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Abstract

Tissue kallikrein KLK1 and the kallikrein-related peptidases KLK2-15 are a subfamily of serine
proteases that have defined or proposed roles in a range of central nervous system (CNS) and non-
CNS pathologies. To further understand their potential activity in multiple sclerosis (MS), serum
levels of KLK1, 6, 7, 8 and 10 were determined in 35 MS patients and 62 controls by quantitative
fluorometric ELISA. Serum levels were then correlated with Expanded Disability Status Scale
(EDSS) scores determined at the time of serological sampling or at last clinical follow-up. Serum
levels of KLK1 and KLK6 were elevated in MS patients (p<0.027), with highest levels associated
with secondary progressive disease. Elevated KLK1 correlated with higher EDSS scores at the time
of serum draw and KLK®6 with future EDSS worsening in relapsing remitting patients (p<0.007).
Supporting the concept that KLK1 and KLK6 promote degenerative events associated with
progressive MS, exposure of murine cortical neurons to either kallikrein promoted rapid neurite
retraction and neuron loss. These novel findings suggest that KLK1 and KLK6 may serve as
serological markers of progressive MS and contribute directly to the development of neurological
disability by promoting axonal injury and neuron cell death.
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Introduction

Despite progress in the development of treatments for relapsing remitting multiple sclerosis
(RRMS), progressive forms remain a therapeutic challenge. Evidence suggests that the RR and
progressive phases of disease may be caused by distinct mechanisms necessitating unique
therapeutic approaches (Lassmann, 2007). Current MS therapies reduce relapses and new MRI
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lesions, but are less effective in attenuating progression. Further understanding the
pathophysiology of progressive MS is therefore needed for the rational design of novel
appropriate therapies.

Kallikreins (KLK) are emerging biomarkers in neoplastic and non-neoplastic conditions
(Borgono and Diamandis, 2004), with KLK3 (prostate-specific antigen) being the most widely
used serum marker for the diagnosis and prognosis of prostate cancer currently in clinical use.
KLK1, KLK2 and KLK3 are highly homologous and were the first to be discovered. With
sequencing of the human genome, an additional 12 kallikreins with less sequence homology
were identified (Gan et al., 2000; Harvey et al., 2000; Yousef et al., 2000). Although tissue
kallikrein proper (KLK1) and the remaining kallikrein-related peptidases (KLK2-15)
(Lundwall et al., 2006) comprise the largest contiguous cluster of proteases in the genome, we
are only beginning to understand their physiological roles and disease association. In relation
to neurological disorders, altered KLK®6 levels are found in both sera (Diamandis et al.,
2000) and the central nervous system (CNS) in Alzheimer’s disease (Zarghooni et al., 2002),
and within CNS ischemic (Uchida et al., 2004), and active MS lesions (Scarisbrick et al.,
2002). With regard to MS, several kallikreins have been linked to immune cell activation
(Scarisbrick et al., 2006) and targeting KLK6 (Blaber et al., 2004) or KLK8 (Terayama et al.,
2005) attenuates experimental autoimmune encephalomyelitis (EAE).

Although immunopathogenic mechanisms of MS initiation and progression are incompletely
understood, members of several protease families, termed the MS degradome, likely contribute.
Proteolytic events participate in the development of inflammatory responses, including
immune cell activation and extravasation, demyelination, cytokine, chemokine and
complement activation, apoptosis, axon injury, and epitope spreading (Scarisbrick, 2008). Prior
studies focused on serum or cerebrospinal fluid (CSF) levels of proteolytic enzymes have
demonstrated altered levels in the case of both metalloproteases (Trojano et al., 1999; Waubant
et al., 2003) and plasminogen activators (Cuzner et al., 1996; Akenami et al., 1997). For
example, gelatinase B (matrix metalloprotease-9, MMP-9) levels are elevated in both sera and
CSF of MS patients (Gijbels et al., 1992; Rosenberg et al., 1996). In sera, MMP-9 levels
increase prior to an acute attack and the appearance of gadolinium-enhancing lesions (Trojano
etal., 1999; Waubant et al., 1999). MMP-9 is thought to contribute to pathogenesis by
promoting immune cell extravasation, activation of cytokines, and tissue destruction (Gearing
et al., 1995; Chandler et al., 1996).

Given the abundance of kallikreins in serum (Shaw and Diamandis, 2007) and the potential
utility of serum sampling to monitor MS disease activity, our goal in this study was to determine
whether serum kallikrein levels are altered in MS patients. Furthermore, we determined
whether serum kallikrein levels correlate with the Expanded Disability Status Scale (EDSS)
as a measure of neurologic impairment, and/or the relapsing remitting (RR), or more
progressive stages of disease. We focused these studies on five kallikreins, KLK1, KLK®,
KLK?7, KLK8 and KLK10, chosen for their known or proposed roles in inflammatory events
(Bhoola et al., 2001; Scarisbrick et al., 2002; Blaber et al., 2004) and abundant expression in
both immune organs and CNS (Scarisbrick et al., 2006). Results indicate that KLK1 and KLK6
may serve as serological markers of secondary progressive (SP) MS and in excess are likely
to play a prominent role in neurodegeneration.

Kallikrein levels were determined in serum samples from 35 MS patients experiencing either
an RR or SP disease course, and 62 healthy controls (Table 1). Serum levels of KLK1 (1.6
+0.29 vs. 1.1+0.20 pg/l, p=0.03) and KLK®6 (3.5+0.18 vs. 3.0+0.1 pg/l, p=0.01) were
significantly elevated in MS patients relative to controls (Table 2). KLK1 levels were 46%
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greater and KLKG6 levels 17% greater in the MS population relative to control samples. In
controls, KLK®6 serum levels were on average threefold higher relative to KLK1. Serum KLK8
was similar in abundance to KLK®, followed by KLK7 and KLK10, but these kallikreins did
not differ between MS patients and controls. Although the mean age of control and MS cohorts
was similar, the gender ratio differed (Table 1). However, there were no significant differences
in KLK values between male and female control or MS subjects. As expected, there was a
trend toward longer disease duration in the SP group (12.8+1.7 years, n=24) compared to RR
patients (8.4+1.9 years, n=11), although this difference was not statistically significant
(p=0.16). There was no correlation between serum KLK levels and disease duration when MS
patients were examined as a whole. KLK levels were not significantly correlated with disease
duration in the RR group, but in the SP group there was a small negative correlation in the case
of KLK7 (R=-0.53 p=0.008) and KLK8 (R=-0.48, p=0.02).

Comparison of KLK levels in serum from RR and SPMS patients showed a trend toward higher
levels in the SP population (Figure 1). KLK1 was higher in SP patients (1.9+0.36 pg/l) than
in both RR patients (0.97+0.45 pg/l), and controls (1.1+0.20, p<0.05) (p<0.008, ANOVA on
ranks). KLK1 was elevated by 73% in SP patients relative to controls, and by 96% in SP patients
relative to those with an RR disease course. Sera KLK1 levels in RR patients did not differ
from controls. KLK6 levels were elevated by 23% in SP patients (3.7+0.22 ug/l) relative to
controls (3.0£0.10, p=0.02), but no significant differences were found between RR (3.2+0.32
ug/l) and SP patients or controls.

When MS serum samples were stratified according to EDSS at baseline, higher EDSS scores
were associated with significantly higher levels of KLK1 in the MS population as a whole
(R=0.45, p=0.007). To put this in some context, MS patients with serum KLK1 values below
the median value of 0.72 pg/l (Table 3) had a median EDSS score of 4.5 (range 2-8) at baseline,
whereas those with KLK1 levels above this median had a baseline EDSS score of 6.5 (range
2-9). Higher KLK6 serum levels at the time of blood draw correlated with higher EDSS at
follow-up in the RR population (R=0.8, p=0.004). RR patients with KLK®6 values below the
median value of 3.4 ug/l at baseline had a median follow-up EDSS score of 5 (range 1.5-6.5),
whereas those with KLKG6 levels above the median serum level had a median follow-up EDSS
score of 6.5 (range 5.5-8).

Since both KLK1 and KLK6 were associated with progressive MS, their effects on neuron
integrity were determined in vitro (Figure 2). When applied to cortical neurons allowed to first
mature in culture, both kallikreins promoted a rapid and significant decrease in neuron number
and the number of associated neurites (ANOVA p=0.007, Student-Newman-Keuls p<0.05).

Discussion

The most striking findings were the strong association between elevated KLK1 and KLK6 and
SPMS, and the deleterious effects these kallikreins have on primary cortical neurons in culture.
Perhaps related to these observations, positive correlations were observed between sera KLK1
and disability scores at the time of blood draw and that of KLK6 with future worsening. Taken
together, these data suggest that KLK1 and KLK6 may represent important new therapeutic
targets for the development of novel treatments for progressive MS patients.

Clinical differences between RR and SPMS are thought to relate to underlying
pathophysiology. RR disease likely reflects CNS inflammation, with the formation of new
focal white-matter lesions. Anti-inflammatory, immunomodulatory, and immunosuppressive
therapies reduce relapses and the formation of new gadolinium-enhancing lesions in RRMS
(Polman et al., 2006). By contrast, similar therapies are less effective in progressive disease,
in which new lesions are less frequent but atrophy of both white and gray matter is prominent.
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Although events related to neurodegeneration, such as microglial activation, gliosis, cytokine
production, and axonal damage, characterize all phases of MS, these may be more profound
and widespread in SPMS (Lassmann, 2007). Elevated serum KLK1 and KLK®6 in SPMS and
the profound loss of neurites and neurons observed with acute exposure to an excess of either
kallikrein in culture may therefore relate to their participation in neurodegenerative activities
that characterize the progressive phases of the disease.

The source of kallikrein in serum may include secretion by circulating inflammatory cells,
since all five kallikreins examined are produced by spleen, thymus, peripheral blood
mononuclear cells, and bone marrow, and KLK6, KLK8, and KLK10 are upregulated by T-
cell activation (Scarisbrick et al., 2006). KLK1 is present within leukocyte cytoplasmic
granules and on the surface of neutrophils (Bhoola et al., 2001), and KLKS8 is produced by
murine mast cells (Wong et al., 2003). All five kallikreins are also expressed in CNS and found
in CSF, such that leakage across a damaged blood-brain or blood-CSF barrier may additionally
contribute to elevated serum levels. Both KLK1 and KLKG6 are widespread in CNS, including
expression in choroid plexus, cerebral cortex, thalamus, and brain stem (Raidoo et al., 1996;
Scarisbrick et al., 1997, 2001; Mahabeer et al., 2000; Petraki et al., 2001). Notably, in ovarian
cancer, the tumor itself does appear to be the source of elevated serum KLK®, since levels
decrease following tumor resection (Diamandis et al., 2003).

Previous studies suggest that KLK6 drives inflammatory CNS pathogenesis, since this protease
is strongly upregulated in activated immune cells (Scarisbrick et al., 2006), cleaves all major
components of the blood-brain barrier, and readily degrades myelin proteins (Bernett et al.,
2002; Scarisbrick et al., 2002). KLKS®6, previously termed neurosin (Yamashiro et al., 1997),
zyme/protease M (Anisowicz et al., 1996), and myelencephalon specific protease (MSP)
(Scarisbrick et al., 1997), is elevated within inflammatory demyelinating lesions in viral and
autoimmune MS models, and in MS pathogenic lesions (Blaber et al., 2002, 2004; Scarisbrick
et al., 2002; Christophi et al., 2004). Importantly, KLK6-function-blocking antibodies
attenuate clinical and histological disease in EAE, an effect accompanied by reduced Thl
cellular responses (Blaber et al., 2004). The finding that higher serum KLKG® levels at baseline
are correlated with future EDSS worsening in RRMS patients, taken with evidence of a role
in neurotoxicity and oligodendrogliopathy (Scarisbrick et al., 2002), further supports the likely
activity of KLK®6 in neurodegenerative events driving MS disease progression.

Elevated serum KLK1 in SPMS patients and the correlation of this with concurrent disability
suggest that KLK1, like KLK6, may play a role in disease progression. In vitro studies to date
indicate that KLK1 can process a diverse array of peptide precursors, including prorenin
(Sealey et al., 1978), insulin (Ole-MoiYoi et al., 1979), atrial natriuretic factor (Currie et al.,
1984), and apolipoprotein B-100 (Cardin et al., 1984). Among the bestcharacterized properties
of KLK1 is its ability to cleave low-molecular-weight kininogen to produce the potent
vasodilator Lys-bradykinin (BK) (Bhoola et al., 2001). Kinins exert their effects on
heterotrimeric G proteincoupled receptors, the constitutively expressed bradykinin2 (B2)
receptor, and B1, which is upregulated during inflammation (Marceau et al., 1998). BK has
been linked to promotion of inflammation (Araujo et al., 2001; Hellal et al., 2003), including
potent induction of dendritic cell maturation that drives Th1 polarization via an 1L-12-
dependent pathway (Aliberti et al., 2003). However, in rodent models of ischemia, KLK1 gene
transfer improves neurologic function, limits inflammation, suppresses oxidative stress, and
enhances survival of neurons and glia in a B2-dependent manner (Xia et al., 2006). BK also
upregulates the production of nerve growth factor in astrocytes (Noda et al., 2007). Despite
potentially protective effects in some models of CNS injury, both the elevated serum levels
associated with progressive MS and higher EDSS scores, and the neurite-damaging potential
demonstrated in vitro point to a role for KLK1 in neurodegenerative events associated with
MS disease progression.
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Since KLK1 and KLK®6 are secreted as proenzyme precursors, an important consideration is
how they become activated in MS. Pro-KLKZ1 requires an arginine-specific protease and pro-
KLKG® requires a lysine-specific protease for activation. Thus, there may be some ability of
KLKG® to activate pro-KLK1, but it is unlikely that KLK1 cross-activates KLKS®, or that either
pro-KLK1 or pro-KLKG is efficiently activated by an autolytic mechanism (Blaber et al.,
2007; Yoon et al., 2007). In vitro studies have shown that plasmin and KLKS5 are possible
contenders as pro-KLK®6 activators (Blaber et al., 2007), and KLK2 can activate pro-KLK1
(Yoon et al., 2007). Thus, the activation of pro-KLK1 and pro-KLK6 in MS may involve an
extensive KLK cross-activation regulatory cascade, or an intersection with another protease
family, such as the thrombolytic proteases that are also active in inflammatory processes.

These studies indicate that elevated serum KLK1 and KLK6 may serve as biomarkers of SPMS
and that elevations in KLK6 in RR patients may be predictive of future worsening. Moreover,
the neurotoxic properties demonstrated for both kallikreins provide a clear mechanism by
which elevated levels may contribute to disease progression and disability. Further
understanding the physiologic activities of these proteases across the CNS-immune axis, and
their pathophysiologic roles in MS, will be critical to determining their potential as targets for
novel therapies, perhaps especially in progressive disease.

Materials and methods

Patients

Serum samples from 35 MS patients were baseline draws from a clinical trial to determine the
therapeutic effect of intravenous immunoglobulin (1VV1g) (Noseworthy et al., 2000). Control
serum samples were from healthy volunteers without known MS or other neurological disease
(n=62). MS patients had clinically definite or laboratory-supported MS and a baseline EDSS
score between 2 and 9. MS patients were classified at the time of serological sampling as having
a RR (n=11) or SP (n=24) disease course (Table 1). MS patients had irreversible motor deficit,
persistent and stable for between 4 and 18 months at serological sampling, and had not received
other therapy in the previous 3 months. Analysis of sera samples in this and the 1VIg study
were approved by the Mayo Institutional Review Board.

EDSS scores as a measure of neurological impairment were determined by an MS specialist
at the time of enrollment into the 1VIg study, and these values were used to determine
correlation with serum KLK levels. Follow-up EDSS scores were determined by a trained
physical therapist (RL) for all MS patients at the time of their most recent clinical visit by
review of paper and electronic medical records without knowledge of KLK serological levels.
To verify the reliability of follow-up EDSS, baseline scores were also determined
retrospectively. Baseline EDSS scores determined at the time of blood draw and retrospectively
produced nearly identical results, with a correlation coefficient of 0.93. Follow-up EDSS scores
were obtained for 34 of 35 MS patients at a mean of 356 months after the initial blood draw.

Kallikrein quantification

Sensitive, sandwich-type, quantitative time-resolved fluorometric ELISAs were used to
determine serum kallikrein levels as previously described (Diamandis et al., 2000,2003). The
assay for KLK1 is based on an affinity-purified rabbit polyclonal antibody. The assays for
KLKS®, 7, 8 and 10 are based on two mouse monoclonal antibodies, one used for capture and
one for detection (biotinylated). The general assay procedure is as follows: microtiter wells
were coated with the capture antibody at 500 ng in 100 ul/well overnight at room temperature
in 50 mw Tris buffer, pH 7.5. The plate was then washed and 50 pl of standard or sample was
added, along with 50 pl of assay buffer. The plates were incubated with shaking for 1 h at room
temperature and washed four times. Then 100 pl of biotinylated detection antibody was added
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(approx. 5 ng/well) and incubated for 1 h at room temperature. After washing the plates, 100
ul of streptavidin-alkaline phosphatase conjugate was added to the wells and incubated for 15
min. After additional washing, the alkaline phosphatase substrate, diflunisal phosphate, was
added (103 w) and incubated for 10 min. Then 100 pl of developing solution (containing
terbium chloride and EDTA) was added and incubated for 1 min. Fluorescence was then
measured on a time-resolved fluorometer (CyberFluor 615 Immunoanalyzer, Nordion
International, Kanata, Ontario, Canada). Data reduction was performed automatically. All
assays are free from cross-reactivity toward other KLKs. The assays were sensitive down to
0.1 pg/l and the dynamic range was extended to 20 pg/l. All samples were analyzed in triplicate.

Primary neuron culture

Cortical neurons isolated from embryonic day-16 C57BL6/J mice (Jackson Laboratories, Bar
Harbor, ME, USA) were cultured on poly-L-ysine-coated cover slips in defined media
(Lesuisse and Martin, 2002). After a 96-h period of maturation, neurons were exposed to an
excess of recombinant KLK1 or KLK®6 (400 nwm) (Scarisbrick et al., 2002) or to vehicle alone
for 24 h. Recombinant kallikreins were generated in our laboratory as previously described in
detail (Bernett et al., 2002). Neurons were fixed, stained for neurofilament protein, and neurite
length and neuron number were determined in four random fields per well using a program
written for Axiovision (Zeiss, Thornwood, CA, USA). All experiments were performed in
triplicate and repeated three times from independent cell culture experiments.

Data analysis

Mann-Whitney U-tests were used to compare KLK values between control and MS samples.
Kruskal-Wallis one-way analysis of variance on ranks (ANOVA) with Dunn’s post hoc test
was used to determine differences in KLK levels between controls and RR versus SP patients.
The association of KLK levels with EDSS scores at baseline, or the most recent clinical follow-
up, was evaluated by Spearman rank order correlation. Effects of KLK on cortical neurons
were determined by ANOVA using the Student-Newman-Keul test. p values <0.05 were
considered statistically significant.
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Figure 1.

Serum Kallikrein levels in RR and SPMS patients relative to controls.

Histogram shows the mean level of kallikrein in serum samples obtained from controls (n=62)
or MS patients with a relapsing (RR) (n=11) or secondary progressive (SP) (n=24) disease
course. Levels of KLK1 and KLK6 were significantly elevated in SPMS patients relative to
controls. Higher KLK1 levels were also observed in SPMS patients relative to those with RR
disease (Mann-Whitney U-test, p<0.05).
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KLK1 and KLK6 promote neurodegeneration.
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In excess, recombinant KLK1 and KLK6 induce loss of both neurons and neurites. Murine
cortical neurons grown on a charged surface for 96 h were exposed to 400 nM recombinant
KLK1 (B) or KLK® (C) for 24 h, or to vehicle alone (A), and stained for neurofilament protein.
Cell number/field (D) was reduced by 76% by KLK1 (p=0.005), and 45% by KLK®6 (Ps0.02)
(mean and standard error per 20x field shown). Neurite area per cell (E) was reduced by 54%
by KLK1 (p=0.006), and 27% by KLK®6 (p=0.04). (*SNK p<0.05). The scale bar represents

100 um.
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Table 2

Mean kallikrein levels in serum of MS patients and controls.
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Controls MS patients RRMS SPMS
KLK1 (ug/l) 1.1+0.20 1.6+0.29 0.97+0.45 1.9+0.36
KLK®6 (ug/l) 3.0£0.10 3.5+0.18 3.240.32 3.7£0.22
KLK7 (ug/l) 2.10.14 2.3+0.20 2.0£0.32 2.520.25
KLK8 (ug/l) 3.240.12 3.1+0.18 2.9+0.30 3.240.23
KLK10 (ug/l) 0.7£0.03 0.9£0.07 0.8+0.11 0.9+0.09

Kallikrein levels in serum of MS patients (n=35) and controls (n=62), and in MS patients with either a relapsing remitting (RRMS, n=11) or secondary

progressive (SPMS, n=24) disease course (mean+SEM).
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