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SUSTAINED RELEASE COWPEA MOSAIC
VIRUS OR VIRUS-LIKE PARTICLE
THERAPEUTIC CONSTRUCTS FOR THE
TREATMENT OF CANCER

RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional
Application Ser. No. 62/364,949, filed Jul. 21, 2016, all of
which are incorporated herein by reference.

GOVERNMENT FUNDING

[0002] This invention was made with Government support
under NIH Training Grant No. 5T32A1007363-22, NIH
Training Grant No. T32 HL105338, and Grant No. NIH 1
US54 CA151662 awarded by the National Institutes of
Health, and Grant No. CMMI 1333651 awarded by the
National Science Foundation. The Government has certain
rights in the mvention.

BACKGROUND

[0003] Research into nanoparticles as cancer therapies has
largely focused on them as a delivery platform. Nanopar-
ticles can be loaded with tumor-associated antigen and
immune agonists for the stimulation of anti-tumor immunity
and/or loaded with pre-existing conventional chemothera-
peutic drugs for delivery to tumors as a means to reduce
toxicity. However, the tendency of nanoparticles to interact
with and to be mgested by innate immune cells gives them
potential as 1mmunostimulatory, immunoregulatory and
immunostimulatory agents if they modulate the character-
istics of the mgesting innate immune population.

[0004] Virus-like particles (VLPs) refer to the spontane-
ous organization of coat proteins into the three dimensional
capsid structure of a particular virus. Like active viruses,
these particles are 1n the 20-500 nm size range, but they are
devoid of the virus nucleic acid. VLPs have already been
deployed as antigen components ol anftiviral vaccines
against infectious counterpart viruses hepatitis B (Halperin
et al., Vaccine, 30(15):2556-63 (2012)) and human papil-
loma virus (Morewra et al., Hum Vaccin., 7(7):768-75
(2011)). By preventing infection with viruses that cause
cancer, vaccines utilizing VL Ps are currently contributing to
reductions 1n cancer incidence.

[0005] Recent studies have demonstrated that VLP thera-
peutic etlicacy extends beyond the specific antigen array that
they carry and that they may possess inherent immunogenic
properties that can stimulate immune responses against
infectious agents that do not carry any antigen included 1n
the VLP. Rynda-Apple et al., Nanomed., 9(12):1857-68
(2014)). VLPs have shown the ability to imduce protective
immune responses 1n the respiratory tract in mouse models
ol infectious diseases of the lungs. VLP treatment protected
mice from bacterial pneumonia caused by methicillin-resis-

tant Staphviococcus aureus (MRSA) (Rynda-Apple et al.,
Am J Pathol., 181(1):196-210 (2012)) and Couxiella burnetii

(Wiley et al., PLoS ONE., 4(9):€7142 (2009)). VLPs have
also been shown to protect mice 1n various influenza models.

Patterson et al., ACS Nano., 7(4):3036-44 (2013); Richert et
al., Bur J Immunol., 44(2):397-408 (2014). Protective
immunity in these models was associated with recruitment,
activation, and increased antigen-processing capabilities,
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formation of inducible bronchus-associated lymphoid tissue
(1BALTs), and stimulation of CD4" T and B lymphocytes

and CDS* T cells.

SUMMARY

[0006] Embodiments described herein relate to a nanopar-
ticle construct that includes a plurality of plant virus or
virus-like particles electrostatically coupled to a plurality of
nanoparticles having a different surface charge than the plant
virus or virus-like particles. The nanoparticle construct can
upon delivery and/or administration to a subject, such as in
situ delivery and/or administration, provide a sustained
and/or controlled release of the plant virus or virus-like
particles and/or nanoparticles to the cells or tissue. The
nanoparticle construct can also serve as a substrate for the
incorporation and/or attachment of at least one cargo agent,
bioactive agent, and/or cell.

[0007] In some embodiments, the nanoparticle construct
can form macro- or micro-scaflold that can be readily
delivered to a subject to provide controlled and/or sustained
release of the plant virus or virus-like particles and/or
nanoparticles as well as the cargo agents and/or bioactive
agents coupled to and/or loaded on the construct to cells
and/or tissue of a subject. The nanoparticle construct can be
injected or implanted in a minimally mnvasive fashion 1n a
subject 1n need thereof to treat diseases (e.g., cancer) and/or
disorders 1n the subject.

[0008] In some embodiments, the nanoparticles electro-
statically coupled to the plant virus or virus-like particles
can include at least one of virus or virus-like particles,
dendrimers, metallic particles, inorganic particles, polymer
particles, or liposomes that have a different surface charge
than the plant virus or virus-like particles.

[0009] In some embodiments, the nanoparticle construct
can be 1n the form of a micro-aggregate that includes a
plurality of the electrostatically coupled dendrimers and the
plant virus or virus-like particles. Micro-aggregates of the
clectrostatically coupled dendrimers and the plant virus or
virus-like particles can be readily injected 1n a subject to be
treated.

[0010] In some embodiments, micro-aggregates of the
clectrostatically coupled dendrimers and the plant virus or
virus-like particles can have diameters large enough to
prevent passive diflusion of the micro-aggregates across
blood vessels following intraperitoneal 1njection into a sub-
ject thus requiring disassembly or lymphatic drainage for
eventual clearance from the subject. For example, micro-
aggregates of the electrostatically coupled dendrimers and
the plant virus or virus-like particles can have an average
hydrodynamic radius of about 100 nm to about two microns.
[0011] In some embodiments, micro-aggregates of the
clectrostatically coupled dendrimers and the plant virus or
virus-like particles can be assembled 1n aqueous solutions
with salt concentrations up to about 100 nM. Upon admin-
istration to a subject the micro-aggregates can gradually
disassemble in a sustained manner at physiological salt
concentrations over a defined period the time, such as about
1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 1 week, 2 weeks
Or more.

[0012] In some embodiments, the plant virus or virus-like
particle used for the nanoparticle construct can be a plant
picornavirus or a filamentous plant virus or virus-like par-
ticle. The plant virus or virus-like particle can be of the
Secoaviridoe genus or Alphatexiviridae family For example,
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the plant virus or virus-like particle can be a cowpea mosaic
virus-like particle or potato virus X virus-like particle. In
other embodiments, the plant virus particle or virus-like
particle can be a rod-shaped virus particle. The rod-shaped
virus can be a tobacco mosaic virus. The dendrimer can a
(G3-G10 dendrimer, such as a G4-G6 dendrimer.

[0013] In other embodiments, the nanoparticle construct
can have a three-dimensional periodic nanoscale architec-
ture, such as a hierarchical complex with defined alternating,
clectrostatically coupled layers of the plant virus or virus-
like particles and the nanoparticles. The nanoparticles used
to form the electrostatically coupled layers can include plant
virus or virus-like particles that have differing surface
charges. For example, tobacco mosaic virus (IMV) can be
genetically engineered to display a corona of lysine residues
on its solvent exposed surface that alters the surface charge
of the TMYV sulliciently to allow layer by layer electrostatic
coupling of the TMV to TMV-lys.

[0014] Other embodiments described herein relate to
methods of treating cancer 1n a subject 1n need thereof by
administering 1n situ to cancer of the subject a therapeuti-
cally eflective amount of a nanoparticle construct. The
nanoparticle construct can include a plurality of plant virus
or virus-like particles electrostatically coupled to a plurality
of nanoparticles having a different surface charge than the
plant virus or virus-like particles. The virus or virus-like
particle can be nonreplicating and noninfectious in the
subject to avoid infection of the subject. In some embodi-
ments, the 1 situ administration of the nanoparticle con-
struct can be proximal to a tumor 1n the subject or directly
to the tumor site to provide a high local concentration and
sustained and/or controlled release of the plant virus or
virus-like particle 1 the tumor microenvironment. The
method represents a type of in situ vaccination, 1 which
application of an immunostimulatory reagent directly to the
tumor modifies the tumor microenvironment so that the
immune system 1s able to respond to the tumor.

BRIEF DESCRIPTION OF THE FIGURES

[0015] FIGS. 1(A-C) illustrate DLS measurements for the
assembly and disassembly of CPMV and PAMAM-G4 den-
drimer 1n (A) increasing NaCl and (B) PBS concentrations.
(C) Stability study for the CPMV-G4 assembly, wherein the
ionic strength was 1mnmitially fixed at 25 mM NaCl for 1 week,
gradually increased, and was kept at 300 mM NaCl {for
another 7 days. (D) Aggregates of high concentration (2.5
mg/mlL) CPMV and PAMAM-G4 1 25 mM NaCl.

[0016] FIGS. 2(A-D) illustrate topographical tapping-
mode AFM images of (A) 0.15 mg/mLL CPMYV and 0.15
mg/mlL CPMV-G4 (1:1) 1n (B) O mM, (C) 50 mM, and (D)
150 mM NaCl, which were dropcasted on a freshly cleaved
mica surface.

[0017] FIG. 3 illustrates growth of ovarian cancer cells 1n
the 1ntraperitoneal space. Treatment was 1njected intraperi-
toneally and mnitiated seven days following injection of 2
million luciferase-positive ID8-Del29/Vegt-A cells. Injec-
tion of each treatment group i1s indicated with a color-
coordinated arrow. PBS was also injected weekly. Total
bioluminescence measured 1n intraperitoneal space.

[0018] FIGS. 4(A-C)illustrate the characterization of dye-
labeled CPMV and CPMV-G4 assemblies (A) UV-Vis
absorption spectra of CPMV-AF647 particles. (B) SDS-
PAGE analysis of wild type CPMV and CPMV-AF647 1n

white light and after Coomassie Blue staining. (C) Free
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CPMV-AF647 and aggregates of CPMV-AF647-G4 1imme-
diately following mixing and after a brief spin 1n a table-top
centrifuge.

[0019] FIGS. 5(A-C) illustrate biodistribution of CPMV
and CPMV-G4 1n the intraperitoneal space. (A) Fluores-
cence 1maging of C57/BL6 mice immediately following
injection, at 12 and 24 hours. (B) Fluorescence imaging of
C57/BL6 mice at 1 and 11 days (C) Normalized fluorescent
intensity as determined by ROI analysis; the total fluores-
cence measured in the intraperitoneal space immediately
following 1njection was established as 1 and relative inten-
sity for all subsequent time-points was calculated as a
portion of this intensity.

[0020] FIG. 6 1llustrates the structure of the TMV-lys coat
protein and the assembled hollow various nanotube.

[0021] FIGS. 7(A-B) are a (A) schematic layout of the
quartz crystal microbalance (QCM)-tlow 1njection analysis
(FIA) setup. (B) Illustration of the port connections within
the 6-port injection valve that facilitated the noiseless intro-
duction of the virus nanoparticles on the QCM crystal
surface.

[0022] FIG. 8 illustrates a schematic illustration of the
sequential formation of multilayer virus scatiolds via layer
by layer (LbL) deposition of tobacco mosaic virus (TMV-
wt) nanoparticles and mutant TMV particles with lysine
residues (TMV-lys).

[0023] FIGS. 9(A-D) illustrate QCM Studies of the LbL
assembly of TMV-wt and TMV-lys: (A) QCM Af plots of
alternating depositions of TMV-wt and TMV-lys and
repeated depositions of a TMV-wt-only and a TMV-lys-only
system (control) (B) Surface coverage of each depositiion of
TMV-based particles during the LbL process (C) Overlaid
AT and AR plots of the LbL assembly (D) AR and Af plots

showing the behavior of a purely elastic (1) and viscous
system (2) with the LbL adsorption of TMV-wt and TMV-ly.

[0024] FIGS. 10(A-D) illustrate topographical tapping-
mode atomic force microscopy (AFM) images of (A) TMV-
wt and (B) TMV-lys. (C) and (D) are their corresponding
transmission electron microscopy (TEM) images.

[0025] FIGS. 11(A-D) illustrate topographical tapping-
mode AFM 1mages and cross-sectionaln profiles of the (A)
polyelectrolyte-modited surface, (B) 1.5 bilayers ((TMV-wt/
TMV-lys)1.35), (C) 3 bilayers ((IMV-wt/TMV-lys)3), and
(D) 6 bilayers ((TMV-wt/TMV-1ys)6) of TMV-wt and TMV-
lys.

[0026] FIGS. 12(A-E) illustrate (A) summary of cells that
adhered on the blank and PE-modifed substrates and the

multilayer viral scaflolds. Fluorescence micrographs (scale
bar=250 um) of NIH-3T3 fibroblasts that remain attached on

(B) (TMV-wt/TMV-1ys)0.5, (C) (TMV-wt/TMV-lys)1, (D)
(TMV-wt/TMV-1ys)4.5, and (E) (ITMV-wt/TMV-lys)5.

[0027] FIG. 13(A-C) illustrate digital image of a free-
standing polyelectrolyte/(TMV-wt/TMV-1ys)50 film 1n
potassium phosphate buffer (0.1 mg/mL, pH 5.0). SEM

micrographs of the released free-standing polyelectrolyte
{1lm with 50 bilayers of TMV-1488 and TMV-lys (B) and the

polyelectrolyte film (C).

[0028] FIGS. 14(A-B) illustrate (A) UV-Vis absorbance
spectra of TMV-wt and TMV-1488. (B) SDS-PAGE gel
analysis of TMV-wt, TMV-lys, and TMV-1488 1n UV light
and after staining with Coomassie Blue.

[0029] FIG. 15 illustrates fluorescence images of the
membrane composed of polyelectrolyte and 50 bilayers of
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TMV-wt and TMV-lys and the polyelectrolyte film with 50
bilayers of TMV1488 and TMV-lys.

DETAILED DESCRIPTION

[0030] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. The terminology used 1n the description
of the invention herein 1s for describing particular embodi-
ments only and 1s not intended to be limiting of the inven-
tion. All publications, patent applications, patents, and other
references mentioned herein are incorporated by reference in
their entirety.

[0031] As used in the description of the mnvention and the
appended claims, the singular forms ““a,” “an,” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. In addition, the recita-
tions of numerical ranges by endpoints include all numbers
subsumed within that range (e.g., 1 to 5 includes 1, 1.5, 2,
2.75, 3, 3.80, 4, 3, etc.).

[0032] The term “agent” refers to a chemical compound,
a mixture of chemical compounds, a biological macromol-
ecule, or an extract made from biological matenials.

[0033] The term “bioactive agent” can refer to any agent
capable of promoting a biological eflect, e.g., alters or
modulates a biological function of a physiological target
substance. By “alters” or “modulates a biological function”
herein 1s meant that the physiological target undergoes a
change in eirther the quality or quantity of its biological
activity; this includes increases or decreases in activity.
Thus, bioactive agents include a wide variety of drugs,
including antagonists, for example enzyme inhibitors, and
agonists, for example a transcription factor which results 1n
an increase in the expression of a desirable gene product
(although as will be appreciated by those 1n the art, antago-
nistic transcription factors may also be used), are all
included.

[0034] In addition, a “bioactive agent” includes those
agents capable of direct toxicity and/or capable of inducing
toxicity towards healthy and/or unhealthy cells 1n the body.
Also, the bioactive agent may be capable of inducing and/or
priming the immune system against potential pathogens. A
number of mechanisms are possible including without limi-
tation, (1) a radioisotope linked to a protein as 1s the case
with a radiolabled protein, (1) an antibody linked to an
enzyme that metabolizes a substance, such as a prodrug, thus
rendering it active 1n vivo, (111) an antibody linked to a small
molecule therapeutic agent, (1v) a radioisotope, (v) a carbo-
hydrate, (v1) a lipid, (vi1) a thermal ablation agent, (vi11) a
photosensitizing agent, and (1x) a vaccine agent.

[0035] The term “cargo molecule” or “cargo agent”, refers
to a small organic or morganic bioactive agent, such as a
drug or imaging agent, that can be associated with a virus
particle multimer 1n order to confer an additional function on
the virus particle multimer.

[0036] The term “1maging agent” can refer to a biological
or chemical moiety capable being linked and/or conjugated
directly or indirectly to nanoparticle constructs described
herein and that may be used to detect, image, and/or monitor
the presence and/or progression of a cell cycle, cell function/
physiology, condition, pathological disorder and/or disease.
[0037] The terms “peptide,” “polypeptide” and “protein™
are used interchangeably, and refer to a compound com-
prised of amino acid residues covalently linked by peptide
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bonds. A protein or peptide must contain at least two amino
acids, and no limitation 1s placed on the maximum number
of amino acids that can comprise the sequence of a protein
or peptide. Polypeptides include any peptide or protein
comprising two or more amino acids joined to each other by
peptide bonds. As used herein, the term refers to both short
chains, which also commonly are referred to 1n the art as
peptides, oligopeptides and oligomers, for example, and to
longer chains, which generally are referred to in the art as
proteins, of which there are many types. “Polypeptides™
include, for example, biologically active fragments, substan-
tially homologous polypeptides, oligopeptides, homodi-
mers, heterodimers, variants of polypeptides, modified poly-
peptides, derivatives, analogs, fusion proteins, among
others. The polypeptides include natural peptides, recombi-
nant peptides, synthetic peptides, or a combination thereof.
A protein may be a receptor or a non-receptor. “Apa” 1s
aminopentanoic acid.

[0038] A “nucleic acid” refers to a polynucleotide and
includes polyribonucleotides and polydeoxyribonucleotides.
[0039] ““Treating” freating refers to ameliorating the
cllects of, or delaying, halting or reversing the progress of a
disease or disorder. The word encompasses reducing the
severity of a symptom of a disease or disorder and/or the
frequency of a symptom of a disease or disorder.

[0040] A “subject” can be a human or non-human animal
Non-human animals include, for example, livestock and
pets, such as ovine, bovine, porcine, camne, feline and
murine mamimals, as well as reptiles, birds and fish. Pref-
erably, the subject 1s human.

[0041] The language “eflective amount” or “therapeuti-
cally eflective amount” refers to a nontoxic but suflicient
amount of the composition used in the practice of the
invention that 1s eflective to provide eflective imaging or
treatment 1 a subject, depending on the compound being
used. That result can be reduction and/or alleviation of the
signs, symptoms, or causes ol a disease or disorder, or any
other desired alteration of a biological system. An appro-
priate therapeutic amount 1n any individual case may be
determined by one of ordinary skill i the art using routine
experimentation.

[0042] A “prophylactic” or “preventive” treatment 1s a
treatment administered to a subject who does not exhibit
signs ol a disease or disorder, or exhibits only early signs of
the disease or disorder, for the purpose of decreasing the risk
of developing pathology associated with the disease or
disorder.

[0043] A “‘therapeutic” treatment 1s a treatment adminis-
tered to a subject who exhibits signs of pathology of a
disease or disorder for the purpose of diminishing or elimi-
nating those signs.

[0044] “‘Pharmaceutically acceptable carrier” refers herein
to a composition suitable for delivering an active pharma-
ceutical ingredient, such as the composition of the present
invention, to a subject without excessive toxicity or other
complications while maintaining the biological activity of
the active pharmaceutical ingredient. Protein-stabilizing
excipients, such as mannitol, sucrose, polysorbate-80 and
phosphate buiflers, are typically found 1n such carriers,
although the carriers should not be construed as being
limited only to these compounds.

[0045] Embodiments described herein relate to nanopar-
ticle constructs that include a plurality of plant virus or
virus-like particles electrostatically coupled to a plurality of
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nanoparticles having a different surface charge than the plant
virus or virus-like particles. The nanoparticle constructs can
upon delivery and/or administration to a subject, such as in
situ delivery and/or administration, provide a sustained
release of the plant virus or virus-like particles and/or
nanoparticles to cells or tissue of the subject.

[0046] In some embodiments, the nanoparticle constructs
can also serves as a substrate for the mcorporation and/or
attachment of at least one cargo agent, bioactive agent
and/or cell. The nanoparticle construct can form macro- or
micro-scailold that can be readily delivered to a subject to
provide controlled and/or sustained release of the plant virus
or virus-like particles and/or nanoparticles as well as the
cargo agents and/or bioactive agents coupled to and/or
loaded on the construct to cells and/or tissue of a subject.
The nanoparticle construct can be injected or implanted 1n a
mimmally invasive fashion 1n a subject 1n need thereof to
treat diseases (e.g., cancer) and/or disorders in the subject.

[0047] Plant wvirus particles that are electrostatically
coupled to the nanoparticles can be readily cultivated, and
are unlikely to cause infection when used i vivo 1n a
subject. Plant virus particles are categorized based on their
source and structure. In various embodiments, the plant
virus particles having an icosahedral, filamentous, or rod-
shaped structure can be used. The plant virus particles can be
non-enveloped virus particles. Examples of 1cosahedral
plant viruses include cowpea mosaic virus, brome mosaic
virus, cowpea chlorotic mottle virus, etc.

[0048] In some embodiments, the plant virus or virus-like
particles can be an i1cosahedral plant virus or virus-like
particle. Examples of 1cosahedral plant viruses include the
virus families Geminmiviridae, Luteoviridae, Bromoviridae,
Phycodnaviridae, and Picornaviridae. In some embodi-
ments, the icosahedral plan virus 1s from the family Picor-
naviridae. Plant picornaviruses are relatively small, non-
enveloped, positive-stranded RNA viruses with an
icosahedral capsid. Plant picornaviruses have a number of
additional properties that distinguish them from other picor-
naviruses, and are categorized as the subfamily secoviridae.
In some embodiments, the virus particles are selected from
the Comovirinae virus subfamily. Examples of viruses from
the Comovirinae subfamily include Cowpea mosaic virus,
Broad bean wilt virus 1, and Tobacco ringspot virus. In a
turther embodiment, the virus particles are from the Genus
Comovirus. An example of a Comovirus 1s the cowpea
mosaic virus particles.

[0049] In other embodiments, the plant virus or virus-like
particle 1s a filamentous plant virus. Filamentous plant virus
1s a virus that primarily infects plants and has a non-
enveloped filamentous structure. A filamentous structure 1s a
long, thin virion that has a filament-like or rod-like shape
that 1s much longer than 1t 1s wide and therefore has a
high-aspect ratio. For example, Alphaflexiviridae have a

length of about 470 to about 800 nm, and a diameter of about
12-13 nm.

[0050] In some embodiments, the filamentous plant virus
belongs to a specific virus family, genus, or species. For
example, 1n some embodiments, the filamentous plant virus
belongs to the Alphaflexiviridae family The Alphatlexiviri-
dae family includes the genus Allexivirus, Botrexvirus, Lola-
virus, Mandarivirus, Potexvirus, and Sclerodamavirus. In
some embodiments, the filamentous plant virus belongs to
the genus Potexvirus. In turther embodiments, the filamen-
tous plant virus belongs to the Potato Virus X species.
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[0051] In other embodiments, the plant virus or virus-like
particle can be based on a rod-shaped plant virus or virus-
like particle. A rod-shaped plant virus 1s a virus that primar-
1ly infects plants, 1s non-enveloped, and 1s shaped as a rigid
helical rod with a helical symmetry. Rod shaped viruses also
include a central hollow canal. Rod-shaped plant virus
particles are distinguished from filamentous plant virus
particles as a result of being inflexible, shorter, and thicker
in diameter. For example, Virgaviridae have a length of
about 200 to about 400 nm, and a diameter of about 15-25
nm. Virgaviridae have other characteristics, such as having
a single-stranded RNA positive sense genome with a

3'-tRNA like structure and no polyA tail, and coat proteins
of 19-24 kilodaltons.

[0052] In some embodiments, the rod-shaped plant virus
belongs to a specific virus family, genus, or species. For
example, 1n some embodiments, the rod-shaped plant virus
belongs to the Virgaviridae family The Virgaviridae family
includes the genus Furovirus, Hordevirus, Pecluvirus,
Pomovirus, Tobamovirus, and Tobravirus. In some embodi-
ments, the rod-shaped plant virus belongs to the genus
lobamovirus. In further embodiments, the rod-shaped plant
virus belongs to the tobacco mosaic virus species. The
tobacco mosaic virus has a capsid made from 2130 mol-
ecules of coat protein and one molecule of genomic single
strand RNA 6400 bases long. The coat protein self-as-
sembles 1nto the rod like helical structure (16.3 proteins per
helix turn) around the RNA which forms a hairpin loop
structure. The protein monomer consists of 158 amino acids
which are assembled into four main alpha- helices, which
are joined by a prominent loop proximal to the axis of the
virion. Virions are about 300 nm 1n length and about 18 nm
in diameter. Negatively stained electron microphotographs
show a distinct inner channel of about 4 nm.

[0053] The plant virus or virus-like particles can be
obtained according to various methods known to those
skilled 1n the art. In some embodiments where plant virus
particles are used, the virus particles can be obtained from
the extract of a plant infected by the plant virus. For
example, cowpea mosaic virus can be grown 1n black eyed
pea plants, which can be infected within 10 days of sowing
seeds. Plants can be infected by, for example, coating the
leaves with a liquid containing the virus, and then rubbing
the leaves, preferably 1n the presence of an abrasive powder
which wounds the leaf surface to allow penetration of the
leat and infection of the plant. Within a week or two after
infection, leaves can be harvested and viral nanoparticles
extracted. In the case of cowpea mosaic virus, 100 mg of
virus can be obtained from as few as 50 plants. Procedures
for obtaining plant picornavirus particles using extraction of
an 1nfected plant are known to those skilled in the art. See
Wellink J., Meth Mol Biol, 8, 203-209 (1998). Procedures
are also available for obtaining virus-like particles. Saunders
et al., Virology, 393(2):329-37 (2009). The disclosures of
both of these references are incorporated herein by refer-
ence.

[0054] The nanoparticles electrostatically coupled to the
plant virus or virus-like particles can include at least one of
plant virus or virus-like particles, dendrimers, metallic par-
ticles, 1morganic particles, polymer particles, or liposomes
that have a different surface charge than the plant virus or
virus-like particles. For example, the plant virus or virus-like
particle can have a negative or anionic surface charge and
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the nanoparticle electrostatically coupled to the plant virus
or virus-like particle can have an overall positive or cationic
surface charge.

[0055] In some embodiments, the nanoparticles can have
a maximum length or diameter of about 100 nm. In general,
the nanoparticles can have dimensions small enough to
allow the nanoparticles to be electrostatically coupled to the
plant virus or virus-like particles.

[0056] The nanoparticles may be uniform (e.g., being
about the same size) or of variable size. Particles may be any
shape (e.g., spherical or rod shaped), but are preferably
made of regularly shaped matenial (e.g., rod shaped). Other
geometries can include substantially spherical, circular, tri-
angle, quasi-triangle, square, rectangular, hexagonal, oval,
clliptical, rectangular with semi-circles or triangles and the
like. Selection of suitable materials and geometries are
known 1n the art.

[0057] In some embodiments, the nanoparticles electro-
statically coupled to the plant virus or virus-like particles
can include charged polymers, such as positively charged
dendrimers. In one embodiment, the dendrimer 1s a polyami-
doamine dendrimer. Dendrimers or dendrons can be synthe-
s1zed from monofunctional cores. One skilled 1n the art will
recognize that other dendrimer compositions, such as
polylysine, poly(propylenimine), peptide and DNA based
dendrimers, and degradable cationic dendrimers, may also
be employed. Examples of dendrimer compositions and
synthetic methods may be found 1n U.S. Pat. Nos. 6,113,946,
4,631,337, 4,558,120, 4,871,779, 4,857,599, and 5,648,186,
Sadler, et al., “Peptide dendrimers: applications and synthe-
s1s,” Reviews 1n Molecular Biotechnology, 90:195-229
(2002), Stiriba, et al., “Dendntic Polymers in Biomedical
Applications: From Potential to Clinical Use 1n Diagnostics
and Therapy,” Angewante Chemie International Edition,
41:1329-1334 (2002), and Funhofl, et al., “Polymer Side-
Chain Degradation as a Tool to Control the Destabilization
of Polyplexes,” Pharmaceutical Research, 21:170-176
(2004), the contents of all of which are incorporated herein
by reference. One skilled 1n the art will recognize how to
adapt the methods of these publications to make dendrons by
using monofunctional cores.

[0058] The dendrimer size 1s determined by the number of
synthetic generations. For each generation, the volume of
the dendrimer increases faster that its surface area, so that
the ultimate possible size of the dendrimer 1s determined by
steric hindrance at the free ends where the next generation
of monomer 1s added. The desired size of the dendrimer
depends on the desired bullering capacity and the desired
reaction time, since each generation must be added sequen-
tially. The dendrimers may be prepared with between 3 and
10 generations, for example, 4-6 generations.

[0059] In some embodiments, the nanoparticle construct
can be 1n the form of a micro-aggregate that includes a
plurality of the electrostatically coupled dendrimers and the
plant virus or virus-like particles. Micro-aggregates of the
clectrostatically coupled dendrimers and the plant virus or
virus-like particles can be readily mnjected in a subject to be
treated. Micro-aggregates can also have diameters large
enough to prevent passive diffusion of the micro-aggregates
across blood vessels following intraperitoneal injection into
a subject; thus requiring disassembly or lymphatic drainage
for eventual clearance from the subject. For example, micro-
aggregates of the electrostatically coupled dendrimers and
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the plant virus or virus-like particles can have an average
hydrodynamic radius of about 100 nm to about two microns.

[0060] In some embodiments, micro-aggregates of the
clectrostatically coupled dendrimers and the plant virus or
virus-like particles can be assembled in aqueous solutions
with salt concentrations up to about 100 nM. Upon admin-
istration to a subject the micro-aggregates can gradually
disassemble 1n a sustained manner at physiological salt
concentrations over a defined period the time, such as about
1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 1 week, 2 weeks
Or more.

[0061] In other embodiments, the nanoparticle construct
can have a three-dimensional periodic nanoscale architec-
ture, such as hierarchical complex with defined alternating
clectrostatically coupled layers of the plant virus or virus-
like particles and the nanoparticles. The nanoparticles used
to form the electrostatically coupled layers can include plant
virus or virus-like particles that have differing surface
charges. For example, tobacco mosaic virus (IMV) can be
genetically engineered to display a corona of lysine residues
on its solvent exposed surface that alters the surface charge

of the TMYV sufliciently to allow layer by layer electrostatic
coupling of the TMV to TMV-lys.

[0062] By way of example, FIG. 8 illustrates formation of
the electrostatic layer by layer (LBL) assembly of TMV
nanoparticle-based assemblies. First, a strong covalent Au-
thiol linkages can be utilized 1n modifying a gold-coated
glass substrate or quartz crystal with a sulfonate-terminated
self-assembled monolayer (SAM), which results to a nega-
tively charged surface. Then, in order to ensure the forma-
tion of umiform charges on the surface, an electrostatic
polyelectrolyte multilayer coating can be applied by alter-
nately immersing the thiol-modified Au-coated substrate in
aqueous solutions of strong polyelectrolytes PDADMAC (1
mg/ml) and PSS (2 mg/mL). The layer-by-layer deposition
ol oppositely charged polyelectrolytes can be repeated for
1.5 more times leaving the polycation PDADMAC as the
terminating layer, which 1s capable of inducing the adsorp-
tion of anionic TMV-wt nanoparticles through electrostatic
interactions. The resulting polyelectrolyte LbL deposition,
which 1s denoted as (PDADMAC/PSS)2.5 can be employed
as the solid support for assembling TMV-wt and TMV-lys.

[0063] In some embodiments, the nanoparticle constructs
can be loaded with one or more cargo molecules and/or
bioactive agents. In some embodiments, the cargo molecule
and/or bioactive agent can be loaded by covalently attaching
the cargo molecule and/or bioactive agent to a reactive
molecule on a surface (interior or exterior) of one or more
plant virus or virus-like particles and/or nanoparticles of the
nanoparticle construct. In other embodiments, the nanopar-
ticle construct can be loaded with cargo molecules and/or
bioactive agents that associate with and/or are electrostati-
cally coupled to the plant virus or virus-like particles and/or
nanoparticles of the nanoparticle construct. In some embodi-
ments, the nanoparticle construct can be loaded with a
plurality, or a substantial number of cargo molecules and/or
bioactive agents. For example, 1in some embodiments, from
about 50 to about 300 cargo molecules are loaded per
nanoparticle construct, while 1 other embodiments from
about 50 to about 200 cargo molecules are loaded per
nanoparticle construct.

[0064] A variety of different types of cargo molecules
and/or bioactive agents can be loaded into or onto the
nanoparticle constructs. Cargo molecules and/or bioactive
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agents are generally relatively small organic or mnorganic
molecules. In some embodiments, the cargo molecules have
a molecular weight ranging from about 30 to about 5000
daltons, with some embodiments being directed to cargo
molecules having a weight ranging from about 50 to about
1000 daltons, or from about 100 to about 500 daltons.
Examples of cargo molecules are imaging agents and thera-
peutic agents such as antitumor agents.

[0065] Insome embodiments, the nanoparticle construct is
modified to carry an imaging agent. Examples of imaging,
agents include fluorescent compounds, radioactive 1sotopes,
and MRI contrast agents. For example, in some embodi-
ments, the 1maging agent 1s a fluorescent molecule for
fluorescent imaging. The imaging agent can be any material
having a detectable physical or chemical property. Such
imaging agents have been well-developed in the field of
fluorescent 1imaging, magnetic resonance 1imaging, positive
emission tomography, or immunoassays and, in general,
most any 1maging agent useful in such methods can be
applied to the present invention. Thus, an 1maging agent 1s
any composition detectable by spectroscopic, photochemi-
cal, biochemical, immunochemical, electrical, optical or
chemical means. Means of detecting imaging agents are well
known to those of skill in the art. Thus, for example, where
the 1maging agent 1s a radioactive compound, means for
detection 1include a scintillation counter or photographic film
as 1n autoradiography. Where the 1imaging agent includes a
fluorescent label, 1t may be detected by exciting the fluoro-
chrome with the appropnate wavelength of light and detect-
ing the resulting fluorescence. The fluorescence may be
detected visually, by means of photographic film, by the use
of electronic detectors such as charge coupled devices
(CCDs) or photomultipliers and the like. Similarly, enzy-
matic labels may be detected by providing the appropnate
substrates for the enzyme and detecting the resulting reac-
tion product. Finally simple colorimetric labels may be

detected simply by observing the color associated with the
label.

[0066] Examples of imaging agents that can be used
include magnetic beads (e.g., Dynabeads), fluorescent dyes
(e.g., fluorescein 1sothiocyanate, AlexaFluor553, Texas red,
rhodamine, and the like), radiolabels (e.g., °H, **C, *>S, '*°I,
1211, ''°In, 99mTc), other imaging agents such as
microbubbles (for ultrasound imaging), *°F, ''C, O, (for
Positron emission tomography), - mTC, "*'In (for single
photon emission tomography), and chelated lanthanides
such as terbium, gadolinium (e.g., chelated gadolinium), and
curopium or iron (for magnetic resonance i1maging). The
choice of 1imaging agent depending on sensitivity required,
case of conjugation with the compound, stability require-
ments, available mstrumentation, and disposal provisions.

[0067] In some embodiments, the 1maging agent 1s a
magnetic resonance 1maging agent. Disease detection using,
MRI 1s often diflicult because areas of disease have similar
signal mtensity compared to surrounding healthy tissue. In
the case ol magnetic resonance 1maging, the imaging agent
can also be referred to as a contrast agent. Lanthanide
clements are known to be useful as contrast agents. The
lanthamide chemical elements comprises the fifteen metallic
chemical elements with atomic numbers 57 through 71, and
include lanthanum, certum, praseodymium, neodymium,
promethium, samarium, europium, gadolimum, terbium,
dysprosium, holmium, erbium, thulium, ytterbium, and lute-
tium. Preferred lanthanides include europium, gadolinium,
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and terbrum. In order to more readily handle these rare earth
metals, the lanthanides are preferably chelated. In some
embodiments, the lanthanide selected for use as a contrast
agent 1s gadolinium, or more specifically gadolinium (III).
Gadolintum contrast agents are generally chelated to facili-
tate attachment to the virus particle. Examples of effective
gadolinium chelating molecules include 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid (DOTA), diethylen-
ctriaminopentacetate (DTPA), 1,4,7,10-tetraazacyclodode-
cane-1.,4,7-triasacetic acid (DO3A), 6-amino-6-
methylperhydro-1.4-diazepinetetraacetic acid (AAZTA),
and 4-carboxyamido-3,2-hydroxypyridinone (HOPA).
[0068] In other embodiments, the cargo molecule and/or
bioactive agent can be a therapeutic agent. Examples of
therapeutic agents include cardiovascular drugs (e.g., anti-
hypertensive drugs, antiarrhythmic agents, and diuretics),
neuropharmaceuticals (e.g., analgesics, anesthetics, and
antipsychotics), gastrointestinal drugs (e.g., anti-ulcer drugs,
antiemetics, and gastroprokinetic agents), respiratory tract
agents (e.g., anthasthamtic or antiallergic drugs), antiinfec-
tive agents (antibiotics, antimycotics, and antiviral agents),
endocrine-affecting drugs (e.g., steroids, hormones, and
contraceptives), anti-inflammatory drugs, immunosuppres-
sant drugs, and antitumor agents.

[0069] In some embodiments, the therapeutic agents used
as cargo molecules are small molecule antitumor agents.
One advantage of using antitumor agents as cargo molecules
1s the ability of virus particles to preferentially associate
with tumor cells. Examples of small molecule antitumor
agents include angiogenesis ihibitors such as angiostatin
K1-3, DL-a-difluoromethyl-ornithine, endostatin, fumagil-
lin, genistein, minocycline, staurosporine, and thalidomide;
DNA 1intercalating or cross-linking agents such as bleomy-
cin, carboplatin, carmustine, chlorambucil, cyclophosph-
amide, cisplatin, melphalan, mitoxantrone, and oxaliplatin;
DNA synthesis inhibitors such as methotrexate, 3-Amino-
1,2,4-benzotriazine 1,4-dioxide, aminopterin, cytosine
beta.-D  -arabinofuranoside, 5-Fluoro-5'-deoxyuridine,
S-Fluorouracil, gaciclovir, hydroxyurea, and mitomycin C;
DNA-RNA transcription regulators such as actinomycin D,
daunorubicin, doxorubicin, homoharringtonine, and 1daru-
bicin; enzyme inhibitors such as S(+)-camptothecin, cur-
cumin, deguelin, 5,6-dichlorobenz-imidazole 1-beta-D-ribo-
furanoside, etoposine, formestane, fostriecin, hispidin,
cyclocreatine, mevinolin, trichostatin A, tyrophostin AG 34,
and tyrophostin AG 879, Gene Regulating agents such as
S-aza-2'-deoxycitidine, 5-azacytidine, cholecalciferol, 4-hy-
droxytamoxifen, melatonin, mifepristone, raloxifene, all
trans-retinal, all trans retinoic acid, 9-cis-retinoic acid, reti-
nol, tamoxifen, and troglitazone; Microtubule Inhibitors
such as colchicine, dolostatin 15, nocodazole, paclitaxel,
podophyllotoxin, rhizoxin, vinblastine, vincristine, vin-
desine, and vinorelbine; and various other antitumor agents
such as  17-(allylamino)-17-demethoxygeldanamycin,
4-Amino-1,8-naphthalimide, apigenin, brefeldin A, cimeti-
dine, dichloromethylene-diphosphonic acid, leuprolide,
luteinizing-hormone-releasing, hormone, pifithrin-c.,
rapamycin, thapsigargin, and bikunin, and derivatives
thereof.

[0070] The cargo molecules and/or bioactive agents can be
conjugated to the nanoparticle constructs by any suitable
technique, with approprniate consideration of the need for
pharmacokinetic stability and reduced overall toxicity to the
patient. The term “conjugating” when made 1n reference to
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an agent and a nanoparticle construct as used herein means
covalently linking the agent to plant virus or virus-like
particles and/or nanoparticles of the nanoparticle construct
subject to the limitation that the nature and size of the agent
and the site at which it 1s covalently linked to the plant virus
or virus-like particles and/or nanoparticles of the nanopar-
ticle construct do not intertere with the biodistribution of the
plant virus or virus-like particles and/or nanoparticles of the
nanoparticle construct. The cargo molecule can be linked to
the interior or the exterior of plant virus or virus-like
particles and/or nanoparticles of the nanoparticle construct,
while 1n some embodiments the cargo molecule 1s linked to
both the interior and the exterior of the plant virus or
virus-like particles and/or nanoparticles of the nanoparticle
construct. In some embodiments, where the cargo molecule
1s linked to a plant virus or virus-like particle, the location
of the cargo molecule on the interior or exterior 1s governed
by the amino acids of viral coat proteins that are selected as
reactive sites.

[0071] Cargo molecules and/or bioactive agents can be
coupled to a nanoparticle construct either directly or indi-
rectly (e.g., via a binder group). In some embodiments, the
molecule and/or agent 1s directly attached to a functional
group capable of reacting with the agent and/or molecule.
For example, viral coat proteins include lysines that have a
free amino group that can be capable of reacting with a
carbonyl-containing group, such as an anhydride or an acid
halide, or with an alkyl group contaiming a good leaving
group (e.g., a halide). Viral coat proteins also contain
glutamic and aspartic acids. The carboxylate groups of these
amino acids also present attractive targets for functionaliza-
tion using carbodiimide activated linker molecules; cyste-
ines can also be present which facilitate chemical coupling
via thiol-selective chemistry (e.g., malemmide-activated
compounds). Further, viral coat proteins contain tyrosines,
which can be modified using diazonium coupling reactions.
In addition, genetic modification can be applied to introduce
any desired functional residue, including non-natural amino

acids, e.g., alkyne- or azide-functional groups. See Herman-
son, G. T. Bioconjugation Techniques. (Academic Press,

2008) and Pokorski, J. K. and N. F. Steinmetz, Mol Pharm
8(1): 29-43 (2011), the disclosures of which are incorporated

herein by reference.

[0072] Inother embodiments, a chemical binder group can
be used. A binder group can serve to increase the chemical
reactivity ol a substituent on either the agent or the plant
virus or virus-like particles and/or nanoparticles of the
nanoparticle construct, and thus increase the coupling efli-
ciency. Binder chemistries can include maleimidyl binders,
which can be used to bind to thiol groups, 1sothiocyanate and
succimimidyl (e.g., N-hydroxysuccinimidyl (NHS)) binders,
which can bind to free amine groups, diazonium which can
be used to bind to phenol, and amines, which can be used to
bind with free acids such as carboxylate groups using
carbodiimide activation. Useful functional groups are pres-
ent on viral coat proteins based on the particular amino acids
present, and additional groups can be designed into recom-
binant viral coat proteins. It will be evident to those skilled
in the art that a variety of bifunctional or polyfunctional
reagents, both homo- and hetero-functional (such as those
described 1n the catalog of the Pierce Chemical Co., Rock-
tord, Ill.), can be employed as a binder group. Coupling can
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be eflected, for example, through amino groups, carboxyl
groups, sulthydryl groups or oxidized carbohydrate resi-
dues.

[0073] Other types of binding chemistries are also avail-
able. For example, methods for conjugating polysaccharides
to peptides are exemplified by, but not limited to coupling
via alpha- or epsilon-amino groups to NalO,-activated oli-
gosaccharide (Bocher et al., J. Immunol. Methods 27, 191-
202 (1997)), using squaric acid diester (1,2-diethoxycy-
clobutene-3,4-dione) as a coupling reagent (lietze et al.
Bioconjug Chem. 2:148-153 (1991)), coupling via a peptide
binder wherein the polysaccharide has a reducing terminal
and 1s free of carboxyl groups (U.S. Pat. No. 5,342,770), and
coupling with a synthetic peptide carrier derived from
human heat shock protein hsp63 (U.S. Pat. No. 5,736,146).
Further methods for conjugating polysaccharides, proteins,

and lipids to plant virus peptides are described by U.S. Pat.
No. 7,666,624,

[0074] In some embodiments, the surface of the nanopar-
ticle construct can be modified by attachment of something
other than a cargo molecule. For example, the virus particle
multimer can be modified to include PEGylation, cell pen-
ctrating peptides, or targeting molecules. The nanoparticle
construct can be modified either before loading with cargo
molecules, or after loading with cargo molecules. Targeting
molecules can be attached to the outside of the nanoparticle
construct i order to guide the nanoparticle constructs to a
particular target tissue, such as tumor tissues. Examples of
targeting molecules include peptide ligands (e.g., RGD,
bombesin, or GE11), vitamins such as folic acid, and other
tumor-homing proteins such as transferrin, as well as and
antibodies such as Herceptin or any other antibody or
antibody fragment with tumor-specific properties, and
DNA-, RNA-, or PNA-based aptamers that specifically bind
to an antigen present on the target tissue, such as a tumor
antigen. Cell penetrating peptides can also be attached to the
outside of the nanoparticle constructs to encourage 1nternal-
1zation of the nanoparticle constructs. Cell penetrating pep-
tides are generally relatively short, amphipathic peptides.
Examples of cell penetrating peptides include TAT sequence
or polyArginine peptides.

[0075] In some embodiments, rather than covalent attach-
ment, cargo molecules and/or bioactive agents can also be
loaded into or onto the nanoparticle constructs in a non-
covalent manner by associating them with nucleic acid
present within the plant virus particles of the nanoparticle
construct. While not intending to be bound by theory, i1t
appears that the cargo molecule associates with the nucleic
acid as a result of the aflimity of the cargo molecule and/or
bioactive agent for the nucleic acid. Athnity 1s the tendency
of a compound to naturally associate with another object
(e.g., a nucleic acid). Afhinity 1s influenced by non-covalent
intermolecular interactions between the compound and the
object, such as hydrogen bonding, electrostatic interactions,
hydrophobic interactions, and Van der Waals forces.

[0076] An example of cargo molecules having an aflinity
for the nucleic acid are cargo molecules having a positive
charge. One skilled in the art can readily determine whether
a cargo molecule has athnity for the nucleic acid within a
plant virus particle. For example gel mobility shiit assays,
oligonucleotide crosslinking assays, optical absorbance and
fluorescence assays, calorimetric assays, and/or surface
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Plasmon resonance assays to determine the association and
dissociation kinetics and athnities of cargo molecules for
nucleic acids.

[0077] Furthermore, any drug or imaging agent exhibiting
low atlinity can be readily modified with a small, positively
charged tag or complementary oligonucleotide to bind to
nucleic acid within a plant virus particle. For some embodi-
ments, the cargo molecules interact with nucleic acids 1n a
reversible manner, in order to facilitate release of the cargo
molecules 1n or to the target tissue.

[0078] In some embodiments, a targeting molecule can
also be attached to the nanoparticle constructs. By “targeting
molecule” herein 1s meant a molecule which serves to target
or direct the nanoparticle construct and/or plant virus or
virus-like particles and/or nanoparticles released from the
nanoparticle construct to a particular location, cell type,
diseased tissue, or association. In general, the targeting
molecule 1s directed against a antigenic site. Thus, for
example, antibodies, cell surface receptor ligands and hor-
mones, lipids, sugars and dextrans, alcohols, bile acids, fatty
acids, amino acids, peptides and nucleic acids may all be
attached to localize or target the plant virus or virus-like
particles, nanoparticles, and/or nanoparticle construct to a
particular site. In some embodiments, the targeting molecule
allows targeting of the plant virus or virus-like particles,
nanoparticles, and/or nanoparticle construct to a particular
tissue or the surface of a cell.

[0079] In some embodiments, the targeting molecule 1s a
peptide. For example, chemotactic peptides have been used
to 1mage tissue mnjury and intflammation, particularly by
bacterial infection; see WO 97/14443, hereby expressly
incorporated by reference 1n 1ts entirety. Another example,
are peptides specific to fibrin or vascular cell adhesion
molecules to direct the 1maging probe to sites of intlamma-
tion, such as an atherosclerotic plaque. In other embodi-
ments, the targeting molecule 1s an antibody. The term
“antibody” includes antibody fragments, as are known 1n the
art, including Fab Fab,, single chain antibodies (Fv for
example), chimeric antibodies, etc., either produced by the
modification of whole antibodies or those synthesized de
novo using recombinant DNA technologies. In further
embodiments, the antibody targeting moieties of the inven-
tion are humanmized antibodies or human antibodies. Human-
ized forms ol non-human (e.g., murine) antibodies are
chimeric immunoglobulins, immunoglobulin chains or frag-
ments thereol (such as Fv, Fab, Fab', F(ab'), or other
antigen-binding subsequences of antibodies) which contain
mimmal sequence derived from non-human immunoglobu-
lin.

[0080] In some embodiments, the antibody i1s directed
against a cell-surface marker on a cancer cell; that 1s, the
antigenic site 1s a cell surface molecule. As 1s known 1n the
art, there are a wide variety of antibodies and antibody
fragments known to be differentially expressed on tumor
cells, mcluding, but not lmmited to, HER2. Examples of
physiologically relevant carbohydrates may be used as cell-
surface markers include, but are not limited to, antibodies
against markers for breast cancer (CA 15-3, CA 549, CA
2'7.29), mucin-like carcinoma associated antigen (MCA),
ovarian cancer (CA1235), pancreatic cancer (DE-PAN-2),

and colorectal and pancreatic cancer (CA 19, CA 50,
CA242).

[0081] In some embodiments, the targeting molecule 1s all
or a portion (e.g., a binding portion) of a ligand for a cell
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surface receptor. Suitable ligands include, but are not limited
to, all or a functional portion of the ligands that bind to a cell
surface receptor selected from the group consisting of insu-
lin receptor (insulin), msulin-like growth factor receptor
(including both IGF-1 and IGF-2), growth hormone recep-
tor, glucose transporters (particularly GLUT 4 receptor),
transierrin receptor (transierrin), epidermal growth factor
receptor (EGF), low density lipoprotein receptor, high den-
sity lipoprotein receptor, leptin receptor, estrogen receptor
(estrogen); 1nterleukin receptors including IL-1, IL-2, IL-3,
IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-11, IL-12, IL-13,
IL.-15, and IL-17 receptors, human growth hormone recep-
tor, VEGF receptor (VEGF), PDGF receptor (PDGF), trans-
forming growth factor receptor (including TGF-o and TGF-
3), EPO receptor (EPO), TPO receptor (TPO), ciliary
neurotrophic factor receptor, prolactin receptor, and T-cell
receptors. Receptor ligands include ligands that bind to
receptors such as cell surface receptors, which include
hormones, lipids, proteins, glycoproteins, signal transduc-
ers, growth factors, cytokines, and others.

[0082] In some embodiments, the nanoparticle construct
can be directed to a target tissue 1n a subject by in situ
delivery and/or administration to the tissues. In particular,
plant virus or virus-like particles have been shown to
preferentially accumulate 1n diseased tissue, such as cancer
tissue or inflamed tissue (e.g., atherosclerotic blood vessels).
While not intending to be bound by theory, 1t appears that
plant virus particles are taken up by blood components such
as macrophage cells of the immune system, which subse-
quently accumulate 1n diseased tissue (e.g., a tumor or
atherosclerotic blood vessel), thereby delivering the virus
particle to cells at the disease site.

[0083] In some embodiments, administering the nanopar-
ticle construct to a subject can generate an immune response.
An “immune response” refers to the concerted action of
lymphocytes, antigen presenting cells, phagocytic cells,
granulocytes, and soluble macromolecules produced by the
above cells or the liver (including antibodies, cytokines, and
complement) that results 1n selective damage to, destruction
of, or elimination from the human body of cancerous cells,
metastatic tumor cells, mnvading pathogens, cells or tissues
infected with pathogens, or, 1n cases of autoimmunity or
pathological inflammation, normal human cells or tissues.
Components of an immune response can be detected 1n vitro

by various methods that are well known to those of ordinary
skill 1n the art.

[0084] Other embodiments described herein relate to
methods of treating cancer 1n a subject 1n need thereof by
administering in situ to cancer of the subject a therapeuti-
cally effective amount of the nanoparticle construct, which
includes a plurality of plant virus or virus-like particles and
a plurality of nanoparticles having a diflerent surface charge
than the plant virus or virus-like particles electrostatically
coupled to the plant virus or virus-like particles. While not
intending to be bound by theory, it appears that the plant
virus particles or virus-like particles have an anticancer
cllect as a result of eliciting an 1mmune response to the
cancer. “Cancer” or “malignancy” are used as synonymous
terms and refer to any of a number of diseases that are
characterized by uncontrolled, abnormal proliferation of
cells, the ability of aflected cells to spread locally or through
the bloodstream and lymphatic system to other parts of the
body (i.e., metastasize) as well as any of a number of
characteristic structural and/or molecular features. A “cancer
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cell” refers to a cell undergoing early, intermediate or
advanced stages of multi-step neoplastic progression. The
teatures of early, intermediate and advanced stages of neo-
plastic progression have been described using microscopy.
Cancer cells at each of the three stages of neoplastic pro-
gression generally have abnormal karyotypes, including
translocations, 1nversion, deletions, 1sochromosomes,
monosomies, and extra chromosomes. Cancer cells include
“hyperplastic cells,” that 1s, cells 1n the early stages of
malignant progression, “dysplastic cells,” that 1s, cells 1n the
intermediate stages of neoplastic progression, and “neoplas-
tic cells,” that 1s, cells 1n the advanced stages of neoplastic
progression. Examples of cancers are sarcoma, breast, lung,
brain, bone, liver, kidney, colon, and prostate cancer. In
some embodiments, the nanoparticle constructs are used to
treat cancer selected from the group consisting of but not
limited to melanoma, breast cancer, colon cancer, lung
cancer, and ovarian cancer. In some embodiments, the virus
particles are used to treat lung cancer.

[0085] In some embodiments, the 1n situ adminmistration of
the nanoparticle construct can be proximal to a tumor 1n the
subject or directly to the tumor site to provide a high local
concentration and sustained and/or controlled release of the
plan virus or virus-like particle in the tumor microenviron-
ment. The method represents a type of in situ vaccination, in
which application of an immunostimulatory reagent directly
to the tumor modifies the tumor microenvironment so that
the immune system 1s able to respond to the tumor.

[0086] In some embodiments, the method can further
include the step of ablating the cancer. Ablating the cancer
can be accomplished using a method selected from the group
consisting of cryoablation, thermal ablation, radiotherapy,
chemotherapy, radiofrequency ablation, electroporation,
alcohol ablation, high intensity focused ultrasound, photo-
dynamic therapy, administration of monoclonal antibodies,
immunotherapy, and adminmistration of immunotoxins.

[0087] In some embodiments, the step ablating the cancer
includes administering a therapeutically effective amount of
an anticancer agent to the subject. Examples of anticancer
agents include angiogenesis inhibitors such as angilostatin
K1-3, DL-a-difluoromethyl-ornithine, endostatin, fumagil-
lin, genistein, minocycline, staurosporine, and (x)-thalido-
mide; DNA intercalating or cross-linking agents such as
bleomycin, carboplatin, carmustine, chlorambucil, cyclo-
phosphamide, cisplatin, melphalan, mitoxantrone, and oxa-
liplatin; DNA synthesis inhibitors such as methotrexate,
3-Amino-1,2,4-benzotriazine  1,4-dioxide, aminopterin,
cytosine [3-D-arabinofuranoside, 5-Fluoro-5'-deoxyuridine,
S-Fluorouracil, gaciclovir, hydroxyurea, and mitomycin C;
DNA-RNA transcription regulators such as actinomycin D,
daunorubicin, doxorubicin, homoharringtonine, and idaru-
bicin; enzyme inlibitors such as S(+)-camptothecin, cur-
cumin, {(—)-deguelin, 5,6-dichlorobenz-imidazole 1-3-D-ri-
bofuranoside, etoposine, formestane, fostriecin, hispidin,
cyclocreatine, mevinolin, trichostatin A, tyrophostin AG 34,
and tyrophostin AG 879, Gene Regulating agents such as
S-aza-2'-deoxycitidine, 5-azacytidine, cholecalciferol, 4-hy-
droxytamoxifen, melatonin, mifepristone, raloxifene, all
trans-retinal, all trans retinoic acid, 9-cis-retinoic acid, reti-
nol, tamoxifen, and troglitazone; Microtubule Inhibitors
such as colchicine, dolostatin 15, nocodazole, paclitaxel,
podophyllotoxin, rhizoxin, wvinblastine, vincristine, vin-
desine, and vinorelbine; and various other antitumor agents
such as  17-(allylamino)-17-demethoxygeldanamycin,
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4-Amino-1,8-naphthalimide, apigenin, brefeldin A, cimeti-
dine, dichloromethylene-diphosphonic acid, leuprolide,
luteinizing-hormone-releasing hormone, pifithrin, rapamy-
cin, thapsigargin, and bikunin, and denivatives (as defined
for imaging agents) thereof.

[0088] In some embodiments, the step ablating the cancer
includes 1immunotherapy of the cancer. Cancer immuno-
therapy 1s based on therapeutic interventions that aim to
utilize the immune system to combat malignant diseases. It
can be divided into unspecific approaches and speciiic
approaches. Unspecific cancer immunotherapy aims at acti-
vating parts of the immune system generally, such as treat-
ment with specific cytokines known to be effective 1n cancer
immunotherapy (e.g., IL-2, mnterferon’s, cytokine inducers).

[0089] In contrast, specific cancer immunotherapy 1s
based on certain antigens that are preferentially or solely
expressed on cancer cells or predominantly expressed by
other cells 1n the context of malignant disease (usually 1n
vicinity of the tumor site). Specific cancer immunotherapy
can be grouped into passive and active approaches.

[0090] In passive specific cancer immunotherapy sub-
stances with specificity for certain structures related to
cancer that are derived from components of the immune
system are administered to the patient. The most prominent
and successiul approaches are treatments with humanised or
mouse/human chimeric monoclonal antibodies against
defined cancer associated structures (such as Trastuzumab,
Rituximab, Cetuximab, Bevacizumab, Alemtuzumab). The
pharmacologically active substance exerts 1s activity as long,
as a suflicient concentration 1s present 1 the body of the
patient, therefore administrations have to be repeated based

on pharmacokinetic and pharmacodynamic considerations.

[0091] On the other hand, active specific cancer immuno-
therapy aims at antigen-specific stimulation of the patient’s
immune system to recognize and destroy cancer cells.
Active specific cancer immunotherapy therefore, in general,
1s a therapeutic vaccination approach. There are many types
ol cancer vaccine approaches being pursued, such as vac-
cination with autologous or allogeneic whole tumor cells (1n
most cases genetically modified for better immune recogni-
tion), tumor cell lysates, whole tumor associated antigens
(produced by means of genetic engineering or by chemical
synthesis), peptides derived from protein antigens, DNA
vaccines encoding for tumor associated antigens, surrogates
of tumor antigens such as anti-idiotypic antibodies used as
vaccine antigens, and the like. These manifold approaches
are usually administered together with appropriate vaccine
adjuvants and other immunomodulators 1n order to elicit a
quantitatively and qualitatively suflicient immune response
(many novel vaccine adjuvant approaches are being pursued
in parallel with the development of cancer vaccines).
Another set of cancer vaccine approaches relies on manipu-
lating dendritic cells (DC) as the most important antigen
presenting cell of the immune system. For example, loading
with tumor antigens or tumor cell lysates, transfection with
genes encoding for tumor antigens and 1n-vivo targeting are
suitable immunotherapies that can be used together with the
virus or virus-like particles of the mvention for cancer
treatment.

[0092] When used 1n vivo, the nanoparticle constructs can
be administered as a pharmaceutical composition, compris-
ing a mixture, and a pharmaceutically acceptable carrier.

[0093] The nanoparticle constructs, or pharmaceutical
compositions comprising these particles, may be adminis-
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tered by any method designed to provide the desired eflect.
Administration may occur enterally or parenterally; for
example orally, rectally, intracisternally, intravaginally,
intraperitoneally or locally. Parenteral admimistration meth-
ods include intravascular administration (e.g., intravenous
bolus 1injection, intravenous infusion, intra-arterial bolus
injection, intra-arterial infusion and catheter instillation into
the vasculature), peri- and intra-target tissue 1njection, sub-
cutaneous 1njection or deposition including subcutaneous
infusion (such as by osmotic pumps), mtramuscular injec-
tion, intraperitoneal injection, intracranial and intrathecal
administration for CNS tumors, and direct application to the
target area, for example by a catheter or other placement
device.

[0094] The compositions can also include, depending on
the formulation desired, pharmaceutically-acceptable, non-
toxic carriers or diluents, which are defined as vehicles
commonly used to formulate pharmaceutical compositions
for animal or human administration. The diluent 1s selected
so as not to affect the biological activity of the combination.
Examples of such diluents are distilled water, physiological
phosphate-builered saline, Ringer’s solutions, dextrose solu-
tion, and Hank’s solution. In addition, the pharmaceutical
composition or formulation may also include other carriers,
adjuvants, or nontoxic, nontherapeutic, nonimmunogenic

stabilizers and the like.

[0095] The formulations may be conveniently presented 1n
unit dosage form and may be prepared by any of the methods
well known 1n the art of pharmacy. Preferably, such methods
include the step of bringing the virus particles mto associa-
tion with a pharmaceutically acceptable carrier that consti-
tutes one or more accessory ingredients. In general, the
formulations are prepared by uniformly and intimately
bringing the active agent into association with a liquid
carrier, a finely divided solid carrier, or both, and then, 1f
necessary, shaping the product into the desired formulations.
The methods of the mmvention include administering to a
subject, preferably a mammal, and more preferably a human,
the composition of the invention 1n an amount eflective to

[

produce the desired effect.

[0096] One skilled 1n the art can readily determine an
cllective amount of the nanoparticle constructs to be admin-
istered to a given subject, by taking into account factors such
as the size and weight of the subject; the extent of disease
penetration; the age, health and sex of the subject; the route
of administration; and whether the administration 1s local or
systemic. Those skilled 1n the art may derive appropriate
dosages and schedules of administration to suit the specific
circumstances and needs of the subject. For example, suit-
able doses of the virus particles to be administered can be
estimated from the volume of cancer cells to be killed or

volume of tumor to which the virus particles are being
administered.

[0097] Useful dosages of the nanoparticle constructs can
be determined by comparing their 1n vitro activity and the in
vivo activity 1n animal models. Methods for extrapolation of
cllective dosages 1n mice, and other animals, to humans are
known 1n the art. An amount adequate to accomplish thera-
peutic or prophylactic treatment 1s defined as a therapeuti-
cally- or prophylactically-eflective dose. In both prophylac-
tic and therapeutic regimes, agents are usually administered
in several dosages until an effect has been achieved. Eflec-
tive doses of the nanoparticle constructs can vary depending,

upon many different factors, including means of adminis-
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tration, target site, physiological state of the patient, whether
the patient 1s human or an animal, other medications admin-
istered, and whether treatment 1s prophylactic or therapeutic.
[0098] Advantageously, the nanoparticle construct can
provide a slow-release and/sustained formulation of the
plant virus or virus-like particles as an 1n situ vaccine that
maintains sustained immune stimulation without the need
for repeat injections. The release of the plant virus or
virus-like particles can be constant and sustained for about
1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 1 week, 2 weeks
or more. The constant release can be sustained between
subsequent nanoparticle administrations. Maintaining a con-
stant immunostimulatory eflect can reduce the number of
administrations, enhancing their eflectiveness. The release
can be defined by strength of the electrostatic interaction
between the particles and the pH and/or physiological salt
concentration of the tissue to which the nanoparticle con-
struct 1s administered.

[0099] Examples have been included to more clearly
describe particular embodiments of the invention. However,
there are a wide variety of other embodiments within the
scope of the present invention, which should not be limited
to the particular examples provided herein.

EXAMPLES

Example 1

Slow-Release Formulation of Cowpea Mosaic Virus In Situ
Vaccine for Treatment of Ovarian Cancer

[0100] We have demonstrated the eflicacy of the plant
virus cowpea mosaic virus (CPMV) as an immunotherapy
for a variety of cancer types, including ovarian cancer.
CPMYV, administered into the intraperitoneal space, acts as
an 1n situ vaccine priming a systemic anti-tumor immune
response. An 1n situ vaccine works through direct adminis-
tration into the local tumor environment to reverse tumor-
mediated 1mmunosuppression and resensitize the immune
system to tumor specific antigens. By induction of a more
general immune response, 1 situ vaccines are not limited by
the presence of known antigens in tumor tissue. We previ-
ously demonstrated that in a syngeneic, orthotopic mouse
model of ovarian cancer, weekly intraperitoneal (IP) treat-
ment using the CPMYV 1n situ vaccine significantly improved
survival.

[0101] To alleviate the need for repeat administration, we
set out to develop a slow-release formulation of the CPMV
in situ vaccine that would maintain sustained immune stimu-
lation without the need for IP repeat injections. Maintaining
a constant immunostimulatory effect could reduce the num-
ber of IP administrations, making this treatment more trans-
latable. While IP infusions of chemotherapies are currently
approved for use clinically, and have been shown to provide
a survival advantage in the treatment of ovarian cancer, this
method of administration 1s underutilized, likely due to the
cost and inconvenience when compared to mtravenous (IV)
administration of chemotherapy. In contrast to IV adminis-
tration that can be done 1n the out-patient setting, IP admin-
istration often requires a hospital admission leading to
increased cost and decreased quality of life.

[0102] A number of slow-release formulations of cancer
drugs and immunotherapies are currently under investiga-
tion; these include hydrogels for delayed release of tumor
associated antigens, chemotherapeutics, and a variety of
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other cargo including nucleic acids as well as and
microneedle administration of anfibodies for 1mmuno-
therapy. These diverse approaches all seek to improve
cancer treatment by maintaining a constant therapeutic con-
centration and reducing the number of administrations.
[0103] In this work, we aimed to develop slow-release
assemblies of CPMYV making use of charged dendrimers and
clectrostatic self-assembly protocols. While zwitterionic 1n
nature, CPMYV carries an overall negative surface charge,
therefore we chose to program co-assembly with positively-
charged polyamidoamine (PAMAM) dendrimers. Virus-
dendrimer assemblies have previously been explored as a
method to create well-controlled higher order structure on a
nanoscale-to-mesoscale level, however their potential for
biomedical applications has not yet been fully explored.
Here 1 explore the assembly and disassembly of a CPMV
dendrimer hybrid, as well as 1ts IP trathicking and eflicacy 1n
a mouse model of ovarian cancer.

Materials and Methods

Preparation of CPMYV Nanoparticles and Generation 4
PAMAM Dendrimer

[0104] Cowpea mosaic virus (CPMV) was propagated 1n
black-eyed pea plants (Vigna unguiculata) and isolated
using previously reported protocols.

[0105] For biodistribution studies, the CPMYV particles
were conjugated with an Alexa Fluor® 647 dye (NHS-
AF647) using a previously described reaction. In briet, dye
labeling was carried out overnight at a concentration of 2
mg/mlL. CPMV 1n 0.1 M potasstum phosphate bufler (pH
7.0) and 10% DMSO with an excess of 2,000 dyes per
CPMYV. The dye-functionalized CPMYV particles (CPMV-
AF647) were purified by ultracentrifugation and character-
1zed using UV-visible absorption spectroscopy and SDS-
PAGE.

[0106] Generation 4 polyamidoamine (PAMAM) den-
drimers with an ethylenediamine core (10 wt. % 1n metha-
nol) used in the study was purchased from Sigma Aldrich.
PAMAM-G4 or G4 was 1solated by removing methanol
through rotary evaporation and resuspended 1n Mill1QQ water
at a 10 mg/mL concentration.

Dynamic Light Scattering (DLS)

[0107] To study the assembly and disassembly of CPMV-
G4 dynamic light scattering (DLS) measurements were
performed: CPMYV (~50 mg/mL 1n 0.1 M PBS, pH 7.0) and
PAMAM-G4 dendrimers (10 mg/mL 1 MilliQQ water) were
mixed at 0.15 mg/mL of virus and 0.15 mg/mL dendrimer
concentration. The 1onic strength was modified by adding
small amounts of either 2 M NaCl or 10xPBS stock solu-
tions. The hydrodynamic radius of the virus-polymer assem-
blies was measured using a DynaPro Nanostar DLS 1nstru-
ment (Wyatt Technology, Goleta, Calif.) at a wavelength of
658 nm, 90° scattering angle, 25° C.

Atomic Force Microscopy

[0108] The morphology of the CPMV-G4 assemblies was
imaged using a 5500 atomic force microscope (Keysight
Technologies, Inc., formerly Agilent Technologies) 1n tap-
ping mode. High-resolution noncontact gold-coated NSG30
silicon cantilevers (NT-MDT Spectrum Instruments, Tempe,
Ariz.) with a resonant frequency of 240-440 kHz were used
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and mounted onto the piezoelectric scanner for AFM 1mag-
ing. The resulting AFM i1mages were processed using

Gwyddion Ver. 2.47.

Ovarian Cancer In Vivo Eflicacy and Biodistribution

[0109] Animal studies were carried out using IACUC-
approved protocols. Female C57BL/6 mice (Jackson Labs)
were 1njected intraperitoneally with 2 million cells of the
highly aggressive, luciferase-positive, murine ovarian can-
cer cell line ID8-Deib29/Vegi-A 1 sterile PBS. IDS-
Deib29/Vegl-A cells were a generous gift from Dr. Fiering
(Dartmouth College) and luciferase was stably transfected 1n
this cell line as previously described. Cancer cell growth was
monitored using the Perkin FElmer IVIS Spectrum In vivo
imaging system; mice were injected intraperitoneally with
luciferin (15 mg/mlL, 150 uL itraperitoneally) and imaged
five minutes post-injection with a three-minute exposure
time. Total luminescence was determined using Living
Image® software and total counts per mouse were graphed.

Treatment was 1nitiated seven days following cell 1njection
and administered either weekly (PBS and CPMV 100 ug per

mouse), once (1 mg CPMV 1n the described CPMV-G4
assembly), or every three weeks (1 mg CPMV). CPMV-G4
was vortexed immediately prior to ijection. Prior to treat-
ment group assignment, total luminescence was determined
on day seven and used to match total cancer burden between
treatment groups (n=5). Mice were humanely euthanized
when total body weight was greater than 20% more than
body weight predicted by established growth curves, indi-
cating a high volume of ascites.

[0110] For biodistribution studies, mice were injected with
2 million ID8-Detb29/Vegi-Luc cells intraperitoneally and
cancer cells were allowed to grow for three weeks. Follow-
ing establishment of intraperitoneal disease as determined
by IVIS mmaging, mice were injected with PBS, 1 mg of
AF647-CPMYV, or 1 mg of AF647-CPMV-G4. Mice were
imaged prior to injection, immediately after injection, and at
times 30 min, 1 h, 6 h, 12 h, 24 h, 48 h, 72 h, 96 h, 7 days,
10 days, and 14 days. Images were obtained in Spectral
unmixing mode and each time-point was unmixed to 1solate
AF647 signal using the same established library. ROI analy-
s1s was performed on unmixed images from each time-point
and radiant efliciency ((p/sec/cm2)/(WW/cm2)).

Results and Discussion

Formation of the CPMV-G4 Assembly

[0111] The electrostatically driven assembly of the CPMV
nanoparticles with the amine-decorated generation 4
PAMAM dendrimer was investigated through dynamic light
scattering (DLS) measurements. Combining both compo-
nents at 0.15 mg/ml. concentration 1 pure MilliQ water
immediately resulted to an increase in hydrodynamic radius
from 15 nm (for wild-type CPMYV) to approximately 70 nm.
Increasing the 1onic concentration to 10 mM NaCl abruptly
induced the formation of larger aggregates with diameters
greater than 1.5 um. These large aggregates were observed
at salt concentrations up to 100 mM; higher concentrations
gradually disassembled the CPMV-G4 aggregates, with con-
centrations greater than 200 mM forming aggregates with an
average of 300 nm in hydrodynamic radius (FIG. 1A). A
similar trend was observed when a related experiment was
conducted with increasing phosphate buflered saline (PBS)
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concentration. Without electrolytes, the CPMV-G4 assem-
bly measured at 70 nm RH, which then rapidly increased to
about 2 microns from 0.07 to 0.36xPBS. At PBS concen-
trations higher than 0.36x, the hydrodynamic radius aver-
aged 300 nm (FIG. 1B). These data indicate that the pres-
ence of a low salt concentration promotes formation of
larger aggregates; while CPMYV and the G4 dendrimers still
have some 1nteraction at O salt concentration, as indicated by
the measured hydrodynamic radius of 70 nm, the repulsion
between the positively charged G4 limits greater aggrega-
tion 1n the absence of 10ns for some electrostatic shielding.
When the salt level 1s increased too high however, salt
screening ellects limait the interactions between the dendrim-
ers and virus, thus reducing overall aggregate size. These
properties are thought be useful for 1n vivo biomedical
applications, 1.e., the use of slow-release formulation: at low
salt the assembly 1s triggered, and post-injection into the
tissue, under physiologic salt concentrations release 1s
induced.

[0112] The stability of the CPMV-G4 assembly was inves-

tigated by storing the muxture mm a low 1onic strength
environment (25 mM NaCl) for a week, disassembled by
gradually increasing the salt concentration, and held m high
ionic strength conditions (300 mM NaCl) for another week.
The assembly maintained its large hydrodynamic radius at
low salt concentrations for 7 days. Exposure to higher 1onic
concentrations (150-300 mM NaCl) led to a burst release
into smaller aggregates with an RH of 500 nm; then slow
decrease 1n size that may indicate slow-release of CPMV
from the smaller aggregates (FIG. 1C).

[0113] For amimal studies, the concentration of CPMV
was 1ncreased to 2.5 mg/mL 1n order to form larger aggre-
gates and reduce the total volume of 1njection necessary; the
CPMYV:(4 ratio was maintained at 1:1 and salt concentration
was kept low (25 mM NaCl). Due to the high concentration
of CPMYV and G4, large aggregates formed immediately and
RH could not be determined by DLS, supporting that the
aggregates were at least larger than 2.5 um. A cloudy
appearance was observed immediately and aggregates were
collected at the bottom of the tube following a brief spin
using a tabletop centrifuge (FIG. 1D), indicating successiul
formation of CPMV-dendrimer aggregates. The colloidal
suspension was mixed well prior to use 1n animals.

[0114] The morphologies of the assemblies were further
investigated through tapping mode-atomic force micros-
copy. A0.15 mg/mL solution of CPMYV, 1n the absence of the
(G4 dendrimer, shows areas of packed CPMYV when cast on
a Ireshly cleaved mica surface, however the presence of
large empty spaces demonstrates that there are not strong
interactions between the nanoparticles (FIG. 2A). In con-
trast, when 0.15 mg/mL CPMYV 1s mixed with G4 at a 1:1
ratio 1n a salt-free solution, particles form large areas of
tightly packed CPMYV nanoparticles on the surface (FIG.
2B). Increasing the 1onic concentration to 50 mM NaC(l
induced formation of stacks of packed CPMYV nanoparticles
(FI1G. 2C), indicating further increased interactions between
CPMYV and the G4 dendrimers. At higher 1onic concentration
(150 mM NaCl) a layer of tightly arranged CPMYV, similar
to the formation observed in the absence of salt formed
(FIGS. 2B&D), supporting that high salt concentrations
reduce formation of large aggregations. Overall, the mor-
phological variations of the CPMV-G4 assembly correlate to
the DLS hydrodynamic radius measurements, which exhibit
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the responsive assembly and disassembly of the electrostatic
interactions as a function of salt concentration.

[0115] These findings are i1n agreement with previous
work showing that increasing salt concentrations reduce the
s1ze of aggregate formation through reducing electrostatic
interactions between dendrimers and viral particles. While
salt concentration has been known to be important in the
assembly formation of virus-dendrimer hybrid materials, to
our knowledge, the disassembly of these hydrid matenals
has not been mvestigated or utilized for biomedicine. These
data indicate that while the large aggregates are stable for
extended periods of time at low salt concentrations, the
larger structures disassemble at 1onic concentrations found
in the IP space (approximately 150 mM). Even at the highest
salt concentration measured however, virus-dendrimer
aggregates would still be too large to passively diffuse across
blood vessels to enter systemic circulation from the intrap-
eritoneal space (size limit <100 nm) and would require
disassembly or lymphatic drainage for eventual clearance.
Further, the long-term stability of the aggregates at low salt
concentrations makes this assembly a promising candidate
for continued presence 1n the IP space.

Treatment of Ovarian Cancer 1n a Syngeneic Mouse Model

[0116] Treatment eflicacy of the CPMV-G4 formulation

was assessed using a syngeneic, orthotopic mouse model of
ovarian cancer. Treatment was started 1 week following
injection of 2 million ID8-Defb29/Vegt-A-Luc cells 1into the
intraperitoneal space. Establishment of disease was con-
firmed and then monitored using IVIS 1maging. Body
welght was also monitored in order to track development of
ascites. Groups were treated with the following treatments:
1 mg of CPMV administered twice vs. a single dose 1 mg
CPMYV equivalent of CPMV-G4 vs.100 ug of free CPMV
administered weekly (which 1s the dosing previously shown
to be ellective at treating ovarian cancer growth); controls
received 1 mg PAMAM-G4 or PBS. Disease burden was
monitored twice weekly by tracking total luminescence
indicating cancer cell growth (FIG. 3). Tumor development
was monitored until the onset of ascites development was
observed. Bioluminescence tracking was not performed
following the onset of ascites as the development of ascites
has been shown to reduce accuracy of bioluminescent mea-
surements.

[0117] Tumor burden 1n mice treated with a single dose of
CPMV-G4 closely matched total luminescence observed 1n
mice treated more Ifrequently with a lower dose of free
CPMYV for the first three weeks of treatment, delaying cancer
cell growth significantly (FIG. 3). While the higher dose of
free CPMYV given less frequently did slow tumor growth,
this difference was not statistically different from the PBS
control. Further, the G4 administered without CPMYV did not
slow tumor growth, indicating that the improved eflect of the
CPMV-G4 assemblies compared to free CPMYV was due to
virus-dendrimer aggregates (and not presence of G4), lead-
ing to the continued presence of the immunostimulatory
CPMYV i the IP space. The retention of CPMYV 1n the IP
space was lurther tested through examining the biodistribu-

tion of tluorescently labeled CPMV administered alone or
with G4.

Biodistribution of CPMV-G4 Admimstered
Intraperitoneally
[0118] The biodistribution and clearance rate of CPMV

compared to CPMV-G4 was evaluated using 1n vivo fluo-
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rescence 1maging (Spectrum BLI). Mice were 1njected with
1 mg of CPMYV labeled with AlexaFluor 647 either as free

CPMV or formulated as the CPMV-G4 assembly as
described above. CPMV nanoparticles were covalently
tunctionalized with NHS-AF647 dye molecules using the
exposed lysine residues on the capsid surface. The success-
tul chemaical labeling of the CPMYV particles post purifica-
tion was verified using UV-Vis absorption spectroscopy;
about 50 dyes per CPMYV were attached (FIG. 3A). SDS gel
clectrophoresis was also conducted to confirm the covalent
conjugation of AF647 dye molecules to the CPMV coat
proteins (FIG. 4B). Under white light, bright blue bands
were observed matching the small and large subunit proteins
of CPMV-AF647, which was not evident for CPMYV; stain-
ing with Coomassie Blue, shows that CPMYV coat proteins
are colocalized with the dye. Aggregation was confirmed by
immediate visual changes in the mixture as well as accu-
mulation in the bottom of an eppendort tube following a 30
second spin on a tabletop centrifuge.

[0119] Biodistribution was then determined using a lon-
gitudinal 1imaging approach; at defined time points over an
11-day course total fluorescence 1n the IP space was deter-
mined using in vivo fluorescence 1imaging (Spectrum BLI)
and region of mterest (ROI) analysis (FIG. 5). Free CPMV
was cleared relatively quickly from the IP space, only
approximately 25% of the mmitial fluorescence was still
present at 24 hours post-injection; in contrast, 50% of nitial
fluorescence was present 1n the CPMV-G4 assembly treated
mice. Further, 1n a very preliminary study (n=1), CPMV-G4
was still present 1n the mtraperitoneal space at day 11 (FIG.
5B). The mitial increase 1n fluorescence observed in some
carly time-points might be due to a reduction 1n fluorescence
quenching of the fluorophores; perhaps as the CPMYV spread
throughout the IP space, the overall concentration of fluo-
rophores was reduced and measured fluorescence increased.
In order to prevent this early quenching from causing
artificially high percent retention to be calculated, relative
fluorescence intensity was calculated from the maximum
fluorescence measured and not the 1nitial intensity measure-
ment. Current studies are ongoing to repeat this biodistri-
bution with lower fluorophore conjugation 1n an attempt to
reduce this quenching eflect. While this quenching effect
limits the utility of 1n vivo fluorescent imaging to determine
the absolute concentration of CPMYV still present in the IP
space, 1t still provides useful information as to the relative
speed at which free CPMV and CPMV-G4 assembly 1s

cleared.

[0120] While work 1s still ongoing to repeat this experi-
ment and further time-points need to be measured, these
biodistribution studies are in good agreement with the
cellicacy studies supporting that CPMV 1n the CPMV-G4
assemblies 1s present for a longer amount of time, continu-
ally stimulating antitumor immunity. As the larger CPMV-
(G4 aggregates cannot be cleared through leaking into blood
vessels 1n the IP space, they must either first dissemble or be
cleared from through the lymphatic system. This retention 1s
longer than other polymer-based hydrogels injected intrap-
eritoneally which were found to persist at 8 days following
injection. Additionally, while hyaluronic acid based hydro-
gels have been shown to persist 1n the IP space for a
comparable or longer time, their use as a drug carrier has led
to both decreased and increased tumor growth, indicating,
that further investigation of this system, especially 1ts deg-
radation byproducts, 1s needed before 1t can be considered
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for use 1n slow-release formulations. Finally, this system has
several advantages over other types of slow-release formu-
lations including implantable devices that typically require
an mvasive surgery; the virus-dendrimer colloidal solution 1s
non-viscous and can be administered with a syringe without
surgical intervention.

[0121] Virus-dendrimer hybrid materials are novel class of
materials with the potential for a number of potential appli-
cations. Here we present one such potential use of these
hybrids for delayed release of the immunostimulatory nan-
oparticle CPMV. By inducing the formation of aggregates in
the intraperitoneal space, this CPMV-G4 hybrid 1s able to
increase the retention of CPMV allowing for continued
immune stimulatory and an enhanced antitumor response
compared to the same dose of “ifree” CPMV. While still
preliminary, this represents an important potential applica-
tion of virus-dendrimer aggregates to improve treatment
cellicacy and quality of life by reducing the number of
necessary administrations while maintaining a potent immu-

.

notherapy eflect.

Example 2

[0122] The complex and functional nanostructures ubig-
uitous 1n living organisms are dynamic roadmaps 1 con-
structing novel nanomachines for material science and pro-
viding solutions 1n biomedical research. One of the most
clegant and eflicient nanofabrication techniques 1n living
systems 1s based on molecular self-assembly wherein chemi-
cally and structurally compatible biological components
spontaneously form hierarchical arrangements driven by
non-covalent interactions. Nanotechnology 1s taking advan-
tage of the same principle through the bottom-up fabrication
of highly ordered surfaces, interfaces and architectures for
sensing, catalysis, delivery, coatings, plasmonics, and elec-
tronic devices. Under this area, common nanoscale building
blocks or molecular tools include metallic nanoparticles,
protein cages, colloidal latex particles, self-assembling pep-
tides, dendrimers, and carbon-based nanomaterials.

[0123] The tobacco mosaic virus (TMV-wt) 1s a well-
known ngid, rod-shaped VNP with dimensions of 300
nmx18 nm with a 4 nm central channel and a positive-sense
single stranded RNA genome. The TMV-wt capsid 1s com-
prised of 2,130 1dentical coat proteins that self-assembled
into a helical structure around 1ts genomic material. The
overall surface charges of TMV-wt can be tuned with respect
to 1ts 1soelectric pomnt (pl) of ~3.5. Hence, in pH>pl,
TMV-wt can be considered as an anionic macromolecule.
Genetic engineering allows to alter the surface charges; and
in this work we consider TMV-wt and TM V-lys, the latter 1s
a genetic variant with a Threonine-to-Lysine substitution at
amino acid position 158. TMV-lys displays a corona of
lysine side chains on 1ts solvent exposed surface (FIG. 6).
The successtul LbL assembly of TMV-wt with multilayers
ol polyethyleneimine and polyacrylic acid has been previ-
ously demonstrated. However, after immobilizing a layer of
TMV-wt on the surface, at least 12 bilayers of polyelectro-
lytes are required 1n order to deposit another set of TMV-wt,
thus limiting this approach. Aside from electrostatics, mul-
tilayer arrays of VNPs, including other particles such as
cowpea mosaic virus (CPMV) and cowpea chlorotic mottle
virus (CCMYV), have also been achieved using biotin-
streptavidin interactions but the size and the tetrameric cubic
structure of streptavidin (4-6 nm) might hinder direct contact
between the binding mediators.
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[0124] To overcome these technological hurdles, we
formed a hierarchical assembly using TMV-wt and TMV-
lys. We demonstrate a robust and scalable LbL process
allowing the 3-dimensional TMYV scaflolds to be released
into Ifreely-standing biomembranes.

[0125] Since the topological features of TMV-wt are
within the nanoscale ranges of the 3D-fibrous network of the
extracellular matrix (ECM), such 3D self-assembled net-
works of TMV may find applications in regenerative medi-
cine. In fact, recent reports have demonstrated that 2D
substrates coated with TMV-wt can support the diflerentia-
tion of bone marrow stromal cells (BMSCs) into osteoblasts.
The functionalization of the TMV-wt scaflold with various
cell binding ligands has been demonstrated to program cell
adhesion to the TMYV featured surfaces. In another report,
the surface of TMV-wt was coated with polyaniline doped
with poly(styrenesulionate), which supported the growth of
PC12 neuronal cells. With potential applications in regen-
erative medicine 1n mind, we explored the capability of the
multilayer virus assemblies to support the adhesion of
NIH-3T3 fibroblast cells for tissue engineering applications.
Furthermore, the TMV-programmed films and membranes
can be used 1n drug delivery and vaccine technology. Toward
this goal, we demounstrate the seli- assembly of free-standing

biomembranes using cargo-functionalized TMV building
blocks.

Materials

[0126] The ifollowing chemicals were purchased from
Sigma Aldrich (St. Lows, Mo.): poly(diallyldimethylammo-
nium chloride) solution (MW: 200,000-350,000), poly(so-
dium 4-styrene-sulfonate) (MW: ~70,000), sodium 3-mer-
capto-1-propane sulifonate, cellulose acetate, propargyl
amine, HEPES bufler solution, N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide (EDC), hydroxybenzotriazole, ami-
noguanidine hydrochloride, ascorbic acid, copper sulphate,
potassium phosphate salts, glutaraldehyde, and Fluo-

roshield™ with DAPI histology mounting medium. The
Alexa Fluor 488 azide, DMEM (Dulbecco’s Modified Eagle
Medium) media (with 10% Fetal Bovine Serum (FBS)),
sulfuric acid, and hydrogen peroxide (30% purity) were
purchased from Thermo Fisher Scientific (Waltham, Mass.).
Standard Al-cut 5 MHz gold-coated QCM crystals (1 1n
diameter, 25° C.) were used for quartz crystal microbalance
studies.

Propagation of TMV-wt and TMV-lys

[0127] Both the wild-type TMV and mutant TMV-lys
virus particles were cultivated by mechanical inoculation in
Nicotiana benthamiana (lTobacco) plants using 5-10 ug of
viruses per leal. The virions were then extracted and purified
using previously reported standard procedures. Successiul
1solation and structural integrity of the particles were deter-
mined using fast protein liquid chromatography (FPLC),
sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE), and ftransmission electron microscopy
(TEM), and atomic force microscopy (AFM).

[0128] To conjugate fluorescent dye molecules onto the
TMV-wt, (denoted as TMV-1488), the particle was {irst

tfunctionalized with interior alkynes (IMV-1Alk) using EDC
coupling 1n 0.1 M HEPES bufler, pH 7.4 over 24 hours using
15 equivalents of propargylamine per coat protein, 30
equivalents of EDC (10 equivalents at a time added at 0, 6,
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and 18 hours), and 30 equivalents of hydroxybenzotriazole.
After punification by ultracentrifugation pelleting over a
sucrose cushion at 42,000 rpm for 2.5 hours, Alexa Fluor
488 azide was attached by click chemistry: TMV-1Alk was
incubated on ice for 30 mM with 5000 molar excess of dye
in the presence of 2 mM aminoguanidine, 2 mM L-ascorbic
acid, and 1 mM copper sulfate 1n 10 mM potassium phos-

phate bufler, pH 7.0. TMV- 1488 was then purified by
ultracentrifugation as outlined above.

Quartz Crystal Microbalance (QCM) Apparatus

[0129] The real-time adsorption of virus nanoparticles on
a flat solid substrate was monitored using a QCM200 quartz
crystal microbalance from Stanford Research Systems
(Sunnyvale, Calif.) 1n a flow 1njection analysis (FIA) setup,
as schematically illustrated 1n FIG. 7A. The main substrate
used for the adsorption measurements was a commercially
available 5 MHz, AT-cut, 1-1n diameter quartz crystal coated
with gold that was mounted on the accompanying crystal
holder and sealed with an axial flow cell adapter. A maxi-
mum of 150 ulL of fluid comes 1nto contact with the surface
of the QCM crystal. The tlow cell was connected to a 50-mL
glass syringe that contains the bufler through a 6-port
injection valve (IDEX Health & Science, Oak Harbor,
Wash.). Aside from the bufler and the QCM flow cell, the
valve was also attached to a 250 uLL-sample port wherein the
adsorbing particle can be loaded and injected onto the QCM
flow cell without any disturbance in the frequency and
motional resistance signals as monitored by the built-in
software of the QCM 1instrument. The 1njection valve can be
manually set to “load” and “inject” positions; each position
alters the fluid flow within the ports. For a typical adsorption
measurement, the valve was mitially set to “load” and the
bufler was allowed to enter port #1 (refer to FIG. 7B), which
was directly connected to port #2 and to the QCM chamber.
While the QCM signal was stabilizing and still in the “load”
position, the sample was injected through port #5, which
was connected to port #3, to sample loop, port #4, and then
port #6. Once a stable QCM signal was achieved, the valve
was switched to the “inject” position wherein the bufler
flows from port #1, then through the sample loop (where the
sample was stored), and to port #2 and the QCM flow cell.

Fabrication of the Multilayered Viral Assemblies

[0130] Prior to any QCM measurement, the quartz crystal
was first immersed 1n a Piranha solution, which 1s composed
of 70% sulturic acid and 30% hydrogen peroxide (30%
purity), for 1-3 minutes to remove any organic contami-
nants. The crystal 1s then rinsed with copious amounts of
water, dried with mitrogen, and exposed to oxygen plasma
treatment (30 W) for 1 min. Afterwards, a negatively
charged self-assembled monolayer was tethered onto the
gold surface by immersing the QCM crystal 1n an aqueous
solution containing 20 mM sodium 3-mercapto-1-propane-
sulfonate (3MPSS) from Aldrich for at least 10 hr. To
functionalize the surface with uniform charges, a polyelec-
trolyte-based layer-by-layer film was formed on the Au
QCM crystal. Using a Carl Zeiss HMS series programma-
bleslide stainer, the thiol-modified QCM crystals were alter-
nately immersed 1n aqueous solution containing 1 mg/mL
poly(diallyldimethyl ammomium chloride) (PDADMAC,
MW=200,000-350,000, Sigma-Aldrich) and another solu-

tion with 2 mg/ml poly(styrenesulionic acid) (PSS,
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MW=70,000, Sigma-Aldrich) for 20 min each. After every
immersion in either the polycation or polyanion solution, the
substrate 1s rinsed 1n MilliQQ water for 5 mM. The layer-by-
layer deposition of the polyelectrolyte multilayers was
repeated until 2.5 bilayers of PDADMAC and PSS was
achieved thus resulting to a positively charged surface. The
polyelectrolyte LbL film will be referred to as (PDADMAC/
PSS)x, wherein x 1s the number of bilayers.

[0131] The polyelectrolyte-modified Au QCM crystal was
then mounted onto the QCM flow cell assembly. A potas-
sium phosphate bufler (pH 5.0, 10 mM) was loaded onto the
S50-mL glass syringe 1n the FIA setup and was set to run at
30 ul/min. The QCM200 instrument was then 1nitialized to
record the changes in frequency and motional resistance as
a Tunction of time. After the signals reached a stable base-
line, 250 ul of 0.1 mg/mL TMV-wt in the same butler was
injected through the sample port. The QCM measurement
was allowed to continue until the frequency has finished
decreasing and the signal has stabilized. After drying the
QCM crystal, the tflow cell assembly was setup again and a
250 uL solution of 0.1 mg/mlL. TMV-lys in the same potas-
sium phosphate buffer (pH 5.0, 10 mM) was injected and
allowed to adsorb. The process was continued until multiple
layers have been immobilized on the surface. The LbL-type
multilayer virus assemblies are denoted as (IMV-wt/TMV-

lys)x, wherein x 1s the number of bilayers composed of
TMV-wt and TMV-lys that have been adsorbed.

Preparation and Release of the Free-Standing Biofilms of
TMV-wt-TMV-lys

[0132] Plain microscope BK7 glass slides were cut into
2.5 cmx1.5 cm pieces and rinsed in Fisher sonicating
solution for 15 mM, Milli-Q water (18.2 M£2 cm resistivity)
for 5 min, acetone for 5 mM and Milli-QQ water again for
another 5 mM. Then, the substrates were further immersed
in piranha solution for 30 mM. After rinsing with large
amounts of water, the glass slides were then sonicated 1n
Mill1-Q water and acetone for 10 min each and exposed to
oxygen plasma treatment for 3 min.

[0133] Before any polyelectrolyte or virus nanoparticle
deposition, a sacrificial cellulose acetate (CA) layer was
iitially deposited on the pre-cleaned glass substrates instead
of modilying the surface using a thiol-based self-assembled
monolayer. A7 wt % CA solution 1n acetone was spin-casted
onto glass at 1000 rpm for 30 sec. This step was repeated for
multiple times until a sufliciently thick layer was formed.
Afterwards, the negatively-charged CA-modified glass sub-
strate was 1mmersed ina 10 mM PDADMAC solution (with
1 M NaCl) for 30 min. The substrates were then alternately
submerged 1n a polyanionic solution composed of 10 mM
PSS and 1 M NaCl and in the polycationic solution with 10
mM PDADMAC and 1 M NaCl for 1 min each. In between
immersions, the substrate was rinsed in MilliQQ water for 1
min. The polyelectrolyte layer-by-layer deposition was
repeated until 50 bilayers were achieved. The virus nanopar-
ticles were then introduced by alternately spin-casting TMV-
wt and TMV-lys solutions with 0.1 mg/mL concentration in
potassium phosphate bufler (pH 5, 10 mM) at 1000 rpm for
1 min. The polyelectrolyte/virus nanoparticle films were
submerged 1n acetone, which dissolved the CA sacrificial
layer and released the freely standing virus film.

Cell culture and Optical Microscopy Imaging

[0134] The gold substrates coated with virus nanoparticle
assemblies were placed mto 6 well tissue culture plates, and
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each well were seeded with 8x10° cells and incubated at 37°
C. for 24 hour. Afterwards, the cells were washed three times
with phosphate buller saline (PBS) solution (pH 7.4). Next,
the cells were fixed using 3% (v/v) glutaraldehyde for 10
minutes, and then rinsed once more with PBS. The cells
were then permeabilized with 1 ml of 0.2% (w/v) Triton
X-100 PBS solution for 5 min and washed again for 3 times
with PBS. Fixed cells were incubated with Actin green 488
(2 drops/mL of PBS, ThermoFisher Scientific) for 3 minutes
and washed 3 times with PBS. 5 ulL/mL DAPI (South-
ernBiotech, Birmingham, Ala.) in PBS was used to stain the
cell nucle1 for 10 minutes and cells were washed 3 times
with PBS. Film samples were mounted on glass slides with
nail polish and images were taken via a laser scanming
confocal microscope (Leica TCS SP3S Confocal) from Leica
Microsystems, Inc. (Buflalo Grove, I11.).

Characterization of TMV-wt and TMV-lys and their Multi-
layer Assemblies

[0135] The zeta potential measurements were performed
using the Zetamaster particle electrophoresis analyser setup
(Malvern Instruments Ltd., Malvern, UK) with a 5 mW
HeNe laser (A=633 nm) based from a potential range of
—-120 to 120 mV and 10 measurements per particle.

[0136] The virus nanoparticles including TMV-wt, TMV-
lys, and TMV-1488 were characterized using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). 20 ng of particles were denatured into coat proteins
by exposure to 100° C. for 5 min and were run onto an SDS
gel at 200 V for 1 hr in 1x MOPS running buifer. The gels
were then exposed to UV light to ensure successiul fluo-
rescent labeling of TMV-1488, eventually stained using
Coomassie blue, and visualized using an Alphalmager imag-
ing system (Biosciences).

[0137] Transmission electron microscopy (TEM) was
used to image the VNPs. The particles were diluted to a
concentration of 0.1 mg/mlL 1n PBS (pH 7.4), adsorbed onto
Formvar-carbon-coated copper grids (Electron Microscopy
Sciences, Hatfield, Pa.), and negatively stained with 2%
(w/v) uranyl acetate for 2 minutes. The samples were then

imaged using a Zeiss Libra 200FE TEM at 200 kV.

[0138] The VNPs and the step-by-step formation of the
LbL. viral assemblies were imaged using tapping-mode
atomic force microscopy (AFM). The AFM measurements
were performed using a PicoScan 2500 AFM (Agilent
Technologies), which 1s equipped with a piezo scanner set to
scan the films at 1-1.5 lines/sec. Tapping mode cantilevers
(NSG30, single crystal silicon, NT-MDT) with a resonant
frequency in the range of 240-440 kHz were used for
imaging The Gwyddion Software (Ver. 2.19) was used to
filter and analyze all AFM images.

[0139] The free-standing virus assemblies were 1maged
using a Maestro fluorescence 1maging system using the
green filter set (503 to 548 nm excitation filter, 560 nm
longpass emission {filter). The surface morphology of the
released-films was characterized using scanning electron
microscopy (SEM). The free-standing films were laid onto
clean glass slides and sputtered with 5 nm of gold using a
Hummer 6.2 Sputter system from Anatech USA (Alexan-
dria, Va.). A JEOL scanning electron microscope (JEOL-
ISM-6510LV) was then used for SEM 1maging wherein the
working distance and acceleration voltage were setto 14-15
mm and 30 KV respectively.
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Results and Discussion

QCM Adsorption Studies of the LbL Deposition of TM V-wt
and TMV-lys

[0140] The step-by-step formation of the electrostatic LbL
assembly of TMV nanoparticle-based assemblies 1s 1llus-
trated 1 FIG. 8. First, the strong covalent Au-thiol linkages
were utilized 1n modifying a gold-coated glass substrate or
quartz crystal with a sulfonate-terminated self-assembled
monolayer (SAM), which results to a negatively charged
surface. Then, 1n order to ensure the formation of uniform
charges on the surface, an electrostatic polyelectrolyte mul-
tilayer coating was applied by alternately immersing the
thiol-modified Au-coated substrate 1n aqueous solutions of
strong polyelectrolytes PDADMAC (1 mg/ml.) and PSS (2
mg/ml.). The layer-by-layer deposition of oppositely
charged polyelectrolytes was repeated for 1.5 more times
leaving the polycation PDADMAC as the terminating layer,
which 1s capable of inducing the adsorption of anionic
TMV-wt nanoparticles through electrostatic interactions.

The resulting polyelectrolyte Lbl. deposition, which 1s
denoted as (PDADMAC/PSS)2.5 was employed as the solid
support for assembling TMV-wt and TMV-lys.

[0141] Based on the literature, the 1soelectric point (pl) of
TMV-wt lies at pH~3.5; hence, at pH values higher than this
pl, the rod-shaped virus nanoparticle 1s considered to be an
anionic macromolecule. On the other hand, the lysine resi-
dues incorporated on the genetically engineered TMV-lys
causes a more positive overall surface charge for the par-
ticle. Zeta potential measurements were performed to con-
firm the net surface charge of the particles 1n potassium
phosphate buffer solution. Taking the pl of TMV-wt into
account, the pH of the experiments was fixed at 5. The
potentials were determined to be —18.3X0.8 mV and
—8.0£1.5 mV respectively for TMV-wt and TMV-lys respec-
tively. While reversion of surface charge from negative to
positive could not be achieved through the single point
mutation (Thr—Lys), we hypothesized that the corona of
Lys side chains on the TMYV surface would provide a strong
driving force 1n the electrostatic assembly of these particles.

[0142] To verily whether these complimentary TMV par-
ticles are electrostatically compatible to form LbL assem-
blies, quartz crystal microbalance (QCM) measurements
were performed 1 flow njection mode. The QCM 1s a
powerful analytical tool 1n monitoring adsorption, desorp-
tion or structural rearrangements of various materials that
occur on the surface of a circular AT-cut quartz crystal probe.
Both sides of the quartz crystal are coated with metallic
electrodes. Due to the piezoelectric property of the quartz
crystal, internal mechanical stresses on the crystal can be
induced whenever an external potential 1s applied between
its electrodes. If an oscillating electric potential 1s applied
across the QCM probe, a pure shear vibration at a charac-
teristic resonant frequency Fo propagates across the crystal.
This oscillation and thus the resonant frequency are highly
sensitive to any changes 1n mass as a result of any adsorption
or desorption phenomena. In general, decreasing frequency
shifts correlate to an increased mass measured or adsorption.
The 1nverse relationship between changes in the resonant
frequency Af and mass changes Am 1s quantified by the
Sauerbrey equation (Eq. 1):
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(1)

Af = [—QF%/(A U )) X Am

[0143] where A (cm) 1s the sensor surface area, p (2.648
g/cm) is the density of quartz and p (2.947x10'"" g/(cm s%))
1s the shear modulus of quartz. Considering these constants,
the Sauerbrey equation can then be simplified to Eq. 2:

Am=—CxAf (2)

[0144] where C,corresponds to the sensitivity factor, equal
to 22.438 ng/(cm” Hz) specific to quartz crystals with an
exposed electrode area of 1.27 cm”.

[0145] FIG. 9A presents the time-dependent adsorption of
alternating injections of TMV-wt and TM V-lys 1n contrast to
control systems, which consist of repeated injections of a
single-type of virus nanoparticles (either TMV-wt only or
TMV-lys only). In both alternating TMV-wt/TMV-lys and
the TMV-wt only systems, injecting the first layer of TMV-
wt resulted to a significant adsorption on the PDADMAC-
terminated Au-coated QCM crystal. The Af corresponding
to the first injection of TMV-wt was measured to be 215.4
Hz, which corresponds to 4.83 pg/cm” according to the
Sauerbrey equation (FIG. 9B). Comparing this value against
the theoretical adsorption values of closely-packed TMV
system leads to an estimate of the surface coverage F and
manner of the TMYV deposition on the polyelectrolyte-
modified surface. TMV-wt 1s a rod-shaped particle with
dimensions of 300 nmX18 nm and a molecular weight of
3.94x10" Da. A single particle, therefore, has a weight of
6.54x107"7 g. Taking the geometrical features of the virus
particle, a total of 2.35x10'? particles, which should weigh
about 1.54 pg, 1s required 1f the TMV-wt adsorbed as a
monolayer 1n a close-packed arrangement. Since total elec-
trode area of the QCM crystal used is 1.27 cm”, the total
mass adsorbed for the first injection of TMV-wt 1s 6.13 ug,
which 1s 4X higher than the theoretical values. This obser-
vation may suggest that multilayers of viruses deposited
instead of a monolayer; further, the theoretical adsorption
value did not consider the hydration or incorporation of
water molecules within these protein particles, which should
franslate to a larger resonant frequency shift. As illustrated
in FIG. 9C, the simultaneous measurement of the shifts of
motional resistance (AR), which amounted to 78.6€2 after
the first TMV layer, supports this claim since it correlates to
the “dampening effect” or the dissipated energy during
oscillation caused by the adsorption of viscoelastic films. An
additional frequency shift 1s measured separate from the
actual mass of the adsorbing molecule or particle whenever
viscous, hydrated or swollen systems come 1n contact with
the QCM. According to Kanazawa and Gordon, this Af 1s
dependent on the square root of the viscosity and the density
of the solution.

[0146] After the 1itial mnjection of TMV-wt, a solution
containing TMV-lys particles was mtroduced into the sys-
tem, which resulted to a mass uptake of 3.94 ug/cm” (175.8
Hz). As presented 1n FIG. 9A, the resonant frequency shifts
demonstrated a significant stepwise decrease corresponding
to a well-ordered LbL build up of virus particles. Adsorption
of the virus-based nanoparticles typically lasts for at least
20-25 minutes to stabilize. It 1s important to note that the
buffer was set to continuously flow at 30 pl./min all through-
out the experiment and no injections were performed until
40 minutes after the Af plateaus to verify the stability of the
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deposition of each virus type. For the LbL experiment of
TMV-wt and TMV-lys, negligible changes were observed to
occur during this window right before the next injection. The
first few depositions of TMV-wt resulted to a surface cov-
erage of 4-6 g/cm®. The mass build-up per injection started
to decrease after 1-2 bilayers. The same trend was observed
for TMV-Lys, whose adsorption started at 3.94 pg/cm?,
decreased to 1.6-1.9 ng/cm?, and reached 0.8-1 pug/cm?. This
overall trend can be attributed to the steady build-up and
eventual saturation of negative charges on the surface as
contributed by the overall negative charges of both TMV-
based particles. Furthermore, 1n addition to observing the
continuously 1ncreasing resistance shiits, the overall vis-
coelastic nature of the virus assembly can be characterized
by plotting the AR as a function of —AF. For a purely elastic
system, AR equals O, which results to a horizontal line
wherein the slope AR/AF=0 (FIG. 9D, line 1). For a purely

viscous system, the resulting plot will be a line with a
particularly high slope. The plot of a viscoelastic system
should have a slope that lies between the purely elastic and
purely viscous systems. As a point of comparison, line 2 in
FIG. 2D presents the AR-AF plot for sucrose solutions with

concentrations ranging from 0-25 wt %, as measured by
Dixit, et al using a similar QCM flow cell setup. The slope
for this sample system 1s 0.6788 €2/Hz. Based from line 3 1n
FIG. 9D, until the first depositions of TMV-wt and TMV-lys
at AF=384.5 Hz, the slope of the AR/AF was measured to be
0.424 n/Hz. For succeeding depositions, a slight change 1n
the slope to 0.413 n/Hz was observed, which suggests that
the increasing the number of deposited virus layers might
have improved the rigidity of the resulting assembly.

[0147] Meanwhile, this behavior of the TMV-wt and
TMV-lys system demonstrated a sharp contrast as compared
to the control system wherein repeated injections of TMV-wt
after the first layer did not amount to any mass build-up. In
tact, after the first imjection of TMV-wt, succeeding injec-
tions resulted to 0.42 ng (2? injection), 0.22 ng (3™ injec-
tion), 43.4 ng (4” injection), and 17.3 ng (57 injection) of
detached TMV-wt, which can be attributed to interparticle
interactions between TMYV particles. After the 57 injection,
no further significant losses were observed with the control
system. The repeated adsorption of TMV-lys was also inves-
tigated using a PSS-terminated Au QCM surfaces. Only
mimmal adsorption was observed: 0.13-0.28 ug of TMV-lys
were gradually adsorbing on the substrate after each 1njec-
tion, which can be attributed to the patchy arrangement of
carboxylic acid and amine units 1n the lysine-modified TMV
mutant. This gradual deposition, however, was significantly
less than the build-up demonstrated by the electrostatic
assembly of TMV-wt and TMV-lys. The injection of the
polycation was detected by the QCM flow setup and was
adsorbed by the TMV-wt-terminated interface; however, the
allotted contact time 1n the continuously flowing system was
not suilicient to produce a stable deposition. Then, 250 uL
of TMV-wt (0.1 mg/mlL) was introduced, which did not
attach on the surface even with another injection of wild-
type TMYV. This result agrees with a previous report wherein
no binding of TMV-wt was achieved until 12 bilayers of
polyelectrolytes were deposited after the imitial TMV-wt
layer.

This experiment was repeated. These experiments
highlight the ease in building mesoscale virus assemblies by
utilizing alternately charged particles instead of using poly-
clectrolyte systems.
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Atomic Force Microscopy (AFM) Studies of the LbL
Deposition of TMV-wt and TMV-lys

[0148] The structural mtegrity of the molecularly farmed
plant VNPs and the gradual build-up of the LbL assembly
were monitored using tapping-mode atomic force micros-
copy (AFM). Dilute solutions of the particles were drop-
casted on cleaned glass substrates and imaged aiter drying.
The tapping mode-AFM 1mages (5 umx5 um) of TMV-wt
and the mutant TMV-lys are presented in FIGS. 10A and 4B.
Their corresponding transmission electron microscope
(TEM) 1mages are shown 1n FIGS. 10C and 10D. Both sets
of micrographs demonstrate the monodisperse features of
both, TMV-wt and TMV-lys. It was noted that the ends of
some TMV-wt particles, are connected, as reported 1n pre-
vious studies. The end-to-end alignment appeared to be
more profound for the TMV-wt compared to the TMV-lys
counterpart.

[0149] FIG. 11 demonstrates the series of AFM 1mages
and their cross-sectional profile following the controlled
assembly of TMV-based particles via LbLL deposition. As
seen 1 FIG. 11A, the morphology of the polyelectrolyte-
modified surface can be seen as a rough surface with a
root-mean-square (RMS) of 4.28 nm. Determined by the
Gwyddion 2.19 software, the RMS value 1s the root mean
square average of the cross-sectional height profile of the
surface. After the addition of 1.5 bilayers of TMV-wt and
TMV-lys (FIG. 11B), the deposition of rod- shaped particles
1s evident, which increased the RMS value to nm. FIGS. 11C
and 11D shows the topographical tapping- mode AFM
images of 3 and 6 bilayers of TMV-wt and TMV-lys. At 3
bilayers, the RMS value reached a maximum of 11.1 nm but
returned to 9.3 nm {for the 6 bilayer-modified suriace.
Comparing the images for the 3-bilayer and 6-bilayer films,
it can be observed that the TMV biofilms are more compact
as the number of particle layers increase due to the electro-
static interaction. This finding 1s 1n good agreement with
QCM adsorption studies 1n terms of the slightly increasing
rigidity of the assembly of TMV.

Multilayer Virus Assemblies for Cell Adhesion Scafiolds

[0150] The topographical features of the LbL virus assem-
blies presented mn FIG. 11 closely resemble the 3-dimen-
sional nano-fibrous structure of the native extra-cellular
matrix (ECM), which are composed of proteoglycans and
various proteins such as collagen. In addition to the aniso-
tropic characteristics of TMYV, plant virus nanoparticles are
also composed of repeating protein monomers that undergo
self-assembly to form monodisperse hierarchical architec-
tures. Due to these properties, the TMV 1s a promising
candidate for tissue engineering wherein scatlolds capable
of supporting and probing cellular behaviors including adhe-
sion and differentiation are being developed. Previous
reports have shown that the ordering of TMV-wt nanopar-
ticles and the covalent attachment of cell adhesion ligand
such as arginine-glycine-aspartic acid (RGD) has improved
cell adhesion. Similarly, the multilayer virus assemblies
have also been tested whether these surfaces can potentially
be used for facilitating cell adhesion. Here, we assessed
whether the programmed TMV-wt-TMV-lys arrays could
serve as a platform for cell adhesion. First, quantitative
studies were performed where NIH-3T3 fibroblast cells with
a concentration of 2.5x10* cells/mL were seeded onto the
LbL virus films as well as on the blank and the polyelec-
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trolyte-modified gold substrates. Cells were 1maged and
quantified using light microscopy: 1n reference to FIG. 6A,
while only 33+4 and 49+5 cells/mm” remained on the bare

gold substrate and the (PDADMAC/PSS)2.5 surfaces, 815,
05+10, 10449, and 112+6 cells/mm~* adhered onto 0.5, 1,
4.5, and 5 bilayers of TMV-wt-TMV-lys biofilms respec-
tively. Next, we performed confocal imaging to also assess
cell viability on the TMYV {featured surfaces: after 24 hr, cells
were fixed, stamned with ActinGreen™ 488 reagent and
4' 6-diamidino-2-phenylindole (DAPI), and then imaged
using tluorescence confocal microscopy (FIG. 12). Actin-
Green™ 1s composed of the green Alexa Fluor 488 dye
conjugated onto a bi-cyclic peptide phalloidin that possesses
high selectivity towards F-actin filaments and enables easy
visualization of the cytoskeleton. DAPI 1s a blue fluorescent
probe staining agent for the cell nucle1. The confocal micros-
copy 1mages in FIG. 12 B-E show that the surfaces sup-
ported high cell density and spreading, which suggests that
the NIH-3'T3 fibrolast cells are healthy. These experiments
verily that the TMV-based LbL surfaces could be utilized in
regenerative medicine. For example, the performance could
be specifically tailored through introduction of cell growth

factors or other stimuli.

Preparation of Free-Standing Biofilms of Fluorescent
Layer-by-Layer Assembled Plant Virus Nanoparticles

[0151] Various strategies allow electrostatic LbL film
assemblies to be released as a freely standing membrane.
The most prominent techniques ivolve the assembly of the
film on highly hydrophobic solid supports like Tetflon,
substrates that can be etched or dissolved after the LbL
process, the direct construction of the multilayer assembly
on TEM grids, and even through electrochemical stimula-
tion. Here, the use of a sacrificial undercoat layer prior to the
build up of the LbL virus assemblies was employed. Instead
of pre-functionalizing the solid substrate with a self-as-
sembled monolayer, the glass substrate was pre-coated with
a thick layer of cellulose acetate (CA), which 1s soluble 1n
acetone but not 1n aqueous systems. Since CA 1s negatively
charged, the LbL deposition proceeded successiully. Before
the assembly of the virus films, 350 bilayers of PDADMAC
and PSS were mitially deposited on top of the CA layer 1n
order to provide a strong mechanical support for the TMV
nanoparticles. Then, the polyelectrolyte/CA-modified glass
was spun-coated with alternating solutions of TMV-wt and
TMV-lys for 350 times. Since TMV-wt has been proven
resilient 1n organmic solvents such as acetone, the substrate
with the sacrificial layer, polyelectrolyte and multilayers of
TMV-wt and TMV-lys were submerged in acetone where the
freely standing membrane can be peeled off from the solid
support. FIG. 13A shows a digital image of the freely
standing multilayer TMV assembly, which was stored 1in
potassium phosphate bufler. The morphology of the free-
standing films with (FIG. 13B) and without virus nanopar-
ticles (FIG. 13C), were characterized using scanning elec-
tron microscopy (SEM). The surface morphology of the
released film with TMV-wt and TMV-lys showed much
rougher features with a dense amount of attached particles as
compared to the free-standing film composed only of poly-
clectrolytes. Comparing the micrographs reveal that the
virus nanoparticles remain intact and attached onto the
polyelectrolyte membrane even after a year of immersion in
potassium phosphate bufler.
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[0152] To demonstrate potential applications of the virus
assemblies as cargo containers, the TMV-wt was covalently
functionalized with Alexa Fluor 488 dye by click chemistry
and was used to replace TMV-wt in fabricating the free-
standing membranes of multi-layered virus nanoparticles.
The emergence of the broad peak between 425 and 565 nm

in the UV-Vis absorbance spectra (FIG. 14A) of the dye-
modified TMYV, which 1s denoted as TMV-1488, verifies the
successiul tethering of dye molecules onto the virus capsid.
The particles were further characterized using SDS-PAGE to
verily the punity and covalent modification of the coat
proteins. TMV 1s composed of 2130 1dentical copies of a
coat protein with a molecular weight of approximately 17
kDa; SDS-PAGE analysis confirmed fluorescence of the
488-labeled coat proteins when visualized under UV light,
suggesting the successful conjugation of the Alexa dye.
Staining the gel with Coomassie blue revealed the single
band corresponding to the TMYV coat protein at ~17 kDa for
all types of virus nanoparticles. Using a Maestro tluores-
cence 1maging system, a free-standing film built from the
alternating depositions of TMV-1488 and TMV-Lys was
analysed and compared against a film composed of TMV-wt
and TMV-Lys. Based on the tabulated white light and
fluorescent images in FIG. 15, only the film with TMV-1488
demonstrated fluorescence through a 560 nm long pass
emission filter. These films remained mechanically robust
and the fluorescence 1s still stable even after a year in storage
in potassium phosphate bufler. This result suggests that a
model dye molecule can indeed be stored within the multi-
layer virus assemblies by covalent attachment. For future
work, other mechanisms of encapsulation such as electro-
static 1nteractions and complexation can be also pursued as
applied 1n area including the delivery and controlled release
of drugs or therapeutic agents.

[0153] We demonstrated that 3-dimensional, multilayer
virus scallolds can be constructed through the alternating
layer-by-layer deposition of wild-type TMV with a mutant
TMV with genetically engineered lysine residues in the
capsid protein. Replacing the threonmine residues at the
amino acid position 138 with lysine functional groups
increased the overall negatively charged TMYV particle sur-
face to a more positive macromolecule. This resulted 1n a
significant disparity 1n zeta potential measurements of the
particles and became the drniving force 1n the electrostatic
layer-by-layer assembly of the particles on a solid support.
The sequential build-up of the TMV-wt and TMV-lysine
bilayers was monitored and imvestigated 1n detail through
the resonant frequency and motional resistance shifts of a
quartz crystal microbalance. Tapping-mode atomic force
microscopy (AFM) was able to characterize the significant
changes and stacking of the TMV-based particles on the
surface. The protocol utilizing the electrostatic assembly of
oppositely charged virus nanoparticles enabled the fast and
steady build-up of rod-shaped TMV particles as opposed to
using multiple bilayers of polyelectrolytes. Unlike the poly-
clectrolyte system, a more-positively charged TMV-lys 1s
sufliciently large to act like spacer between negatively
charged TMYV particles.

[0154] The resulting multilayer constructs are reminiscent
of the fibrous morphology of the extra-cellular morpholo-
gies. We also investigated whether the multilayer TMV
scallolds can demonstrate cell adhesion. As compared to the
control systems of blank and polyelectrolyte-modified gold

substrates, 0.5, 1, 4.5, and 5 bilayers of TMV-wt-TMV-lys
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biofilms supported the adhesion of 81£5, 9510, 104+9, and
112+6 NIH-3T3 fibroblasts vells/mm~ respectively. We
noted that cell attachment increased with increasing layer
deposition, the increased complexity of the assembly most
likely mimics the natural tissue most realistically. In fact
previous reports also indicated that cell attachment increased
with increased viral layering.

[0155] Lastly, we also extended the LbL protocol to create
freely standing multilayer virus membranes. Using a cellu-
lose acetate (CA) undercoat layer, we increased the number
of the polyelectrolyte and virus bilayers to achieve sutlicient
mechanical strength to be released 1n acetone where CA 1s
soluble. Incorporating TMV 1n a free-standing biomembrane
can open possible applications for drug delivery or vaccine
nanopatches. For example, we recently demonstrated the use
of TMV-wt as a drug delivery vehicle. We also reported the
use of virus-like particles (VLPs) as in situ vaccines for
tumor therapy. Towards these potential applications, we
functionalized TMV-wt with a fluorescent dye, as prooi-oi-
concept, and incorporated the functionalized TMV nanopar-
ticle into the LbL process. Imaging confirmed that the
assembly of a functional, fluorescent self-sustaining
biomembrane. Since layer-by-layer works well even in
highly complex solid supports and interfaces, the resulting
multilayer viral scaflolds can prove to be a unique platform
in developing materials for regenerative medicine or next-
generation therapeutics for drug delivery or vaccine appli-
cations targeting cancer, cardiovascular disease or infectious
diseases.

[0156] The complete disclosure of all patents, patent
applications, and publications, and electronically available
materials cited herein are incorporated by reference. The
foregoing detailed description and examples have been
given for clarity of understanding only. No unnecessary
limitations are to be understood therefrom. The mvention 1s
not limited to the exact details shown and described, for
variations obvious to one skilled 1n the art will be included
within the invention defined by the claims.

1. A nanoparticle construct for in situ delivery of plant
virus or virus-like particles to a cell or tissue of interest of
a subject, the nanoparticle construct comprising:

a plurality of plant virus or virus-like particles and

a plurality of nanoparticles having a different surface

charge than the plant virus or virus-like particles elec-
trostatically coupled to the plant virus or virus-like
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particles, the nanoparticle construct upon 1n situ deliv-
ery to a subject providing a sustained release of the
plant virus or virus-like particles and/or nanoparticles
to the cell or tissue.

2. The nanoparticle construct of claim 1, wherein the
nanoparticles include at least one of virus or virus-like
particles, dendrimers, metallic particles, inorganic particles,
polymer particles, or liposomes.

3. The nanoparticle construct of claim 1, comprising a
plurality of dendrimers electrostatically coupled to the plant
virus or virus-like particles.

4. The nanoparticle construct of claim 3, having a hydro-
dynamic radius of about 100 nm to about two microns.

5. The nanoparticle construct of claim 3, upon adminis-
tration to a subject disassembling in a sustained manner at
physiological salt concentrations.

6. The nanoparticle construct of claim 3, wherein the plant
virus or virus-like particle 1s a plant picormavirus or a
filamentous plant virus or virus-like particle.

7. The nanoparticle construct of claim 6, wherein the plant
virus or virus-like particle 1s of the Secoaviridoe genus or
Alphatexiviridae family.

8. The nanoparticle construct of claim 3, wherein the plant
virus or virus-like particle 1s a cowpea mosaic virus-like
particle or potato virus X virus-like particle.

9. The nanoparticle construct of claim 3, wherein the plant
virus particle or virus-like particle 1s a rod-shaped virus
particle.

10. The nanoparticle construct of claim 9, wherein the
rod-shaped virus 1s a tobacco mosaic virus.

11. The nanoparticle construct of claim 3, wherein the
dendrimer 1s a G3-G10 dendrimer.

12. The nanoparticle construct of claim 12, comprising
alternating electrostatically coupled layers of the plant virus
or virus-like particles and the nanoparticles.

13. The nanoparticle construct of claim 12, wherein the
nanoparticle comprises a plant virus or virus-like particle.

14. The nanoparticle construct of claim 1, wherein the
plant virus or virus-like particle 1s loaded with or bonded to
a cargo molecule.

15. The nanoparticle construct of claim 1, wherein the
cargo molecule 1s an anticancer agent.

16-34. (canceled)
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