1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

Author manuscript
Nanoscale. Author manuscript; available in PMC 2019 August 30.

-, HHS Public Access
£

Published in final edited form as:
Nanoscale. 2018 August 30; 10(34): 16307-16313. doi:10.1039/c8nr04142c.

Tobacco mosaic virus delivery of mitoxantrone for cancer
therapy

Richard D. Lin! and Nicole F. Steinmetz1:2*
1Department of Biomedical Engineering, Case Western Reserve University, Cleveland OH 44106

2Department of NanoEngineering, Moores Cancer Center, University of California-San Diego, CA
92039

Abstract

Mitoxantrone (MTO) is a topoisomerase Il inhibitor which has been used to treat various forms of
cancer either as solo chemotherapy regimen or as component in cocktail treatments. However, as
with other anti-neoplastic agents, MTO has severe cardiac side effects. Therefore, a drug delivery
approach holds promise to improve safety and applicability of this chemotherapy. Here, we report
the application of a plant virus-based nanotechnology derived from tobacco mosaic virus (TMV)
as a delivery vehicle for MTO towards cancer therapy. TMV is a high aspect-ratio, soft-matter
nanotube with dimensions of 300x18 nm and a 4-nm wide channel. The surface chemistry of the
interior and exterior surfaces is distinct and we established charge-driven drug loading
mechanisms to accommodate therapeutics inside the channel for drug delivery. We demonstrate
effective MTO loading into TMV yielding ~ 1,000 MTO per TMV carrier. Treatment efficacy of
MTO-loaded TMV (Mo TMV) was assessed in in-vitro and /in-vivo models. /n-vitro testing
confirmed that MTO maintained its efficacy when delivered by TMV in a panel of cancer cell
lines. Drug delivery in-vivo using a mouse model of triple negative breast cancer demonstrated
superior efficacy of TMV-delivered MTO vs. free MTO. This study demonstrates the potential of
plant virus-based nanotechnology for cancer therapy and drug delivery.
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Introduction

Mitoxantrone (MTO) is a clinically approved chemotherapeutic used to treat metastatic
breast cancer, advanced prostate cancer, as well as forms of leukemia and lymphoma.? It is
frequently used as cocktail with other chemotherapeutics (e.g. doxorubicin, vincristine,
prednisone). MTO is a topoisomerase Il inhibitor, and as such interferes will the cell cycle
leading to apoptosis. While a potent anti-cancer therapeutic, MTO confers intense toxicity
when delivered systemically, particularly to the heart. Dose-dependent cardiotoxicity of
MTO results in the reduction of left ventricular ejection fraction along with congestive heart
failure.? These side effects limit its clinical utility. To bypass these severe cardiac side
effects, we proposed the use of plant-virus based nanoparticles as delivery vehicles for
MTO.

Plant-virus based nanotechnologies provide an exciting alternative to the more traditional
and more frequently exploited synthetic nanoparticles.® Plant viruses, or viruses in general,
can be considered as nature’s delivery vehicles; viruses are designed to penetrate cells and
deliver cargo. While mammalian viruses have been used to deliver genes for nucleic acid
therapy,® plant viruses offer a safer alternative due to their inability to infect or replicate in
mammalian cells. Like other biologics, plant virus-based nanoparticles can be manufactured
through a variety of homologous and heterologous expression systems at high yields and
with high quality control and assurance.® ® Plant viruses are monodisperse and many of their
structures known to near atomic resolution; therefore enabling structure-based design of
high precision nanodrug delivery systems.®

In this work, we investigated the use of tobacco mosaic virus (TMV) as a drug delivery
vehicle for mitoxantrone (MTO); efficacy of the plant viral drug delivery approach was
evaluated in /n-vitroand in-vivotumor models. TMV is a soft matter, hollow nanotube
measuring 300x18 nm with a 4-nm wide channel. This high aspect-ratio (AR=17) is
advantageous when used in the context of drug delivery to tumors, because elongated
materials have superior biodistribution and tumor homing compared to spherical particles.
7.8 Furthermore, our previous biodistribution studies have demonstrated that TMV does not
accumulate in the heart when injected intravenously;®: 10 this is of importance because a
major limitation of MTO is its cardiotoxicity. Another positive attribute of high aspect ratio
nanoparticles is that they excel in immune system evasion,® which reduces non-specific
deposition in phagocytes and may help avoid or reduce potential immune responses against
the carrier. Besides its shape-related attributes, the structure of TMV is known and its
chemistry well understood.11-13 TMV offers chemically distinct interior and exterior
surfaces, therefore allowing structure-based engineering of designer nanoparticles. Here, we
developed a drug delivery protocol to encapsulate MTO into TMV; we report drug loading
and release as well as its anti-tumor effects in various cell lines in-vitro. Finally we
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demonstrate superior efficacy of TMV-delivered MTO vs. free MTO in a murine model of
triple negative breast cancer.

Experimental

Synthesis of y1oTMV.

T158K mutant of TMV (in the following referred to as TMV) was produced by mechanical
inoculation of Nicotiana benthamiana plants and established purification protocols. 1 mg
ml~1 of TMV was mixed in the dark with 10,000-fold molar excess of mitoxantrone (Sigma-
Aldrich, MTO) in 10 mM potassium phosphate (KP) buffer at pH 7.4 for 18 hours. The
reaction mix was purified by centrifugation at 112,000 g for 1 hour over a 40% (w/v)
sucrose cushion to remove any excess of free MTO. The resulting ptoTMV pellet was
resuspended in 10 mM KP buffer pH 7.4 and further purified by centrifugation at 16,000 g
for 10 minutes to remove any particle aggregates. Finally, the pyroTMV were eluted through
a GE Healthcare PD Minitrap G-25 column to remove any remaining free MTO. UV-visible
spectroscopy (UV-vis) was used to determine the respective concentration of TMV and
MTO. Samples were also analyzed by transmission electron microscopy (TEM) and size
exclusion chromatography (SEC) to confirm particle monodispersity and integrity.

UV-Vis spectroscopy.

The UV-vis Spectra of TMV and ptoTMV were analyzed with a NanoDrop
spectrophotometer (Thermo Scientific). The molar ratio of MTO loading was determined by
comparing the ratio of MTO:TMV coat protein concentration, which was determined by
analyzing their respective absorbance and Beer-Lambert law. The extinction coefficients of
TMV and MTO are as follows: TMV £(260 nm) = 3 mL'mg~tcm™, MTO £(622 nm) =
25,000 M~1cmL. The molecular weight of TMV and MTO are 39.4 x 10% g mol~1 and
514.71 g mol~1 respectively. It should be noted that because MTO also absorbs at 260 nm,
the MTO contribution at 260 nm is therefore subtracted when determining the TMV
concentration.

Size exclusion chromatography (SEC) by fast protein liquid chromatography (FPLC).

Samples (200 £ at 1 mg mI~1 of protein) were eluted through a Superose6 column on the
AKTA Explorer chromatography system (GE Healthcare) using a flow rate of 0.5 mL/min in
10 mM KP pH 7.4. The absorbance at 260 (TMV RNA), 280 (TMV protein), and 622 nm
(MTO) was recorded.

Transmission electron microscopy (TEM).

A 20 /1 drop of TMV or proTMV at 1 mg mi~2 protein concentration was added to
Formvar carbon film coated copper TEM grids (FCF400-CU, Electron Microscopy
Sciences) for 2 min at room temperature. After two washing steps with deionized water, the
grids were stained twice with 2% (w/v) uranyl acetate in deionized water for 45 s. A Tecnai
F30 transmission electron microscope was used to image the prepared samples at 300 kV.
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MTO drug release from p1oTMV.

mMToTMV formulations (500 pL, 1 mg mi~1) were placed in Slide-A-Lyzer MINI dialysis
units (69570, Fisher) and dialyzed against 2 | of 10 mM KP buffer pH 5.0 and pH 7.4 over
72 hours and at 4°C or room temperature (RT). 10 uL samples were removed att = 12, 16,
24, 48, and 72 hours after the start of dialysis, and analyzed by UV-vis spectroscopy to
quantify the percent of MTO released from \1oTMV. Drug release was calculated by
comparing the remaining drug in the particle solution to the initial drug concentration.

MTOoTMV vs. MTO cell uptake.

Cell uptake of pToTMV vs. MTO was assessed using MDA-MB-231 cells (triple negative
breast cancer), HT1080 cells (fibrosarcoma), and PC-3 cells (prostate cancer). Cell lines
were obtained from ATCC. MDA-MB-231 and HT1080 cells were cultured in high glucose
Dulbecco’s modified Eagle medium (DMEM) with 4 mM L-glutamine (Fisher). PC-3 cells
were cultured in Rosewell Park Memorial Institute (RPMI) 1640 medium. All media were
supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin. Cells were grown
to confluency at 37°C and 5% CO». Cells were seeded into an untreated V-bottomed 96-well
plate at 250,000 cells per well in 200 yL of media. Triplicates of MTO or py1oTMV were
added at a concentration of 100,000 particles/cell and incubated for 16 hours at 37°C, 5%
CO5. Cells were then washed with 7.4 pH PBS containing 5% (v/v) FBS and 0.1% (w/v)
sodium azide, and then fixed with 2% (v/v) paraformaldehyde 7.4 pH PBS for 15 minutes.
Cells were sorted by fluorescence using a R660 filter (405 nm Em / 660 nm Ex) and a
Accuri C6 Flow Cytometer. All experiments were carried out at least twice and triplicate
samples were analyzed using FlowJo software.

mMTOTMV vs. MTO cytotoxicity.

Cell toxicity was evaluated using the MTT assay (ATCC) and MDA-MB-231, HT1080, and
PC-3 cell lines. Cells were exposed to free MTO, m1oTMV, TMV, and PBS for 24 hours in
culture medium at 37°C and 5% CO,; MTO concentrations ranged from 10 uM to 100 pM
with increments of factor 10; TMV concentration were matched to pytoTMV. The assay was
performed as per manufacturer’s recommendation; a BioTek Synergy HT multidetection
microplate reader was used for read-out.

mMTOTMV vs. MTO therapy using the MDA-MB-231 mouse model of triple negative breast

cancer.

All animal studies were performed according to Case Western Reserve University’s
Institutional Animal Care and Use Committee-approved procedures. Female NCR nu/nu
mice were injected subcutaneously into the right flank using 2 x 108 MDA-MB-231 cells
suspended in 100 pL of media and Matrigel (Corning) at a 1:1 ratio. Once established,
tumors were monitored every other day, with total tumor volume calculated using the

I x w
2

injections were started when tumors reached a volume of 100 mm3. Groups of n=5 animals
were treated with MTO, y1oTMYV, TMV, and PBS. Treatment was delivered via IV injection

formulav = , Where /is the length and wthe width of the tumor. Treatment
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at 1 mg kg™! normalized to MTO on days 1, 5, and 10. Injection volumes did not exceed 300
L.

Results and Discussion

MToTMV synthesis and characterization

TMV was propagated in and purified from Nicotiana benthamiana plants at yields of up to
500 mg pure TMV per 100 gram of infected leaf tissue. TMV consists of 2,130 identical
coat proteins (made of 158 amino acids) arranged in a helical structure around the single-
stranded viral RNA. TMV virions form a cylindrical structure, its inner surface is lined with
4,260 solvent-exposed glutamic acid residues (Glu 97 and 106).11-13 These exposed
carboxylic groups provide a negatively charged environment, which we have previously
exploited for the encapsulation of positively charged therapeutics, such as chemotherapies,
photosensitizers, and pestidcides.10: 13 15-17 MTO in its native state contains a +2 charge
(Figure 1) and measures approximately 1.4 nm across its longest axis; therefore MTO has
attributes making it an attractive candidate to be encapsulated into TMV via charge-driven
interactions. To achieve this, MTO and TMV were mixed at a 10,000:1 MTO:TMV ratio
overnight in 10 mM potassium phosphate (KP) buffer at pH 7.4. Following purification to
remove any excess and MTO, the resulting MTO-loaded TMV particles, denoted pyroTMV,
were analyzed to confirm their structural integrity and assess drug loading and release
(Figure 2).

Size exclusion chromatography (SEC) by fast liquid protein chromatography (FPLC) and
transmission electron microscopy (TEM) confirmed that ptoTMV particles maintained their
structural integrity after MTO loading (Figure 2A+C). TEM imaging shows high aspect ratio
nanorods. It should be noted that while native TMV measures 300 nm, TEM imaging
typically shows a distribution of particle lengths which likely is an artifact from sample
preparation leading to broken or fragmented particles; however, no differences were noted
between TMV and 1o TMV indicating stability of the pytoTMV formulation (Figure 2C).
The FPLC elution profile also shows the typical TMV profile with elution from the
Superose6 column at ~ 8 mLs; the ratio of 260:280 of 1.2 is indicative of intact TMV and
overlap of the 622 nm peak with the 260/280 nm peaks indicates co-elution of MTO with
TMV; free MTO was not detected in the preparation (Figure 2A).

MTO drug loading into TMV was then quantified by UV-Vis spectroscopy (Figure 2B) using
Beer Lambert Law and the TMV and MTO-specific extinction coefficients; we determined
the loading with approximately ~1,000 MTO molecules per TMV particle. The degree of
drug loading is comparable to other TMV-drug delivery systems that we previously
described. For example, we reported similar degree of drug loading using a porphyrin-based
photosensitizer.17 It should be noted that with platinum drugs, using either cisplatin or its
monofunctional derivatives phenanthriplatin, loading with up to 2,000 drugs per TMV could
be achieved.10: 16 A recent structure-function study using a distinct set of phenanthriplatin
analogs indicates that the net charge of phenanthriplatin analogs and their ionic mobilities
have no effect on loading — however an increased number of heteroaromatic rings of the
platinum ligand appears to enhance loading efficiency, possibly by stabilizing the
hydrophobic interactions and stacking inside the TMV channel.13 MTO is known to interact
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and bind to proteins via hydrophobic interactions;18: 19 therefore we propose that MTO-
TMV drug loading is driven by a combination of charge interactions and hydrophobic
stacking. In fact, the possibility exists that MTO is not exclusively bound to the interior
channel, but could also be bound to the exterior surface of the particle through non-specific
drug-protein interactions.

Lastly, we assessed the release rate of MTO from TMV using dialysis against KP buffer pH
5.0 vs. 7.4 corresponding to the acidic tumor microenvironment and physiological
conditions. 20 We also considered testing at 4°C and 22°C to assess stability under storage
conditions in the fridge or room temperature. While temperature only had a modest effect on
drug release; faster drug release rates were observed under acidic conditions (t1/, ~ 7-8
hours) vs. physiologic pH 7.4 (t1/, ~ 13-25 hours). Only testing at pH 5.0 achieved complete
drug release post 24 hours; at pH 7.4 ~ 40% of the drug remained associated with TMV post
72 hours; a plateau is established after ~2 days thus indicating that longer incubation periods
would not achieve further drug release at pH 7.4. The drug release profile of p1oTMV is
similar to other nanoparticle-MTO formulations, e.g. mesoporous silica nanorods.23
Increased stability under physiologic conditions, e.g. during circulation (pH 7.4), and
increased drug release at lower pH (pH 5.0) is expected and desired: under acidic conditions,
the carboxylic acid will be protonated thus weakening the charge interactions with MTO
triggering its release. This pH dependent release provides favorable conditions for delivery
of MTO to the tumor microenvironment and its cells. Tumors generally exhibit acid
microenvironments;2! in particular, more aggressive forms of breast cancer such as MDA-
MB-231 are known to acidify their surroundings more actively compared to both healthy
cells.20 Furthermore, we previously demonstrated that TMV is taken up by cancer cells
including MDA-MB-231 cells. Upon cell uptake, TMV traffics to the endolysosomal
compartment where the drug cargo is released and the protein carrier degraded by hydrolysis
and proteolysis.22

Compared to covalent drug loading strategies, we find the non-covalent drug loading to be
more efficient: for example, we have previously demonstrated that doxorubicin can be
covalently attached to the interior glutamic acids of TMV using carbodiimide chemistries;
however, the maximum drug loading capacity was found to be 270 drug molecules per
particle,24 which is roughly 4x lower than our strategy described here. Furthermore, the drug
release mechanism of non-covalent drug delivery systems is favorable as it is markedly
faster than drug release in covalently-bound drugs, where the rate-limiting factor for release
is the degradation of the particle via hydrolase and protease activity.22 Given the increased
stability of the pyToTMV complex at pH 7.4, mimicking conditions the particles experience
during circulation, with t1/, between 13-25 hours, and the rather short circulation half-life of
TMV (on the order of minutes®), we hypothesize that the non-specific drug release during
systemic administration would be minimal.

uptake and cytotoxicity

In vitro efficacy of Mo TMV vs. MTO was assessed in a panel of cancer cell lines, including
MDA-MB-231 (triple negative breast cancer), HT1080 cells (fibrosarcoma), and PC3
(prostate cancer). The results are consistent in all three cells lines and indicate that p7oTMV
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retains comparable efficacy compared to its free drug counterpart; 1C50 values of the free
MTO treatment for MDA-MB-231, HT1080, and PC3 cells were 575445, 169+13, and
713480 nM respectively. For the 1o TMV treatment, 1C50 values were 641+81, 450+42,
and 472+42 nM respectively (Figure 3B). At the maximum MTO concentrations tested (10
uM), cell viability was suppressed to roughly 20%. Cell uptake of pyroTMV vs. MTO was
assessed using flow cytometry taking advantage of the drug’s natural fluorescence (EX/Em
607/684 nm).25 In each cell line, o TMV showed improved cellular uptake compared to
MTO. This is reflected by an increase in mean fluorescence intensity (Figure 3C+D). The
increase in cell uptake however does not reflect an increase in cell killing efficiency of the
mMTo TMV formulation compared to free MTO — this may be explained by slower
metabolism of the drug by the tumor cells, due to the added barrier of MTO encapsulation.28

Our data are consistent with other reports; drug efficacy is cell line dependent and MTO
appears to be more effective in triple negative breast cancer models compared to HER2+
breast cancer subtypes: for example, liposomal MTO and free MTO exhibited 1C50 values
of 1.25 and 2.13 uM for MTO and encapsulated MTO respectively when delivered to
HER2+ MCF-7 breast tumor cells.2” On the other hand, IC50 values for mesoporous silica
nanorods loaded with MTO vs. free MTO against triple negative breast cancer cells MDA-
MB-231 lied at 548 and 966 nM, respectively.?3 The latter is in good agreement with our
studies. We therefore chose the triple negative model for investigation of drug efficacy using
the TMV delivery approach /n-vivo.

In vivo drug delivery using ytoTMV in a mouse model of triple negative breast cancer

The efficacy of Mo TMV vs. free MTO was assessed in a mouse model of triple negative
breast cancer, where MDA-MB-231 xenografts were induced into the subcutaneous space of
the right flank of NCR nu/nu mice. Treatment was started when tumors reached 100 mm?3;
the treatment schedule comprised three treatments every 5 days of PBS (control), TMV
(control), free MTO and pToTMV at a dose of 1 mg kg™t normalized to MTO (groups were
assigned randomly with n=5). Each treatment of \;7oTMV was prepared fresh the day of
treatment to ensure maximum drug loading and avoiding premature release during extended
periods of storage. Tumor burden was measured every other day as a function of tumor
volume.

The Jin-vivo drug delivery study demonstrated that tumor growth rates were significantly
suppressed when animals were treated using the p1o TMV formulation: at the endpoint,
which was defined as the timepoint when all PBS-control animals had to be sacrificed based
on tumor burden (40 days post first treatment), animals treated with p1o TMV exhibited
tumors 5.4x smaller than control tumors (297 mm3 vs. 1,610 mms3 for \y7oTMV vs. PBS, p
< 0.0005). There was no statistical significance comparing the PBS vs. TMV vs. MTO
groups (Figure 4).

The enhanced tumor efficacy of 1o TMV vs. free MTO may be explained by the favorable
biodistribution of TMV vs. free MTO. In our previous study using phenanthriplatin-loaded
TMV and the same MDA-MB-231 mouse model, we found that the amount of drug within
the tumors tissue when delivered by TMV was increased by ~10-fold compared to drug
administered systemically.19 Furthermore data from our previous biodistribution studies
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indicate that besides tumor accumulation, TMV is cleared through the liver and spleen with
no detectable accumulation in the heart.8-10 This biodistribution profile matches other
nanotechnologies and is one of the attributes that makes nanocarriers potentially powerful
platforms for cancer therapy enabling safer administration of chemotherapy regimens that
otherwise would lead to cardiotoxicity.28

Conclusion

In this work we report the encapsulation and delivery of the chemotherapy MTO using the
plant virus-based nanotechnology derived from TMV. We demonstrate efficient drug loading
achieving a load of 1,000 MTO per TMV particle. ptoTMV particles maintained their
efficacy with comparable IC50 values to free MTO determined using a panel of cancer cell
lines /in-vitro. Most importantly we demonstrate increased efficacy of TMV-delivered MTO
vs. free MTO in a mouse model of triple negative breast cancer. Nanotechnology holds great
promise in cancer drug delivery with a myriad of nanotechnologies under development, both
of synthetic and biological nature. While there is likely no magic bullet to cure cancer, it is
critical to fuel the field of cancer nanotechnology with novel concepts, discussion and
possible drug delivery platforms. Our results highlight the potential for plant viral
nanoparticles in cancer therapy.
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Figure 1:

MTO loading into TMV. TMV forms a 300 x 18 nm nanorod (left), with a 4 mm-wide
channel lined with glutamic acids. The negative charge of the glutamic acids allows for
electrostatic interactions with the positively charged MTO, allowing for pH dependent drug -
loading and -release.
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Figure 2:
mMToTMV particle characterization. FPLC using a Superose6 column and AKTA purifier (A,

detectors: 260 nm for TMV’s RNA, 280 nm for TMV’s protein, and 622 nm for MTO) and
TEM of negative-stained samples (C) were used to confirm pyro TMV particle integrity.
Drug loading was determined using UV-Vis spectroscopy (B), with absorbance peaks at 260
and 280 nm corresponding to TMV, and 622 nm corresponding to MTO. Drug release (D)
was performed via dialysis in varying buffer conditions, with samples removed at designated
time-points for analysis and quantification of MTO content per TMV by UV-Vis.
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(A+B) Cell viability as a function of MTO concentration comparing free MTO and
MTOoTMV using the MTT assay. 1C50 values of free MTO and py1o TMV against MDA-
MB-231, HT1080, and PC3 cells. (C+D) Cellular uptake of free MTO and pyroTMV was
quantified by flow cytometry (FACS). Histograms are shown in C and corresponding mean
fluorescence intensities in D. Stats: Experiments were done in triplicates and repeated at
least twice; mean values and standard deviations are shown.
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Figure 4:
MToTMV vs. free MTO treatment using a mouse model of triple negative breast cancer

(MDA-MB-231 s.c. xenografts in NRCnu/nu mice, n=5). Treatments (PBS, TMV, MTO,
mMToTMV) were given on days 1, 5, 10 at a dosage of 1 mg kg™2 MTO; TMV was
normalized to the equivalent amount of TMV in p1oTMV.
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