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Abstract

Cardiovascular thrombotic disease is an underlying cause of stroke, myocardial infraction and
pulmonary embolism - some of the leading causes of death worldwide. Reperfusion therapy with
anticoagulant, antiplatelet, and fibrinolytic agents has significantly reduced early mortality and
morbidity from acute myocardial infarction and stroke. Nevertheless, bleeding side effects (e.g.,
intracranial hemorrhage) associated with the anti-thrombotic therapy can offset its benefits and
limit its applicability to strictly defined short therapeutic windows. We have previously shown that
elongated plant virus based nanoparticles can target cardiovascular thrombi and exhibited their
utility for delivery of streptokinase in ex vivo model of thrombosis. Herein, we build upon our
previous findings and demonstrate plant viral delivery of current the standard-of-care tissue
plasminogen activator (tPA). Studies in a pre-clinical mouse model of arterial thrombosis indicate
that while the therapeutic efficacy of free tPA and tPA-conjugated TMV is similar, the safety
profile of the tPA-TMV formulation is improved, /.e. administration of the latter has less impact on
hemostasis as demonstrated by decreased bleeding time. Thus, our data suggest that TMV-based
delivery of thrombolytic therapies could be a promising and safer alternative to reperfusion
therapy with tPA.
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Introduction

Thrombosis can lead to fatal thromboembolism (TE), when a dislodged thrombus obstructs
another site in the circulation system. For example, arterial thrombi, when trapped in brain,
can lead to ischemic stroke and long-lasting disability or death, while venous thrombi can
travel to lung, causing pulmonary embolism and potentially fatal respiratory and cardiac
failure.2 To avoid disability and/or death, TE requires an immediate medical intervention -
within few hours from the onset of disease. Standard of care relies on reperfusion therapy
with anticoagulants (e.g., heparin, low-molecular weight heparin, and warfarin) and/or
thrombolytics (e.g., tissue plasminogen activator, tPA; streptokinase, STK; and urokinase).
3.4 Anticoagulants slow down progression of thrombi and prevent the formation of new
thrombi; therefore these therapies are used for treatment for ‘mild’ cases of thrombosis.
Only thrombolytics actively dissolve thrombi or activate patients’ innate molecular pathways
leading to thrombolysis; therefore only these therapeutic regimens are effective in cases of
acute TE - myocardial infarction, pulmonary embolism, and ischemic stroke.> 8 However,
both anticoagulant and thrombolytic treatments lack specificity to thrombi and affect
hemostasis, which subsequently increases the risk of hemorrhage. In particular,
thrombolytics such as STK or tPA, which activate circulating plasminogen (PG), can result
in an systemic fibrinolysis causing life-threatening bleeding side effects.” To bypass these
risks, thrombolytics can be delivered directly to site of disease using a drug-eluting stent or
catheter.8: © However, these approaches require a resource-intensive clinical setting and
provide limited access to distant sites of disease (&.g., ischemic stroke).

To overcome these clinical challenges, nanoparticle-based drug delivery systems have been
proposed to enhance the efficacy and reduce the side effects of thrombolytic therapy.10-22
For example, the conjugation of thrombolytic agents to liposomes or polymers (e.g.,
polyethylene glycol or dendritic polymer) enhances efficacy due to the increase in their
circulation half-lives.13: 14. 16, 17. 20 However, prolonged circulation of thrombolytic drugs
could also increase the risk of bleeding side effects. To achieve site-specific targeting,
magnetically guided nanoparticle-based delivery systems have been proposed for guided
delivery of thrombolytics to the site of disease, therefore reducing systemic exposure and
associated side effects.11: 12. 18. 22 Nonetheless, the translation of magnetic field-assisted
nanoparticles to clinical settings remains challenging, due to the lack of effective magnetic
field gradient, that are capable of imposing a high magnetic force on nanoparticles in deep
blood vessels.23 Therefore, it may be desired to design nanoparticle technologies that target
sites of thrombosis based on endogenous signals and do not require external triggers.

When it comes to the design of nanoparticles for targeted drug delivery, the nanoparticle size
and shape, surface chemistry (/.e., charge, hydrophobicity) and surface molecular display
(7.e., antibodies and peptides) dictate the fate of the carrier. Among those properties,
nanoparticle shape has been shown to be a critical determinant when it comes to targeting
the vasculature.24 25 While the majority of nanoparticle-based delivery systems are of
spherical shape, this may not be optimal for targeting thrombosis. Non-spherical particles
(e.g., disks, and rod-like elongated particles with high aspect ratios) exhibit enhanced
margination, £ e., lateral drift towards the walls of blood vessel.24 26 For example, we have
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previously demonstrated that elongated, soft matter nanotubes derived from the tobacco
mosaic virus (TMV) exhibit improved targeting to thrombi over spherical cowpea mosaic
virus nanoparticles.2’ Furthermore, rapid clearance of TMV from circulation (circulation
half-life of TMV in mice is less than 10 min)28: 29 could potentially enhance clearance of
un-utilized TMV-based drug carriers leading to improved safety profiles (/.e., reduced risk of
hemorrhage). Together, these data indicate potential utility of high aspect ratio TMV-based
nanocarriers for development of thrombolytic therapies.

In this context, we recently reported a proof-of-concept study, in which TMV nanorods were
used as a carrier to deliver STK.19 STK-conjugated TMV retained its thrombolytic activity
and exhibited enhanced efficacy compared to free STK in ex vivo model of thrombosis
under flow conditions. However, STK is a bacterial protein and as such it is immunogenic —
patients treated with STK develop neutralizing antibodies to STK. Re-administration of STK
to patients with high levels of anti-STK antibody may lead to compromised efficacy and
allergic reactions.3%: 31 While one might argue that also TMV is immunogenic and therefore
neutralizing antibodies against TMV may hinder its use for drug delivery, we have recently
shown that TMV coated with high density of non-immunogenic proteins are not neutralized
by anti-carrier antibodies.32

Herein, we report the synthesis and characterization of TMV-based thrombolytic
nanoparticles for delivery of tPA; efficacy and safety is evaluated using a combination of /in
vitro, ex vivo, and in vivo models of arterial thrombosis. We have selected tPA as a clot-
busting agent over STK because of its clinical relevance — tPA is the only thrombolytic agent
approved by FDA for reperfusion therapy. In contrary to STK, tPA has a higher specificity to
fibrin (/.e., one of major constituents of thrombi), allowing for increased accumulation in
thrombi and localized activation of thrombolytic pathways.

Materials and methods

Virus propagation and purification.

TMV-Lys was propagated in Nicotiana benthamiana by mechanical inoculation using 5-10
pg of virus per leaf.33 The isolation of TMV-Lys using established procedures yielded
approximately 1-7 mg of virus per gram of infected leaf material 34

TMV-Lys labelling with sulfo-Cyanineb.

First, alkynes were attached to TMV’s carboxylic acids on the solvent-exposed surface of
the channel; 100 e.q. of propargylamine (P50900; Sigma Aldrich) and 50 e.q. of EDC (25
equivalents added at 0 and 16 h; E6383; Sigma Aldrich) were added per coat protein (CP;
each TMV particle consists of 2,130 identical copies of a CP unit) in 100 mM HEPES
buffer, pH 7.4. The reaction was allowed to proceed for 20 h. Second, an alkyne-azide click
reaction was performed by adding 1.5 e.q. of sulfo-Cyanine5 azide dye (sCy5-azide, B3330;
Lumiprobe) per CP using 2 mg/mL TMV in the presence of 1 mM CuSQ,4 (AC423615000;
Fisher), 2 mM aminoguanidine (AC36891025; Fisher), and 2 mM L-ascorbic acid
(AC352681000; Fisher) in 10 mM potassium phosphate (KP) buffer (pH 7.4); the reaction
was allowed to proceed for 30 min on ice. TMV was purified by ultracentrifugation at
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160,500 x g (42000 rpm using 50.2 Ti Rotor, Beckman Coulter) for 3 h on a 40% (w/v)
sucrose cushion in 10 mM potassium phosphate (KP) buffer (pH 7.4).

TMV-tPA synthesis.

Tissue plasminogen activator (NDC 50242-041-64; Genentech) was conjugated to the
external surface of TMV-Lys using PEG spacers, using a two-step reaction:

1)

2)

NHS-PEG4-mal linker (22104; Thermo Fisher) was added to TMV-Lys (2
mg/mL final conc.) using a 10-fold excess per CP. The reaction was carried out
in 0.01 M potassium phosphate buffer pH 7.4 containing 10% (v/v) DMSQO; the
reaction was allowed to proceed for 3—4 h at room temperature (RT). The TMV-
PEG-mal particles were then purified by ultracentrifugation at 112,000 x g
(TLA-55 rotor, Beckman Coulter) for 1 hour over a 40% (w/v) sucrose cushion
in 10 mM potassium phosphate buffer (KP, pH 7.4). The pellet was reconstituted
to theoretical concentration of 10 mg/mL TMV-PEG in KP buffer.

tPA was conjugated via its solvent-exposed Cys side chain and Michael addition
with the exposed maleimide group on TMV-PEG4-mal. Lyophilized tPA was
reconstituted in water to yield 1 mg/mL tPA and 35 mg/mL L-arginine, and
combined with TMV-PEG4-mal at 0.1 mg tPA per 1 mg TMV-PEG4-mal (this
equates to a molar excess of tPA per TMV of ~64). The reaction was carried
overnight at RT, then particles were purified by ultracentrifugation at 112,000 x
g (TLA-55 rotor, Beckman Coulter) for 1 hour over a 40% (w/v) sucrose
cushion in PBS/Arg buffer, pH 7.4 (0.01 M NayHPOy4, 0.0018 M KHyPQy,
0.0027 M KCl and 0.137 M NacCl, /.e. PBS buffer supplemented with 35 mg/mL
of arginine - A5006; Sigma Aldrich). The particles were reconstituted to a
concentration of 10 mg/mL in PBS/Arg, then the un-reacted maleimide groups
were guenched for 1 h at RT by addition of excess L-cysteine (168149; Sigma
Aldrich). The TMV-tPA particles were then washed twice in PBS/Arg and
recovered by ultracentrifugation at 112,000 x g (TLA-55 rotor, Beckman
Coulter) for 1 hour over a 40% (w/v) sucrose cushion in PBS/Arg buffer, in
order to remove excess L-cysteine and non-conjugated tPA. After the final
washing the TMV-tPA particles were reconstituted at 10 mg/mL in PBS/Arg.

TMV-PEG control particles were prepared using the same procedure, however
excluding step 2 (coupling between TMV-PEG and tPA).

Dynamic Light scattering (DLS).

DLS measurements were performed using a 90plus instrument (Brookhaven Instruments
Corporation) at a scattering angle h=90°. Reported values are averaged values of five
measurements over one minute. Hydrodynamic diameters (Dh) and polydispersity indices
(PDI) were calculated using the manufacturer’s software.

UW-VIS spectroscopy. The concentrations of TMV and sCy5 dye loading were determined
by the Beer-Lambert law using an extinction coefficient of TMV at 260 nm etpv(260nm) =
3.1 mL mg~t cm™! (MWrpy = 39.4 MDa) and extinction coefficient of sCy5 at 646 nm
ecys(46nm) = 271,000 M~ cm™ (MW, 5 = 747 Da).
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SDS-PAGE and Western Blot (WB).

TMV-tPA, TMV-PEG and unlabeled TMV samples (20 ug) were denatured at 100°C for 7
minutes in gel loading buffer (62.5 mM Tris-HCI pH 6.8, 2% (w/v) SDS, 10% (v/v)
glycerol, 0.01% (w/v) bromophenol blue, 10% (v/v) 2-mercaptoethanol). Denatured protein
samples were then separated on 4-12% NuPAGE polyacrylamide gels in 1x MOPS running
buffer (Invitrogen) at 200 V for 40 min. The gels were stained with Coomassie Brilliant Blue
and visualized using an Alphalmager imaging system (Biosciences).

For WB, samples separated by SDS-PAGE were transferred to nitrocellulose membranes
(88018, Thermo Scientific) under a voltage of 30 V for 1 h. The membranes were then
incubated at RT for 1 h in blocking solution using 5% (w/v) skimmed milk in TBST (150
mM NaCl, 10 mM Tris HCI, 0.1% (v/v) Tween-20, pH 7.5). Then, blots were incubated
overnight at 4°C with: a) 0.25 pug/mL rabbit polyclonal antibody against tPA (ab47033;
Abcam Biochemical) or b) 0.5 pg/mL rabbit anti-TMV antibody (custom; Pacific
Immunology) in blocking solution and subsequently washed three times for 5 minutes in
TBST. After washing, membranes were incubated with 0.2 ug/mL of alkaline phosphatase
goat anti-rabbit antibody (G21079; Thermo Scientific) in blocking solution for 1 h at RT and
washed three times for 15 minutes in TBST, and once for 5 minutes in Millipore water.
Specific antibody binding was visualized using Novex AP Chromogenic Substrate (BCIP/
NBT) (WP20001; Invitrogen); blots were documented using an Alphalmager imaging
system (Biosciences).

Negative staining TEM.

Particles at a concentration of 0.05 mg/mL (2 uL per grid) were adsorbed to carbon-coated
copper grids (01754-F, TED PELLA), rinsed with deionized water, and negatively stained
with 2% (w/v) uranyl acetate for 5 minutes before analysis with a Tecnhai TF30 S/TEM at
300 kV.

Fibrin clot thrombolysis assay.

1 mg/mL of non-PG depleted fibrinogen (Enzyme Research Labs) was polymerized with 1
IU/mL of thrombin in the presence of 3.5 mM CaCl, in PBS to form 2 mL fibrin clots in D
= 35 mm petri dishes. After 3 hours, 1 pl of tPA and TMV-tPA were added in triplicates to
the center and atop of the /n vitro formed thrombus. To study efficacy, a range of
concentrations of tPA were tested: 600 1U/mL, 6000 IU/mL, and 60000 1U/mL. tPA and
TMV-tPA (as well as the respective controls) were allow to act on the /n vitro formed
thrombi for 15 hours; then photographs were taken to document the lysis zone.

Carotid artery photochemical injury and thrombosis model.

All animal procedures were performed using approved protocols from the Institutional
Animal Care and Use Committee at Case Western Reserve University. The CWRU tracking
number is 2013-0136. TMV-conjugated tPA equivalent to a tPA dosage of 2 mg/kg of body
weight (for evaluation of sCy5-TMV-tPA accumulation in thrombi) or 6 mg/kg body weight
(for evaluation of therapeutic efficacy) were administered to C57BL/6 mice by tail vein
injection, 5-10 minutes after injection of Rose Bengal dye at a dose of 50 mg/kg of body
weight. A 1.5 mW, 540 nm green laser (Melles Griot) was used to illuminate the right
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common carotid artery 5 cm from the artery to induce thrombus formation, and blood flow
was monitored with a Doppler flow probe (Transonic Systems). For evaluation of sCy5-
TMV-tPA accumulation in thrombi, the mice (n=3 for tPA and TMV-tPA, n=2 for TMV-
PEG) were sacrificed after vessel occlusion, and the injured artery and the contralateral
control were excised and fixed in formalin. sCy5 signal from /n vivo clots (corresponding to
accumulation of sCy5-TMV-tPA VNPs) was analyzed using Maestro fluorescence imaging
system with yellow excitation (576 to 621 nm) and emission (635 nm long-pass) filters with
automatic exposure times. For evaluation of therapeutic efficacy n=5 mice were used for
PBS, tPA and TMV-tPA treatment groups and n=4 animals were used for TMV-PEG group.
Doppler flow probe (MC 0.5PSL Nanoprobe, Model 0.5 VB, Transonic System) and a flow
meter (Transonic Systems Model TS420) with a computerized data acquisition program
(Windag, DATAQ Instruments) were used to monitor blood flow continuously from the
onset of injury until the time of blood-flow cessation (complete artery occlusion). The laser
was turned off 2 minutes after complete occlusion of the vessel and the time to re-opening
(if any) was monitored.

Mouse tail bleeding assay.

Mice (n=6 for PBS and TMV control, and n=7 for free tPA and tPA-conjugated TMV) were
anesthetized using pentobarbital and nanoparticle formulations were administered via retro-
orbital injection with the tPA dosage of 6 mg/kg. After 5 min, the tail of a mouse (5 mm
away from the tip) was transected, as described elsewhere.3> Immediately, the transected tail
was placed in PBS at 37 °C and the blood stream from the tail was carefully observed. The
time to complete cessation of bleeding for 30 and 180 seconds was measured to assess the
risk of thrombolytic agents.

Results and discussion

TMV particles with solvent-exposed Lysine-158 residue (TMV-Lys)33 were propagated and
purified from N. benthamiana plants using previously established protocols.34 The
purification procedure yielded approximately 1-7 mg of virus per gram of used leaf
material. TMV-Lys was utilized as a scaffold for bioconjugation of sulfo-Cyanine5
fluorophore (sCy5; for fluorescent imaging) and tPA (also known as alteplase and activase
etc.; for thrombolytic therapy). First, azide-functionalized sCy5 (sCy5-azide) was
conjugated to glutamic acids in the internal cavity of TMV-Lys utilizing a two-step reaction
(Figure 1A): a) carbodiimide (/.e., EDC)-based condensation reaction between the amine
groups of propargylamine and TMV’s glutamic acids; b) alkyne-azide cycloaddition (i.e.
‘click’ reaction) between sCy5-azide and alkynes installed on internal surface of TMV-Lys
in step (a).27- 2% 34 tPA was conjugated to Lys side chains exposed on the external surface of
TMV-Lys using tPA’s cysteine side chains. Previous studies showed that tPA contains a total
of 35 cysteines, and 34 of them are assigned to 17 disulfide bonds. A single solvent-exposed
cysteine-83 is therefore available for chemical modification.38 It has also been shown that
bioconjugation of tPA via Cys-83 does not significantly affect its thrombolytic activity.3” A
two-step process was utilized to conjugate tPA to TMV-Lys (Figure 1A): a) NHS ester-to-
amine conjugation between polyethylene glycol (PEG)-based NHS-ester-PEG,4-maleimide
(SM-PEG,) linkers and amine groups terminating side-chain of TMV’s Lysine residues; b)
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maleimide-to-sulfhydryl conjugation between the thiol group terminating the Cys-83 of tPA
and TMV-PEG-maleimide particles produced in step (a). The prepared particles will be
referred to as sSCy5-TMV-tPA or TMV-tPA.

We characterized our formulations using a variety of methods. UV-VIS measurements
confirmed successful labelling of particles with sCy5 fluorophore. Based on ratio between
the absorbance at 646 nm (Amax of sCy5) and 260 nm (Amax of TMV), we determined that
on average 108.6 + 11.8 sCy5 molecules were conjugated per TMV particle (Figure S1).
SDS-PAGE and western blot (WB) analysis of TMV particles before and after tPA
conjugation indicate covalent binding between tPA and TMV (Figure 1B). The high
molecular weight (MW) bands at > 64 kDa in the TMV-tPA samples reflect the addition
between the TMV capsid protein (TMVcp; MW = ~17 kDa) and tPA (apparent MW = ~57
kDa). WB analysis of sCy5-TMV-tPA conjugates confirmed presence of both TMV and tPA
in >64 kDa bioconjugate bands (Figure 1C).19: 29 38 \We estimated the amount of tPA
conjugated to TMV based on densitometric analysis of gel images corresponding to 8
batches of TMV-tPA (Table S1): the ratio of high MW bands indicates that the conjugation
process yielded ~90-180 pg tPA per mg TMV (or 50-100 tPA per TMV particle). However,
it should be noted that this method of analysis has several flaws: i) the band density is
derived from the presence of both TMVcp and tPA, given the differences in MW 17 kDa for
TMVcp and 57 kDa for tPA, one may argue that the tPA content may equate to 75% of the ~
90-180 g tPA per mg TMV; and ii) the band intensity in the SDS gel does not scale linearly
with the amount of protein loaded, which may lead to further overestimation. With the
further development of protein drug-laden TMV (and other viral nanoparticles), it will be
crucial to develop more accurate methods to determine protein loading per nanoparticle.

Based on theoretical calculations with tPA modelled as a 7 nm sphere, the maximum tPA
coverage achieved lies at 14-15% of the TMV’s surface area covered with tPA. Thus, further
optimization of the chemical loading procedure may achieve up to 7x higher loading
capacity.

Compared to other tPA-nanoparticle constructs, our loading efficiency falls within the large
range of reported yields: various amounts of tPA loading to nanoparticles (NPs; including
liposomes, PLGA polymer, silica and magnetic nanoparticles) were reported previously,
ranging from 60 ng tPA per mg of NP material to 100 pg tPA per mg Np.10. 11,17, 18
Although the tPA loading on TMV is comparable, it does not exhaust the maximal cargo
capacity of TMV because the molar ratio of tPA to TMVcp used for conjugation is ~0.03
due to high cost of the tPA. That being said, it is possible to further increase the loading of
tPA on TMV. Previously, we reported conjugation of two other proteins to TMV surface:
serum albumin (SA; MW = 67 kDa) and STK (MW = 47 kDa). We achieved protein loading
of up to 0.35 mg SA per mg TMV and up to 0.9 mg STK per mg TMV using >2 excess of
respective protein over TMVcp.19. 29, 38

TEM images of TMV-based particles (Figure 1D) revealed that TMV particles retained
structural integrity after the conjugation of PEG and tPA. Dynamic light scattering (DLS)
did not reveal increase in hydrodynamic diameters between TMV-Lys and TMV-PEG, and
TMV-tPA (Table 1) indicating that conjugation process did not cause aggregation of TMV.
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In contrary, we observed a slight decrease in hydrodynamic diameter for TMV-PEG and
TMV-tPA, that could have been caused by: a) better dispersion of PEGylated TMV particles
in comparison to non-modified TMV-Lys; b) fusion of several TMV-Lys particles; and/or c)
possible partial fragmentation of TMV during bioconjugation and purification. In fact, all
three (a, b, and ¢) phenomena are indicated by TEM imaging (see Figure 1D).

The thrombolytic activity of TMV-tPA was evaluated first using /7 vitrofibrin clot
thrombolysis assay as described elsewhere.1® 27 In brief, 1 mg/mL of non-PG depleted
fibrinogen was polymerized by addition of 1 1U/ml of thrombin, a serine protease that
cleaves fibrinogen to form insoluble fibrin that precipitates and forms a thrombus, in the
presence of 3.5 mM CaCl,. 0.6 to 60 IU tPA and equivalent mass of TMV-conjugated tPA
formulations were spotted onto the phantom clots. The clots were imaged 15 hours after
application of tPA and TMV-tPA formulations (Figure 2A) and the thrombus dissolution area
was measured using ImageJ software (Figure 2B). The TMV-tPA formulations were shown
to be active, although dissolved 18-34% smaller area of thrombus in comparison to free tPA
(Figure 2A and B). The decreased activity of TMV-tPA may be a technical artifact due to the
overestimation of tPA per TMV. However, reduced tPA activity of TMV-tPA vs. free tPA
may be caused by immobilization of the enzyme on the TMV nanocarrier and/or differences
in clot penetration between the small tPA and macromolecular TMV-tPA formulations. In
fact, size-dependent differences in clot penetration between free and TMV-bound
thrombolytic agents were previously shown to influence results of /n7 vitrofibrin clot assay.1®
The reduction in thrombolytic activity of tPA after conjugation to TMV surface was
significantly smaller than that of STK-conjugated TMV (e.g., ~60% decrease in
thrombolytic activity of STK).19

Next, we investigated thrombus targeting and thrombolytic efficacy using /in vivoa
photochemical injury mouse model of arterial thrombosis. Thrombosis was induced by
irradiation of the right common carotid artery by 540 nm laser in wild-type C57BI6 mice
intravenously injected with Rose Bengal dye.39 tPA control, sCy5-labeled TMV-PEG, and
TMV-tPA were injected intravenously 5-10 minutes after start of irradiation by laser to
simulate a clinical treatment scenario, where thrombosis is in progress before administration
of therapeutics. To evaluate thrombus targeting, both injured carotid and un-injured
contralateral arteries (control) were excised after complete occlusion of the vessel (indicated
as ceased flow of blood in the vessel) and imaged using Maestro fluorescence imaging
system (Figure 3A). The arteries from the group treated with tPA served as control for
intrinsic fluorescence of the tissue and thrombi, while contralateral arteries served as control
for thrombus interaction specificity (.., to differentiate between ‘non-specific’ interaction
of fluorescent particles with vascular walls and their ‘specific’ interaction with the
thrombus).

Analysis of fluorescent images (Figure 3B) indicates that both TMV-PEG and TMV-tPA
passively accumulate at the thrombus. We attribute the TMV-based thrombus homing to a
result of TMV’s high aspect ratio and resulting flow properties. In blood stream, particles
with high aspect ratios marginate towards the vessel wall, enabling increased interaction
with the vascular bed, including thrombotic sites.25: 26 40. 41 Thjs is in agreement with our
previous observation in testing TMV-based dual modal optical-magnetic resonance imaging
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agents.2 In addition, the ratio of fluorescent signal of carotid artery to that of contralateral
artery was higher in TMV-tPA group than TMV-PEG group. This indicates that the targeting
specificity of TMV towards thrombi is increased after tPA conjugation, although the
differences are not statistically significant. It could be speculated that the underlying cause
of difference in affinity towards thrombi between TMV-tPA and TMV-PEG is the presence
of fibrin-binding domains (/.e., fibronectin finger-like domain and Kringle 2 domain) in the
structure of tPA,*2 which enable molecular targeting of thrombi (in addition to passive
targeting of TMV) by TMV-tPA particles.

To evaluate thrombolytic efficacy of TMV-tPA, we utilized the same photochemical mouse
model of arterial thrombosis. After partial formation of thrombus in the artery, mice were
injected with PBS (control), tPA, TMV-PEG, or TMV-tPA. First, we measured the time to
complete occlusion of the vessel (indicated as ceased blood flow; Figure 4A). However, the
constant formation of a thrombus in the photochemical model may not reflect the actual
pathogenesis of thrombosis. Therefore, as additional measures, after complete occlusion of
the artery, the laser was turned off to prevent constant formation of thrombi and i) the
percentage of animals in which arteries re-opened (indicated as resumed flow of blood) as
well as ii) time to re-opening of the arteries were documented in Figure 4B and C,
respectively. We monitored the blood flow for a maximum of 120 minutes, after which the
experiment was terminated.

During the first part of the experiment (Figure 4A) no statistically significant differences in
time to complete occlusion were observed among PBS, TMV-PEG, TMV-tPA and tPA-
treated mice. This can be attributed to the fact that thrombus formation in the photochemical
model of arterial thrombosis is too rapid and overwhelming and appears to diminish the
efficacy of tPA therapies. However, the secondary measurements provided insights into the
differential activities of the samples tested: occurrence of artery re-opening events in the
groups of animals treated with tPA and TMV-tPA formulations increased. Interestingly, the
circulation resumed in 100% of animals treated with tPA and TMV-tPA (Figure 4B), in
comparison to 60% of control animals treated with PBS and 75% of control animals treated
with TMV-PEG particles (Figure 4B).

No statistically significant differences were noted comparing the tPA vs TMV-PEG vs TMV-
tPA treatment arms (Figure 4C). However, it should be noted that animals without artery re-
opening (in PBS and TMV-PEG groups) were excluded from ‘time to reopening’ analysis.
The time to artery re-opening is not easy to interpret and could reflect either the time to
thrombus dissolution (a direct effect of thrombolytic activity of formulation), or the time to
‘embolization’, when partially dislodged thrombus/embolus travels further down the artery
due to high pressure of blood in the artery exerted on the wall of thrombus. Thus, apparently
similar times to re-opening between TMV-PEG group and therapeutic tPA or TMV-tPA
groups might not be a reflection of thrombolytic activity.

Finally, we evaluated the safety of TMV-tPA using mouse tail-bleed assays (Figure 5). PBS
(control), tPA, TMV-PEG, or TMV-tPA were administered by retro-orbital injection using
C57BI6 mice (healthy mice were used for the safety studies). 5 minutes after administration
of the various formulations, the mouse tails were transected and placed in a beaker
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containing saline at 37°C. The time to cessation of bleeding was measured. Importantly,
administration of TMV-tPA formulation did not significantly affect bleeding time in
comparison to PBS control group (Figure 5), while the administration of free tPA doubled
the bleeding time (/.¢e., increased from ~423 to ~858 seconds). Thus, TMV-tPA therapy
demonstrates potential to reduce the risk of bleeding associated with tPA. The reduced
bleeding risk associated with administration of TMV-tPA may be attributed to the short half-
life of TMV in blood circulation. It is reported that the majority of TMV particles is cleared
from circulation within 10 minutes from injection and PEGylation of TMV surface does not
significantly increase its circulation half-life of TMV in a mouse model.28: 29 The short
plasma presence in combination with the macromolecular presentation of tPA may reduce
systemic activity of tPA, therefore decreasing the bleeding side effect.

Multiple other nanoparticle-based systems have been developed for delivery of tPA (and/or
other thrombolytic molecules); these studies also showed that thrombolytic properties of tPA
were not compromised by the appraoch.10-18. 20-22 Generally, efforts focused on: 1)
increasing circulation half-lives of tPA via conjugation to stealth polymers (e.g., PEG) or
encapsulation in liposomes;16: 17. 20. 21 and/or 2) increasing specificity of tPA to thrombi
using targeting molecules or magnetic guiding of NPs.10-12. 27

Using TMV nanoparticles for the development of thrombolytic agents has several
advantages: (1) plant viral nanoparticles are non-pathogenic in mammals, biodegradable,
and non-toxic,4 (2) TMV nanocarriers are uniform in size and shape and contain functional
groups on the surface, enabling the facile conjugation of therapeutic molecules with high
degree of repeatability and precision; and (3) the high propensity of vascular margination of
TMV associated with its elongated shape allows to increase efficiency of targeting to
thrombus sites.19 25 27 |n the future, a side-by-side comparison of the various nanoparticle
delivery platforms would be critical to determine the ideal design principles for delivery of
thrombolytics.

Conclusions

Due to its asymptomatic development, thrombotic diseases often remain undetected until a
clinical event such as heart attack or stroke occurs. Rapid, effective, and safe therapeutic
intervention is critical to avoid death and long-term disabilities. Although reperfusion
therapy with fibrinolytics significantly decreases mortality, the bleeding risk followed by the
administration of thrombolytics can outweigh the advantages of thrombolytic therapy. For
example, in stroke, it is generally accepted that the risk of intracerebral hemorrhage offsets
the benefits of thrombolytic therapy, when administered out of therapeutic window of 2-3
hours since the presentation of symptoms — in fact 2-5% of patients treated with use of
thrombolytics are affected with fatal intracranial bleeding.43 Thus, the need for safe
alternatives is dire.

We utilized TMV, an elongated 300 x 18 nm soft matter nanorod, as delivery system for
thrombolytic tPA. Using a mouse model of arterial thrombosis, we demonstrate

1) thrombus homing of the high-aspect ratio nanomaterial TMV-tPA,
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2) maintained efficacy of TMV-delivered tPA; and

3) decreased bleeding of the TMV-tPA vs. tPA formulation thus indicating
increased safety.

Therefore, the application of high aspect ratio plant viral-based drug delivery system may be
a suitable approach for the development of next-generation thrombolytics with the reduced
risk of bleeding side effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TMV-Lys Lysine mutant Tobacco mosaic virus
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SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
wB western blot

TEM transmission electron microscopy
DLS dynamic light scattering

PG plasminogen
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TE thromboembolism
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Figure 1. TMV-tPA bioconjugation and characterization.
A, Schematic of bioconjugation between TMV-Lys and tPA. TMV’s structural data (ID:

2TMV)*® obtained from the Protein Data Bank (PDB) was used to represent these
components using UCSF Chimera software.*6 B, SDS-PAGE analysis of TMV-Lys particles
before and after conjugation of tPA. Bands corresponding to TMVcp (MW = ~17 kDa),
TMVcp dimer (MW = ~34 kDa) and tPA (apparent MW = ~57 kDa) are indicated with
arrows. The TMV-tPA bioconjugates are visible as the high molecular weight protein bands
(apparent MW > 64 kDa). C, Western Blot analysis confirms that protein bands larger than
64 kDa consist of TMVcp and tPA. D, TEM images of TMV-Lys and TMV-tPA.
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Figure 2. TMV-tPA in vitro assay of thrombolytic activity: phantom clot dissolution.
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A, Image of phantom clots 15 hours after application of tPA and TMV-tPA (samples were
applied in triplicates). The dark circular zones result from thrombolysis of fibrin matrix by
tPA. B, Quantification of area-of-dissolution in image A. 2-tailed, unpaired student’s T-test
was used to calculate the p-values; p<0.05 indicates statistically significant differences.
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Figure 3. In vivo evaluation of passive targeting of thrombi by TMV-tPA particlesin
photochemical model of arterial thrombosis.

A, Fluorescent images of carotid arteries (containing thrombi) and contralateral arteries (no
thrombus) excised from mice exposed to tPA (control), and fluorescent TMV-PEG and
TMV-tPA particles. B, Quantification of TMV accumulation in thrombi — quantification of
sCy5-TMV-PEG/tPA fluorescent signal in image of panel A. The observed differences
between fluorescence of thrombus vs contralateral artery were not statistically significant for
TMV-PEG and TMV-tPA. Given natural variability of immune response between individual
animals to TMV that could result in variable clearance rates, we expect differences in the
content of TMV-based formulations in thrombi between animals leading to high standard
deviation. The difference between fluorescence of thrombus vs contralateral artery observed
in tPA group was likely due to autofluorescence of thrombi (not present in contralateral
artery) and leak of fluorescence of rose bengal dye trapped in thrombus through emission
filter used during imaging (635nm long pass).
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Figure 4. Evaluation of TMV-tPA thrombolytic activity in vivo in photochemical model of
arterial thrombosis.

A, Time to complete occlusion of carotid artery (cessation of blood flow) in mice after
induction of arterial thrombosis via photochemical injury and intravenous treatment with
PBS (control), TMV-PEG, TMV-tPA and tPA. B, Fraction of mice with circulation in carotid
artery resumed (artery re-opening) within 120 minutes after complete occlusion and
cessation of irradiation with laser. C, Time to re-opening of carotid artery after complete
occlusion and cessation of irradiation with laser (animals without artery re-opening within
120 minutes were excluded from this analysis).
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Figure5. In vivo evaluation of bleeding side effects of TMV-based thrombolytic for mulations by
mouse tail bleeding.

There was no statistically significant difference of tail-bleeding time between control PBS
and TMV-tPA treated groups. However, the administration of free tPA significantly
increased the average time to cessation, which indicates the low specificity and high risk of
haemorrhage associated with tPA.
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DLS measurements of TMV bioconjugates.

Sample Dh,nm | SD,nm | PDI
TMV-Lys 251.0 3.2 0.23
TMV-PEG | 206.8 1.9 0.19
TMV-tPA 1721 24 0.24
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