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Polymers conjugated to multiple pendant bivalirudin peptides via
MMP9-sensitive linkages were synthesized for localized thrombin
inhibition. Localized delivery of the polymers in an injectable
hydrogel resulted in decreased cell proliferation and reduced
astrogliosis after spinal cord injury.
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MMP9-responsive bivalirudin-HPMA copolymers were synthesized
for direct, local administration in rat spinal cord contusion injury
models. Polymer-conjugated bivalirudin peptides maintained
activity while demonstrating enzyme-mediated release upon
MMP9 exposure and prolonged release from hyaluronic acid/
methylcellulose (HAMC) hydrogels compared to free bivalirudin
peptide. Localized administration of bivalirudin copolymers in vivo
at the site of rat spinal cord injury decreased cellular proliferation
and astrogliosis, suggesting the bivalirudin copolymer and HAMC
hydrogel system are a promising therapeutic intervention for redu-
cing immediate inflammatory responses and long term scarring.

Spinal cord injuries (SCI) comprise a significant percentage of
debilitating injuries, with over 250000 Americans suffering
from SCI and 12 000 new cases annually.” Following acute SCI
from blunt trauma, thrombin, a serine protease and key com-
ponent of the coagulation cascade, rapidly increases from
basal picomolar levels® at injury sites and elevated levels are
sustained for several days due to expression by endothelial and
astrocytic cells.>* Thrombin administered to healthy rat brains
induces histological changes resembling inflammation and
glial scarring,” indicating it may impede recovery of damaged
neural networks.

Modulation of thrombin activity post-SCI is therefore a
potential method for improving outcome.® Indeed, thrombin
inhibition immediately following SCI has been shown to
improve both histological and functional recovery.® Systemic
administration of recombinant thrombomodulin (rTM), a
regulator of thrombin activity, reduced glial scarring and
improved locomotor recovery in rats.” However, systemic
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administration of thrombin inhibitors, particularly in a poly-
trauma patient, is associated with adverse outcomes. A sus-
tained delivery of thrombin inhibitors localized to the injury
site is likely to be more effective and safe.

Injectable hydrogels, typically formed from polymers that
undergo a temperature transition near body temperature, have
been investigated as delivery depots in the central nervous
system (CNS). The Shoichet group has pioneered the use of
natural biopolymer hydrogel formulations composed of
hyaluronic acid and methylcellulose (HAMC) in the CNS.
These materials exhibit low cellular adhesion, good biocom-
patibility, and tunable mechanical properties.® However,
peptide release from hydrogels typically occurs within hours
due to their low molecular weight.’

Bivalirudin is a clinically approved, 20-amino acid direct
thrombin inhibitor.'® N-terminal residues reversibly bind the
catalytic pocket while C-terminal residues bind the fibrinogen-
binding domain of thrombin. Bivalirudin is an attractive drug
due to its low immunogenicity and large therapeutic window;
however, poor proteolytic stability and small size results
in rapid clearance. To improve peptide stability and local
retention, peptides can be grafted to higher molecular weight
polymers. Proteins loaded in HAMC hydrogels are released
over two days,"" providing ideal release kinetics for protein-
sized bivalirudin polymers.

In this work, we developed a material formulation for loca-
lized and prolonged bivalirudin delivery following SCI and
demonstrated reduced proliferation and decreased gliosis in
rats treated with these bivalirudin-release depots. Polymers
displaying pendant bivalirudin were synthesized by reversible
addition-fragmentation chain transfer (RAFT) polymerization
of an HPMA-co-APMA polymer backbone followed by grafting
of the BM9 peptide, comprised of bivalirudin fused to a pro-
tease substrate sequence for targeted proteolytic release from
the polymer. Three peptide-HPMA copolymers (DP200, DP300,
DP400) of varying molecular weight but comparable peptide
incorporation were synthesized. The polymers were then
loaded in HAMC hydrogels for localized delivery. We hypo-
thesized that hydrogel-encapsulated, enzymatically-responsive
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Fig. 1 Localized depot delivery of bivalirudin through HPMA-BM9
thermoresponsive hydrogels.

bivalirudin polymers administered locally to the spinal cord
would (1) improve bivalirudin stability and prolong residence
time in the tissue through sustained hydrogel release and (2)
allow for environmentally-responsive bivalirudin cleavage from
polymer for enhanced tissue penetration at the site of injury
after release from the hydrogel (Fig. 1).

We first designed the BM9 peptide, which contains bivaliru-
din fused to an optimized matrix metalloproteinase-9 (MMP9)
peptide substrate linker, PRQITAG."> MMP9 was selected as
the target protease for triggering bivalirudin release due to its
maximal expression at 24 h following SCI, concurrent with
upregulated thrombin expression."”> MMP9 activity on BM9
was confirmed via MALDI-TOF MS fragmentation analysis
(Fig. Siat), with >15% of peptide cleaved within 3 h
(Fig. S1bt). Rapid recognition and specific cleavage of the
bivalirudin-MMP9 peptide at the linker results in the emer-
gence of a 2774 Da peak corresponding to fragmentation at
the peptide linker (Table S1}). The peptide fragment is suscep-
tible to further C-terminal exopeptidase degradation, leading
to smaller, truncated peptide fragments over time. The N-
terminus of the peptide shows resistance to exopeptidase
activity, likely due to acetylation of the N-terminal amine and
presence of a (p)-phenylalanine as the first residue.'®'?
Cleavage at the linker sequence is expected to yield functional
bivalirudin peptide.

A series of HPMA-BM9 copolymers was then synthesized as
peptide carriers for localized thrombin inhibition (Scheme 1).
The molecular weight and composition of synthesized copoly-
mers are summarized in Table 1. The base HPMA-APMA
polymer had a monomer feed ratio of 1: 9 APMA to HPMA and
were varied in size to investigate the effects of different
polymer molecular weights. Base copolymers were synthesized
with narrow polydispersities (<1.05) and molecular weights
28-51 kDa. The primary amines of the copolymers were con-
verted to thiol-reactive maleimide groups and BM9 peptides
conjugated via a C-terminal cysteine residue. Final BM9-conju-
gated copolymers contained 12-13% peptide, as determined
by amino acid analysis, and ranged from 100-180 kDa in mole-
cular weight with PDI < 1.5. Polymers contain ~20-50 peptides
per polymer chain depending on polymer molecular weight.
Some bimodal polymer populations were observed by aqueous
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Scheme 1 Synthetic scheme of HPMA-BM9 copolymers.

Table 1 Properties of HPMA-BM9 copolymers

HPMA-APMA HPMA-BM9
Copolymers  M,“(kDa)  PDI*  M,“(kDa) PDI¢ %BM9”
DP200 28.7 1.02 98.7 1.44 12.1
DP300 37.9 1.03 107.0 1.25 12.8
DP400 51.0 1.03 178.4 1.49 13.1

“ Determined by GPC-MALLS. ? Determined by amino acid analysis.

GPC (Fig. S2t), prominently for the DP400 copolymer, likely
due to some inter-chain crosslinking during peptide bioconju-
gation. Alternative bioconjugation strategies with higher ortho-
gonality, such as azide-alkyne “click” chemistries, could
minimize crosslinking.

Bivalirudin activity after peptide grafting onto polymers was
confirmed using a colorimetric thrombin activity assay. All
three HPMA-BM9 copolymers show similar thrombin inhi-
bition kinetics and levels as free BM9 peptide regardless of
polymer sizes (~50% reduction in thrombin activity, Fig. S31),
confirming that polymer conjugation does not affect peptide
activity (Fig. 2); pre-treatment of HPMA-BM9 polymers with
MMP9 minimally affects thrombin inhibition (Fig. S41). The
retained bivalirudin activity when presented on a polymer back-
bone is likely due to adequate spacing between the bivalirudin
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Fig. 2 Thrombin activity measured by colorimetric substrate S-2238 as
a function of time.
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Fig. 3 Polymer degradation as a function of elution time via size exclu-
sion chromatography of (a) DP200, (b) DP300, and (c) DP400
HPMA-BM9 copolymers.

sequences to minimize activity loss due to steric hindrance;
spacing between grafted peptides was high (~13 mol% peptide
in polymer) as was spacing from the polymer backbone
(12 amino acid linker). Peptides do not have to be cleaved
from polymeric support for activity; therefore, MMP9-mediated
bivalirudin release would be expected to improve the tissue
penetration of bivalirudin peptides in vivo but is not required
for activity.

MMP9-mediated degradation of HPMA-BM9 copolymers
was evaluated by treating polymers with MMP9 and analyzing
polymers at various time points by size exclusion chromato-
graphy (Fig. 3). Kinetics of BM9 peptide linker cleavage
suggests >80% of peptide could be released within 24 h if
similar enzyme activity is retained with polymers (Fig. S1b¥).
Degradation of DP200 begins within 4 h of incubation with
MMP9 and continues for up to 24 h, as evidenced by increas-
ing elution time as a function of MMP9 treatment time,
indicating formation of lower molecular weight polymer popu-
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Fig. 4 HPMA-BM9 copolymer and bivalirudin release from HAMC
hydrogels as a function of time.

lations. (Fig. 3a). Since BM9 peptide sequences are resistant to
N-terminal peptidase activity, decreasing polymer molecular
weight is attributed to the release of bivalirudin peptide follow-
ing linker cleavage. DP300 and DP400 polymers degrade more
slowly than DP200, showing noticeable shifts in molecular
weight profiles within 4 h that last for at least 48 h (Fig. 3b and
3c). Slower peptide release kinetics could possibly be attribu-
table to decreased enzymatic susceptibility due to more steric
hindrance in larger polymers.

The release kinetics of HPMA-BM9 copolymers physically
encapsulated in HAMC hydrogels was evaluated in vitro.
Polymer release from the HAMC hydrogels was quantified by
incubating loaded hydrogels with HBSS and then sampling at
various time points to determine the amount of released
polymer by hydrolysing the various samples and assaying for
amine concentration. For all three polymers, complete hydro-
gel release is observed within 48 h (Fig. 4). Trends, though not
statistically significant, of decreased release rate with increas-
ing polymer size are observed, corresponding to expected
decreased diffusivity with increased polymer size. Importantly,
BM9 copolymers show significantly delayed release compared
to free bivalirudin peptide, demonstrating that peptide graft-
ing on polymeric support decreases hydrogel release rates.
Direct conjugation of the peptides to the hydrogel is a useful
alternative strategy for prolonged release in future studies.
We therefore proceeded with the highest molecular weight
(DP400) polymer for in vivo evaluation of the materials.

To study the effects of localized thrombin inhibition on
spinal cord recovery, we performed a laminectomy at cervical
spinal level 4 (C4) and induced a lateral hemi-contusion
injury.’® One hour following injury, rats received either no
treatment, a localized intraspinal injection of DP400 base
HPMA-APMA copolymer encapsulated in the HAMC hydrogel,
or an injection of DP400 HPMA-BM9 polymer in a HAMC
hydrogel within the lesion epicenter.

Previous studies have shown that proliferation of inflamma-
tory cells, endogenous neural progenitors and glia is upregu-
lated after spinal cord injury.'®” To examine whether
bivalirudin release affects cell proliferation after SCI, 5-bromo-
2'-deoxyuridine (BrdU) was administered intraperitoneally 24 h

Biomater. Sci, 2015, 3, 41-45 | 43
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(a) Confocal images of BrdU and GFAP immunofluorescence in spinal cord sections at lesion epicenter. Bar, 100 um. Inset shows BrdU at the

lesion margin. Bar, 10 pm (b) Average BrdU+ cells as a measure of cellular proliferation in the C4 cervical vertebrae 24 h post-injury. (c) Average
s100p+ cells as a measure of astrocyte density 30 days post-injury. *p < 0.05. Error bars = standard error.

post-injury (PI) to label mitotically-active cells (Fig. 5a and b).
Spinal cord sections from the injury site show ~45% decreased
cellular proliferation for DP400 HPMA-BM9 treated animals
compared to untreated control animals and pHPMA-APMA/
HAMC treated animals (p < 0.05). These results confirm
that the HAMC hydrogel and base HPMA-APMA polymer do
not affect proliferative responses. Observed differences are
therefore attributable to the thrombin-inhibition effects of the
bivalirudin sequence.

Since thrombin inhibition has been shown to reduce astro-
gliogenesis, we quantified astrocytes (s100p+ cells) proximal to
the lesion epicenter (Fig. 5c). Rats treated with HPMA-BM9
polymer showed the lowest astrocyte density, a statistically-sig-
nificant ~15% decrease in astrocyte density (p < 0.05) com-
pared to untreated injured animals. pHPMA-APMA/HAMC

44 | Biomater. Sci., 2015, 3, 41-45

treated animals showed no significant difference. Analysis of
the area around the lesion margin delimitated by GFAP-cells
showed similar trends, but the differences did not show sig-
nificance despite an apparent difference in density. Nonethe-
less, BM9 was able to reduce gliosis at the lesion without
collateral effects on inflammation (Ibal-cells, Fig. S57) or cell
density (nuclei, Fig. S5 and S6T). BM9-treated rats tended to
have increased oligodendrocyte populations (Fig. S61), which
could serve to promote functional regeneration in the long-
term.

Following injury, many signals induce reactive gliosis.'®
Astrogliosis is characterized by cellular hypertrophy, hyper-
plasia, increased glial fibrillary acidic protein (GFAP), prolifer-
ation, and ultimately scar formation;'® while playing
important roles in restoration of extracellular ionic homeo-

This journal is © The Royal Society of Chemistry 2015
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stasis and spatially limiting inflammation, astrogliosis can also
significantly interfere with functional recovery through scar
formation that impairs axon regeneration, leading to Wallarian
degeneration (chronic demyelination), functional deficits and
paralysis.>®*' Therefore, successful reduction in reactive
gliosis would serve to reduce astrocyte proliferation and
density to create a post-injury environment to augment recov-
ery without an exacerbated paralytic response, which astrocyte
ablation has been shown to affect.”” Our data show that
polymer-loaded HAMC hydrogels do not have a negative
impact on forelimb function or usage (Fig. S71). Consequently,
HPMA-BM9 reduced astrocyte numbers, suggesting lessened
reactive gliosis during the post-injury response without collat-
eral behavioral deficits. Since reactive gliosis is thought to
impede recovery, BM9-loaded hydrogels might serve to
remodel the post-injury response, inducing an environment
more amenable to regenerative strategies after SCI.

Conclusions

In summary, HPMA-BM9 polymers are a promising platform
for the grafting and display of functional peptides. Bivalirudin-
grafted polymers maintain thrombin inhibition activity but
demonstrate enzyme-mediated peptide release, making them a
promising new formulation for active peptide delivery. Loca-
lized delivery of DP400 copolymer encapsulated in a HAMC
hydrogel decreased cellular proliferation by 45% after 24 h and
led to decreased astrocyte density after 30 days. These results
suggest the DP400 copolymer and HAMC hydrogel system are
effective therapeutics for reducing the immediate inflammatory
response and long term scarring response, potentially leading
to improved functional recovery following neural trauma.
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