine
BHK Expression

I,iposomes with different lipi&fs were incubated with 131 IK
cells overnight and assessed for prnteln expression potency
From 0 baseiine with RV05 lipid expression could be
increased 1gx by adding 10/'o 1,2-diphytanoyl-sn-glycero-
3-phosphocthanolammc (DPyPE) to thc liposomc, 10x by
adding 10%v 18.2 (cis) phosphatldylcholinc. and 900x by
instead using RVOI.
RSV Imnnlnngenicity in l)itTerent Mouse Strains

Replicon "vA142" encodes the full-length wild type sur-
face filsion (F) glycoprotein of RSV but with the fusion
peptide deieted, and the 3'nd is formed by ribozyme-
mcdialcd cleavage. II was tcslfxl in tluce difli:rent mouse
strauls

BALB,'c mice werc gwml bilalerul intramuscular vacci-
nations (50 pl, per leg) on days 0 and 22 Animals were
divided mto 8 test groups (5 animals per group) and a na'ive
control (2 animals);

(iroup I were ivan naked replicon (I Itg).
Group 2 were given I pg replmon dehvcrfxl in 1!posomcs

*'RVOI(37)" wilh 40/o DlinDlVLR, 10% DSPC, 48%
Chol, 2% PEG-contugaled DM(i

(iroup 3 v,ere given the same as gmup 2, but at 0 I pg
RNA.
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Group 4 werc given I pg rcphcon ui '*RV17(10)" lipo-

somes (40% RVI7 (see above), 1(134 DSPG, 495%
cholesterol. 0.5% Pl:Ci-i)MG)

(iroup 5 were I pg replicon in "RV05(l I)'* liposomes
(40%v RVOT lipid, 30% 18:2 PE (DI oPE, 28% cho-
lesterol. 2% PECr-DMCJ).

Group 6 werc given 0 I pg rcpficon ui '*RV17(10)"
liposomcs

Ciroup 7 were given 5 pg RSV-If subunit pnitein adju-
vanted yvith aluniiniuni hydnixide.

Ciroup 8 were a na'ive contnil (2 animals)
Sera were collected for antibody analysis on days 14. 35

and 49. F-specihc senim IgCi CiMTs were:

C57BL/6 mice were unmunised in the same way, but a 9th
group received VRPs (Ixlfis IU) expressing the full-length
wild-type surface fusion glycoprotcui ol'SV (fusion pep-
tide deletiml).

Sera were collected for antibody analysis on days 14. 35
& 49. F-specilic IgG utcrs (GMT) werc.

lfl Ii) I I 2 4 7 6

I 4 I 1 4)I 2 1 3 1 1 026 279 'tf 45 1 3 30 97( I I I A I

17 I 3 1184 88- 9 2 4()9 19271 7 12119

Dyl I 3 4 5 6, 8

14 82 46'! 1789 2496 1171 I 9 I 93
15 8 341st 5605 7'!579 11718 8887 718)l9

At day 35 luspecific IaCil and Ig(i2a titers ((iM'I') were
as follows:

20
At day 35 lf-specific Ig(ii and Ig(i2a titers ((iM I') v ere Iac,

as follt&tvs:
I t 4 5 6 7 8

I I' 6 7

1901 66 4 14 328 46tl 92 56258 79

IAG2u 17)) 7685 I 15 6161 157'! 944 15 14 9

I Gl 94 6238 4836 74 I 8 88 1817 786u4
ISG27 -86 77064 5 J084 ')1749 1443, 176 4 4

RSV senun neutralizing antibody titers at days 35 and 49
were as follows (data are 60% plaque reduction neutralim-
tion titers of pools of 2-5 mice, I pool per tyroup):

Dyy I 6 7 8

RSV senun neutralizing antibody titers at days 35 and 49
v ere as follows (data are 60%7 pLaque reduction neutraliza-
tion tilcrs of pools ol 2-5 mice. I pool pcr group).

10

liy I 2 1 4 G 7 8

14'I 20 lfu 'I 3)I ill .2)J49: )I 139 -20 fit 41 IA)l9: tl

Spleens yvere harvested at day 79 tiir 'I'ell analysis.
Average net I uspecific cytokine-positive 'I'ell frequencies
(CD4+ or CD8+) v ere as follows. showing only figures
which yvere statistically si niticantly above zero (specitic for
RSV peptides F51-(i(i„F164-178, F309-323 for CD4+. or for
pepndcs F85-93 mid F249-258 I'or CD8+).

37 f) 27 29 22 16 -2tt 8 2) 2)
49 'l 44 30 21 16 -2)) 1 2(J 7

35

Spleciw werc hart cate(i at day 49 for T cell analysis.
Avemage net F-specific cytokine-positive 'I'ell frequencies
(CDS+) werc as follows. show ing only ligurcs wluch were

40 statistically sigffificantiy above zero (specific for RSV pep-
tides F85-93 and F249-258):

CD4-C Ds+

0 ui It'9 II 7 I xta
C D4+CDS- C'-I-CDS+

0 06
fl f)5 0 10

0 07
fl f)5 0 t)9

I) A" 0 t)8

0 )Jt t) A7

0 u2

0 t)8 )J 47
f los I 35
AAG )J64
f1 u7 I 17

0 f)7 IJ 65
007 074

0 04

0 J
A

0 31
A GG

028
036
004

048
I 11

061
I IJ9

0 58
066

Givup IFX7 ILS ILG FXFA IFI 7 IL2 ILG Fl'Fa

f) 4
1. I

1.01
ins
Z1 3

0.79
0.10

0 11

0 7

A 26
If 7

A A

19
t) I)')

t) 7-

0 '17

I 10
0 77
I) 9 t

I 77
0 49

Nine groups of C3H/HeN niice were inununiced in the
smne way I uspecific la(i titers ((iM'I') were

Dsy I 2 3 ( 6 7 8 9

t)49 166G 1102 298 984 3 19 5 ttus

I 7754 19008 1763 4 4 61181 62297 5 17 49
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Al day 35 F-spimilic IgGI and IgG2a t&lars (GMT) werc

as ti&llows:

Igo I 3 4 5 6 7 8

IgG&
I G o

5 1323 17&i 11

i)2 1&6941 78424 67'ls(
1&6 34 8'll&4 18&

I 667 798( 386(i 727 7

RSV serum neutraliz&ng antibody ulers at days 35 a&xl 49 lii II w&ll be understood that the invention has bccn dcscr&bcd
were as follnws: by way of example only and modifications may be made

wh&lst rcmainrng within lhc scope and sp&rit of thc u&vent&on.

0;9

3( : 9 539 266 6 ~ lnl 9 443 =29 595
49 -.26 456 296 35 8 I 1148 :2i 387

11nis three difi'erent lipids (RVOI, RV05, RV17; pKa 5 8,
5 85, C&.1) v ere tested in three different inbred mouse strains.
For all 3 strains RVOI was more effective thon RV17, for
BALB/c and C3H stra&ns RV05 wac less effective thon eirher
RVOI or RV17. but it was more effective in B(i suoin. In all
cases. how cvcr, lhc 1&posomcs werc more clfecnvc llian lwn
cat&omc nanomnuls&ons wluch werc lasted u& parallel.

CMV Inununngm»c&ty

RVOI liposomes w&th DLH&DMA as lhc cat&onic hp&d
were used to deliver RNA replicons encoding, cyton&egalo-
vinis ((:MV) lycoproteins I'he "vA I (iO" replicnn encodes
full-length lycoproteins 11 and I (gll/gl,), whereas the
"vA322*'eplicon encodes a soluble fiinn ( Hsol/gL) The
nvo proteim are under the control of separate subgenomic
promoicrs u& a su&gle rcplicon, co-adnunislralion nf lwn
867&amtc vectors, one encoding gH and onecncodu&g gL, d&d

not ive gond results

BALB/c mice, 10 per gmup, were g&ven bilateral intra-
nniscular vaccinations (50 pl, per leg) on days 0. 21 and 42
with VRPs expressmg 811/gi, (I x10 IU), VRPs expressiag
gHsol/gL (lx10'U) and PBS as the controls. Two rest
groups received I )&8 of the vA160 or vA322 repl&con
formula&cd in liposomes (40% DhnDMA, 10!o DSPC, 48%
Chol. 2'!o PECI-DMG, made usin mediod (A) as d&scussed
aboi c. but with 150 pg RNA batch s&ze).

11&c (A160 1&posomcs lrad a Zav dituncler oi'68 nm, 8

pdl of 0.144. and 87 4% encapsulation 'I'he vA322 lipo-
sonies had a Zav diameter of 162 nm, a pdl nf 0 131. and
90i'o encapsulation

The replicons were able to expresc two proreins from a
single vector.

Sera were collected for imnninological analysis on day Ci3

(3wp3). CMV neutralization titers (the reciprocal of the
serum d&lution producing a SO!o rcducl&on u& number of
posii&vc iirus foci per well, relet&vc lo conlrnls) were as
follows

gH&gL VRP gHeol gL VRP gH gL I pooorne gHoel gL lq& some

4 76 393 474&i 1666

RNA expressing c&ther a full-length or a soluble form of
thc CMV gH/gL complex thus chcued lugh uters of neu-
tral&zu&g anlibod&cs, as assayed on cpilhclial cells The
averaae tirers elicited by the lipnsome-encapsulated RNAs
were ar least as high as for the corresponding VRPs.
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lire lilvcrrlroir clarrrrixi is: 1

I A formulation composing
a first species of ribonucleic acid (RNA) molecules conr-

prising a sequence that encodes a first inununogen;
a second species of RNA molecules comprising a

sequence that encodes a cecond inmruno en; ond ro
lipuls comprisurg (a) a cationic lipid, (b) an anionic lipid

or a dwrtrcrronrc hpid, (c) a pulyclhylene glycol-con-
jugated (Pl Ki-conlugated) lipid. and (d) a cholesterol,
wherein:
the lipiikc encapsulate at least half of the first species of'NAmolecules and at least half of the second

species of RNA molecules;
tire cdlrorlrc lipid colirpriscs B tertiary arrrrrrc Bird lias ri

pK„ from 6.07 lo 7.6, mid
rhe formulation is imnnrnogenic in vivo by elicitiag an so

antibody response against the first irnnninogen and
the second inlmunogen in vivo: and

cvhereby the pK, is detemrined at standard temperature
and pressure by the fol)owhrg:
(I) admixing 400 pL ol' mM of the cationic lipid sc

that rs rn ethanol mrd 800 pL oi'.3 mM of
fluorcsccnt probe 6-(p-toluidino)-2-naphthaleuc-
sulfonic acid (I')), which is in '&0 volume %
ethanol and 10 volume % methanol. thereby
obtaining a lipid/TNS mixture; 40

(2) admixin 7.5 pL of the lipid/TNS mixture and
242 5 pL of a lirst bulTcr consisluig essentially of
a sodium sall buffi:r consisting of 20 mM sodnun
phosphate, 25 mM sodium citraie. 20 mM sodnun
acetate. and 150 mM sodium chloride. wherein the
first buffer has a pl I from 4 44 to 4 52. which has
been adjusted with 12N hydrochloric acid or 6N
sodium hydroxide. thereby obtainirrg B first mix-
ture. aud dispmrsrng 100 pL of flre lirsl mixture rn
a lirst well of a 96-well plate, which has a clmrr o

bouom,
(3) admixing 7 5 pl. of the lipid/'I'NS mixture and

242 5 pl. of a second buffer consisting essentially
of the sodium celt bufi'er, wherein the second
buffer has a pH of 5.27, wlfich has been adjusted s.
with 12N hydrochlonc acid or 6N sodium hydrox-
ide, thereby obtarnurg a second nuxturc, and dis-
pensing 100 pL of thc second nuxturc ur a scmond
well of the 96-well plate;

(4) admixing 7 5 pl. of the lipid/TNS mixture and io
242.5 pL of a third buffer consictin essentially of
the sodium salt buffer, wherein the third buffer has
a pH 1)om 6.1S lo 6.21, wluch has bema ad)usted
with 12N hydrochlonc ocul or 6N sodnun hydrox-
ide, thcrcby obtainurg a third mixture, and drs- sc

pensing 100 pl. of the third mixture in a third well
of the 96-well plate:

(S) rulmixurg 7.5 pL of rhc lipid/TNS mixture and
242.5 pL of a fourth buffer consisting essentially
of thc sodium sall buffi r, whcrcin thc founh buffi r
has a pl) of 6 57, which has been adjusted cvith
12N hydroc)rlorrc acid or 6N sodium hydroxide.
thereby obtaining a fourth mixture, and dispensing
100 pL of the fourth mixture in a fourth well of the
9/i-well plate;

(fii) admixing 7.5 pL of the lipid/TNS mixture and
242.5 pL of d lifih buffi:r corrsrsrrng essentially of
the sodium salt buffer. wherein the fifth buffer has
a pH lfom 7.10 ro 7.20, wluch has bccn adjusted
cvith 12N hydrochloric acid or 6N sodium hydmx-
ide, thcrcby obtaining a liflh mixture, and dispens-
ing 100 ul of the fifth mixture in a fifth well of the
96-well plate:

(7) admixing 7 5 ul of the lipid/'I'NS mixture and
242.5 pL of a sixth bnffer consisting essentially of
thc sodium sall buffi r, w hcrcrn the sixth bufl'er has
a pH from 7.72 to 7.80. cvhich has been adjusted
with 12N hydrochlonc acid or 6N sodium hydmx-
ide, thereby obtainina a sixth mixture, and dis-
pmrsurg 100 pL of thc sixth mixture in a sixth well
of the 96-well plate:

(8) admixurg 7.5 uL of lhc lipid/TNS mixture and
242 5 ul, of a seventh buffhr consisting essentially
of the sodiunr salt buffer. v herein the seventh
bulfer has a pl I fmm 8 27 to 8 33, which has been
adjusted cvith 12N hydrochloric acid or 6N
sodium hydroxide, thereby obrairung a scvmrth
mixture. and dispensing 100 pL of the seventh
nuxturc rn a scvcnlh well of thc 96-well plate:

(9) admixing 7 5 ul of the lipid/'I'NS mixture and
242. S pL of an eighth bufli:r consisting essentially
of the sodium salt butTer, wherein the eighth buffer
has a pH front 10.47 to 11.12, wlfich has been
adjusted with 12N hydrochlonc acid or liN
sodium hydroxide„ thereby obtaining an eighth
nuxturc, rmd dispensing 100 pL of the cighflr
mixture in an eighth well of the 96-well plate;

(10) measuring thc fluorcsccncc at a wavelength of
431 nm with an excitation wavelength of 322 run
mrd a cut-off beloiv a wavelength of 420 nm of
each of the firs through eighth wells and an empty
well of the 96-well pLate. thereby obtainirrg a
measured fluorescence for each of the empty well
mrd the lirst tluough eighth wc)la.

(ll) subtracting the fluorcsccncc of thc empty wc)i
from mich ol lhc measured fluoresccnccs of lhc
first through eighth ivells. thereby obtaining a
blank-subtracted fhiorescence for each of the first
through eighth mixtures:

(12) nouuafizing each of the blank-subtracted fluo-
rcsccnccs ol lhc Iirsl fluough eighth nuxlures lo
thc blank-subtracted tluoresccncc ol'hc Iirsl mix-
ture, thcrcby oblmrung a rclativc fluorcsccncc lhr
each of the tirst tlrrou h eighth nlrxtures. the
reLctive fluorescence being I for the first mixture;

(13) obtaining a line of best ht of the pHs of the firct
through eighth buffers versus the respective rela-
tive fluoresccnci s oi'hc lirsr tlu ough eighth mix-
lurCB, olid

(14) dctermimng thc pK„as thc pH ou thc linc ofbest
fit at which a relative fluorescence of 05 is
obtained
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2. Thc formulat&on ol'laun 1. whcrcu& the first &nm&uno-

gcu coiuprhscs B vu'Bl ImnIunogcn, B bacterial uninunogcn,
a f&u&gal imn&unogen, or a parasitic i&nmunogen

3 'I he formulation of claim 2, wherein the second in&mu-

nogen comprises a viral inununogen, a bacterial immuno-
'il, a fuuvsl flin&UUO cu. Ur;I prmas&uc hlul&UBO'il

4. Thc formulat&on ol'laun 3, whcrcu& thc Iirst &nununo-
gcn and six'Ond unuuulogcu con&prise vudl uuu&Uuogcns.

5 The fonmdation ofclaim 4, wherein the lipids con&prise
fmm 40 mole % to 60 n&ole % tertiary amine cationic 1&pid. &0

6 The fonmdation ofclaim 5, wherein the lipids con&prise
from 35 mole % to 50 mole % cholesterol.

7. The fom&ulation of claim 1, wherein the formulation &s

further &mmunogen&c &n v&vo by eliciting a cell-mediated
Immi&Bc &espouse rig&In&st thc firsl hnuuluogcu 01 thc second I

hTIIT&uuogcn In vivo
8 1 he formulation of clain& I further comprising a third

species of RNA molecules comprising a sequence that
encodes a tlurd inununogen and wherein the lipids encap-
sulate at least half of the third species of RNA molecules. 10

9. Thc fonnulat&on of cia&m 8, whcrcin thc dnrd inunu-
uogcu cou&pi&sos a vu'dl uuu&Uuogcu, II baca:Ii&ll uuu&UUO-

en, a fungal immunogen. or a panasitic im&muiogen
1(l. 'I he formulation of claim 9, ivherein the tirst species

of RNA molecules fi&rther comprise a sequence that encodes
a replicase. and where&n the first species of RNA molecules
are self-replicating.

11. The fonnulat&on ol'laim 10, wherein 0&e second
species of RNA moleculcs further comprise a scqucnce Iha&

encodes the replicase, and U:herein the second spec&es of 10

RNA molecules are self-replicating.
12. 'I he formulation of claim 11, ivherein the third species

of RNA molecules further comprise a sequence that encodes
the replicase. and wherein the third species of RNA mol-
cmiles arc sclltrcpl&cat&ng. &i

13. The formulauon of cia&m 1, wherein Ihc zw i&tauonic
lipid is 1,2-d& stcaroyl-sn-glycero-3-phosplx&clx&line
(l)SP( )

14. 'I'he forn&ulation of claim 13, wherein the lip&ds
con&prise from 40 mole % to 60 mole % tertiary amine do

cationic lipid: where&n the first inununogen and second
ImmUuogcu con&pi&so vudl uuu&UUO cus.

15. The fonnulat&on of clauu 1. wherein thc PEG-conlu-
gatnl lip&d compnscs a PEG that has d molecular weight of
20()0 Daltons.

16. 1he formulation of cLTun 1. wherein the Pl'i(i-conju-
ated lipid is 1„2-d&myristoyl-rac- lycero-3-methoxypoly-

ethylene glycol
17. Thc Ibnnulat&ou of claun 1, wherein the Iirst inunu-

nogen compnses a cytomcgalovinis (CMV) &mmu&x&gcn, a 0

herpes simplex v&rus (HSV) inununogen. a vancclla-zoster
vin&s (V/V) &mmunogen, an Epstein-Barr vin&s (I'.BV)
0'Ill'lllUlogcn.;I pap&lloniavuus IUImuuogcu, a poly'onlavu11s
inununogen. 0 coronav&rus immunogen, an oncovirus inunu-
nogen, a lentivirus inuuunogen, a flavivirus inmtunogen, Bn

or&foui)'xovuus uuuuuu1gcu, d pa&du&)'xovuus uuu&Uuogcu,
or a picornavirus inununogen.

18. The Ibmuilat&on ol'ia&m 17, where&n thc a&mond

in&munogen con&prises the ('MV imn&unogen, the IISV
immunogcn. thc VZV &nununogcn, thc EBV inununogen.
the papillo&navin&s immunoaen, the polyomavin&s imnn&no-

gen, the coronavirus inmumogen„ the oncovirus inununo-
ge&1, the lentivirus immunogeu. the flavivirus inlmunogen,
the orthomyxovirus inununogen. the paramyxovin&s immu-
nogcm or the picornavirus &mmuno eu.

19. The fomndation of cLaim 18„wherein the first inunu-
nogeu compnsea thc cororuiv&nis &mmunogen aud thc sec-
ond imn&unogen con&prises the influenza virus imnnu&ogen

20. The fi&mn&lation of claim 17, wherein the first immu-
nogen Bnd the second inmumogen comprise CMV immu-
uogcus.

21. Thc fornudation ol'laim 1. w herc&n thc hpuls com-
pnse from 30 mule % to 60 mole % cation&c 1&pal.

22 I he formulation of claim 1, wherein the PK„ is from
6 07 to 6.8.

23. The formulation of claim 1. ~herein the lipids com-
prise at most 30 mole 'it zwitterionic lipid„and v herein the
zw&ttcno&uc lipid &s DSPC or dimynstoyl phosphaudylcthd-
nolmnu&c (DMPE).

24. The fornu&lation of claim I, whcrcin thc hp&ds com-
prise from 30 n&ole "/s to 50 mole % cholesterol

25. The fornndation of claim 1. wherein the lip&ds com-
prise from I mole i't to 6 n&ole 'ib PECI-conju ated lipid.

26. The formulation of cLaim 25. and wherein the PEG-
conjugated lipid is 1.2-d&myristoyl-rac-glyccro-3-mcthoxy-
polycthylene glycol.

27. Thc fornudation ol'laim 1. w herc&n thc hpuls com-
prise:

at most 30 mole 9/s &uvitterionic lipid.
from 30 mole % to 50 nu&le % cholesterol. and
from I mole % to 6 mole 'it PECI-conjugated lipid,
whcrcu& thc zw&ucnomc lip&d &s DSPC, and
whcrcu& thc PEG-contugatcd lipul &s 1,2-dimynstoyl-m&-

glyccro-3-phosphocthdnolannnc-N-[methoxy(polyeth-
ylene glycol)J or 1.2-dimyristoyl-rac-glycer0-3-
methoxypolyethylene glycol.

28. The fornndation of claim 1. wherein the tirst species
and the second species of RNA molecules further comprise
a 5'ap michosidc. a tnphosphatc bndgc, and a 5'irst
nbonuclcosidc: wherein the 5'ap uuclcos&de is linked
50&o-5'o the 9 Iirst ribonuclcosidc by thc tnphosphatc
bridge; and wherein the first nbonucleos&de comprises a
2umethylated ribose

29. The formulation of claim 1. ~herein the lipids com-
prise from 40 mole 'it to 60 nu&le % tertiary amine cationic
1&p&d.

30. 11&c fornudation ol'laim 29. Uhcrcin thc 1&pids

comprise from 35 mole % to 50 mole % cholesterol.
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