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(57) ABSTRACT 

The present invention provides compositions useful for 
transfecting eukaryotic cells comprising nucleic acid com 
pleXes With peptides, Wherein the peptide is optionally 
covalently coupled to a nucleic acid-binding group, and 
cationic lipids or dendrimers as transfection agents. The 
invention also provides transfection compositions in Which 
a peptide is covalently linked to the transfection agent (lipid, 
cationic lipid or dendrimer). Inclusion of peptides or modi 
?ed-peptides in transfection compositions or covalent 
attachment of peptides to transfection agents results in 
enhanced transfection efficiency. Methods for the prepara 
tion of transfection compositions and methods of using these 
transfection compositions as intracellular delivery agents 
and extracellular targeting agents are also disclosed. 
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PEPTIDE-ENHANCED TRANSFECTIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 09/039,780, ?led Mar. 16, 1998 Which 
is incorporated by reference in its entirety herein. 

FIELD OF THE INVENTION 

[0002] Compositions containing peptides, optionally con 
jugated to nucleic acid-binding groups, to lipids or to 
dendrimers, and transfection agents, including cationic lip 
ids and dendrimer polymers, useful for transfecting eukary 
otic cells are disclosed. Also disclosed are methods of 
transfecting eukaryotic cells employing such compositions. 

BACKGROUND OF THE INVENTION 

[0003] Lipid aggregates such as liposomes can function to 
facilitate introduction of macromolecules, such as DNA, 
RNA, and proteins, into living cells. Lipid aggregates com 
prising cationic lipid components can be effective for deliv 
ery and introduction of large anionic molecules, such as 
nucleic acids, into certain types of cells. See Felgner, P. L. 
and Ringold, G. M. (1989) Nature 337:387-388 and Felgner, 
P. L. et al. (1987) Proc. Natl. Acad. Sci. USA 84:7413. Since 
the membranes of most cells have a net negative charge, 
anionic molecules, particularly those of high molecular 
Weight, are not readily taken up by cells. Cationic lipids 
aggregate to and bind polyanions, such as nucleic acids, 
tending to neutraliZe the negative charge. The effectiveness 
of cationic lipids in transfection of nucleic acids into cells is 
thought to result from an enhanced affinity of cationic 
lipid-nucleic acid aggregates for cells, as Well as the function 
of the lipophilic components in membrane fusion. 

[0004] Dendrimers are a neW type of synthetic polymer 
With regular, dendric branching With radial symmetry com 
posed of an initiator core, interior layers (or generations) of 
repeating units, radially attached to the core and an exterior 
surface of terminal functional groups. See: D. A. Tomalia 
and H. D. Durst (1993) in E. Weber (ed.) Topics in Current 
Chemistry, Vol. 165: Supramolecular Chemistry I-Directed 
Synthesis and Molecular Recognition, Springer-Verlag, Ber 
lin, pp.193-313. The siZe, shape and surface charge density 
of the dendrimer is controlled by choice of core, repeating 
unit, number of generations and terminal functional group. 
See: US. Pat. Nos. 5,527,524; 5,338,532; 4,694,064; 4,568, 
737; 4,507,466; and PCT patent applications; WO8801179; 
WO8801178; WO9524221; and WO9502397. “STAR 
BURST” (Trademark, Dendritech, Inc.) or dense star polya 
midoamine dendrimers have been reported to mediate effi 
cient transfection of DNA into mammalian cells (J. F. 
KukoWska-Latolla et al. (1996) Proc. Natl. Acad. Sci. USA 
93:4897-4902 and A. Bielinska et al. (1996) Nucleic Acids 
Res. 24(11):2176-2182). “SUPERFECT” (Trademark, 
Qiagen, Inc.) or activated dendrimers have been reported to 
mediate ef?cient transfection of DNA into mammalian cells 
(J. Haensler and R. SZoka (1993) Bioconjugate Chem. 
4:372-379 and M. X. Tang et al., (1996) Bioconjugate 
Chem. 7P703-714). PCT patent application WO9524221 
relates to bioactive or targeted dendrimer conjugates. PCT 
patent applications WO9319768 and WO9502397 relate to 
polynucleotide delivery systems comprising dendrimers. 
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[0005] Transfection agents, including cationic lipids and 
dendrimers, are not universally effective for transfection of 
all cell types. Effectiveness of transfection of different cells 
depends on the particular transfection agent composition and 
the type of lipid aggregate or dendrimer-compleX formed. In 
general, polycationic lipids are more efficient than monoca 
tionic lipids in transfecting eukaryotic cells. Behr, J-P. et al. 
(1989) Proc. Natl. Acad. Sci. 86:6982-6986, HaWley-Nel 
son, P., et al. (1993) FOCUS 15:73 and US. Pat. No. 
5,334,761 (Gebeyehu et al.). Behr et al. and EPO published 
application 304 111 (1990), for eXample, describe improved 
transfection using carboXyspermine-containing cationic lip 
ids including 5-carboXyspermylglycine dioctadecyl-amide 
(DOGS) and dipalmitoylphosphatidylethanolamine 5-car 
boXyspermylamide (DPPES). The polycationic liposomal 
transfection reagents 1,3 dioleoyloXy-2-(6-carboXysper 
myl)-propyl-amid (DOSPER, Boehringer-Mannheim) and 
“MULTIFECTOR” (Trademark, VennNova, Inc.) are other 
eXamples. For transfection, the optimal charge ratio of 
DNA/dendrimer Was found to be betWeen 1:5 and 1:50 and 
G5 (generation 5)-G10 (generation 10) dendrimers Were 
reported capable of mediating transfection. Transfection 
efficiency of a given dendrimer varied With cell type, as has 
been observed With cationic lipid-mediated transfection (J. 
F. KukoWska-Latolla et al. (1996) Proc. Natl. Acad. Sci. 
USA 93:4897-4902). 
[0006] Many biological materials are taken up by cells via 
receptor-mediated endocytosis. See: Pastan and Willingham 
(1981) Science 214:504-509. This mechanism involves 
binding of a ligand to a cell-surface receptor, clustering of 
ligand-bound receptors, and formation of coated pits fol 
loWed by internaliZation of the ligands into endosomes. Both 
enveloped viruses, like in?uenza virus and alphaviruses, and 
non-enveloped viruses, like Adenovirus, infect cells via 
endocytotic mechanisms. See: Pastan, I. et al. (1986) in 
Virus Attachment and Entry into Cells, (CroWell, R. L. and 
Lonberg-Holm, K., eds.) Am. Soc. Microbiology, Washing 
ton, p.141-146; Kielian, M. and Helenius, A. (1986) “Entry 
of Alphaviruses” in The Togaviria'ae and F laviviria'ae, 
(Schlesinger, S. and Schlesinger, M. J ., eds.) Plenum Press, 
NeW York p.91-119; FitZGerald, D. J. P. et al. (1983) Cell 
32:607-617. Enhancement of dendrimer-mediated transfec 
tion of some cells by chloroquine (a lysosomotropic agent) 
suggests that endocytosis is involved in at least some 
dendrimer-mediated transfections. 

[0007] Despite their relative effectiveness, hoWever, suc 
cessful transfection of eukaryotic cell cultures using poly 
cationic lipid reagents often requires high dosages of nucleic 
acid (approximately 105 DNA molecules per cell). The 
introduction of foreign DNA sequences into eukaryotic cells 
mediated by viral infection is generally orders of magnitude 
more efficient than transfection With cationic lipid or den 
drimer transfection agents. Viral infection of all the cells in 
a culture requires feWer than 10 virus particles per cell. 
Although the detailed mechanism of fusion is not fully 
understood and varies among viruses, viral fusion typically 
involves speci?c fusagenic agents, such as viral proteins, 
viral spike glycoproteins and peptides of viral spike glyco 
proteins. Vesicular stomatitis virus (VSV) fusion, for 
eXample, is thought to involve interaction betWeen the VSV 
glycoprotein (G protein) and membrane lipids (Schlegel, R. 
et al. (1983) Cell 32:639-646). The VSV G protein report 
edly binds preferentially to saturable receptors such as acidic 
phospholipid phosphatidylserine (Schlegel, R. and M. Wade 
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(1985) J. Virol. 53(1):319-323). Fusion of in?uenza virus 
involves hemagglutinin HA-2 N-terminal fusagenic pep 
tides. See Kamata, H. et al. (1994) Nucl. Acids Res. 
22(3):536-537. 
[0008] Cell binding and internalization can also be 
enhanced, accelerated or made selective With peptides that 
bind cell receptors. For example, the penton-base protein of 
the Adenovirus coat contains the peptide motif RGD (Arg— 
Gly—Asp) Which mediates virus binding to integrins and 
viral internalization via receptor-mediated endocytosis 
(Wickham, T. J. et al. (1995) Gene Therapy 2:750-756). 

[0009] The ef?ciency of cationic lipid transfections has 
recently been shoWn to be enhanced by the addition of Whole 
virus particles to the transfection mixture. See Yoshimura et 
al. (1993) J. Biol. Chem. 268:2300. Certain viral compo 
nents may also enhance the ef?ciency of cationic lipid 
mediated transfection. See: US. patent applications Ser. 
Nos. 08/090,290, ?led Jul. 12, 1993; and 08/274,397, ?led 
Jul. 12, 1994, now US. Pat. No. 5,578,475; incorporated by 
reference in their entirety herein. The use of peptides from 
viral proteins to enhance lipid-mediated transfections Was 
also recently suggested by Kamata et al. (1994) Nucl. Acids 
Res. 22:536. Kamata et al. suggest that “LIPOFECTIN” 
mediated transfections may be enhanced 3-4-fold by adding 
in?uenza virus hemagglutinin peptides to the transfection 
mixture. Despite these positive early indications, results 
vary as to the effectiveness of including fusagenic or nuclear 
localization peptides in lipidic transfection compositions. 
Remy et al. (1995) Proc. Natl. Acad. Sci. USA 92:1744 
report that “[a]ddition of lipids bearing a fusagenic or a 
nuclear localization peptide head group to the (polycationic 
lipid-DNA complex) particles does not signi?cantly 
improve an already ef?cient system.” 

SUMMARY OF THE INVENTION 

[0010] The present invention is based on the discovery 
that peptide sequences from viral, bacterial or animal pro 
teins and other sources, including peptides, proteins or 
fragments or portions thereof can signi?cantly enhance the 
ef?ciency of transfection of eukaryotic cells mediated by 
transfection agents, including cationic lipids and dendrim 
ers. The compositions and methods of the invention com 
prise peptides, proteins and fragments thereof, modi?ed 
peptides, modi?ed proteins and modi?ed fragments thereof, 
peptide conjugates, protein conjugates and conjugates of 
fragments thereof, including those of fusagenic, membrane 
permeabilizing, receptor-ligand, and/or nuclear-localization 
peptides or proteins, or peptides or proteins that localize to 
other sub-cellular locations (e.g., mitochondrial localization 
peptides or proteins), Which signi?cantly improve the ef? 
ciency of transfection When bound to nucleic acid. In 
preferred embodiments, peptides, proteins, fragment 
thereof, or modi?ed peptides, proteins and fragments thereof 
are bound or added to nucleic acid prior to adding the 
transfection reagent, although such peptides, proteins, frag 
ments and modi?cations thereof may be added or complexed 
With the transfection reagent prior to addition of the nucleic 
acid. Alternatively, the nucleic acid is combined With the 
transfection agent prior to addition of the peptide, protein, 
fragments and modi?cations thereof. These fusagenic, 
receptor-ligand, nuclear localization, transport or traf?cking, 
or other peptides can form a noncovalent association or 
complex With the nucleic acid that is to be introduced into 
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a cell. Complex formation can be enhanced by covalent 
coupling of the peptide or protein to a DNA-binding group, 
Which can bind to the nucleic acid through conformational 
or charge interactions and facilitate binding of the peptide to 
DNA. More generally, nucleic acid-peptide or protein com 
plex formation can be enhanced by covalent coupling of the 
peptide or protein to a nucleic acid-binding group. Nucleic 
acids (DNA and RNA and variants thereof) are more ef? 
ciently transported into the cell by the transfection agent 
When bound to peptides or proteins of this invention and can 
With appropriate choice of peptide or protein be directed to 
the cell nucleus or to other sub-cellular locations, thus 
requiring less nucleic acid starting material. 

[0011] This invention also relates to the covalent coupling 
of peptides or proteins to the transfection agent, e. g., directly 
or via an appropriate linking or spacer group to a lipid of the 
cationic lipid transfection composition (a cationic or neutral 
lipid) or directly or via an appropriate linking or spacer 
group to a dendrimer. Of particular interest are conjugated 
lipids and dendrimers that are covalently linked to fusagenic 
peptides or proteins, transport or traf?cking peptides or 
proteins, membrane-permeabilizing peptides or proteins and 
receptor-ligand peptides or proteins. A variety of spacer 
groups may be used dependent upon the transfection agent 
and the peptide or protein. For example, spacers may be 
alkyl, ether, thioether, ester or amide groups. 

[0012] The cationic lipid compositions of the present 
invention and the dendrimer compositions of this invention 
provide signi?cant advantages over prior art compositions, 
including enhanced transformation frequency. 

[0013] The present invention provides compositions and 
methods for transfecting eukaryotic cells, particularly higher 
eukaryotic cells, With nucleic acids. Nucleic acids, both 
DNA and RNA, are introduced into cells such that they 
retain their biological function. Compositions for transfect 
ing eukaryotic cells comprising a peptide-nucleic acid com 
plex or protein-nucleic acid complex and a transfection 
agent are provided. Transfection compositions of this inven 
tion include those in Which the transfection agent is any 
lipid, preferably a cationic lipid, a mixture of cationic lipids 
or a mixture of cationic lipids and neutral lipids. Transfec 
tion compositions of this invention also include those in 
Which the transfection agent is a dendrimer or mixture of 
dendrimers, as Well as mixtures of dendrimers and neutral or 
cationic lipids. Transfection compositions comprise a pep 
tide or modi?ed-peptide, e.g., a peptide-conjugate, or pro 
tein or fragment or portion thereof, modi?ed or conjugated, 
Which may bind nucleic acid and Which are fusagenic, 
membrane-permeabilizing, or Which function for nuclear 
localization, function for transport or traf?cking, function 
for localization to another sub-cellular location, and/or func 
tion as a receptor-ligand. Receptor-ligand peptides or pro 
teins of this invention include those that bind to cell surface 
receptors, membrane receptors or cytosolic receptors and 
that can function for cell targeting or cell adhesion, and 
include those that trigger internalization or endocytosis. The 
peptide- or protein-nucleic acid complex is formed by 
interacting a peptide or protein or modi?ed peptide or 
modi?ed protein With nucleic acid or by interacting the 
peptide or protein With a nucleic acid-transfection agent 
complex. Modi?ed peptides or proteins include peptides or 
proteins covalently conjugated to nucleic acid-binding 
groups. Peptide- or protein-conjugates of this invention also 
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include peptide- or protein-lipid (neutral or cationic) and 
peptide- or protein-dendrimer conjugates in Which the pep 
tide or protein is covalently linked to the transfection agent 
or a component of the transfection agent. 

[0014] For non-covalent peptide- or protein-enhanced 
lipid transfection, the peptide- or protein-nucleic acid com 
plex is subsequently combined With a lipid, preferably a 
cationic lipid (or a mixture of a cationic lipid and neutral 
lipid) to form a peptide- or protein-nucleic acid-lipid aggre 
gate Which facilitates introduction of the anionic nucleic 
acid through cell membranes, including the nuclear mem 
brane, or targets the nucleic acid to a particular cell or 
sub-cellular location. Transfection compositions of this 
invention comprising peptide- or protein-nucleic acid com 
plexes and lipid can further include other non-peptide agents 
that are knoWn to further enhance transfection. 

[0015] For lipid transfection employing a covalent pep 
tide- or protein-lipid conjugate, the peptide- or protein-lipid 
conjugate is combined With nucleic acid, as is conventional 
for cationic lipid transfection. The peptide- or protein-lipid 
conjugate may be ?rst combined in a mixture of non 
conjugated cationic and/or neutral lipids and then combined 
With nucleic acid to form a peptide- or protein-lipid-nucleic 
acid lipid aggregate Which facilitates introduction of the 
anionic nucleic acid through cell membranes, including the 
nuclear membrane, or targets the nucleic acid to a particular 
cell or to a sub-cellular location. Transfection compositions 
of this invention comprising peptide- or protein-lipid con 
jugates and nucleic acids can further include other non 
peptide or non-protein agents that are knoWn to further 
enhance transfection. 

[0016] In an alternative transfection method of this inven 
tion employing fusagenic peptides or proteins covalently 
conjugated to lipids, the peptide- or protein-lipid conjugate 
is complexed With non-conjugated cationic lipids (or a 
mixture of cationic and neutral lipids). A sub-cellular local 
iZation peptide or protein, preferably a nuclear localiZation 
peptide or protein, is complexed to the nucleic acid and the 
nucleic acid-peptide or protein complex is admixed With the 
cationic lipid-containing complex comprising covalently 
conjugated fusagenic peptides or proteins. The resulting 
mixture exhibits enhanced transfection efficiency. 

[0017] For dendrimer transfection, the covalent peptide 
or protein-dendrimer conjugate is subsequently combined 
With nucleic acid, as is knoWn in the art for dendrimer 
mediated transfection, to form a peptide- or protein-den 
drimer-nucleic acid aggregate that facilitates introduction of 
the anionic nucleic acid through cell membranes, including 
the nuclear membrane, or targets the nucleic acid to a 
particular cell or sub-cellular location. When a peptide- or 
protein-dendrimer conjugate is employed, the peptide or 
protein is believed, for the most part, to be concentrated at 
the outer surface of the dendrimer aggregate formed. Trans 
fection compositions of this invention comprising peptide 
or protein-dendrimer conjugates and nucleic acid can further 
include other non-peptide agents that are knoWn to further 
enhance dendrimer transfection, for example dendrimer 
transfection can be enhanced by addition of DEAE-dextran 
and/or chloroquin. 

[0018] In alternative transfection compositions of this 
invention employing fusagenic peptides or proteins conju 
gated to dendrimers, the peptide- or protein-dendrimer con 
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jugate is admixed With a nucleic acid that is itself complexed 
to a sub-cellular localiZation peptide or protein, preferably a 
nuclear localiZation peptide or protein. The neW complex 
(e.g., Sp-NLS-nucleic acid complexed to VSVG or RGD or 
ES-dendrimer) is optionally admixed With non-conjugated 
dendrimers or optionally admixed With a cationic lipid 
containing composition. The resulting mixture exhibits 
enhanced transfection efficiency. 

[0019] Peptides useful in transfection compositions 
include, but are not limited to, functional portions of pro 
teins and or polypeptides that are fusagenic, function for 
nuclear or other sub-cellular localiZation, function for trans 
port or traf?cking, are receptor ligands, comprise cell 
adhesive signals, cell-targeting signals, cell-internalization 
signals or endocytosis signals as Well as peptides or func 
tional portions thereof of viral fusagenic proteins, of viral 
nuclear localiZation signals, of receptor-ligands, of cell 
adhesion signals, of cell-targeting signals or of internaliZa 
tion- or endocytosis-triggering signals. Peptides useful in 
this invention include naturally-occurring peptides, peptides 
derived from synthetic or engineered proteins or polypep 
tides, and synthetic analogs or functional equivalents of 
naturally-occurring peptides. Peptides of this invention 
include those comprised of the tWenty commonly occurring 
amino acids, as Well as rare amino acids, such as homocys 
teine and ornithine, or D-amino acids or amino acid analogs. 
Peptides and proteins or this invention can include 
polyamines such as carboxy spermine. Transfection compo 
sitions comprising viral peptides or functional portions of 
viral peptides of in?uenza virus, vesicular stomatitis virus, 
adenovirus and simian virus 40 are of particular interest. 
Transfecting compositions containing viral peptides (as Well 
as proteins and polypeptides) modi?ed so that they are 
covalently conjugated to DNA-binding groups, for example, 
spermine or related polyamines, are also useful in the 
methods of this invention. 

[0020] Any proteins (or fragments or portions thereof) 
may be used in accordance With this invention, either singly 
or in combination With other proteins or peptides. In a 
preferred aspect, tWo or more, three or more, four or more, 
?ve or more, six or more, etc. proteins and/or peptides are 
used in the invention. Additionally, such single or multiple 
proteins and/or peptides may be used in combination With 
one or more, tWo or more, three or more, four or more, ?ve 

or more, six or more, etc. transfection agents. In another 
preferred aspect, at least tWo peptides and/or proteins are 
used in combination With a transfection agent, preferably at 
least tWo transfection agents such as lipids and/or dendrim 
ers. 

[0021] Proteins useful in transfection compositions 
include, but are not limited to, receptor ligands, membrane 
binding and fusion proteins, transport or traf?cking proteins, 
nuclear localiZing proteins, nuclear proteins, including pro 
teins derived from chromatin, bacterial internaliZation-me 
diating proteins, bacterial toxins or portions of toxins (With 
toxin portion inactivated), Which enter cells and localiZe to 
subcellular compartments, membrane-disturbing proteins 
and antimicrobial proteins. Proteins include those derived 
from viral, bacterial, animal and other sources. Receptor 
ligand proteins Which are useful include, but are not limited 
to, insulin, transferrin, epidermal groWth factor, ?broblast 
groWth factor, lactoferrin, and ?bronectin. Useful viral 
membrane binding and fusion proteins include, but are not 
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limited to, the adenoviral proteins penton base, knob, and 
hexon, the vesicular stomatitis virus glycoprotein (VSVG), 
the coat proteins from semliki forest virus and the in?uenza 
hemagglutinin Viral transport or trafficking proteins 
include, but are not limited to, HIV Tat, hepatitis B virus 
core protein, and herpes simplex virus VP22. A list of 
nuclear and chromatin proteins Which are useful includes, 
but is not limited to, the histone proteins, especially H1 and 
H2, the “high mobility group” proteins, especially HMG 1 
and 17, protarnine and hn RNP A1. Bacterial internaliZation 
proteins include, but are not limited to, invasin and intemalin 
and proteins With similar functions derived from Listeria and 
Myobacterium tuberculosis. Bacterial toxins Which enter 
cells and localiZe to subcellular compartments include, but 
are not limited to, Pseudomonas endotoxin A, Diphtheria 
toxin, and Shigella toxin. In each case, the bacterial toxin 
function of these proteins and polypeptides is inactivated to 
avoid detriment to transfected cells. Membrane-disturbing 
and anti-microbial proteins (some derived from venoms) 
include, but are not limited to, melittin, magainin, gramici 
din, cecropin, defensins, protegrins, tachyplesins, thionins, 
indolicidin, bactenecin, drosomycin, apidaecins, cathelici 
din, bacteriacidal/permeability-increasing protein (BPI), 
nisin, and buforin. 

[0022] Inclusion of a peptide- or protein-nucleic acid 
complex or a modi?ed peptide- or protein-nucleic acid 
complex in a cationic lipid transfection composition can 
signi?cantly enhance transfection (by 2-fold or more) of the 
nucleic acid compared to transfection of the nucleic acid 
mediated by the cationic lipid alone. Enhancement of den 
drimer transfection by peptides or proteins or modi?ed 
peptides or modi?ed proteins or fragments thereof is pro 
nounced in a Wide variety of cell lines, including human 
primary cell lines and in cell lines that are generally con 
sidered by those in the art to be “hard-to-transfect.” 

[0023] Monovalent or polyvalent cationic lipids are 
employed in cationic lipid transfecting compositions. Pre 
ferred monovalent cationic lipids are DOTMA (N-[1-(2.3 
dioleoyloxy)-propyl]-N,N,N-trimethyl ammonium chlo 
ride), DOTAP (1,2-bis(oleoyloxy)-3-3 
(trimethylammonium)propane), DMRIE (1,2 
dimyristyloxypropyl-3-dimethyl-hydroxy ethyl ammonium 
bromide) or DDAB (dimethyl dioctadecyl ammonium bro 
mide). Preferred polyvalent cationic lipids are liposper 
mines, speci?cally DOSPA (2,3-dioleyloxy-N-[2(spermin 
ecarboxamido)ethyl]-N,N-dimethyl-1-propanaminium 
tri?uoro-acetate) and DOSPER (1,3-dioleoyloxy-2-(6car 
boxy spermyl)-propyl-amid, and the di- and tetra-alkyl 
tetra-methyl spermines, including but not limited to TMTPS 
(tetramethyltetrapalmitoyl spermine), TMTOS (tetrameth 
yltetraoleyl spermine), TMTLS (tetramethlytetralauryl sper 
mine), TMTMS (tetramethyltetramyristyl spermine) and 
TMDOS (tetramethyldioleyl spermine). Cationic lipids are 
optionally combined With non-cationic lipids, particularly 
neutral lipids, for example lipids such as DOPE (dio 
leoylphosphatidylethanolamine), DPhPE (diphytanoylphos 
phatidylethanolamine) or cholesterol. A cationic lipid com 
position composed of a 3:1 (W/W) mixture of DOSPA and 
DOPE or a 1:1 (W/W) mixture of DOTMA and DOPE are 
generally useful in transfecting compositions of this inven 
tion. Preferred transfection compositions are those Which 
induce substantial transfection of a higher eukaryotic cell 
line. 
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[0024] Inclusion of a peptide- or protein-nucleic acid or 
modi?ed peptide- or protein-nucleic acid complex in a 
dendrimer transfection composition can signi?cantly 
enhance transfection (by 2-fold or more) of the nucleic acid 
compared to transfection of the nucleic acid mediated by the 
dendrimer alone or in combination With DEAE-dextran or 
chloroquine or both. Enhancement of transfection by pep 
tides, proteins, modi?ed peptides or modi?ed proteins is 
pronounced in a Wide variety of cell lines, including human 
primary cell lines and in cell lines that are generally con 
sidered by those in the art to be “hard-to-transfect.” 

[0025] In general, any dendrimer that can be employed to 
introduce nucleic acid into any cell, particularly into a 
eukaryotic cell, is useful in the improved transfection com 
positions and methods of this invention. Dendrimers of 
generation 5 or higher (G5 or higher) are preferred, With 
those of generation betWeen G5-G10 being of particular 
interest. Dendrimers of this invention include those With 
NH3 or ethylenediamine cores, GX(NH3) or GX(EDA), 
Where X=the generation number. Dendrimers Where X=5-10 
being preferred. Dendrimers of this invention include those 
in Which the repeating unit of the internal layers is a 
amidoamine (to form polyamidoamines, i.e. PAMAMs). 
Dendrimers of this invention include those in Which the 
terminal functional groups at the outer surface of the den 
drimer provides a positive charge density, e.g., as With 
terminal amine functional groups. The surface charge and 
the chemical nature of the outer dendrimer surface can be 
varied by changing the functional groups on the surface, for 
example, by reaction of some or all of the surface amine 
groups. Of particular interest are dendrimers that are func 
tionaliZed by reaction With cationic amino acids, such as 
lysine or arginine. Grafted dendrimers as described, for 
example in PCT applications WO 9622321 and WO9631549 
and noted in Us. Pat. No. 5,266,106, can be employed in the 
compositions and methods of this invention. Activated den 
drimers (J. Haensler and R. SZoka (1993) Bioconjugate 
Chem. 41372-379 and M. X. Tang et al., (1996) Bioconju 
gate Chem. 7P703-714) can also be employed in the com 
position and methods of this invention. 

[0026] The methods of the present invention involve con 
tacting any cell, preferably a eukaryotic cell, With a trans 
fection composition comprising a peptide, a protein or 
fragment or portion thereof, including a fusagenic, mem 
brane-permeabiliZing, transport or trafficking sub-cellular 
localiZation, or receptor-ligand peptide or protein, optionally 
conjugated to a nucleic acid-binding group, or optionally 
conjugated to the transfection agent (lipid or dendrimer) 
Wherein said peptide or protein or modi?ed peptide or 
protein is non-covalently associated With the nucleic acid. In 
one embodiment, a peptide- or protein-nucleic acid complex 
(Where the peptide or protein can be conjugated to a nucleic 
acid binding group) is formed and then combined With a 
cationic lipid for transfection. In a related embodiment, a 
peptide- or protein-lipid conjugate is combined optionally 
With other lipids, including any appropriate cationic lipid, 
and then combined With nucleic acid for transfection. In 
another related embodiment, a nucleic acid-lipid complex is 
formed and then combined With a peptide or protein for 
transfection. In a second embodiment, a peptide- or protein 
nucleic acid complex (Where the peptide or protein can be 
conjugated to a nucleic-acid binding group) is formed and 
then combined With a dendrimer for transfection. In a related 
embodiment, a peptide-dendrimer conjugate is combined 



US 2003/0069173 A1 

optionally With other dendrimers and then combined With 
nucleic acid for transfection. In another related embodiment, 
a nucleic acid-dendrimer complex is formed and then com 
bined With a peptide or protein for transfection. Dendrimers 
and/or peptide-conjugated dendrimers can be combined With 
cationic lipids and cationic lipid composition to obtain 
improved nucleic acid transfection compositions. In accor 
dance With the invention, multiple peptides and/or proteins 
may be added to accomplish transfection. 

[0027] Methods of this invention employ among others, 
viral peptides or proteins of in?uenza virus, adenovirus, 
Semliki forest virus, HIV, hepatitis, herpes simplex virus, 
vesicular stomatitis virus or simian virus 40 and more 
speci?cally an RGD-peptide sequence, an NLS peptide 
sequence and/or a VSVG-peptide sequence and to modi?ed 
peptides or proteins of each of the foregoing. Methods of 
this invention are applicable to transfection of adherent or 
suspension cell lines, in general to animal cell lines, spe 
ci?cally to mammalian, avian, reptilian, amphibian and 
insect cell lines and more speci?cally to animal primary cell 
lines, human primary cell lines, stem cell lines, and ?bro 
blasts, as Well as to cells in vivo in living organisms. 

[0028] In one speci?c embodiment, a transfection-enhanc 
ing peptide or protein is ?rst bound to a nucleic acid to be 
introduced into a cell. The peptide- or protein-nucleic acid 
complexes are then admixed With a transfection agent (or 
mixture thereof) and the resulting mixture is employed to 
transfect cells. Preferred transfection agents are cationic 
lipid compositions, particularly monovalent and polyvalent 
cationic lipid compositions, more particularly “LIPOFECT 
IN,’"‘LIPOFECTACE,”“LIPOFECTAMINE,”“CELLFEC 
TIN,” DMRIE-C, DMRIE, DOTAP, DOSPA, and DOSPER, 
and dendrimer compositions, particularly GS-GlO dendrim 
ers, including dense star dendrimers, PAMAM dendrimers, 
grafted dendrimers, and dendrimers knoWn as dendrigrafts 
and “SUPERFECT.” 

[0029] In a second speci?c transfection method, a trans 
fection-enhancing peptide or protein is conjugated to a 
nucleic acid-binding group, for example a polyamine and 
more particularly a spermine, to produce a modi?ed peptide 
or protein Which is then bound to the nucleic acid to be 
introduced into the cell. The modi?ed peptide-nucleic acid 
complex is then admixed With a transfection agent (or 
mixture thereof) and the resulting mixture is employed to 
transfect cells. In particular, the peptide or protein is 
covalently conjugated to a spermine, the spermine-modi?ed 
peptide or protein is complexed With nucleic acid and 
admixed With a cationic lipid. Preferred transfection agents 
are cationic lipid compositions, particularly monovalent and 
polyvalent cationic lipid compositions, more particularly 
“LIPOFECTIN,”"LIPOFECTACE,”“LIPOFECTAMINE, 
”“CELLFECTIN,” DMRIE-C, DMRIE, DOTAP, DOSPA, 
and DOSPER, and dendrimer compositions, particularly 
GS-GlO dendrimers, including dense star dendrimers, 
PAMAM dendrimers, grafted dendrimers, and including 
dendrimers knoWn as dendrigrafts. 

[0030] In a third speci?c embodiment, a mixture of one or 
more transfection-enhancing peptides, proteins, or protein 
fragments, including fusagenic peptides or proteins, trans 
port or traf?cking peptides or proteins, receptor-ligand pep 
tides or proteins, or nuclear localiZation peptides or proteins 
and/or their modi?ed analogs (e.g., spermine modi?ed pep 
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tides or proteins) or combinations thereof are mixed With 
and complexed With nucleic acid to be introduced into a cell. 
The peptide-nucleic acid complexes are then admixed With 
transfection agent and the resulting mixture is employed to 
transfect cells. 

[0031] In another speci?c embodiment, a component of a 
transfection agent (lipids, cationic lipids or dendrimers) are 
covalently conjugated to selected peptides, proteins, or 
protein fragments directly or via a linking or spacer group. 
Of particular interest in this embodiment are peptides or 
proteins that are fusagenic, membrane-permeabiliZing, 
transport or trafficking, or Which function for cell-targeting. 
The peptide- or protein-transfection agent complex is com 
bined With nucleic acid and employed for transfection. 

[0032] The transfection compositions and methods of the 
present invention can be applied to in vitro and in vivo 
transfection of cells, particularly of eukaryotic cells, and 
more particularly to transfection of higher eukaryotic cells, 
including animal cells. The methods of this invention can be 
used to generate transfected cells Which express useful gene 
products. The methods of this invention can also be 
employed as a step in the production of transgenic animals. 
The methods of this invention are useful as a step in any 
therapeutic method requiring introduction of nucleic acids 
into cells including methods of gene therapy and viral 
inhibition and for introduction of antisense or antigene 
nucleic acids or riboZymes or RNA regulatory sequences or 
related inhibitory or regulatory nucleic acids into cells. In 
particular, these methods are useful in cancer treatment, in in 
vivo and ex vivo gene therapy, and in diagnostic methods. 

[0033] The transfection compositions and methods of this 
invention comprising peptides, proteins, peptide or protein 
fragments or modi?ed peptides or modi?ed proteins, can 
also be employed as research reagents in any transfection of 
eukaryotic cells done for research purposes. The transfection 
compositions can, With appropriate choice of physiologic 
medium, be employed in therapeutic and diagnostic appli 
cations. 

[0034] Transfection agents and transfection-enhancing 
agents of this invention can be provided in a variety of 
pharmaceutical compositions and dosage forms for thera 
peutic applications. For example, injectable formulations, 
intranasal formulations and formulations for intravenous 
and/or intralesional administration containing these com 
plexes can be used therapy. 

[0035] In general the pharmaceutical compositions of this 
invention should contain suf?cient transfection agent and 
any enhancing agents (peptide, protein, etc.) to provide for 
introduction of a sufficiently high enough level of nucleic 
acid into the target cell or target tissue such that the nucleic 
acid has the desired therapeutic effect therein. The level of 
nucleic acid in the target cell or tissue that Will be thera 
peutically effective Will depend on the ef?ciency of inhibi 
tion or other biological function and on the number of sites 
the nucleic acid must affect. 

[0036] The dosage of transfection agent administered to a 
patient Will depend on a number of other factors including 
the method and site of administration, patient age, Weight 
and condition. Those of ordinary skill in the art can readily 
adjust dosages for a given type of administration, a given 
patient and for a given therapeutic application. 
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[0037] It Will be appreciated by those of ordinary skill in 
the art that the transfection composition should contain 
minimal amounts of inhibitory components, such as serum 
or high salt levels, Which may inhibit introduction of nucleic 
acid into the cell, or otherWise interfere With transfection or 
nucleic acid complexation. It Will also be appreciated that 
any pharmaceutical or therapeutic compositions, dependent 
upon the particular application, should contain minimal 
amounts of components that might cause detrimental side 
effects in a patient. 

[0038] Components of the transfection compositions of 
this invention can be provided in a reagent kit. In general, 
the kit comprises a transfection agent and a transfection 
enhancing peptide, protein or fragment thereof. In one 
embodiment, a kit comprises individual portions of cationic 
lipid and peptide, protein or fragment thereof or modi?ed 
peptide, protein or fragment thereof. In a second embodi 
ment, a kit comprises individual portions of dendrimer and 
peptide, protein or fragments thereof or modi?ed peptide, 
protein or fragments thereof. Cationic lipid transfection kits 
can optionally include neutral lipid as Well as other trans 
fection-enhancing agents or other additives, and the relative 
amounts of components in the kit may be adjusted to 
facilitate preparation of transfection compositions. Kit com 
ponents can include appropriate medium or solvents for 
other kit components. Cationic lipid transfection kits com 
prising a monocationic or polycationic lipid composition 
including a neutral lipid and a modi?ed peptide or protein 
are preferred. Dendrimer transfection kits can optionally 
include other transfection enhancing agents, such as DEAE 
dextran and/or chloroquine, as Well as other additives and 
the relative amounts of components in the kit may be 
adjusted to facilitate preparation of transfection composi 
tions. Dendrimer transfection kits comprising a 
G5-G10dendrimer or a Lys- or Arg-modi?ed dendrimer or 
dendrigraft or an activated dendrimer in combination With a 
peptide or protein or a modi?ed peptide or protein are 
preferred. Kits provided by this invention include those 
comprising an individual portion of a polycationic lipid 
composition comprising DOSPA and DOPE or a monoca 
tionic lipid composition comprising DOTMA and DOPE 
and a portion of modi?ed peptide, particularly a spermine 
modi?ed peptide. Kits provided by this invention include 
those comprising an individual portion of a dendrimer and a 
portion of a spermine-modi?ed peptide. 

[0039] In related embodiments, kits of this invention can 
comprise a peptide- or protein-lipid conjugate or a peptide 
or protein-dendrimer conjugate in combination With non 
conjugated lipids, non-conjugated dendrimers and other 
agents to facilitate transfection. 

[0040] Kits of this invention can include those useful in 
diagnostic methods, e.g., diagnostic kits Which in addition to 
transfection agent and transfection-enhancing agents (e.g., 
proteins, peptides, and fragments and modi?cations of pep 
tides and proteins) can contain a diagnostic nucleic acid. A 
diagnostic nucleic acid is a general term for any nucleic acid 
Which can be employed to detect the presence of another 
substance (most generally an analyte) in a cell. For example, 
When transfected into a cell a diagnostic nucleic acid may 
increase or decrease expression of a gene therein in response 
to the presence of another substance in the cell (e.g., a 
protein, small molecule, steroid, hormone, or another 
nucleic acid). Diagnostic nucleic acids also include those 
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nucleic acids that carry some label or otherWise detectable 
marker to a particular target cell or target tissue for detection 
of the target cell or tissue or for detection of a substance in 
the target cell or tissue. 

[0041] Nucleic acids that can be transfected by the meth 
ods of this invention include DNA and RNAof any siZe from 
any source comprising natural bases or non-natural bases, 
and include those encoding and capable of expressing thera 
peutic or otherWise useful proteins in cells, those Which 
inhibit undesired expression of nucleic acids in cells, those 
Which inhibit undesired enZymatic activity or activate 
desired enZymes, those Which catalyZe reactions 
(riboZymes), and those Which function in diagnostic assays 
(e.g., diagnostic nucleic acids). Thereapeutic nucleic acids 
include those nucleic acids that encode or can express 
therapeutically useful proteins, peptides or polypeptides in 
cells, those Which inhibit undesired expression of nucleic 
acids in cells, those Which inhibit undesired enZymatic 
activity or activate desired enZymes in cells. 

[0042] The compositions and methods provided herein 
can also be readily adapted in vieW of the disclosure herein 
to introduce biologically-active macromolecules other than 
nucleic acids including, among others, polyamines, 
polyamine acids, polypeptides and proteins into eukaryotic 
cells. Other materials useful, for example as therapeutic 
agents, diagnostic materials, research reagents, Which can be 
bound to the peptides and modi?ed peptides and introduced 
into eukaryotic cells by the methods of this invention. 

BRIEF DESCRIPTION OF THE FIGURES 

[0043] FIG. 1 is a bar graph shoWing enhancement of 
transfection of human ?broblast cells With various peptides 
added to “LIPOFECTAMINE”-DNA transfection mixtures. 

[0044] FIG. 2 is a graph shoWing the effect of Sp 
NLSNLS concentration on enhancement of “LIPO 
FECTAMINE” transfection activity. Human ?broblasts 
Were transfected With 0.4 pg DNA, 2 ML “LIPO 
FECTAMINE” and Sp-NLSNLS as indicated in serum-free 
medium. Cells Were harvested and assayed for [3-galactosi 
dase activity 24 h after transfection. 

[0045] FIGS. 3A-H provide comparisons of lipid trans 
fection With and Without Sp-NLSNLS precomplexed With 
DNA in 4 cell types. Human ?broblast (3A and 3B); 
BHK-1(3C and 3D); NIH 3T3 (3E and 3F); MDCK (3G and 
3H) cells Were transfected in 24-Well plates With “LIPO 
FECTAMINE” and DNA as shoWn. FIG. 3A, C, E, and G: 
no Sp-NLSNLS; FIG. 3 B, D, F and H: 1-4 pg Sp-NLSNLS/ 
Well, precomplexed With DNA. 

[0046] FIGS. 4A and 4B are three-dimensional graphs 
comparing “LIPOFECTAMINE” transfection in the pres 
ence of varying amounts of Sp-NLSNLS With varying 
amounts of DNA (pSVneo) With transfection Without pep 
tide. The transfections Were performed in NIH 3T3 cells. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0047] The present invention provides improved methods 
for transfecting any cell, preferably eukaryotic cells With 
nucleic acids by employing peptides, proteins, or fragments 
thereof, modi?ed peptides or modi?ed proteins, or modi?ed 
fragments thereof, in combination With transfection agents, 
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e.g., cationic lipids and dendrimers. The improvement 
relates in one aspect to the use of a peptide- or protein 
nucleic acid complex to enhance the ef?ciency of cationic 
lipid-mediated or dendrimer-mediated transfection. The 
peptide- or protein-nucleic acid complex comprises peptide 
bound to nucleic acid or a peptide modi?ed to be covalently 
conjugated to a nucleic acid-binding group Which is then 
bound to nucleic acid. Alternatively, the peptide or protein is 
used in combination With a nucleic acid-transfection agent 
complex. This invention has signi?cant advantages over 
prior art methods of transfection Which employ cationic 
lipids or dendrimers for transfection. 

[0048] The peptides of this invention include fusagenic 
peptides, membrane-permeabiliZing peptides, transport or 
traf?cking peptides, nuclear localiZation peptides, and 
receptor-ligand peptides, among others. Receptor-ligand 
peptides include among others cell-adhesion peptides, cell 
targeting peptides, internaliZation-triggering peptides, and 
endocytosis-triggering peptides. Peptides useful in this 
invention can include peptide sequences functional for 
fusion (fusagenic sequences), transport, sub-cellular local 
iZation or Which mediate binding to a receptor. Peptides can 
include those that are functional fragments of polypeptides 
or proteins, and may be synthetic or derived from synthetic 
or engineered proteins or polypeptides. A peptide may be 
multi-functional comprising sequences With more than one 
of these functions. Peptides are optionally covalently 
coupled to a nucleic-binding group, including a polyamine, 
and form a complex With the nucleic acid. Peptide-com 
plexed nucleic acids are more efficiently transported into the 
cells and the cell nucleus, thus enhancing the ef?ciency of 
cationic lipid- or dendrimer-mediated cell transfection. 
Because of the improved ef?ciency of transfection, consid 
erably less nucleic acid is required for effective transfection. 
Transfection compositions of this invention, by virtue of 
complex formation betWeen the nucleic acid and peptide or 
modi?ed peptide, provide enhanced transfection as com 
pared to prior art cationic lipid and dendrimer transfection 
compositions. 

[0049] The proteins of this invention include fusagenic 
proteins, membrane-permeabiliZing proteins, transport or 
traf?cking proteins, nuclear localiZation proteins, and recep 
tor-ligand proteins, among others. Receptor-ligand proteins 
include among others cell-adhesion proteins, cell-targeting 
proteins, internaliZation-triggering proteins, and endocyto 
sis-triggering proteins. Proteins useful in this invention can 
include peptide sequences functional for fusion (fusagenic 
sequences), transport, sub-cellular localiZation or Which 
mediate binding to a receptor. Proteins can include those that 
are functional fragments of polypeptides or proteins, and 
may be synthetic or engineered proteins or comprise syn 
thetic or engineered polypeptides. A protein may be multi 
functional comprising sequences having more than one of 
these functions. Proteins are optionally covalently coupled 
to a nucleic-binding group, including a polyamine, and form 
a complex With the nucleic acid. Protein-complexed nucleic 
acids are more ef?ciently transported into the cells and the 
cell nucleus, thus enhancing the ef?ciency of cationic lipid 
or dendrimer-mediated cell transfection. Because of the 
improved ef?ciency of transfection, considerably less 
nucleic acid is required for effective transfection. Transfec 
tion compositions of this invention, by virtue of complex 
formation betWeen the nucleic acid and protein or modi?ed 
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protein, provide enhanced transfection as compared to prior 
art cationic lipid and dendrimer transfection compositions. 

[0050] Another aspect of this invention relates to 
improved ef?ciency of transfection using peptide or protein 
conjugates in Which a selected peptide (protein or protein 
fragment) is covalently linked to a dendrimer or to a lipid 
that Will be a component in a cationic lipid transfection 
composition. The peptide- or protein-conjugated transfec 
tion agent is then employed in transfections as is knoWn in 
the art for the non-conjugated transfection agent. 

[0051] The folloWing de?nitions are employed in the 
speci?cation and claims. 

[0052] The term “transfection” is used herein generally to 
mean the delivery and introduction of biologically func 
tional nucleic acid into a cell, e.g., a eukaryotic cell, in such 
a Way that the nucleic acid retains its function Within the cell. 
Transfection methods of this invention may be applied to 
cells in vitro or in vivo. The term transfection includes the 
more speci?c meaning of delivery and introduction of 
expressible nucleic acid into a cell such that the cell is 
rendered capable of expressing that nucleic acid. The term 
expression means any manifestation of the functional pres 
ence of the nucleic acid Within a cell, including both 
transient expression and stable expression. Nucleic acids 
include both DNA and RNA Without siZe limits from any 
source comprising natural and non-natural bases. Nucleic 
acids can have a variety of biological functions. They may 
encode proteins, comprise regulatory regions, function as 
inhibitors of gene or RNA expression (e.g., antisense DNA 
or RNA), function as inhibitors of proteins, function to 
inhibit cell groWth or kill cells, catalyZe reactions or function 
in a diagnostic or other analytical assay. 

[0053] Transfection ef?ciency is “enhanced” When an 
improvement of at least about 5 percent, preferably about 10 
percent, and more preferably about 20 percent in ef?ciency 
is shoWn using the protocols for measuring nucleic acid 
biological function set forth in the examples hereof. Trans 
fection is substantially enhanced When at least about a 2-fold 
(i.e. 100% or more) improvement of ef?ciency is measured 
as described herein. 

[0054] The term “nucleic acid-binding group” is used 
herein generally to mean a protein, peptide, polypeptide or 
polyamine Which is capable of non-covalently associating 
With nucleic acids. Nucleic acid-binding groups include 
DNA-binding groups. Binding of the nucleic acid-binding 
group to the nucleic acid can be speci?c to the sequence of 
the nucleic acid, or non-speci?c to its sequence. Although 
the mechanism of association depends upon the particular 
binding group, sequence speci?city generally results from 
an ensemble of mutually favorable interactions betWeen a 
binding group and its target DNA. Some DNA-binding 
groups, for example, interact With the DNA’s paired bases 
and sugar-phosphate chains through direct contacts, includ 
ing hydrogen bonds, salt bridges and van der Waals forces. 
Other groups function through sequence-speci?c conforma 
tional variations in DNA (or more generally nucleic acid) 
rather than from sequence-speci?c hydrogen bonding inter 
actions betWeen nucleic acid and protein. It Will be under 
stood that the term “nucleic acid-binding group” includes 
any protein, peptide, polypeptide or polyamine Which is 
capable of binding nucleic acid, Without regard to the 
mechanism of binding. Nucleic acid-binding groups are 
knoWn to the art and Widely available in commerce. 


























































































































































































