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Although multiple sclerosis (MS) has been associated
with the coagulation system, the temporal and spatial
regulation of coagulation activity in neuroinflammatory
lesions is unknown. Using a novel molecular probe, we
characterized the activity pattern of thrombin, the
central protease of the coagulation cascade, in experi-
mental autoimmune encephalomyelitis. Thrombin activ-
ity preceded onset of neurological signs, increased at
disease peak, and correlated with fibrin deposition,
microglial activation, demyelination, axonal damage,
and clinical severity. Mice with a genetic deficit in
prothrombin confirmed the specificity of the thrombin
probe. Thrombin activity might be exploited for
developing sensitive probes for preclinical detection and
monitoring of neuroinflammation and MS progression.
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lood-brain barrier (BBB) disruption occurs before

the onset of clinical symptoms and persists through-
out the course of disease in multiple sclerosis (MS).
As a consequence, extravasation of the plasma protein
fibrinogen into the central nervous system (CNS) occurs
in both human subjects and in experimental autoimmune
encephalomyelitis (EAE), an MS animal model. >~
The serine protease thrombin cleaves soluble fibrinogen
to form provisional fibrin matrices that traditionally sup-
port hemostasis and tissue repair but also drive local

inflammatory changes associated with neurological dis-
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ease.>” Proteomic analysis of chronic active MS lesions
identified several dysregulated coagulation factors, high-
lighting a potential link between the coagulation cascade
and MS pathology.'® The potential pathological signifi-
cance of coagulation factors in neurological disease is
underscored by the finding that fibrin diminution, either
genetically or using anticoagulants, significantly reduces
neurological signs, inflammation, and axonal damage in
EAE.>®'%!"" Byrthermore, platelets, the main cellular
players in hemostasis activated by thrombin,'* are abun-
dant within MS lesions, and their depletion ameliorates
EAE."? However, the temporal and spatial regulation of
coagulation activity in neuroinflammatory lesions
remains unknown. We previously developed activatable
cell-penetrating peptides (ACPPs)'* for selective delivery
of fluorescent and magnetic resonance imaging (MRI)
agents to localized regions of high extracellular protease
activity including matrix metalloproteases and elastases
within tumors,'*"” and the serine protease thrombin in
atherosclerotic plaques, brain ischemia, and acute blood
clotting.ls_zo Using a thrombin-selective ACPD, here we
show that increased thrombin activity begins early and
increases with progression of neuroinflammatory disease,
and is specifically detected within local demyelinating
lesions with prominent microglial activation and axonal

damage.

Materials and Methods

EAE was induced by MOGs;s_ss immunization as described,® in
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FIGURE 1: Specific detection of thrombin activity in the experimental autoimmune encephalomyelitis (EAE) spinal cord.
(A) Whole spinal cord scans at 700nm from mice at peak EAE or healthy controls, injected with Cy5-labeled thrombin-spe-
cific PPRSFL-activatable cell-penetrating peptide (ACPP) or Cy5-labeled noncleavable control methoxy poly (ethylene glycol)
(mPEG)-ACPP show specific uptake (dark spots) of PPRSFL-ACPP, indicative of increased localized thrombin activity at the
peak of EAE. Uninjected healthy control and EAE mice are also shown as controls (no probe). (B) Quantification of total flu-
orescent signal in whole spinal cord scans from A, corrected for size. Data are presented as mean * standard error of the
mean (SEM); ***p<0.001, 2-way analysis of variance (ANOVA); n=5 to 7 per group for no probe or PPRSFL-ACPP and 2
to 3 for mPEG-ACPP. (C) Genetic reduction or elimination of prothrombin abolishes localized thrombin activity detection in
EAE. Whole spinal cord scans from 3 cohorts of mice injected with PPRSFL-ACPP and polyl:C at EAE peak: wild-type (WT;
100% prothrombin), Mx-1Cre(—)fll'"®*'°* (20% prothrombin), and Mx-1Cre(+ )fll/'** (no prothrombin). Prior to Cre recombi-
nase induction, homozygous Mx1-Cre:fll'®/'** mice exhibit baseline circulating prothrombin levels that are ~20% of normal,
whereas intraperitoneal injection of poly-1:C over a 6-day period results in a rapid loss of hepatic prothrombin expression
and a near-complete loss (<5%) of circulating prothrombin within 5 to 6 days. Poly-I:C was administered at the time of
overt clinical disease onset. (D) Quantification of PPRSFL-ACPP signal in whole spinal cord scans from C shows significantly
reduced PPRSFL-ACPP retention with lower thrombin levels. Data are presented as mean = SEM; ***p<0.0001, 1-way
ANOVA; n=5 to 6 per group.

mice, which were also injected with poly-I:C, and were all of
C57BL/6 background. Our molecular probe, termed PPRSFL-
ACPP, consists of the thrombin-specific cleavage sequence,
PPRSFL, which links a polycationic cell-penetrating peptide
tagged with Cy5 to a neutralizing polyanion. In the presence of
active thrombin, the linker is proteolyzed, resulting in absorp-
tion and uptake of the Cy5-labeled peptide into cells.'”” One
hundred microliters of 100uM Cy5-labeled thrombin-cleavable
PPRSFL or control ACPPs'®'? was injected intravenously at dif-
ferent stages of EAE. All animal procedures were performed
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under the guidelines of institutional animal care and use
committees at the University of California, San Francisco and the
University of Cincinnati and complied with National Institutes
of Health guidelines. Imaging and quantification were performed
by blinded observers with Li-COR Odyssey imager, Image ]
(NIH), or a customized script in MATLAB (MathWorks, Natick,
MA). Statistics and correlation analyses were performed with
Prism (GraphPad Software, La Jolla, CA) using appropriate tests,
as indicated in the figure legends. Details of methods are avail-
able as Supplemental Materials and Methods.
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FIGURE 2: Uptake of PPRSFL-activatable cell-penetrating peptide (ACPP) correlates with disease progression and neurologic
symptoms. (A) Representative experimental autoimmune encephalomyelitis (EAE) clinical score curve illustrates the different
time points of PPRSFL-ACPP administration. (B) Quantification of total fluorescent signal in whole spinal cord scans from
mice injected with PPRSFL-ACPP at different time points of EAE shows that detection of thrombin activity increases with EAE
progression. Data are presented as mean * standard error of the mean; *p<0.05, ***p<0.001, 1-way analysis of variance;
n=5 to 7 per group. (C) Scatter plot shows correlation between total thrombin activity in the entire spinal cord and clinical
score of EAE (R?=0.86, p<0.0001, F test). [Color figure can be viewed in the online issue, which is available at

www.annalsofneurology.org.]

Results

Specific Detection of Active Thrombin in EAE
Using the PPRSFL-ACPP
To examine whether thrombin is locally activated in the
CNS in neuroinflammation, we administered the
thrombin-cleavable PPRSFL-ACPP'® to EAE-challenged
mice with overt impairment in motor function.>®
Thrombin activity dramatically increased at the peak of
discase in the spinal cord, a major CNS site of disease
pathology in EAE® (Fig 1A). Imaging of whole excised
spinal cords revealed multiple hot spots of PPRSFL-
ACPP uptake in EAE, implying increased localized
thrombin activity, which was ~3.5-fold higher at disease
peak compared to noninjected or healthy controls
(p<0.001) (Fig 1B). Signal was not detected in healthy
mice or at peak of EAE after administration of control
methoxy poly (ethylene glycol) (mPEG) mPEG-ACPP.
The PPRSFL-ACPP was also tested for thrombin-
dependent activity in the CNS in vivo in EAE mice with
genetically reduced or eliminated prothrombin (MxI-
Cre:IT""*) 2! Genetic reduction of prothrombin plasma
levels significantly reduced PPRSFL-ACPP detection in
the spinal cord of mice at EAE peak (Fig 1C). Quantifi-
cation showed ~5.6 and ~6.8 fold reduction for mice
with 20% and 0% of normal prothrombin levels, respec-
tively, relative to wild-type controls, providing genetic
confirmation that the PPRSFL-ACPP is thrombin-
specific (Fig 1D). The thrombin specificity of PPRSFL-
ACPP was also previously shown using thrombin inhibi-
tors in animal models of stroke and atherosclerosis, as

well as in vitro by cleavage experiments with a spectrum
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of other proteases, including Factor Xa and matrix metal-
loproteinase (MMP)-9.18-20

Thrombin Activation Occurs Early and
Correlates with Disease Progression in
Neuroinflammation

We further sought to examine the temporal regulation of
thrombin activity and its correlation with neuroinflamma-
tory disease progression. We administered thrombin probe
in mice at 3 stages of EAE: before neurological signs, at
carly onset, and at disease peak (Fig 2). In whole spinal
cord scans thrombin activity was detected before symp-
toms appeared and gradually increased at onset and peak
of neurologic signs. Compared to healthy controls, throm-
bin activity was significantly increased both at disease onset
during the appearance of the earliest neurologic signs and
also at disease peak. There was a linear correlation between
thrombin activity and the severity of neurological signs
(R*=0.86, p<0.0001, F test), suggesting that thrombin
activity is detected early and is a molecular marker of dis-
ease progression in neuroinflammation.

Thrombin Activity Is a Marker of Fibrin-Laden
Inflammatory Demyelinated Lesions with Axonal
Damage

We previously showed that microglia form perivascular clus-
ters at sites of fibrin deposition prior to myelin loss or paral-
ysis onset in EAE.® Thrombin activity was detected in spinal
cords as early as the onset of EAE within regions with
microglial activation and fibrin deposition (Fig 3A). At the
peak of EAE, thrombin activity was specifically detected in

areas with extensive fibrin deposition and microglial
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FIGURE 3: Increased thrombin activity in experimental autoimmune encephalomyelitis (EAE) spatially correlates with blood-brain
barrier (BBB) disruption, microglial activation, demyelination, and axonal damage. (A) Confocal microscopy of spinal cord sections
from Cx3cr1 7" mice showing the spatial and temporal correlation between thrombin activity (PPRSFL-activatable cell-
penetrating peptide [ACPP], red), areas of BBB disruption (fibrinogen deposition, cyan) and local inflammation (green fluorescent
protein-labeled microglia, green) at onset or peak of EAE. Healthy Cx3cr1°F* controls with no signs of microglial activation or
fibrin deposition show no thrombin activity. (B) Single-plane analysis of image stacks acquired at high magnification with confocal
microscopy showed that microglia (green) uptake a significant amount of the thrombin-sensitive PPRSFL-ACPP (red) in neuroinflam-
matory lesions. (C) Thrombin activity correlates with areas of demyelination in EAE lesions, at the peak of disease. Confocal images
of spinal cord sections immunohistochemically stained for myelin basic protein (MBP, cyan) show that thrombin activity (PPRSFL-
ACPP, red) is pronounced in white matter areas where myelin is damaged. Dotted line indicates area of parenchymal demyelin-
ation, and stars indicate perivascular demyelination sites. (D) Confocal images of spinal cord sections stained with anti-SMI-32
(cyan), a marker for axonal damage not detected in healthy spinal cords, show that thrombin activity (PPRSFL-ACPP, red) is pro-
nounced in white matter areas with extensive signs of axonal damage. Bars represent: A, 50um; B, 5um; C, 50um; D, 20um. (E-G)
Scatter plots show positive correlation between thrombin activity (PPRSFL-ACPP signal) and fibrinogen (E; R? = 0.55, p<0.001, F
test), microglial activation (F; R?2=0.35, p<0.01, F test), and demyelination (G; R?=0.52, p<0.01, F test) in spinal cords at the
peak of EAE.



clustering, but not in healthy controls. PPRSFL-ACPP
thrombin cleavage product was consistently taken up within
inflammatory lesions by cells including but not limited to
microglia (Fig 3B). Moreover, increased thrombin activity
was detected in muldple inflamed spinal cord areas at the
peak of EAE (Supplemental Fig 1), whereas retention of
nonspecific probe was undetectable at sites of inflammation
or BBB disruption (Supplemental Fig 2).

In active EAE and MS lesions, fibrin deposition
correlates with axonal damage and demyelination.””>”
The thrombin inhibitor hirudin reduces clinical sever-
ity,' microglial activation, demyelination, and axonal
damage in EAE.® Thrombin activity was detected within
demyelinated lesions at the peak of EAE (Fig 3C) in
areas with microglial activation (Supplemental Fig 3) and
prominent axonal damage (Fig 3D). Quantification
showed strong correlation between thrombin activity and
fibrin deposition (R*=0.55, P<0.001, F test), increased
microglial activation (R2=0.35, P<0.01, F test), and
the size of demyelinated lesions (R*=0.52, P<0.01,
F test) at disease peak. Overall, these results suggest that
thrombin activation occurs early in EAE and is a specific
marker of inflammatory demyelinated lesions.

Discussion

The present study demonstrates that a thrombin-specific
ACPP detects inflammatory demyelination in vivo. We
show strong association between thrombin activity and
BBB disruption, microglial activation, inflammatory demy-
elination, and axonal damage. Intriguingly, thrombin acti-
vation begins early at disease onset, prior to demyelination,
and correlates with disease progression. Together with prior
studies showing BBB disruption and deposition of fibrin
carly in EAE and MS,">® these results suggest that activa-
tion of the coagulation cascade occurs at the earliest signs
of inflammatory activity in lesions prior to demyelination.
Association of thrombin activity with sites of increased
vascular permeability might indicate that the main source of
thrombin in EAE is plasma-derived. It is possible that upon
BBB disruption fibrinogen together with prothrombin enter
the CNS and local activation of thrombin results in fibrin
deposition. However, because prothrombin RNA can be
expressed by neurons and microglia,”* we cannot rule out the
possibility that prothrombin might also be produced in situ
in neuroinflammation. Pharmacological studies have demon-
strated a pathogenic role of thrombin in EAE, as its inhibi-
tion by hirudin protects from neurological signs,'’ demyelin-
ation, and axonal damage.6 Thrombin might be pathogenic
by catalyzing the formation of fibrin, which is a major activa-
tor of microglia and an enabler of inflammatory demyelin-
ation.”® Our data show that thrombin activation can be
detected at sites of fibrin deposition both at onset and at the
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peak of neuroinflammation. Studies using mice genetically
deficient for fibrinogen or fibrin inhibitors that do not inter-
fere with thrombin activation show protection from EAE,>%®
suggesting that generation of fibrin is a major pathogenic
mechanism of thrombin activation. However, it is also possi-
ble that thrombin might exert fibrin-independent effects
through activation of protease-activated receptors, which are
expressed in several CNS cells. Future studies will determine
the relative contribution of local thrombin synthesis and the
mechanisms of action of thrombin in neuroinflammation.
Our work is a proof-of-principle study using a fluores-
cently labeled thrombin ACPP to demonstrate that detection
of coagulation activity can be exploited for clinical detection
of neuroinflammatory lesions. Protease-specific probes
appear to be excellent sensors of disease activity, as we previ-
ously showed in cancer.'*1>1723 In contrast to cancer, molec-
ular probes to detect specific constituents of MS plaques have
not been developed.** ACPPs are ideal for clinical applica-
tion, as they can be generated to carry a fluorescent dye, gado-
linium (Gd), or both, allowing for multimodal detection of
protease activity in vivo.'” For example, we showed that high
levels of Gd were retained in tumors when Gd-labeled
MMP-ACPPs were used, resulting in enhanced T contrast
that lasted for several days.17 In MS, Gd-enhanced MRI
remains the main clinical tool for lesion detection. More sen-
sitive, targeted, and instructive strategies employing advanced
molecular probes could significantly enhance the early detec-
tion of MS lesions, possibly even in preclinical stages. In that
regard, the ACPP technology might offer an advantage over
the detection of passively diffusing Gd, as it would allow local
signal enhancement by cellular probe uptake, specifically in
areas with increased proteolytic activity. Therefore, MRI
using a Gd-fused thrombin-ACPP may improve sensitivity,
as it would detect a concentrated amount of probe possibly
even around a small or slowly leaking vessel, where a new
lesion may initiate. Future studies will determine the pharma-
cokinetic properties of a Gd-labeled thrombin-specific ACPP
and exploit its translation in MS. If successful, this technol-
ogy could be further used for early patient diagnosis and ther-
apeutic intervention, and also for rapid evaluation of patient
response to treatments. Because BBB disruption and fibrin
deposition are prominent not only in MS, but also in other
CNS diseases such as Alzheimer disease, spinal cord injury,

. 4892
and brain trauma,#%2%

sensitive molecular sensors of coagu-
lation activity could also prove to be invaluable clinical tools
for detecting early pathological manifestations in CNS inju-

ries and neurodegenerative diseases.
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