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Abstract

Nanomedicines have been touted as the future of cancer therapy for decades. However, the field
of tumor-targeted nanomedicine has failed to significantly advance toward becoming the primary
choice for cancer intervention. One of the largest obstacles that has yet to be overcome is off-target
accumulation of the nanoparticles. We propose a novel approach to tumor delivery by focusing

on decreasing off-target accumulation of nanomedicines rather than directly increasing tumor
delivery. Acknowledging a poorly understood “refractory” response to intravenously injected
gene therapy vectors observed in ours and other studies, we hypothesize that virus-like particles
(lipoplexes) can be utilized to initiate an anti-viral innate immune response that limits off-target
accumulation of subsequently administered nanoparticles. Indeed, our results show a significant
reduction in the deposition of both dextran and Doxil® in major organs with a concurrent increase
in plasma and tumor accumulation when injection occurred 24 hours aftera lipoplex injection.
Furthermore, our data showing that the direct injection of interferon lambda (IFN-A) is capable
of eliciting this response demonstrates a central role for this type Il interferon in limiting
accumulation in non-tumor tissues.

Graphical Abstract

To whom correspondence should be addressed: Scott Tilden, 12850 E. Montview Blvd., Skaggs School of Pharmacy and
Pharmaceutical Sciences, University of Colorado, Aurora, CO 80045, scott.tilden@cuanschutz.edu, phone: 303-724-6114.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

COMPETING INTERESTS: The authors have no competing interests to declare.

CRediT Author Statement:

Scott Tilden: Conceptualization, Methodology, Validation, Formal Analysis, Investigation, Data Curation, Writing — Original Draft,
Visualization, Project Administration

Madison Ricco: Investigation, Writing — Review & Editing

Emily Hemann: Resources, Funding Acquisition, Writing — Review & Editing

Thomas Anchordoquy: Resources, Writing — Review & Editing, Supervision, Funding Acquisition



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tilden et al. Page 2

a Off-Target

> ’ | Nanoparticle

Y ;\.% o] g & Aczumulation

A w1 and Toxicity

. — —ly
Y Lipoplex Therapeutic ——

Injection Nanoparticle ’u , B ‘.—, Circdation Time

Injection @ " 2% andPolential
» Tumer Exposure

Keywords

Lipoplex; Off-target Accumulation; Immune Response; Cancer; Refractory Response; Tumor
Delivery

Introduction:

The field of therapeutic nanomedicines is still attempting to fully characterize and
understand the immune responses triggered by intravenous administration of nanoparticles.
The most persistent problems the field faces are unintended interactions with the body’s
milieu, insufficient tumor delivery, and off-target accumulation of nanomedicines in the
Mononuclear Phagocytic System (MPS) (a.k.a reticuloendothelial system), which includes
the liver, spleen, and other major organs[1-4]. The innate immune system governs the
clearance and accumulation of nanomedicines in the MPS and initiates rapid responses

to repeat injections of nanomedicines[5-10]. Even with the most promising “stealth” or
“targeted” formulations approximately 99% of an injected dose of hanomedicines will
accumulate in the MPS and other off-target tissues[11]. Since many chemotherapeutic
nanomedicines require repeat injections, this off-target accumulation can lead to altered
pharmacokinetics and toxicities that can compromise the therapeutic benefits[12-14].
However, if a reduction in drug exposure in non-tumor tissues could be achieved, it

would allow for more aggressive dosing regimens leading to greater therapeutic efficacy.
Indeed, the most well-established chemotherapeutic nanomedicine, Doxil® (liposomal
encapsulated doxorubicin), has been successful by exploiting a similar strategy. Doxorubicin
administered as a free drug is extremely toxic and can cause fatal cardiotoxicity[15]. Doxil®
effectively minimizes this cardiotoxicity by reducing off-target doxorubicin accumulation

in cardiomyocytes and increasing tumor delivery of doxorubicin[16]. Nonetheless, current
research predominantly focuses on “targeting” tumor tissues and “hiding” from the immune
system. We suggest that it may be more productive to focus on exploiting the innate immune
system to reduce off-target accumulations.

One such immune response that is of particular interest is a poorly understood phenomenon
that happens when complexes of nucleic acids and cationic lipids (i.e., lipoplexes) are
repeatedly administered (~every 24 hours). Curiously, studies have reported that neither
organ accumulation nor expression of the gene therapy vector increases with repeated
administrations of lipoplexes, and actually decreases in some cases[9, 10, 17, 18]. This
phenomenon was dubbed the “refractory” response, initiating approximately 12 hours after
administration and has been reported to last for an average of approximately 2-3 weeks|[9,
10, 17, 19-22]. It is understood that this response cannot be due to the complement/antibody
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driven Accelerated Blood Clearance (ABC) phenomenon which requires several days to
elicit after the initial injection[23]. Additionally, the ABC effect involves an adaptive
immune response to PEGylation[23, 24], and not all the nanoparticles in the reported
studies were PEGylated. Furthermore, an ABC event would be expected to result in
increased hepatic accumulation of the gene therapy vector, which was not observed|[6,

7, 25]. Since neither expression nor accumulation of the gene therapy vectors in MPS
organs significantly increases with repeated administration, it suggests that the refractory
response is an immunological reaction to lipoplexes that directly limits tissue deposition of
subsequently administered particles.

When considering the similarities between the structure of viruses and lipoplexes, it is
understood why lipoplexes would cause immune reactions. Viruses are on the nanoscale,
often possess lipid membranes, have surfaces coated with polysaccharides, and contain
DNA/RNA. Similarly, lipoplexes consist of lipid particles that are on the nanoscale, usually
contain polyethylene glycol (PEG), which has a similar structure to polysaccharides, and
are complexed/conjugated to nucleic acids. Considering these similarities, we propose that
the refractory response is an anti-viral response that is triggered when lipoplexes lead

to activation of the innate immune system. Recent studies in the field of viral invasion

have revealed a novel anti-viral response that provides resistance to viral spread and
re-infection[26-35]. This response is rapidly elicited upon sensing of virus-like materials

to induce interferons including type 11 interferons (IFN-A) produced by epithelial cells,
leading to the induction of interferon stimulated genes and a broad anti-viral state within
the tissue[28, 36-42]. Additionally, IFN-A enhances epithelial/endothelial barrier (Gl tract,
Blood Brain Barrier, Skin) functions, “tightens” cellular junctions, and limits viral invasion
and infection of the underlying tissues[27, 29, 31, 35, 39, 43]. We hypothesize that
administration of lipoplexes leads to an anti-viral response that systemically tightens healthy
epithelium and limits tissue deposition of a subsequently administered particle.

It could be beneficial to tighten the body’s epithelial barriers and limit systemic

exposure to potentially toxic particles such as chemotherapeutic nanomedicines. However,
chemotherapeutic nanomedicines also need to be delivered to the tumor to be efficacious. In
this context, it is well established that the tumor microenvironment is highly dysregulated
especially with regards to epithelial structure and immune responses[44-47]. In fact,
avoiding immune detection and promoting inflammation are two of the most prominent
hallmarks and enabling characteristics of cancers[44]. Due to the dysfunction of the tumor
microenvironment, it is likely that tumor tissues will respond differently to a lipoplex
injection as compared to healthy tissues. Therefore, if the tumor possesses a compromised
ability to properly respond to immunological signals such as IFN-A, then the tumor
microenvironment may remain relatively unaffected during a systemic tightening event.
Under such conditions, a dose of nanoparticles administered to a tumor-bearing subject
would potentially exhibit reduced particle deposition in healthy tissues while accumulation
in the tumor remains unimpeded. This is consistent with our studies on the repeat
administration of lipoplexes in tumor-bearing mice[18, 48].

In this study we conducted experiments to characterize the refractory response and
determine the organ/tumor accumulation of intravenously injected dextran/Doxil® in mice
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that had been pretreated with saline, lipoplexes, liposome, or IFN-A. We also demonstrate
that the refractory response is unique to virus-like particles that contain nucleic acids.

Our results clearly illustrate that an IFN-A response is initiated when lipoplexes are
intravenously administered while a liposome treatment does not elicit the production of
IFN-A. Additionally, our data demonstrate that pretreatment with either a lipoplex or IFN-A
leads to a significant decrease in organ dextran/Doxil® deposition coupled with an increase
in plasma and tumor accumulation.

Materials and Methods:

Liposome/Lipoplex Preparation:

Animals:

Sphingosine, cholesterol, 1,2-diarachidoyl-sn-glycero-3-phosphocholine (DAPC), and C16-
PEG750-Ceramide were purchased from Avanti Polar Lipids (Alabaster, AL) and used

to prepare liposomes at a 3:2:4.5:0.5 mole ratio (respectively) or a 3:2:5 mole ratio for
non-PEGylated liposomes as previously described[49]. The liposome preparations have an
average diameter of 135 nm, a polydispersity index (PDI) of 0.137, and were prepared

in sterile 5% dextrose to adjust the tonicity of the injection solution. To form lipoplexes,
liposomes were mixed with plasmid DNA (donated from Megabios Corp., Burlingame,
CA) in sterile 5% dextrose at a charge ratio of 0.5[49, 50]. The resulting lipoplexes have

an average diameter of 176 nm and PDI of 0.084. A Malvern Zetasizer Nano-ZS was

used for all size measurements. Sterile phosphate buffered saline (PBS; 10 mM phosphate,
137 mM NaCl, 2.7 mM KCI, pH 8.25), lipoplexes [0.075 pmoles of DNA (25 pgrams)
complexed with 0.125 umoles total lipid (0.0375 umoles sphingosine)], or naked liposomes
(0.125 pumoles total lipid) were injected via tail vein as previously described[49]. Particle
preparation was performed in a sterile biosafety cabinet.

Tumor-Bearing Experiments: Prior to treatment, female immunocompetent Balb/c mice
6-10 weeks old were acquired from Jackson labs (Bar Harbor, ME) and allowed to
acclimate for one week. The mice were then inoculated in the right flank with approximately
1 million CT26 murine colon carcinoma cells (ATCC #CRL-2638). Tumors were allowed

to grow for approximately 7 days or until tumor size reached at least 100 mm3. Mice

were then randomized into treatment groups standardized to tumor volume. Each mouse
received a single dose of 200 uL 1x PBS, 200 uL liposomes, 200 L lipoplexes (25

ug total DNA, charge ratio 0.5), or 1 or 10 pg of recombinant mouse IFN-A2 (R&D
Systems, 4635-ML-025/CF) in 100 pL 1x PBS by a tail vein injection. Twenty-four hours
after pretreatment, animals were administered a 10 mg/kg dose of FITC-dextran (Sigma-
Aldrich, FD150S) or 10 mg/kg dose of liposomal doxorubicin (Doxil®; Sun Pharmaceutical
Industries) via tail vein. Twenty-four hours after the second injection, animals were
euthanized, and organs collected for analysis.

ELISA Experiments: Prior to treatment, female immunocompetent Balb/c mice 6-10
weeks old were acquired from Jackson Labs and allowed to acclimate for one week. Mice
were then randomized into treatment groups standardized to body weight. Each mouse
received a single dose of 200 puL 1x PBS, 200 pL lipoplexes, or 200 pL liposomes by a tail
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vein injection. Twelve, 24, 36, 48, and 72 hours after injections, animals were euthanized,
and whole blood collected through cardiac puncture for serum preparation and ELISA
analysis. 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 (USA).

Quantification of FITC-Dextran Fluorescence and Dextran Extraction Efficiency:

Fluorescein isothiocyanate (FITC) labeled dextran was chosen for these studies since it is
commonly used to quantify endothelial and epithelial cell barrier permeability[49-53,56].
The physical properties of dextran have been extensively characterized, and higher
molecular weight dextrans possess progressively larger hydrodynamic diameters[57]. FITC-
dextran with a molecular weight of approximately 150 kD was used for these studies, and
dynamic light scattering measurements estimate its hydrodynamic diameter at approximately
100 nm (data not shown); consistent with published data approximating the size of various
dextrans[57].

A standard curve of fluorescence for the FITC-dextran used in this project was determined
through fluorescence measurements of a serially diluted stock solution of the FITC-dextran
in 1x PBS. Fluorescence measurements were conducted in a CellStar™ pClear™ 96-Well,
Cell Culture-Treated, Flat-Bottom Microplate from Greiner Bio-One™ (Monroe, NC) at

an excitation of 490 nm and emission of 520 nm using a Molecular Devices (San Jose,

CA) SpectraMax M5. To determine dextran extraction efficiency for each whole organ and
tissue (lung, heart, liver, spleen, kidneys, brain, tumor), varying amounts of dextran (i.e.,
0,1, 2, 3, 4,5 ug) were spiked into sets of blank tissues from untreated mice. The tissues
were then processed through the dextran extraction procedure described below. Fluorescence
of the extracted material was then measured, and total micrograms of dextran calculated
with the fluorescence standard curve. Each extraction from spiked tissues was performed in
duplicate. The resulting values were averaged and plotted against the total micrograms of
dextran spiked into the tissues to create a standard curve for dextran extraction (included in
supplementary materials).

Extraction of FITC-Dextran and Quantification of Organ Accumulation:

Organs collected from animals were immediately flash-frozen in liquid nitrogen and stored
at —80 °C until analysis. Organs were thawed, weighed, and extracted using a PBS buffer
extraction method. Briefly, each organ was placed in a 2-ml screw cap tube (each liver

was equally divided into two tubes) with five 2.3-mm diameter zirconia/silica beads from
BioSpec Products (Bartlesville, OK) plus 1 mL of lysis buffer (1x PBS with 1% sodium
dodecyl sulfate), and 100 pg Proteinase K from Qiagen (Hilden, Germany) was added to
each organ. Organs were then incubated at 55 °C for 1 hour. After incubation, organs were
homogenized using a MiniBeadBeater-16 Model 607 from BioSpec Products (Bartlesville,
OK) for 3.5 minutes. Once homogenized, 100 pL of 20% w/v trichloroacetic acid was added
to the homogenate and samples were vortexed for 10 seconds to precipitate proteins. The
homogenate was then centrifuged at ~15,000 RCF for 10 min. The supernatant was aspirated
into a new tube (supernatants of the divided livers were combined and total volume brought
up to 10 mL with 1x PBS) and solution pH was adjusted to pH 8-9 using 1 M sodium
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hydroxide. FITC fluorescence of the extracted solution was then measured, and total dextran
accumulation was calculated using the extraction efficiency and standard curves described
above (see supplementary materials).

IL2BA/B Quantification by ELISA:

Serum was prepared by allowing whole blood to clot at room temperature for 30 minutes.
Clotted blood was then centrifuged at 5000 RCF for 15 minutes at 4 °C. Serum was

then aspirated into new tubes and frozen at =20 °C. Serum levels of IFN-\ were

determined through enzyme-linked immunosorbent assay (ELISA) using the manufacturer’s
recommendations and protocols. Mouse IL-28A/B (IFN-lambda 2/3) DuoSet® ELISA
(DY1789B-05) was purchased from R&D Systems® (Minneapolis, MN).

Quantification of Doxorubicin Fluorescence and Organ Accumulation:

A standard curve of fluorescence for doxorubicin was determined through fluorescence
measurements of a serially diluted stock suspension of the Doxil® in 90% isopropyl

alcohol (IPA) acidified with HCI to a final concentration of 0.075 M. Fluorescence
measurements were conducted in a CellStar™ pClear™ 96-Well, Cell Culture-Treated, Flat-
Bottom Microplate from Greiner Bio-One™ (Monroe, NC) at an excitation of 470 nm

and emission of 595 nm using a Molecular Devices (San Jose, CA) SpectraMax M5. To
determine doxorubicin levels in whole organs and tissues (lung, heart, liver, spleen, kidneys,
brain, tumor, skin, plasma), blank tissues were run through an extraction procedure using
90% IPA/0.075 M HCI as described below. Once extracted, the blank organ extract was used
as a buffer to serially dilute a stock suspension of Doxil®. The equation from the resulting
standard curve of fluorescence from each specific organ was used to calculate the total
amount of doxorubicin extracted from a corresponding Doxil®-treated organ.

Extraction of Doxorubicin from tissues:

Organs collected from animals were immediately flash-frozen in liquid nitrogen and stored
at —80 °C until analysis. Organs were thawed, weighed, and extracted using a buffer made of
90% IPA/0.075 M HCI. Briefly, each organ was placed in a 2-ml tube containing lysis matrix
A (MP Biomedical, 6910500) (each liver was equally divided into four tubes) and 1 mL of
90% IPA/0.075 M HCI was then added to each tube. Organs were then homogenized using

a MiniBeadBeater-16 Model 607 from BioSpec Products (Bartlesville, OK). Tubes were
shaken for 90 second then allowed to rest on ice for 5 minutes before another 90 second
shake. Once homogenized, the tubes were allowed to rest on ice for 5 minutes before being
centrifuged at ~15,000 RCF for 15 minutes at 4 °C. The supernatant was aspirated into a
new tube and total volumes for all organs, except livers, were standardized to 1 mL using
90% IPA/0.075 M HCI. Divided liver supernatants were added together and standardized

to 4 mL using 90% IPA/0.075 M HCI. Doxorubicin fluorescence of the extracted solution
was then measured, and total doxorubicin accumulation was then calculated using the
doxorubicin fluorescence standard curves described above (see supplementary materials).
Based off our own extraction experiments and previous literature, an extraction efficiency of
>95% was assumed for all extractions[58].
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Statistics:
For all comparisons, an unpaired t-test with Welch’s correction was performed using
GraphPad Prism version 9.5.0 for Windows, GraphPad Software, San Diego, California
USA, www.graphpad.com.

Results:

Effect of Lipoplex Pretreatment on Dextran Accumulation

To assess the effects of a lipoplex pretreatment on dextran accumulation, mice were
intravenously injected with either PBS or lipoplexes. Twenty-four hours after pretreatment,
a 10 mg/kg dose of FITC-dextran was administered. Twenty-four hours after the dextran
administration, tissues were harvested from experimental mice and the total dextran
accumulation in tissues was determined using the standard curves described above (see
supplementary materials). Our results demonstrate that a lipoplex pretreatment significantly
reduces dextran accumulation in liver and spleen when compared to mice pretreated with
PBS (Figure 1A&B). We also observe a reduction in dextran accumulation for other major
organs (lung, kidney, heart) although these trends are not statistically significant under our
experimental conditions (Figure 1D-F). Accumulation in the brain was unaffected (Figure
1G). In contrast to that seen in the major organs, the tumor experienced a significant increase
in dextran accumulation when compared to PBS treated mice (Figure 1C).

Altered Dextran Accumulation is Dependent on the Presence of Nucleic Acids in the
Pretreatment Injection

To determine if lipid/nucleic acid complexes are the primary driver of the refractory
response to lipoplex pretreatment, dextran accumulation in organs and tumor tissues were
compared between liposome pretreatment and PBS/lipoplex pretreatment groups. The
liposome formulation and sizes were identical to the lipid nanoparticles used to form the
lipoplexes and were not complexed with plasmid DNA. The timing of the pretreatment
and dextran administrations were the same as described above. Our results show that there
are no significant differences in dextran accumulation in the organs and tumor between
liposome and PBS pretreatments except in the spleen which exhibited a slight increase for
the liposome-treated group (Figure 1A-G). In contrast, lipoplex pretreatment significantly
reduced dextran accumulation in the liver and spleen compared to animals pretreated

with liposomes (Figure 1A&B). We also observe slightly lower accumulation in the lung,
kidneys, heart, and brain from lipoplex-treated animals as compared to those receiving
liposome pretreatment, but the differences were not statistically significant. However,
dextran accumulation in tumors was significantly increased in lipoplex-treated mice when
compared to liposome-treated (Figure 1C).

Effect of Lipoplex Pretreatment on Doxil® Accumulation in Organs and Tissues

To assess the effects of lipoplex pretreatment on Doxil® accumulation, mice were
intravenously injected with either PBS, lipoplexes, or non-PEGylated lipoplexes. Twenty-
four hours after pretreatment, a 10 mg/kg dose of Doxil® was administered. Twenty-four
hours after Doxil® administration, tissues were harvested from experimental mice and
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the total Doxil® accumulation in tissues was determined using the extraction method and
standard curves described above (see supplementary materials). Our results demonstrate that
a lipoplex pretreatment significantly reduces Doxil® accumulation/concentration in all major
organs (except liver) and plasma when compared to mice pretreated with PBS (Figure 2

& 3). Surprisingly, the liver showed a slight increase in Doxil® accumulation for lipoplex
treated mice (Figure 2B). In contrast, non-PEGylated lipoplex pretreatment significantly
reduced Doxil® accumulation in all major organs, including liver, when compared to mice
pretreated with PBS (Figure 2). However, the plasma of mice pretreated with non-PEGylated
lipoplexes experienced an increase in Doxil® concentration (Figure 3A). Curiously, tumor
accumulation appeared to show a slight decrease in accumulation, but the differences were
not statistically significant under our experimental conditions (Figure 3B).

Quantification of IFN-A in Response to Lipoplex/Liposome Treatment

To test our hypothesis regarding whether lipoplex treatment initiates a systemic IFN-A
response and if that response is dependent on the nucleic acid component, female Balb/c
mice were injected with lipoplexes, liposomes, or 5% dextrose as a control. Serum was
collected from the mice at several time points up to 72 hours. IFN-A levels in serum were
then quantified using an enzyme-linked immunosorbent assay (ELISA). Serum from mice
treated with lipoplexes show an average of 153.67 pg/mL of IFN-A twelve hours after
treatment (Figure 4B). Twenty-four hours after lipoplex treatment, serum levels of IFN-A
peak at an average of 201.81 pg/mL (Figure 4B). At 36 hours after lipoplex treatment, serum
levels of IFN-A were detected at an average of 10.40 pg/mL (Figure 4B). However, this is
well below the lowest concentration that can be reliably determined by the ELISA (Lower
Limit of Quantification (LLoQ) = 31.30 pg/mL). Forty-eight hours after lipoplex treatment
only 1 out of 4 mice showed detectable levels of IFN-A at 119.90 pg/mL (Figure 4B). At
the final time point of 72 hours, two out of four mice showed detectable levels of IFN-A at
40.27 and 49.57 pg/mL (Figure 4B). For liposome and 5% dextrose treatments, no serum
samples showed IFN-A at levels above the LLoQ at any time point (Figure 4C&D).

Effect of IFN-A Pretreatment on Doxil® Accumulation in Organs and Tissues

Hypothesizing that IFN-A is primarily responsible for the refractory response we observe,
we directly employed this cytokine in further experiments. To assess the effects of IFN-A
pretreatment on Doxil® accumulation, mice were intravenously injected with either PBS, 1
ug of IFN-A, or 10 pg of IFN-A.. Twenty-four hours after pretreatment, a 10 mg/kg dose of
Doxil® was administered intravenously. Twenty-four hours following Doxil® administration,
tissues were harvested from experimental mice and the total Doxil® accumulation in
tissues was determined using the extraction method and standard curves described above
(see supplementary materials). Our results demonstrate that a 10 pg IFN-A pretreatment
significantly reduces Doxil® accumulation in all major organs when compared to mice
pretreated with PBS (Figure 5). In contrast to that seen in the major organs, the tumor

and plasma experienced an increase in Doxil® accumulation when compared to mice
pretreated with PBS. However, the tumor differences were not statistically significant under
our experimental conditions (Figure 6).
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Doxil® Accumulation Ratios

To determine Doxil® accumulation ratios, plasma and tumor accumulation data was divided
by liver accumulation data. Lipoplex pretreatment shows a significant decrease in plasma-
to-liver Doxil® accumulation ratio (Figure 7A). In contrast, non-PEGylated lipoplex and

10 pg IFN-A pretreatment significantly increased the plasma-to-liver Doxil® accumulation
ratio (Figure 7A). However, only 1 and 10 pg IFN-A pretreated tumors showed significant
increases in tumor-to-liver accumulation ratios compared to PBS treatment (Figure 7B).

Discussion:

Overcoming clearance by the MPS continues to be a significant barrier to efficient
nanoparticle-mediated delivery. To combat these issues researchers have attempted many
different approaches that generally focus on targeting tumor tissues and/or hiding from the
MPS and immune system. However, these proposed solutions have not had a significant
impact on increasing tumor delivery. The average tumor accumulation of almost any

given nanoparticle remains at or below 1% of the injected dose[11]. Considering that

the primary biological role of the innate immune system and MPS is to detect foreign
entities and filter the blood, it is not surprising that this represents a formidable barrier

to nanoparticle-mediated delivery. As an alternative to tumor targeting, some studies

have attempted to block the uptake capacity of the MPS as a way to reduce off-target
accumulation and increase tumor accumulation[59-67]. This approach involves delivering
massive doses of nanoparticles intended to saturate the MPS immediately prior to
administering the therapeutic nanoparticle. Other studies have gone a step further and
completely ablated the Kupffer cell population in the liver to prevent uptake by those
cells[68-70]. These approaches may increase tumor delivery of the therapeutic nanoparticle
but the clinical utility of saturating or eliminating MPS cells is questionable. Furthermore,
the immunological consequences of repeated administrations of the particle used to impose
saturation have yet to be fully investigated. It is also worth noting that one of the
fundamental goals of nanoparticle-mediated drug delivery is to reduce off-target toxicities
and exposure. As such, destroying an entire subset of cells or saturating the filtration
capabilities of the MPS runs counter to those principles. In contrast, utilizing the immune
system’s protective abilities to limit MPS uptake would be a less invasive, less toxic, and
potentially more efficacious approach than blocking, eliminating, or attempting to hide from
the MPS.

Nanoparticle-mediated gene delivery has had to overcome some of the most intriguing and
distinct immunological reactions reported in the field of drug delivery. A host of reactions
characterized by circulating leukocyte uptake[71], complement and antibody mediated
clearance[6, 24, 25, 72], cytokine/chemokine driven inflammation[73, 74], or toxicities
caused by cationic lipids have all been reported[49]. However, the poorly understood
refractory response to repeat administrations of nonviral vectors is unique in that it
specifically reduces the accumulation of a second dose. This is clearly a barrier to achieving
therapeutic lipoplex levels in tissues, but this phenomenon could potentially be exploited to
reduce off-target accumulation of a nanomedicine. Due to the physicochemical similarities
between lipoplexes and viruses, we propose that this refractory response is actually an
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anti-viral response that utilizes IFN-A to protect healthy tissues from viral exposure and
infection. In support of the suggestion, the data presented in Figure 4 clearly demonstrate
that a lipoplex injection initiates a systemic IFN-A response. If this IFN-A response can

be triggered before delivery of a chemotherapeutic nanomedicine, our data indicate that off-
target accumulation in healthy tissues can be significantly reduced. In the case of Doxil®,

it is specifically relevant that accumulation in the skin was reduced because palmar-plantar
erythrodysesthesia is known to be a dose-limit clinical toxicity[75].

While the refractory response is known to reduce uptake in healthy tissues, previous studies
describing this phenomenon did not include tumor-bearing animals[10, 17, 22]. We believe
that the lack of tumor-bearing animals used in those studies combined with the reliance

on expression (as opposed to quantifying delivery) allowed the effects reported here to be
overlooked. Although many gene delivery studies utilize tumor-bearing models, very few of
these studies quantify delivery after repeat administration in immunocompetent animals. Our
previous work described non-additive effects of repetitive lipoplex administration wherein
delivery to the tumor was enhanced 26-fold as compared to a single dose under conditions
where delivery to organs was minimally affected[48]. Our more recent work has also
observed this phenomenon after just two injections, and demonstrates that cytokines in

the tumor remain very low despite soaring cytokine levels in the major organs[18]. These
observations are consistent with the well documented phenomenon of immunosuppression
and cellular dysregulation in the tumor microenvironment[44-46]. We suggest that the
tumor’s inability to properly respond to immunological stimuli, like lipoplexes and/or anti-
viral interferons, prevents the tumor tissue from becoming refractory. Our data are consistent
with this hypothesis, as tumors from mice pretreated with lipoplexes or IFN-A. show a trend
toward increased Doxil® accumulation when compared to PBS treated mice.

The data presented above introduces a novel method of reducing MPS and off-target
accumulation of chemotherapeutic nanomedicines. More specifically, our results show that
pretreatment with either non-PEGylated lipoplexes or IFN-A significantly reduces Doxil®
accumulation in the major organs of the MPS and other healthy tissues compared to

mice pretreated with PBS. Because these MPS organs are predominantly responsible for
nanoparticle clearance, even a small decrease in accumulation would allow significantly
more particles to remain in circulation. Consistent with this suggestion, our results clearly
demonstrate that non-PEGylated lipoplex or IFN-A pretreatment leads to a significant
increase in Doxil® concentrations in the plasma. It is important to recognize that similar
effects are not observed when liposomes lacking DNA are used as a pretreatment, indicating
that the effects we observe are dependent on the nucleic acid component of the lipoplexes
as opposed to saturation of receptors and/or uptake mechanisms. Additionally, our IFN-A
pretreatment mice show almost identical results to non-PEGylated lipoplex treated mice.
Moreover, our injections were performed at 24-hour intervals and the uptake mechanisms
of the mouse liver are known to be completely regenerated within 3 hours[76]. Taken
together, we conclude that MPS saturation by the pretreatment plays no role in the reduction
of off-target accumulation. Instead, our results are consistent with the hypothesis that the
intravenous administration of lipoplexes elicits an anti-viral response featuring IFN-A that
leads to systemic phenotypic changes that reduce tissue permeability to nano-sized particles.
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While interferons generally induce an anti-viral state, they can cause excessive tissue
inflammation and damage if left unchecked. However, IFN-A is unique among the interferon
family in that its effects are relatively limited to epithelial/endothelial barriers, such as
mucosal and the blood brain barrier, inducing specific and limited functions that minimize
unintentional tissue damage[77]. Therefore, this induction of systemic IFN-A is unlikely to
cause detrimental systemic inflammation. Indeed, animals in our studies showed no overt
illness or behavioral changes when administered IFN-A. relative to control groups. In this
context it is worth noting that a recent clinical trial used subcutaneous IFN-A injections to
reduce viral infections and subsequent hospitalization due to COVID[78]

Interestingly, the lipoplexes we used as a pretreatment for the dextran experiments show
significantly different results when used as a pretreatment for Doxil®. We observe increased
liver accumulation and decreased plasma concentrations of Doxil® when pretreating with
PEGylated lipoplexes. However, when we remove PEG from the lipoplex formulation, we
observe the same significant decreases in Doxil® accumulation as we observe with dextran.
We hypothesize that using a PEGylated lipoplex as a pretreatment inadvertently primed

the immune system against PEG. When a dose of Doxil®, which is heavily PEGylated, is
administered 24 hours after a PEGylated lipoplex, an innate immune response to PEG may
be initiated, necessitating the exclusion of PEG from the lipoplex formulation.

Considering the immunosuppressed state of the tumor and its muted cytokine response[18,
44-47], we suggested that the IFN-A-induced phenotypic changes would not be exhibited by
the tumor and accumulation would remain unimpeded. As hypothesized, tumors extracted
from mice pretreated with IFN-A exhibit a trend toward increased accumulation and tumor-
to-liver ratio of Doxil® per gram of tissue was significantly higher in mice pretreated with
IFN-A. We hypothesize this is due to the significantly higher Doxil® concentration in the
plasma of the IFN-A treated mice and that the ratio may continue to increase with time.

There are several limitations to our study that must be considered when interpreting our
results and planning subsequent studies. Only female Balb/c mice were used and only

a single CT26 solid tumor model was utilized. Additionally, due to the relatively recent
characterization of IFN-A, there is still much to be elucidated about the exact role of
type-I11 interferons and the mechanisms of actions that IFN-A propagates. Future studies
will need to address the effects of sex, tumor model, and strain/species differences as well
as characterize the full extent of the anti-viral immune response to lipoplexes, including
type-I interferon production and activation of interferon stimulated genes. The use of a
recently developed IFNLR1 deficient mouse model [79] may allow researchers to determine
how IFN-A influences nanomedicine interaction with the body and if blocking IFN-A or its
receptor would be beneficial for gene therapy. We hope that the role of type-1ll interferons in
modifying particle distribution will provide a starting point and inspiration for future studies
on the interplay of IFN-A and nanomedicines.

Conclusions:

In conclusion, our results demonstrate that a lipoplex pretreatment leads to a systemic
IFN-A response that can significantly decrease major organ accumulation of a subsequently
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administered particle while simultaneously increasing tumor delivery. Our experimental
design avoids contributions from accelerated blood clearance and MPS saturation, and the
effects we observe after lipoplex injection are clearly dependent on the inclusion of a nucleic
acid component that elicits an IFN-A response. Furthermore, we demonstrate that direct
administration of IFN-A is also capable of eliciting these effects thereby establishing the
role of type-Ill interferons in regulating particle uptake. Future studies will determine which
cell type(s) initiate the IFN-A response to lipoplexes, which cell type(s) respond to IFN-A,
establish whether an IFN-A pretreatment can increase the efficacy of Doxil®, and address
the clinical relevancy and translational challenges of an IFN-A pretreatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Total dextran accumulation in major organ and tumor tissues. Dextran was administered

24 hours after a 1x PBS, Liposome, or Lipoplex pretreatment injection in Balb/c female
mice. Accumulation was measured 24 hours after dextran injection. X-axis represents

the pretreatment that the mice received. A t-test with Welch’s correction was used to
determine if Liposome/Lipoplex pretreatment showed statistically significant differences in
accumulation when compared to PBS pretreatment. Statistically significant differences are
represented with asterisks (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001).
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Fig. 2.
Total Doxil® accumulation in major organs. Doxil® was administered 24 h after a 1 x

PBS, Lipoplex, or Non-PEGylated Lipoplex pretreatment injection in Balb/c female mice.
Accumulation was measured 24 h after Doxil® injection. X-axis represents the pretreatment
that the mice received. A #test with Welch’s correction was used to determine if Liposome/
Lipoplex pretreatment showed statistically significant differences in accumulation when
compared to PBS pretreatment. Statistically significant differences are represented with
asterisks (* = p<0.05, ** = p< 0.01. *** = p< 0.001) (A. - F.: n=4) (G.: n=3-4).
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FIGURE 3:

Total Doxil® accumulation in plasma and tumor tissue. Doxil® was administered 24 hours
after a 1x PBS, Lipoplex, or Non-PEGylated Lipoplex pretreatment injection in Balb/c
female mice. Accumulation was measured 24 hours after Doxil® injection. X-axis represents
the pretreatment that the mice received. A t-test with Welch’s correction was used to
determine if Liposome/Lipoplex pretreatment showed statistically significant differences in
accumulation when compared to PBS pretreatment. Statistically significant differences are
represented with asterisks (* = p <0.05, ** =p < 0.01) (A.—-B.:. n=4),
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FIGURE 4:

A: Quantification of IFN-A in serum of Balb/c female mice after lipoplex, liposome, and
5% dextrose treatment using ELISA. B: Quantification of IFN-A in serum of mice after
lipoplex treatment C: Quantification of IFN-A in serum of mice after liposome treatment D:
Quantification of IFN-A in serum of mice after 5% dextrose (control) treatment. Error bars
represent the mean and the standard error of the mean. Lower limit of quantification (LLoQ)
of ELISA: 31.3 pg/mL. Lower limit of detection (LLoD) of ELISA: 3.9 pg/mL. Lipoplex
treatment n = 3 — 4. Liposome treatment n = 4. Control treatment n = 2,
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Total Doxil® accumulation in major organs. Doxil® was administered 24 hours after a

1x PBS, 1 pg IFN-A, or 10 ug IFN-A pretreatment injection in Balb/c female mice.
Accumulation was measured 24 hours after Doxil® injection. X-axis represents the
pretreatment that the mice received. A t-test with Welch’s correction was used to determine
if IFN-A pretreatment showed statistically significant differences in accumulation when
compared to PBS pretreatment. Statistically significant differences are represented with
asterisks (* =p<0.05, **=p<0.01, ***=p<0.001) (A.—F:n=4) (G.:.n=3-4).
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Fig. 6.

Total Doxil® accumulation in plasma and tumor tissue. Doxil® was administered 24 h after
a1x PBS. 1 g IFN-A, or 10 pug IFN-A pretreatment injection in Balb/c female mice.
Accumulation was measured 24 h after Doxil® injection. X-axis represents the pretreatment
that the mice received. A ~test with Welch’s correction was used to determine if IFN-A
pretreatment showed statistically significant differences in accumulation when compared to
PBS. Statistically significant differences are represented with asterisks (* = p< 0.05) (A. —
B.: n=4).
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Figure 7:

Plasma/liver and tumor/liver Doxil accumulation ratios. X-axis represents the pretreatment
that the mice received. A t-test with Welch’s correction was used to determine if Lipoplex
and IFN-A pretreatments showed statistically significant differences in accumulation ratios
when compared to PBS pretreatment. Statistically significant differences are represented
with asterisks (* =p <0.05, ** =p<0.01) (A. -B.: n=4).
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