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Abstract

It is becoming increasingly clear that the intravenous administration of nanoparticles elicits 

an immune response that compromises delivery efficiency and can be life threatening. This 

study investigated both the systemic and tissue-level cytokine response to repeat administration 

of lipoplexes coated with either lactose or PEG. We report that blood cytokine levels differ 

significantly from that observed in individual tissues. While we consistently observed a reduced 

cytokine response to lactosylated particles, this did not result in enhanced delivery or expression 

as compared to PEGylated formulations. We also document that repeat injection did not increase 

plasmid levels in the liver, lung, or spleen, but delivery to the tumor was enhanced under these 

conditions. In addition, we show that changes in neither blood nor tissue cytokines correlated 

strongly with reporter gene expression, and we observed relatively constant expression efficiencies 

(RLU/ng plasmid) across all tissues despite a considerably reduced cytokine response in the tumor. 

Together, these results indicate that both biodistribution and cytokine responses are dramatically 

altered by a repeat intravenous injection of lipoplexes, and that the mechanisms regulating reporter 

gene expression are not straightforward.
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INTRODUCTION

Many studies have documented the biodistribution and clearance of both synthetic (e.g., 

liposomes, polymeric nanoparticles, lipoplexes) and “natural” (e.g., viruses, exosomes) 

nanoparticles1–5. The vast majority of this work has focused on applications for cancer 

treatment and therefore utilized tumor-bearing mouse models6–9. As a method of improving 

cancer treatment, researchers have attempted to develop delivery systems that preferentially 

target tumors9–13. In this regard, it is generally considered advantageous to design particles 

for prolonged circulation in order to maximize accumulation in the tumor1, 7, 8, 14. The 

predominant strategy for extending circulation times involves utilizing a polyethyleneglycol 

(PEG) coating to prevent uptake by phagocytic cells involved in clearance. However, a 

significant drawback of utilizing PEGylated components is the development of anti-PEG 

antibodies that dramatically accelerate clearance of repeat intravenous doses of PEGylated 

nanoparticles15–20. This phenomenon is known as “accelerated blood clearance” (ABC) 

and greatly limits the effectiveness of subsequent injections21–24. These effects not only 

compromise delivery to tumors but can also elicit life-threatening immune reactions that 

have forced the termination of clinical trials16, 17. In fact, high levels of pre-existing anti-

PEG antibodies have been correlated with adverse events during the infusion of therapeutic 

nanoparticles, and clinical trials in the U.S. are now required to monitor these antibodies 

before and after treatment16, 17, 20, 25–27. Accordingly, we and others have investigated 

alternative coatings that are less immunogenic7, 21, 28–30.

Despite the predominant focus on the production of antibodies in response to nanoparticles, 

it is important to recognize that accelerated blood clearance is also observed in 

immunocompromised mice that are incapable of mounting an adaptive immune response24. 

It follows that systemic innate immune responses must also contribute to the accelerated 

blood clearance phenomenon in addition to their role in the adverse infusion reactions 

noted above. In the context of evaluating the potential for adverse immune responses during 

infusion, studies have monitored the levels of blood cytokines at relatively early timepoints, 

i.e., 1–4 h31–33. It is worth noting that the inclusion of nucleic acids appears to enhance 

the immunogenicity of PEG which further complicates the development of delivery vehicles 

for siRNA, mRNA, and genes24, 32. Our previous work has characterized the effects of 

different formulation variables (e.g., CpG, lipids, coatings) on the early cytokine response 

after repeated intravenous administration, and we have demonstrated that PEGylation elicits 

a potent, wide-ranging elevation of blood cytokines33.

In addition to the heightened immunogenicity of PEG and the potential for systemic 

cytokine responses, it should also be recognized that mammalian cells have an extensive 

system for detecting the presence of foreign nucleic acids within the cytoplasm34–37. This 

intricate detection system has evolved as a defense against viral infection and includes 

dozens of distinct mechanisms for preventing the expression of viral genes. Not surprisingly, 

this compromises the expression of plasmids containing a viral promoter (e.g., CMV), and 

it can also complicate the prolonged expression of therapeutic mRNA38–43. Although these 

antiviral mechanisms are intracellular, infected cells produce cytokines that are secreted 

locally to inhibit viral replication in neighboring cells34, 37, 44. It follows that cytokines 

involved in an antiviral response that limits gene expression are more localized and 
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prolonged than those associated with a systemic infusion reaction. Therefore, the tissue-level 

antiviral response may not be accurately reflected by blood cytokine levels, especially when 

measured at early time points. Accordingly, we monitored both blood and tissue cytokines 

24 and 72 hours after repeated intravenous administration of lipoplexes formulated with 

different coatings in an attempt to gain insight into the systemic and tissue-level immune 

responses elicited by lipoplexes and their effects on gene expression. Importantly, these 

experiments were conducted in a fully immunocompetent mouse strain bearing a murine 

colon tumor (CT26).

MATERIALS AND METHODS

Materials

Cholesterol, diarachidoyl-sn-glycero-3-phosphocholine (DAPC), sphingosine, 

lactosylceramide (C-16), and PEG750-ceramide (C-16) were obtained from Avanti Polar 

Lipids (Alabaster, AL).

Lipoplex preparation

Lipids were dissolved in chloroform and used to prepare liposomes comprised 

of sphingosine:cholesterol:DAPC at a mole ratio of 3:2:5 in water as previously 

described33, 45–48. Briefly, the lipid mixture was dried with nitrogen gas to achieve a thin 

film that was incubated under vacuum overnight before rehydration with distilled water and 

sonication to achieve clarity (1 – 2 min). Lactosylceramide or PEG-ceramide were included 

in the chloroform-lipid mixture and incorporated into liposomes at a 5% mole ratio as 

previously described21. Lipoplexes were prepared by combining liposomes at an N/P ratio 

of 0.5 with an equal volume of an altered (CMV removed, ROSA26 added) pSelect-LucSh 

(Invivogen, San Diego, CA) plasmid encoding luciferase (purified and eluted in water via 

the “salt-sensitive” protocol, and stored at −20 °C)45, 49. The diameters of these preparations 

were 237.9 ± 7.5 (lactose) and 273.4 ± 10.4 (PEG) nm as reported previously21.

Animal studies

For in vivo experiments, lipoplex preparations were concentrated by centrifugation with 

a centricon filter as previously described4, 50, and they were then diluted 1:1 (v/v) with 

12% hydroxyl ethyl starch (MW 250,000, Fresenius; Linz, Austria) immediately prior to 

intravenous administration. Prior to treatment with lipoplexes, female immunocompetent 

balb/c mice 6–8 weeks old were purchased from Jackson labs (Bar Harbor, ME) and 

inoculated in the flank with 1 × 106 CT26.WT cells (murine colon carcinoma, ATCC® 

CRL-2638). When tumor volumes reached approximately 80–100 mm3 (≈ 7 days), each 

mouse received an intravenous tail vein injection of lipoplexes, and the animals were 

sacrificed 24 or 72 h after the first or second injection. In an attempt to simulate clinical 

infusion, suspensions containing 50 μg plasmid in 200 μl were slowly injected (over 

approximately 10 seconds) via tail vein as previously described48, 51. We have demonstrated 

that this approach sharply reduces expression in tumors and organs (> 100-fold) by avoiding 

hydrodynamic effects of a rapid bolus injection that are known to enhance delivery (data 

not shown)21, 52. Luciferase expression was monitored in extracted tissues with Promega 

Luciferase Assay Reagents (Madison, WI) as previously described53. All animal procedures 
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were approved by the IACUC committee of The University of Colorado Anschutz Medical 

Campus and conformed to the guidelines established by the National Institutes of Health.

Measurement of Plasmid Blood Levels

To monitor plasmid levels in the blood, mice were bled (15–50 μl) at 60 minutes using 

their submandibular veins as previously described33, 46, 48. Whole blood was collected and 

centrifuged (2,000 × g for 10 minutes) to separate plasma from the blood cell fraction, 

and each sample was prepared with a Qiagen DNeasy Blood and Tissue kit (Qiagen, 

Germantown, MD). Both the plasma and cell pellet were treated with the included lysis 

buffer per manufacturer’s instructions. The samples were then subject to quantitative PCR 

using a QuantiTech RTPCR Kit (Qiagen, Germantown, MD) on an Applied Biosystems 

7500 RTPCR instrument (Grand Island, NY). A standard curve of pure plasmid was 

used to determine quantity. Although our PCR measurements do not directly determine 

whether the plasmid is associated with the lipoplex, previous studies have shown that 

free plasmid composed of naturally-occurring nucleotides is completely degraded (i.e., 

not detectable) within 10 min of intravenous administration in a mouse54. While some 

studies have employed chemically-modified nucleotides that impart nuclease resistance, our 

study utilized unmodified DNA and thus we assume that the reported levels predominantly 

represent plasmid that is protected from degradation by its association with lipoplexes.

Determination of plasmid levels in tissues

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

72 h after each lipoplex administration, and extracted organs were harvested and flash 

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

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

described above33, 45, 46, 48. Quantitative PCR (qPCR) was performed on tissue samples 

using QuantiTech RTPCR Kit (Qiagen, Germantown, MD) on an Applied Biosystems 

7500 RTPCR instrument (Grand Island, NY)55. A standard curve of pure plasmid was 

used for quantification in addition to amplicon efficiency factors that account for different 

efficiencies of amplification33, 46, 48, 55. We have previously determined the extraction 

efficiencies of plasmid from isolated organs, and these values were used to calculate the 

plasmid levels depicted in the results46. It should be noted that the amplified PCR fragment 

is 1072 base pairs representing approximately one-sixth of the plasmid sequence. Therefore, 

our methods cannot distinguish between intact plasmid and large fragments that encode 

both primer sites. Previous studies have shown that free plasmid is rapidly degraded in 

tissues54, 56, and thus the presence of large fragments would be unlikely at the time points 

(24 and 72 h) used in our experiments.

Cytokine Response

A separate set of tumor-bearing mice was used to quantify cytokine levels after repetitive 

injection of lipoplexes. In addition to the coated lipoplex formulations described above, 

mice were treated with phosphate buffered saline as a negative control33. In these studies, 

triplicate mice were treated with lipoplex formulations as described above, and blood 

was collected 24 and 72 h after both the first and second injection of lipoplexes (3-day 

interval). Serum samples were allowed to clot for 30 minutes and spun at 2,000 × g for 15 
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minutes per manufacturer’s instructions (R&D Systems, Minneapolis MN). For solid tissues 

(liver, lung, spleen, tumor), extracted tissues were homogenized in buffer and cytokines 

extracted/quantified as described by the manufacturer. Samples were assayed in triplicate 

for interferon gamma (IFN γ), interleukin 6 (IL-6), and tumor necrosis factor alpha (TNF 

α) and using ELISA kits purchased from R&D Systems (Minneapolis MN). The limits of 

detection of IFN γ, IL-6, and TNF α are 2, 1, and 7 pg/mL for blood and 20, 40, 140 pg/g 

for tissues, respectively.

In vitro Experiments

Murine colon carcinoma (CT26.WT) cells were cultured at 37 °C, 5% carbon dioxide with 

100% humidity in Minimum Essential Media (MEM), 10% fetal bovine serum (FBS), 50 

U/ml penicillin, 50 μg/ml streptomycin (all media from Cellgro MediaTech Inc., a Corning 

Acquisition, Manassas, VA) as previously described45, 57. Cells were seeded at 20,000 cells/

well in 96-well plates 24 hours prior to treatment. Lipoplexes were pre-incubated 1:1 v/v 

in FBS (i.e., 50% FBS to mimic in vivo serum protein conditions) for 30 minutes prior 

to dilution to 10% FBS with 100% MEM and then administered to cells for transfection. 

Formulations were applied to the center of each well and allowed to incubate for 4 hours 

as described previously45, 57. After 4 hours, the transfection media was carefully removed, 

cells were washed with PBS, and then returned to 10% FBS growth media. At the indicated 

times, cells were lysed with 30 μl Promega lysis buffer in the −80 °C freezer according to 

manufacturer’s instructions (Promega, Madison, WI). The lysates were divided into three 

fractions; one fraction (40 uL) was used for quantitative PCR measurements as described 

above, and the other fraction (80 uL) was assayed for protein content with a Bio-Rad protein 

assay (Bio-Rad, Hercules, CA) on a 96-well THERMOmax plate reader (Molecular Devices, 

Sunnyvale, CA). The third fraction (40 uL) was used for luminescence quantification on 

a Monolight Luminometer according to manufacturer’s instructions (BD Biosciences, San 

Jose, CA) as previously described45.

Statistics

Significance was determined using a two-tailed unpaired t test and Taylor Series was used to 

calculate error for the in vitro PCR and luminescence measurements as different replicates 

were used including additional technical replicates on qPCR. All statistics and calculations 

were done with GraphPad Prism Software (San Diego, CA).

RESULTS

Lipoplexes were formulated with either 5% lactosylceramide or 5% PEG-ceramide and 

repeat administered (3-day interval) to tumor-bearing mice via tail vein injection. This 

dosing interval is consistent with our previous studies and is sufficient to avoid any potential 

saturation of uptake mechanisms that could affect repeat injections5, 33. To assess the role 

of coatings on accelerated blood clearance, blood was collected 1 h after each injection, 

and plasmid levels were assessed in both the plasma and cell fraction. As shown in 

figure 1, both coatings exhibited comparable levels (60–80% of injected dose) of plasmid 

in the blood (plasma + cell fractions) 1 h after the first injection, with the majority 

associated with the plasma. In contrast, both formulations were predominantly found in 
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the cell fraction 1 h after the second injection with greater levels of plasmid from the 

lactose formulation in the plasma and higher amounts of PEGylated lipoplexes associated 

with blood cells. These results are consistent with our previous studies showing longer 

plasma circulation times provided by PEG as compared to lactose after a single injection21 

and also with the accelerated clearance of PEGylated liposomes after repeat injections 

described in prior studies22–24, 58. However, we also observe accelerated plasma clearance 

of lactosylated lipoplexes after repeat injection (Fig. 1A). Taken together these results 

suggest that accelerated plasma clearance may be a more general phenomenon, at least for 

lipoplexes, consistent with the potent immune responses that are known to be elicited in 

response to nucleic acid-containing nanoparticles32, 33, 59.

Previous studies have established that clearance by the liver, spleen, and lungs accounts for 

virtually all of the injected dose of lipoplexes after a single injection21, 46, 55. In this study 

we monitored the accumulation of plasmid in these organs as well as the tumor 24 and 72 

h after the first and second injections. After accounting for tissue weights, accumulation 

in the liver (≈ 1 g) was dramatically greater than other tissues (≈ 0.1 g) with significant 

accumulation also occurring in the spleen regardless of the coating (Fig. 2). Surprisingly, 

the second dose did not result in additional distribution to either of these organs or the 

lungs. In contrast to the absence of additional accumulation of the second dose in the liver, 

spleen, and lungs, deposition in the tumor approximately doubled after the second dose. 

Considering the accelerated clearance of the second dose, one might expect diminished 

accumulation. However, the absence of deposition after the second dose, especially in the 

liver and spleen, raises questions as to an alternative fate of repeat doses. The fact that the 

tumor exhibited supplemental accumulation after repeat dosing suggests that the accelerated 

blood clearance does not prevent additional deposition, consistent with our previous study 

demonstrating progressive increases in tumor accumulation after four doses of lipoplexes33.

Changes in luciferase expression between the first and second injection generally 

corresponded with the observed changes in accumulation, i.e., expression in the liver, spleen, 

and lungs was not consistently enhanced after the second injection while that in the tumor 

maintained an approximately two-fold increase (Fig. 3). A closer look at the data reveals 

many cases where expression does not correlate with the amount of plasmid. For example, 

accumulation of plasmid in the liver was comparable for the two formulations (Fig. 2A), 

but expression was markedly higher for PEGylated lipoplexes at all time points (Fig. 3A). 

Similarly, luciferase expression in the spleen initially increased after the second injection 

despite sharp decreases in plasmid levels (compare figs. 2B+3B). Overall, the data indicate 

that expression is not well correlated with delivery, and that tissue type, coatings, timing, 

and repeat injection can each affect the levels of reporter gene expression that are observed 

in delivery studies.

Cytokine levels in the blood are often used as a measure of the innate immune response, 

and excessive cytokines (“storm”) can be problematic32, 60. As mentioned above, cytokines 

are also secreted in response to microbial invasion and can silence gene expression34, 37, 44. 

To evaluate the effect of lactose and PEG coatings on the cytokine response after repeat 

injection, we monitored blood levels of IFN γ, IL-6, and TNF α at 24 and 72 h after each 

injection. As shown in figure 4, each cytokine was elevated 24 h after the initial injection of 
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lipoplexes and decreased to lower but still elevated, levels after 72 h. The second injection 

of lipoplexes elicited an increase in blood cytokines comparable to that seen 24 h after the 

first injection and again levels subsided after 72 h. In most cases, cytokines were more 

elevated after administration of PEGylated lipoplexes as compared to those coated with 

lactose, consistent with our previous findings21.

As compared to changes observed in the blood, all cytokines were significantly more 

elevated in the liver, spleen, and lung 24 h after lipoplex injection (compare Figs. 4 to 

5–7). As seen in the blood, cytokines decreased 72 h after each injection, and PEGylated 

lipoplexes generally elicited greater levels of cytokines than that seen with lactose-coated 

particles. In contrast to blood, all liver, spleen, and lung cytokines were elevated to a greater 

extent after the second injection. In sharp contrast to the striking increases observed in the 

liver, spleen, and lung, cytokine levels remained relatively low in the tumor and exhibited 

concentrations after the second injection that were comparable to that seen after the initial 

injection (Figs. 5D,6D,7D). The overall lower tumor cytokine levels and notable absence of 

a further elevation after the second injection is distinctly different from that observed in all 

other tissues. Consistent with the well-established immunosuppression that is characteristic 

of the tumor microenvironment61–63, tumor cytokine levels were significantly below that 

measured in organs and blood in most cases, regardless of coating(Table 1).

One striking observation is that the levels of blood cytokines do not accurately reflect those 

observed in tissues. In fact, we observed significant differences between blood and tissue 

cytokines in all organs at all timepoints (see Table 2 for statistical analysis). Furthermore, 

this difference was noted for all cytokines suggesting that the measurement of blood 

cytokines that is typically conducted do not accurately reflect innate immune responses 

at the tissue level (compare Fig. 4 to Figs. 5–7).

As mentioned above, cytokines (especially interferons) are secreted as part of an antiviral 

response that functions to combat infection by suppressing viral gene expression35, 37, 40–42. 

In this context, it is important to note that the plasmid used in our studies contains a 

mammalian promoter and has been altered to minimize the CpG sequences and reduce 

immunogenicity33, 49. In order to more clearly determine whether reporter gene expression 

of our plasmid is being affected by changes in tissue cytokines, we utilized our qPCR 

measurements to calculate the efficiency of expression in individual tissues, i.e., RLU/ng 

plasmid. As shown in Figure 8, we observe differences in expression efficiency among 

tissues, coatings, and injections. More specifically, expression efficiency increased sharply 

after the second injection in the spleen but decreased in the lung. Surprisingly, the distinct 

increase in expression efficiency observed in the spleen after the second injection was 

maintained despite large increases in all three cytokines at 96 h and lower levels by 

144 h (compare figs. 5–7+8B). While expression efficiency was relatively constant in the 

liver and tumor, PEGylated lipoplexes consistently resulted in more efficient expression in 

those organs whereas lactosylated formulations exhibited higher efficiency in the spleen 

(Fig. 8). In contrast to what might be expected if cytokines were involved in suppressing 

reporter gene expression, expression efficiency in the spleen was highest after the second 

injection and remained high while all cytokines peaked 24 h after the second injection and 
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subsequently decreased. Taken together, our data are not consistent with a role for tissue 

cytokines in directly modulating reporter gene expression.

As seen in many gene delivery studies, we observed a poor correlation of plasmid levels 

with expression in vivo (Figs. 2 + 3). This poor correlation was even observed within 
individual tissues (Fig. 8). In an attempt to better understand these results, we performed 

in vitro transfection experiments in the same tumor cell line (CT26) that was implanted in 

our mouse experiments. To be consistent with our in vivo experiments, RTPCR was used 

to quantify plasmid levels in our cell preparations in which luciferase expression was also 

quantified at different times after a single treatment with lipoplexes (Fig. 9). It is interesting 

to note that < 10% of the plasmid applied to the cultured cells was present in the cells (after 

4 h), and the amount of plasmid (per mg cellular protein) progressively decreased over 96 

h (data not shown). In addition, our data are consistent with the well established abilities of 

PEG to inhibit interactions with cells and reduce transfection rates19, 64. When considered as 

expression efficiency (i.e., RLU/ng plasmid), it is evident that in vitro expression efficiency 

increases after 24 h in contrast to the relatively stable tumor values observed in vivo. 

Another striking difference is that the in vitro values are >1000-fold higher than those 

observed for the tumor in vivo (compare y axes in Figs. 8 + 9). These stark disparities 

between in vitro and in vivo expression efficiency suggest that the plasmid delivered to a 

tumor in a mouse exhibits fundamentally different behavior from that within cancer cells in 

culture.

DISCUSSION

It is well established that PEGylated nanoparticles can elicit an immune response that can 

cause repeat injections to exhibit accelerated blood clearance (ABC)22–24, 58. In addition 

to the potential for ABC to compromise delivery, high levels of pre-existing anti-PEG 

antibodies have been correlated with life-threatening infusion reactions16, 17. However, 

studies have established that ABC also occurs in immunocompromised animals that are 

incapable of producing antibodies, demonstrating that the innate immune response is 

involved in accelerated clearance24. Previous work has documented the extensive uptake of 

naked lipoplexes by circulating immune cells48, 54, 65, and our recent work has demonstrated 

that a lactose coating provides an equivalent reduction in leukocyte uptake and superior 

tumor accumulation to that observed with PEGylated lipoplexes21. We have previously 

shown that lactosylated lipoplexes elicit less of a cytokine response as compared to PEG, but 

the results in Figure 1 clearly indicate that ABC is also observed when lipoplexes are coated 

with lactose. Because both coatings elicited an elevated systemic cytokine response (Fig. 4), 

these results are consistent with previous studies showing a role for innate immunity in the 

ABC phenomenon24.

Considering the accelerated clearance discussed above, it would be expected that organ 

accumulation after the second injection would be limited to the relatively rapid deposition 

that occurs prior to clearance21, 46, 66. Not only did we observe reduced accumulation 

relative to the initial dose, our data indicate no additional deposition after the second 

injection in any of the clearance organs suggesting that repeat administration triggers very 

rapid processing and/or an alternative mechanism that bypasses these organs (Fig. 2). The 
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stimulation of rapid processing by the organs is consistent with the sharp reduction in 

plasmid accumulation observed in the spleen and lung after repeat administration, but a 

similar reduction was not evident in the liver. This difference among these organs could 

potentially be explained by previous studies showing that prolonged presence in the liver 

indicates delivery to hepatocytes as opposed to macrophages67. It is important to note 

that we have previously observed considerable accumulation in each of these organs with 

uncoated lipoplexes that are cleared much more rapidly than the coated formulations used 

in this study21, 46, 48. Therefore, we conclude that the circulation time is sufficient to allow 

organ accumulation even under accelerated clearance conditions, yet we do not observe 

additional plasmid in liver, lung, or spleen after the second dose. In contrast to that observed 

in the clearance organs, additional accumulation is definitely evident in the tumor after 

repeat injection, further demonstrating that circulation times after the second injection are 

sufficient to allow supplemental deposition (Fig. 2). Accordingly, it is unclear if particle 

deposition after the second injection is preferentially cleared and/or if lipoplex uptake by 

these organs is inhibited during repeat administration.

Changes in reporter gene expression correlated poorly with changes in plasmid 

accumulation in the clearance organs (liver, spleen, and lung), but a better correlation 

was observed in the tumor (compare Figs 2+3). Considering previous work showing that 

cytokines can suppress gene expression, we performed ELISA assays to monitor the three 

main cytokines that have been correlated to changes in reporter gene expression32, 39. 

Although levels of specific cytokines can vary in response to foreign material, the levels of 

IFNγ, IL-6, and TNFα exhibited very similar trends and thereby serve as general indicators 

of the cytokine response. Unlike most prior studies, we measured both blood and tissue 

cytokines, and we observed striking differences, i.e., blood levels were generally 10–1000-

fold lower than that seen in tissues and exhibited different trends (compare Figs. 4–7; see 

Table 2 for statistical analysis). These sharp differences between blood and tissue cytokines 

suggest that nanoparticle administration elicits disparate responses at the systemic and tissue 

level. However, the levels of cytokines in the tissue did not correlate with expression even 

after accounting for changing plasmid levels (Fig. 8), suggesting that other mechanisms are 

more directly involved in controlling reporter gene expression. This is best illustrated by 

the fact that expression efficiency in the tumor was comparable to or below that in other 

organs despite tumor cytokines being maintained at much lower levels throughout our study. 

Because cytokine production by infected cells is thought to be indicative of an antiviral 

response, our data may indicate that the plasmid alterations used in our study (mammalian 

promoter, minimal CpG) may be sufficient to circumvent these silencing mechanisms34, 37.

Finally, we conducted in vitro transfection experiments to determine how expression 

patterns within the same cancer cells differed in the absence of the complicated stromal 

environment and immune cells that are present in vivo. Although our cell culture 

experiments involved only a single treatment with lipoplexes, the trends in expression were 

markedly different from that observed in vivo. More specifically, expression per plasmid in 
vitro clearly increased after 24 h as would be expected from a rapidly dividing population of 

cells. It is important to point out that cell division allows plasmids to access the nucleus, and 

previous studies have demonstrated that gene expression from plasmids strongly correlates 

with mitotic activity33, 68, 69. Because we observe progressive increases in tumor size in 
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vivo indicating that implanted CT26 cancer cells were rapidly dividing throughout our 

experiments, it would be expected that plasmid internalized by cancer cells is readily 

expressed. Even more striking than the time-dependent differences is the approximately 

1000-fold higher level of expression efficiency observed in vitro as compared to in vivo 
(compare Figs. 8D + 9). It is important to recognize that our cell culture experiments 

involved removing unbound lipoplexes after 4 h and washing cells prior to assessing 

expression and plasmid levels. Accordingly, we assume that most, if not all, of the remaining 

lipoplexes have been internalized under in vitro conditions. It follows that the expression 

efficiency (RLU/ng plasmid) measured in our cell culture experiments represents that which 

would be observed if plasmid were internalized by rapidly dividing cancer cells. Therefore, 

the dramatically lower levels of expression we observe in vivo may indicate that a large 

majority of the plasmid measured in tissues may be extracellular, at least at the timepoints 

used in our experiments. Considering the strong association of lipoplexes with the negatively 

charged molecules present in the extracellular matrix70, we suggest that the extensive 

network of hyaluronic acid and glucosaminoglycans in vivo may hinder internalization 

of nanoparticles after extravasation from the blood. Another contributing factor could 

be that the vast majority of particles present in tumors after intravenous administration 

become associated with stromal cells that are not rapidly dividing11, 71. Therefore, plasmid 

expression from lipoplexes internalized by stromal cells would be minimal.

In conclusion, our results showing a distinct cytokine response to intravenous lipoplex 

administration are consistent with previous studies suggesting a role for an innate 

immune response in the accelerated blood clearance phenomenon observed after repeat 

administration24. In addition to reduced circulation times, this study documents a dramatic 

difference between the first and second intravenous injection in terms of biodistribution, 

expression, and cytokine response, and this was observed with lipoplexes coated with either 

lactose or PEG. The inability of the second injection to increase plasmid levels in the liver, 

lung, and spleen differs from our previous studies using uncoated lipoplexes, indicating 

that a response to the hydrophilic coating may contribute to these effects33. The fact that 

additional accumulation was evident in the tumor after repeat injection suggests that the 

immune response to our lipoplexes includes mechanisms that reduce uptake in clearance 

organs. This may be an important consideration when developing nucleic acid-based 

therapeutics for treating these organs (e.g., liver diseases), and prolonged dosing intervals 

may allow this response to dissipate. In this context, it is noteworthy that Onpattro® (an 

approved siRNA product targeting the liver) is dosed at 3-week intervals25. Conversely, 

the persistent ability of the tumor to accumulate lipoplexes may selectively permit higher 

expression to be achieved by repeat injection (relative to organs), consistent with our 

previous findings33. While the use of a lactose coating generally reduces the cytokine 

response as compared to PEGylated lipoplexes, changes in expression did not correlate 

with either blood or tissue cytokine levels. Surprisingly, the levels of blood cytokines do 

not correlate with tissue cytokines and are generally 100-fold lower. This suggests that the 

systemic immune response can differ markedly from that in individual tissues, which may 

be an important consideration for tissue-specific therapies. A comparison of in vivo and in 
vitro expression from the same cancer cells suggests that much of the plasmid in tumors 

is extracellular and/or internalized by slowly dividing cells in which expression is delayed/
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prevented. It is worth noting that we observe relatively constant expression efficiency in all 

tissues in contrast to previous studies that reported up to 100-fold greater efficiency in the 

tumor68, 72, 73.

Taken together, our results demonstrate that repeat injection of lipoplexes elicits an immune 

response that dramatically alters delivery, consistent with the well-established refractory 

period described in other studies39, 74, 75. These prior studies attributed the inability of 

repeat dosing to enhance luciferase activity to the production of inflammatory cytokines76, 

and our results indicate that mechanisms that directly restrict particle uptake contribute to 

the refractory period. Considering the findings from those prior studies, it is possible that 

the consistently lower levels of inflammatory cytokines in the tumor may contribute to the 

unimpeded delivery to that tissue after repeat injection (Table 2). We propose that studies 

utilizing repeat administration of nanoparticles should account for the stark differences as 

compared to an initial intravenous injection and be aware of the significantly-enhanced 

cytokine response at the tissue level.
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Fig. 1. 
Lipoplex levels in blood 1 h after repeated intravenous injections. Plasmid levels 

were quantified in the plasma (black bars) and cell fraction (shaded bars) after repeat 

administration of lipoplexes coated with lactose (A) or PEG (B). Each bar represents the 

mean ± one standard error of measurements on triplicate mice.
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Fig. 2. 
Total plasmid accumulation in tissues. Quantitative PCR was used to monitor the 

accumulation of plasmid per gram tissue in the liver (A), spleen (B), lung (C), and tumor 

(D) 24 and 72 h after each intravenous injection of lactosylated (black bars) or PEGylated 

(shaded bars) lipoplexes. Note the different scales used in the y-axes. Each bar represents the 

mean ± one standard error of measurements on organs from triplicate mice.
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Fig. 3. 
Reporter gene expression. Luciferase expression per gram tissue is depicted for the liver 

(A), spleen (B), lung (C), and tumor (D) 24 and 72 h after each intravenous injection of 

lactosylated (black bars) or PEGylated (shaded bars) lipoplexes. Note the different scales 

used in the y-axes. Each bar represents the mean ± one standard error of measurements on 

organs from triplicate mice.
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Fig. 4. 
Cytokine levels in the blood. IFN γ (A), IL-6 (B), and TNFα (C) were quantified in plasma 

24 and 72 h after each intravenous injection. Each bar represents the mean ± one standard 

error of measurements (per mL plasma) on triplicate mice injected with saline (PBS; black 

bars) or lipoplexes coated with either lactose (light shading) or PEG (dark shading).
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Fig. 5. 
IFN γ levels in the liver (A), spleen (B), lung (C) and tumor (D) were quantified in tissues 

extracted 24 and 72 h after each intravenous injection. Each bar represents the mean ± one 

standard error of measurements (per gram tissue) on triplicate mice injected with saline 

(PBS; black bars) or lipoplexes coated with either lactose (light shading) or PEG (dark 

shading).
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Fig. 6. 
IL-6 levels in the liver (A), spleen (B), lung (C) and tumor (D) were quantified in tissues 

extracted 24 and 72 h after each intravenous injection. Each bar represents the mean ± one 

standard error of measurements (per gram tissue) on triplicate mice injected with saline 

(PBS; black bars) or lipoplexes coated with either lactose (light shading) or PEG (dark 

shading).
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Fig. 7. 
TNFα levels in the liver (A), spleen (B), lung (C) and tumor (D) were quantified in lungs 

extracted 24 and 72 h after each intravenous injection. Each bar represents the mean ± one 

standard error of measurements (per gram tissue) on triplicate mice injected with saline 

(PBS; black bars) or lipoplexes coated with either lactose (light shading) or PEG (dark 

shading).
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Fig. 8. 
Expression efficiency in tissues. Luciferase expression in liver (A), spleen (B), lungs (C) or 

tumor (D) is standardized against the amount of plasmid to depict the efficiency with which 

plasmids are expressed 24 and 72 h after each intravenous injection. Each bar represents 

the mean ± one standard error of measurements on triplicate mice injected with lipoplexes 

coated with either 5% lactose (black) or PEG (shaded).
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Fig. 9. 
In vitro expression efficiency in CT26 cells. Luciferase expression in CT26 cells in culture 

was standardized against the amount of plasmid (assessed by qPCR by using 3 technical 

replicates per each of the three triplicate samples as is recommended by the manufacturer) 

to depict the efficiency after a single lipoplex treatment. Error was estimated by using 

the Taylor series expansion on both the qPCR and luminescence measurements. Each bar 

represents the mean ± one error of measurements on triplicate wells of cells incubated with 

uncoated lipoplexes (black bars) or lipoplexes coated with either 5% lactose (light shading) 

or PEG (dark shading).
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Table 1:

p values for comparing tumor to organ cytokine levels.

IFN-γ Lactose PEG

1st Injection 2nd Injection 1st Injection 2nd Injection

Tumor vs. 24 72 96 144 24 72 96 144

Liver 0.1402 0.0450 0.0734 0.0237 0.0336 0.0505 0.0011 0.1311

Spleen 0.0511 0.0007 0.0020 0.0030 0.0100 0.0508 0.0004 < 0.0001

Lung 00108 0.0226 < 0.0001 0.0063 0.0715 0.0113 < 0.0001 0.0068

Blood 0.0612 0.0489 0.0820 0.4008 0.0336 0.0505 0.0273 0.0830

IL-6 Lactose PEG

1st Injection 2nd Injection 1st Injection 2nd Injection

Tumor vs. 24 72 96 144 24 72 96 144

Liver 0.0217 0.0661 0.0108 0.0099 0.0126 0.0153 0.0004 0.0412

Spleen 0.0822 0.0064 < 0.0001 0.0211 0.0473 0.0073 0.0003 0.0019

Lung 0.0805 0.0301 < 0.0001 0.0001 < 0.0001 0.1216 < 0.0001 0.0004

Blood 0.7189 0.0161 0.0144 0.0637 0.0311 0.7247 0.0008 0.4888

TNF-α Lactose PEG

1st Injection 2nd Injectioin 1st Injection 2nd Injection

Tumor vs. 24 72 96 144 24 72 96 144

Liver 0.0049 0.0512 0.0010 0.0328 0.0098 0.0477 0.0004 < 0.0001

Spleen 0.0532 0.0063 0.0011 0.0428 0.0268 0.0168 < 0.0001 0.0007

Lung 0.0724 0.0313 < 0.0001 0.0053 0.0565 0.0304 0.0050 0.0012

Blood 0.6052 0.0156 0.0523 0.0175 0.0008 0.0082 < 0.0001 0.0055

Shaded values are statistically significant, p < 0.05.
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Table 2:

p values for comparing blood to tissue cytokine levels.

IFN-γ Lactose PEG

1st Injection 2nd Injection 1st Injection 2nd Injection

Blood vs. 24 72 96 144 24 72 96 144

Liver 0.0822 0.0424 0.0657 0.0241 0.0060 0.0106 < 0.0001 < 0.0001

Spleen 0.0058 0.0007 0.0020 0.0063 0.0284 0.0262 0.0001 0.0315

Lung 0.0073 0.0222 < 0.0001 0.0035 0.0448 0.0111 < 0.0001 0.0068

Tumor 0.0612 0.0489 0.0820 0.4008 0.0336 0.0505 0.0273 0.0830

IL-6 Lactose PEG

1st Injection 2nd Injection 1st Injection 2nd Injection

Blood vs. 24 72 96 144 24 72 96 144

Liver 0.0300 0.0834 0.0108 0.0011 0.0138 0.0156 0.0004 0.0424

Spleen 0.0865 0.0064 < 0.0001 0.0213 0.0506 0.0073 0.0003 0.0021

Lung 0.0854 0.0308 < 0.0001 0.0005 0.0005 0.1218 < 0.0001 0.0018

Tumor 0.7189 0.0161 0.0144 0.0637 0.0311 0.7247 0.0008 0.4888

TNF-α Lactose PEG

1st Injection 2nd Injection 1st Injection 2nd Injection

Blood vs. 24 72 96 144 24 72 96 144

Liver 0.0070 0.0586 0.0010 0.0418 0.0142 0.0649 0.0005 < 0.0001

Spleen 0.0530 0.0066 0.0011 0.0503 0.0308 0.0179 < 0.0001 0.0006

Lung 0.0720 0.0338 <0.0001 0.0054 0.0818 0.0343 0.0120 0.0007

Tumor 0.6052 0.0156 0.0523 0.0175 0.0008 0.0082 < 0.0001 0.0055

Shaded values are statistically significant, p < 0.05.
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