
Non-Additive Effects of Repetitive Administration of Lipoplexes 
in Immunocompetent Mice

Jamie L. Betker and Thomas J. Anchordoquy
University of Colorado, Skaggs School of Pharmacy and Pharmaceutical Sciences, 12850 E. 
Montview Blvd., Aurora, CO 80045 USA

Abstract

Repetitive administration is routinely used to maintain therapeutic drug levels, but previous studies 

have documented an accelerated blood clearance of some lipid-based delivery systems under these 

conditions. To assess the effect of repetitive administration, non-PEGylated lipoplexes (+/− = 0.5) 

were administered four times via tail vein injection at 3-day intervals to immunocompetent Balb/c 

mice bearing 4T1 tumors. This study measured the effect of repeat administration of non-targeted 

lipoplexes on clearance, cytokine/chemokine response, plasmid distribution, reporter gene 

expression, and liver toxicity. We do not observe a refractory period or a statistically significant 

difference in blood clearance between the first administration and subsequent injections of this 

lipoplex formulation, consistent with the absence of a cytokine/chemokine response. However, we 

do see a significant effect on both plasmid accumulation and expression; an enhancement of 26-

fold and 10-fold in tumor plasmid levels and expression, respectively, after 4 injections as 

compared to that after a single injection. In addition, in vivo imaging suggests that expression in 

other organs had diminished rapidly 72 h after each administration, in contrast to relatively 

constant expression in the tumor. Taken together, the findings indicate that gene delivery to tumors 

can be dramatically enhanced by employing repetitive administration.
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Introduction

Hereditary diseases were thought to be incurable prior to the demonstration that DNA could 

be successfully delivered to cells. While the use of calcium phosphate for transfection was 

utilized for early laboratory experiments, the demonstration that cationic lipids were capable 

of delivering DNA much more efficiently brought hopes that similar approaches might one 
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day allow genetic diseases to be corrected[1–3]. This hope has recently been bolstered by 

the demonstration of specific gene splicing by the CRISPR system[4]. It is now clear that 

RNA (miRNA, mRNA, siRNA) can also be used to alter gene expression, but effective 

treatment still depends upon developing delivery approaches that are sufficiently targeted 

and efficient such that expression/silencing can be adequately regulated to impart a 

therapeutic effect. Although many different nucleic acid-based treatments have been tested 

in clinical trials, very few have been approved for use as pharmaceutical products. However, 

new approaches to nucleic acid-based therapy continue to evolve and are currently being 

tested in clinical trials.

With the exception of Glybera®, which is purported to be curative after a single treatment, it 

is thought that current nucleic acid-based medicines will need to be administered repetitively 

in order to achieve and maintain therapeutic effects. Prior to clinical trials, extensive animal 

testing is performed, and dosing studies typically employ repetitive administration to 

simulate dosing that would likely be employed in the clinic[5–7]. However, initial animal 

studies designed to assess pharmacokinetic parameters, delivery efficiency, and toxicity 

typically employ a single administration to evaluate the merits of a particular approach/

strategy before continuing with further animal testing[8–11].

Decades of work with soluble small molecule therapeutics has led to our conventional 

understanding of pharmacokinetic profiles, i.e., adsorption, distribution, metabolism, 

excretion. According to this classic paradigm, bioavailability is correlated with drug levels in 

the blood, and the therapeutic effect is abolished after clearance from the blood. In this 

scenario, repeat administration is utilized to maintain blood levels of the drug within the 

range that corresponds with the therapeutic effect, i.e., the “therapeutic window”[5]. 

However, it is clear that gene-based therapies will need to be taken up into cells prior to 

having a therapeutic effect, and therefore a significant hysteresis between blood levels and 

gene expression is expected. The situation is further complicated by the fact that delivery 

vehicles administered intravenously will initially encounter the vasculature endothelium, 

then be translocated to (and subsequently taken up by) the target cell, and exogenous genes 

must ultimately access the nucleus after uptake[12–16]. Considering the time needed after 

transcription for mRNA to be transported into the cytoplasm as well as the residence time of 

mRNA and protein within the cell, the exogenous gene may be degraded and/or silenced 

while the encoded protein responsible for the therapeutic effect continues to be active. It 

follows that blood levels at any point in time may not accurately reflect the biological 

activity of nucleic acid-based therapeutics.

Similarly, because the effects of most nucleic acid-based therapeutics will not depend on 

maintaining high blood levels, repetitive administration is used to progressively enhance 

deposition in the target tissue with the hope that sufficient levels of nucleic acid accumulate 

to elicit a therapeutic effect within the target cell[6, 17, 18]. Indeed, previous studies have 

utilized repetitive administration of lipoplexes to extend transgene expression [17, 18] and 

achieve enhanced levels of siRNA-induced silencing[12, 14]. Under this scenario, it may be 

expected that each administration results in a constant amount of deposition in tissues. This 

deposition process is presumably arrested after the nucleic acid is cleared from the blood. As 

described above, it may be expected that the therapeutic effect resulting from gene 
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expression and/or silencing may be appreciably delayed as compared to blood clearance; 

however, it is typically presumed that a single administration should result in a finite level of 

deposition/distribution in tissues. Assuming that blood clearance is complete before 

subsequent administration of a repeat dose, it follows that successive dosing would be 

additive. However, one must account for degradation of the therapeutic nucleic acid that 

occurs in the tissues prior to deposition of the subsequent dose. Accordingly, two doses of a 

gene delivery system should result in a maximum of twice the deposition and expression of a 

single dose, three doses result in a maximum of three times that of a single dose, etc. In this 

way, the effects of the therapeutic nucleic acid should be progressively enhanced by 

repetitive administrations.

It is well recognized that nonviral gene delivery systems suffer from inefficient delivery as 

compared to their viral counterparts. In particular, synthetic delivery systems have the 

potential for repeat administration due to the lack of a specific immune response to the 

vector, and this strategy allows delivery from nonviral systems to be greatly enhanced[6, 12, 

14]. However, gene delivery studies with nonviral systems have demonstrated that repeat 

transfection requires a “refractory period” (e.g., two weeks) in order to obtain expression 

from a subsequent dose, and typically the goal of repetitive dosing is simply to maintain 

expression levels, not increase them[18]. Furthermore, it is generally recognized that both 

the nucleic acid component as well as the nonviral delivery system can be 

immunostimulatory, and this can affect delivery after successive administrations [18]. 

Therefore, we have taken great lengths to diminish the adverse response to our delivery 

system by utilizing minimal amounts of naturally-occurring lipids, reducing the CpG content 

of the plasmid, and avoiding the use of PEGylation [19–23]. The effects of these particle 

alterations on the cytokine/chemokine response after repetitive injection was determined, 

and we also characterize the effects of repeat administration of a lipoplex formulation on 

clearance, organ accumulation, and liver toxicity. We observe effects on each of these 

parameters that are not additive and are thereby inconsistent with a conventional 

pharmacokinetic profile. We feel that these results demonstrate that the correlation between 

clearance, tissue accumulation, reporter gene expression, and liver toxicity are not 

straightforward, and are worthy of further investigation. In addition, our in vivo imaging 

demonstrates that reporter gene expression is widely distributed throughout the mouse 24 h 

after each tail vein injection, but predominantly confined to the tumor at later times (72 h).

Materials and Methods

Lipoplex preparation and luciferase expression

Sphingosine, cholesterol, and 1,2-diarachidoyl-sn-glycero-3-phosphocholine (DAPC) were 

purchased from Avanti Polar Lipids (Alabaster, AL) and used to prepare liposomes at a 3:2:5 

mole ratio (respectively) as previously described[20]. Liposomes were then mixed with a 

modified (CMV removed, ROSA26 added, based upon Watcharanurak et al.[24]) pSelect-

LucSh (Invivogen, San Diego, CA) plasmid encoding luciferase at a charge ratio of 0.5[19, 

20]. These modifications to the plasmid have been shown to prolong expression for weeks to 

months[24]. The resulting lipoplexes have a diameter of 280.9 ± 10.8 nm, a zeta potential of 

−24.4 ± 2.9 mV, and were diluted 1:1 (v/v) with 12% hydroxyl ethyl starch (MW 250,000, 
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Fresenius; Linz, Austria) prior to administration[19]. The use of hydroxyl ethyl starch at a 

final concentration of 6% (w/v) serves to adjust the tonicity and results in more consistent, 

but not increased, delivery (unpublished observations). Fifty micrograms of DNA complexed 

with 0.25 μmoles lipid was injected via tail vein as previously described [19]. Each mouse 

received a series of four injections at three-day intervals. Prior to treatment with lipoplexes, 

female immunocompetent Balb/c 6–10 weeks old were acquired from Jackson labs (Bar 

Harbor, ME) and inoculated in each shoulder with one million 4T1 murine mammary 

carcinoma cells (ATCC #CRL-2539). Luciferase expression was monitored in extracted 

tissues with Promega Luciferase Assay Reagents (Madison, WI) as previously 

described[23]. All animal procedures were approved by the University of Colorado Institute 

for Animal Care and Use Committee in accordance with guidelines from the National 

Institutes of Health.

Cytokine/Chemokine Response

A separate set of tumor-bearing mice were used to quantify levels of specific cytokines and 

chemokines after repetitive injection of lipoplexes. In addition to the lipoplex formulation 

described above, mice were treated with phosphate buffered saline (negative control), 

lipoplexes formulated with 5% DSPE-PEG2000 (Avanti), CpG-containing plasmid 

(Valentis, Inc.), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP; Avanti) instead of 

sphingosine, or Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as previously described [19, 

20, 22, 25]. In these studies, a single mouse was treated with each formulation as described 

above, and blood was collected in Eppendorf tubes 2 h after the second injection of 

lipoplexes. Serum samples were obtained per manufacturer’s instructions: samples were 

allowed to clot for 30 minutes, spun at 2,000g for 15 minutes, and serum was recovered 

(R&D Systems, Minneapolis MN). Samples were assayed for cytokine/chemokine activity 

via manufacturer’s instructions using the mouse cytokine array panel A (#ARY006 from 

R&D Systems, Minneapolis MN). The 2 h time point after the second injection was chosen 

because that is when cytokine/chemokine response was shown to be maximized in previous 

studies[26].

Determination of Plasmid Levels in Tissues

To determine delivery of plasmid DNA to mouse tissues, animals were sacrificed 24 h after 

the first and fourth intravenous administration of lipoplexes, and their organs were harvested 

and flash frozen in liquid nitrogen. Organs were then thawed, weighed, and DNA was 

extracted using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Germantown, MD). 

Quantitative PCR (qPCR) was then performed on the samples using QuantiTech RTPCR Kit 

(Qiagen, Germantown, MD) on an Applied Biosystems 7500 RTPCR instrument (Grand 

Island, NY). A standard curve of pure plasmid was used for quantification as well as 

amplicon efficiency factors that account for amplification that is not perfectly efficient (as 

suggested by the Applied Biosystems 7500 Manual referencing Fenster et al. “Real-Time 

PCR.” Current Protocols Essential Laboratory Techniques, 2009: 10.3.1–10.3.33).

Blood Levels

To determine blood levels of the lipoplexes, individuals were bled at 5, 30, 60, 240, and 

1440 minutes after each injection using their submandibular veins. Briefly, mice were 
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anesthetized using isoflurane and then bled by lancing the submandibular vein on the cheek 

per standard protocol. Blood was collected in tubes containing sodium citrate 

(anticoagulant) and spun (2,000 x g for 10 minutes) to remove red blood cells, and the 

resulting plasma was then prepped for qPCR using Qiagen DNeasy Blood and Tissue Kit. 

qPCR was performed as previously described using the QuantiTech RTPCR Kit (both 

Qiagen, Germantown, MD) and a standard curve of pure plasmid[19, 22].

Extraction Efficiency

In order to determine the extraction efficiency of the Qiagen DNeasy Blood and Tissue Kit 

(Qiagen, Germantown, MD), plasmid DNA (50 μg) was injected into organs freshly 

harvested from Balb/c mice. Each organ was processed per the Qiagen DNeasy protocol, and 

plasmid quantified by qPCR. A standard curve of pure plasmid was used, and the calculated 

extraction efficiencies were used to adjust DNA recoveries in our experiments.

In vivo Imaging

Luciferase expression in Balb/c mice was imaged at different times (see Fig. 5) using the 

IVIS imaging system (Xenogen Corp., Alameda, CA) in the University of Colorado Animal 

Facility as previously described[22]. Briefly, tumor-bearing mice were injected 

intraperitoneally with D-firefly luciferin substrate (150 mg/kg; Xenogen Corp.) ten minutes 

prior to anesthetizing mice (2.5% isoflurane in 5 L O2/min). At each timepoint, anesthetized 

mice were placed in a light-tight chamber and imaging is performed. Images were processed 

with Living Image software, and representative images were selected for the panels in Figure 

5. After the final timepoint (240 h, four injections), tumor volumes in mice were 200–500 

mm3, and tissues were extracted as described above.

Liver Toxicity

A separate set of mice subjected to the same treatment protocol were used for ALT 

measurements, and liver toxicity was assessed by monitoring the levels of alanine 

aminotransferase (ALT) after the first, second, and fourth injections of either lipoplexes or 

saline. Blood was collected from the submandibular vein of experimental animals as 

described above, and enzyme levels were assessed with an Alanine Transaminase Activity 

Assay from Abcam PLC (Cambridge, MA) as previously described[19].

Results

Blood Levels

Considering the accelerated blood clearance (ABC) phenomenon in which subsequent doses 

of PEGylated liposomes are cleared more rapidly than the initial dose [27, 28], we assessed 

blood levels of lipoplexes lacking PEG after four intravenous administrations in 

immunocompetent Balb/c mice bearing 4T1 tumors. Tumor-bearing mice were administered 

four doses of lipoplexes via tail vein injection (one dose every three days), and blood 

samples were collected after each injection as described above. Consistent with our previous 

studies in immunocompetent mice[19], lipoplexes were cleared rapidly from the plasma 

(Figure 1). Plasmid was detected at very low levels in the plasma for 24 h after the initial 

dose, in contrast to subsequent doses (Fig. 1). However, no statistical difference between the 

Betker and Anchordoquy Page 5

J Pharm Sci. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AUC of the first dose and that of subsequent doses was observed (two-tailed t test; p > 0.14). 

We point out that the majority of the injected dose is cleared almost immediately (within 5 

min), consistent with other pharmacokinetic studies of lipoplexes[12, 15, 29–31]. It should 

be noted that the inherent variability among mice combined with the low number of animals 

used in our study (n = 3) may prevent us from statistically resolving small differences in 

blood profiles. Although a larger cohort of mice might reveal some differences in blood 

clearance, our results indicate that any differences are likely minimal.

Cytokine/Chemokine Response

Previous studies have demonstrated that immunogenicity and the corresponding cytokine/

chemokine response can alter the pharmacokinetics upon repetitive administration[7, 18, 32, 

33]. Accordingly, we investigated the effects of specific alterations in our lipoplex 

formulations on the cytokine/chemokine response elicited after repetitive administration. 

Our experiments quantifying relative levels of 37 different cytokines and chemokines show 

that Keratinocyte Chemoattractant (KC) was the only chemokine that was elevated above 

that observed with PBS upon repetitive intravenous administration of the sphingosine-based 

formulation (Figure 2, Table I). Formulation of this lipoplex with a plasmid containing 

extensive CpG sequences elicited elevated levels of IL-1alpha, IL-7, and IL-13 in addition to 

KC. In contrast to these relatively specific changes due to CpG sequences, PEGylation of the 

sphingosine-based lipoplex elicited elevation in 30 of the 37 measured cytokines and 

chemokines (Table I). While lipofectamine-based lipoplexes elicited elevated levels in every 

cytokine, substitution of DOTAP for sphingosine caused elevation in 11 cytokines. With the 

exception of the lipofectamine-based lipoplexes, most cytokine and chemokine responses 

were only mildly elevated, and specific values for selected cytokines and chemokines are 

depicted in Figure 2.

Tumor Accumulation and Expression

As described above, our dosing protocol involved four doses administered at three-day 

intervals. Because the lipoplexes are rapidly cleared from the blood, there should be minimal 

potential for any dose to contribute to additional organ accumulation in the subsequent 

dosing (i.e., three days after injection). Accordingly, each injection of lipoplexes would be 

expected to result in similar accumulation in the tumor. In fact, considering the more 

prolonged circulation of a small portion of lipoplexes from the first dose, one might expect 

that subsequent doses would contribute less to tumor accumulation. Furthermore, any 

plasmid that accumulates in the tumor (or any organ) would be expected to be degraded in 

and/or cleared from that tissue, and therefore we predicted that plasmid levels in the tumor 

after the fourth injection could only be a maximum of four-fold that observed after a single 

dose. However, our data indicate that both plasmid levels (26-fold) and luciferase expression 

(10-fold) in the tumor are enhanced by more than four-fold after the fourth dose as 

compared to that after a single administration (Fig. 3). We suggest that the lower 

enhancement of expression as compared to plasmid levels may be due to plasmid 

accumulated in the tumor that may still be in the process of being expressed, e.g., has yet to 

be internalized, dissociated from the lipid carrier, or gain access to the nucleus. This same 

phenomenon could potentially explain why luciferase expression is enhanced by more than 

fourfold after a series of four injections, i.e., some plasmids delivered after a single injection 
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have yet to be expressed at 24 h, but may be available for expression at later timepoints. 

While such an effect could potentially account for the boost in luciferase activity, this 

explanation is not applicable to the 26-fold enhancement in plasmid accumulation that we 

observe.

Accumulation and Expression in Organs

The effect of repetitive administration on the accumulation of plasmid in different organs 

was more consistent with the expectation that enhancement after four administrations would 

be somewhat less than four-fold that observed after a single injection. The enhancement in 

plasmid levels in the liver, lung, spleen, and kidney ranged from 1.1- to 3.6-fold, with the 

heart exhibiting much lower levels that were enhanced 7.1-fold, as compared to a single 

injection (Fig. 4A). Although expression often does not correlate strongly with plasmid 

levels, luciferase activity was enhanced by greater than two orders of magnitude in each of 

the organs, varying between 210- and 815-fold as compared to that seen after a single 

injection (Fig. 4B). It is surprising that the modest increases in plasmid accumulation after 

four doses resulted in such dramatic increases in expression in each organ. This effect is 

especially perplexing considering that the exact opposite trend was observed in the tumor, 

i.e., plasmid levels were enhanced to a greater extent than expression. Although we cannot 

reach definitive conclusions regarding the mechanisms involved, these data clearly suggest 

that the process by which plasmid is internalized and expressed is fundamentally different in 

the tumor as compared to other organs.

Liver Toxicity

Liver toxicity was assessed by measuring the levels of alanine aminotransferase (ALT) in the 

blood 24 h after the first, second, and fourth injection. In addition, blood samples were also 

collected at 48 h and 72 h after a fourth injection to monitor the ability of the liver to recover 

from repetitive injections. A separate set of tumor-bearing mice was also administered PBS 

as a control to determine the extent to which ALT levels are altered in response to repetitive 

injections. As shown in Figure 5, ALT levels 24 h after a single dose of lipoplexes were 

comparable to that exhibited by mice administered PBS. However, ALT levels were elevated 

by almost four-fold 24 h after the second and fourth dose, as compared to that observed after 

a single dose of lipoplexes. ALT levels gradually receded after the fourth dose eventually 

reaching levels that were elevated less than two-fold after 72 h, as compared to that seen 24 

h after a single injection of lipoplexes (Fig. 5).

In vivo Imaging

Luciferase expression in live mice was imaged 24 h and 72 h after the first three injections, 

and 24 h after the fourth injection. Figure 6 shows representative images at each time point 

from three different mice. The most striking result is the wide distribution of expression 24 h 

after each injection as compared to expression 72 h after each injection which is largely 

confined to the tumor. It is important to remember that the imaging of luciferase expression 

is highly depth-dependent, and therefore images that depict luciferase activity that is limited 

to the tumor should not be interpreted as evidence that expression occurs only in the tumor. 

Furthermore, organs were only extracted 24 h after the first and fourth injection, therefore 

reliable quantification of plasmid levels and luciferase expression at timepoints where 
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imaging depicts expression primarily localized to the tumor (i.e., 72 h after each injection) 

was not possible. Attempts to quantitatively evaluate images from these experiments did not 

yield consistent results. However, successive images in each mouse show a general trend of 

progressively increasing luciferase expression in tumors after each dose of lipoplexes.

Discussion

The goal of repetitive dosing of traditional pharmaceuticals is to maintain blood levels at 

therapeutic levels. Accordingly, a subsequent dose is timed such that the declining blood 

levels from the previous dose are boosted to maintain the minimum therapeutic drug 

concentration. This conventional paradigm assumes that each dose displays similar 

pharmacokinetics, which is typical for small molecule drugs. However, macromolecular 

therapeutics and particulate delivery systems administered intravenously can elicit immune 

responses that alter the clearance of subsequent doses[27, 28, 34–40]. This effect has been 

extensively characterized for PEGylated liposomes due to the concerns over immune 

responses to PEG conjugates; we and others have questioned the advantages of PEGylation 

when it comes to drug delivery, especially when pursuing intracellular delivery[5, 9, 11, 38, 

41]. In contrast, it has been reported that liposomes lacking PEG elicit minimal, if any, 

immune response that would result in accelerated blood clearance[28, 36, 37]. Our data with 

lipoplexes lacking PEG are consistent with these latter reports, and no significant differences 

between injections were observed. Admittedly, the small number of animals used in our 

study could have obscured differences that might be observed in a larger cohort. However, 

the lipid doses administered in our study (12.6 μmole/kg) are considerably higher than those 

of PEGylated liposomes employed in studies reporting an ABC effect (0.001 μmole/kg 

priming dose, 5 μmole/kg subsequent dose)[28, 42]. Moreover, a three-day interval between 

injections of PEGylated liposomes was found to cause dramatic changes in blood levels (p < 

0.005) [28, 42], further indicating that our formulation exhibits minimal, if any, accelerated 

blood clearance.

In addition to PEGylation, it is important to recognize that the DNA in delivery systems can 

also elicit an immune response that could potentially contribute to accelerated blood 

clearance [20, 24, 43]. In order to reduce the potential immune response to the plasmid used 

in our experiments, we have minimized the number of CpG motifs. Also, the lipoplexes 

employed here are comprised of naturally-occurring lipids (i.e., phosphatidylcholine, 

cholesterol, sphingosine) which greatly reduce their toxicity and potential immunogenicity, 

as compared to other gene delivery vehicles[20]. Consistent with the absence of accelerated 

blood clearance, the cytokine/chemokine response to repeat administration of our 

formulation is comparable to that for saline, with the exception of KC (Figure 4, Table I). 

Although incorporation of a plasmid containing extensive CpG sequences caused mild 

elevation of three additional cytokines, formulations containing DOTAP, PEG or 

lipofectamine elicited elevation of a large number of cytokines and chemokines. These 

findings are consistent with previous studies showing a correlation between cytokine/

chemokine responses and the IgM production responsible for accelerated blood 

clearance[32, 33, 44, 45]. In particular, IL-6 and IFN-gamma are related to IgM production 

in B cells, but neither of these were elevated when the sphingosine-based formulation was 

administered, which likely contributes to the lack of accelerated blood clearance we 
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observe[33, 46]. We conclude that the lipoplex modifications we have employed appear to 

make it unnecessary to co-administer liposomal chemotherapeutics in order achieve safe 

sequential administration as reported by Kiwada and colleagues [7, 32, 47].

Curiously, repeat administration of the sphingosine-based formulation did elicit elevated 

levels of KC; a chemoattractant that recruits leukocytes. While immune cell recruitment is 

characteristic of inflammatory responses, recruitment alone is not sufficient for 

inflammation[48]. Previous studies have shown elevated KC in response to liver injury[49], 

consistent with the higher ALT measurements we observe (Fig. 5). More specifically, 

elevation of KC is associated with a damage response, as opposed to the danger response 

that would be elicited upon invasion by exogenous (“non-self”) entities[48]. We believe that 

the ability of our particles to avoid triggering the foreign body response likely allows us to 

elude the specific IgM production responsible for accelerated blood clearance, thereby 

enabling safe, repetitive administration.

Our observation that repetitive administration enhances delivery is consistent with previous 

studies with both plasmid DNA and siRNA[6, 12, 14, 17]. In contrast, a recent study by 

Lindberg et al. reported that repeat administration of lipoplexes was only able to regain (i.e., 

not increase) expression levels observed after an initial dose[18]. Furthermore, these authors 

clearly demonstrated that a refractory period of several weeks was required between 

administrations in order to achieve transgene expression comparable to the initial dose, 

consistent with other studies[50, 51]. Our results differ sharply from these observations, and 

suggest that delivery is increased beyond that seen after the initial administration, and this 

was achieved by successive injections that were just three days apart. Consistent with the 

lack of a refractory period with our lipoplexes, we have observed similar increases in 

expression when four injections were administered at only one day intervals (data not 

shown). The refractory period observed in previous studies is thought to be closely related to 

immunostimulatory effects of both the nucleic acid and the delivery vehicle[18, 51, 52]. As 

described above, we have utilized a plasmid with minimal CpG sequences, avoided the use 

of PEGylation, and employed naturally-occurring lipids, and we propose that these factors 

are responsible for the lack of cytokine/cytokine response and refractory period observed in 

our study. However, our study only evaluated a single dose of lipoplexes, and additional 

studies would be required to determine if a refractory period would be observed at different 

doses and/or dosing intervals.

Curiously, the enhancement of both plasmid accumulation and expression after repetitive 

administration showed opposite trends, i.e., the increase in plasmid accumulation exceeded 

that of expression in the tumor whereas the enhancement in plasmid expression greatly 

exceeded that of accumulation in the other organs (compare Figs 3+4). These distinctly 

different trends suggest that the timing of plasmid delivery relative to expression is 

fundamentally different in tumors as compared to other organs. More specifically, plasmid 

levels in the tumor at 24 h were > 5-fold lower than that in the liver, lung, spleen or kidney, 

yet luciferase activity in the tumor was higher than any of these organs. Moreover, luciferase 

activity at 24 h was 11% higher in the tumor than in the lung, despite plasmid levels that 

were 90% lower! These results indicate that plasmid delivered to the tumor is more readily 

available for expression, in agreement with previous findings [53, 54]. This is consistent 
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with the lower degree of expression enhancement in the tumor (10-fold) after repetitive 

injections as compared to that observed in the other organs (> 200-fold) due to more rapid 

expression of delivered plasmids in the tumor at 24 h. This effect could potentially be due to 

the greater rate of cell division in tumors that allow plasmids to more readily access the 

nucleus as compared to cells associated with other tissues that divide more slowly[55–58]. 

According to this hypothesis, plasmid delivered to non-tumor cells exhibit delayed 

expression due to reduced rates of cell division, and this contributes to the much larger 

enhancement of expression observed at later times (i.e., after 4 injections). Considering that 

the lifetime of free plasmids in the cytoplasm is only 50–90 minutes[59, 60], the rate of 

lipoplex dissociation likely plays a role in maintaining plasmid integrity prior to mitosis. 

Alternatively, differences in cell type between tumors and other tissues (e.g., macrophages in 

lung, liver, and spleen) might result in dissimilar trafficking and/or more rapid degradation 

of internalized plasmid.

In addition to the very different trends in luciferase activity noted above, repetitive 

administration was able to enhance plasmid delivery to the tumor to a much greater extent 

than in other organs (compare Figs. 3A and 4A). This curious result is consistent with the 

enhanced delivery to tumors observed in previous studies employing repetitive injections[6, 

12, 14], but the precise mechanism responsible for this effect is unclear. Previous studies 

have suggested that cell killing due to co-administration of liposomal chemotherapeutics 

reduces interstitial pressure and increases interstitial space within the tumor, which is 

proposed to facilitate accumulation from subsequent injections[7, 32, 47]. While this may be 

an effective strategy for enhancing tumor accumulation, our experiments did not employ 

chemotherapeutics, and thus we do not feel that these mechanisms are relevant to our 

observations. However, the vasculature of tumors, in contrast to established organs, is 

rapidly changing, and thus it is possible that particle deposition alters tumor vascularization. 

Such an effect has recently been described by Sabnani et al.[61], and earlier studies have 

demonstrated that particulate delivery systems primarily deposit on the tumor 

vasculature[14, 15, 62]. Therefore, it is possible that particle deposition selectively 

stimulates greater vascularization in the tumor, which thereby enhances delivery via 

subsequent injections. Alternatively, the rapid growth rate of 4T1 cells can cause a 

significant difference in tumor vascularity and size between the first and fourth injections 

that might alter particle deposition[63]. Further studies would need to be conducted to test 

these hypotheses.

The images in figure 6 show a broad initial distribution throughout the body after 24 h that is 

predominantly confined to the tumor 72 h after each injection. Similar images have been 

generated after administration of fluorescently-labelled macromolecules, and the localization 

to the tumor in later images has been presented as evidence for reduced lymphatic clearance 

according to the enhanced permeation and retention effect[64]. But it is important to realize 

that our images are fundamentally different because they depict expression of a delivered 

plasmid by recipient cells as opposed to distribution of the administered particles. As 

discussed above, previous studies have shown that efficient expression of plasmid requires 

cell division[55–58], and thus our images depict the presence of dividing cells throughout 

the body. This finding is consistent with studies showing that lipoplexes administered 

intravenously predominantly transfect the vascular endothelium, which is known to possess 
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rapidly-proliferating cells [14, 15, 65, 66]. However, the images taken 72 h after each 

injection indicate that luciferase expression as detected by the IVIS imaging system is 

dramatically reduced in the majority of the body. The depth dependence of luminescence 

detection complicates interpretations of the images in figure 5[67], but these findings 

suggest that a large fraction of the luciferase expression present in tissues at 24 h is not 

observed at 72 h. Furthermore, this effect was clearly evident after each of the first three 

injections, and we speculate that transfected cells of the rapidly dividing vascular 

endothelium are routinely sloughed off, resulting in the apparent disappearance of 

expression after 72 h. This suggestion is consistent with studies showing that cell 

proliferation in the vascular endothelium occurs continuously due to injury from normal 

blood flow, and that damaged cells are sloughed into the bloodstream and eliminated [68, 

69]. It is possible that additional injury is produced during intravenous injection (especially 

in animal models), which could further contribute to our observations. Although 

quantification of the extent to which plasmid accumulates in non-vascular tissues after 

repetitive injection would require more sophisticated experimentation, we hypothesize that 

characterization at later timepoints (i.e., ≥ 72 h) might provide results that more accurately 

reflect delivery to cells outside of the vasculature. The fact that the images do not depict 

dramatic reductions in luciferase activity within the tumors suggests that lipoplexes were 

able to more readily access longer-lived cells within the tumor, consistent with the altered 

vasculature associated with tumors[12, 64, 70–73].

In conclusion, our data demonstrate that our lipoplex formulation is rapidly cleared from the 

plasma, and we do not observe the ABC phenomenon described for PEGylated liposomes. 

While the lack of PEGylation in our delivery system may be responsible for the rapid blood 

clearance, this may also explain why the ABC effect was not evident. Furthermore, we 

suggest that the low CpG content and less aggressive promoter in our plasmid combined 

with the low amounts of naturally-occurring lipids in our delivery vehicle result in minimal 

immunostimulation that allows effective repetitive administration without the ABC or 

refractory period observed in other studies. This suggestion is consistent with the low 

cytokine/chemokine response we observe after repetitive administration of our sphingosine-

based lipoplex. Plasmid levels in the tumor after a single injection were relatively low 

compared to other organs, but accumulation was comparable on a per gram tissue basis after 

four injections administered at three-day intervals. In contrast, luciferase expression was 

higher in the tumor 24 h after the initial injection, but lower than lung, liver, and spleen 24 h 

after the fourth injection. Liver enzyme (ALT) levels were slightly elevated (2X that of 

saline) after the first injection, and became more highly elevated after subsequent 

administrations. In vivo imaging revealed a wide distribution of expression throughout the 

body 24 h after each injection that was predominantly confined to the tumor after 72 h. Most 

importantly, these results demonstrate that plasmid levels and reporter gene expression in the 

tumor are greatly enhanced after repetitive administration. The observation that delivery is 

enhanced by much greater than four-fold after four injections suggests that an administration 

of lipoplexes may preferentially affect the tumor environment in a way that promotes tumor 

uptake and/or retention of subsequent doses. Future studies will investigate the extent to 

which these observations are applicable to other lipoplex formulations and/or tumor models.
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Figure 1. 
Plasma was collected from mice 5, 30, 60, 240, and 1440 minutes after each intravenous 

administration of lipoplexes, and plasmid was subsequently quantified by qPCR. Symbols 

and error bars represent the mean and one standard error of samples taken from three mice.
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Figure 2. 
Relative levels of specific cytokines/chemokines elicited 2 h after a second intravenous 

administration of PBS or lipoplexes formulated with sphingosine, CpG-containing plasmid, 

5% DSPE-PEG 2000, DOTAP, or lipofectamine. Individual cytokines/chemokines are shown 

in separate panels.
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Figure 3. 
Plasmid levels (A) and luciferase expression (B) were quantified in tumors extracted from 

mice 24 h after the first and fourth administration of lipoplexes. The bars represent the mean 

and one standard error of six tumors extracted from three mice. Asterisks indicate 

statistically significant differences (p < 0.0001).

Betker and Anchordoquy Page 18

J Pharm Sci. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Plasmid levels (A) and luciferase expression (B) were quantified in tissues extracted from 

mice 24 h after the first and fourth administration of lipoplexes. The bars represent the mean 

and one standard error of tissues extracted from three mice. Note log scale in B. Asterisks 

indicate statistically significant differences (p < 0.05).
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Figure 5. 
Blood levels of ALT were measured after intravenous injection of lipoplexes (dark bars) or 

PBS (light bars). The bars represent the mean and one standard error of ALT levels in blood 

extracted at each timepoint from three mice. Asterisks indicate statistically significant 

differences (p < 0.004).
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Figure 6. 
Luciferase activity was imaged in mice 24 and 72 h after repetitive injections of lipoplexes. 

Each row of images was taken from an individual mouse at the indicated times.
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