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Advance in polyamidoamine dendrimers as gene delivery agents
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Gene therapy recently has become an important area
of research as a new therapeutic method. In vivo and in
vitro gene therapies require efficient delivery of genetic
material into a cell and preferably high levels of expres-
sion of transferred gene. Traditionally, gene delivery
systems are classified as viral vector mediated syste ms
and nonviral vector mediated systems. Viral vectors,
which have been demonstrated as systems with high
transfection efficiency , however, are limited due to ad-
verse effects such as immunogenicity , toxicity, limited
DNA carrying capacity and mutagenesis caused by cell-

infected virusest'!

. For these reasons , nonviral syste ms,
especially synthetic DNA delivery systems such as
cationic liposomes or synthetic polymers, have become
increasingly desirable in both basic research and clinical
areas . Liposomes have several potential advantages, in-
cluding the ability to carry a significant amount of drug,
relative ease of preparation and low toxicity if natural
lipids are used. However, common problems encoun-
tered with liposomes are low stability , poor tissue speci-
ficity, toxicity with nom native lipids, and uptake by
phagocytic cells, thereby reducing circulation times .
Polyamidoamine ( PAMAM) dendrimers, a family of
branched synthetic poly mers, are uniform in size with a
high density of amino groups restricted to the surface as
well as highly soluble and stable in aqueous solution>=! .
Experiments showed that PAMAM dendrimers are ef
fective transfection agents, providing high successful
rate of transferring genetic materials into the cell. The
lack of toxicity, immun0genicity[4’5] ,stability of DNA/
dendrimer complexes and high transfection efficiency
suggest that this transfection method may be useful for
gene therapy .
I FORMATION OF DENDRI MER DNA COMPLEX
DNA and PAMAM dendrimers form complexes
on the basis of the electrostatic interactions between
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positively charged amino groups of the dendrimers and
negatively charged phosphate groups of the nucleic

acid [¢7)

. Electronmicroscopic examination of the com-
plexes indicated that the majority of the plasmid DNA is
contracted into isolated toroids . The binding of plas mid
DNA to dendrimer appears to alter the secondary and
tertiary structure , but does not alter its primary struc
ture. Complexed DNA is protected against degradation
by either specific nucleases or cellular extracts containing
nuclease activity . The most efficient transfection occurs
when the complex is formed in positive charge excess,
the dendrimer DNA charge ratio may be from about 10,
000:1 to10:1 and the proportions can be optimized for a
particular application .
II CELL TRANSFECTION WITH DENDRI MERS
DNA-dendrimers complex can transfect an unusual-
ly wide range of adherent and nonadherent cells. This
attribute is relatively rare among synthetic transfection
reagents. PAMAM dendrimers are also superior for

transfecting suspension cell lines! 8!

, and compared with
many commercially available cationic liposomes, den-
drimers have a broader concentration range between

o7 mediated

transfection and cytotoxicity Dendrimer
transfection of the luciferase gene into Jurkat and U937,
both nonadherent cells of limphoid lineage , is one to two
orders of magnitute higher than that obtained with the
commercial lipids, Lipofect AMINE and DMRIE-C.
Another potential advantage of dendrimers in gene deliv-
ery lies in their capability of transfecting wide range of
primary cells .
III INTRACELLULAR DELI VERY

Cationic dendrimer/ DNA complexes may initiate
cell entry through binding to anionic phospholipids on
the cell me mbrane and triggering either spontaneous en-
docytosis or direct plasma me mbrane disruption. Tracing
cell entry mechanisms with DNA and/or dendrimer in
the complex indicates that majority of the complexes in
most cells are internalized through an energy- dependent

endocytosis' '

. The DNA release from the complex may
therefore be the result of an exchange with anionic cyto
plasmic RNA, proteoglycans , natural polyamines or nu-
clear chromatin. Since mitotically active cell lines show
higher levels of expression of introduced genes, the ma-

jority of translocation of exogenous DNA to the nucleus
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may occur during cell division .
1V IN VITRO GENE TRANSFER

In vitro gene transfer using PAMAM dendrimers
has recently experienced rapid growth. Kukowska et
al'’) examined the efficiency of plasmid DNA-dendrimer
transfection using two reporter gene syste ms : firefly lu-
ciferase and bacterial beta- galactosidase . Highly efficient
transfection of a broad range of eukaryotic cells and cell
lines was achieved with minimal cytotoxicity . The capa-
bility of a dendrimer to transfect cells appeared to de-
pend on the size , shape , and generation (i.e. number of
primary amino groups on the surface) of the polymer.

In contrast to the other DNA carriers, dendrimer/
DNA complexes retain the ability to transfect after dry-
ing , which enabled coating or incorporation of complexes
into poly( DIL-lactide-co-glycolide) or collagemr based bio-
erodable me mbranes, which provide support for the use
of this technology for in vitro and in vivo transfection of

skin cells' '}

. In contrast to lipofection, gene transfer
with PAMAM dendrimers to airway epithelial cells is
not inhibited by pul monary surfactant in vitro. PAMAM
dendrimers appear to be the more stable gene delivery
systems for treatment of lung diseases by into the air
ways [12]

Hudde et al'*! investigated the efficiency of activat-
ed polyamidoamine dendrimers to transfect rabbit and
human corneas in vitro culture . The results showed that
activated dendrimers are an efficient nonviral vector ca-
pable of transducing corneal endothelial cells in vitro,
which may have applications in gene based approaches
aimed at prevention of corneal allograft rejection or in
treat ment of other disorders of corneal endothelium .

A surprising discovery is that the transfection activ-
ity of the dendrimers is dramatically enhanced ( > 50-
fold) by heat treatment''*!. Such treat ment induces sig-
nificant degradation of the dendrimer at the amide link-
age, resulting in a heterodisperse population of com-
pounds with molecular weights ranging from the very
low ( < 1500 Da) to several tens of kilodaltons . Trans-
fection activity is related both to the initial size of the
dendrimer and its degree of degradation. The increased
transfection after the heating process is principally due to
the increase in flexibility that enables the fractured den-
drimer to be compact when complexed with DNA and
swell when released from DNA . Turunen et al''! tested
different cationic polymers in vitro for their ability to
transfect rabbit aortic smooth muscle cells and human
endothelial cells with lacZ marker gene . Fractured PA-
MAM dendrimers had the highest in vivo gene transfer
efficiency and no signs of inflammation were seen, so
fractured PAMAM dendrimer can be used for arterial
gene therapy via adventitial gene delivery route . Urtti et

all'®) evaluated the efficacy of several synthetic DNA

complexing compounds in transfecting primary human
retinal pig ment epithelial ( RPE) cells in vitro. Degraded
PAMAM dendrimers exhibited the best combination of
high activity and low toxicity in RPE cell transfection .
PAMANMs as well may be as a potential delivery ve-

hicle for oligonucleotides!'”!

. Dendrimeroligonucleotide
complexes were stable in 50 % serum to variations in pH
and ionic strength. Using dendrimers resulted in a 50-
fold enhance ment in cell uptake of oligonucleotide as de-
termined by flow cytometry , and enhanced cytosolic and
nuclear availability as shown by confocal microscopy .
These data support the further evaluation of dendrimers
for oligonucleotide delivery in cell culture and in vivo.
V IN VIVO GENE TRANSFER

Trials are currently being carried out to assess the
efficacy of in vivo gene delivery using dendrimers .

Maruyama’ s 181

study demonstrates in vivo effec
tiveness of Epstein Barr virus ( EBV)-based plas mid vec
tor coupled with PAMAM dendrimer in suicide gene
therapy of cancer. HSV-1 tk gene was transferred into
Ewing’ s sarcoma cell lines, A4573 and KP-E WS- YI,
by using an EBV-based plasmid vector. The treat ment
with pSES. Tk/ dendrimer also resulted in significant
prolongation of survival of the mice implanted with
A4573 . They also applied this method to express suicide
gene in hepatocellular carcinoma cellst 7,

PAMAM dendrimer was investigated to augment
plas mid- mediated gene transfer efficiency in a murine
cardiac transplantation model'**’. The use of the PA-
MAM dendrimer dramatically increased the efficiency of
plas mid- mediated gene transfer and expression. Produc-
tion of immunosuppressive cytokines at higher amounts
for longer periods of time in a greater expanse of tissue
enhanced the immunosuppressive effect and prolonged
graft survival further.

VI DELIVERY OF ANTISENSE REGULATORY NU-
CLEIC ACIDS

Antisense oligonucleotides can be trandferred into
cells to block the production of specific proteins. This
may be useful in suppressing cells that grow abnormally ,
such as cancer cell, or in the alteration of normal cell
functions, such as immunosuppression for organ trans-
plantation. PAMAM dendrimers function as an effective
delivery syste m for the introduction of regulatory nucleic
acids and facilitate the suppression of the specific gene
expression.

Yoo et all?" 1 used HeLa cells transfected with plas-
mid pLuc/ 705 which has a luciferase gene interrupted by
a human beta globin intron mutated at nucleotide 705,
thus causing incorrect splicing. As a result, PAMAM
dendrimers formed stable

complexes with oligonu-
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cleotides that had modest cytotoxicity and showed sub-
stantial delivery activity. The dose of the oligonu-
cleotide , the charge ratio of oligonucleotide to den-
drimer, and the size of the dendrimers were all critical
variables for the antisense effect. Compared to other
types of delivery agents, PAMAM dendrimers were
more effective in delivering oligonucleotides into the nu-
cleus of cells in the presence of serum proteins. In addi-
tion, Yoo et al'**! prepared dendrimers conjugated with
the fluorescent dye Oregon green 488 . The 2’- O methyl
antisense oligonucleotide sequence used in these studies
was designed to correct splicing at an aberrant intron in-
serted into a luciferase reporter gene . A surprising result
of these studies was that the Oregon green 488-conjugat-
ed dendrimer was a much better delivery agent for anti-
sense compounds than unmodified dendrimer. This sug-
gests that coupling of relatively hydrophobic small
molecules to PAMAM dendrimers may provide a useful
means of enhancing their capabilities as delivery agents
for nucleic acids .

Bielinska et all %! investigated the ability of PA-
MAM dendrimers to function as an effective delivery
system for antisense oligonucleotides and ’ antisense ex-
pression plasmids’ for the targeted modulation of gene
expression. They developed the cell lines that perma-
nently express luciferase gene . Transfections of antisense
oligonucleotides or antisense ¢cDNA plasmids into these
cell lines using dendrimers resulted in a specific and dose
dependent inhibition of luciferase expression. This inhi-
bition caused approximately 25 %50 % reduction of
baseline luciferase activity . Binding of the phosphodi-
ester oligonucleotides to dendrimers also extended their
intracellular survival .

Helin et al'**! used PAMAM dendrimer to bind
oligodeoxynucleotides ( ODNs) electrostatically , the
complexed phosphodiester ODNs were protected from
nuclease degradation and also increased their cellular up-
take and pharmacological effectiveness, antisense se-
quence specific inhibition of more than 70 % were ob-
tained .

VII SUMMARY AND PROSPECT

The unique structure of PAMAM dendrimers vali-
dates their proposed role as gene delivery agents . In this
review , we outline the transfection mechanisms and the
ability of Starburst dendrimers to mediate high efficiency
transfer of genetic material in a wide variety of cell lines
Moreover, PAMAM dendrimers
could also be applied in other gene transfection tech-

in vitro and in vivo.

niques , such as particle bombardment and as enhancers

[25]

of retroviral transduction' . Since antibody-conjugated

and folate-conjugated dendrimers have already been used

]

experimentally in im munoassays' *°!in the imaging of tu-

mors! 27}

respectively , it is possible that similar forms

may be useful in targeted gene delivery in vivo, which

could enable various therapeutic uses of gene transfer.

PAMAM dendrimers as gene delivery agents have expe-

rienced rapid development, there is no doubt they will

continue to yield wonderful fruits .
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