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Abstract
DNA vaccines can be greatly improved by polymer agents that simultaneously increase transgene
expression and activate immunity. We describe here Pluronic P85 (P85), a triblock copolymer of
ethylene oxide (EO) and propylene oxide (PO) EO26-PO40-EO26,. Using a mouse model we
demonstrate that co-administration of a bacterial plasmid DNA with P85 in a skeletal muscle
greatly increases gene expression in the injection site and distant organs, especially the draining
lymph nodes and spleen. The reporter expression colocalizes with the specific markers of
myocytes and keratinocytes in the muscle, as well as dendritic cells (DC) and macrophages in the
muscle, lymph nodes and spleen. Furthermore, DNA/P85 and P85 alone increase the systemic
expansion of CD11c+ (DC), and local expansion of CD11c+, CD14+ (macrophages) and CD49b+

(natural killer) cell populations. DNA/P85 (but not P85) also increases maturation of local DC
(CD11c+CD86+, CD11c+CD80+, and CD11c+CD40+). We suggest that DNA/P85 promotes the
activation and recruitment of the antigen-presenting cells, which further incorporate, express and
carry the transgene to the immune system organs.
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1. Introduction
Every year vaccination prevents three million children deaths due to infectious diseases.
Furthermore, there are hopes that cancer vaccines can be useful in preventing or treating
cancer [1-3]. Currently in the United States the Food and Drug Administration (FDA)
approved two prophylactic vaccines against virus infections that lead to cancer. The first is
the hepatitis B vaccine, which prevents infection with the hepatitis B virus associated with
the liver cancer. The second is Gardasil™, a vaccine against the two types of human
papillomavirus that cause 70% of cervical cancer cases worldwide. Despite these successes,
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the current vaccine technologies do not provide guaranteed protection against some of the
major diseases such as HIV infection, mycobacterium tuberculosis infection, malaria
parasites, cancer and others [4-7]. Therefore, there is a need to develop novel vaccines or
enhance exiting vaccination approaches [8,9].

One potential approach is DNA vaccination, which was shown to elicit potent cellular
immune responses in small laboratory animals, but failed in human clinical trials [10]. The
potency of DNA vaccines can be increased either by enhancing plasmid DNA expression or
by directly stimulating the immune system using adjuvants. Examples of such adjuvants
include alum salts [11], cytokines [12-15], liposomes [16-18], polymers and polymeric
nanoparticles [19-26].

Recently, synthetic block copolymers of poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) (called poloxamers or Pluronics) have attracted significant interest as chemical
agents for non-viral gene therapy and vaccine therapy [27-31]. A number of studies has
shown that poloxamers can facilitate cellular entry and nuclear transport of a plasmid DNA
[32], and enhance transcription of the delivered DNA in cells [33] and altogether enhance
transgene expression in vitro [34-37] and in vivo [38,39]. It was also shown that certain
poloxamers can activate NF-kB signaling pathway [39]. Furthermore, extensive studies have
suggested that poloxamers can be used as adjuvants during vaccination [31,40-49]. Based on
this we posit that poloxamers may fulfill a dual function as DNA vaccine adjuvants, first, by
increasing gene expression, and second, by activating pro-inflammatory signaling pathways
and immune response. The present work reports for the first time that co-administration of a
plasmid DNA with a poloxamer known as Pluronic P85 (P85) in a mouse skeletal muscle
significantly increases gene expression not only in the muscle, but also in the draining
lymph nodes and spleen. Furthermore, analysis of cellular distribution of reporter genes
expression demonstrates that P85 enhances transgene expression in myocytes and
keratinocytes in the muscle, as well as in dendritic cells (DC), and macrophages in the
muscle, lymph nodes and spleen. We suggest that the intramuscular (i.m.) injection of a
plasmid DNA with P85 induces pro-inflammatory response and leads to the activation and
recruitment of the antigen-presenting cells (APC) at the injection site. The APC further
incorporate, express and carry the transgene to the immune system organs. Altogether, the
results suggest that P85 shows potential as a plasmid DNA adjuvant for the development of
novel DNA vaccination modalities.

2. Materials and methods
2.1. Plasmids

The gWIZ™ high expression vectors encoding the reporter genes luciferase (gWIZ™Luc)
and green fluorescent protein (GFP) (gWIZ™GFP) both under control of a optimized human
cytomegalovirus (CMV) promoter followed by intron A from the CMV immediate-early
(IE) gene were used throughout the study (Gene Therapy Systems, San Diego, CA). Both
plasmids are expanded in DH5α E.coli and isolated using Qiagen endotoxin-free plasmid
Giga-prep kits (Qiagen, Valencia, CA) according to the supplier's protocol.

2.2. Animals
Balb/c mice (6- to 8-weeks-old females, Charles River Laboratories, Wilmington, MA) were
used throughout this study. The animals were kept in groups of five and fed ad libitum. In all
studies except histological safety evaluation animals were euthanized by CO2.

Gaymalov et al. Page 2

Biomaterials. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.3. Formulation of plasmid DNA with poloxamers
The poloxamers, Pluronic L61 (batch # WPNT-511B), P85 (batch # WPNT-511B), F127
(batch # WPNT-511B), F88 (batch # WPNT-511B) and F68 (batch # WPNT-511B) were
purchased from BASF Co. (Mount Olive, NJ). A mixed composition of L61 (0.25%) and
F127 (2%), SP1017 obtained from Supratek Pharma Inc. (Montreal, Canada) was also used
in these studies. The 10% w/v stock solutions of block copolymers were prepared by
dissolving the block copolymer in sterile Hank's Buffered Salt Solution (HBSS) and
subsequently sterilized using 0.22 μm hydrophilic polysulfone membrane sterile filter unit
(Nalgene, Rochester, NY). The plasmid DNA and block copolymer stock solutions were
added to Gibco™ Hanks Balanced Salt Solution (HBSS) buffer (Invitrogen, Carlsbad, CA)
and gently mixed to obtain required concentrations (in case of SP1017 the total block
copolymer concentrations at various dilutions are presented). The formulations were used
immediately for i.m. injections.

2.4.I.m. injection
Animals were anesthetized by intraperitoneal (i.p.) injection of 30 μL/mouse of a mixed
solution of ketamine (80mg/ml) and xylazine (12mg/ml) (Sigma, St. Louis, MO). The 10 μg
plasmid DNA in 50 μl of HBSS or 50 μl of the block copolymer solutions in HBSS was
injected directly into right tibialis anterior muscles of the mice.

2.5. Histological safety evaluation
Animals were sacrificed via cervical dislocation; liver, spleen, kidney, salivary glands and
muscle were then removed en bloc, inflated with 1 cc neutral buffered 10% formalin, fixed
overnight in 10% formalin, embedded in paraffin, sectioned at 5 μm, and stained.
Hematoxylin and eosin (H&E), periodic acid-Schiff with diastase (PAS) and Masson's
trichrome (MT) stains were performed.

2.6. Luciferase expression
The mice were euthanized at the indicated time points. The muscle, kidney, spleen, liver and
lymph nodes were dissected and weighted, and then rapidly homogenized with a Tissue
Tearor in 400μL cell lysis buffer (Promega, Madison, WI). The extraction mixture was kept
on ice for 30 min. and then centrifuged at 13,000 g for 2 min. The supernatants were kept for
analysis of the luciferase activity. The assay was performed as follows: 10 μL of the
supernatant was added to luminometric tubes and supplemented with 100 μL of luciferase
substrate solution (Promega, Madison, WI). Light emission was measured with a
luminometer (Promega, Madison, WI) for a period of 20 sec. The calibration curve was
prepared using standard solution with known concentration of QuantiLum® recombinant
luciferase (Promega, Madison, WI). The data were reported as pg luciferase per mg of
tissue.

2.7.In vivo imaging of luciferase expression
Luciferase activity was measured in live animals using the Xenogen In Vivo Imaging System
- IVIS 200 (Xenogen Corporation, Alameda, CA, USA). A charged-coupled device camera
was used to detect bioluminescene emitted from D-luciferin (potassium salt; Xenogen
Corporation, Alameda, CA, USA), which reacts with firefly luciferase in living animals.
While under isoflurane anaesthesia, the mice received D-luciferin i.p. (30 mg/kg body
weight). One minute after the infusion, the light emitted by luciferase was measured, with a
1 min integration time. The signal intensity was quantified as the sum of the photons
detected and results were analyzed using Xenogen analysis software (Xenogen Corporation,
Alameda, CA, USA).
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2.8. GFP expression
The muscle, liver, kidney, spleen and inguinal lymph nodes were embedded in Tissue-Tek
OCT (Bakura Finetec Inc. Torrance, CA), rapidly cooled to -80°C and sectioned with
cryostat. The sections of 20 μm were atached to Superfrost® microscope slides (Fisher
Scientific) dried for 1 hour at room temperature (r.t.) and kept in -80°C for subsequent use.
The samples were analyzed for GFP fluorescence (excitation 488) using Zeiss 410 Confocal
Laser Scanning Microscope equipped with an Argon-Krypton Laser or processed for
immunohistochemistry as described below.

2.9. Immunohistochemistry
The muscle, spleen and inguinal lymph nodes specimens were harvested and processed as
described above. Double staining immunofluorescence was performed in frozen muscle
tissue sections cut on plain glass slides to determine which cell types express the GFP. The
glass slides were sequentially treated with (a) polyclonal rabbit anti-GFP antibodies, anti-
rabbit biotinylated secondary antibodies and Alexa 488 (green) strepatavidin conjugate to
increase the green signal and then (b) with antibody to one of the markers defining the
different cell types (myocytes, keratinocyte/epithelial cells, DC, macrophages/myeloid cells
and T cells) and secondary anti-species (rat/mouse) antibodies conjugated to a Alexa 594
(red) fluorochrome. Specifically, the 20 μm frozen sections of tissues (five slides per each
tissue specimen) were rinsed three times with Tris-buffered saline (100 mM Tris, 0.9%
NaCl, pH=7.6), placed in the blocking/permeabilization solution (BPS) containing 0.5%
saponin and 1% normal goat serum for 1 h at r.t., rinsed three times, and incubated overnight
at 4°C with polyclonal rabbit anti-GFP primary antibody (Abcam Ltd, Cambridge, UK).
After that the sections were rinsed again three times and incubated 2 h at r.t. with
biotinylated goat anti-rabbit secondary antibody (1:200) and then with Alexa 488 labeled
streptavidine (Dako, Carpinteria, CA USA). Sections processed for the GFP expression were
rinsed twice with BPS and treated overnight at 4°C with one of the primary antibodies: 1)
anti-CD11b/rat (BD Pharmingen, San Jose, CA USA) against macrophages/myeloid cell
marker CD11b; 2) Clone NLDC-145/mouse (Cedarlane, Burlington, NC USA) against DC
marker DEC-205; 3) Anti-CD3e rat (Dako, Carpinteria, CA USA) against T-cells marker
CD3e; 4) Anti-Desmin(D33)/mouse (Dako, Carpinteria, CA USA) against myocytes marker
desmin D33; or 5) Anti-Cytokeratin 5 and 8/mouse (RDI) against keratinocytes markers
cytokeratin 5 and 8. Two negative control specimens (treated with isotype- and species-
matched antibodies) were obtained from the same mouse (2 slides/each sample). The
incubation was performed at 4°C overnight then slides were rinsed with PBS three times and
stained for 45 min at r.t. with the secondary goat anti-mouse or goat anti-rat biotynalated
antibodies conjugated to Alexa 594 (red) fluorochrome. Finally, the samples were
counterstained with DAPI and analyzed by Zeiss 410 Confocal Laser Scanning Microscope
equipped with an Argon-Krypton Laser (488 nm (GFP expression), 594 nm (cell marker)
and 647 nm (nucleus)).

2.10. Immunostaining and flow cytometry
The spleen and lymph nodes were harvested and placed into a stomacher bag containing
10-15 ml complete RPMI (10% FCS). Cells were isolated from spleen and lymph nodes by
disruption of tissue with a stomacher (Tekmar, Cincinnati, OH) and washed three times in
PBS containing 2% FBS (PBS-FBS). Concentration of viable cells was determined using
hemocytometer and 0.1% Trypan Blue solution and cell concentration was adjusted to
1×106 cells/ml. Cell were stained with various fluorescently labeled monoclonal antibodies
against murine cell surface markers (eBioscience, San Diego, CA) (Table 1). Cell samples
were incubated in the presence of optimized concentrations (Table 1) of each antibody for
30 min. and washed three times in cold PBS-FBS. Stained samples were fixed with
stabilizing fixative (BD Biosciences, San Jose, CA), kept in dark and acquired with a
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FACSAria flow cytometer (Becton Dickinson, Boston, MA) at UNMC Cell Analysis
Facility. Forward and side scatters were collected on a linear scale, while other signals were
collected on a 4-decade log scale. Minimum 50,000 events were acquired and the frequency
distribution of different cells was determined. Data analysis was performed using
Attractors™ software packages (Becton Dickinson, San Jose, CA).

2.11. Polymerase chain reaction (PCR)
The mice were sacrificed on 4th day after the i.m. injection of the gWIZ™Luc plasmid, each
injected muscle, liver, kidney, spleen and lymph nodes were harvested and the total DNA
was extracted. The PCRs were carried out for 35 cycles using Promega PCR Core System II
kit (Promega, Madison WI). 5′TCAAAGAGGCGAACTGTGTG3′ and 5′GGTGTTGGAG-
CAAGATGGAT3′ were used as the forward and reverse primers to amplify a 230 bp
fragment of gWiz™Luc DNA. In addition a 474 bp fragment of glyceraldehydes-3-
phosphate dehydrogenase (GAPDH) was amplified using 5′AAGGTGAAGGTCGGAG-
TCAACG3′ and 5′AAGTTGTCATGGATGACCTTGG3′ as primers. The PCR products
were visualized by electrophoresis in 2% agarose gels containing ethidium bromide (0.5 μg/
mL). Images were acquired and analyzed as described above. The data were expressed as
arbitrary units: density of luciferase/density of GAPDH band.

2.12. Reverse transcription polymerase chain reaction (RT-PCR)
The mice were sacrificed on 4th day after the i.m. injection of the gWiz™Luc and RNA were
extracted from each injected muscle, liver, kidney, spleen and lymph nodes. 2μg of total
DNase-treated RNA from each sample used for cDNA synthesis with M-MLV reverse
transcriptase. The cDNA was further used for the RT-PCR. RT-PCR was performed using a
Promega PCR Core System II kit (Promega). A typical reaction mixture contained 1.5 mM
MgCI2, 0.2 mM dNTPs, 1.25 units of Taq DNA polymerase, and 0.5 μM of each primer.
Amplifications were carried out for 30 cycles of 94°C for 1 min, 62°C for 30 sec, and 72°C
for 30 sec followed by a final extension at 72°C for 5 min. PCR products were analyzed by
electrophoresis in 2% agarose gels. Images were acquired using Gel Doc (Bio-Rad). For
each sample, three pairs of primers were used to amplify gene fragment of luciferase (230
bp) and GAPDH. The primers were TCAAAGAGGCGAACTGTGTG and
GGTGTTGGAGCAAGATGGAT (luciferase), and AAGGTGAAGGTCGGAGTCAACG
and AAGTTGTCATGGATGACCTTGG (GAPDH). The PCR products were visualized by
electrophoresis in 2% agarose gels containing EB (0.5 μg/mL). Images were acquired and
analyzed as described above. The data were expressed as arbitrary units: density of
luciferase/density of GAPDH band.

2.13. NFκB signaling pathway microarray
C2C12-CMVluc myocytes were treated with 1% P85 for 5 min, washed twice with PBS, and
incubated for additional 3 h. Cells were collected and total RNA was isolated with TRIzol
reagent, then quantified and qualified by UV spectrophotometry and Gel electrophoresis,
respectively. Oligo GEArray® with 3 μg of total RNA of each sample was performed
following the manufacturer's protocol (cDNA synthesis; cRNA synthesis, labeling and
amplification; cRNA cleanup; Oligo GEArray hybridization and detection). Statistical
analysis was performed using the GEArray® Expression Analysis Suite software.

3. Results
3.1. Effect of different poloxamers on luciferase gene expression in the muscle

Poloxamers (Pluronic block copolymers) consist of ethylene oxide (EO) and propylene
oxide (PO) blocks arranged in a basic A-B-A structure: EOx/2-POy-EOx/2. This block
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arrangement results in an amphiphilic copolymer, in which the number of hydrophilic EO
(x) and hydrophobic PO (y) units can be altered [50]. >Table 2 presents a list of copolymers
used in this study and available from BASF Corp. Poloxamers with different number of EO
and PO oxide units are characterized by different hydrophilic-lipophilic balance (HLB) [50].
In addition to individual block copolymers listed in the table we also used a mixture of L61
and F127 (1:8), SP1017, which was previously reported to be efficacious and safe in i.m.
gene delivery [38,51].

In order to rank the potency of various block copolymers, a plasmid containing a luciferase
reporter gene under the control of CMV promoter (gWiz™Luc) was formulated with
individual copolymers or SP1017 mixture and administered into tibialis anterior muscles of
6-8 week old Balb/c mice. The dose of the plasmid and the injection volume were kept
constant throughout the study (10μg of plasmid in 50 μl HBSS solution), but the
concentrations of the copolymers were varied. The reporter gene expression in the muscle
was examined as described in the methods section [39]. The results suggest that P85 was
among the most effective of the individual copolymers (Fig. 2). Specifically, the gene
expression of a plasmid formulated with P85 reached a maximum at 0.3% w/v P85, and was
increased ca. 20-fold compared to the naked DNA. At concentrations higher or lower than
0.3% w/v, the efficiency of the transgene expression declined. Interestingly, the optimal
concentration was above the P85's critical micelle concentration (CMC) (Table 2).

A lipophilic copolymer L61 also appeared to show high efficacy at 0.1% and 1% w/v.
However, at these doses L61 precipitated and was likely to be toxic [52]. Surprisingly, the
same copolymer mixed with F127, SP1017, exhibited significant activity at a remarkably
lower concentration, 0.01% w/v of the total copolymer. At this concentration SP1017
increased DNA expression in the muscle by ca. 15-fold compared to the DNA alone. It was
also quite interesting that the second block copolymer in this formulation, F127 alone was
practically inactive but appeared to amplify the activity of L61 at low concentrations. The
optimal concentration of SP1017 was below the CMC of L61 and above the CMC of F127
(Table 2). Previous studies suggest that under these conditions L61 and F127 form mixed
micelles [52]. Notably, SP1017 was previously clinically evaluated in combination with
doxorubicin in cancer patients and was shown to be safe after intravenous (i.v.)
administration at much higher doses [53,54]. Similarly to F127 the hydrophilic copolymer
F68 was practically inactive at least up to 1 % w/v (Table 2). For the subsequent studies, we
used P85, which was characterized in our previous studies in vitro and in vivo as adjuvant
for gene delivery [30,33,39,55-57]

3.2. P85 safety evaluation
The safety of P85 was evaluated by injecting 50 μl of 1) P85 alone at 0.3% (optimal
concentration) or 1% (maximal concentration), and 2) 0.3% P85 with 10 mg plasmid DNA
(gWIZ™GFP). The 50 μl HBSS solution injections were used as a control. The injected
muscles were harvested on day 4, fixed, dehydrated, and analyzed by H&E, PAS and MT
staining. The representative images of the muscle samples in various groups are shown in
Fig. 3. In summary, both P85 and P85/DNA injections induced low inflammatory responses
with comparable number of monocytes and neutrophils at the injection site. There was no
change in morphology associated with the increase in glycogen. No necrosis was observed
for any of the groups. All together, P85 alone and P85 with DNA exhibited good tissue
compatibility in mouse muscle.

3.3. P85 effect on the time course of plasmid DNA expression
In order to determine the time course of the luciferase expression in vivo the gWiz™Luc
plasmid with/without 0.3 % P85 was injected i.m. in Balb/c mice (5 per group) and the
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animals were subjected to non-invasive bioluminescence detection on various days after
injection (Fig. 4). The areas under a curve for period of 50 days were approx. 3.36 × 109 and
2.98 × 108 (photons/s) x days for DNA/P85 and naked DNA respectively as determined
using trapezoidal rule (Fig. 4B). Therefore, the block copolymer enhanced the cumulative
exposure of the animals to the transgene expression by 11-folds. Furthermore, the transgene
expression was greatly prolonged and lasted for at least 50 days. The gene expression of the
naked DNA peaked around the 5th day and appeared to be significantly less than that of the
DNA/P85 at every time point.

3.4. Effect of P85 on distribution of gene expression in the organs
The tissue distribution of gene expression was analyzed following single i.m. injections of
gWiz™Luc and gWiz™GFP plasmids with/without 0.3% P85. Surprisingly, both GFP and
luciferase data suggest that in addition to increased gene expression in the muscle there was
a considerable increase in the gene expression in spleen, inguinal lymph nodes and liver
(Fig. 5). For example, with the DNA/P85 the gene expression of luciferase in spleen and
lymph nodes increased by over two-orders of magnitude and reached about 2 % and 3 %
respectively of the levels observed in the muscle with the naked DNA. Furthermore, the RT-
PCR and PCR experiments suggested that there were considerable increases in the luciferase
mRNA and DNA levels in these organs (Fig. 5).

3.5. Co-localization of gene expression with cell-specific markers
Co-localization studies were designed to determine which cell types express the transgene in
the muscle, lymph nodes, and spleen. The gWiz™GFP plasmid with/without 0.3% w/v P85
was injected i.m. in the BALB/c mice, the tissues were harvested on day 4 after injection and
processed for double staining immunohistochemistry and confocal microscopy. The images
were digitally superimposed to determine which cells express the transgene. In the muscle
tissues the reporter gene was expressed in myocytes and keratinocytes (Fig. 6) as well as DC
(Fig. 7) and macrophages (Fig. 8), but not in T-cells (Fig. 9). Notably, in the muscle GFP
expression co-localized with myocytes, keratinocytes, DC, and macrophages both after the
naked DNA and DNA/P85 injections. In contrast, in the spleen and lymph nodes the GFP
expression co-localized with DC (Fig. 7) and macrophages (Fig. 8) only in the case of DNA/
P85. No colocalization with T-cells was observed (Fig. 9). It also worth mentioning that in
the spleen and especially in lymph nodes the DNA/P85 appears to increase DC staining
compare to the DNA. This may be caused by infiltration of DC or increased expression of
the DC markers (DEC-205) as a result of activation of DC. Therfore, we further examined
the effect of various treatments on the immune cells populations in spleen and lymph nodes.

3.6. Effect of treatments on immune cells populations
To evaluate effects of different treatments on expansion of immune cells in spleen and
lymph nodes the BALB/c mice (5 per group) were injected i.m. with: 1) HBSS (control); 2)
gWiz™GFP DNA, 3) P85 and 4) DNA/P85. The spleen and inguinal lymph nodes were
harvested on the day 4 after injection and immune cells frequency was determined by flow
cytometry. Injections of P85 alone and DNA/P85 increased systemic (spleen) expansion of
CD11c+ (DC); and local (lymph nodes) expansion of CD11c+, CD14+ (macrophages) and
CD49b+ (natural killer) cell populations (Fig. 10). No changes in systemic expansion of
CD14+, CD49b+, CD3e+ (general T-cells), CD8a+ (cytotoxic T-cells), and CD4+ (helper T-
cells) was observed with any treatment group (Fig. 10A). Similarly, no difference in local
expansion of CD3e+, CD8a+, CD4+ populations was observed (Fig. 10B). Interestingly,
naked DNA also significantly increased CD11c+ (but not CD14+ and CD49b+) cells in both
spleen and lymph nodes. However, these increases (12 % spleen and 16% lymph nodes)
were much less than the effects of P85 (59 % spleen, 97 % lymph nodes) and DNA/P85 (57
% spleen, 55% lymph nodes). (The differences between P85 and DNA/P85 treatment groups
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were not significant in spleen but significant in the lymph nodes.) Therefore, the naked
DNA, the block copolymer and the DNA formulated with the block copolymer each
increased the local and systemic population of DC, however, the effects of copolymer
formulations were much greater than those of the naked DNA. We further examined the
effects of different injections on the DC maturation (Fig. 11). No difference in splenic DC
was observed with any treatment (Fig. 11A). However, in the lymphatic DC there were
significant increases in each of CD11c+CD86+, CD11c+CD80+, and CD11c+CD40+ cells
frequency after DNA/P85 treatment, but not after free DNA of P85 alone treatments (Fig.
11B). Therefore, the DNA/P85 combination promotes maturations of the DC.

3.7. Activation of NFκB signaling pathway by P85
P85 was previously shown to activate the NFκB signaling pathway by inducing
phosphorylation of IκB [33]. Here we examined the effect of P85 on NFκB-related genes
using microarray (Table 3). The block copolymer significantly upregulated 39 out of 113
genes related to NFκB-mediated signal transduction.

4. Discussion
Previous studies have demonstrated that certain poloxamers such as SP1017 mixture, F68
(poloxamer 188), P85, and L64 (PE6400) can increase transgene expression of the naked
DNA administered to muscle tissue [32,38,58-61]. It has also been long known that
poloxamers display immuno-adjuvant activity with respect to polypeptides [23,25,62-66].
Pro-inflammatory effects of certain poloxamers such as SP1017 and P85 have been also
reported [39,47,48,67]. In this study we report for the first time, that P85 co-administered
with plasmid DNA a) significantly enhances plasmid expression in the spleen and lymph
nodes; b) facilitates plasmid DNA uptake and expression in myocytes, keratinocytes, DC
and macrophages; c) stimulates local and systemic expansion of APC and local maturation
of DC.

The DNA or DNA/poloxamer compositions were administered as a single i.m. injection,
which is a generally accepted route for DNA vaccination [68,69]. A successful DNA
vaccination requires efficient transgene expression in the host organism [70-72]. Therefore,
it is important that select poloxamer compositions have greatly increased DNA expression in
the muscle. Interestingly, the hydrophilic copolymers, F68 and F127 were practically
ineffective, while more lipophilic copolymer, P85 or a mixture of lipophilic L61 and
hydrophilic F127 (SP1017 mixture) exhibited high activity. Furthermore, this study
reinforced our previous reports that these active copolymers greatly prolong the transgene
expression in the muscle. This alone may be a significant advantage for future DNA
vaccination approach compared to a naked DNA, which may not enable sufficient duration
of expression to elicit strong immune response [38,39,73,74].

For the first time we report that DNA/P85 administration results in a drastic increase in the
transgene expression not only in the immediate site of injection in the muscle but also in the
distant sites, most noticeably, the spleen and draining lymph nodes. A significant increase in
the systemic levels of transgene in the plasma following DNA/SP1017 administration was
previously reported by us [38]. In the present study, following DNA/P85 injection in the
muscle the transgene expression in the spleen and lymph nodes increased by over two orders
of magnitude and reached ca. 2 to 3 % of the levels observed in the muscle with the naked
DNA. This may enhance the transgene presentation to the immune system because APC in
the central immune organs are abundant, as well as phenotypically and functionally
immature [75]. Moreover, the transgene expression in the muscle, spleen and lymph nodes
co-localized with APC such as macrophages and DC. Based on this, it is reasonable to
suggest that in response to administration of the DNA/P85 the APC incorporated, expressed
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and transported the transgene to the central immune organs. This is reinforced by the fact
that the spleen and lymph nodes in addition to the protein product also exhibited increased
levels of transgene mRNA and DNA. Notably, in the muscle the transgene expression was
also abundant in myocytes and keranotinocytes. Therefore, we cannot exclude that along
with the incorporated plasmid DNA the APC also incorporated the protein product
expressed by the muscle tissue and then carried this product to the immune organs.
Altogether, this should enhance representation of the expressed transgene to the immune
system after i.m. administration of the DNA/poloxamer compositions.

The increase in the immune system engagement in response to the copolymer-based
compositions is critical because the DNA-encoded antigens alone may not be sufficiently
immunogenic to initiate APC-mediated adaptive immune responses [76]. The ability of
poloxamers to activate immune system was previously described by Hunter and others
[23,25,26,62-65]. In particular, a lipophilic copolymer, Pluronic L121 injected in an oil-in-
water emulsion, was found to be a powerful adjuvant for increasing antibody formation to
polypeptides [23,25,63]. Another, lipohphilic copolymer, Pluronic L101, was less effective
in antibody formation, but induced granulomatous inflammation. In addition, such
poloxamers promoted histamine release in mediator containing cells [22,25,26,63,77-79].
Notably, these studies concluded that strong adjuvant activities of poloxamers were most
profound in the case of most lipophilic copolymers with HLB values of 2 or less [23,25,63].
At the same time, it is known that such poloxamers induce profound muscle toxicity, which
is proportional to the copolymer lipohilicity - the more lipophilic the copolymer, the more
severe the lesions [80]. Therefore, it is significant that our studies have focused on adjuvant
effects of less lipophilic or hydrophilic copolymers such P85 (HLB = 16) and SP1017 (HLB
= 20 for L61 and F127 blend). The latter, SP1017 was shown to be safe in two clinical trials
following i.v. injections (in combination with Doxorubicin) [54,81]. Furthermore, based on
the present study P85 did not induce toxicity in the muscle after single injection. It is
remarkable, therefore, that this copolymer also exhibited immunoajuvant properties, both
alone and in combination with the plasmid DNA. The infiltration of DC to the site of
injection and local DC population expansion after i.m. injections of adjuvant Fms-like
tyrosine kinase (Flt3L) plasmid formulated with SP1017 was also observed previously
[47,48]. Interestingly, the present study provides evidence of both local and systemic
expansion of APC in response to administration of DNA/P85 or P85 alone in the absence of
a strong DNA adjuvant such as Flt3L or granulocyte macrophage-colony stimulating factor
(GMCSF). Furthermore, locally, the maturation of DC was observed when DNA was
administered with P85 (but not the copolymer alone). It appears, therefore, that P85
enhances intrinsic immunogenicity of a plasmid DNA. This immunogenicity is related to the
presence of unmethylated CpG rich sites or traces of bacterial lipopolysaccharide (LPS),
which stimulates the innate immune response through recognition by toll-like receptor 4
[82]. Notably, Ratanamart et al. reported that SP1017 can increase pro-inflammatory
response to a CpG-rich bacterial plasmid. However, no increases in gene expression in APC
were reported in that study. Furthermore, contrary to the plasmids used in Ratanamart et al.,
in our case the plasmids were endotoxin-free and did not induce toxicity or strong
inflammatory responses in the muscle [67]. Despite increased transgene expression and
activation of APC, injections of the P85/DNA formulations resulted in sustained gene
expression for at least 50 days, which further reinforces the lack of cytotoxic immune
response in the muscle. Altogether, it appears that in addition to enhancing gene expression,
P85 can stimulate the innate immune system by attracting and activating APC, which can
result in development of a long lasting, antigen specific immune response [83].

The adjuvant effects of poloxamers in 1) increasing transgene expression and 2) activating
the immune system may be interrelated. We have shown that P85 can activate the NFκB
signaling pathway (by inducing phosphorylation of IκB) [33] and upregulate many genes
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related to NFκB-mediated signal transduction in the muscle cells (this study). Activation of
NFκB was related to the ability of poloxamers, in particular P85, to activate transcription of
transgenes driven by the NFκB-responsive promoter (such as CMV) in stably transfected
cells [33]. A more recent study demonstrated that poloxamers also enhance DNA delivery
into cells, including the nuclear translocation of NFκB-responsive plasmids [84]. Based on
this it appears that following DNA/P85 injections in the muscle the copolymer plays a
critical role by increasing the cellular delivery and subsequent transcription of the plasmid
DNA. This is further reinforced by the fact that the increase in the gene expression in the
muscle by P85 (and SP1017) was promoter-selective for NFκB-responsive plasmids [39].
Altogther, the enhancement in the transgene expression observed with DNA/P85 appears to
be due to the activation of the NFκB signaling pathway by the copolymer. The same
signaling pathway is implicated in the activation of APC and the overall immunity [85]. This
may explain the simultaneous increases in gene expression in the muscle tissue and antigen
presenting cells following administration of DNA/P85.

It needs to be highlighted that the mechanisms of the poloxamer effects may not include
their interactions with the DNA proper. It has been specifically pointed out before that in the
range of the concentrations used in this study P85 did not bind with and condense the
plasmid DNA, In addition, no retardation in the movement of the DNA upon mixing with
Pluronic P85 and any protection offered by Pluronic P85 upon treatment of the mixture with
DNase [39]. Therefore, it cannot protect DNA from degradation or promote DNA transport
into the cell like cationic molecules do. Most likely, following the injections of DNA/P85
the plasmid is internalized into cells through the regular pathways that are also employed by
the naked DNA. However, the cellular transport through these pathways and overall
transgene expression are enhanced by the copolymer as described above. We posit that the
critical role in exhibition of the adjuvant effects of poloxamers belongs to their interactions
with the lipophilic domains of the cellular membranes. In this respect it is important that
hydrophilic poloxamers, such as F68 or F127, that do not penetrate well into the cellular
membranes, also have little if any effect on the gene expression [86]. In contrast, more
lipophilic copolymers including P85 were shown to bind with membranes, presumably by
inserting their hydrophobic PPO chains into the lipid environment [86]. Most recently it was
shown that below the critical micelle concentration (CMC) P85 co-localizes with caveolae
markers and is transported into cells via caveolae-mediated endocytosis [57]. As the
concentration of the P85 increases above the CMC the copolymer appears to disrupt the
caveolae and inhibit the caveolae-mediated endocytosis. Notably, caveolae are known to
cluster multiple receptors, such as EGF, CCK, Endothelin, Tyrosine Kinases etc., which
enable signal integration and amplification [87,88]. They also host signal transducers, for
example, PKC, MAPK, eNOS and calmodulin, transporters (e.g. IP3 receptor and Porin) as
well as structural molecules (e.g. actin and myosin). Therefore, activation of cell signaling
by P85 may be related to disruption of caveolae by the PPO chains. We cannot exclude,
however, that the PEO chains of poloxamers may additionally contribute to their adjuvant
activities. It is noteworthy that maximal transgene expression of DNA formulated with P85
and SP1017 is observed in the conditions when the micelles are formed. In particular, P85
micelles are spherical core-shell structures of approximately 14.6 nm in diameter [89]. They
are composed of approximately 60 P85 molecules and have a PPO core of 5.4 nm in
diameter surrounded by 3.7 nm PEO shell. Despite of the fact that PEO is often considered
inert some interactions of the copolymers with high PEO content with the surface of cell
membranes have been suggested [86]. This may include one or combination of hydrophobic
and hydrogen binding interactions, for example, with membrane proteins. Interestingly,
several studies suggested that either PEO alone or PEO-covered nanoparticles may induce
complement activation [31]. The structural similarity between the terminal region of the
PEO chain and carbohydrates has also been noted, which may result in PEO binding with
lectins [90] as well as carbohydrate receptors [91] of APC. Therefore, detailed
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characterization of interactions of poloxamers with cell membranes may provide foundation
for future understanding of the diverse biological response-modifying activities of these
copolymers, including activation of cell signaling, gene expression and immunity.

Conclusion
We have investigated the effect of non-ionic block copolymer Pluronic P85 administered
i.m. on plasmid DNA expression in mouse tissues, organs and immune cells. In summary,
the results of the present study demonstrate that co-administration of a plasmid DNA with
P85 in a skeletal muscle greatly increases gene expression in the injection tissue site and
distant organs, especially the draining lymph nodes and spleen. Reporter expression
colocalizes with the specific markers of myocytes and keratinocytes in the muscle, as well as
DC and macrophages in the muscle, lymph nodes and spleen. In addition, combination of
DNA with P85 and P85 alone increase the systemic expansion of DC, and local expansion
of DC, macrophages and natural killer cell populations; but only combination of DNA with
P85 increases maturation of local DC. The results presented provide a strong rationale for
further development of poloxamer-based compositions for DNA vaccination.
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Fig. 1.
Dose dependent effect of various poloxamers on luciferase gene expression in skeletal
(tibialis anterior) muscle of BALB/c mice after single i.m. injection of 10 μg plasmid DNA
in 50 μl HBSS solution with or without block copolymers (5 mice/group). Muscles tissue
was harvested on day 4 after i.m. injection and luciferase activity was measured using a
standard procedure described in the Methods section. Data are mean ± SEM (n = 5).The P
values were obtained by the means of the Student's t test following logarithmic
transformation of the data. Each P value corresponds to the comparison of naked DNA
versus DNA formulated with P85: * p < 0.05
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Fig. 2.
Tissue compatibility of P85 and DNA/P85 injections. Staining of muscle sections with
H&E, PAS and MT were performed as described in Methods section.

Gaymalov et al. Page 18

Biomaterials. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Effect of 0.3% P85 on luciferase gene expression in vivo after a single i.m. injection of 10 μg
plasmid DNA in 50 μl HBSS. (A) A representative in vivo imaging in a mouse. (B)
Quantitative data of in vivo imaging study. Data are mean ± SEM (n = 5). P values were
obtained by the means of the Student's t test following logarithmic transformation of the
data. Each P value corresponds to the comparison of naked DNA versus DNA formulated
with P85: * p < 0.05.
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Fig. 4.
Effects of 0.3 % P85 on (A) GFP or (B) luciferase gene expression, and (C) DNA or (D)
RNA levels in various organs. Tissue samples were collected on day 4 after single i.m.
injections of 10 μg DNA in 50 μl HBSS solution with/without copolymer. (B) Data are
mean ± SEM (n = 5). P values were obtained by the means of the Student's t test. Each P
value corresponds to the comparison of naked DNA versus DNA formulated with P85: * p <
0.05, NS is not significant.
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Fig. 5.
Confocal imaging of GFP expression in muscle tissue after single i.m. injection of naked
DNA or DNA/P85. The color staining corresponds to myocytes or keratinocytes (red),
nucleus (blue), and GFP (green). The last panels in each row present digitally superimposed
images of three preceding panels to visualize the colocalization (yellow or white).
Magnification 63×.
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Fig. 6.
Confocal imaging of GFP expression in DC in muscle, draining lymph nodes and spleen
after single i.m. injection of naked DNA or DNA/P85. The color staining corresponds to DC
(red), nucleus (blue), and GFP (green). The last panels in each row present digitally
superimposed images of three preceding panels to visualize the colocalization (yellow or
white). Magnification 63×.
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Fig. 7.
Confocal imaging of GFP expression in macrophages in muscle, draining lymph nodes and
spleen after single i.m. injection of naked DNA or DNA/P85. The color staining corresponds
to macrophages (red), nucleus (blue), and GFP (green). The last panels in each row present
digitally superimposed images of three preceding panels to visualize the colocalization
(yellow or white). Magnification 63×.
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Fig. 8.
Confocal imaging of GFP expression in T-cells in muscle, draining lymph nodes and spleen
after single i.m. injection of naked DNA or DNA/P85. The color staining corresponds to T-
cells (red), nucleus (blue), and GFP (green). The last panels in each row present digitally
superimposed images of three preceding panels to visualize the colocalization (yellow or
white). Magnification 63×.
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Fig. 9.
CD49+, CD3e+, CD8a+, CD4+, CD14+, and CD11c+ cell frequency in spleen (A) and
lymph nodes (B) of Balb/c mice injected with HBSS, DNA, P85 and DNA/P85. The cells
frequency was determined by flow cytometry on day 4 after single i.m. injection. Data are
mean ± SEM (n = 5). Statistical comparisons between the groups are made using ANOVA:
* p < 0.05, NS is not significant.
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Fig. 10.
CD11c+CD86+, CD11c+CD80+, and CD11c+CD40+ cell frequency in spleen (A) and
lymph nodes (B) of Balb/c mice injected with HBSS, DNA, P85 and DNA/P85. The cells
frequency was determined by flow cytometry on day 4 after single i.m. injection. Data are
mean ± SEM (n = 5). Statistical comparisons between the groups are made using ANOVA:
* p < 0.05, NS is not significant.
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Table 1

Monoclonal antibodies used in experiment to determine effects of treatments on immune cells populations.

Monoclonal Antibodies Excitation, nm Emission, nm Amount used, μg
per 106 cells in 100

μl

Alexa Fluor® 700 anti-mouse CD11c (Integrin αx, p150/90) 633 723 0.25

Allophycocyanin anti-mouse CD11c (Integrin αx, p150/90) 633 660 0.25

Allophycocyanin anti-mouse CD14 633 660 0.5

Allophycocyanin-Alexa Fluor® 750 anti-mouse CD4 (L3T4) 633 779 0.25

Fluorescein isothiocyanate anti-mouse pan-NK cells (CD49b, α2 integrin, very
late antigen-2)

488 518 0.5

Phycoerythrin anti-mouse CD19 488 575 0.5

Phycoerythrin anti-mouse CD40 488 575 0.5

Phycoerythrin anti-mouse CD80 (B7-2) 488 575 0.12

Phycoerythrin anti-mouse CD86 (B7-2) 488 575 0.125

Phycoerythrin-Cy5 hamster anti-mouse CD3e (epsilon subunit; CD3e) 488 670 0.25

Phycoerythrin-Cy7 anti-mouse CD8a (alpha subunit, CD8a, Ly-2) 488 760 0.5
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Table 3

Effect of P85 on expression of NFκB related genes in C2C12-CMVluc cells.a Total RNA was assayed using
Oligo GEArray® Mouse NFκB Signaling Pathway Microarray and gene expression was analyzed by GEArray
Expression Analysis Suite software (see
http://www.superarray.com/gene_array_product/HTML/OMM-025.html for detailed list of genes and layout).
Only genes exhibiting at least 2-fold increase in expression are presented. (i) NFκB pathway: (3, 4, 30, 72, 77,
78, 70, 84) transcription factors; (6, 10, 11, 108, 110, 112, 66, 74) other factors; (53, 54, 56, 60, 61, 64, 87, 88,
71, 80) kinases; (99, 103) ligands and receptors; (100, 113) inflammatory response, extracellular or membrane
molecules. (ii) activation of NFκB pathway: (8, 105) ligands and receptors; (35, 5, 22) IκB kinase/NFkB
cascade; (37) transcription factor; (32) extracellular or membrane molecules; (iii) NFκB responsive genes: (42,
48) ligands and receptors, or cytokines.

Position Symbol Refseq Description Folds increased

3 Atfl NM_007497 Activating transcription factor 1 2.9

4 Atf2 NM_009715 Activating transcription factor 2 4.6

30 Hmgb1 NM_010439 High mobility group box 1 2.3

72 Polr2a NM_009089 Polymerase (RNA) II (DNA directed) polypeptide A 2.9

77 Rel NM_009044 Reticuloendotheliosis oncogene 4.5

78 Rela NM_009045 V-rel reticuloendotheliosis viral oncogene homolog A 2.4

70 Pcaf NM_020005 P300/CBP-associated factor 2.2

84 Smad4 NM_008540 MAD homolog 4 (Drosophila) 4.3

6 Bcl3 NM_033601 B-cell leukemia/lymphoma 3 3.3

10 Card14 NM_130886 Caspase recruitment domain family, member 14 2.2

11 Card4 NM_172729 Caspase recruitment domain 4 2.2

108 Tradd NM_001033161 TNFRSF1A-associated via death domain 3.2

110 Traf3 NM_011632 Tnf receptor-associated factor 3 2.1

112 Traf6 NM_009424 Tnf receptor-associated factor 6 2.8

66 Nalp12 XM_355971 NACHT, LRR and PYD containing protein 12 2.0

74 Ppp5c NM_011155 Protein phosphatase 5, catalytic subunit 3.6

53 Map2k6 NM_011943 Mitogen activated protein kinase kinase 6 2.6

54 Map3k1 NM_011945 Mitogen activated protein kinase kinase kinase 1 3.0

56 Map3k3 NM_011947 Mitogen activated protein kinase kinase kinase 3 4.4

60 Map4k2 NM_009006 Mitogen activated protein kinase kinase kinase kinase 2 4.4

61 Mapk11 NM_011161 Mitogen-activated protein kinase 11 4.4

64 Mapk8 NM_016700 Mitogen activated protein kinase 8 4.1

87 Tgfbr1 NM_009370 Transforming growth factor, beta receptor I 2.1

88 Tgfbr2 NM_009371 Transforming growth factor, beta receptor II 2.8

71 Plk2 NM_152804 Polo-like kinase 2 (Drosophila) 6.4

80 Ripk1 NM_009068 Receptor (TNFRSF)-interacting serine-threonine kinase 1 4.0

99 Tnfrsf10b NM_020275 Tumor necrosis factor receptor superfamily, member 2.7

103 Tnfrsf7 NM_001033126 10b Tumor necrosis factor receptor superfamily, member 7 4.4

100 Tnfrsf1a NM_011609 Tumor necrosis factor receptor superfamily, member 1a 2.3

113 Vapa NM_013933 Vesicle-associated membrane protein, associated protein A 2.2

8 Card1O NM_130859 Caspase recruitment domain family, member 10 5.1

105 Tnfsf14 NM_019418 Tumor necrosis factor (ligand) superfamily, member 14 3.6
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Position Symbol Refseq Description Folds increased

35 Ikbkb NM_010546 Inhibitor of KappaB Kinase beta 1.6

5 Bcl10 NM_009740 B-cell leukemia/lymphoma 10 2.9

22 Edaradd NM_133643 EDAR (ectodysplasin-A receptor)-associated death domain 4.3

37 Ikbkg NM_010547 Inhibitor of KappaB Kinase gamma 1.5

32 Icam1 NM_010493 Intercellular adhesion molecule 3.9

42 Il6 NM_031168 Interleukin 6 2.5

48 Lta NM_010735 Lymphotoxin A 4.7

a
Cells were exposed to 1% P85 for 5 min, washed by PBS and incubated for additional 3hxsx.
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