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Abstract

Background—Amphiphilic block copolymers acting as biological response modifiers provide

an attractive approach to improving the transfection efficiency of polycationic polymer/DNA

complexes (polyplexes) by altering cellular processes crucial to efficient transgene expression.

Methods—The objective of this study was to investigate the effect of the poloxamine Tetronic

T904, a 4-arm polyethylene oxide / polypropylene oxide block copolymer, on polyplex

transfection and determine its mechanism of action by analyzing cellular uptake of polyplex,

nuclear localization of plasmid, and RNA transcript production.

Results—T904 significantly increased the transfection efficiency of polyplexes based on 25 kDa

branched polyethylenimine in a dose-dependent manner in the presence of serum in C6 glioma

cells, as well as human fibroblasts and mesenchymal stem cells. The activity of T904 was not

promoter-dependent, increasing expression of reporter genes under both CMV and SV40

promoters. While T904 did not affect internalization or nuclear uptake of plasmid, mRNA

expression levels from both promoters showed dose-dependent increases that closely paralleled

increases in gene expression.

Conclusions—This study demonstrates that T904 significantly increases polyplex transfection

efficiency and suggests a mechanism of increased transcriptional activity. As a 4-arm, hydroxyl-

terminated polymer, T904 is amenable to a variety of end group functionalization and covalent

crosslinking strategies that have been developed for preparing hydrogels from multi-arm

polyethylene glycol, making it particularly attractive for scaffold-mediated gene delivery.

Keywords

Gene delivery; poloxamine; polyplex; gene expression; promoter; amphiphilic block copolymer

*Corresponding author: 864-656-7603.

Conflicts of Interest Statement
There are no conflicts of interest to report.

NIH Public Access
Author Manuscript
J Gene Med. Author manuscript; available in PMC 2014 August 01.

Published in final edited form as:
J Gene Med. 2013 ; 15(0): 271–281. doi:10.1002/jgm.2719.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



1. Introduction

Gene delivery provides an attractive approach for the production of therapeutic proteins at

sites of tissue disease or injury. Currently, most pre-clinical studies utilize viral vectors due

to their high transfection efficiency. However, viral vectors have several safety-related

drawbacks including immunogenicity and the risk of insertional mutagenesis that have

hindered clinical translation (1). Nonviral vectors generally exhibit less adverse reactions

than viral vectors, but the transfection efficiency of current nonviral vectors remains

relatively low due to complex barriers that must be overcome to reach the nucleus of target

cells. Local delivery of nonviral vectors through incorporation within implantable

biomaterial scaffolds can overcome several extracellular barriers to systemic gene delivery

such as serum aggregation, early elimination by the reticulo-endothelial system, and

targeting to the intended site of action (2–4). After release from the scaffold, nonviral

vectors are confronted with a further series of cellular barriers including internalization,

endosomal escape, intracellular trafficking, and nuclear import (5). Each of these represents

a potential rate-limiting step to which various vectors may be susceptible (6). Methods to

enhance the transfection efficiency of nonviral vectors by addressing these barriers must be

developed in order to increase the clinical relevancy of nonviral delivery systems.

One method that has recently gained increased attention for improving nonviral gene

delivery is the addition of amphiphilic block copolymers to help stabilize vectors and

overcome intracellular barriers to transfection. Pluronics® (poloxamers) are a family of

triblock copolymers composed of polyethylene oxide (PEO) and polypropylene oxide (PPO)

that have been widely applied as micellar carriers and thermoreversible gels to increase drug

solubility and prolong release (7,8). Although originally viewed as biologically inert

excipients, Pluronics have recently demonstrated potential as potent biological response

modifiers with effects on ATPase activity, inhibition of drug efflux transporters such as Pgp

(9), and the ability to enter difficult to penetrate cells such as neurons with pathogen-like

intracellular trafficking to mitochondria and neuronal dendrites (10). Recently, addition of

Pluronics to naked plasmid DNA has been shown to significantly increase gene expression

after intramuscular injection (11–15). Pluronics have also been found to enhance polyplex

gene delivery by providing protection from serum aggregation (16), polyplex stabilization

(17), enhancing receptor mediated targeted gene delivery (18), increasing cellular

internalization through endocytosis independent membrane fusion (19), increasing nuclear

import through activation of NF-κB transcription factor in a promoter-dependent manner

(20), and increasing transcriptional activity (21). Tetronics® (poloxamines) are a related

family of 4-arm PEO/PPO block copolymers that are also capable of increasing gene

expression from naked plasmid DNA following intramuscular or intradermal injection

(14,15,22,23) However, unlike Pluronics, the potential efficacy and mechanisms of

poloxamines for improving polyplex gene delivery are unknown.

Our long term goal is to develop hydrogels incorporating amphiphilic block copolymers that

will be delivered in soluble form as a degradation product to surrounding cells and increase

the activity of released polyplex vectors. The objective of this study was to investigate the

efficacy of Tetronic T904 as a biological response modifier for improving transfection

efficiency of polyplex vectors based on the widely studied 25 kDa branched
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polyethylenimine (PEI). We investigated the effect of T904 on polyplex-mediated

transfection using plasmids containing both cytomegalovirus (CMV) and Simian virus 40

(SV40) promoters that have shown different efficacy in previous studies with Pluronics

(11,24). We show that T904 significantly increases transfection efficiency and gene

expression in a dose-dependent manner that is not promoter-dependent. In addition, we

observe that T904 has little effect on polyplex internalization or nuclear uptake, while

mRNA transcript levels closely parallel increases in gene expression, suggesting that T904

acts through a mechanism of increasing transcriptional activity.

2. Methods

2.1 Cell culture

Rat C6 glioma (C6, ATCC, Manassas, VA) were cultured in Dulbecco’s Modification of

Eagle’s Medium/Ham’s F-12 50/50 mix with L-glutamine (DMEM/F12, Mediatech,

Manassas, VA) with 5% bovine growth serum (BGS) (Hyclone, Logan, UT) and 1%

penicillin and streptomycin (Mediatech). Normal human dermal fibroblasts (NHDF, Lonza,

Walkersville, MD) were cultured in DMEM/F12 with 10% BGS and 1% penicillin and

streptomycin. Human mesenchymal stem cells (hMSC, Lonza) were cultured in low glucose

DMEM (Life Technologies, Carlsbad, CA) with 10% MSC-qualified fetal bovine serum

(FBS, Life Technologies), 10 ng/mL fibroblast growth factor-2 (Peprotech, Rocky Hill, NJ),

1% GlutaMax (Life Technologies), and 1% penicillin and streptomycin. All cells were

grown in a humidified incubator at 37°C in 5% CO2 atmosphere.

2.2 Polyplex formation and characterization

Plasmids encoding Monster Green Fluorescent Protein phMGFP Vector under a CMV

promoter (pCMV-GFP, Promega, Madison, WI) and beta-galactosidase under SV-40

promoter (pSV40-β-gal, Promega) were transformed into Escherichia coli DH5α (Life

Technologies), amplified in the presence of ampicillin, and purified using the Qiagen Mega

Plus Prep kit (Qiagen, Valencia, CA). Plasmid concentrations were determined by UV

spectrophotometry with Take 3 (Biotek, Winooski, VT). Polyplexes for transfection were

prepared by mixing pCMV-GFP or pSV40-β-gal and 25 kDa branched polyethylenimine

(PEI, Sigma-Aldrich, St. Louis, MO) in water at PEI nitrogen to pDNA phosphate ratios

(N/P) of 7.5/1 and incubated for 30 minutes at 37°C. T904 (generously donated by BASF,

Florham Park, NJ) was dissolved in water (1 mM) and added to polyplex solutions to yield

final concentrations specified in each experiment and thoroughly mixed prior to

characterization or transfection. Particle size and zeta potential of polyplexes mixed with

varying amounts of T904 were measured by dynamic light scattering and electrophoresis

using a ZetaPlus analyzer (Brookhaven, Worcestershire, UK) with sample size n=6.

2.3 Transfection efficiency and cytotoxicity

C6, NHDF, and hMSC cells were seeded in 12 well plates at densities yielding

approximately 70% confluence after 24 hours incubation. Prior to transfection, growth

medium was exchanged with fresh medium containing 5% serum. 100 μL polyplex solution

(PEI/pDNA at N/P ratio 7.5/1, 2 μg pDNA) with T904 (0–10 μM final concentration in

wells) was added drop wise into each well. Medium was exchanged with fresh medium
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containing 5% serum at 24 h post-transfection and incubated an additional 24 hrs.

Transfection efficiency or cytotoxicity was assessed 48 h post-transfection. Flow cytometry

was used to determine transfection efficiency in cells transfected with pCMV-GFP. Cells

were washed with PBS, trypsinized, centrifuged at 1500 rpm for 3 minutes, fixed with 1%

formaldehyde, and assayed using 5000 counts per sample in a Guava easyCyte flow

cytometer (Millipore, Billerica, MA). Transfection efficiency for PEI/pCMV-GFP at each

T904 concentration was expressed as % total cells transfected as well as transfection

efficiency relative to PEI/pCMV-GFP with 0 μM T904 using mean fluorescence per cell

(each experiment (n=3) independently replicated 3 times). Relative transfection was

calculated as the ratio of mean fluorescence per cell for each individual T904 concentration

to the mean fluorescence per cell at 0 μM T904. Gene expression in cells transfected with

pSV40-β-gal was measured using the Pierce β-Galactosidase Assay Kit (Thermo Scientific).

β-gal expression was normalized to total protein content determined by Pierce BCA Protein

Assay Kit (Thermo Scientific). Transfection efficiency for PEI/ pSV40-β-gal at each T904

concentration was expressed as transfection efficiency relative to PEI/ pSV40-β-gal with 0

µM T904 using absorbance per mg protein with sample size n=6. Relative transfection was

calculated as the ratio of absorbance per mg protein for each individual T904 concentration

to the absorbance per mg protein at 0 μM T904. Cytotoxicity was evaluated by MTT assay

(each experiment (n=3) independently replicated 3 times). For visualization of transfection

efficiency, cells were fixed using 4% paraformaldehyde 48 h after transfection and imaged

using an epifluorescent microscopy (Zeiss Axiovert 200).

2.4 Effect of delayed addition of T904

These studies evaluated the effect of T904 when added separately at various time points

post-transfection. C6 cells were seeded, transfected with polyplexes (7.5/1 N/P ratio, 2 μg

DNA / well) in the presence of 5% serum for 4 h, and then changed to fresh medium with

5% serum. After an additional 0, 4, 8, or 24 h incubation, soluble T904 was added drop-wise

into each well to a final concentration of 5 or 10 μM with medium exchange 24 h following

the addition of T904. Transfection efficiency was assessed by flow cytometry 48 h after the

initial 4 h transfection period regardless of the time point of T904 addition with sample size

n=3.

2.5 Plasmid and T904 labeling

All reagents for labeling were purchased from Sigma-Aldrich unless otherwise stated. For

transfection using labeled plasmids, pDNA was incubated with the nucleic acid stain

YOYO-1 iodide (YOYO-1, Life Technologies) at a ratio of 0.02 μL YOYO-1 per

microgram pDNA for 10 minutes at room temperature prior to complexation with PEI. T904

was labeled with rhodamine B isothiocyanate (RITC) using an adapted protocol (20). The

hydroxyl groups of T904 (200 mg) were activated using 213 mg 1,1′-carbonyldiimidazole in

10 mL of acetonitrile for 2 h at 37°C and then reacted with 313 mg ethylenediamine in 20

mL ethanol for 12 h at room temperature. The reaction mixture was first dialyzed in a 2 kDa

MWCO membrane (Spectrum Laboratories, Rancho Dominguez, CA) against 15% ethanol

for 24 h and then dialyzed against deionized water for 48 h and finally lyophilized to obtain

amino-T904. Amino-T904 (5 mg) was dissolved in 2 mL acetonitrile, mixed with 2 mL 0.1

M sodium carbonate buffer, and reacted with 10 mg RITC in 1 mL dimethylformamide.
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After 2 h reaction at room temperature T904-RITC was dialyzed against 20% ethanol for 24

h and then deionized water for 48 h at 4 °C in the dark and lyophilized.

2.6 Cellular uptake and localization of polyplex and T904

Cells were transfected as described above using polyplexes containing YOYO-1 labeled

pCMV-GFP or pSV40-β-gal with 0, 5, or 10 μM T904. At 0.5, 2, and 4 h post-transfection,

cells were washed with cold PBS, fixed, and cellular uptake of polyplexes measured using

flow cytometry and expressed as mean fluorescence per cell relative to PEI/pCMV-GFP at

30 minutes with sample size n=3 replicated 3 times. The same experiment was performed at

4 °C where endocytosis is inhibited as a negative control to account for the possibility of

non-internalized vector associated with exterior of the plasma membrane. Localization of

polyplex and T904 was examined using a Nikon Ti laser-scanning confocal microscope

(Melville, NY). C6 cells were seeded (150,000 cells/mL) in chambered cell culture slides

(Thermo Scientific, Rochester, NY) with 1 mL working volume and surface area similar to

12 well plate wells. After 24 h, media was exchanged with DMEM/F12 without phenol-red

(Mediatech) containing 5% serum and polyplex solution (2 μg YOYO-1 labeled pCMV-

GFP) with or without a 5 µM T904-RITC mixture (T904-RITC: T904 = 1:10) was added

drop-wise to each well. In addition, 5 μL Hoechst 33342 trihydrochloride (2 mg/mL in

water) was added to each chamber 10 minutes prior to imaging to visualize nuclei.

Fluorescent images were obtained in a z-stack with 1 horizontal image at the approximate

center of each stack used to visualize the distribution of internalized T904-RITC and

YOYO-1-labeled pDNA and the nucleus.

2.7 Nuclear localization

C6 cells were transfected as previously described with YOYO-1 labeled pCMV-GFP or

pSV40-β-gal and 0–10 μM T904. After 2, 4, or 8 h; cells were trypsinized, washed with cold

PBS, and centrifuged at 1500 RPM for 3 minutes. To isolate nuclei, cell pellets with

approximately 5 × 106 cells were gently resuspended in 500 μL hypotonic buffer containing

20 mM Tris-HCl (pH 7.4), 10 mM NaCl, and 3 mM MgCl2 and incubated on ice for 15

minutes. Nuclei were isolated with the addition of 25 μL 10% NP-40 (Life Technologies)

and vortexing on highest setting for 8 seconds. The homogenate was then centrifuged for 10

minutes at 3,000 RPM and 4°C and washed twice with cold PBS. Recovered nuclei pellets

were resuspended in PBS and assayed by flow cytometry. Nuclear localization for each

group was expressed as mean fluorescence per nucleus relative to YOYO-1 labeled pCMV-

GFP at 2 h (each experiment (n=3) independently replicated 3 times).

2.7 Quantitative RT-PCR

Total RNA was isolated from C6 cells transfected with PEI/pCMV-GFP or PEI/pSV40-β-

gal and 0–10 µM T904 at 24 h post-transfection using the Qiagen RNeasy mini kit (Qiagen).

Isolated RNA was treated with Turbo DNA-free DNase I Kit (Life Technologies) to remove

trace amounts of genomic or plasmid DNA. cDNA was synthesized using 1 μg of total RNA

from each sample as template using Retroscript Kit (Life Technologies). Real-time RT-PCR

was performed with Quantitect SYBR green PCR Kit (Qiagen) using primers designed for

the GFP (5′-ATCATGGCCGACAAGCAGAAGAAC-3′ and 5′-

TCTTGAAGTCGCAGCGGTAG-3′) and β-galactosidase reporter genes
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(5′CGGACACGGACAGGATTGACAGAT-3′ and 5′-

TCAATCTCGGGTGGCTGAACGC-3′) as well as endogenous genes Interleukin-6 (IL-6,

5′-GTATGAACAGCGATGATGCAC-3′ and 5′-GACCAGAAGACCTCAAGGCA-3′),

IκB-α (5′-TGGAGCACTTGGTGACTTTG-3′ and 5′-

CAGAGCGAGGACAACTTCAC-3′), and heat shock protein (hsp70, 5′-

GCGAGGCTGACAAGAAGAAG-3′ and 5′-CACGTTGGGCTAGTAGTCG-3′) with

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) internal standard in a Rotor-Gene

3000 Real-Time Thermal Cycler (Qiagen). Relative gene expression levels were calculated

using 2−ΔΔCt method with GAPDH as an internal standard (25) (each experiment (n=3)

independently replicated 3 times).

2.8 Statistical Analysis

Results were analyzed using one-way ANOVA with Tukey’s test for mean differences

(significance p<0.05).

3. Results

3.1 Particle size and zeta potential

We first examined the potential effect of T904 on the physical/chemical properties of 25

kDa branched PEI-based polyplexes (Table I). Particle size of PEI/pDNA complexes was

about 137 nm and increased slightly in the presence of T904. Zeta potential of PEI/pDNA

was about 41.16 mV and modestly decreased at higher T904 concentrations. Overall, all

complexes retained particle size less than 200 nm and positive charge suitable for efficient

cellular uptake.

3.2 Transfection efficiency and cytotoxicity

We next investigated the effect of T904 at varying concentrations on polyplex-mediated

transfection and cell viability. Addition of T904 caused significant dose-dependent increases

in transfection in C6 cells (Figure 1A). Transfection efficiency increased from 12.3%

without T904 to 79.5% with 10 μM T904. Relative transfection measured by mean

fluorescence increased approximately 2-, 8-, and 18-fold at 5, 7.5 and 10 μM T904,

respectively (Figure 1B). Cell viability measured by MTT assay significantly decreased only

at 10 μM relative to cells transfected with PEI/pCMV-GFP alone (Figure 1C). Cell viability

in cultures transfected with PEI/pCMV-GFP alone was approximately 90% and greater than

75% for all groups transfected in the presence of T904. In a separate experiment, we also

tested the cytotoxicity of T904 in non-transfected cells and found that T904 had no

significant effect on viability up to 20 μM, the maximum concentration tested (data not

shown). Figure 1D shows representative images of cells transfected with varying

concentrations of T904.

We also evaluated the effect of T904 on transfection and cell viability in primary human cell

cultures. Transfection efficiency in NHDF increased with increasing T904 concentration and

all groups transfected in the presence of T904 exhibited significantly higher transfection

than the group transfected with PEI/pCMV-GFP alone (Figure 2A). Cell viability

significantly decreased at 10 μM T904 relative to cells transfected with PEI/pCMV-GFP
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alone (Figure 2B). T904 also significantly increased transfection efficiency in hMSC at all

concentrations, although the highest level was achieved at 5 μM T904 with 10.2% cells

transfected compared to 1.6% cells transfected in the absence of T904 (Figure 2C).

However, transfection efficiency subsequently decreased at 7.5 μM and 10 μM T904, likely

caused by moderate cytotoxicity at higher T904 concentrations (Figure 2D).

In order to investigate whether the ability of T904 to increase transfection was promoter-

dependent, transfection studies were also performed using a plasmid encoding beta-

galactosidase under the SV-40 promoter. Transfection increased in a dose-dependent manner

with increasing T904 concentration, achieving an approximately 23-fold increase in the

presence of 10 μM T904 relative to transfection with PEI/pSV40-β-gal alone (Figure 3).

3.3 Effect of delayed T904 addition

As a first step towards differentiating between possible effects of T904 on cellular

internalization of polyplex versus later intracellular events, we performed a 4 hour

transfection using PEI/pCMV-GFP polyplex alone followed by medium exchange and

addition of soluble T904 either immediately (time 0) or at 4, 8, and 24 hours later during

culture (Figure 4). Our expectation was that if cellular uptake of polyplex or to a lesser

extent nuclear import of plasmid were the primary mechanisms by which T904 acted to

increase transfection efficiency, delaying the delivery of T904 to cells after transfection

would render T904 ineffective. While transfection efficiency decreased with increasing

delay of T904 addition, all transfection conditions including a delay of 24 h between

polyplex incubation and T904 addition resulted in significant increases in transfection

efficiency compared to PEI/pCMV-GFP without T904. Overall transfection levels both with

and without T904 were slightly lower than observed in the initial dose-response studies,

likely due to the 4 h exposure to polyplex in these studies as opposed to the 24 h exposure

time used earlier.

3.4 Polyplex internalization and plasmid nuclear localization

Fluorescently labeled pDNA and T904 were used to directly investigate the effects of T904

on polyplex internalization and nuclear uptake using both pCMV-GFP and pSV40-β-gal

plasmids. Both cellular uptake and nuclear localization of plasmid measured by mean

fluorescence increased as the duration of polyplex incubation increased (Figure 5 A and B).

However, cell internalization of polyplex was not significantly affected by T904 for either

plasmid at 0.5, 2, or 4 h. The impact of cell membrane bound polyplex on the mean

fluorescence was minimal as transfection at 4 °C yielded <5% mean fluorescence relative to

corresponding transfection conditions at 37 °C (data not shown). Likewise, T904 also did

not increase the amount of plasmid in the nucleus at 2, 4, or 8 h. Figure 5C shows

representative single horizontal slices from confocal microscopy demonstrating high cell

uptake of polyplex with and without 5 μM T904 after transfection with YOYO-1 labeled

pCMV-GFP. At every time point T904-RITC was detected in both the cytoplasm and nuclei

with elevated perinuclear localization, leading to the formation of a distinct border around

the nuclei. No qualitative difference in cell internalization or nuclear localization of

YOYO-1 labeled plasmid between transfection with and without 5 μM T904 was

conclusively evident by confocal microscopy.
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3.5 Transcriptional activity

The effect of T904 on GFP and β-galactosidase mRNA expression levels was examined by

qRT-PCR after transfection of both pCMV-GFP and pSV40-β-gal. Regardless of plasmid

promoter type, the addition of T904 to PEI/pDNA polyplexes increased mRNA levels in a

dose-dependent manner (Figure 6). Following 24 h incubation with polyplex and 10 μM

T904, relative mRNA expression levels were significantly higher at 7.5 and 10 μM T904

relative to polyplex alone. Expression levels of β-gal were significantly higher than GFP at

7.5 μM T904, but not at 10 μM. The effect of T904 on mRNA expression levels of several

endogenous genes associated with the NF-κB pathway was also examined. The addition of

T904 significantly increased IL-6 expression in a dose dependent manner with both plasmid

types at 7.5 and 10 μM T904 relative to polyplex alone (Figure 7). However, the expression

levels of IκB-α and hsp70 remained relatively unchanged except for transfection with

pSV40-β-gal and 10 μM T904 where a significant increase in IκB-α mRNA expression was

detected.

4. Discussion

Due to the potential therapeutic benefits of safe and effective gene delivery systems, a

significant literature exists pertaining to the development and optimization of nonviral

vectors (26). A majority of studies have focused on modifications of vector chemical

composition to address relatively early barriers to transfection such as serum aggregation/

inhibition, endosomal entrapment, and cytotoxicity (27–30). However, even after reaching

the cytoplasm, nonviral vectors face additional barriers such as intracellular trafficking,

nuclear uptake, and efficient and stable transcription/translation (31,32). Amphiphilic block

copolymers have recently emerged as a complimentary approach that offers the potential to

assist vectors in navigating these later intracellular barriers by acting as biological response

modifiers that activate intracellular biochemical processes that facilitate transgene

expression. Several Pluronics have been shown to have broad effects on gene expression,

enzymatic activity, and to potently increase the transfection efficiency of nonviral vectors

(9). Despite similarities in chemical composition between Pluronics (poloxamers) and

Tetronics (poloxamines), no investigations have been made on the efficacy of the latter for

polyplex transfection.

In the present study, we examined the ability of the poloxamine Tetronic T904 to enhance

polyplex transfection by delivering T904 in conjunction with polyplexes based on 25 kDa

branched PEI. T904 was able to significantly increase polyplex-mediated transfection of C6,

NHDF, and hMSC in a generally dose-dependent manner without substantially changing the

physical/chemical characteristics of the polyplex itself. Overall gene expression levels as

well as the impact of T904 on transfection efficiency were substantially higher in C6 cells

compared to NHDF or hMSC, likely due to the inherently higher levels of gene expression

observed in transformed and immortalized cell lines compared to primary cells (6). Cells

were exposed to a maximum of 10 μM (0.0067% w/v) T904 for 24 h in all transfection

experiments due to a reduction in cell viability at higher T904 concentrations. However, in

the absence of polyplex, 10 μM T904 did not cause any toxicity in C6 cells, indicating that

T904 alone does not have a significant impact on cell viability. Many previous studies have
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used considerably higher concentrations of Pluronics (0.03–1.0%), consistent with bolus

delivery and subsequent diffusion in intramuscular gene transfer applications (20–22,24).

Because our long-term goal is to create T904-based hydrogels for local nonviral gene

delivery, we used relatively lower concentrations of T904 and longer exposure times to

more closely approximate release of T904 during hydrogel degradation.

Many previous studies have observed that the ability of Pluronics to increase nonviral

transfection and gene expression is dependent on the use of the CMV promoter that contains

binding sites for the NF-κB transcription factor (11,24,33). Pluronic P85 has been shown to

activate the NF-κB signaling pathway in cultured cells and inhibition of this pathway

blocked Pluronic-mediated increases in transfection in intramuscular injection models

(20,34). The possibility that T904 may share this promoter-dependent activity with Pluronics

was assessed by transfecting C6 cells using PEI/pSV40-β-gal. Beta-galactosidase expression

increased significantly with T904 dosage, achieving 23-fold higher expression. We have

also qualitatively observed substantial increases in gene expression from another vector

using the human EF-1α promoter (data not shown). These results suggest that unlike certain

Pluronic formulations, T904 may act independent of promoter type and not rely on the NF-

κB pathway to enhance transfection efficiency.

In order to gain more insight into T904’s mechanism of action, we investigated its effect on

several key steps in transfection. One potential explanation for the activity of T904 is

increased cell uptake of polyplex due to membrane destabilization previously observed with

some PEO/PPO block copolymers such as Lutrol® (19). We first tested this possibility

indirectly by adding T904 to transfected cultures at varying time points after removal of

polyplex. If T904 acts by facilitating vector internalization, this approach would be expected

to significantly reduce transfection. However, transgene expression was enhanced

significantly following addition of T904 at every time point, consistent with a previous in

vivo test of delayed administration (34). In addition, direct measurements of the

internalization of fluorescently labeled plasmid by flow cytometry also revealed no increase

in cellular uptake in the presence of T904. These results strongly suggest that the primary

mechanism of T904 activity was modification of intracellular processes affecting

transfection efficiency and not interactions with the cell membrane for increased uptake of

polyplex. Recent work from Wasungu et al. also showed that Pluronic L64 increases gene

expression without affecting membrane permeability or DNA transport in electroporation

(35). The difference in polyplex internalization activity between Lutrol and Pluronic L64

and Tetronic T904 is likely a result of the difference in their composition, specifically

hydrophilic / lipophilic balance [Lutrol: 24; L64/T904: 12–18] that influences their

interactions will cellular membranes (36,37).

In order to achieve transgene expression, vectors must ultimately reach the cell nucleus. The

nuclear membrane is widely considered a critical barrier to efficient nonviral transfection,

particularly in non-dividing cells (38). Recently, Yang et al. demonstrated significant

increases in nuclear localization of plasmid vectors containing a CMV promoter following

polyplex transfection with Pluronic® P123 (20). The proposed mechanism was that

Pluronic-activated NF-κB binds to sites within the CMV promoter providing a nuclear

localization signal that can facilitate association with importins and active transport across
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the nuclear membrane. Gonçalves recently reported similar results where a plasmid

containing a minimal promoter modified with three NF-κB binding sites achieved

significantly increased transgene expression and nuclear uptake in cells stimulated with the

NF-κB activator TNF-α, while nuclear uptake was significantly reduced in the presence of

an NF-κB inhibitor (39). Similar DNA targeting sequences (DTS) capable of facilitating

nuclear transport have been identified in other promoters as well (40). In particular, specific

regions of the SV40 viral promoter often used in plasmid design facilitates active transport

of cytoplasmic DNA through the nuclear pore complex (41). In our studies, addition of T904

did not affect the amount of plasmid detected in the nucleus for either plasmid containing

CMV or SV-40 promoters. This may reflect the relatively rapid cell division rate of C6 cells

since breakdown of the nuclear membrane during mitosis is a key mechanism of nuclear

access in dividing cells (42). One confounding variable in the analysis of plasmid within the

nucleus is potential interference from vectors bound to the exterior of the nuclear membrane

(43). However, we did not observe any aggregation of nuclei indicative of excessive

membrane bound polyplexes as has been previously described (44) and attempts at

decomplexation of nuclear bound polyplexes with anionic sodium tripolyphosphate or non-

labeled pDNA and digestion with restriction enzymes for both plasmid types did not

significantly alter any flow cytometric observations (data not shown).

Since T904 did not affect the amount of plasmid within the nucleus, we considered potential

changes in mRNA expression levels to be the most probable mechanism of action. qRT-

PCR confirmed that mRNA transcript levels increased significantly with the addition of

T904 in a dose-dependent manner with increasing T904 concentration that closely paralleled

gene expression levels. This response was consistent for transfection with both pCMV-GFP

and pSV40-β-gal plasmids. These results demonstrate that the increases in gene expression

observed following polyplex transfection with T904 results primarily from the higher

availability of mRNA transcripts. This outcome is consistent with an earlier study from

Kabanov’s group in which it was shown that Pluronics P85 and L64 increased mRNA levels

and protein expression in stably transfected cell lines where internalization / nuclear import

were not variables (21).

In order to further investigate the potential role of transcription factor activity in T904-

mediated increased transfection, we examined the expression levels of three endogenous

genes associated with the NF-κB pathway: IL-6 known to be regulated primarily by AP-1

driven transcription and indirectly by NF-κB (45), IκB-α stimulated by the activation of NF-

κB as part of a negative feedback mechanism (46), and hsp70 which is part of a family of

stress inducible heat shock proteins previously examined by Sriadibhatla et al. for its

activation by Pluronics in association with NF-κB activity (21). If NF-κB activity played a

critical role in transcriptional activation, all three endogenous genes would be expected to

experience increased mRNA expression levels with increasing amounts of T904 during

transfection with pCMV-GFP. However, neither IκB-α or hsp70 mRNA levels were

substantially affected by T904. In contrast, IL-6 expression was significantly increased by

both pCMV-GFP and pSV40-β-gal. The contrasting transcriptional response of IL-6 and the

other two endogenous genes suggests that T904 may act through transcription factors other

than NF-kB, possibly including AP-1. Altogether, our findings suggest that enhanced
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transfection efficiency of branched PEI following the addition of T904 was primarily a

result of increased transcription factor activity independent of the NF-κB pathway.

5. Conclusions

The present studies demonstrate that T904 shares the ability of some Pluronics to have a

significant positive impact on the transfection efficiency of polyplex nonviral vectors and

that the underlying mechanism is elevated mRNA expression levels, most likely attributable

to T904-mediated activation of endogenous transcription factors. While the activity of

Pluronics has been closely associated with the CMV promoter and activation of the NF-κB

pathway, the similar results obtained in the present work with CMV and SV-40 promoters

suggests that T904 may target a wider range of intracellular signaling pathways and have

broader applicability. Although beyond the scope of the present studies, future work will

further investigate these possibilities through microarray analysis, Western blotting to

measure transcription factor levels in nuclear/cytoplasmic fractions, and transfection with

minimal promoters activated by defined transcription factors. Finally, T904 is compatible

with a variety of end group functionalization and covalent crosslinking methods that have

been developed for preparing hydrogels from multi-arm polyethylene glycol. Hydrogels

capable of releasing soluble T904 in combination with nonviral vectors during degradation

may be particularly attractive for scaffold-mediated gene delivery applications.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Table 1

Mean particle size (PS) and zeta potential (ZP) of PEI/pDNA (N/P = 7.5/1) polyplexes with various

concentrations of T904

T904 Concentration (μM) PS (nm) ZP (mV)

0 137.03±0.62 41.16±0.48

1 146.37±1.11 41.70±0.13

2.5 142.37±1.18 40.26±1.56

5 152.23±1.62 43.18±2.58

7.5 136.67±2.07 36.88±0.67

10 156.10±2.26 34.98±0.40
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