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Viruses are optimized for gene delivery...

Viruses evolved to efficiently and 
specifically deliver genetic material!!

Recombinant viruses have been 
used in the majority of 
gene therapy clinical 
trials.



Viral vectors are employed in 
two thirds of ongoing clinical trials.



…but, viruses are NOT optimized for 
gene therapy.

Pre-determined host-cell specificity.

Immunogenic (immune system resists viruses).

Pathogenic (may cause diseases including cancer).

Difficult and expensive to produce in large quantities.



Gene therapy “successes”



Can one build an “artificial virus?”
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The path from the test tube to the 
target cell poses many obstacles.



Gene delivery vectors must navigate 
an intracellular obstacle course.



Many design criteria = many functions.

• High efficiency
internalization
endolysosomal escape
nuclear transport
efficient unpackaging

• Controlled expression
stable
drug-responsive

• Infection of non-dividing cells

• Safety
non-toxic
non-immunogenic
non-pathogenic

• Protect DNA

• Package large sequences

• Easy administration
(inhalable, oral)
injectable
long circulation time

• Targeted to specific cell types
by receptor usage
by cell-specific promoters

• Facile fabrication
inexpensive production
easy to purify
robust / stable

Pack et al., Nature Rev. Drug Disc. 4, 581-593 (2005).



Polymer-DNA complexes (polyplexes) 
self-assemble via electrostatic interactions.

• Cationic polymers and 
DNA form simple 
electrostatic complexes 
(polyplexes).

• Polyplexes consist of 
several plasmids, with 
an excess of polymer, 
and are ~50-150 nm in 
diameter.

Pack et al., Nature Rev. Drug Disc. 4, 581-593 (2005).

Pun et al., Bioconj Chem. 15, 831-840 (2004).



Limited understanding of intracellular 
obstacles hinders vector design.

• Many of the early gene 
delivery agents were 
off-the-shelf materials.

• New materials are often 
designed with little 
understanding of 
intracellular trafficking 
mechanisms.



Polyethylenimine is a relatively efficient 
gene delivery polymer.

Polyethylenimine (PEI)

The “proton-sponge” hypothesis:

PEI is hypothesized to take 
advantage of acidification of 
endocytic compartments for 
efficient escape into the 
cytoplasm.  

acidification
Behr, J.P., Chimia 51 34-36 (1997).

Pack et al., Nature Rev. Drug Disc. 4, 581-593 (2005).



Imidazole-containing polymers designed 
to be biocompatible proton sponges.
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glycosylated poly(histidine)
Pack et al., Biotechnol. Bioeng. 67, 

217-223 (2000)
PLL-graft-imidazole

Putnam et al. Proc. Natl. Acad. Sci.
98, 1200-1205 (2001)

Imidazole pKa ~6.5



“Capping” of PEI alters buffering 
capacity and DNA binding strength.

Capping
density ∝ Buffering

capacity( ) -1
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Forrest and Pack, Pharm. Res. 21, 365 (2004).
Gabrielson and Pack, Biomacromol. 7, 2427 (2006).
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Capped PEI is significantly more efficient 
than commercial PEI.
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Gabrielson and Pack, Biomacromol. 7, 2427 (2006).
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unpackaged

No
FRET

Unpackaging is enhanced by 
capping of PEI.
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Gabrielson and Pack, Biomacromol. 7, 2427 (2006).



“Unpackaging” of polyplexes is an 
often-overlooked intracellular barrier.

Polymer-DNA unpackaging is a 

critical barrier to efficient delivery 

that was not previously 

recognized as an important 

design criterion.  



“Endocytosis” is a broad term representative 
of several uptake mechanisms.

Polyethylenimine (PEI)

acidification

pH 4.5 pH ~7



Does clathrin- vs. caveolin-dependent
uptake affect gene delivery?

Folic Acid

l Vitamin B9
l Internalized by 

caveolae pathway

Transferrin

l 77-kDa serum iron transport 
protein

l Internalized by 
clathrin pathway

Lysosome

Tf FA



Only caveolar uptake is effective for
PEI-mediated gene delivery in HeLa cells.

Lysosome

Tf FA
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Gabrielson and Pack, submitted.
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Modeling can provide key insights to critical 
gene delivery barriers and vector design.

Varga et al. Molecular Therapy 2001

Dinh et al. Biophysical Journal 2007



Combinatorial polymer synthesis can 
circumvent lack of design criteria.

Anderson et al., Angew. Chem. IEE 42, 3153-3158 (2003).
Anderson et al., Molec. Ther. 11, 426-434 (2005).

2350 unique 
polymers



Library screening identified highly 
efficient gene delivery polymers.

Green et al., Acc. Chem. Res. 41, 749-759 (2007).



Results from high-throughput screening 
can yield design insights.

Anderson et al., Angew. Chem. IEE 42, 3153-3158 (2003).
Anderson et al., Molec. Ther. 11, 426-434 (2005).

• Library of 2350 poly(β-amino ester)s.

• 46 polymers better than PEI; 26 better than 
Lipofectamine 2000.

• Hydrophobic diacrylates; alcohol side 
chains; >10,000 Da; small (<150 nm) 
polyplexes were most effective.

Five best polymers:
~18x



Polymer/virus hybrids may provide advantages 
compared to traditional vectors.

+

Ramsey, Vu and Pack, submitted.



Hybrid vectors show early promise.

Ramsey, Vu and Pack, submitted.



Summary and conclusions.

• Routine clinical implementation of human gene 
therapy awaits development of safe, efficient, and 
practical gene delivery methods.  

• An engineering design approach, based on 
quantitative understanding of structure-activity 
relationships and quantitative models of 
intracellular processing, will facilitate the design 
of more efficient gene delivery materials.  

• New approaches including combinatorial synthesis 
and viral/synthetic hybrids hold promise for design 
of next-generation gene delivery methods.


