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Keywords: Sustained drug-release systems prolong the retention of therapeutic drugs within target tissues to alleviate the
Affinity-based delivery system need for repeated drug administration. Two major caveats of the current systems are that the release rate and the
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timing cannot be predicted or fine-tuned because they rely on uncontrolled environmental conditions and that
the system must be redesigned for each drug and treatment regime because the drug is bound via interactions
that are specific to its structure and composition. We present a controlled and universal sustained drug-release
system, which comprises minute spherical particles in which a therapeutic protein is affinity-bound to alginate
sulfate (AlgS) through one or more short heparin-binding peptide (HBP) sequence repeats. Employing post-
myocardial infarction (MI) heart remodeling as a case study, we show that the release of C9—a matrix
metalloproteinase-9 (MMP-9) inhibitor protein that we easily bound to AlgS by adding one, two, or three HBP
repeats to its sequence—can be directly controlled by modifying the number of HBP repeats. In an in vivo study,
we directly injected AlgS particles, which were bound to C9 through three HBP repeats, into the left ventricular
myocardium of mice following MI. We found that the particles substantially reduced post-MI remodeling,
attesting to the sustained, local release of the drug within the tissue. As the number of HBP repeats controls the
rate of drug release from the AlgS particles, and since C9 can be easily replaced with almost any protein, our
tunable sustained-release system can readily accommodate a wide range of protein-based treatments.

1. Introduction long-term treatments, especially when the target molecule demonstrates
delayed expression at the site or when repeated administration is

Sustained drug-release systems enhance therapeutic efficacy and required but access to the target organ is restricted [1-3]. Notwith-
reduce off-target toxicity by locally prolonging the retention of drugs standing their clear medical benefits, most currently available sustained
within their target sites. As such, these systems are suitable for local, drug-release systems suffer from two significant caveats. First, the drug-
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release mechanism is usually complex and relies on uncontrolled envi-
ronmental conditions (e.g., enzymatic activity in the target tissue), such
that the drug-release rate is often unpredictable and cannot be tightly
controlled or tuned [2-9]. Second, the drug is typically bound to the
delivery system through specific drug-target interactions (e.g, hydrogen
bonds, hydrophobic or electrostatic interactions) that are dictated by the
structure and composition of each drug used [3-5]. Therefore, these
systems are not universal and must be designed or redesigned for each
required drug and treatment regime. Here, to overcome these two lim-
itations, we developed a sustained drug-release system that both (a)
enables accurate predictability and tight drug-release control, and (b)
can be easily adjusted to accommodate a wide range of protein-based
therapeutic drugs. As a treatment case study, we chose myocardial
infarction (MI), wherein the target organ (the heart) is difficult to access
and drug-release predictability and control are critical for treatment
success.

Extensive MI is followed by marked extracellular matrix (ECM)
degradation, which typically manifests as progressive cardiac remodel-
ing, namely, in changes in the shape and function of the heart [10]. Such
progressive remodeling hampers cardiac function and often leads to
severe heart failure [11,12], which is one of the leading causes of death,
worldwide [13,14]. The main driver of the MI-induced ECM degradation
is the proteolytic activity of matrix metalloproteinases (MMPs)—a
family of 23 endopeptidases [15] whose proteolytic activity is endoge-
nously regulated by the tissue inhibitors of metalloproteinases (TIMPs).
Notably, MI considerably increases the expression levels of MMPs in
inflammatory cells [16-18], whereas the levels of TIMPs remain un-
changed in the cardiac fibroblasts [19,20]. Thus, an imbalance between
MMP and TIMP expression levels is associated with post-MI ECM
degradation, and the magnitude of this imbalance can affect the severity
of post-MI cardiac remodeling [5,21-25]. For example, while the plasma
levels of MMP-9 were found to increase by >200% one day following an
MI event (reaching a peak three days following the event), the levels of
the MMP inhibitor TIMP-2 remained unchanged [21]. The consequent
uncontrolled proteolytic activity of MMP-9 [26] exacerbates tissue
remodeling and left-ventricular (LV) dysfunction [24,27]; therefore,
balancing MMP-9 activity during the critical days following an MI event
(ie., 2-4 days post-MI [21]) may be the key to preventing cardiac
remodeling and its detrimental consequences.

Most attempts to externally regulate post-MI MMP activity by
repeatedly administering therapeutic drugs have been unsuccessful
[28-30]. A potential alternative to repeated administration [4-6] is to
bind the drug to a suitable biomaterial and deliver it directly to the heart
[31,32], preferably by using injectable biomaterials, such as hydrogels
or nanoparticles [31,33,34]. However, the drug-release timing in
available systems cannot be reliably predicted or tightly controlled
[2-9], which may lead to unwanted side effects, particularly when the
released drug may bind multiple targets [3-6].

To overcome these limitations, we propose to fabricate an affinity-
based release system that utilizes alginate sulfate (AlgS)—a non-
immunogenic synthetic biomaterial that serves as the building block
for various controlled-release systems [2,35,36]. AlgS is created by
sulfating the uronic acid monomers of the natural, plant-derived poly-
saccharide alginate, in a process that depolymerizes the alginate mole-
cule (from 100 kDa to 10 kDa) without affecting its chemical properties
[36]. In the current study, we chose to use AlgS as our delivery system
because it is highly stable, biocompatible (namely, AlgS chains have
been shown to be cytocompatible in various cell lines [37]), bio-
eliminable (namely, it is excreted through the kidneys [37]), and
shows gentle gelling properties that enable the encapsulation and
retention of fragile molecules, such as peptides and proteins, in their
active forms [35]. Importantly, the sulfonation process yields multiple
affinity binding sites in AlgS, and the resulting chains mimic heparin/
heparan sulfate chains; these chains, in turn, bind heparin-binding
peptides (HBPs), namely, peptides with the sequence G4SPPRRARVTY,
which is found in various growth factors, cytokines, chemokines, and
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cell-adhesion molecules [36,38-40]. Notably, the HBP can be easily
fused to any protein to yield nano- and micro-particles that contain
complexes of protein—-HBP and AlgS (designated protein-HBP-AlgS).
Such particles should be highly advantageous as injectable sustained
drug-release systems because AlgS is not immunogenic or recognized by
enzymes in the human body [38], and, therefore, the AlgS-bound pro-
tein is released only according to the binding equilibrium between the
HBP and AlgS [2,35,36,38,41]. By modulating the HBP-AIlgS equilib-
rium binding constant—e.g., by changing the number of HBP repeating
units—and injecting the protein-HBP-AlgS particles into the target tis-
sue, the HBP-bound protein could be locally released in a slow, pre-
dictable, and tightly controlled manner, which can dramatically
increase treatment efficacy and clinical outcomes [35,42]. However,
while proteins that naturally contain HBP domains have been explored
as potential therapeutics with sustained release from AlgS platform [35],
the recombinant addition of HBP domains to proteins that do not
naturally contain this sequence has not been examined as a means of
generating a “universal”, finely controlled sustained drug-release
system.

To test this concept in the context of MI, we utilized a high-affinity,
high-selectivity potent inhibitor of the MMP-9 catalytic domain (MMP-
9cart), termed C9, which we previously developed by modifying the non-
specific MMP inhibitor, N-TIMP2 [43]. Since small proteins such as C9
(17.1 kDa) are expected to demonstrate a short tissue-retention time [2],
they are unsuitable as therapeutic drugs; however, they are highly
suitable as the active components in sustained-release systems. There-
fore, we fused C9 to one, two, or three HBP repeats, resulting in
C9-HBP1/2/3-AlgS particles, respectively. We hypothesized that
injecting these particles directly into the myocardium would induce the
local and sustained release of the C9-HBP components, thereby opti-
mizing the inhibition of MMP-9 and increasing treatment efficacy
following MI [21]. To test this hypothesis, we first conducted an in vitro
study in which we examined various C9-HBP fusions, each with a
different affinity to AlgS, and selected the particles whose size and
binding in equilibrium best facilitate the sustained release of the
C9-HBP component. Then, we used these particles in in vivo trials to
select the particles that are retained for the longest period in both
skeletal muscle and cardiac tissue. Finally, we injected these selected
particles—namely, C9-HBP3-AlgS—in vivo into the myocardium of
mice after MI and characterized long-term (30 days) recovery, both
functionally and morphologically.

2. Materials and methods
2.1. Expression and purification of N-TIMP2 variants and MMP-9¢at

Our previously developed MMP-9 inhibitor, C9, includes seven mu-
tations in the N-TIMP2y (N-TIMP2 wild-type) gene (see [43]). For the
current study, we expressed N-TIMP2yr, C9, and C9-HBP1/2/3 (i.e., a
C9 molecule fused to either one, two, or three HBP repeats, respectively)
in the methylotrophic X33 Pichia pastoris yeast strain using an estab-
lished protocol with some modifications (see [44]). To fuse C9 to HBP
and generate the various C9-HBP proteins, we first PCR-amplified the
C9 gene by using the forward primer (5’-GGTATCTCTCGAGAAAA-
GATGCAGCTGCATGCCG-3') and the reverse primers for C9 and for the
C9-HBP1/2/3 clones (5-TACCAGATGGGCTGCGAGGCGGCCGCCAGC-
3, 5-TACCAGATGGGCTGCGAGGGTGGAGGCGGCTCCCCACCTAGACG
TGCTCGTGTGACTTACGCGGCCGCCAGC-3', 5°-TACCAGATGGGCTGCG
AGGGTGGAGGCGGCTCCCCACCTAGACGTGCTCGTGTGACTTACGGTG
GAGGCGGCTCCCCACCTAGACGTGCTCGTGTGACTTACGCGGCCGCCA
GC-3, 5-TACCAGATGGGCTGCGAGGGTGGAGGCGGCTCCCCACCTA-
GACGTGCTCGTGTGACTTACGGTGGAGGCGGCTCCCCACCTAGACGTG
CTCGTGTGACTTACGGTGGAGGCGGCTCCCCACCTAGACGTGCTCGTG
TGACTTACGCGGCCGCCAGC-3, respectively). For N-TIMPyr, we used
the primers described in [44]. The Xhol and Notl restriction enzymes
(New England Biolabs, Ipswich, MA) were used to digest the amplified
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C9-HBP clones and the pPICZaA vector (Invitrogen, Waltham, MA); the
latter encodes for the Zeocin resistance gene, in which the AOX1 pro-
moter precedes the N-termini and a 6 x His tag follows the C-termini of
the C9-HBP genes to be inserted. The digested C9-HBP clones and the
PPICZaA vector were then ligated and transformed into Escherichia coli
electro-competent cells, which were plated on LB agar plates with 50 pg/
ml Zeocin (Invitrogen). The plasmid was extracted from several
randomly selected colonies and the correct sequence was verified in the
Genetics Unit of the National Institute for Biotechnology in the Negev
[NIBN; Ben-Gurion University of the Negev (BGU), Israel]. Next, 100 pg
of plasmids with the correct sequence were linearized with the restric-
tion enzyme Sacl (New England Biolabs) and the digested plasmids, each
containing one of the clones (N-TIMP2yr, C9, C9-HBP1, C9-HBP2, or
C9-HBP3), were transformed into electro-competent X33 P. pastoris
according to the pPICZa protocol. The transformed yeasts were grown
on YPDS plates (2% peptone, 1% yeast extract, 2% p-glucose, 1 M sor-
bitol, 2% agar) for 72 h at 30 °C, and the expression levels of several
colonies from each transformation were then determined. Specifically,
four colonies from each protein were taken from the plates, grown
overnight at 30 °C in 5 ml BMGY medium [2% peptone, 1% yeast
extract, 0.23% KoH(PO4), 1.1812% KH3(PO4), 1.34% yeast nitrogen
base, 4 x 10~°% biotin, 1% glycerol], and then grown for an additional
72h at 30 °Cin a 5 ml inductive BMMY medium [2% peptone, 1% yeast
extract, 0.23% KpH(PO4), 1.1812% KH3(PO4), 1.34% yeast nitrogen
base, 4 x 10™°% biotin, 0.5% methanol] with 1% methanol added in 24
h intervals. The cells were then centrifuged, and the supernatant
analyzed by western blot to determine the expression levels of the
secreted proteins.

For western blot analyses, we used a 1:3000 dilution of a mouse anti-
6 x His primary antibody (Abcam, Cambridge, UK), followed by a
1:5000 dilution of an anti-mouse secondary antibody conjugated to
alkaline phosphatase (Jackson ImmunoResearch, West Grove, PA) and
incubation in 2 ml of a 5-bromo-4-chloro-3-indolyl phosphate reagent
(Sigma-Aldrich, Saint Louis, MO). For the large-scale production of the
proteins, we chose the yeast that exhibited the highest N-TIMP2yr, C9,
and C9-HBP1/2/3 protein expression and grew it first in a 50 ml BMGY
medium overnight, and then for an additional 72 h in an inductive
BMMY medium with daily additions of 1% methanol. On the second and
third days of induction, 1 mM phenylmethylsulfonyl fluoride (PMSF;
Roche, Basel, Switzerland) and one tablet of cOmplete™ ULTRA Tablets,
EDTA-free, Protease Inhibitor Cocktail (Roche) were added to the
growth medium (500 ml). The proteins were purified by centrifuging the
yeast cell suspension at 4000 g for 30 min, filtering the supernatant,
adding 300 mM NaCl, 10 mM imidazole, and 1% glycerol, and titrating
with NaOH to pH 8.0. The supernatant was incubated for 1 h at 4 °C,
centrifuged for 10 min at 4000 g, and filtered. The filtered solution was
then loaded onto a HisTrap™ Fast Flow nickel column (Cytiva, Marl-
borough, MA), washed with two column volumes of 50 mM Tris, pH 7.5,
1 M NacCl, and then washed again with 50 mM Tris, pH 7.5, 300 mM
NaCl, 10 mM imidazole, and 5% glycerol. The protein was then eluted
with 50 mM Tris, pH 7.5, 300 mM NaCl, and 250 mM imidazole and
concentrated using a Vivaspin centrifugal concentrator with a 5-kDa
cutoff (Cytiva). The proteins were purified by using a Superdex 75 col-
umn with phosphate-buffered saline (PBS) in an AKTA pure instrument
(Cytiva). An SDS-PAGE of the purified proteins was conducted on a 15%
polyacrylamide gel under non-reducing conditions, and the bands were
visualized by staining with InstantBlue® Coomassie (Abcam). If needed,
the protein samples were concentrated by using a Vivaspin centrifugal
concentrator with a 5-kDa cutoff (Cytiva) to reach a final protein con-
centration of ~1 mg/ml, as determined by UV-Vis absorbance at 280
nm with a NanoDrop Spectrophotometer (Thermo Scientific, Waltham,
MA) with an extinction coefficient (e5g0) of 13,325 M~ ! em! for C9;
14,815 M~! em™! for C9-HBP1; 16,305 M~! em ™! for C9-HBP2; 17,795
M~ em~! for C9-HBP3, and 13,325 M! ecm™! for N-TIMP2yr. The
production yielded quantities of 0.3-2.0 mg protein per liter for all
proteins.
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The human MMP-9¢art (residues 107-215 and 391-443) was purified
as described previously [45], with the following modifications: The gene
was expressed in B121(DE3) pLysS E. coli cells in a pET28 vector (with an
N-terminal 6 x His tag) and induced with 1 mM isopropyl b-D-1-thio-
galactopyranoside (IPTG, Sigma-Aldrich) overnight at 30 °C. The cells
were then harvested and three rounds of sonication and centrifugation
at 12,000 g were used to isolate the inclusion bodies, which were then
solubilized in 8 M urea and 25 mM Tris, pH 7.5. Next, the enzyme was
loaded onto a nickel column and eluted with 8 M urea, 25 mM Tris, pH
7.5, 30 mM NacCl, and 200 mM imidazole. Refolding was conducted by
slow dialysis over 3 days at 4 °C with a gradient of urea concentrations,
decreasing from 8 M to O M. Finally, the enzyme was purified by size
exclusion on a Superdex 75 gel-filtration column (Cytiva) with 20 mM
Tris, pH 7.5, 50 mM NaCl, and 5 mM CaCly. The concentration of MMP-
9car was determined by UV-Vis absorbance at 280 nm, using a Nano-
Drop Spectrophotometer (Thermo Scientific) with an extinction coeffi-
cient (ezgo) of 33,920 M-! em™'. The production yielded ~0.1 mg
enzyme per liter, and the purity of the MMP-9¢cat was determined by
SDS-PAGE.

2.2. MMP-9 car inhibition assays

The inhibitory activity of N-TIMP2,,, C9, and C9-HBP1/2/3 was
evaluated by incubating each of them (0-1.5 nM) with 0.325 nM of
purified MMP-9¢at in @ TCNB buffer (50 mM Tris, pH 7.5, 100 mM NacCl,
5 mM CaCly, and 0.05% Brij) at 37 °C for 1 h. The fluorogenic substrate
Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2-TFA [where Mca is (7-methox-
ycoumarin-4-yl) acetyl, Dpa is N-3-(2,4-dinitrophenyl)-L-2,3-dia-
minopropionyl, and TFA is trifluoroacetic acid] (Merck Millipore,
Burlington, MA) was added to a final concentration of 7.5 pM. The
fluorescence was monitored with 340/30 excitation and 400/30 emis-
sion filters by using a Synergy 2 plate reader (BioTek, Winooski, VT) for
60 min at 37 °C. The initial reaction rates at different inhibitor con-
centrations were determined from the linear increase in fluorescence
intensity caused by the cleavage of the fluorogenic substrate. Data were
fitted to Morrison’s equation (Eq. 1) for tight-binding inhibition by using
Prism (GraphPad Software). Ki values were calculated by plotting the
initial velocities against the concentrations of the different inhibitors,
and they are provided here as averages (+ standard deviations, SDs) of
three independent experiments. The calculations were performed using
a Ky value of 6.175 pM for MMP-9¢at, as determined by measuring
MMP-9¢cat activity against different concentrations (0-50 pM) of the
fluorogenic substrate and fitting the data to the Michaelis-Menten
equation (Eq. 2), using Prism. The Ky values and their standard errors
of the mean (SEMs) are provided as averages obtained from three in-
dependent experiments.

(E+ [+ &™) - \/([E] + 1)+ K) = 4[E)[]

2[E] M

where V; is the enzyme velocity in the presence of the inhibitor; Vy is the
enzyme velocity in the absence of an inhibitor; E, I, and S are the con-
centrations of the enzyme, inhibitor, and substrate, respectively; Ky is
the Michaelis-Menten constant; and Ki®®P is the apparent inhibition
constant, which is given by Eq. 3.

_ VowlS]
T Ky + 18]

@

where V is enzyme velocity; Vi is maximum enzyme velocity, ach-
ieved at maximum substrate concentration; S is the substrate concen-
tration; and Ky is the Michaelis-Menten constant.

(5]

K =K 14+— 3
; < +KM> ®)
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where Ki is the inhibition constant; S is the substrate concentration; and
Ky is the Michaelis-Menten constant.

2.3. Gelatinase zymography assay

We determined the ability of N-TIMP2 inhibitors (N-TIMP2yr, C9
and C9-HBP1/2/3) to inhibit the gelatinolytic activity of the human
recombinant full-length MMP-9 (MMP-95;; Ala20-Asp707; R&D Sys-
tems, Minneapolis, MN) on an 8% SDS-PAGE embedded with 1% gelatin
(Sigma-Aldrich) [46]. The MMP-9g;, was first activated by adding 4-ami-
nophenylmercuric acetate (APMA) to a final concentration of 1 mM and
incubating for 24 h at 37 °C [47], and then resolved on SDS-PAGE. Next,
the gels were rinsed for 1 h in 2.5% Triton X-100 (Sigma-Aldrich) at
room temperature with gentle agitation and incubated overnight at
37 °C in a development buffer (50 mM Tris-HCl, pH 7.5, 10 mM CaCls,
0.02% NaNg3), either without (control) or with 100 nM of N-TIMP2wr,
C9, or C9-HBP1/2, or with 2-70 nM for C9-HBP3. Following the in-
cubation, the gels were stained with SimplyBlue™ SafeStain (Thermo
Fisher) and the gelatinolytic activity was visualized as clear bands. The
signal was quantified by using ImageJ software. The experiment was
performed in triplicate and the average and SEM values were
determined.

2.4. Surface plasmon resonance binding experiments

The binding affinity between the proteins (C9 and C9-HBP1/2/3)
and either AlgS or heparin (1 mg/ml, dissolved in deionized water) was
detected by surface plasmon resonance (SPR) spectroscopy, using a
ProteOn XPR36 system (Bio-Rad, Hercules, CA). Biotinylated AlgS and
heparin were generated as described previously [48] and immobilized
[0.5 pg in 150 pl PBS and 0.05% tween (PBST)] using an NLC chip (Bio-
Rad) to three channels coated with a NeutrAvidin at a flow rate of 30 pl/
min for 5 min; a fourth channel, immobilized with PBST, was used as a
control. The proteins were diluted in a mixture of 50 mM Tris, pH 7.5,
300 mM NacCl, and 5 mM CaCl,, and then circulated at a flow rate of 40
pl/min for 613 s, followed by 10 min of dissociation. C9 was diluted to
50, 100, 200, 400, or 800 nM; C9-HBP1 was diluted to 25, 50, 100, 200,
or 400 nM; C9-HBP2 was diluted to 1.25, 2.5, 5, 10, or 20 nM when
tested for binding to AlgS, and to 6.25, 12.5, 25, 50, or 100 nM when
tested for binding to heparin; C9-HBP3 was diluted to 6.25, 12.5, 25, 50,
or 100 nM. The binding response, indicated as response units (RU), was
determined as a function of time at 25 °C and the equilibrium affinity
constants (Kp) between the proteins and AlgS or heparin were deter-
mined by using equilibrium-binding analysis. In all cases, the y? values
used for the analyses were lower than 10%.

2.5. Particle formation

Alginate was sulfated by the conversion of the sodium salt of the
polysaccharide to a tertiary amine salt, followed by O-sulfation with
carbodiimide (DCC) and sulfuric acid [36]. The sulfated alginate has
been previously characterized, both spectrally and biochemically,
including by solution 'H and '3C nuclear magnetic resonance, Fourier-
transformed infrared spectroscopy, a scanning electron microscope
elemental analysis, and a Sheniger biochemical assay for sulfur quanti-
fication [36]. The molecular weights of the raw, heat-treated, and
sulfated alginate have also been previously determined by size-exclusion
chromatography (SEC). Here, alginate (1% w/v in deionized water) was
heat-treated to yield low molecular weight fragments of 10 kDa, as
determined by SEC coupled to a multiangle laser light scattering
photometer (MALLS). The SEC-MALLS indicated that the sulfation re-
action resulted in the depolymerization of the alginate molecule, as the
average molecular weight of the alginate decreased from 100 to 10 kDa
[36].
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Prior to particle preparation, AlgS was sterilized by exposing it to UV
light (three cycles) and the C9 proteins were centrifuged in a 0.22 pm
centrifugal ion-filtration unit (Merck Millipore). The particles were
generated by mixing the sterilized AlgS solution (1 mg/ml, dissolved in
deionized water) with the various C9-HBP proteins at a 1:2 M ratio, all
in a biological hood. To achieve binding equilibrium between the pro-
tein and the AlgS, and to allow the particles to form [35], the mixture
was vortexed and incubated for 1 h at 37 °C, and was then incubated
overnight at 4 °C to stabilize the particles. Before injecting them into the
mice, the particles were washed three times with 10 mM HEPES, using a
Vivaspin with a 30 kDa cutoff. In some experiments, a mixture of AlgS
and C9 (at a 1:2 M ratio) was used as a negative control, as particles
cannot form in such a mixture.

2.6. Dynamic light scattering measurements

Dynamic light scattering (DLS) measurements were performed using
a Zetasizer Nano-ZS (Malvern Panalytical, Malvern, UK). The samples
were dissolved in a buffer (either 50 mM Tris, pH 7.5, 300 mM NaCl, and
5 mM CaCly, for C9-derived proteins, or 10 mM HEPES for
C9-HBP3-AlgS particles) to a final concentration of 0.3 mg/ml (pro-
teins) and 0.18 mg/ml (particles) and equilibrated for 5 min at 25 °C
prior to data collection. Correlograms were collected at 173° for at least
ten runs of 10 s each. The recorded correlograms were analyzed by using
the CONTIN procedure [49,50] with the software provided with the
instrument. The sizes and standard distributions of the particles were
calculated from the translational diffusion coefficient by using the
Stokes-Einstein equation (Eq. 4).

4T
" 3anD

4

h

where dj, is the hydrodynamic diameter; D is the translational diffusion
coefficient; k is Boltzmann’s constant; T is the absolute temperature; and
n is the viscosity.

2.7. Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) patterns of the C9, C9-HBP1,
and C9-HBP3 protein solutions were recorded at the bio-SAXS BM29
beamline at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France, using an energy of 12.5 keV. The scattering intensity
was recorded with a Pilatus3 2 M in-vac detector, with the interval
0.004 < q < 0.5 A™1. Ten frames of 2 s exposure time were recorded for
each sample. Measurements were performed at either room temperature
or at 37 °C in flow mode, where samples were pushed through the
capillary at a constant flow rate. The dedicated beamline software was
used for data collection and processing. The scattering spectra of the
solvent were subtracted from the corresponding solution spectra by
using the Irena package for the analysis of small-angle scattering data
[51]. The concentration of the three studied proteins was 1 mg/ml
(58.35 pM, 53.90 pM, and 46.77 pM for C9, C9-HBP1, and C9-HBP3,
respectively), while the concentrations of the samples of mixed protein
and AlgS (MW = 10 kDa) were 0.74 mg/ml protein (43.18 pM, 39.89
pM, and 34.62 pM for C9, C9-HBP1, and C9-HBP3, respectively) and
0.18 mg/ml AlgS (18 uM). The size of the proteins was evaluated by
using the Guinier approximation [49,52] (Eq. 5).

1(0)exp (—q3Rg)

where I is the intensity; q is the scattering vector; and Ry is the radius of
gyration.

1(q) ©)
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2.8. Cryo-transmission electron microscopy

Cryo-transmission electron microscopy (cryo-TEM) was used to
image the solutions and dispersions directly. Vitrified specimens were
prepared on a copper grid coated with a perforated lacy carbon 300
mesh (Ted Pella Inc., Redding, CA), and a drop of the solution (typically
3 pl) was applied to the grid, blotted with a filter paper to form a thin
liquid film, and immediately plunged into liquid ethane at its freezing
point (—183 °C). The procedure was performed automatically in the EM
GP Plunger (Leica microsystems, Wetzlar, Germany). The vitrified
specimens were transferred into liquid nitrogen for storage and then
studied using an FEI Talos F200C TEM (200 kV, —180 °C). To minimize
electron beam radiation damage, the images were recorded on a slow-
scan cooled CCD at low-dose conditions.

2.9. In vitro sustained release studies

The experiments were conducted at four time points (t = 0, 2, 4, and
6 days), for both C9-HBP1-AlgS particles and C9-HBP3-AlgS particles
(120 pl sample in each case). The samples were centrifuged at top speed
(21,380 g) for 1 h at 4 °C and the supernatant (100 pl) was discarded.
The pellet containing the precipitated C9-HBP1-AlgS or C9-HBP3-AlgS
particles was collected and stored at —80 °C until the end of the analysis.
The pellets from the other tubes were re-suspended in 100 pl of fresh PBS
(to simulate the body conditions in which the released protein is cleared
from the surroundings of the particles) and incubated at 37 °C until the
next time point. After 6 days, the pellets were analyzed by western blot,
using a 1:3000 dilution of mouse anti-6 x His primary antibody (Abcam)
followed by a 1:2000 dilution of anti-mouse secondary antibody con-
jugated to HRP (Cell Signaling Technology, Danvers, MA), with detec-
tion via chemiluminescence (EZ-ECL, Biological Industries, Beit
Haemek, Israel) and signal quantification with ImageJ software. Each
experiment was performed in triplicate and the average and SEM values
were determined.

2.10. Thermal stability analysis

C9 and C9-HBP3 (20 pM in 100 pl PBS) were scanned at 210 nm to
monitor changes in ellipticity as a function of temperature. Each sample
was scanned in the temperature range of 25-90 °C with 5 °C intervals.
CD spectra were recorded using a Jasco J-815 spectropolarimeter
(Jasco, Japan) equipped with a PTC-348WI temperature controller. A
PBS baseline was measured and subtracted from all samples. The data
were normalized according to Eq. 6.

. Ellipticity(mdeg) x 10°
~ Pathlength(mm) x [Protein|(uM) x n

0(deg x cm® x dmol™") (6)

where ellipticity is the raw data from the instrument, n is the number of
peptide bonds (153 and 196 bonds for C9 and C9-HBP3, respectively),
and the cuvette path length was determined as 1 mm.

2.11. In vivo studies

All animal experiments were conducted according to protocols
approved by the Committee of Use and Care of Animals at BGU (permits
IL-10-02-2019D and IL-29-06-2020C), and they were performed on
10-12 w-old female Balb/C mice. The mice were obtained from Envigo
Laboratories (Jerusalem, Israel) and kept under standardized conditions
throughout the study, including a 12:12 h light:dark cycle, 20-24 °C,
and 30-70% relative humidity. The mice were free-fed autoclaved ro-
dent chow and had free access to water. All the mice were monitored
daily for signs of stress or excessive weight loss, according to guidance
from the BGU veterinary services [assured by the Office of Laboratory
Animal Welfare (OWLA) no. A5060-01 and fully accredited by the As-
sociation for Assessment and Accreditation of Laboratory Animal Care
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International (AAALAC)]. At the end of each experiment, the mice were
euthanized under deep anesthesia.

2.12. In vivo sustained release study: Hip-muscle injection

The C9, C9-HBP1, and C9-HBP3 proteins were labeled with Alexa
fluor 680 (Thermo Fisher) at 1:2 M ratios according to the manufac-
turer’s instructions, and particles composed of AlgS and each of the
labeled proteins were generated as described above. Altogether, four
types of samples were injected into the hip muscle of 12-w-old mice:
C9-HBP3; a mixture of C9 and AlgS; C9-HBP1-AlgS particles; and
C9-HBP3-AlgS particles. Prior to the injection, the fluorescence of the
samples was measured with an in vivo imaging system (IVIS, Xenogen
Corporation, Alameda, CA) and all the samples were diluted to reach the
same fluorescence signal. The leg of the mouse was shaved and the
samples were then injected into the hip muscle at five different positions
(10 pl in each injection, 50 pl total). The fluorescence signal was
measured in the live mice over time by using IVIS. At the end of the
experiment, the mice were sacrificed, their internal organs and legs were
removed, and the fluorescence signal was measured in the legs, heart,
liver, lungs, and kidneys. Results are shown as the average (= SEM) of
either three or four measurements.

2.13. In vivo sustained release study: Left-ventricular myocardial
injection

The C9-HBP1 and C9-HBP3 proteins were labeled and mixed with
AlgS as described above. Before injecting the particles into the LV
myocardium of female mice, the fluorescence of the particle solutions
was measured with NEWTON 7.0 (Vilber, Lourmat, France) and the
C9-HBP1-AlgS solution was diluted to reach the same fluorescence as
the C9-HBP3-AlgS solution. Then, the chest and abdomen were shaved
and the mice were anesthetized with isoflurane, intubated, ventilated,
and placed on an isothermal pad. The chest was surgically opened under
sterile conditions at the 3rd left intercostal space and the pericardium
was exposed. The intramyocardial injections were performed with a 33
G needle connected by a flexible polyurethane tube to a Stepper™
pipette (Dymax, Torrington, CT) that enables multiple fixed-dose in-
jections. We performed five standard 10 pL injections (50 pl total) of
either C9-HBP3-AlgS or C9-HBP1-AlgS (as a reference) near the LV
apex (one injection), in the middle of the LV (two injections), and near
the LV base (two injections). In each injection, the needle was inserted
~1 mm into the tissue and the solution was injected. After 10 s, the
needle was extracted and moved to the next location. Following this
procedure, air was expelled from the chest by gentle compression before
rapidly closing the incision with Histoacryl® (B. Braun, Melsungen,
Germany). A buprenorphine injection (0.1 mg/kg, subcutaneously,
twice a day) was used for post-surgical analgesia in the first 48 h and
dipyrone (1.25 mg/ml) was added to the drinking water of the mice
throughout post-operative days 1-3. After they had recovered from the
anesthesia, the mice were returned to their cages and they were sacri-
ficed at different time points following the injection (t=0h,t=5h, t=
24 h, t = 2 days, and t = 6 days). Then, the hearts were removed, and the
fluorescence intensity of the labeled proteins was measured with
NEWTON 7.0, quantified, and analyzed with Prism (GraphPad Soft-
ware). Results are reported as the means (+ SEM) of either three or four
measurements.

2.14. MI experiments: Myocardial C9-HBP3-AlgS injection

The mice went through a left thoracotomy under an isoflurane
anesthesia, as described above. To induce MI, the left anterior
descending (LAD) coronary artery was permanently ligated by using a
7-0 polyethylene suture. Immediately after the MI induction, 50 pl of
either C9-HBP3-AlgS, C9—-HBP3-AlgSx5 or HEPES (10 mM, as a con-
trol) was injected into the heart in five 10 pl doses, and air was expelled
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from the chest by a gentle compression before closing the incision with
Histoacryl® (B. Braun). Post-operative recovery and analgesia were
performed as detailed above.

2.15. MI experiments: Heart function assessment

On days 4 and 28 following the MI induction procedure, the chest
was re-shaved, and the mice were anesthetized with isoflurane (3% for
induction and 1.5% for maintenance, in 100% O3) and placed supine on
an isothermal heating pad. Echocardiograms were performed with a
Vevo® 3100 system (VisualSonics, Toronto, Canada) and the time of the
procedure was restricted to <15 min to prevent bradycardia (i.e., heart
rate < 400 bpm). The heart was imaged in the 2D mode in the para-
sternal long- and short-axis views of the LV. M-mode images were ob-
tained at the level of the papillary muscles. The LV ejection fraction (EF),
which measures the percentage of blood leaving the heart each time it
contracts, was calculated as follows:

LVEDV — LVESV
LVEDV

EF% = x100

where LVEDV and LVESV are the left-ventricular end-diastolic and
-systolic volumes, respectively.

During the examination, special care was taken to avoid excessive
pressure on the mice. All measurements were averaged for three
consecutive cardiac cycles and performed by an experienced technician
blinded to the experimental conditions. All surviving mice went through
the full analysis, but only mice whose %EF was <40% in the initial
echocardiography were considered as positive for significant MI and
used for further analyses.

2.16. MI experiments: Histological and morphometric analyses

After the final echocardiography, the hearts of the mice were
extracted under deep pentobarbital anesthesia. The mice were injected i.
p- with heparin (1 unit/g), the thoracic cavity was opened, and the
beating heart was quickly removed into a cold 1 M KCI solution (to
obtain muscle relation). The hearts were washed and cleaned with PBS,
fixed in 4% formaldehyde (FA; 48 h, 4 °C), and kept in 1% FA (4% FA
diluted with PBS) at 4 °C until the histological and morphometric
analyses.

After the fixation, the hearts were cut in the short axis plane into
three pieces (base, middle, and apex), embedded in paraffin blocks, and
sectioned into 5 pm slices (Patho-lab diagnostics, Ness Ziona, Israel).
The slides were then deparaffinized in xylene (6 min x 3 cycles),
rehydrated (a 100-70% ethanol series), and washed under running
purified tap water for 2 min. Next, the slides were placed in a 0.1% (w/v)
Picro-Sirius Red solution [0.5 g Sirius Red (“Direct Red 80", 365,548,
Sigma-Aldrich-Merck) in 500 ml picric acid] for 1 h at room tempera-
ture, and the solution was changed twice (each change included three
quick dips) with 0.5% (v/v) acidified water (2.5 ml acetic acid in 500 ml
DDW). Finally, the slides were dehydrated by three quick changes in
100% ethanol, cleared in xylene, and a cover slip was glued onto the
slides by using a xylene-based glue. The stained sections were scanned
with Pannoramic MIDI II (3DHISTECH, Budapest, Hungary) and the
morphological analyses were performed with Caseviewer software
(3DHISTECH). The following parameters were measured: average
septum thickness [mm] (three measurements in each heart), average
scar thickness [mm] (three measurements in each heart), LV cavity area
[mmz], and whole LV area [mm?]. The relative scar thickness was
calculated as the average scar thickness divided by the average wall
thickness. The expansion index was calculated as follows:

LV cavity area
Whole LV area

Expansion Index =
P Relative scar thickness
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Fibrosis (namely, collagen content, measured as the percent of
collagen in the remote zone) was assessed by using QuPath software
[53].

2.17. Statistical analyses

All statistical analyses were performed by using GraphPad Prism
version 6.01 for Windows (GraphPad Software). All experimental results
are reported as means + SD or SEM, as indicated, and the number of
repetitions for each experiment is noted in the figure captions. A one-
way ANOVA was used to compare parameters between experimental
groups and a two-way ANOVA was used to compare the changes in
echocardiographic measurements between days 4 and 28 in each group
and to compare between the amount of each protein released from the
particles (in vitro) on each day (see the SI section). In the in vivo func-
tional experiments, outliers were excluded by using the ROUT method,
resulting in the exclusion of three mice from the control group in the
analysis of relative scar thickness and of one mouse from the
C9-HBP3-AlgSx5-treated group in the analyses of remote fibrosis and
expansion index.

3. Results and discussion
3.1. N-TIMP2yr and its variants inhibit MMP-9caT in vitro

The purification process of N-TIMP2yr and its variants (C9 and
C9-HBP1/2/3) is shown in Fig. S1. Inhibition assays (Fig. 1A-E)
revealed that the Ki of all variants is in the picomolar range and that all
variants inhibit MMP-9¢at to a greater extent than did N-TIMP2wr
(Table S1). The fusion of C9 to the HBPs decreased the inhibitory ac-
tivity of C9 to a relatively small extent, but it was still markedly more
potent than N-TIMP2r.

3.2. C9-HBP3 reduces MMP-9 gelatinase activity

MMP-9, also known as gelatinase B [54], demonstrates gelatinolytic
activity that can be easily detected as bright bands on a stained gelatin
SDS-PAGE (Fig. 1F, G). Therefore, we used a gelatin zymography assay
to test the ability of N-TIMP2yr and three of its variants, C9 and
C9-HBP1/3, to inhibit the gelatinolytic activity of the recombinant full-
length MMP-9 (MMP-9g1). All three variants inhibited the activity of
MMP-9;, (ranging from a 32% inhibition by C9 to a 96% inhibition by
C9-HBP3) to a greater extent than did N-TIMP2yr (Fig. 1H); the most
pronounced inhibition was of C9-HBP3, which also demonstrated a
dose-dependent inhibition (Fig. 1I). Notably, the Ki of C9-HBP3 for
MMP-9ca1 was higher than those of C9 and C9-HBP1 (Table S1), such
that its MMP-9g-inhibitory activity could be expected to be low-
er—rather than higher—than that of the two other variants. The fact
that C9-HBP3 demonstrated the most pronounced inhibition of MMP-
91 can be attributed to the known ability of the positively charged HBP
repeats to tight-bind gelatin B, which is negatively charged in physio-
logical pH [9,55-58].

3.3. Fusing HBP repeats to C9 enhances its binding affinity to AlgS

We used SPR to measure the equilibrium affinity constants (Kp) be-
tween AlgS and C9, either fused or unfused to HBP repeats (Fig. 2 and
Fig. S2A). Adding more HBP repeats to C9 improved the affinity to AlgS
(Table S2), with AlgS-binding Kp, values of 1040 + 64 nM, 182 + 3 nM,
31 + 4 nM, and 20 + 1 nM for C9, C9-HBP1, C9-HBP2, and C9-HBP3,
respectively. The SPR sensograms revealed that this improvement in
affinity was a result of faster association and slower dissociation rates
than C9 by itself.

Another advantage of adding HBP repeats to a therapeutic protein (in
this case, C9), beyond improving its ability to bind AlgS, is that the
added repeats are positively charged and can interact with other,
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Fig. 1. N-TIMP2 variants inhibit MMP-9 activity in vitro. (A-E) Inhibition assays (tight-binding curves). The ability of various concentrations (0.3125-1.5 nM) of
N-TIMP2yrt (A), C9 (B), C9-HBP1 (C), C9-HBP2 (D), or C9-HBP3 (E) to inhibit the breakdown of a fluorogenic substrate by MMP-9caT was measured. The cleavage
velocity slopes were then calculated and the curves were fitted by the Morrison tight-binding equation (Eq. 1) to extract the inhibition coefficient (Ki). Error bars
indicate the standard deviation (SD), n = 3. (F—I) Gelatin zymography assays. The inhibition of the gelatinolytic activity of MMP-9g;, was measured by adding 100
nM of inhibitor (F, H) or various concentrations of C9-HBP3 (G, I) to a gelatin SDS-PAGE. Panels (H) and (I) quantify the band intensities shown in (F) and (G),
respectively, normalized to the intensity of the control (untreated) gel. *p < 0.05, ***p < 0.0001 (one-way ANOVA followed by Dunnett’s multiple comparisons test

against the untreated control). Error bars indicate SD, n = 3.

negatively charged components in the tissue, such as heparin/heparan
sulfate [36], laminin [59], cellular syndecans, and other glycosamino-
glycans [39,40]. This ability facilitates the interaction between the
therapeutic protein and the ECM, which is expected to retain the protein
locally for longer durations after its release from the particles, prevent
its rapid clearance, and increase the overall treatment efficacy. Indeed,
our SPR measurements demonstrate that C9-HBP3 binds heparin—a
natural component of the ECM—better than C9, C9-HBP1, or C9-HBP2
(Fig. S2B, Fig. S3 and Table S3).
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3.4. The effects of HBP fusion on protein nanostructure and thermal
stability

To examine the effect of fusing HBP repeats to C9 on the nano-
structure and thermal stability of the C9-HBP fusions, we used DLS,
SAXS, and cryo-TEM. The DLS profiles (Fig. 3A) reveal that adding HBP
repeats to C9 gradually increases the hydrodynamic diameter (dy,) of the
protein, indicating an increase in the overall size relative to C9 alone,
from 5.2 + 0.4 nm in C9 to 8.6 + 0.6 in C9-HBP3 (see Eq. 4). The SAXS
profiles of C9, C9-HBP1, and C9-HBP3 (Fig. 3B) exhibit a scattering
profile typical of globular structures. The Kratky plots of C9, C9-HBP1,
and C9-HBP3 (Fig. 3C) indicate that adding HBP repeats to C9 had a
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negligible effect on the folding state of C9, which remained roughly
globular [60]. A Guinier approximation (Eq. 5 [52]) revealed that the
radius of gyration (Rg) of C9, C9-HBP1, and C9-HBP3 is ~2.1 nm, 2.5
nm, and 2.8 nm, respectively (Fig. S4A). Notably, since Rq (as opposed to
dy) does not include the hydrodynamic shell of the protein [61-63],
these findings are in line with the DLS results, although the diameter
(calculated from the Rq values) appears to be smaller. Cryo-TEM images,
which were obtained only for C9-HBP3 (because the other proteins were
too small to be detected) confirm the SAXS results and indicate a
spherical structure with an average diameter of 11.26 + 0.35 nm
(Fig. 3D). Increasing the temperature of C9-HBP3 from 25 °C to 37 °C
did not affect its SAXS scattering profile (Fig. S4B), indicating that its
structure is preserved under relevant body temperatures and high-
lighting its therapeutic potential.

3.5. C9-HBP-AlgS complexes are assembled into large particles

To be used as a controlled-release system, the C9-HBP-AIgS com-
plexes need to assemble into particles in which the bound and unbound
states of the C9-HBP and AlgS are in equilibrium, which would enable
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the continuous dissociation of C9-HBP from the complex [35]
(Fig. S5A). Such an equilibrium depends on the binding affinity (Kp)
values of the C9-HBP proteins to AlgS (Fig. 2), which dictate the as-
sembly of the complexes within the particles and, consequently, their
structure and size. To ensure the assembly of C9-HBP and AlgS into
large particles, we used cryo-TEM. Indeed, a qualitative analysis of the
TEM images shows that in the absence of C9-HBP proteins, both AlgS
alone (Fig. 3E) and AlgS with C9 (Fig. 3F) show two distinct populations:
globular, 300-500 nm aggregates; and dispersed chains, which are likely
of unbound AlgS (Fig. 3E, F, inset). Conversely, C9-HBP-AlgS particles
(Fig. 3G-I) show a single population of large, micrometer-size aggre-
gates, whose size increases with the addition of HBP repeats, reaching
4.095 + 0.617 pm in C9-HBP1-AlgS particles (Fig. 3G) and 5.285 +
0.523 pm in C9-HBP3-AlgS particles (Fig. 3I). A DLS confirmed a size of
5.0 £ 0.5 pm for C9-HBP3-AlgS particles (Fig. S5B). These findings
have several implications for the use of C9-HBP-AlgS particles as a
controlled-release system. First, since larger particles have a lower
diffusion constant [64], particles with more HBP repeats will remain
closer to the injection site, thereby increasing the local concentration of
the therapeutic protein. Second, the size of the particles is dictated by
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Fig. 3. The structure and assembly of C9 proteins. (A) DLS profiles (particle size distribution) of C9 and C9-HBP1/2/3, overlaid. Inset: a zoomed-in view (dj, of
1-15 nm). (B, C) SAXS profiles in log-log (B) and a Kratky representation (C) of 1 mg/ml C9, C9-HBP1, and C9-HBP3 (58.24 uM, 53.90 pM, and 46.78 pM,
respectively) in a Tris buffer (pH 7.5). (D—I) Cryo-TEM images of C9-HBP3 (D), AlgS alone (E), a mixture of C9 and AlgS (F), C9-HBP1-AlgS (G), C9-HBP2-AlgS (H),
and C9-HBP3-AlgS (I). Note the increase in particle size with increasing HBP repeats. The arrows in D indicate visible C9-HBP3 molecules.

the strength of the interactions between the bound protein and the
biomaterial and by the valency (i.e., avidity) of the HBP repeats, which
also dictate the release rate of the protein [65]. Therefore, larger par-
ticles with more HBP repeats have stronger protein-biomaterial in-
teractions, which will confer a slower protein release. Third, since the
size of the particle is inversely correlated with its surface area-to-volume
ratio, particles with more HBP repeats will show a lower release rate
[66]. Therefore, changing the number of HBP repeats in the particles can
be used as a means to control various aspects of the proposed sustained-
release system.
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3.6. AlgS prolongs the retention of C9-HBP3 in the tissue in vivo

While proteins with relatively low molecular weights (below 80
KDa) are cleared from the tissue within hours after injection [2], larger
particles are retained for longer durations [67,68]. To test whether
interacting C9-HBP3 with AlgS can facilitate retention in the tissue for
therapeutically relevant durations, we injected either C9-HBP3 or par-
ticles of C9-HBP3-AlgS, both fluorescently labeled with Alexa fluor 680
and diluted to reach the same fluorescence level (Fig. S6), directly into
the hip muscles of mice, and then monitored the fluorescent signal over
time (Fig. 4A). The signal of C9-HBP3 began to decay 2-3 min after the
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Fig. 4. AlgS and HBP repeats sustain C9 release in vivo. C9, C9-HBP1 and C9-HBP3 were fluorescently labeled, injected with or without AlgS into the hip muscle
(A-D) or heart (E, F) of mice, and monitored in the living mice using IVIS. (A) Adding C9-HBP3 to AlgS increased the retention time of C9-HBP3 in the tissue. The
inset shows the fluorescence intensity in the first 5 h following the injection. (B) HBP repeats increase the retention time of C9 in the tissue. The inset shows the
fluorescence intensity at 20 h and 45 h following the injection (note the different y-axis scales). (C) The legs of three of the mice from each group shown in B, excised
45 h following the injection, and of three negative-control mice (top left leg in each image). (D) Quantification of the fluorescence intensity in the excised legs. (E)
The fluorescence signal in the heart, detected with NEWTON 7.0 at different time points after a transepicardial injection of C9-HBP1-AlgS or C9-HBP3-AlgS
particles into the left ventricular myocardium. (F) Quantification of the fluorescence intensity in the heart of the mice shown in E. In all experiments, the fluorescence
signal of a negative-control organ (a leg in A, B, and D, or a heart in F) was subtracted from the signal of the injected mice. Bars represent means + SEM, ***p <
0.0001 (one-way ANOVA with Tukey’s multiple comparisons post-hoc test), n = 3 or 4 in each experiment.

C9-HBP3-injected mice even after 21 h (Fig. S7F). None of the internal
organs in any of the injected mice showed a fluorescent signal (Fig. S9).
Taken together, these in vivo experiments demonstrate that (a) the for-
mation of a complex between C9-HBP3 and AlgS considerably prolongs
the retention of the protein in the injected tissue, and (b) C9-HBP3 does
not accumulate elsewhere in the body.

injection (t = 0 in Fig. 4A), probably due to its rapid clearance from the
injected tissue, and it decayed completely after 1.5 h (Figs. 4A, inset,
S7). Conversely, the C9-HBP3-AlgS signal was still detectable in the hip
muscles of the living mice 26 h after the injection (Figs. 4A, S8). Next,
the mice were sacrificed (21 h or 47 h after the injection with C9-HBP3
and with C9-HBP3-AlgS, respectively) and their legs, hearts, livers,
lungs, and kidneys were examined for remaining fluorescent signals.
While the signal was still robust in the legs of C9-HBP3-AlgS-injected
mice 47 h after the injection (Fig. S8F), it was negligible in the legs of the
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3.7. HBP repeats prolong the protein release from AlgS particles in vivo

How does adding more HBP units affect the rate of protein release
from the particles? In an in vitro experiment, we tested the sustained
release of C9-HBP1 and C9-HBP3 from particles in four time points (0,
2, 4, and 6 days), which reflect those selected for the in vivo drug-release
experiment (see above; Fig. 4E and F), cover most of the drug-release
period, and fit the expression profile of MMP-9, which reaches its
highest levels within this period post MI. We found that C9-HBP1 is
detectable in the particles 2 days after they were generated, while
C9-HBP3 was still detectable, at relatively high levels, 6 days after the
particles were generated (Fig. S10). In an in vivo study, we fluorescently
labeled C9, C9-HBP1, and C9-HBP3 and then injected either a mixture
of AlgS and C9 (no particles)) C9-HBP1-AlgS particles, or
C9-HBP3-AlgS particles into the hip muscles of mice [the solutions were
diluted before the injections to reach the same level of fluorescence in all
groups (Fig. S11)]. In mice injected with C9-HBP3-AlgS particles, the
fluorescent signal was considerably higher a few minutes following the
injection (Fig. 4B, t = 0), and it remained detectable for markedly longer
(Fig. 4B, inset, S12) than in mice from the other two groups. After
sacrificing the mice (45 h post-injection), the signal in the excised hips
was significantly more robust in mice injected with C9-HBP3-AlgS
particles than in those from the other two groups, in which it was almost
undetectable (Fig. 4C, D). No fluorescent signal was detected in the
hearts, livers, lungs, or kidneys of mice from any of the three groups
(Fig. S13). Finally, in another set of experiments, fluorescently labeled
C9-HBP1-AlgS or C9-HBP3-AlgS particles were injected into the
myocardium of the LV after diluting the two solutions to reach the same
level of fluorescence (Fig. S14). While the initial fluorescence signal
(measured 2-3 min following the injection) was similar in both groups,
it decayed more slowly and was retained in the tissue for a longer
duration (6 days) in mice injected with C9-HBP3-AlgS than in those
injected with C9-HBP1-AlgS (Figs. 4E,F, S15). Importantly, the most
detrimental effects of MMP-9 in the myocardium take place 2-4 days
post-MI [21], during which the inhibitory activity of C9 would be most
therapeutically efficient.

Of note, we were unable to fully determine the exact release mech-
anism of the drug because it depends both on the affinity of the drug to
the AlgS particles and on the quantity of the drug that is in complex with
the AlgS, relative to the free drug; while we accurately determined the
former with SPR, we were unable to accurately determine the latter.

3.8. Treating mice with C9-HBP3-AIgS particles inhibits post-MI
remodeling

To evaluate the therapeutic potential of our novel sustained-release
system (and, specifically, of the best-performing complex,
C9-HBP3-AlgS), and as a proof-of-concept in the context of post-MI
treatment, we first confirmed that the inhibitory activity of C9-HBP3
is retained during the time in which the inhibitory activity of C9 in the
heart is most needed, i.e., 2-4 days post-MI, when MMP-9 expression
levels are highest [21]. Indeed, 4 days after incubation at 37 °C
(Fig. S16A, B), C9-HBP3 considerably inhibited MMP-9¢at activity in
vitro, with Ki values (calculated by using Eq. 1) of 17.9 + 1.5 pM and
13.6 £ 0.5 pM at t = 0 and t = 4 days, respectively. The thermal stability
of the protein was also confirmed by melting experiment in CD
(Fig. S16C). Next, we tested the efficacy of the system in mice in which
extensive MI was induced by permanent ligation of the LAD coronary
artery. The treatment solution (see below) was injected into the LV
myocardium immediately following the LAD ligation via five standard
injections (10 pl each) of either 10 pg C9-HBP3-AlgS, 50 pg
C9-HBP3-AlgS (designated C9-HBP3-AlgSx5), or HEPES only (con-
trol). After 4 days and 28 days, echocardiography was performed to
assess the ejection fraction (%EF) of the LV, which is indicative of the
cardiac systolic function. Other standard functional parameters were
also evaluated (Fig. S17 A-F). Notably, as the long-term post-MI
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remodeling is relevant mainly in the setting of large infarcts [10], we
included in our analysis only mice whose initial EF was <40%, which is
indicative of extensive MI. The initial (4 days) EF of all mice in all groups
were not statistically different from one another (Fig. S18).

The initial %EF of the mice that met the inclusion criteria (%EF < 40)
was similar in all groups. However, on day 28 post-MI, the %EF was
significantly higher in the group treated with C9-HBP3-AlgSx5,
reflecting a better systolic function relative to the control group
(Fig. 5A). In addition, the average change in %EF between days 4 and 28
post-MI (Fig. 5B) increased in both treated groups, but a statistically
significant difference from control was found only for the group treated
with C9-HBP3-AlgSx5. Since a more severe MI increases the risk of
myocardial remodeling and results in a poorer prognosis [69,70], we
further divided each experimental group into two sub-groups: moderate
MI (initial %EF > 30) and severe MI (initial %EF < 30). This analysis
revealed that the greatest improvement in cardiac function was in mice
with severe MI who were treated with C9-HBP3-AlgSx5 (Fig. 5C). It
was previously found that patients with severe cardiac dysfunction show
an increased ratio of MMP/TIMP expression levels and persistently
elevated MMP-9 levels [21,71,72]. These findings are consistent with
our current results, which showed increased treatment efficiency in mice
with severe MI, and they highlight the specificity of CO-HBP3 as a potent
inhibitor of MMP-9-mediated LV remodeling post extensive MI. Histo-
logical analyses (Fig. 5D, E) revealed that the percent of fibrosis in the
remote area of the heart was significantly lower in mice treated with
C9-HBP3-AlgSx5 than in mice treated with C9-HBP3-AlgS, albeit the
percent of fibrosis in the two treated groups was not significantly
different from that in control mice. In agreement with these findings,
morphometric measurements showed that both treatments prevented
the thickening of the LV wall in the post-MI scar area (Fig. 5F) and
reduced the expansion of the heart (Fig. 5G). Taken together, these ex-
periments show that the timely inhibition of MMP-9 activity by the
direct injection of C9-HBP3-AlgS into the heart following MI preserves
cardiac function by reducing ECM degradation and subsequent
myocardial remodeling.

In our previous work [43], we showed that C9 is highly potent in
inhibiting endogenous, cell-secreted MMP-9 in cell that overexpress
MMP-9. Notwithstanding, we cannot unequivocally determine that the
therapeutic effect shown here—namely, the inhibition of post-MI
remodeling—was a result of MMP-9 inhibition alone, rather than of
drug interactions with other molecules or MMPs.

4. Conclusions

We describe a novel sustained drug-release system, based on minute
spherical particles comprising a therapeutic protein bound to AlgS, and
demonstrate its therapeutic applicability. To bind the therapeutic pro-
tein to the AlgS, we used 1, 2, or 3 repeats of the heparin-binding protein
(HBP), such that the number of repeats directly controls the release rate
of the therapeutic protein—a highly desired property in sustained-
release systems. As a proof-of-concept, we tested the therapeutic appli-
cability of our system in a case study of post-MI heart remodeling, using
the MMP-9 inhibitor protein C9 as a model therapeutic protein. We
demonstrate in vivo that a direct application of C9-HBP3-AlgS particles
into the heart of mice following MI reduces heart remodeling and
significantly improves cardiac function, attesting to their sustained and
local release within the heart tissue. Notably, although AlgS is
biocompatible, over-sulfation may lead to toxic (e.g., anticoagulant)
effects [73,74]; such potential toxicity needs to be examined in future
studies.

The main advantage of our system is twofold: first, it is universal
because it allows the attachment of a wide range of therapeutic proteins
to AlgS simply by fusing the short HBP sequence; and second, it is
tunable because modifying the number of HBP repeats controls the
release rate of the therapeutic protein from the particle. Potentially, this
system can be used to apply several types of particles together—each
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Fig. 5. The therapeutic efficacy of C9-HBP3-AlgS in a mouse model of MI. (A-C) Echocardiogram measurements (n = 13 or 14 mice in each group) of (A) the
average %EF on days 4 and 28 post-MI; (B) the change in %EF from day 4 to day 28 post-MI; and (C) the change in %EF from day 4 to day 28 in mice with severe vs.
moderate MI (initial %EF <30 and > 30, respectively). (D-E) Evaluation of post-MI cardiac fibrosis. (D) Representative histological sections of post-MI hearts, stained
with Sirius Red to indicate fibrosis; (E) the percentage of fibrosis in the area remote from the MI-induced scar. n = 12-14 mice in each group. (F-G) Morphometric
measurements of the post-MI heart, including (F) the relative scar thickness, calculated as the thickness of the scar divided by the thickness of the septum (n = 8-12
mice in each group); and (G) the heart expansion index (n = 8-11 mice in each group). Bars indicate means &+ SEM, *p < 0.05 and **p < 0.01 [two-way ANOVA with
Sidak’s multiple comparison test (A); one-way ANOVA with Tukey’s multiple comparison test (B, E, F, G); one-way ANOVA with Dunn’s multiple comparison test
(C)]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

257



A. Itzhar et al.

containing a different therapeutic protein and a different number of HBP
repeats—so as to individually adjust the release of each therapeutic
protein according to the specific expression profiles of its target.
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