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METHODS OF ADMINISTERING LIPID
FORMULATIONS WITH VIRAL

PMMUNOGENS

CROSS-REFERENCE TO RELATED
APPI.I('Al'IONS

llus applmauou is a ihvisional ol U.S. patmit application
Scr. No. 13/808,080, lilcd Mar. 14, 2013, wluch Is a U.S.
National Phase of International Application No PC1'/
US20113043105, filed .Iul 6, 2011 and published in I'.nglish,
which claims the beneht of U 8 Pa)visional Application No.
61/361,830. fled Iul 6, 2010. Bnd U.S. Provisional Appli-
cation No. 61/378.837, filed Aug. 31. 2010. The complete
contents Of thc above-hstixl apphcations arc hereby uicor-
porated herein by refi:rcncc for all purpuscs

TECHNICAI F]EI D

llns uivenuou Is ui thc iield ol'non-viral delivery of RNA
for uuuuullmltlotL

BACKGROUND

llic delivery of nucleic acids for immunisuig annnals has
been a goal for several years Various approaches have been
tested, including the use of DNA or RNA, of viral or
non-viml delivery vehicles (or even no delivery vehicle. in
a "naked" vaccine), of replicatin or non-replicating vectors,
or of viral or non-viral vectors.

ThcIc rcuidhls a ucixl Iol fUIthci dud uupluvcd BUclclc
dell 3 ilccuics.

DISCLOSURE OF THE INVENTION

According to thc invention. RNA micoding Im nnmuno-
gcu is ib:fivcred ul II hposoulc Iol Ihc pilrposcs uf uuuliuu-
sation I'he liposonie includes hpids which have a pKa in the
ran e of 5 0 to 7 6 Ideally the lipid ivith a pKa in this range
has a tertiary aminet such hpids behave differently from
lipids such as DOTAP, wlfich has a quaternary amine group.
At physiological pH amines with a pKa In Ihc rmigc of S 0
to 7.6 lmvc ncutrul or rcduccd surface charge, whereas a

hpid such as DOTAP I ~ strongly cationic. The uivmitors
have found that liposomes formed from quaternary amine
lipids (e.g IX) I'AP) are less suitable for delivery of inimu-
nogen-encoding RNA than liposomes formed Ibom tertiary
amine lipids (e.g DLinDMA).

111US Ihc hlvcutlou ptovulcs B hpiisuuu: hBvhig a hpul
bilaycr micapsuluting an aqueous core. whcrcui. (i) the lipid
bilaycr compnscs u hpid having a pKa m the rmige of 5.0 to
7 6. and preferably having a tertiary mnine; and (ii) the
aqueous core includes a RNA which encodes an immiuio-
gen. These liposomes are suitable for in vivo delivery of the
RNA to a venebmste cell and so they are useful as compo-
nents ui pharmuceutical composiuons for immumsuig sub-
)CCIS dgilhlSI VIIIIUIIS dist uses.

llic uivention also provides a process for prcpanng a
RNA-containin hposome. comprising, steps of (a) mixing
RNA with a lipid at a pl I which is below the lipid's pKa but
is above 4.5, to form a liposome in which the RNA is
encapsulated: and (b) increasing the pH of the resulting
liposome-contuu»ng mixture to bc above the lipid's pKa.
Thc Liposomc

Thc hivcutlou Utlhscs hposoulcs hl which uuulUuogcu-
encoding RNA is encapsulated I'hus the RNA is (as in a
natuml virus) separated front any external medium by the

hposomc's hpul bilayer. and cncapsulatiou ui tlus way has
been found to protect RNA from RNase digestion. 'Ihe
liposonies can include some external RNA (e g. on their
surface), but at least half of the RNA (and ideally all of it)
is encapsulated in the liposome's core. Encapsulation within
liposomes is distinct from, for instance. the lipid/RNA
complcxcs disclosed In reli:rcncc 1.

Venous amphipluhc lipids can fomi bilayers ui an aque-
otls COVlnuifllCIlt to CIIC;IpStllate B RNA-Contalliul BqilCoils

io core as a liposome. 'Iliese lipids can have an anionic,
cationic or zwittenonic hydrophihc head group I,iposomes
of the Invention comprise a lipid having a pKa in the range
of 5 0 to 7.6. and preferred lipids with a pKa in this range
have a tertiary imnne. For example. they may comprise
1,2-dilinolcyloxy-N,N-dunethy1-3-aminopropanc
(DI mDMA: pKa 5.8) anipor 1.2-dilinolenyloxy-N,N-dim-
ethyl-3-aminopropane (DI enDMA) Another suitable lipid
having a tertiary amine is 1,2-dioleyloxy-N,Ndimethy1-3-
aminopropane (DODIVLX). See FICi. 3 8: reference 2. Some

30 of the amino acid lipids of reference 3 may also be used, as
can certain ol'Ihc amino lipids of reli:rmicc 4 Further useful
hpids with tertiary annncs in their headgroups are disclosed
in reference 5, the complete contents of which are mcorpo-
mated herein by reference.

I,iposomes of the invention can be formed front 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.G (and,
prcfcrably, a tertiary dminc). Within tlus pKa range. prc-
fcrrcd lipids have a pKa of 5.5 to 6.7 c g. betwimn 5.G and

30 6 8. between 5 6 and 6.3. benveen 5 6 and 6.0. between 5 5

and 6.2, or betiveen 5.7 and 5 I). 'I'he pKa is the pi I at which
50% of the lipids are charged, lymg halfway between the
point where the lipids are completely char ed and the point
v here the lipids are completely uncharged. It can be mea-

Is surcd In venous ways, bul Is prefbrably measured using Ihe
method disclosed below ui the sccuon entitled '*pKa med-
surcmcnt". Thc pKB typically should be measured for Ihe
lipid alone nsther than for the lipid in the context of a mixture
which also includes other lipids (e g not as perfiirmed in

40 reference G, which looks at the pKa of a SNALP rather than
of the individual lipids).

Whcrc a hposomc of Ihc invention Is fonncd fmm a
mixuirc ol hpids, it Is prclerred that thc proportion of those
hpids wluci have a pKB w Itlnn the dcsircd range should bc
betwemi 20-80% of the total amount of lipids e g. between
30-70%, or between 40-60'%. Iior instance, useful liposomes
are shown below in ivhich 40%v or 60%v of the total lipid is
a lipid with a pKa in the desired mnge. The remainder can
bc made of c.g. cholcstcrol (e.g. 35-S0% cholcstcrol) and/or

0 DMG (optionally PEGylatcxI) and/or DSPC. Such mixtures
are used below. Thcsc % values arc mole pcrcentagcs.

A liposome may inchide an amphiphilic hpid whose
hydrophilic portion is Pi',Gylated (i.e modified by covalent
attaclmtent of a polyethylene glycol) This modification can

s. increase stability and prevent non-specific adsorption of the
hposomcs. For umtancc. Iipids can be conlugatcd Io PEG
using techniques such as those disclosed In rcfcrcuccs 6 and
7. PEG provslcs Ihc liposomes with u coat winch can confi:r
favourable pharnmcokinetic characteristics 'I'he combina-

io tion of eflicient encapsulation of a RNA (particularly a
self-replicatin RNA). a cationic lipid having a pKa in the
range 5 0-7.6. and a PEGyhsted surface. allows for efficient
dchvcry Io multiple cell types (Includuig both inunune and
nou-unnuinc cells), Ihcrcby elmituig a stronger and bauer

Ss huuliluc Icspousc thdu when llsulg qUB(cruiluy Buuucs wllh-
out Pli(iyhstion Various lengths of Pl i(i can be used e 8,

between 0 5-8 kDa
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Lipids used with thc invention can be saturated or unsatu-
rated. The use of at least one unsatumlted lipid iilr preparing
liposomes is preferred. FIG. 3 shows Ilucc uselul unsalu-
rated lipids If an unsatunlted lipid has two tails, both tails
can bc u usa turuted, or it can have one saturated Iml and onc
unsaturated tail

A mixture of DSPC. DLinDMsu PECruDMCI and choles-
terol is used in the examples An independent aspect of the
invention is a liposome comprising DSPC, DLinDivLX,

I I 1PEG-DMG & cholcstcrol. Tlus hposomc prcfcrably encap-
sulates RNA. such as a self-replicatiilg RNA e.g. encoding
au iiuuuluogeu.

I.iposomal particles are usually divided into three groups
multilmncllar vcsicles (MLV), smail unilamcllar vcsiclcs
(SUV): and large unilanlellar vesicles (I,UV). M[3/s have
multiple bihlyers in each vesicle, forming several separate
aqueous comparunents SUVs aod I,UVs have a single
bilayer encapsulating an aqueous core; SUVs typically have

diameter 50 iun, and LUVs have a di;mletcr &50 iun.
Liposomal particles of the invention are ideally LUVs v.ith
a diameter in thc range of 50-220 iun. For a composition
comprisin a population of I.UVs with different dianleters
(i) at least 80'%y mimber should have diameters in the
ran e of 20-220 nm, (ii) the average diameter ('/av, by
intensity) of the population is ideally in the range of 40-200
nm, and/or (iii) the diameters should have a polydispersity
index &0.2. Thc lipo some/RNA complexes of rcfi:rcncc I arc
cxpccxcd Io have a diameter in thc range of 600-800 iun and
to have a high polydispersity The liposome can be substan- lo
tially spherical

'lechniques for preparing suitable liposoines are well
known in the art e.g, see references 8 to 10. One useful
method is descnbed in reference 11 and involves mixin (i)
an ethanolm soluuou of thc lipids (ii) an aqueous solution of ls
thc nuclmc acid and (iii) bullhr, followed by nuxing, cquili-
brauon. dilution und puniicanon. Prcfi rred liposomcs of the
invention are obtainable by this mixiog, process.
Mixing Process

As mentioned above, the mvention provides a process for so

preparing a RNA-containin hposome. comprising steps of
(a) nuxing RNA with a lipal at a pH which is below thc
lipid's pKa but is ubovc 45, then (b) ulcrcasulg thc pH to bc
abol c the hpul's pKa.

'linis a cationic lipid is positively charged during lipo-
sonle formation in step (a), but the pl I change thereafter
means that the majority (or all) of the positively charged
roups become neutral. Tlus process is advanmgeous for

preparing liposomcs of the invention. anil by avoidulg a pH
below 4.5 during step (a) thc suibility of the encapsulated o

RNA is improved.
1'he pl I in step (a) is above 4.5. and is ideally above 4 8.

Using a pl I in the range of 5.0 to 6 0, or in the mange of 5 0
to 5.5. can provide suitable liposomes.

The increased pH in step (b) is above the lipid*s pKa. The ss
pH is ideally iucrcascxI Io a pH less than 9, and prcfcrably
less than 8. Depending on the lipid*s pKa, the pH ul step (b)
may thus bc iucrcascxI to bc witlun Ihc range of 6 Io 8 c g.
to pl I 6 5 0.3 'the pll increase of step (b) can be achieved
by transferriim the liposonles mto a suitable butTer e g. ulto ro
phosphate-buffered saline. The pH increase of step (b) Is
ideally performed after liposome formation has taken pLace.

RNA used in step (a) cau be ul aqueous solution. for
nuxing with an orgaiuc soluuon of Ihe hpid (c.. ml etlxi-
nolic solution, as in rcli:rance 11). Thc nuxturc can then be ss
diluted to form liposomes. after lvhich the pl i can be
increased in step (b)

Thc RNA
'I'he mvention is useful for in viva delivery of RNA which

encodes an imnninogen. 'I'he I&NA is translated by non-
inlmune cells at the delivery site, leading to expression of
the immunogen. and it also causes immune cells to secrete
type I Interferons and/or pro-inflammatory cytokines which
provulc a local adluvant ellcct. Thc uon-inumine cells may
also accrete type I uttcrli:rona and/or pro-inllanunatory cyto-
kines in response to the RNA.

I'he RNA is +-stranded. and so it can be translated by the
non-imnnine cells ivithout needing any intervening replica-
tion steps such as reverse transcnption It can also hind to
TLR7 receptors expressed by inunune cells. thereby initiat-
ing an adluvant ellhct.

Prcli:rred +-stranded RNAs arc selllrcplicating. A sells
replicating RNA molecule (replicon) can, when delivered to
a vertebrate cell even without any pmteinv, lead to the
pmduction of multiple daughter RNAs by tnlnscription from
itself (via an antisense copy which It generates from itself).
A self replicating RNA molecule is thus typically a +-strand
molcculc wluch can bc directly translated after delivery to a
cell, and this translation pro&ides a RNA-dcpcudcnt RNA
polymerase lvhich then produces both antisense and sense
transcripts from the delivered RNA I'lnis the delivered
RNA leads to the production of multiple daughter RNAs
These dau hter RNAs. as well as collinear subgenomic
transcripts, may be translated themselves to provide in situ
cxprcssion ol'ml encoded immunogeu. or may bc trmlscribod
to provide further transcripts with thc same sense as thc
delivered RNA which are translated to provide in situ
expression of the imnntnogen. 1he overall results of this
sequence of transcriptions is a huge amplificatio in the
number of the introduced replicon RNAs and so the encoded
inununogen becomes a major polypeptide product of the
cells.

As shown below, a self rc31)ice ting activity is not requtrcxI
filr a RNA to provide an adjutant cllbct, although it cml
enhance post-transfection secretion of cytokines 'I'he self-
replicating activity is particularly useful for achieving high
level expression of the imnutnogen by non-immune cells. It
can also enhance apoptosis of the non-immune cells.

Ouc suitable system for achieving self-replication is to
usc an alphavirus-based RNA rcplicon These +-stranded
rcplicons arc trmwlatcd afier delivery to a cell to give of a
replicase (or replicase-tmnscriptase) 'lhe replicase is trans-
lated as a polyprotein which auto-cleaves to provide a
replication complex which creates enomic —stmlnd copies
of the +-strand delivered RNA These — strand tmlnscripts
can Ihcmsclvcs bc Iranscnbtxl to give further copies ol Ihe
+-stmndcd parent RNA and also to give a subgcnomic
transcript which encodes Ihc inununogcn Translation of Ihe
subgenomic tnlnscript tlnis leads to in situ expression of the
inununogen by the infected cell Suitable alphavirus repli-
cons can use a replicase frotn asindbis virus, a semlil i forest
virus, an eastern equine encephalitis virus. a venezuelan
cquulc cnccphalitis virus. etc. Mutant or wild-type virus
sequences can be used c.g. the attcnuatcd TC83 mutani of
VEEV has been used in rcphcons, as disclosed in refi:rance
12

A preferred self-replicating DNA nlolecule thus eocodes
(i) a RNA-dependent RNA polymemse which can transcribe
RNA from the self-replicating RNA molecule and (ii) an
imnnulogen. The polymcrasc can be un alphawrus rc3ihcasc
c g. composing onc or morc of alphavinis protculs nsPI,
nsP2, nsP3 mid nsP4.

Whereas natural alphavirus genomes encode stnictural
virion proteins in addition to the non-stnictural replicase
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polyprotcin. it is prcfcrrcd that a self-rcplmatul RNA
molecule of the invention does not encode alphavinls struc-
tural proteins 'I'hus a preferred self-replicating RNA can
lead to the production of genomic RNA copies of itself in a
cell, but not to the production of RNA-containing virions.
The inability to produce these virions mean~ that, unlike a
wild-type alphavlrus. Ihe sclllrcplicsting RNA molecule
cmulot pcrpctuate Itself u»nl'cclious form. Thc alphavlrus
strucluml pnltchls which Brc ucccssaty fol'erpculatlon ul
wild-type viruses are absent fmm self-replicating RNAs of lc
the invention and their place Is taken by gene(s) encodiag
the inununogen of interest. such that the sub enomic tran-
script encodes the inununogen rather than the structural
dlphdi IIUs Salon pro(cuts.

Thus a sell'-replicating RNA molecule useful with thc
invention nlay have two open reading frames. 'Ihe first (S)
open readina franle encodes a replicase: the second (3') npen
reading franle encodes an imnnlnogen In some embndi-
ments the RNA may have additional (e.g. downstream) open
reading frames e.g to encode hlrther inununo ens (see Io
below) or to mlcodc accessory polvpcptules.

A self-rcphcatlng RNA molecule can have a 5'cxiucncc
which is compatible with the encoded replicase.

gelf-replicating RNA molecules can have various lengths
but they are typically 5000-25000 nucleotides long e g.
8000-15000 nucleotldes, or 9000-12000 nucleotides. Thus
the RNA is ion er than seen m siRNA delivery.

A RNA molecule usefid with the ulvcntlon may lmvc a5'dp
(c.g. II 7-ulclhvlguBuosulc). Tins cdp cBU cuhBucc ul

vivo translation of the RNA. 30

'Ihe 5'ucleotide of a RNA molecule usehll v ith the
invention may have a 5'nphosphate youp In a capped
RNA this may be linked to a 7-methylguanosine via a
5nto-5'ridge. A 5'nphosphate can enhance Rifi-I binding
dud thUs pronto(0 BIIJuvant cifcclw li

A RNA molcculc may have a 3'oly-A tml. It may also
include a poly-A polymcrasc recognition scqucncc (c g.
AAUAAA) near its 3'nd

A RNA molecule useful with the invention lvill tvpically
be single-stranded. Single-stmnded RNAs can enemlly do

initiate an adjuvant efi'ect by binding to TLR7. TLR8. RNA
hchcascs and/or PKR. RNA dcliverrxl ul double-stranded
form (dsRNA) can bind to TLR3, and tins receptor can also
bc tnggcrixi by dsRNA wluch ls formed clthcr during
replication of a single-stranded RNA or within the secondary
structure of a single-stranded RNA

A RNA molecule useful v ith the invention can conve-
niently be prepared by in vitro tmsnscription (IVT). II T can
usc d (cDNA) tmuplatc crea(cd and propagated ul plasnud
form m bacteral, or created syntheucally (for cxtmlple by o

gene synthesis and/or polymcrasc clrdul-reaction (PCR)
engineering methods) I'or instance, a I JNA-dependent RNA
polymerase (such as the bacteriophage 'I'7„'13 or gp6 RNA
polymemses) can be used to transcribe the RNA from a
DNA template. Appropriate capping and poly-A addition s.
reactions can bc used as rcqulrcd (although thc rephcon's
poly-A is usually cucodcd witlun thc DNA template). Tlu:sc
RNA polymcrascs cau have stnngent requirements I'or thc
transcribed 5'ucleotide(s) and in solne elnbodiments these
requirements must be matched with the requirements of the io
encoded replicase, to ensure that the IVT-transcribed RNA
can function efficiently as a substmste for its self-encoded
ICphCBSC.

As discussed In rcfcrmlce 13. the sclllrepl lest mg RNA can
hlchah: (ul addi(lou to Buv 5 cap stluclUrc) ouo ol ulorc si
mlcleotides having a nlodified mlcleobase. 'Ihus the RNA
cml comprise mS('S-nlethylcytidine), mSIJ (5-methyluri-

dulc). m6A (N6-methylddmlosulc). s2U (2-tluoundule). Um
(200-methyluridine). m I A (I -nlethyladenosine); m2A
(2-methyladenosine): Am (200-nlethyladenosine);
ms2m6A (2-methylthio-Nfi-nlethyladenosine), 16A (N6-iso-
pentenyladenosine); nls2i6A (2-methylthio-
N6isopentenyladenosine)i io(iA (N6-(cis-hydroxyisopente-
nyl)adenosulc), ms2lo6A (2-mcthyltluo-N6-(cls-
hydroxylsopcntenyl) adcnosinc), g6A (N6-
glycinylcarbamoyladenosine): tfiA (N6-threonyl
carbamoyladenosine): ms216A (2-methylthio-N6-threonyl
carbamoyladenosine): m6t6A (N6-methyl-N6-tiueonylcar-
bamoyladenosine): lul(iA (N(i.-hydmxynorvalylcarbamoyl
adenoslne): ms2lu16A (2-methyithlo-N6-hydroxynorvalyl
carbamoyladcnosine). Ar(p) (200-nbosyladcuoslne (phos-
plrdtc)): I (uloslnc), mll (I-mcthyhnosinc), m'Im (1,200-
dimethylinosine); m3( (3-methylcytidine): ('m (2T-0-
otethylcysidine); s2('2-thiocytidme); ac4('N4-
acetylcytidine); fS( (5-fonnylcytidine); mS('m (5,2-0-
dimethylcyxldine); ac4('m (N4acetylZTOmethylcytidine);
k2C (lysidine): mlG (I-nlethylguanoslne): m2CI (N2-meth-
ylguanosulc): m7G (7-methylgumloslne), Gm (200-mefil-
ylguanosulc): m22G (N2.N2-dimcthylguanosinc), m2Gm
(N2,2UO-dimethylguanosine); m22(im (N2,N2,200-trim-
ethylguanosine); (ir(p) (200-ribosylguanosine (phos-
plmte)); yW (wybutosine); o2yW (peroxywybutosine);
OHyW (hydroxyvvybutosine): OHyW'undemlodified
hydroxyv:ybuto sine): im(i (w yosine), mimfi (methyl-
guanosine), Q (queuosmc), oQ (epoxyqucuosinc), galQ
(galtactosyl-queuosmc), mmlQ (mmmosyl-qucuosine),
preQO (7-cyano-7-deazaguanosinc); preQI (7-aminomethyl-
7-deaxaguanosine); 0 (archaeosine), 0 (dlhydrouridine);
mSIJm (5,2UO-dimethyluridine): s4U (4-thiouridine);
mS s2U (5-methyl-2-thiouridine): sZUm (2-thio-200-methy-
luridlne): acp3U (3-(3-amino-3-carboxypropyl)uridine);
hoSU (5-hydroxyurldinc). moSU (S-mcthoxyuridinc),
cmo5U (uridule 5-oxyacctic acid), mcmoSU (undine 5-oxy-
acctic acxl mclhyl ester). clunSU (5-(carboxyhydmxym-
ethyl)uridine)): mchnlSU (5-(carboxyhydroxynlethyl)uri-
dine methyl ester); mcmSU (5-methoxycarbonyl
methyluridine): mcmS Um (S-methoxycarbonylmethyI-2-0-
methyluridine): mcm5s2U (5-methoxycarbonylmethyl-2-
thloundinc), runSs2U (S-dmulomcthyl-2-tluoundine).
nmmSU (5-mcthylammomcthyluudulc), nuuuSs2U
(S-mcthylaminomcthyl-2-thiouridlne), nuunSsc2U (5-mcth-
ylanlinometbyl-2-selenouridine): ncmSI.J (5-carbamoylm-
ethyl uridine); nmnSI.Jm (5-carbamoylmethyl-200-methylu-
ridine): cnuunSU (5-carboxynlethylanunomethyluridine);
cnnunSUm (5-carboxymethylaminomethyl-2-L-0-methylu-
ridiue); cnuuuSs2U (5-carboxymcthylatntnomcthyl-2-Quou-
ridiue); m62A (N6,N6-dimcthyladcnosule): Tm (200-mefil-
ylulosinc), m4C (N4-mcthylcyxtdinc), m4Cm (N4,2-0-
dimethylcytidine): hmSC (5-hydroxymethylcytidine): m3U
(3-methyluridine): cmSU (5-carboxymethylundine); m6Am
(N6.T-0-dimethyladenosine): rn(iZAm (N6,N6.0-2-trimeth-
yladenosine); m2'7Ci (N2,7-dimethylguanosine); mZ'2'7G
(N2,N2.7-trimcthylgudnosinc). m3Um (3,2T-O-dlmcthylu-
ndulc): mSD (S-mcthyldfilydrourldiuc), fSCm (5-formyl-2U
O-methylcytululc), mlGm (1,200-duncthylgumlosine),
m'Am (1,2-0-dimethyl adenosme) innomethyluridine);
tn1532U (g-taurinomethyl-2-thioundine)); im(i-14 (4-dent-
ethyl guanosine): im(J2 (isoguanoslne): or ac6A (N6-acety-
Iadenosine). hypoxanthine. inosine„g-oxo-adenine, 7-sub-
stltulcd dcnvativcs Ihcrcof. dihydrouracll, pseudouracll,
2-thiouracil, 4-thiouracll, 5-aminouracll, 5-(Cl-C6)-dlkylu-
racll, S-mcthyluracil, 5-(C2-C6)-dlkcnyluracll, 5-(C2-C6)-
alkynyluracil, 5-(hydroxymethyl)uracil, S-chlomuracil,
S-fiuorouracil, 5-hromouracil. S-hydroxycytosine, 5-(( I-

BioNTech-Pfizer Exhibit 1308 
BioNTech SE and Pfizer Inc. v. ModernaTX, Inc. IPR2023-01358 

Page 28 of 47



US 11,666,534 B2

C6)-alkylcytosinc, 5-mcthylcytosu&c, 5-(C2-C6)-alkcnylcy-
tosine. 5-(('2-('6)-alkynylcytosine. 5-chlorocytosme,
5-fhiorocytos&ne. 5-hromocytosine. N2-dimethylguanme,
7-deazaguanine, g-azaguanine, 7-deazs-7-substituted gua-
nine, 7-deaza-7-(C2-CG)alkynyl uanine, 7-deaza-8-substi-
tuted guanine, 8-hydroxyguanme. 6-thioguanine. 8-oxogua-
iunc. 2-am&nopurinc. 2-anuno-6-chloropunne. 2.4-
duuninopuruic. 2,6-d&anunopunnc, g-azapunne, subsntutcd
7-deazapurine. 7-deaza-7-substituted purine. 7-deazs-8-sub-
stituted purine, or an abasic nucleotide i&or instance, a &0

self-replica&&ng RNA can include one or more modified
pyrimidine nucleobases, such as pseudouridine and/or
5-methylcytosine residues In come embodiments, ho&vever,
the RNA includes no mod&lied nuclcoba sea, and may mcludc
no modilicd nucleoudcs &.c all 01'hc nuclcoudes ui thc
RNA are standard A, C. (I and IJ ribonucleotides (except for
any g cap structure, which n&ay include a 7urnethylguanos-
ine) In other embod&niente. the IJNA may include a S cap
comprising 0 7umethyl uanosine. and the first I. 2 or 3 5'ibonucleotidesmay be methylated at the 2'osition of the zo

r&bose.
A RNA used w&th thc &nvenuon ideally mcludcs unly

phosphodiester hnkages between nucleosides. but in some
embodimelits it can contam phosphoramidate, phosphoro-
thioate, and/or methylphosphonate linkages

Ideally, 0 liposome includes fewer than 10 different spe-
cies of RNA e.g. 5, 4. 3. or 2 different species: most
prcfi:rably. a liposome includes a sm lc RNA species & e. all
RNA moleculcs &n the 1&posomc have thc same sequence and
same len th. &i&

'lite an&ount of RNA per liposome can vary 'I'he munber
of individual self-replicating RNA molecules per liposome
is typically &50 e.g. &20, &10. &5. or 1-4 per liposome
The hnnninogen

RNA inolCC&lkm Usixl With thC ll&VC&it&i&11 I:1&CodC &I poly'- 3&

peptnlc inununogm&. After adnunistra&ion 01 the liposomcs
thc RNA is translated ui v&vo and thc inununo cn cm& elicit
an immune response in the recipient. '11&e imnnumgen may
elicit an imn&une response against a bacterium, a v&n&s, a
fungus or 0 paras&te (or. in some embodimenrs, against an ao

allergen; and in other embodiments, against 0 rumor anti-
gen). The inunune rcsponsc may comprise an anubody
rcsponsc (usually &ncluding IgG) mid&or a cell-mediated
immune rcsponsc. The polypcpt&dc inununogcn will typ&-

cally elicit an immune respimse which recognises the cor-
responding, bacterial. viral, fungal or parasite (or allergen or
tumour) polypeptide. but in some embodimenrs the poly-
peptide may act as a mimotope to elicit an immune response
winch rccogniscs a bacterial, v&ml, fungal or parasite sac-
cluindc. Tlu: &nmiunogen w&11 typ&cally bc a surlhce puly- 0

pCptlih: ixg. ill& aifili:sill, a hC&nagglu&il&ill, al& Cl&VClopC gly'-
coprotein, a spike glycoprotein. etc.

Self-replicating RNA niolecules can encode a single poly-
peptide immunogen or nudtiple polypeptides. Multiple
inununogens can be presented as a single polypeptide inunu- &s

nogcn (Iiis&on polypcpt&dc) or as scpara&e polypcpudcs. If
immunogcns arc cxpresscd as scp&i&rate polypep&tides then
onc or morc of Ihcse may bc prov&dcd wi&h an upstrcmn
IIU IS or an add&tional v&ral promoter element Alternatively,
multiple imnnmogens may he expressed fmm a polvprotein ro
that encodes indiv&dual immunogens fused to a short auto-
cata)yzic pmtease (e.. foot-and-mouth disease virus 2A
pro&C&ll). OI ils 111&clilm

Unhkc refi:rcnccs I m&d 14, thc RNA cncodes an &nunu-
Ilogcl&. For thi: avoidance 01 iloubi, ihc &live&ulol& ikics &lot Si
encompass RNA wh&ch encodes a firefly luciferase or which
encodes a fiision protein of it ri&li fi-galactosidase or which

micodcs a grccn fluorcsccn& protein (GFP). Also, thc RNA is
not total inouse thymus RNA.

In some embodiments the imnnmogen elicits an immune
response against one of these bacteria

laisser/a &uemugiiidis; usehd immuno ens include. but
are not limited to. membrane proteins such as adhecins,
auto&ransportcrs, &oxms. iron acqu&sit&on pro&a&ns. and
factor H binding pro&mn. A comb&nation of tlucc useful
polypeptides is disclosed in reference 15

yrrcpuiruccus pueumuaiue: usefill polypeptide iillniuno-
gens are disclosed in reference 16 I'hese include, but
are not limited to. the RrgB pilus subunit. the beta-N-
acetyl-hexosaminidase precursor (spr0057), cpr009G,
Gmicral s&ress pro&mn GSP-781 (spr2021, SP2216).
scrinc/tluiomnc kuiase StkP (SP1732), and pncumo-
coccal surface adhesin PsaA

grrep/ucuccu& pvrrgcuc& usefiil immunogens include. hut
are not limited to, the polypeptides d&&closed in refer-
ences 17 and 18.

I)faraxclia I aiarrhalir.
/Jordc&CJ/a pertussis: Useful peitussm uiununo cns

u&elude. bu& arc no& 1&nu&cd &o, pcrtuss&s toxui or &oxoid
(P1'), filamentous haen&aaglutinin (I'I IA). pertactin,
mid agglutinogens 2 and 3

5/aphl /rrriir rais uurcus: Useful immunogens include, but
are not limited to, the polypeptides disci&sed in refer-
ence 19, such as a hemoiysin. esxA, esxB, ferrichrome-
binding pro&eui (s&0006) and/or thc sta011 1&poprotcin.

Ciosiridium ieiaui. thc &yp&cal inununogcn is tc&anus
toxoid

Cr&rui uchucieriimi dipliiheriae: the typical imnmnogen is
diphtheria toxoid

Jiacmapluhis &uyiuer&zac; IJseful unmunogens include, but
are not limited to, the polypeptides d&sclosed in refer-
m&ccs 20 and 21.

Pscudomouas acrugi nasa
Sircpiacaccus agalaciiac: use(i&1 &nununogcns include,

but are not lin&ited io. the polypeptides disck&sed in
reference 17

Chlaiu) dia /rachamaris; Usehd umnunogens include, but
are not limited to. Peprk. LcrE. Artl„DnaK, CT398,
OmpH-like. L7/L12. OmcA, AtoS, CT547, Eno, H&rA

m&d MurG (c.g. as d&scloscd &n referm&cc 22. LcrE as
disclosed &n rcfi:rance 23 and HtrA as d&scloscd in
reference 24 are t&vo preferred imniunogens.

Chiamirdia paeuiiir&aiac IJseful immunogens include, hut
are not limited to, the polypeptides d&sclosed in refer-
ence 25.

I/eli co hi&&ter py/ori. Uscihl unmunogi:ns include, but are
not limi&ixl to, CagA, VacA. NAP, and/or urease as
d&sclosnl in rel'crcncc 26.

/6&cherie/iia 0&iii I Jseful imn&unogens include, but are not
limited to, imnmnogens denved from entemtoxigenic
E. Cali (ETEC), enteroaggregative E coli (EAu EC),
diffuseiy adhering E cali (DAEC), enteropathogenic E.
cali (EPEC). cx&rmntcs&inal pathogen&c E cali (Ex-
PEC) anri'or en&crohcmorrhag&c E. cali (EHEC).
ExPEC strains include uropathogm»c E. co/i (UPEC)
and meningitis/sepsis-associated E cali (MNI I('). Use-
ful UPI&CJ polypeptide immunogens are disclosed in
references 27 and 28. IJseful MNEC inununogens are
disclosed in reference 29. A useful inmuinogen for
scvcral E. Co/i types &s AcID as dmclosed &n rcfcrcncc
30.

/Jric/J/us aathracis
)hrsiuiu pc&&is Useful immunogens include, but are not

limited to, those disclosed in references 31 and 32
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,5/uphi lucucrus epider&uis
C7risiridium perfriugeus or C'los&rid/am br&Jul/mans
im! JJJJ&C//u /Jin.'uiu&Jlihllu
C'uxi ellu burne/i/
Bruce/le, such as B. Bborius, B, cm&is, B. &Be/iteusis, B.

ueuiu&uue. B ov/1, B. sms, B, pimupediue.
Franc/sell«, such as F nov/c/du. F; phi/u&n/rugiu, F.

i&ill&Bi ns1 s.
iyeisieriu guuurrhueue
i'I Cpm&emu pullidum
Hue&uu/Jj&i jus dui" reyi
Er&reroro«c&&s furca/is or Eurerococn&s liienum
Stuphylurorcus supruph& /icos
yersiuiu euieroroliricu
bid cobucreri mu i«herc«/uris
lliiieiisiu
i.Is/&I lu Biol&JJCVJJJgi'Bi's

Hihri u r hulcrue
Suluiu &ella typln
Burrelm burgdorfem
Purphi rom«ries g/Bgi veils
Kiebs/e//u
In some enibodinients the imnn&nogen elicits an imniune

response against one of these viruses
Orthomyxovin&s I.Jseful immunogens can be tron& an

influenza A. B or C virus. such as the hemngglutinin,
neuraminidase or matrix M2 proteins. XVhere the
imnnu&ogeu &s an &ntluenza A v&rus hemagglut&nin it
may be from any subtype e.g. Hl, H2, H3, H4, H5. H6,
117. Hg. 119, 1110. I I I l. 1112, 1113, 1114. 1115 or 1116.

Paramyxoviridae viruses V&ral immunogens include, but
are not limited to, those derived from Pneumoviruses
(e.g. respiratory syncyt&al virus. RSV). Rubufnviruses
(e.g. mumps v&nis). Paramyxoviruses (e.g. parainfhi-
m&za virus). Metapncumov&ruses aml Morbilhviruscs
(c.g. measles).

Pox& indac. V&ral &mmunogcns u&elude, but arc not Inn&tcd
to. those derived from Orthopoxvirus such as Vuruilii
vera, including hut not limited to. Vuriuju mujur and
I'uriulu &amor.

Picornavirus: Viral imnuinogens include, but are not
hmued to, those dcuved from Picomav&niscs. such as
Entcrovinises. Rlunov&ruses. Heparnav&rus, Card&ov&-

ruses and Aphthov&ruses. In one embodunent, thc
enterovinis is a poliovm&s e g. a type I„ type 2 and/or
type 3 poliovirus In another e&nbodiment, the entero-
vin&s is an EV71 enterovirus. In another embodiment,
the enterovirus &s a coxsackie A or B vinis.

Bunyas irus: V&ral &nununogens u&elude, but are not lim-
ited to, those dcuved from an Onhobunyav&nis, simh Bs
Cal&f'orn&a cncephal&us v&rus, a Phfebov&n&s, such Bs

i(if& Valley i&ever v&n&s, or a Nairovirus, such as
( rimean-('ongo hemorrhagic fever virus.

Hepnr&msvims; Viral inununo ens include, but nre not
limited to. those derived from n Hepnmnvinis. such as
hepatitis A v&rus (HAV).

F&lovirus. Viral &nm&unogens u&elude, but are not lmuted
to. those deuvcd from a filovirus, such as an Ebola
virus (includmg a la&re. ivory ('cast, l(eaton or Sudan
ebolavinis) or a Marburg virus

Togavirus: Viral &nununogens include, but nre not limited
to. those derived from a To avirus. such as a Rubivirus,
an Alphav&rus, or au Arteuv&rus. Tlus includes rubella
1 1n.i 3.

Flavn &rum V&ral immuuogcns u&elude, but are not Inn&tcd
to. those derived front a I'lavivin&s, such as 1'ick-horne
encephalitis ('1131:) v&ms, Dengue (types I, 2. 3 or 4)

is

virus, Yellow Fever v&rus, Japanese m&ccphal&t&s virus.
Kyasanur liorest Virus. V &est Nile encephalitis viru~. St
I ouis encephalitis vin&s. Russian sprina-sum&ner
encephalitis virus. Powassan encephalitis vin&s

Pestivirus: 'viral immunogens include, but are not limited
to. those derived front a Pestivirus. such as Bovine viral
dmrrhca (BVDV), Class&cal sw&ne fever (CSFV) or
Border discase (BDV).

I lepadnavirus Viral immunogens include. but are not
limited to, those derived fnim a I iepadnavin&s, such as
I iepatitis 13 virus A con&position can include hepatitis
B virus surface antigen (HBsAg).

Other hepatitis vin&ses: A composition can include an
inuuunogen from a hepatitis C virus, delta hcpautis
virus, hcpat&us E 1irus, or hcpauus G v&rus.

Rhabdovims: Viral in&nn&no ens include, but are not
limited to. those derived from a I(habdovm&s, such as
a I,yssavin&s (e g a l(shies vims) and Vesiculovirus
(VSV).

ic Cal&mviridae: Viral imnumogens include. but are not
linutcd to. &hose dern&xi from Calc&v&ridae, such Bs

Norwalk v&rus (Norovirus). and Norwalk-1&ke V&ruses,
such as I lawaii Vinis and Snow Mountam V&n&s.

('oronavims Viral immunogens include. but are not lim-
ited to. those derived front a BARS coronav&n&s, avian
infectious bronchitis (IBV), Mouse hepatitis virus
(MHV). and Porcine trammissible gastroenteritis virus
(T(iEV). The coronas &rus immunogeu may bc a sp&kc

polypcptidc.
Retrovims Viral in&nn&no ens include, but are not limited

to, those derived front an Oncovm&s. a I entivirus (e g
I IIV-I or I IIV-2) or a Spuniavmis.

Reovirus: Viral imnumogens include„but are not limited
to. those derived from an Orthoreovin&s. a Rotavirus,
m& Orbivirus, or a Coluvirus.

Parvov&rus: V&ral &mmunogens include, but arc uot Iin&itcdf

to. those derived from Parvov&rus B19.
I ferpesvirus'iral immunogens include, but are not lim-

ited to, those derived fmm a hun&an herpesvinis, such
sc as. by way of example only. Herpes Sunplex Viruses

(HSV) (e.. HSV types I nnd 2), Varicella-zoster virus
(VZV), Epstein-Barr virus (EBV), Cytomcgalovirus
(CMV). Human Hcrpcsvirus 6 (HHV6), Human Hcr-
pesv&rus 7 (HHV7), and Human Hcrpcsv&rus 8

(I II IV8).
Papovavimses Viral immunogens include, but are not

limited to. those derived from Papillomavinises and
Polyomaviruses. The (In&man) papillomavirus may be
of scrotype I, 2, 4. 5, 6, 8. 11, 13. 16, 18, 31, 33, 35,

B 39, 41, 42. 47, 51. 57. 58, 63 or 65 c.g. from onc or
morc ol'erotypes 6. 11. 16 and/or 18.

Adenovirus Viral immunogens include those derived
front adenoviuis semtype 3(& (Ad-3(&)

In some embodiments. the inumu&ogen elicits an inunune
ss response against a virus wlgch infects fish, such as: infec-

t&elis sahuou ilucuuB virl&s (ISAV), BBhuou pane&ciit&c ihs-
casc virus (SPDV). infectious paucrcauc nimmsis virus
(IPNV), clmnnel catfish 1&rus (CCV), fish lymphocystis
disease virus (FI,IN', infectious hematopoietic Been&sis

ic vinis (II INV). koi herpesvirus. salmon picoma-like virus
(also knov:n as picornn-like virus of atlant&c salmon). land-
locked salmon virus (LSV). atLantic salmon rotavinis (ASR),
trout strawberry d&sease vinis (TSD), coho salmon tumor
v&rus (CSTV). or v&ral hcmorrlmg&c scptwcnua virus

ss (VHSV).
liungal inununogens may be derived from lyennato-

phytres, i&&el&1di&18: lfpidermuiph1iuu /lurciisum, JIAcrus/J«-
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vwnl oudvwwzz, Mlr'vospovzon co&zls, Mlcvospvvunl rilsrov&uiw,

,Iiiirizspz&rum «qziinziwz, Mivvuspovnm g&psnzw, Mivvospv-
vwm nonnm. 7vii hzzph& /un rzmren&vl viwz, 7yl chizph& /un egn/-
nmn. 7yii hi&Eh vzim Su/i/nor. I i/ vhophyzim g&7&sewn&, Iy/chv-
plzvzon w&egnizn, Tv/chopin to&i»izzciztogvopizr&es,
Tvlchoplzvrozz qwinckeonuin, fr&chop/I&&on nibvum, Tricho-
ph&zon schoenirl n/. Tvichoph& rvn rozzsurons, Tvlchoph&zon
vvrnicosum, T vevvucosuzw var. uibwzn, var. VI/sco/des, var.
«chvoieum, llr/c/wflzhy&vn v/o/oiiwzw, and/or Ivlvlnzphvzon

fizvifurme; or fmm Aspezgi ilws fuml &o&ws, Aspezgl /ius Ihivus.
Aspevgiiius niger, Aspergil/us n/IIII/ons, dbspevgiiin& /evvvus.
Ispergllins SVIIOIVO, ASIZOVRIIIOS Ilz&Vz&ZOS, Aspergiiius gian-

&uss

Rioszosrh/aom& ces cop&&urus. ConC&du oibii ons. Con-

d/doo

enoiose, Cond/&in lvopicoiis. Cond/zio giobrom, Can-
dido kvwse/, Cond/do porops&/osis, Cimdido szeiiozoideo,
C:nzzi/ii/o kuiei. I'Izndu/o povukwiiei, Ciun&I/I/o Insizomov,
CO&II/ii/o pseudzzzrzzpii oils, 1:undl Jo gzzilliovwzondi, C:lo-

duspizvium cuvnwwi. C'zzvi/II/rz/i/Os immi&/ r. Iiioslomvres
der&no&id/s. Cvvpzococcws rzeoformnns. Cieozrichwn ciovo-
zum H&szopiosnw& cwpswiozuzn, Kiebs/eiio pnewnozzioc,
Microsporid&u. Enrepholizo oow spp., Srp/o/u /nzcszivohs
and En/erocyroaoon bleneusi, thc less conunon are /&vo-

vhl ulo spp, Miirizipvvidiuwi spp., Iyosemo spp., Pie/&&vphvvw

spp, 7yuilwpieis&vphizvo spp., Iiuofizvuiu spp I'Izvoiocvii/-
h)uh.'s /zz'us&br'&Isis, I ni'wizzol" \&i&l.i I'uz'Inz&, PI'Iizluuwz Izzsuh-

oswn. P&zpvosporwnz ovoic, Sochorom&ces cercv/soe. Soc-
rizoromvres bouiovdn, Soccizz&row& ces pun&be.
Scodospoviznn oplosperu&n, Sporolhrls scizenciil/. Tnchos-
poron bulge/i&, Tovopiosmo goad//. Prn/c//Ii&mi u&nrnePCI,
,1&olossrc/o spp, lhwzsocoeo spp, I gong/Clio spp, hjzovozizri I

spp . //os/i/iobvizis spp, C.'on/I//o/wi/ns spp . /Chl ciqniz spp,
,tim uv spp, Absiiiio spp, 3/ovl/cvclio spp„ f'Imningizwmviiw

spp, So/wended spp . Viizcrnono spp. Cwrvniono spp. Hc/-
ml»rlzosporlnm spp, Fusorww spp, Aspergiiius spp. Pezzi-
cl iiium spp, Mono//rz/u spp, Rhlaoczonlo spp. Poeciionfl crs
spp. Pi/how& ccs spp, aud Ciodospovi uzi& spp.

hl son&c cn&bixhn&cn&s thc uunlunogcn chc&&s zu& nanna&c
response against a parasite fn&m the I'/osnzoiiiuwz genus,
such as P. fuicipuvmn, I'ivoi, P wiulov/we or P «vole 1'In&s

the invention may be used for immunising against malaria.
In some embodunents the immuno en elicits un inunune
&espouse agan&s& a pa&d ~ ltc front thc C&lhgulz&c fanuly, p&u-

ucularly those from thc Lepropizlhrirus and Cni/gus gcncra
c.g. sca lice such us Lcpeophrheivns so/mon/s or Co//gus
vugcn veszr& i.

In some embod&n&eats the imnnu&ogen elicits an imnnu&e
response against: pollen allergens (tree-, herb. weed-, and

russ pollen allergens): insect or amschnid allergens (inhal-
ant. sal&va and venom allcrgcns, e.g. miIc ailcrgcns. cock-
roach and Budges allcrgcns, hymcnopIhcra vm&om aller-
gens):;mimal ha&r and dandrulfallergens (from c.g. dog. cd&,

horse, rat. mouse, etc ): and food allergens (e.a a gliadin).
hnportant pollen allergens fn&m trees. grasses and herbs are
such originating from the taxonomic orders of Fagales,
Oleales. Finales and platanaceae including. but not limited
to. b&rch (Llczuio), alder (Abws), haxel (Cor& Ius). hornbcmn
(Corp/nws) and olive (Oleo), cedar (Cn ptozurvlo and Jim/-
perus), plane tree (Pin&onus), thc order of Posies inciud&ng
grasses of the genens Loii uwz. Phieiwi, I'oo, C) nodon, Dwv-

/I lid. Hz&ii"us, Phoioris. Sei"o/e, and!Ivvghuzw, the orders of
Asterales and Urticales including herbs of the genera
Imbroszo, dr&em&sin„and Por&erorio. C)ther important inha-
lauon allcrgcns are those from hm&sc dust nutcs of fl&e anus
Dvvmotophogoides and Eurogl& phws. storage m&te c.g Lciz/-

dog/&phiz. GII c&phogus and TI voplwzgws, those lrom cock-
roaches, mid es and fleas eg Illolollo, Pevlpiozzezo. 1:h/-
vuzwwzzs and I'zeizocepizlzolides, and those from mammals

such as cat, dog and horse. venom allcrgcns including such
originatmg from stinging or biting insects such as those from
the taxonomic order of I lymem&ptera including bees (Ap/-
I/oc), wasps (Ihsp/deo), m&d ants (I'Izvm/vo/I/oe)

In some embodiments the immunogen is a t&unor antigen
selected from; (a) cancer-testis ant&gens such as NY-ESO-I,
SSX2, SCPI as well as RAGE. BAGE. GAGE &md MAGE
fanuly polypepudcs. Ibr cxamplc, GAGE-1, GAGE-2,
MACili-1. MA(il&-2, MACII&-3, MACiE-4. MACilb5,

&o MACil i-CI. and MACil:-12 (which can be used, for example,
to address melanoma, luna. head and neck, NSC I.C . breast,
gastrointestinai. and bladder tumorst (b) mutated antigens,
for exampie. p53 (associated with various sohd tumors, e.gv
colorcctal, lung, hcud m&d neck cancer), p21/Ras (assoc&atcd
wiIh, e.g., melanoma. pancrcat&c cancer and colorectal can-
cer), I'DK4 (associated with, e.g, n&elanoma), MUM I (as-
soc&ated with, e g . melanoma), caspase-8 (assoc&ated with,
e g, head and neck cancer), I'IA 0205 (associated with, e.g,,
bladder cancer), HLA-A2-R1701, beta catenin (associated

Io v ith, e.gv melanoma). TCR (associated with, e, T-cell
nou-Hodgluns lymphoma). BCR-dbl (assoc&atcd with, c.g.,
chronic myelogenous lcukcmia), tuoscphosphate &somcrasc,
KIA 0205, C.'l)C'-27, and l,l)I 13-l&IJI', (c) over-expressed
antigens, for exan&pie, Cialectin 4 (assoc&ated with, e.g,
colorectal cancer), Ciaiectin 9 (associated with, e g, I lodg-
kin's disease), proteinase 3 (associated with. e.g.. chronic
myelogenous leukemia). )VT I (associated with, e g., vari-
ous lcukcmias), carbo&uc anhydrasc (assoc&at&xi with, e.g..
rcndl cBnccr), Bldolasc A (assoc&a&cd w &th, cgv lung cancer),

Io PRAMII (associated &vith. e .. melanoma). I II)13-2/neu (as-
soc&ated with, e.g . breast, colon, lung and ovarian cancer),
man&maglobin. alpha-fetoprotein (associated with. e.g,,
hepatoma). KSA (associated with. e.g.. colorectal cancer),
gastrin (associated with. e.g.. pancreatic and gastric cancer),

&I tclomcrasc catalytic prolcu&, Ml&C-I (Bssoc&BR:d with, c.g.,
breast aud ovanan cancer), G-250 (assoc&atcxI with, c.g.,
renal cell carcinoma), p53 (assoc&atcxI with, c.gv breast,
colon cancer), and carcinoembryonic ant&gen (associated
with, e.g, breast cancer. Iun cancer. and cancers of the

do gastrointestinai tract such as colorectal cancer), (d) shared
anti ens. for example. melanoma-melanocyte d&fferentiation
ant&gens such as MART-1/Mela+A. gp100, MCI R, maim&o-
cylc-slimulal&ng hormone receptor. &yrosinasc. &vrosinasc
rclatcd prole&n-I/TRPI and tyrosinase rclatcd pro&em-2/
'Ii&F2 (associated ivith, e B, melanoma); (e) prostate asso-
c&ated antigens such as PAP. PSA, PSMA. P)II-PI, P)M-
Pl, PSM-P2. associated with e.gv prostate cancer: (f)
inununogiobulin idiotypes (associated v ith myeloma and B
cell lymphomas, I'or cxdmplc) In ccrtmn cmboduucnts,

c tumor &nuuunogens include. but are not 1&m&tcd to, p15,
Hon&/MC1-40, H-Ras. E2A-PRL, H4-RET, IGH-IGK. MYL-
RAR, Iipstein 13arr vin&s antigens. I&13NA, human papillo-
mavims (IIPY) antigens, including l&6 and 117. hepatitis 13

and C virus antigens. human T-cell lymphotropic virus
ss anti ens. TSP-180, p185erbB2. pl 80erbB-3. c-met,

nm-23 HI. TAG-72-4. CA 19-9, CA 72-4, CAM 17.1, NuMB.
K-ms. pl6, TAGE, PSCA. CT7. 43-9F. 5T4 791 Tgp72.
beta-HCG, BCA225. BTAA, CA 125, CA 15-3 (CA
27 29&IK'AA) I'A 193 Cnx 242 I'4-50 C'AM41

Iu I'l)68&KPI, I'0-029, Iitil&-5, Cia733 (Ept'AM), I I'I'gp-175,
M344. MA-50. MG7-Av. MOY18, NB/70K, NY-CO-I,
RCAS I. SDCCACil 6, TA-90 (Mac-2 binding protein/cyclo-
plul&n C-associated protcu&), TAAL6, TAG72, TLP. TPS,
and the hkc.

si Pl&annimcut&cal Composu&ons
I,iposomes of the invention are useful as components in

plmrmaceutical compositions for &mn&unising subjects
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against venous diseases. These composlllons will Iypmally
include a phannaceutically acceptable carrier in addition to
the liposomes A thomugh discussion of pharmaceutically
acceptable carriers is available in reference 33

A phamlaceutical composition of the invention may
include one or more small molecule immunopotentiators.
For cxmnplc. thc composition may ulcludc a TLR2 agonist
(e.g. Pam3CSK4), a TLR4 agonist (c.g. Bn mnmoalkyl
lucosanlinide phosphate, such as 116020), a 'I'I R7 agonist

(e a. imiquimod), a 1 I,RS agonist (e.g resiquiinod) and/or a IU

'I'I.R9 agonist (e g I('31) Any such aaonist ideally has a
molecular weight of &2000 Da. Where a RNA is encapsu-
lated, in some embodiments such a onist(s) are also encap-
sulated with thc RNA, but in other cmboduncnts they arc
uncncapsulatcd. Where a RNA is adsorbed to a particie, in
sonic embodiments such agonist(s) are also adsorbed v ith
the RNA. but in other embodunents they are unadsorbed

Pharmaceutical conlpositions of the invention may
include the liposomes in plain water (e.g. w.f.i.) or in a buffer
e.g. a phosphate buff'er. a Tris buffer, a borate buff'er. a lo
succlnatc builbr. u lusudulc buifcr, or a clu ate buffi:r. Buiibr
salts will typically bc ulcluded ul Ihe 5-20 mM range.

Vhanllaceutical conlpositions of the invention may have a
pi I between 5 0 and 9 5 e.g between 6 0 and 6 0

('ompositions of the invention may include sodiunl salts
(e.. sodium chloride) to ive tonicity. A concentration of
10 2 nlg/ml NBCI is typical e.g. about 9 mg/ml.

Compositions of Ihc ulvention may ulcludc motel ion
chelators. These can prolong RNA stablhty by removing
iona ivhich can accelerate phosphodiester hydrolysis. 'I hus a lc
composition may include one or more of El)'I'A, E(i'I'A,
l3ARI'A, pentetic acid. etc Such chehltors are typically
present at between 10-500 VM e.. 0.1 mM. A citrate salt,
such as sodium citmste. can also act as a cheiator. while
ddvBnliigcoiisly'ilso piuvullng biiilcilng activity. ls

Phanndccutical compositions oi'hc ulvenuon may have
an osmolahty of bctw cen 200 mOsnffkg mid 400 mOsm/kg,
e g. betv een 240-360 mOsm/kg. or benveen 2')0-310
nlOsnui'a

Pharmaceutical compositions of the invention may do

include one or more preservatives, such as thiomersal or
2-phmloxyethanol. Mercury-I'rcc cumpositions arc prc-
Ii:rrixi. and prescrvauvc-frcc vacculcs can bc prcparu!

Phannaccuticul compositions of Ihe ulvcnlion arc prcfcr-
ably sterile.

Pharmaceutical compositions of the invention are prefer-
ably non-pymgenic e g. containing &I EU (endotoxin unit,
a standard measure) per dose, and preferably &0.1 EI1 per
dose.

PhiinudccUIU:dl conlposltions of Ihc ulvcnfion sile plcfcr-
dbly'lUICU frcc.

Vhanllaceutical compositions of the invention may be
prepared in unit dose form in some embodiments a unit
dose may have a volume of between 0.1-1.0 mi e.g. about
0.5 nil. ss

11&c composiuous may bc prcparcd as intcctablcs, either
ds solutions or suspensions. Thc composition may bc prc-
piirix! Ilir pUhuonilny Bduunlsniillon c.g. bv an ulhiilcl, iisulg
a hne spray The composition may be prepared for nasal,
aural or ocular adnlinistratiioa e.g as spray or drops. Inject- ic
shies for intramuscular administration are typical.

Compositions comprise an imnnmologically effective
dnlount of hposonlcs, Bs well Bs Bnv Olhol coulponcnts, iis
needed. By *imnninologicdlly eilcclive amounlh itis mewl(
that Ihc ddmnustration of that amount to dn uldlvidual, either ss
in a single dose or as part of a series, is etfective filr
treatment or prevention. 'I'his amount varies depending upon

thc health and physical condition oi'hc uldivalual to bc
treated, age. the taxonomic group of individual to be treated
(0 g. non-Inunan pumdtc. pnmatc, ctc.), thc capacity of Ihc
individual's imnume system to synthesise antibodies, the
dcgrcc oi protection dcsircd. Ihc fonnulauon of Ihc vacculc,
the treating doctor's assessment of the medical situation, and
other relevant factors. It is expected that the amount will fall
in a relatively bmad rmlge that can be determined through
routine trials. The liposome and RNA content of composi-
tions of the invention will gcncrally be exprcsscd in terms of
the amount of RNA per dose. A preferred dose has &100 g
RNA (c.g. from 10-100 pg, such as ubout 10 pg, 25 gg, 50

gg, 75 Vg or 100 Vg), but expression can be seen at much
lower lcvcls c.g. «I pg/dose, U100 ng/dose, 10 ng/dose. Bl
ng/dose, etc

The invention also provides a dehvery device (e..
syriage, nebuliser, sprayer, inhaler, dernlal patch. etc ) con-
tainulg a pharmaceutical composition of the invention. Tlfis
device can bc used Io aihninister tlm composition io a
vertebrate subject.

Liposomcs oi'he invmltion do not ulcludc ubosomcs.
Methods of 'I'reatment and Medical Uses

In contrast to Ihe particles discloscxl in rcfi:rcncc 14.
liposomes and pharmaceutical compositions of the invention
are for ln vivo usc for eliciting an inunuue rcsponsc agaulsl
an imnnlnogen of interest

The invention provides a metlmd for raisin an inunune
response in a vertebrate comprising the step of adnlinistering
an effectii e amount of a liposome or pharmaceutical com-
position of Ihc invcnuon. 11&c inuuune rcsponsc is preierably
protectne and preferably involves antibodies and/or cell-
mediatcd inumuuty. Thc method muy rmsc a boosicr
response

Thc invention also provides a hposomc or phauuaccutical
cmnposition of the invention for use m a method for raising
an inunune response in a vertebrate.

'I'he invention also provides the use of a liposome of the
invention in the manufacture of a medicament for raising an
imnnulc rcsponsc ln a 1 crtebrdtc.

By mising an immune response in the vertebrate by these
uses and methods, the 1 crtebrdtc cun bc protected a dulst
venous diseases and/or mfixuons c.g. against bactcnal
and/or viral diseases as discussed above 1 he liposomes and
compositions are immunoaenic, and are more preferably
vaccine compositions. Vaccines accordin to the invention
may either be prophylactic (i.e. to prevent infection) or
therapeutic (i.c. to treat ufii:ction), but will typically be
plophi'hictlc.

Thc vcrtcbrate is prcibrably a manunal, such as a human
ore large veterinary manlmal (e.g horses, cattle, deer, goats,
pigs). Where the vaccine is for prophylactic use, the human
is preferably a child (e.g. a toddler or infant) or a teena er;
where the vaccine is for therapeutic use. the iniman is
prcfcrably a Iecnagcr or ml dduln A vucculc intended Ibr
cluldrcn may also be ddnumstcrcd Io adults C.g. to assess
sdfctv, dosiigc, uuuliinogcnlcltyi clc.

Maccmes prepared according to the mvention may be used
to treat both children and adults 'I hus a human patient inay
be less than I year old. less than 5 years old, 1-5 years old,
5-15 years oid. 15-55 years old, or at least 55 years old.
Prcfcrrcd patients for rccmiing Ihc vacculcs arc Ihc elderly
(0 g. 50 years old, »60 years old, and preferably 65 years),
the young (c.g. «5 years old). Ixlspitaliscd pauents, hcalth-
care workers, arnled Be(lice and mihtary personnel, preg-
nant women, the chronically ill. or Inuuunodeficieut
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pai&cnls. The vacc&nes arc nol su&lablesolely fi&r llu:sc
gmnps, however. and n&ay be used more generally &n a
population.

Con&positions of the invention will generally be admin-
istered directly to a patient Direct delivery may be accom-
plished by parenteral injection (e.g. subcutaneously, intrap-
cnloni:dllv& h&1&Bvi:noilsly, nn&'iin&ilscUlsllv, h&nadi:&n&all)', or
to the u&lersuual space ol' ussuc, unhke refi:rcncc I,
intraalossal U&lect&on &s not typically used with the present
invention) Alternat&ve dehvery routes include rectal, oral &0

(ea. table&. spray), buccal, sublingual. vaginal. topical,
transdermal or tmnscutaneous, intmsnasak ocular. aural. pul-
monary or other mucosal administration. Intradermal and
all&ann&scUldr Bihnnnslrat&on B&L'. &&s 0 p&CUE&rL&l & 0&iles. h&l~-
uon may be v&a a nccdle (c.g. a hvpodernuc needle), bul
needle-free injection may alternatively be used. A typical
intrann&scular dose is 0 5 n&l

'Ihe invention may be used to elicit systemic and/or
mucosal immunity, preferably to elicit an enhanced systemic
and/or mucosal immunity. 20

Dosage can bc by a s&nglc dose schedule or a mult&pie
dose schedule. Muluplc doses nmy bc used u& a prinuiry
8'll&'ll&Ulls'it&on schcdUlc,'u&d/ol'l a bi&i&ster gaul&in&sat&on

schedule ln a n&ultiple dose schedule the various doses may
be given by the same or d&fferent routes e g a parenteral
prime and mucosal boost. a mucosal prime and parenteral
boost, etc. Multiple doses will typically be administered at
least I week apart (c.g. about 2 wcchs, about 3 weeks, about
4 weeks. about 6 wccks, about 8 wixks, about 10 weeks,
about 12 iveeks, about 16 weeks, etc ) ln one embodiment, &0

multiple doses n&ay be administered approximately 6 weeks,
10&veeks and 14 weeks after birth, e 8, at an age of 6 weeks,
10 weeks and 14 weeks, as often used in the World Health
Organisation's Expanded Progmm on Inununisation
(**EPI"). In an altcrnat&ve embodiment. &wo pnmary doses &s

arc ddnunislcrcd about lwo months spar&, c.g. about 7, 8 or
9 weeks apart. I'ollowcd 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 embodiment, three primary doses are administered 40

about tvvo n&onths apart, e.g about 7, 8 or 9 iveeks apart,
followed by onc or morc booster doses about 6 months to I

year after lhc th&rd pnmary dose, c.g. about 6, 8. 10, or 12
months aficr the durd pnmary dose.
Cieneral

'Ihe prac&ice of the present invention will employ. unless
otherwise indicated„conventional methods of chem&stry,
biochemistry. molecular biology, inununology and pham&a-
cology. within thc sk&ll of thc art. Such lcclu&iqucs are
explained fully in the 1&lcrature. Sec, c.g., reli:rm&ccs 34-40, 0

clc.
1'he term "compnsing" encompasses "including" as well

as "consisting" e.g a composition "comprising" X may
consist exclusively of X or may include something addi-
tional e.g. X+Y. s.

11&c tenn '*about" u& relet&on to a numerical value x is
optional and means, for cxiunple, x IOio.

11&c word **substant&ally" docs not exclude "completely"
e g. a compos&tion which is "substantially free" fmm Y may
be completely free from Y Where necessary. the word io
"substantially** may be om&tted from the definition of the
invention.

Relerenccs to charge. &o canons. lo imions. &o zwillewons,
ctc.. dre taken at pH 7.

TLR3 &s lhc Toll-l&ke receptor 3. h is a single membrane- ss
spanning receptor which plays a key role in the innate
immiu&e system Known 1'I,R3 agonists include poly(EC).

16
"TLR3" &s the approved HGNC name for lhe gene cncoilu&g
th&s receptor. and its unique H(iNC ID is HCINC 11849. The
RclScq scqum&cc lhr thc human TLR3 gm&c &s Cq 245962S.

'I'I,R7 is the I'oil-like recep&or 7 It is a single membrane-
spdnnn&g &cccplo& which plilvs a kcv rulc n& lhc nu&aic

inunune system Known I'I R7 agonists include e g imiqui-
mod. "TLR7" is the approved HCINC name for the gene
encoding this receptor, and its unique IIGNC ID is I ION('5631.The RefSeq sequence for the human TLR7 gene is
GE67944638.

TLRN is the Toll-like receptor 8. It is a single membmsne-
spdnnn&g &cccplo& which plilvs a kcv rulc n& lhc nu&aic

inunune system. Knoivn 11,RN aeon&sts include e.g resiqui-
mod. "TLR8** &s the approicd HGNC name for thc gene
encoding this receptor, and its unique IIGNC ID is I ION('5632.The RefSeq sequence for the human TLR8 gene is
C&f20302165.

The RICI-I-like receptor ("RLR**) family includes various
RNA hclicases whic& play kcy roles u& thc innate &nununc
system as disclosed in reference 41. RLR-I (also known as
RIG-I or rcl&noic Uc&d mducible gcnc I) has two caspase
recn&itment domains near its ¹er&ainus I'he approved
HGNC name for thc gcnc encoding thc RLR-I helicase is
"DDX58** (li&r DEAD (Asp-Glu-Ala-Asp) box polypepudc
58) m&d the unique I IGNC Il) is I ION('9102 1 he RefSeq
sequence fi&r the lnunan RI R-l gene is (il 77732514
RLR-2 (also knovvn as MDAS or melanoma differentiation-
associated gene 5) also has two caspase recn&itment domains
near its N-terminus. The approved HCINC name for the gene
encod&ng the RLR-2 hchcase &s "IFIHI" (R&r u&lcrferon
induced w&lh hchcasc C donuun I) and the un&quc HGNC ID
is IIGN(21NN73 'I'he Retgeq sequence for the human
RI,R-2 gene is (ii'7N86567. RI R-3 (also known as I,GP2
or laboratory of gene&ics and physiology 2) has no caspase
recnutment domains. The approved HCINC name for the
gene encodin the RLR-3 helicase is "DHX58" (for DEXH
(Asp-Glu-X-His) box polypcptidc SN) and thc u&uquc
HGNC ID &s HGNC:29517. Tlu: RclScq scqucncc for thc
hun&an RI,R-3 gene is Cih149408121

PKR is a double-stmnded RNA-dependent pmte&n kinase
It plays a key role in the innate in&mune systen& "I ill&2AK2"

(for eukaryotic translation initiation factor 2-alpha kinase 2)
is the approved HCINC name fi&r the gene encoding this
enzyme. and &ls unique HGNC ID &s HC)NC.9437. The
RclScq sixpicnce R&r the human PKR gcnc is GI 20843182S.

BRIEF DESCRIPTION OF DRAWINC)S

FIC) I shows a gel with stained RNA. Lance show (I)
markers (2) naked rL3&licon (3) rcphcon after RNasc treat-
ment (4) replicon encapsulated &n liposome (5) hposome
after RNase treatment (6) liposome treated with RNase then
subjected to phenol/chloroforn& extraction.

FICi 2 is an electn&n n&icrograph of liposomes.
FIC) 3 shows lhc slniclures ol'L&UDMA, DLenDIvLA

and DODMA.
FIC) 4 shows a gcl w&th sla&ncd RNA. Lanes show (I)

markers (2) naked replicon (3) replicon encapsulated in
liposon&e (4) liposome tres&ed ivith RNase then subjected to
phenol/chlorofi&rm extraction.

FICi. 5 shows protein expression at days I, 3 and 6 after
dchvcry of RNA as a v&won-pimkaged rcpl&con (squares), as
naked RNA (diamonds), or in liposomcs (+=0 I pg, x=1 pg).

FIC) 6 shows protein expression at days I, 3 and 6 al'ier
delivery of four different doses of liposome-encapsulated
RNA.
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FIG. 7 shows anti-F IgG titcrs in ammais rimciving

virion-packaged replicon (VRP or VSRP), I pg naked RNA,
and I pg liposomc-cncdpsulatcd RNA.

FIG. 8 shows anti-F IgG titers in animals receiving VRP,
I pg naked RNA, and 0 I gg or I pg liposoine-encapsulated
RNA

FIG, 9 shows neutralismg antibody titers in animals
receiving VRP or either 0.1 pg or I u liposome-encapsu-
lated RNA

FIG. 10 shows expression levels aller delivery of a
rcplicon as naked RNA (circles), hposomc-encapsulated
RNA (triangle 8: square), or as a lipoplex (inverted triangle).

11Ci 11 shows li-specihc ig(i titers (2 weeks after second
dose) after delivery of a replicon as naked RNA(0.01-1 II ),
liposonie-encapsulated RNA (0.01-10 gg), or packaged as a
virion (VRP„10'nfectious units or IU).

FIG. 12 shows F-specific IgG uters (circles) and PRNT
uters (squares) aller dclivcry of a rcplicon as naked RNA (I
ng). Iiposome-encapsulated RNA (0 I or I gg), or packaged
as a virion (VRP, 10 IU). 1'iters in naive mice are also
shown. Solid ines show eometric means.

FIG, 13 shows intmlcellular cytokine production after
restinudation v, ith synthetic peptides representiii8 the major
cpitopes ui the F protein, 4 weeks aller a second dose. Thc
y-axis slxiws the % cytokine+ of CD8+CD4 —.

11Cig 14A and 1413 show i«specifi lg(i titers (mean
log«, titers std dev) over 63 days (I'l(i 14A) and 210 days
(FICi. 14B) after umnunisation ofcalves. The tiuee lines are
easily distin uished at day 63 and are, fhom bottom to top
PBS negative control: liposome-delivered RNA: and the
'*Triangle 4" product

FIG. 15 shows SEAP cxprcssion (relative uitmisity) at day
6 against pKa of lipids used in the liposomes. ('ircles show
levels for liposomes with DSP(1 and squares for liposomes
without DSP(1 sonietinies a square and circle overlap,
leaving only the square visible for n given pKa.

FIG, 16 shows anti-F titers expression (reLltive to RV01,
100%) two weeks after a first dose of replicon cncoihng F
protcui. Thc titcrs arc plot1cd against pKa in the same way
as in I'IG 15. 'I'he star shows RV02. which used a cationic
lipid having a higher pKa than the other lipids 'I'riangles
shoiv data tilr liposomes lacking DSP('; circles are for
liposonies which included DSPC.

FIG. 17 shows total IgCi titers after replicon delivery in
liposomes using, from left to n ht, RV01. RV16, RV17,
RV18 or RV19 Bars show mcims. Thc upper bar ui each
case is 2ivp2 (i e. 2 weeks after second dose), v hereas the
lower bar is 2wp I

FIG 18 shows IgG titers in 13 groups of mice. Eiach circle
is an individual mouse, and solid lines show geometric
means. The dotted horizontal line is the assay's detection
linn(. Thc 13 groups arc. from left to nght, A to M as
dcscnbixi below.

11CrS 19A and 1913 show 11,-6 (lii(r 19A) and IIINO
(iil(i 1913) (pg/m)) released by pDG 'I'here are 4 pairs of
bars. from left to nght contml; imnnuiised with RNA+
DOTAP„ immunised with RNA+lipofectamine: and inunu-
nised with RNA in liposomes. In each pair the black bar Is
wihl-tvpc Iliice, grc)'S rsql IIIUIBIII.

MODES FOR CARRYIN(i OUT THE
INVENTION

RNA Rcplicons
VBiloils Icpllcolls Brc ilsix! below. Ill gciicidl thcsc Brc

based on a hybrid alphavims genoine with non-stnictural
pmteins from venezuelan equine encephalitis virus (VEII IV),

a packaging signal from sindbis virus. and a 3'TR I'rom
Sindbis vims ore Viit IV niutant I'he replicon is about 10 kb
loaf and has a poly-A tail

Plasmid DNA encoding alphavims replicons (named
pT7-mVEEV-FL.RSVF or A317, pT7-mVEEV-SEAP or
A306, PSPG-VCR-GFP or A50) served as a template for
synthesis oi'RNA In iiuo. Thc rephcons contain thc alphd-
virus genetic clemcnts required for RNAreplicduon but lack
tlxlse encoding gene products necessary for particle assem-

in bly; the stmctural proteins are instead replaced by a protein
of interest (either a reporter. such as Sl:AP or (iFP, or an
inununogen. such as full-length RSV F protein) and so the
replicons are incapable of inducin the generation of infec-
tious particles. A bactenophage (T7 or SP6) promoter
upstream of thc alphai inis c DNA facilitates thc synthesis of
the replicon RNA in vitro and a hepatitis delta vinis (I Il)V)
ribozyme immediately doivnstream of the poly(A)-tail gen-
erates the correct 3«end through its self-cleaving activity

Foilov, ing linearization of the plasmid DNA downstream
Io of the HDV ribozyme ivith a suitable restriction endonu-

clcasc, run oil'transcnpts werc synthcsizcd uivitm usui T7
or SPG bactcnophage der«ed DNA-dcpcndcnt RNA poly-
merase. 'I'ranscriptions ivere pertilnned for 2 hours at37''n

the presence of 7.5 niM (1 7 RNA polynierase) or 5 mM
(SP6 RNA polynierase) of each of the nucleoside triphos-
phates (ATP. CTP, CiTP and UTP) following the instructions
provided by the manufacturer (Atnbion). Follov in tran-
scnption thc tcmplatc DNA was digcstcd with TURBO
DNasc (Ambion). Thc replicon RNA was prcctpitatixi with

lo I.i('I and reconstituted in nuclease-free water. Uncapped
RNA was capped post-transcriptionally with Vaccinia ('ap-
piitg Iinzyme (V(ill) using die Script( ap m7(i ( apping,
System (Epicentre Biotecluiologies) as outlined in the user
manual, replicons capped in this ii ay are given the "v*'refix

ls e g. vA317 is thc A317 rcplicon capped by VCE. Post-
transcriptionally capped RNA was prccipitatcd with LiCI
diid ICCOIIS11111(Cd 111 1111CICIISC-ECC Wdtcr. 111C COIICCiltidlloil
of the RNA saniPles was determined by nieasuring ODaio„„,
Integnty of the in vitro tmnscripts was confirmed by dena-

do turing agarose el electrophoresis.
Liposomal Encapsulation

RNA was cncapsuldtcd in liposomcs made by thc method
of rcfcrcnces 11 and 42. Thc liposomcs werc made of 10%
DSPC (zwiucnomc). 40% DLinDMA (cduonic), 48% cho-
lesterol and 2% Pi i(i-conjugated l)M(i (2 kl)a Pit(i). These
pmportions refer to the % moles in the total liposome

DLinDMA (1.2-dilinoleyloxy-N.N-dimethyl-3-amino-
propane) was synthesized using the procedure of reference
6. DSPC (1,2-Diastearoyl-sn-glyccro-3-phosphocholine)

o was purchased from Gmizyme. Cholesterol was obtatncxf
from Sigma-Aldrich. PEG-conjugated DMG (1,2-dunyris-
toyl-sn-glycero-3-phosphoethanolaniine-N-[methoxy(poly-
ethylene glycol). animonium salt), DO'I'AP (1,2-dioleoy1-3-
trunethylanunonium-propane. chloride salt) and DC-choi

ls (3(3-[N (N',Nndimethyklminoethane)-carbamoyijcholes-
tcrol hydrochloride) werc Ibom Avmiti Polar Lipids. 1,2-
duuynstoyl-rac-glycero-3-medioxypolyethylcnc glycol was
obtained from NOF Corporauon (catalog RGM-020).

13rietiy, lipids were dissolved in ethanol (2 ml). a RNA
io replicon was dissolved in butTer (2 nil, 100 mM sodium

citrate, pH 6) and these ivere mixed v ith 2 ml of buffer
followed by I hour ofequilibration. The mixture was diluted
with 6 ml bufii:r then liltercd. The resulung product con-
talilCd liposoillCS, Witll —95% ctlcdpslllatloii cihCICIICY.

ss For example, in one particular method, fresh hpid stock
solutions ivere prepared in ethanol 37 mg of Di,inDMA,
11 8 mg of DSPG, 27 8 m of cholesterol and 8.07 mg of
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PEG-DMG werc wmghcd mid dissolved ui 7.55 mL of
ethanol I'he freshly prepared lipid stock solution was gently
rocked at 37" ('or about 15 min to form a lx&mogenous
mixture I'hen, 755 PI, of the stock was added to I 245 ml,
ethanol to make a working lipid stock solution of 2 mL. Tlus
amount of lipids was used to form liposomes with 250 gg
RNA. A 2 mL workuig solution of RNA was also prepared
from a stuck solution of — I I&g/I&L ui 100 mM citrate bufibr
(pi I 6) 'I 1&ree 20 n&I. glass vials (ivith stir bars) v ere nnsed
with RNase Away solution (Molecular Bioproducts) and ia
washed ivith plenty of MilliQ ivater before use to decon-
taminate the vials of RNases One of the vials ivas used for
the RNA workin solution and the others for collecting the
lipid snit RNA mixes (as dcscnbcd later). The workm hpid
snd RNA soluuons were heated at 37'. Ibr 10 min befi&rc
being loaded into 3 cc luer-lok syringes 2 mi, citrate buffer
(pl i 6) ives loaded in another 3 cc syringe Syringes con-
taining RNA and the 1&pids were connected to a I'nxer
(PEEKru 500 pm ID )unction. Idex Health Science) using
FEP a&bin (fluorinated ethylene-propylene; nll FEP tubing zo

use&i has a 2 nun internal dimncter snd a 3 mm outcr
di&unctcr). The outlet from the T nuxer was also FEP tubing.
'I'he third syringe containing the citrate buffer was coiuiected
to a separate piece of l&EP tubing All syringes were then
driven at a flow rate of 7 mi,/niin using a syringe pump. The
nibe outlets were positioned to collect the mixtures in a 20
mL glass vial (wlfile stirring). The stir bar wns taken out and
the ethanol/aqueous solution was allowed to equ&1&brate to
loot&1 ti:lllpelatllrc for I h. 4 llll oi tile Il&ixtilrc Was loilili'.il
into a 5 cc syringe, ivhich was connected to a piece of I&EP &a

tubing and in another 5 cc syringe connected to an equal
length of I'Iip tubing, an equal amount of 100 mM citrate
bufi'er (PH 6) was loaded. The two syrin es &vere driven at
7 mL/min flow rate usia the syringe pump and the firml
nuxturc collcctcd in a 20 mL glass vial (wlule stirring). &i

Next, the mixture collected from thc scconil mixuig step
(1&posomes) were passcdi tluough a Mustang Q membrane
(an anion-exchange support that hinds and removes anionic
n&olecules. obtained from Pall Corpomtion) Before using
this membrane for the 1&posomes. 4 mL of I M NnOH. 4 mL so
of I M NaCI and 10 mL of 100 mM citrate buffer (pH 6)
werc succcssivcly passed tluough &t. Liposomcs werc
oem&cd for 10 min at 37'. before passuig tluough thc
membrane. Next, 1&posomcs werc concentrated to 2 mL and
dialyzed against 10-15 volumes of I xPBS using by tangen-
tial flow iiltmtion before recovering, the final product 'I he
TFF systeni and hollow fiber filtration membranes were
purcltssed from Spectnim Labs (Rancho Dominguez) and
were used according to thc mamifacturcr's guideluies. Puly-
sulfonc hollow liber filtmtion membranes with a 100 kD c

pore s&ze cutoil'nd 8 cms suri'acc ares were used. For in
vitm and in vive expennients formulations &vere diluted to
the required RNA concentmtion with I xpl38

FIG, 2 shows an example electron n&icroynph of lipo-
somes prepared by these method~. These liposomes contain s.
micapsulated RNA encoding full-length RSV F antigen.
Dynanuc light scattcnng oi'nc batch showcxl an a&cragc
diamctcr of 141 iun (by &ntens&ty) or 78 nm (by number).

'lite percentage of encapsulated RNA and RNA concen-
tration were determined by Quant-i'I'&ibo(ireen RNA ia
reagent kit (Invitrogen). following manufacturer's instruc-
tions. The ribosomal RNA standard provided in the kit was
use&i to gcneratc a standard curve. Liposomes werc diluted
10x or 100x in I xTE bufii:r (I'rom kit) bali&re add&&ion of the
dye. Separately, 1&posomes werc dilutix! 10x or 100x in si
I x'I'I I butTer containing 0 5% Triton X befi&re addition of the
dye (to disrupt the hposomes and thus to assay total RNA).

Thcrcaflcr an ixpial amount of dye was added to each
solution and then -180 ul, of each solution after dye addition
v as loaded in duplicate into a 96 well tissue culture plate
'I'he fluorescence (lix 485 nm, Iin& 528 nm) was read on a
microplate reader. All liposome formulations were dosed in
vivo based on the encapsulated amount of RNA.

Encapsulation ui 1&posomcs was shown to protect RNA
from RNasc digestion. Expenments us&xi 3 8 mAU of RNase
Aper microgran& of RNA, incubated for 30 niinutes at room
temperature RNase ives inactivated with Protemase K at
55' for 10 mimites A I I v/v mixture of sample to
25:24:I i/v/v. phenohchloroform:isoamyl alcohol was then
added to extract the RNA from the hpids into the aqueous
plrsse. Smnples werc mixed by i ortcxing for a fi:w seconds
and then placed on s ccntnfuge for 15 minutes at 12k RPM.
'I'he aqueous phase (containina the I&NA) was removed and
used to analyze the RNA Prior to loading (400 ng RNA per
v ell) all the samples were incubated with formaldehvde
loading dye, denatured for 10 minutes at 65" C. and cooled
to mom temperature. Ambion Millennium markers were
used to approx&matc thc molecular weight of thc RNA
construct. Thc gel wss run at 90 V. The gcl was stauied usu&g
0 1% SYI3R gold accordin to the manufacturer's guidelines
in water by rocking at mom temperature fi&r I hour I'III I
shows that RNase con&pletely digests RNA in the ahsence of
encapsulation (lane 3). RNA is undetectable after encapsu-
lation (lane 4). and no change is seen if these liposomes are
tres&cd with RNase (lane 4). After RNasc-treat&xi 1&posomes
arc subjected to phenol exusction. undigcstcd RNA is scca
(lane 6) I iven after I week at 4" C the I&NA could be seen
v ithout any fragmentation (I'Ki 4, arrow) Pmtein expres-
sion m vivo was unchanaed after 6 weeks at 4" (2 and one
freeze-thaw cycie. Thus liposome-encapsulated RNA is
stable.

To assess in vive cxprcssion of thc RNA a reporier
enzyme (SEAP, sccrctcd alka lute phosphate ac) was encodcdI
in the rcphcon, rather &Iran;m unmunogcn. Expression levels
were measured in sera diluted I:4 in lx Phospha-l.ight
dilution buffer using a chemiluminescent alkaline phosphate
substrate. 8-10 week old BALB/c mice (5/group) were
in)ected intrannisculariy on day 0, 50 gl per leg with 0.1 gg
or I gg RNA dose. Thc s&unc vector was also aihn&rustcrcd
without thc 1&posomes (m RNasc frcc lxPBS) at I pg.
Vinon-peel agixl rcplicons werc also tested. Virion-pack-
aged replicons used herein (referred to as "VRPs") &vere

obtained by the metho&1& of reference 43. where the alpha-
virus replicon is derived from the mutant VEEV or a
clumera derived from the genome of VEEV engineered to
contaui the 3'TR oi'in&ibis virus and a Su&dbis virus
packaging s&goal (PS). Packaged by co-elcctroporating them
into BHK cells with defi:ctn c hclpcr RNAs cncoduig the
Sindbis vinis capsid and glycoprotein genes

As shown in Iii(i. 5, encapsulation increased Sl!AP levels
by about &fi& lo at the I gg dose. and at day 6 expression
from a 0.1 pg encapsulated dose matched levels seen with I

gg unmicapsulatcd dose. By day 3 cxprcss&on lcvcls
cxciwdcd those achieicd with VRPs (squares). Thus
cxprcsscd increased when the RNA was formulated ui thc
liposon&es relative to the naked RNA control, even at a 10x
lower dose I ixpression was also higher relative to the VRP
controL but the kinetics of expression were very difibrent
(see FIG. 5). Delivery of the RNA with electroporation
resulted in &ncrcascd expression relet&vc to the naked RNA
control, but thcsc le& els werc lower than w&th 1&posomcs.

To assess whether thc cfibct scen in thc l&posome groups
was due merely to the liposonie components, or w:as linked
to the encapsulation. the replicon ives adn&mistered in
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mrcapsulatcd linn (with two drffbrcnt purilicalion protocols,
0.1 pg RNA), or nuxed v ith the liposomes after their
formation (a non-cncupsulatcd '*lipoplex", 0.1 pg RNA), or
as naked RNA (I gg) Iil(i. 10 shows that the lipoplex gave
Ihe lowest levels ol cxprcssron. showurg lhal shows micap-
sulauon rs essential for potent expression.

In vivo a(udice using hposomal dehvery coniirmu! (lu:sc
lin(bugs. Mice reccrvcd varimis combinations oi'I) self-
replicating RNA replicon encoding full-length RSV F pro-

111

tein (ii) seltkreplicating (iliP-encoding RNA replicon (Iiij
GFP encoding RNA rcpl icon with a knockout m nsP4 which
climmdlcs scil-rcphcatrou (iv) fiili-length RSV F-prolcin. 13

roups in total received:

I

hposouics clcarlv cuhduct: uuuliulogcuicilyt FIC). 8 shows
titers 2 weeks later, by which point there v as no statistical
difi'erence between the encapsulated RNA at 0.1 pg. the
encapsulated RNA at I pe, or the Vlfp group. Neutralisation
titcrs (mcasurrxl as 60% plaque reduction, "PRNT60**) were
nol sigrulicanlly dilicrcnl ui Ihcse (luce groups 2 w rmks alter
the second dose (FICi. 9). FIG. 12 shows both IgCi and PRNT
titers 4 weeks after the second dose

FICi 13 confirms Ilmt thc RNA cher(a a robust CD8 T cell
ri:spous(0

Further experiments compared F-specific IgCi titers in
nuce receiving VRP, 0 I pg liposome-encapsulated RNA. or
I pg liposomc-cncapsuldtcd RNA. Titcr ratios (VRP.hpo-
some) a( various limes dficr Ihc second dose werc as follows.
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Results in I'ICi 18 show that luspecific le(i responses Ss

required encapsulation in the liposome rather than ntere
co-dehvcry (compare groups C R D). A companson ol
groups K„L and M shows that the RNA provided an
adjuvant efi'ect against co-delivered protein. and this effect

40
was seen v ith both replicating and non-replicating 13NA

Further SEAP cxpcnments showuxi 0 clear dose rcspousc
in vivos with expression seen after delivery of as lirtle as I

ng RNA (FICJ. 6). Further experiments comparing expres-
sion from encapsulated and naked replicons indicated that
0.01 pg cncapsulatcd RNA was equivalent lo I pg oi'naked
RNA. At a 0 5 pg dose of RNA the encapsulated matenal
ave a 12-fold higher expression at day 6: at a 0.1 pg dose

levels ivere 24-fold higher at day 6

Rather than looking at average levels m the group, urdi-
i idual;mimals werc also studied. Vvlrcrtmts several animals
lucre non-responders to naked replicons, encapsularion
eliminated non-responders

Further expenmcnts rcplaccd DLIODMA with DOTAP.
Although the DOTAP liposomcs gave bet(cr expression than
naked replicon. they were inferior to the DLinDitktk lipo-
somes (2- to 3-fold difference at day I) ydhercss DO'IAP
luis 0 qua(emery aminc. and so lmvc a positive clmrgc at thc
pour( of delw cry, DLinDMA has a icrnary mnine. SO

To assess in vrvo immunogenicity a replicon was con-
structed to express full-length I'rotein fmm respiratory
syncyual virus (RSV). Tlus was dehvercd naked (I gg),
mrcapsulatcd in hposomes (0.1 or I gg), or packagu! In
virions (10'U: "VRP**) at (Lays 0 and 21. FICJ. 7 shows
anti-li lg(i titers 2 weeks after the second dose. and the

I iig
I pe

10
00

I I

00

I'hus the liposome-encapsulated IKNA induces essentially
thc same magtutudc ol'munune rcsponsc as scen with vinon
delivery.

liurther experiments showed superior li-specific Igti
responses with a 10 p dose, equivalent responses for 1 pg,
and 0.1 ug doses, mrd a lower respome with a 0.01 pg dose.
FICi. 11 shows IgCi titers in mice receiving the replicon in
naked form at 3 different doses. In liposomes at 4 different
dose~, or as VRP (10'U). I'he response seen with 1 gg
hposomc-mrcdpsulatml RNA was stutisticnlly insrgnfficant
(ANOVA) when compared to VRP. but the higher response
seen v ith 10 pg liposonre-encapsulated RNA was statisti-
cally sigluficant (pm0 05) when conrpared to both of these
grotips.

A further study confimted that the 0.1 pg of liposome-
encapsulated RNA gave nnich higher anti-F IgCi responses
(15 days post-second dose) than 0.1 pg of delivered DNA,
and cvcn was morc inununogmnc thmi 20 pg plasmul DNA
encodrn the F antigen, delivered by electroporation (El-
gen™ DNA Delivery System„ lnovio).

A further study was perfornred In cotton rats (Sigmudim
hispitfis) instead ol'mrctn Al a I p dose hposome encap-
sulation increased F-specific IgCi titers by 8 3-fold compared
to naked RNA and increased PRNT titers by 9.5-fold. The
magnitude of the antibody response was equivalent to that
induced by 5xifin IU VRP. Both naked and hposomc-
cncapsulatmi RNA v:ere able to protect the couon rats from
RSV challenge (I x10'laque fi&rming units). reducing lung
viral load by at least 3 5 logs. 1(ncapsulation increased the
rcducnon by about 2-folti.

A large-anrma1 study was performed in cattle. Cows werc
inununised with 66 pg of replicon encoding full-length RSV
11 protein at days 0 mid 21. formulated inside liposomes. PB)
alone was used as a negunvc control, und a lmcnscd vaccurc
was used as a positive control ("Triangle 4" lrom Fort
Dodge. containin killed virus). FICi. 14 show F-specific
Ig(i titers over 63 day and 210 tksy penods, respectively,
starting ffom the lira( inununisanou. The RNA rephcon was
immunogcnrc rn Ihc cows, although il gave lower nlcrs than
the hcensed vaccine. All vaccinated cov s shov ed F-specific
antibodies afier the second dose. and titers were very stable
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from Ihc penod of 2 Io 6 weeks aller thc second dose (and
were particularly stable for the RNA vaccine).
Mechanism of Action

I lone marrow denved dendritic cells (pl)C) ivere obtained
from wild-lype mice or flm "Rcsq" (rsq1) mutant strain The
uunanl slnrhl has a poult ululallon Bl Ihc Bnlhlo lr:manas of
its TLR7 receptor which abohshes TLR7 sitsaraliing without
atfecting ligand binding as disclosed in reference 44. 1he
cells were strmularcxt with r»7rhcon RNA fomlulatlxi with
DOTAP. hpo fcctamlne 2000 or ulside a liposomc. As shown
in FRJS. 19A and 19pn IL-6 and INFo., respecrively, v.ere
induced in 911 cells but this response was almost completely
abrogated ln mutant mice. Thcsc results show s that TLR7 la

rrxpnred for RNA recognition in unmunc cells, and that
liposonle-encapsulated replicons can cause immune cells to
secrete high levels of both interferons and pro-inflanunatory
cvloknlcs.
pKa Mcirsurculcul

The pKB of a lipid is measured in water at srandard
tenlpemture and pressure usmg the follov;ing technique:

2 mM solution of lipid In ethanol is prepared by weighiag
thc lipid Bnd dlssolvulg ul cfllBnol. 03 BIM soliltlon of
fluorescent probe 6 (p tnluidino)-2-naphthalenesulfonic -"

acid ('I'NS) in ethanohnethanol 9 I is prepared by hrst
nlakina 3 mM solution of TNS in methanol and then
diluting to 0.3 mM with ethanol.

An aqueous buffer containmg sodium phosphate. sodium
citrate sodium acetate and sodium chloride. at the
concentrations 20 nlM. 25 mM, 20 mM and 150 mM,
rcspeclivcly, ls prcparixi. The huller rs spht uilo eight
parts and the pH adjusted either with 12N HCI or 6N
NaOI I to 4 44-4 52, 5 27. 6 15-6 21. 6 57, 7 10-7 20, 3s

7 72-7.80. 8.27nk33 and 10 47-11.12 400 PI of 2 nlM
hpid soluuon and 800 PL of 0.3 mM TNS solution are
mixed.

7. 5 PL of probe/lipid mix are added to 242.5 PL of buffer
40

in a I ml, 96 well plate 'this is done with all eight
bull'crs. Al'ter mixing, 100 PL of each probe/hpxl/buili:r

nuxturc ls Irdnslbrrcd lo a 250 PL black with clear
bottom 96 well plate (e.g. model COSTAR 3904,
Corning). A convenient lvay of performing this mixing
is tn use the I'ecan Genesis RSP150 high throughput
liquid ltandler nnd Gcmuu Sofiwarc.

Fluorcsccnce of each probe/hpld/buffi:r mixture is mea-
sured (e., with a SpectraMax M5 spectrophotometer
mid SoftMax pro 5 2 sofnvare) with 322 nnl excitation,
431 nm emission (auto cutofl'l 420 lun).

Aficr Ihc mcasuremcnl, die background fluorcsccnce
value of an empty well on the 9(i well plate is sub-
tracted from each pmbellipirffbuffer mixture. 1'he fluo-
rcsccncc intensity values are then nornrdiizcxI to Ihe
value at lowest pH. Thc nonnahzcd fluoresccncc ultcn-
sity is then plotted against pH and a line of best fit is
provided.

Thc point on thc hnc ol'est Iit at wluch thc nornmlizod
fluorcsccnce ullensily ls equal to 0.5 w found. Thc pH
corresponding to normalized Ihiorescence intensity
equal tn 0 5 is found and ls considered the pKa of the
lipid

This method gives a pKB of 5.8 for DLuiDMA Thc pKB
values measured by this nlethod for cationic lipids of
reference 5 are included below
I:ncapsulation in J.iposomes (Ising Alternative ('ationic
Lipids

As an alternative to using DlinDMA, the cationic lipids of
reference 5 are used 'I'hese lipids can be synthesised as
disclosed in reference 5.

Thc hposomes fonncd above usulg DluiDIVLA are rcfcrzcxi

to hereafter as the "RVOI" series The DlinDMA was
replaced v;ith various cationic lipids in senes "RV02" to
"RV12" as described belov. 1wo different types of each
hposomc were fonnlxk using 2ogo PEG2000-DMG will
either (01) 40% of the cationic lipid. 10%o DSPC, and 48%
cholesterol. or (02) 60;o of the cationic hpid and 38%
clxllesterol finis a comparison of the (01) and (02) lipo-
somes shows thc clTect ol'he neutral zwlttcnonlc lipid.

RVOII p su s».d«u pn«f n»ns eno r.irp dlpxs Q.»lhmr sr rsun,.urun S

RH

„KJL,

0

RVI13 I p somes secre ronde usum la» fonou n cor on cl p d Ipxr S 4)
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RVOdlp so s».d«n gl)mfll»ng sno r.)rpdlpKr ddg)

RVnd)posomesweremtdensntgthelot)on ngcnt one)p dipl't. g.)
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/0

RVO6)tposontcs ctc tnade u.ut tire folio utg catton« ltptd IpKa 7 27)

.)rO~
0

RVO71p su s».d«n ytlmfll»ng sno r.)rpdlpKr 681

0

RVI)8)posomes were mtde usutg the follon ng cat on c)p d Ip)' . 72)
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GU.

RV07 npoaontca ctc tnade u.ut tlte folio u)gent)on« l)p)d IpKa 6 O7)

RV)dip )u a».dorm un)p, . n n nth k)I n ol n Ii d(pl: 786)

0

RV)l I p )u a».de n p))«f ll »nn o to ) I)p d lpK: 661)

RV)7 I p )u a».de n p))«f ll »nn o to ) I)p d lpK: 7)
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0

K ~t)
0

0
RV16) posomes were m !de usu&8 the fanon np cat on c I p d (pl' 6 I) as d s los d n relerence 45

0

RV17)p somes ttere trutdeusuta th» ronon n car on cl p d (pkt 6 I) as d s (used n rat'erence 4.

0

0

RV

RVOI iAI)
RVI.(l (02)

pd Sh 1)'t 1P
pKI Zav (pdl) encspsulat on day I dat 6

5 tl I'&4 6 (A 131) 9& tul 9,1 I

& 8 162 0 (u 1341 f15.3 lut) lt)0

RVlg hposomcs were made using DODIVLA. RV(O lipo-
sonles Ivere made using l)OTMA, and 14V(g liposomes
acre made wtth DOTAP, both havulg 0 ttuatcmary (naive
headgroup

1'hese liposontes Ivere characterised and v ere tested v ith
the SEAP reporter described above. The followin table
shows the size of the liposnmes (Z average and polydisper- &5

silv in(tea). thc 'Ao of RNA encapsulation in each hposomc,
together with thc SEAP acuvtty detcctc(1 at days 1 and 6

after ugectton. SEAP acttwty 16 rclauvc to *'RV01(021"
liposomes made from l&linl&MA. cholesteml and Pldi-
l)Mfi: 60

RV

RV02 iul)
RV02 (A2)
Rvo" Ou)
Rv(13 (flz I

R('04 (fn)
Rv(14 (flz I

R('0 (f)l )

RVO

Rv06 ou)
RV06 f(I

Rv07 ou)
RV07 0(2)
RV 08 iul)
RV08 iu2)
Rvfll (flit
R('t)9 (f)

RVRI iul)

-continued

'9 133 9 10
&9 1346 iu

64 158'10
64 164 (0
66 I I tt It)

66 1346(t)
8 164 tt Itt

585 1778(0
7 7 (IGA(0
7 7 (161(!I
6 8 1st 6 !0

68 138610
72 176 ! iu

5 72 199 & 10

6 07 165 . (0
6 tl) 179
7 86 129,'0

18&)

082)

14 I

14 )

1171
16

1171

1801
IG41

1841

122)
185)
191)
169))

I 7)

It(4)

96.
976
6- 0
86
74 tt

81 &

76 tt

7 8
798
749
77
87
'&ll

463
72-
6&

784

57 4& 7

42 43
07 449
62 9)
91 I 4tl
904 142 6

769 vtl
67 I &7 9
25 5 12 4
&48 &11

26 5 IG'I 3

29 7 74 t!

76 It(7
82 4 329 t!

6 I 45 9
685 68

113 4 47 t!

I Ip(d SI AP SlAl'K&

Zar (pdl) en .0&su(at on da, I dtv 6
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-contimied

p fl Sa il't (P
RV pX. I: (pdl) i St(us! » I. I I.i 6

Rvni io2)
RVII i!.!I)
RVII loz)
Rv12 (ull
l(V I

7 86
6 41
6 41
7

7

147 6 io 131)
I 92 (u itl61

139 io198!
136 7 (u 16(l
I (8 1 (I) 2tll)

8I! 9
71
76 2
78.t!
69 4

78 10 4
113 6 42
71tl 187
66 10
7tl8 8

111

11(i 15 plots the Sl:AP levels at day 6 against the pKa of
the cationic lipids. The best recultc are seen where the hpid
has a pKa bet(veen 5.G and 6.8, and ideally between 5.Ci and
64k

lllcse liposomcs were also used lo deliver a rcphcon
encoding full-length RSV I) protein 'I'otal in(i titers against
IJ pmtein two weeks after the first dose (2(vp I) are plotted
apninst pKa in I'I(i 16 1'he best results are seen where the
pKa is ((here the cationic lipid has a pKa between 5.7-5 9,
but pKa alone is not enough to guarantee a high tiler e. the zo

lipifi must still support liposomc Rinnalion.
RSV

Ilnlnullcgeluclly'urther

work was cerned out with a self-replicatiap
replicon (vA317) encoding RSV I'rotein 13AI,13/c nlice. 4
or 8 animals per group. were given bilateral intranmscular
vaccinations (50 PL per leg) on days 0 and 21 with the
replicon (I gg) alone or formulated as liposomes w:ith the
RVOI or RV05 lipnls (scc above, pKa of 5.8 or 5.85) or with
RV13. Thc RVOI liposomcs lmd 40% DlinDIVLA, 10%
DSP(', 48% cholesteml and 2% PE(i-DM(i, but with dif- io
fering amounts of RNA I'he RV05(01) liposomes had 40%
cationic lipid. 48% cholesterol. 10'r'ii DSPC, and 2% Pl'l(i-
DM(i; the RV05(02) liposomes had Ci0% cationic lipid. 38%
cholesterol. and 2% PECI-DMCI. The RV13 liposomes bsd
40% DOTAP, 10!o DPE, 48% cholesterol and 2% PEG- 3(

DMG. For companson. Baked plasnud DNA (20 pg)
expressing the same RSV-F mitigen was dchverfxl ei(hcr
using electroporation or with RVOI(10) liposomes (0 I Itp
l)NA) I)our mice were used as a naive control group

Liposomes v, ere prepared by method (A) or method (B). (o
In method (A) fresh lipid stock solutions in ethanol v.ere
prepared. 37 mg ofcationic hpid. 11.8 m ofDSPC, 27.8 mg
ofcholesterol and 8 07 mg of PEG-DlvIG vere w cighcd and
dissoh ed in 7 55 mL ol'thanol. The frcsltiy prepared hpid
stock solution was gently mcked at 37" C fiir about 15 min
to form a homogenous mixture 'I'hen. 226 7 ui, of the stock
was added to 1.773 mL ethanol to make a working lipid
stock solution of 2 mL. Thic amount of lipids was used to
form liposonu:6 with 75 pg RNA lo give an 8.1 mtrogen to
phosphate ratio (except that ui RVOI (08) and RVOI (09) tlus o

ratio w as modlfifxl to 4.1 or 16. I). A 2 mL woriung solution
of RNA (or, for RVOI (10), DNA) was also prepared front a
stock solution of-I pg/pl. in 1(8) mM citrate butTer (pl I 6).
Tluee 20 mL glass vials (with stir bars) were rinsed v.ith
RNase A(vay solution (Molecular BioProducts) and washed J.
with plenty ol MtlhQ water bcfiire use lo dfmonlannnale thc
(isis of RNascs. One ol'lm vials was used I'or thc RNA
worl uig solution and thc others for coilecluig lhc lipid and
RNA mixes (as described later) The working lipid and RNA
solutions (vere heated at 37" (1 for 10 min before beinp io
loaded into 3 cc syrin es. 2 mL of citrate buffer (pH 6) was
loaded in another 3 cc syringe. Syringec containin RNA
and the lipids werc connected to 0 T nuxcr (PEEKrv 500 Iun
ID (unction) using FEP tubing. The uutlel from the T mixer
was also FEP tubuig. Tlm flurd syringe conlmning flie citrate dc

buffer ives connected to a separate piece of IJE)P tubiap All
syrinaes (vere then driven at a tlov: mate of 7 mf /min usiap

R(

RVOI iltl)
RVOI (!!8)
RVOI Pi. )

RVOI (!!9)
R('0 (f)l)
R( fl ((

la )

R('01 (1!l)
R(13 ((lzi

I 86 cutis 9!J 7 IA)
I 68 !! 144 886 IAI
136 0 136 99 IB)
I "- 006 76 7 IAI
)48 f!1 7 80 6 (Ai
I )2 f)116 7
114 7 fi 147 87 8 * (A)
128'i 17) 97

Serum was collected for antibody analysis on days 14, 3G

and 49 Spleens (vere harvested from nlice at day 49 for'I'ell

analysis.
F-spccilic scrmn IgG titcrs (GMT) were as I'ollows:

RV Day 14 Day 16

baked DNA plaaand
W.d (A I lix(
R\ (il (1!l)
R( ill (fit(1

R\ 01 I!i()
RVOI 0!9t
RVO( Oil)
RVO 0!
RVtl1 (10) DRA
RV13 i!!2)

439
78

10 0
2 6
'i 2

4428
I'!(6
J61

6712
2291

26) (i

'J 0
49!) J

(1316
('146
BJI(

13

3616

Thc proportion of T cells which arc cylolonc-powuvc and
specific for RSV l(51-66 peptide are as follows, sho(ving
only figures which are statistically significantl above zem

a syringe pump. Thc uibc outlets werc positioned lo collect
the mixtures in a 20 mL glass vial (while stirring). The stir
bar was taken oui mid thc etlmnol/aqueous solution wos
allowed to equilibrate to room temperature fiir I hour. Then
thc mixture was loaded ui a 5 cc synnge, winch was Iiucd
to a piece of FEP tubing and in another 5 cc syringe (vith
equal length of FEP tubing. an equal volume of 100 mM
citrate buffer (pl I 6) was loaded. 1he two syringes were
driven at 7 mL/min fkiw rate usin 0 syrin e pump and the
lilml nnxlurc collected ui 0 20 mL glass vial (while stirruig).
Next. Iiposomes were concentrated to 2 mL and dialyzed
against 10-15 volumes ol'xPBS usuig TFF bcl'orc rccov-
enng the final prnduct The 11)l( systeni and holiov: fiber
liltralion mcmbrmics werc purchased from Spectrum Labs
and were used according to the manufacturer's guidelines
Polyethersulfime (PES) hollow fiber filtration membranes
(part nun)her P-(.'I -1001 9100-DIN) with a 100 kD pore size
cutoff and 20 mn'urface area (vere used. For in vitro and
in vivo cxpcnmenta, fomtulattons werc diluted to thc
required RNA concentration with lxPBS.

Preparation method (B) fitllbrcd in two ways I'rom method
(Aj l)irstly. after collection in the 20 nil plass vial but
bcfiirc TFF concentration. the mixture was passed tluough 0

Mustang Q membmne (an anion-exchange support that
binds and rcmovcs muontc molcculcs, obtnuied from Poll
('orporation. Ann Arbor. Mich.. USA) 'I his membrane was
first washed with 4 mL of I M NaOH. 4 mL of I M NaCI
and 10 ml, nf 100 mM citrate bufl'er (pl I Ci) in turn, and
liposomes v,ere warmed for 10 min at 37" C. before bein
filtcrcd. Secondly, thc lxillow liber liltration mcmbrmie was
Polysulfone (part number P/N: X IAB-100-20P)

Thc 2 avcragc particle diameter, polydispersily index and
encapsulation efliciency of the liposomes were as folio(vs
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RV

eked DI A pl&seed
Xek d PDI RNA
RVO& (Ul)
ILVU& (08!
RVO& (0 )

RV)u r)91
RVOS rvl)
RV))5 r) 2j
RVO& rial DNA
RV&3 (02)

('D4+('lls— ('I&4-('&Is+

0 t!4 tl 07
004 005
t) 07 0 &I)

002 f)04
0 12

L)06 oafl

L) 05 007

0 t!3 t! 04

0 Iv
fl ut!

I) I

0 t)G

I) 15

0 r'J

L) Il
t) L)'I

0 06

L) 7 )I 9
7 rl 3

&30 0 9

I 46 030
I W) 068
I G2 0 67
I) GG fir)4
t) G4 035

11 041

066
067
13

I

I 94
I 71
)1 19 u)
u 69
0 08
I 18

IPNy IL2 ILS TXPa ITX ( IL IL TNI'a

Group 5 werc I pg rcpl&con in "RV05(ll)" hposoulcs
(40% RV07 lipid. 30!e 18:2 PE (DLoPE. 28'!e choles-
terol, 2% PEG-DMG).

(iroup 6 &vere given 01 p replicon in "RV17(10)"
liposomes.

Group 7 werc given 5 ug RSV-F subun&1 protein adtu-
vdutcd with UIUuuu&UU& hvdroxldc.

(iroup 8 &vere a na'ive contn&l (2 an&nials)
Sera were collected for antibody analysis on days 14. 35

and 49. F-specific seruni IgG CIMTs were:

~;c I

Thus the liposome formulations significantly enhanced
immunogm&m&ty relet&ve &o the &mhcd RNA controls, as
deterniined by increased Inspecific Ig(i titers and 'I'ell
frcqucnc&cs. Plmmid DNA fi&nmilatcd widi EPosomcsr or
delivered naked using electroporation. was significantly less
imnnmogenic than liposome-formulated self-replicating io
l(NA

The RVOI and RV05 RNA vaccinec were more inununo-
genic tlmn thc RV13 (DOTAP) vaccu&c. These lbrmulatlons
had comparable physical characterictics and were fonnu-
latcd w &th thc same scllLrcplicaling RN 4, but they conlmn
di tferent cationic lipid s RVOI and RV05 both have a tert&ary
ammc in the headgroup w&th a pKa of about 5.8, and also
include unsaturated alkyl tails. RV13 has unsaturated alkyl
tails but its heodgroup has a quaternary omine and is very

10
stronaly cationic 'I'hese results suggest that lipids v ith
tertiary amines with pKas in the range 5.0 to 7.6 ore superior
&o 1&pi(is such as DOTAP, wh&ch are strongly cat&omc. when
used in a liposome del&very syctem for RNA.
Furlhcr Altcnmt&ves to DL&@DMS

'Ilie cationic lipid in RVOI liposornes (Di,inDMA) was
replaced by RV16r RV17, RV18 or RV19. Total lgG titers arc
choivu in I '(i. 17. 'I'he lowest results are seen with IRK I 9 i e.
thc DOTIVLA quaternary aminc.
l31 IK I ixpression 40

Liposomes Ivith difi'erent lipidc were incubated with BHK
cells overni ht and assessed for protein expression potency.
From 0 baseline w&th RV05 lipid expression could be
increased igx by addu&g 10% 1,2 (bphyutnoyl-sn-glyccro-
3-plu&SphOethanOLsmine (DPyPE) tO the lipOSOme. 10x by 45

adding 10'!e 18.2 (c&s) phosphaudylcholuic. Snd 900x by
instead using RVOI.
RSV Imnntnogcuic&ty &n Ddlbrcnt Mouse Strm&w

Replicon "vA142'* encodes the full-length v ild type sur-
face fusion (F) glycopmtein of RSV but with the fusion
peptide deleted, and the 3'nd is formed by ribopyme-
mediated cleavage It was tested in three different mouse
slrduis.

BALB/c mice were iven bilateral intramuscular vacc&-
5.

nat&ons (50 uL pcr lcg) on days 0 and 22. Anunals werc
divided into 8 test groups (5 animals per group) and a na'ive
control (2 anuna le).

(iroup I v ere given naked replicon (I pg).
Group 2 were given I pg replicon delivered in liposornes (o

"RVOI(37)" &vith 40% DlinDMA, 10% DSP(L 48%
('hol, 2% PEG-conjugated DMG.

Group 3 were given the same as roup 2, but at 0 I pg
RNA.

Group 4 werc g&vcn I pg rephcon ui '*RV17(10)" lipo- Gc

sonics (40% IO(17 (see above), 10% DSP(L 49 5%
cholesterol. 0 5% Pl i(i-DM(i)

14 8- 2461 1789 '96 l&71 I Jc I 9'I

3 I 'l8 34181 6) I 1579 13718 8887 738u9 I

At day 35 luspecific ICCil and Ig(i2a titers ((IM'I') were
as

f(111ows'p(

I

1801 94
loose . 386

6" 38 4836 742& tl288 1817 7fl6r)4
7 0(64 19)&84 33749 14437 176 4 4

RSV serum neutral&zu&g antibody t&ters at days 35 and 49
v ere as follows (data are 6(P% plaque reduction neutraliva-
tion titers of pools of 2-5 mice. I pool per group)

D&v I 2 3 4 5 6 7 8

35 rsf1 143 2)! &))l 3 30 ill:20
49 .:2)) 139:20 83 41 32 1009 r2il

CD4+( Ds- CD4-CD8+

( v p UNy 07 uc I lta UN( 0 0 IVla

I t)f)3 0))6 008
2 fit)5 0&0 t) 08

0 r)3 0 t!7 rf 06
4 r) L)5 L) 09 f) rfc

L) r)3 )I fltl

6 fr fl r) ()7 t) f 7
7 00
8

0 47 0 2J 0 48
I'lc 052 ill
0 64 0 31 0 61

1 17 0 6 I 09
06 0 Jt! )J 18
074 fl 6 066
0t)4 004

C57BL/6 mice were immunised in the same v ay, but a 9th
group rcceivvxi VRPs (1x10 IU) exp&'cssulg tho IU11-Pcugth
wild-type surface fusion glycoprotc&n ol'SV (fusion pep-
tide delciion).

Sera were collected for antibody analysis on days 14. 35
8: 49. Iuspecific 18Ci liters ((IMT) were

~;c I

14 1140 133 1026 2792 304 13'tt) 2975 llul
1721 532 Sit!4 388'&21 24)9 39251 5 12139

Splccns were homes&cd at day 49 for T cell analysis.
Avcragc nct F-spccdic cy&ok&nc-pos&t&vc T cell Iycqucncics
(('D4+ or GD8+) were as folio&vs, sho&ving only figures
which v ere statistically significantly above aero (specific tbr
RSV peptides F51-66r F164-178„F309-323 for CD44. or for
peptides F85-93 and F249-258 for CD8+)
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Al day 35 F-&prmilic IgGI and IgG2a tllers (GMT) werc

as folio(vs:

I (I I 4 6 7

I Gl 66 47 14 f 8 468 92 (6 (8 7&

leG2& 'l&ff 768 &0& 6161 I 7'!4\ ", 142 r

4 & 6 7 8 9

3& -.20 7 29 22 36 - 0 28 :2( -20
49 -20 44 sfl 2" 36 : 0 » 20 37

Splcens merc harvcstcd al day 49 for T cell analysis.
Average net I uspecific cytokme-positive f cell frequencies
((1)84) were as fi&llows, showing only figures ivhich v ere
statistically smnificantly above zero (specific for RSV pep-
(ides F85-93 and F249-258)

('lxm('Ds+

(m»p Ittoi n u. I lto

04
I 21
101
I 26
- I!

'!

0 111

fl I 'I

0 37
026
0 23

f! 19
I (f

ff 'l7

I 02
(7

i&9'

77
f! 49

RSV senun neutralizing antibody titers at days 35 and 49
mere as lollom s (data arc 60% plaque rcduclion nculrahza-
tion titers of pools of 2-5 mice, I pool per group):

ul

RVOI or RV17. bul il was morc ellhctivc ul B6 strmn. In all
cases. however, the liposomes were more eifective than two
clltlonlc nanovnrulslons mhli:h mi:I'c les(cd ul plu"allcl.
( MV Inununogenicity

RVOI lrposomcs with DLulDMA as thc catloluc hpid
mere used to deliver RNA replicons encoding c)tomegalo-
virus (CMV) glycoproteins. The "vA I GO" rephcon encodes
liill-lmlgth glycoprotcins H and L (gH/gL), whereas lhe
'*vA322" rcphcon cncodcs a soluble Ibml (gHsolfgL). The
two pmteins are under the control of separate subgenomic
pmmoters in a single replicon: co-sdministmtion of two
separate vectors, one encoding gl I and one encoding oI „did
not give good results.

BALB/c mice. 10 per group. were given bilateral intra-
muscular vacculauons (50 PL pcr leg) ou days 0. 21 and 42
with VRPs expressing gH/gL (I xlfi 'U), VRPs cxpressulg
Sllsol/gl, (1x10* IIJ) and PI3S as the controls 'I'mo test
Smups received I pg of lhe vA160 or vA322 replicon
formulated in liPosomes (40olo Dlinl)MA, 10% DSP(1 4&r'I&

Chol. 2'!o PECi-DMCii made usin method (A) as discussed
above. but with 150 pg RNA batch size).

Thc vAI60 lrposomcs lrad a Zav dlnmetcr ol'68 run, 4

pdl of 0.144. and 874o!o cncapsuluuon. The vA322 hpo-
somcs luul 0 Zav dlamclcr of 162 nm& a pdl of 0 131. and
90% encapsulation

I'he replicons !vere able to express two pmteins from a
sin le (ector.

Sera were collected fi&r Inuuunoiogrcal analysis on day 63
(3wp3). CMV nculralizaiion ulers (thc rrxlprocal of thc
serum dilution producing a 50%& reducuou in munbcr of
positive virus foci pcr mell. rclativc to controls) werc as
follows:

fl 7& 2 6
eH LVRP Heou LVRP eH' le&oeome gH&olrgL

!pe&erne

4 76 &393 4 40 10(!62

I 2 ! 6 7 8 9

14 049 1666 llf)& 'Is 984 3(19 ( sf&6

6 I '77&4 19008 1769'I 3424 61(X& 62297 1724&

At (hsy 35 ll-(pecihc Ig(il and lg(i2a titers ((iM'f) v ere
as follov s:

Nine groups of C3H/HeN mice were immunised in the
same way. F-specihc I Ci titers (GMT) were:

40
RNA cxprcssing clthcr 4 lidl-length or n soluble Ibnu of

the (.'MV gl I/gl, complex thus elicited high titers of neu-
trahzing antibodies. as assayed on epithelial cells 'lhe
average titers elicited by the liposome-encapsulated RNAs
v ere at least as high as for the correspondin VRPs.

It will be understood that the invention has been described
by &vay of cxamplc only and modllicauons may be made
whilst rcmainrng within lhc scope and spirit of thc ulvcntlon.
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lite invention clauncd Is: u

1. A method ol'liciting an inumuie response against an
immiuiogen m a subject. the method comprising,

admini(tering to the subject an iininunologically etfective
unit dose of a formulation comprishtg:
ribonucleic acid (RNA) molecule( comprising a i.

sequence that micodes the inununogen. wherein thc
llltiiluilogcii coiiipilscs II respiratory svilcvtiill (ittis
immunogen, nn Epstcui-Barr virus Inununogmi, a
cytoniegalovirus imniunogen. a comnavinis spike
poly'pep tKIC Imlltiillogell. Sii Iltfl(ICItra vutl~ A iiiiiilii- S(l

nogen, a Knrice//n zoster virus inununogen. or a
flavivirus Inununogen: and

lipids comprisuig a teniary imune cationic lipid. a

polyethylene glycol-congi aied (PEG-coniu ntcd)
lipid, and cholcstcrok s(

ivherein the lipids encapsulate at least half of the RNA
molecules; and

whcrcin thc Iuuminc rcsponsc agauist thc inununogcn
comprises an antibody response against the imnnuio-
gelt

2 Tlie method of claim I, wherein the subiect is a huinan
subject.

3 The method ofclaim 2, wherein the unit dose comprises
from 10 pg to 100 Iig of thc RNA molcculcs in 0.1 mL to I

mL of thc Ibnnulauon.
4 I'he method of claim 3, (vherein the lipids comprise

from 40 mole % to (30 mole % tertiary mnine cationic lipid
5 I'he method of claim 3, (vherein the lipids comprise

from 35 mole % to 50 niole "ih cllolesterol.
6 The method of claim 2. wherein the PECI-conjugated

lipid comprises a PEG that has a molimular weight of 2000
Daltoiis.

7 'I'he method of claim 2. (vherein the PII(i-conjugated
lipid comprises 1,2-diniyristoyl-rac-glycem-3-methoxy-
polyethylene glycol

8 The method of claim 2. wherein the RNA molecules
further comprise a 7 poly(adenosine monophosphate) (poly
(A)) tail.

9 The method of clnun 8. whercui thc RNA molcculcs
further comprise a S cap and a 5'irst ribonucleotide and
wherein the 5'ap is linked (uto-5'o the 5'r(t ribonucle-
otide.

10. The method of claim 9„wherein the 5'irst ribonucle-
otide comprises a 2nmethyL(ted ribose.

11. Thc method of claim 10, whermn the lipids comprise
from 35 mole % to 50 mole % cholcstcrol.

12 I'he inethod of claim 10. (vherein the lipid( comprise
from 40 mole 'i to 60 mole % tertiary amine cationic lipid

13 'lite method of claini 10. wherein the tertiary amine
cationic lipid has a pK, front 6.07 to 7 Ci; whereby the pK,
is detemiined at standard temperature and pres(ure by:

(I) adnuxing 400 pL of 2 mM of thc teitiary imune
cationic lipid tluit is in ethanol and 800 PL of 0.3 mlvi
of tluorescent probe 6-(p-toluiduio)-2-naphthalene-
sulfonic acid ('I'NS). which is in 90 volume % ethanol
mid 10 volume % methanol. thereby obtaining a lipid/
TNS mixture:

(2) admixing 7.5 PL of the lipid/TNS mixture and 242.5
uL of a Iirst bufli:r col(slating esscnually ol' sodnun
salt buflbr consistuig oi'0 mM sodium phosplmte, 25
mM sodium ciuntc. 20 mM sodium acctatc, imd 150
mM sodiuni chloride, (vherein the first bufFer has a pl I

from 4 44 to 4 52. which has been adjusted with 12N
hydrocldoric acid or CiN sodium hydroxide, thereby
obtaining a first mixture„and dispensing 100 PL of the
first nuxturc ui a Iirst well of a 96 well plate, which has
a clear bottom:

(3) admixing 7.5 pL of the lipid/TNS mixture and 242.5
pl, of a second biiffer consisting essentially of the
sodium salt bufl'er. (vherein the second buffer has a pl I

of 5.27. ((hich has been adjusted with 12N hydrochlo-
ric acid or 6N sodium hydroxide„ thereby obtaining a
second nuxture, and dispensing 100 pL of the almond
nuxturc In a a(cond well ol'hc 96-well plate,

(4) admixuig 7.5 pL of the hpid/TNS mixture and 242.S
pi of a third buffer consistin essentially of the sodium
salt buffer, (vherein the third buiFer has a pl I from 6.15
to 6.21, v:hich has been adjusted with 12N hydrochloric
acid or CiN sodium hydroxide, thereby obtaining a third
nuxturc. and dispensing 100 pL ol'hc tlurd nuxturc in
a third well of thc 96rwell plate,

(5) admixing 7.5 pL of the lipid/TNS mixture and 242.5
pl, of a fourth biiffer consisting essentially of the
sodium salt buffer. wherein the fourth butfer has a pl I
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oi'6.57, which has been adpistcd with 12N hydrochlo-
ric acid or 6N sodium hydroxide. thereby obtaining a
fourth nuxlurc, and dlspcnsuig 100 pL of lhe fourth
nlixture in a fourth well of the 96-well plate;

(6) adnuxing 7.S pL of lhe hpnl'TNS mixture and 242 5

ul, of a fifth buffer consisting essentially of the sodiunl
salt buffer„wherein the fit'th buffer has a pH from 7.10
to 7.20, which has been adlusted with 12N hydrochloric
acid or 6N sodium hydroxide, thereby obtaining a fiflh

I il
mo lure, and dispensing 100 pL ol lhc IiTlh nuxlurc in
a fifth well of the 96-well plate;

(7) adnuxing 7.S pL of lhe hpnl'TNS mixture and 242 5

ul, of a sixth buffer consisting essentially of the sodiunl
salt bufli:r. wherein thc sixth bufli:r has a pH Ihom 7.72
to 7.80, which has been adlusted with 12N hydrochloric
acid or 6N sodium hydroxide, thereby obtaining a sixth
mixture. and dispensing 100 pl, of the sixth mixture in
a sixth ivell of the 96-well plate;

(8) adnuxing 7.S pL of lhe hpnl'TNS mixture and 242 5

uL of a seventh bufier consistiiig essenrially of the
sodium salt buITi:r, whcrcui thc seventh buflhr has a pH
from 8 27 to 8 33, which has hens adjusted ivith 12N
hydrochlonc acnl or 6N sodium hydroxxlc, thereby
obtainin a seventh mixture, and dispensing 100 pi of -"

the seventh mixture in a scvcnih well of the 96-well
plate:

(9) achnixing 7.5 pL of the lipid/TNS mixture and 242 5

ul, of an eighth buffer consistiog egsentially of the
sodium salt butTer, wherein the eighth bufier has a pH

Sli

from 10 47 to 11.12, wluch has bixn adjustn! with 12N
hydrochlonc acid or 6N sodimn hydroxide. rhereby
oblnning au eighth mixture. and ihspcnsing 100 pL of
the eighth mixture in an eighth well of the 96-well
plilIC:

(10) measunng the fluorescence at a wavelength of 431
nm with an excitation waveleiigth of 322 run and a
cut-otT below a wavelength of 420 nm of each of the
first tllrough eighth wells and an empty weil of the so
96-well plato. thcrcby oblauun a measured thiorcs-
cence for each of the empty well and the first tluough
clghfll v elis,

(11) subtracting thc measured fluorescencc ol Ihc nnply
well from each of the measured fluorescences of the
first through eighth wells, thereby obtaining a blank-
subtracted fluorescence for each of the first tluough
clghth nllxturcs:

(12) normattzutg each oi'he bind.-subtractnl thiorcs-
ccllccs oi lhc fll'sa throilgh clgllfll lllixlilrcs to lhc
blent -subtracted tluorcsccncc of ihc first mixture,
thereby obtaining a relative fluorescence for each of the
firrt through eighth nlixtmes. the relative fluorescence
being I for the first mixture;

(13) obtaining a line of best tit of the pHs of the tirst s.
tluough eighth buflhrs versus thc respccllvc rclativc
fluoresccnces of lhc tirsl tluough ei hlh mixlures, and

(14) dclcmurung thc pK„as thc pH on tlm Imc ofhce! Iil
at which a relative fluorescence of 0.5 is obtained.

14. The method of claim 13, wherein the lipids comprise ro
front 40 mole "is to 60 mole %s tertiary amine cationic IIPid.

15. The method of cLaim 13, wherein the lipids comprise
Ironl 35 nioh: % lo 50 nlole % choli:sterol.

16. The method of claun 13, whereui die pK„ is from 6.07
to 6.8. ss

17. I'he method of claim 2, wherein the lipids further
comprise 1,2-di stearoyl-sn-glycero-3-phosphocholine.

18. Thc method ofclaun 17. whereul lhc PEI gconjugatod
lipid comprises a PECI that has a molecular weight of 2000
Daltons

19 1'he method of claim 17. wherein the ITNA molecules
fiufllcr colnprlsc a 3 pills'(A) lail

20. 'I'he method of claim 19, wherein the ITNA niolecules
further comprise a 5'ap and a 5'irst ribonucleotide and
v herein the ff cap is linked 5xto-5'o the 5'irst ribonucle-
otlde.

21. Tllc method oi'lmm 20. whernn the 5'irsl nbo-
nucleotide comprises a 2umethyhsted ribose.

22. Thc method of clmm 21. whereul thc lipids comprise
from 35 mole % to 50 mole %s cholesterol

23. The method of clmm 21. whernn thc ternary imune
cationic lipid has a pK, from 6 07 to 7 ti; ivhereby the pK,
is detemlined by:

(I) admixing400 pi. of 2 mM of the tertiary amioe
cationic lipid that is in ethanol and 800 pL of 0.3 mM
of TNS. which is in 90 volume '!o ethanol and 10
volume % methanol, thereby obtaining a hpid/TNS
nllxullc,

(2) admixing 7.5 gl. of the Iipidfl'NS mixture and 242 5

pl, of a first buffer consisting essentially of a sodium
salt butTer consisting of 20 mM sodium phosphate. 25
mM sodium citrate. 20 mM sodium acetate. and 150
mM sodium ctttortde, wherein the first bufier has a pH
from 444 lo 4.52. which has bccn adlustixl with 12N
hydrocldonc acid or 6N sodium hydroxide, thcrcby
obtaining a first mixture, and dispensing 100 pl, of the
first mixnlre in a first well of a 96-well plate, which has
a clear bottom;

(3) admixing 7.5 pL of the lipid/TNS mixture and 242.5
pL of a second buffer consisting essentially of the
sodium salt buflhr. whcrcul the second buffhr has a pH
of 5.27. sshlch has been adjustixl with 12N hydrochlo-
nc acid or 6N sodnun hydroxide, thereby obtaining a
second mixture. and dispensin 100 pl. of the second
mixture in a second well of the 96-well plate;

(4) admixing 7.5 pL of the lipid/TNS mixture and 242.5
pL of a third bufl'er consisting essentially of the sodium
sall bufli:r, whernn Ihc third buITi:r has a pH of Irom
6.15 to 6.21. v'hich has benz adl usted with 12N hydro-
chlonc acid or 6N soihum hydroxnle, thcrcby oblailung
a third mixture. and dispensing 100 pl. of the third
nnxture in a third ivell of the 96-well plate;

(5) admixing 7.5 pL of the lipid/TNS mixture and 242.5
pL of a fiiurth buffer consisting essentially of the
sodium gait bufli:r. wherein thc fourth buITi:r has a pH
of 6.57. sshlch has been adjustixl with 12N hydrochlo-
nc acid or 6N sodnun hydroxide, thereby obtaining a
fourth mixture, and dispensiim 100 pl of the tiiurth
mixture in a fourth ivell of the 96-well plate,

(6) admixing 7.5 pL of the lipid/TNS mixture and 242.5
pL of a fifth bufler consisting essentially of the sodium
sall buflhr, wherein thc lifih bufli:r lras a pH of I'rom

7.10 to 7.20. v'hich has benz adl usted with 12N hydro-
chlonc acid or 6N soihum hydroxnle, thcrcby oblailung
a fifth mixture, nid dispensing 100 pl. of the fifth
nnxture in a fifth well of the 9/i-well plate;

(7) admixing 7.5 pL of the lipid/TNS mixture and 242.5
pL of a sixth buffer consisting essentially of the sodium
sall bufli:r. sshcretn thc sixth buffhr has a pH of from
7.72 to 7.80, which has bccn adl usted with 12N hydro-
chlonc acid or 6N sodium hydroxide, thereby obtainulg
a sixth mixture, and dispensing 100 pl. of the sixth
mixture in a sixth ivell of the 96-well plate,
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(8) adnuxing 7.S pL of lhe hpul'TNS mixture and 242 5

pL of a scvcnth buflhr consistu&g essentially of the
sodium salt buffer, wherein the seventh buffer has a pH
of fron& 8.27 to 833, which has been adjusted with 12N
hydrochlonc acid or 6N sodium hydroxide. thereby
obtaining a seventh mixture, and dispensing 100 pl. of
the seventh m&xturc in a scvcnih well of the 96-well
plate:

(9) aihnixin 7.5 pl of the lipidfl'NS mixture and 242 5

ul, of an eighth buffer consistiog ewsentially of the
sodium salt buffer, wherein the eighth buffer has a pH
of from 10.47 to 11.12, which has been adjusted v.ith
12N hydrochlouc ac&d or 6N sod&um hydroxide,
thcrcby obta&n&ng au c&ghlh nuxturc, m&d ilispm&sing
100 ul, of the eighth mixture in an eighth &veil of the
96-well plate:

110) measuring the fluorescence at a wavelength of 431
nm with an exc&tat&on wavele»gth of 322 run and a
cut-ofl'elow a v avelengrth of 420 nm of each of each
of lhc Iirsl through c&ghlh wells snd an emply well of
the 96-well plate, thcrcby obtm&ung a measured fluo-
rescence for each of the empty well and the hrst
through eighth &veils;

(11) subtracting the n&easured fluorescence of the en&pty
well from each of the meacured fluorescences of the
first tiuoug& ei hth wefls, thereby obtaining a blank-
sublractcd fluoresccncc for each of lhc Iirsl lluough
mghlh mixtures,

112) normahzing each of the blank-subtracted fluores-
cences of the first through eighth mixtures to the
blank-subtmccted fluorescence of the first n&ixture,
thereby obta&ning a relative fluorescence for each of the
first tluough eighth mixtures. the relative fluorescence
bcu&g I for thc Iirst nuxlurc.

(13) obtaimng a linc of best Iit oi'hc pHs oi'hc Iirst
through eighth buffers versus the respective relative
fluorescences of the plurality of the first through eighth
mixtures, and

(14) detem&ining the pK„ac the pH on the line of best fit
at lvhich a relative fluorescence of 0.5 is obtained.

24. The method of claun 23, whcrcu& thc pKo is Ibom 6.07
lo 6.8.

25. The method of claim 24, wherein the lipids comprise
fmm 40 mole o/o to 60 n&ole % tertiary amine cationic hpid.

26. 'I'he method of claim 24. wherein the lnununc
response against the &mmunogen further comprises a cell-
mediated inunune response againct the immunogen.

&s

27. Thc method of clmm 24. whereu& thc lipids comprise
from 35 mole '!o to 50 n&ole oio cholesterol.

28. Thc method oi'claun 23. whercu& thc 1&pids comprise
from 40 mole 'i to 60 mole o/o tertiary amine cationic lipid

29. Thc method of clmm 23. whereu& thc lipids comprise
from 35 mole % to 50 mole o/o cholesteml

30. The method of claim 21. wherein the lipids comprice
from 40 mole % lo 60 mole '!o tcrtuiry am&nc cauo&uc hpid.

31. Thc method oi'claun 17. whercu& thc 1&p&ds comprise
from 40 mole % to 6&0 mole % tertiary mnine cat&onic lipid

32. 'I'he method of clain& 17. &vherein the lipids comprise
from 35 mole % to 50 mole o/o cholesteml

33. The method of clain& 1, wherein the RNA molecules
further comprise a sequence that encodes a replicase, and
wherein thc RNA molcmiles arc self-repl&caung RNA mul-
ccu les.

34 11&e method of claim I, v herein the in&mune response
against the i&nn&unogen fiuther comprises a cell-mediated
in&mune response against the immunogen

35. The method of clain& 1„where&n the lipids comprice
from 40 moie % to 60 mole oio tertiary amine cationic lipid.

36. The method oi'clam& 1, where&n the 1&pids comprise
from 3S mole % lo 50 mole '!o cholesterol.

37. A method ol ehc&t&ng m& unmunc response against an
inununogen in a subject. the n&ethod compris&ng

administering to the subject an imn&unologically effective
unit dose of a formulation compris&ng;
ribonucleic acid nu&lecules compris&ng a sequence that

cncodcs the immunogm&, whcrcu& lhc inununogcn
coulplflcs i& &1:spuiuorv svni:3'fial vl&Us unn&Unogcn,
an Epstc&n-Barr lirus &nunuuogcn, a cylomegalovi-
rus inununogen. a coronavims spike polypeptide
uulinulilgcn, 'ul hlflucaxa vwUs A hunuulogcn. a
Varicella =osier vin&s immunogen. or a flavivirus
ulul&Unogcn; anil

lipids compris&ng a lcriiary aminc cal&on&c lipul. a

polyethylcnc glycol-contugalcd 1&pid, and cholcs-
tcroh

wherein the tertiary an&ine cationic lipid is not 1.2-
dilinoleyloxy-N.N-dimethyl-3-an&&nopropane;

wherein the lipids encapsulate at least half of the RNA
molecules; and

whcrcin lhc &numine rcsponsc agau&sl thc inununogcn
composes an anubody rcsponsc aga&nst thc inununo-
gen.
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