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Abstract

Recent studies provide a functional link between kallikrein 6 (Klk6) and the development and

progression of disease in multiple sclerosis patients and in its murine models. To evaluate the

involvement of additional kallikrein family members, we compared Klk6 expression to 4 other

kallikreins (Klk1, Klk7, Klk8 and Klk10) in the brain and spinal cord of mice infected with

Theiler’s murine encephalomyelitis virus (TMEV), an experimental model of progressive MS. The

robust upregulation of Klk6 and Klk8 in the brain during the acute phase of viral encephalitis and

in the spinal cord during disease development and progression points to their participation in

inflammation, demyelination and progressive axon degeneration. More limited changes in Klk1,

Klk7, and Klk10 were also observed. In addition, Klk1, Klk6, and Klk10 were dynamically

regulated in T-cells in vitro as a recall response to viral antigen and in activated monocytes

pointing to their activities in the development of adaptive and innate immune function. Together,

these results point to overlapping and unique roles for multiple kallikreins in the development and

progression of virus-mediated central nervous system inflammatory demyelinating disease,

including activities in the development of the adaptive and innate immune response, in

demyelination and in progressive axon degeneration.
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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous

system (CNS) and represents the most common cause of non-traumatic neurologic disability

in young adults in North America and Europe. Although considerable progress has been

made in understanding the genetic susceptibility and pathogenesis of MS, there is still no

uniformly effective treatment strategy, particularly for progressive forms of the disease.

Multiple lines of evidence suggest that the secreted serine protease KLK6 is associated with

the pathogenesis of CNS inflammatory demyelinating conditions. For example, KLK6

(capitalized to denote the human form) is localized to active MS lesions (Scarisbrick et al.

2002), and is elevated in the serum (Scarisbrick et al. 2008) and cerebrospinal fluid (Hebb et

al. 2011) of progressive MS patients. KLK6 is also detected at increased levels in the

cerebrospinal fluid of patients with post-polio syndrome (Gonzalez et al. 2009). Moreover,

Klk6 (small case to denote the non-human ortholog) is elevated at sites of inflammatory

demyelination in all experimental animal models of MS examined to date, including murine

(Blaber et al. 2004) and marmoset (Scarisbrick et al. 2002) experimental autoimmune

encephalomyelitis, as well as in Theiler’s murine encephalomyelitis virus (TMEV)-induced

chronic progressive inflammatory demyelinating disease (Scarisbrick et al. 2002; Christophi

et al. 2004; Scarisbrick et al. 2012).

The first potential link between KLK6 and demyelinating disease were studies showing its

dense expression by myelin producing oligodendrocytes (Scarisbrick et al. 1997; Scarisbrick

et al. 2000; Scarisbrick et al. 2001) coupled with its ability to rapidly hydrolyze major

myelin and blood brain barrier proteins (Bernett et al. 2002; Blaber et al. 2002; Scarisbrick

et al. 2002; Blaber et al. 2004; Angelo et al. 2006), and to promote oligodendrogliopathy

(Scarisbrick et al. 2002; Burda et al. 2013), neuronal injury (Scarisbrick et al. 2008;

Radulovic et al. 2013; Yoon et al. 2013), and astrogliosis (Vandell et al. 2008; Scarisbrick et

al. 2012). Furthermore, KLK6 is elevated in activated T-cells, and those treated with steroid

hormones such as glucocorticoids, androgens or progesterone (Scarisbrick et al. 2002;

Blaber et al. 2004; Christophi et al. 2004; Scarisbrick et al. 2006; Scarisbrick et al. 2012).

More recently, the cellular effects of KLK6 across the neural-immune axis were linked to

activation of protease activated receptors 1 (PAR1) and 2 (PAR2), including its actions in

axonopathy (Radulovic et al. 2013; Yoon et al. 2013), oligodendrogliopathy (Burda et al.

2013), astrogliosis (Vandell et al. 2008; Scarisbrick et al. 2012) and lymphocyte survival

(Scarisbrick et al. 2011). Of critical importance, KLK6-neutralizing antibodies attenuate

neuroinflammatory and neurodegenerative changes in the spinal cord of mice with

proteolipid protein- or myelin oligodendrocyte glycoprotein-mediated experimental

autoimmune encephalomyelitis (Blaber et al. 2004), in addition to those with TMEV-

induced inflammatory demyelinating disease (Scarisbrick et al. 2012).

Human kallikreins are now a well-recognized family of 15 secreted serine proteases tightly

aligned on chromosome 19q13.3-13.4. Thirteen of the 15 human kallikreins are found in

mouse, all except KLK2 and KLK3. Also, it is known that duplications of the mouse Klk1

gene have generated 13 additional new functional genes and 10 new non-functional

pseudogenes. There is also a Klk2 pseudogene at the mouse locus (Lundwall 2013). The

entire murine Klk gene family is localized on chromosome 7. Studies of functional
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kallikreins across human biospecimens and rodent models demonstrate important roles for

select kallikreins in cancer (Sotiropoulou et al. 2009; Lawrence et al. 2012; Sotiropoulou et

al. 2012), inflammation (Bhoola et al. 2001; Scarisbrick et al. 2002; Blaber et al. 2004;

Scarisbrick et al. 2006; Briot et al. 2009; Scarisbrick et al. 2011; Scarisbrick 2012;

Hovnanian 2013; Oikonomopoulou et al. 2013), and neurologic conditions (Komai et al.

2000; Shimizu-Okabe et al. 2001; Scarisbrick et al. 2002; Iwata et al. 2003; Diamandis et al.

2004; Scarisbrick et al. 2006; Attwood et al. 2011; Scarisbrick 2012; Drucker et al. 2013;

Radulovic et al. 2013; Spencer et al. 2013).

To further define the potential scope of action of kallikreins in CNS inflammatory

demyelinating diseases, we compared the expression patterns of Klk6 in the brain and spinal

cord of mice with TMEV-induced demyelinating disease (Scarisbrick et al. 2012) to that of

Klk1 and Klk8, which have also been implicated in CNS inflammation. For example, in

relation to MS, KLK1 is elevated in the serum of patients with relapsing remitting or

primary progressive MS (Scarisbrick et al. 2008). Also, Klk8 knockout mice show

attenuated signs of inflammation and demyelination in myelin oligodendrocyte

glycoprotein-35–55 induced experimental autoimmune encephalomyelitis (Terayama et al.

2005). We assessed Klk7 and Klk10 in parallel, since each of these is expressed across the

CNS-immune axis (Scarisbrick et al. 2006). The transcriptional changes observed, together

with experiments demonstrating participation of select kallikreins in lymphocyte recall

responses to viral antigen, and in the pathophysiologic response of activated monocytes,

offer new insights into the potential effector functions and therapeutic usefulness of multiple

kallikreins in CNS inflammatory demyelinating disorders.

Results

Spatial and temporal expression of kallikreins across the brain-spinal cord axis in virus-
induced demyelinating disease

In a recent study, Klk6 was functionally linked to the development of TMEV-inflammatory

demyelinating disease in the brain and spinal cord through the early stages of demyelination

(Scarisbrick et al. 2012). The well characterized stages of viral encephalitis, demyelination

and axon injury that distinguish the TMEV model are highlighted in Figure 1 (McGavern et

al. 1999; McGavern et al. 2000). To begin addressing the potential coordinate contribution

of additional kallikreins to the development and progression of inflammatory demyelinating

disease, we compared transcriptional changes in Klk6 with that of 4 other kallikrein family

members (Klk1, Klk7, Klk8, and Klk10) in the brain (Figure 2) and spinal cord (Figure 3) of

mice from 0 through 365 days after TMEV-infection. The most dynamic and sustained

elevations in kallikrein expression occurred in the spinal cord, reflecting the persistent

virulent infection that TMEV establishes at this site soon after CNS infection (Figure 1)

(Tsunoda et al. 2010). Among the kallikreins examined, Klk6 and Klk8 were associated with

the most significant transcriptional changes across the greatest number of time points in the

TMEV-infected spinal cord, with significant elevations at the acute, subacute and chronic

phases (Figure 3). As we previously reported (Scarisbrick et al. 2012), changes in Klk6

RNA expression in the spinal cord coincide with inflammation and demyelination being

elevated by 2-fold from 7 through 30 days post-infection (dpi) (P ≤ 0.04, Students t-test) and
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by 4- to 5-fold at early (60 dpi) through mid-chronic phases (90 and 120 dpi) (P ≤ 0.008,

Students t-test). We now report for the first time that Klk6 RNA expression levels in the

TMEV-infected spinal cord are also more than 2.5-fold higher than baseline, even at the

most chronic stages of inflammatory demyelinating disease examined coinciding with the

development of progressive axon dropout and the development of permanent functional

deficits (273 and 365 dpi; P ≤ 0.04, Students t-test).

Transcriptional elevations in Klk8 RNA within the TMEV-infected spinal cord were similar

but not identical to those observed for Klk6. Elevated Klk8 RNA levels were first observed

at the beginning stages of demyelination (21 dpi), when expression was 1.7-fold higher than

baseline (P = 0.03, Students t-test). Klk8 RNA expression also was elevated at 60, 90, 120,

and 180 dpi (P ≤ 0.02, Students t-test), with the highest expression seen at 90 dpi (5-fold

higher than baseline), coinciding with progressive increases in demyelination, axon injury

and the development of functional deficits. However, unlike Klk6, KLK8 expression was

not elevated at the very late chronic stages (273 and 365 dpi) examined.

Smaller and more temporally restricted elevations were also observed in Klk7 RNA

expression in the TMEV-infected spinal cord, with 1.6-fold elevations seen at the early and

late chronic time points (120 and 365 dpi) (P ≤ 0.03, Students t-test). Uniquely, Klk1 RNA

expression was significantly reduced in the spinal cord at 21 and 90 dpi. Klk10 RNA levels

also showed reduced expression at subacute and early chronic time points in spinal cord, but

these changes were not statistically significant from baseline.

Reflecting the potential importance of Klk6 and Klk8 during the peak stages of acute

polioencephalomyelitis, levels of Klk6 (P = 0.03, Mann Whitney U test) and Klk8 (P ≤

0.001, Students t-test) RNA were elevated by more than 2-fold in the brain at 7 days after

TMEV infection (Figure 2). By contrast, the first significant elevations in Klk1 and Klk10

gene transcription in the brain were observed at the early demyelinating stage (30 dpi) (P =

0.008, Mann Whitney U test), when levels were approximately 2.8-fold higher. A second

peak in Klk6 RNA transcription occurred at 120 dpi, when levels were again 2-fold higher

than baseline (P = 0.04, Students t-test). At the most chronic stages of TMEV infection

examined, transcription of Klk1 RNA was below baseline at 273 dpi (P ≤ 0.001, Students t-

test) and Klk8 RNA levels were below baseline at 365 dpi (P = 0.02, Students t-test). Klk7

gene transcription in the brain did not change significantly at any stage of infection

examined.

To determine the relative abundance of the kallikreins examined across the brain-spinal cord

axis, we included amplification of serially diluted plasmid DNA of known copy number for

each kallikrein in all polymerase chain reaction (PCR) experiments. As expected from our

prior studies (Scarisbrick et al. 1997; Scarisbrick et al. 2001; Christophi et al. 2004;

Scarisbrick et al. 2006; Radulovic et al. 2013) Klk6 RNA levels were the most abundant in

the brain and spinal cord of all of the kallikreins examined, with approximately 2.5×105 ±

7.9×104 and 1.0×106 ± 1.3×105 copies detected in 0.5 μg of RNA isolated from the brain

and spinal cord, respectively. Similarly, copies of Klk1 (7.1×104 ± 1.2×104), Klk7 (9.1×103

± 1.9×102), and Klk8 (4.7×104 ± 2.7×103) were each approximately 10-fold more abundant

in the spinal cord than the whole brain (Klk1, 5.1×103 ± 1.5×102; Klk7, 1.9×102 ± 1.2×101;
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Klk8, 5.1×103 ± 4.8×102). Klk10 RNA expression was detected at similar levels in the brain

(3.1×104 ± 2.3×103) and spinal cord (1.5×104 ± 3.3×103).

Regulated expression of kallikreins in activated T-cells

Klk6 was recently shown to be dynamically upregulated in whole-splenocyte cultures as a

recall response to viral antigen (Scarisbrick et al. 2012). To elucidate the potential

contribution of additional kallikreins to the TMEV-driven adaptive immune response, we

compared changes in gene transcription of Klk6 to that of Klk1, Klk7, Klk8, and Klk10 in

lymphocytes treated with viral capsid proteins in vitro (Figure 4). Of the kallikreins

examined, the transcriptional-recall response to viral antigen was the most robust in terms of

magnitude and temporal framework for Klk6, with 2 to 3-fold elevations observed in

lymphocytes derived from the spleen of mice at 7, 21, or 120 dpi (P ≤ 0.05, Students t-test).

Viral antigen-induced increases in kallikrein RNA transcription were also observed for Klk1

(P = 0.008, Mann Whitney U test) and Klk10 (P ≤ 0.001, Students t-test) in lymphocytes

derived from TMEV-infected mice at 45 dpi, but Klk10 RNA levels were reduced relative to

baseline by 120 dpi. No changes in Klk7 or Klk8 RNA levels were observed. The pro-

inflammatory response was confirmed by examination of changes in interferon-γ gene

transcription, which was upregulated by 2-to 19-fold in virus antigen pulsed splenocytes

from 7 through120 dpi (P ≤ 0.3, Mann Whitney U test).

To begin addressing the potential significance of the kallikreins examined to the

immunobiology of whole-splenocyte cultures, we estimated the relative abundance of each

kallikrein in 0.125 μg of RNA derived from splenocytes before treatment with viral capsid

proteins. In cultures prepared from the spleens of TMEV infected mice on 7 dpi, Klk1

(7.6×105 ± 3.4×105) and Klk10 (1.8×105 ± 6.6×104) RNA transcripts were most abundant,

followed by Klk6 (4.9×104 ± 6.6×103), Klk8 (2.0×104 ± 5.5×102) and Klk7 (1.9×104 ±

2.1×103). These levels were similar to those observed in splenocytes derived from

uninfected mice across several mouse strains examined to date, including C57BL6/J and

B6129 (Christophi et al. 2004) and unpublished observations.

Regulated expression of kallikreins in activated monocytes

Treatment of the THP-1 human monocyte cell line with phorbol 12-myristate-13-acetate

(PMA), or PMA plus lipopolysaccharide (LPS) increases KLK6 RNA expression (P ≤ 0.02,

Mann Whitney U test) (Scarisbrick et al. 2012). Here, we additionally show that these

known activators of monocyte immune function also significantly increase transcription of

KLK10 RNA (P = 0.02, Mann Whitney U test). By contrast, PMA or PMA plus LPS,

significantly reduced KLK1 RNA expression. KLK7 RNA levels were not altered by these

monocyte activators (Figure 5).

In terms of abundance, similar levels of KLK1 (7.0×106 ± 4.0×106), KLK6 (1.0×106 ±

1.6×105), and KLK10 (2.2×106 ± 5.8×105) transcripts were detected in 0.5 μg of RNA

isolated from nonactivated THP-1 monocytes. Klk7 was detected at approximately 10-fold

lower levels (1.2×105 ± 2.4×104). Under these conditions, KLK8 RNA levels were below

the detection limit of our assay.

Panos et al. Page 5

Biol Chem. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Discussion

TMEV induces an acute encephalomyelitis followed by a chronic progressive inflammatory

demyelinating disease in the spinal cord of susceptible mice resulting in demyelination, axon

injury and paraplegia; it is an important model of progressive MS (Tsunoda et al. 2010). The

current study links Klk1, Klk6, Klk7, Klk8, and Klk10 to the pathophysiology of viral

encephalitis and virus-induced chronic progressive inflammatory demyelinating disease of

the spinal cord. Of the kallikreins examined, Klk6 and Klk8 expression were most

prominent in the brain during acute TMEV-induced encephalomyelitis and in the spinal cord

during the acute and chronic phases of virus-induced inflammatory demyelination and axon

dropout. Our results also suggest that Klk1, Klk6 and Klk10 have integral roles in T-cell

recall responses to viral antigen and in activated monocytes.

The distinct and overlapping patterns of kallikrein expression in the brain and spinal cord

from acute through chronic phases of TMEV infection and upon activation of T-cells or

monocytes in vitro indicate only partially overlapping cellular sources and activities in

virus-induced brain encephalomyelitis and spinal cord inflammatory demyelinating disease.

For example, evidence suggests that the robust elevations in Klk6 gene expression observed

acutely in the brain and over the course of TMEV inflammatory demyelinating disease in

the spinal cord involve both CNS endogenous cells and infiltrating immune cells. The likely

important contribution of CNS endogenous cells to virus-driven Klk6 expression is

suggested by prior studies demonstrating Klk6 induction in reactive astrocytes in active MS

lesions and at sites of demyelination in animal models (Scarisbrick et al. 2002; Blaber et al.

2004; Scarisbrick et al. 2012). In this context, Klk6 can promote key facets of astrogliosis,

including astrocyte stellation and secretion of the proinflammatory cytokine interleukin 6

(Scarisbrick et al. 2012). Moreover, Klk6 is expressed at significant levels by myelin-

producing oligodendroglia and neurons in the uninjured brain, and it is upregulated in each

cell type by injury (Scarisbrick et al. 1997; Scarisbrick et al. 2000; Scarisbrick et al. 2001;

Scarisbrick et al. 2006; Radulovic et al. 2013). Importantly, elevated Klk6 promotes

oligodendrogliopathy (Scarisbrick et al. 2002), suppresses myelin gene expression (Burda et

al. 2013), and rapidly hydrolyzes myelin proteins in vitro (Bernett et al. 2002; Blaber et al.

2004) and in vivo (Burda et al. 2013). Moreover, Klk6 is toxic toward cultured neurons in

vitro (Scarisbrick et al. 2008; Radulovic et al. 2013; Yoon et al. 2013). Therefore, elevated

levels of Klk6 are positioned to participate directly in multiple neurodegenerative cascades

that promote progressive functional deficits in TMEV-infected mice, including failure of

remyelination.

Considerable evidence suggests that infiltrating immune cells also contribute to increased

Klk6 expression in response to TMEV. For example, in vitro studies document increased

Klk6 transcription as a recall response to viral antigen in T-cells and in activated monocytes

(Scarisbrick et al. 2012). Also, prior studies showed Klk6 localization to monocytes or

microglia and CD3+ T-cells at sites of neuroinflammation (Scarisbrick et al. 2002; Blaber et

al. 2004). Because Klk6 was recently discovered to also promote lymphocyte survival

(Scarisbrick et al. 2011), this protease is uniquely positioned to promote and prolong virus-

induced CNS inflammation and to participate in demyelination and axon dropout.
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Like Klk6, Klk8 was also robustly elevated at acute and early chronic time points in the

TMEV-infected spinal cord and is well positioned to participate in inflammatory

demyelination. It is likely that elevations in Klk8 occurring in the TMEV infected CNS

originate largely from endogenous cells since this protease is already known to be expressed

by neurons in the uninjured hippocampus (Chen et al. 1995) and spinal cord (Radulovic et

al. 2013) and to be upregulated in axons and in reactive astroglia after injury (Radulovic et

al. 2013). Of interest, and unlike Klk6, recombinant Klk8 is not toxic towards cortical

neurons in vitro (Radulovic et al. 2013) and is reported to participate in neurite outgrowth

and fasciculation (Oka et al. 2002). Notably, Klk8 is best known for roles in activity-

dependent synaptic plasticity within the hippocampus (Davies et al. 2001; Matsumoto-Miyai

et al. 2003; Tamura et al. 2006; Ishikawa et al. 2008). Also in contrast to Klk6, Klk8

expression was not altered in T-cells as part of the viral recall response and KLK8 RNA was

not detected in the THP-1 monocyte cell line in vitro. Monocytes contribute markedly to the

inflammatory response in TMEV inflammatory demyelinating disease, but the fact that

KLK8 was not expressed by monocytes in vitro or detected in macrophages/microglia in

human spinal cord injury (Radulovic et al. 2013) further supports the idea that elevations in

Klk8 in the TMEV-infected CNS largely arise from-CNS endogenous cells. Although the

role of Klk8 in CNS inflammatory disease remains to be fully established, Klk8 knockout

mice show attenuated signs of inflammation and demyelination in myelin oligodendrocyte

glycoprotein-35–55 induced experimental autoimmune encephalomyelitis (Terayama et al.

2005). The results presented here strongly support the need for additional studies using

Klk8-specific antibodies, and Klk8-specific activity assays, to further elucidate the sites of

Klk8 action in TMEV- inflammatory demyelinating disease and potentially in MS lesions.

More limited elevations in Klk1 and Klk10 were observed subacutely in the TMEV-infected

brain, and Klk7 showed small elevations in the spinal cord at chronic time points. Although

these kallikreins are less well studied in the CNS relative to Klk6 and Klk8, some evidence

suggests a role in neurodegeneration. For example, elevated or reduced levels of KLK7 and

KLK10, in addition to KLK6 and KLK8, have been specifically linked to neurodegenerative

conditions, including Alzheimers (Shimizu-Okabe et al. 2001), frontotemporal dementia

(Diamandis et al. 2004) and Parkinsons (Iwata et al. 2003). A recent study established that

KLK7 is highly degradative and neurotoxic in vitro (Radulovic et al. 2013). Importantly,

prior studies show KLK1 is elevated in the serum of patients with relapsing remitting or

primary progressive MS (Scarisbrick et al. 2008) and KLK1 promotes neurotoxicity in vitro

(Scarisbrick et al. 2008; Radulovic et al. 2013). Altered expression of KLK1, KLK6, KLK7

and KLK8 were also recently demonstrated in cases of human traumatic spinal cord injury

(Scarisbrick et al. 2006; Radulovic et al. 2013). More detailed analysis of the expression

patterns of these and other kallikreins, as well as their specific enzymatic activity, in CNS

inflammatory disease and in vitro will be needed to fully interpret the significance of the

transcriptional changes seen in the TMEV model of inflammatory demyelinating disease.

Virus antigen-directed T-cell responses in vitro suggest that Klk1, Klk6, and Klk10

participate in the development of proinflammatory responses mediated by the adaptive

immune system. VP1 and VP2 viral capsid proteins are known to exacerbate disease in

susceptible SJL mice (Yauch et al. 1998) and when transgenically expressed in resistant
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strains (Denic et al. 2011). High levels of Klk6 were previously identified in infiltrating

CD4 and CD8 T cells in the TMEV and experimental autoimmune encephalomyelitis

models of MS (Scarisbrick et al. 2002; Blaber et al. 2004), suggesting a role for Klk6 in

adaptive immune responses. In addition, proinflammatory stimuli such as interleukin-2,

concanavalin A, or T-cell receptor cross-linking antibodies also increase Klk6

transcriptional activity (Blaber et al. 2004; Christophi et al. 2004). In the human Jurkat T-

cell line, one or more of these inflammatory mediators also promoted an increase in the

expression of KLK8 and KLK10, whereas levels of KLK7 were suppressed (Christophi et

al. 2004). Further supporting the role of select kallikreins in the adaptive immune response,

Klk1 promotes lymphocyte proliferation, whereas Klk6 promotes survival of T and B cells

(Scarisbrick et al. 2011). Reduced proinflammatory responses, including interferon-γ

production and T-cell proliferative responses, in the experimental autoimmune

encephalomyelitis model of MS after treatment with Klk6-neutralizing antibodies further

implicates Klk6 in key activities within the adaptive immune system (Blaber et al. 2004).

Klk6-neutralizing antibodies also reduce TMEV-driven delayed type-2 hypersensitivity

responses (Scarisbrick et al. 2012). Thus, at sites of viral infection, viral capsid-induced

elevations in T-cell kallikreins may act in an autocrine or paracrine fashion to enhance and

prolong the chronic inflammatory response. The current results suggest additional study

regarding the roles of Klk1, Klk6, Klk10, and potentially other kallikrein family members

(Scarisbrick 2008; Scarisbrick 2012), as well as potential regulatory elements (Scarisbrick et

al. 2006) in the development of virus-directed T-cell responses is needed, with results likely

to shed new light on novel immune regulatory mechanisms relevant to inflammatory

demyelinating disease.

The host response to TMEV involves activation of the innate and adaptive arms of the

immune system and here we show that like T-cells, monocytes respond to activation by

increasing transcription of KLK6 and KLK10 RNA. In contrast, levels of KLK1

transcription were suppressed in activated monocytes. Possibly in relation to this, Klk1 RNA

levels were also reduced at select time points in the TMEV-infected brain and spinal cord.

These results suggest proinflammatory roles for KLK6 and KLK10, but a possible

antiinflammatory role for KLK1 in the innate immune response, although additional

functional studies are needed for clarification. Elevated levels of Klk6 have been previously

observed in infiltrating monocytes and microglia at sites of CNS inflammation in the TMEV

(Blaber et al. 2002; Scarisbrick et al. 2002) and experimental autoimmune encephalomyelitis

(Blaber et al. 2004) models of MS, in human MS lesions (Scarisbrick et al. 2002), and in

traumatic spinal cord injury (Scarisbrick et al. 2006). Importantly, in a recent study of

TMEV-infected mice with high levels of circulating Klk6-neutralizing antibodies, the

number of monocytes/microglia within the parenchyma of the spinal cord was significantly

reduced (Scarisbrick et al. 2012). Taken together, these findings indicate key roles for KLK6

and potentially KLK1 and KLK10 in monocyte/microglial-driven processes that govern the

innate immune response in TMEV- inflammatory demyelinating disease.

In summary, the data presented suggest that multiple kallikreins are positioned to participate

in the development and progression of virus-induced encephalomyelitis and chronic

progressive virus-mediated inflammatory demyelinating disease in the spinal cord.

Importantly, we previously established that Klk6-neutralizing antibodies attenuate
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neurobehavioral deficits in proteolipid protein- and myelin oligodendrocyte glycoprotein-

induced experimental autoimmune encephalomyelitis (Blaber et al. 2004) and the early

stages of inflammatory demyelination in the spinal cord of TMEV-infected mice

(Scarisbrick et al. 2012). The current findings also link Klk1, Klk7, Klk8, and Klk10 to

discrete stages and to unique inflammatory and pathogenic events in TMEV inflammatory

demyelinating disease, therefore highlighting potential new therapeutic opportunities.

Specifically, we propose that additional efforts to target unique or multiple sets of

kallikreins at different stages of CNS- inflammatory demyelinating disease progression are

needed to further elucidate the likely complex cascade of kallikreins involved and to

functionally evaluate their roles and potential utility as therapeutic targets.

Materials and Methods

All studies were accomplished according to the guidelines of the Institutional Animal Care

and Use Committee at the Mayo Clinic. Unless otherwise indicated, all reagents were

obtained from Sigma (St. Louis, MO).

TMEV Model

Eight-week-old female SJL/J (H-2S) mice (Jackson Laboratories, Bar Harbor, ME) were

injected intracerebrally with 2×105 plaque-forming units of the Daniel’s strain of TMEV in

10 μl. Analyses of Klk1, Klk6, Klk7, Klk8, and Klk10 RNA expression levels in the brain

and spinal cord were performed at acute (7 dpi), subacute (21 and 30 dpi), early chronic (60

and 90 dpi), mid-chronic (120 and180 dpi), and late chronic (273 and 365 dpi) phases of

infection. The immunopathologic features characterizing each phase of disease are provided

in Figure 1.

Quantification of CNS kallikreins in TMEV-induced demyelinating disease

Quantitative real-time reverse-transcription (RT)-PCR was used to evaluate the expression

of Klk1, Klk6, Klk7, Klk8, and Klk10 in the brain and spinal cord from at least 5 to 6 mice

in acute through late chronic phases of TMEV infection. Samples were snap-frozen in liquid

nitrogen before RNA isolation using RNA STAT-60 (Tel-Test, Inc. Friendswood, TX). We

used 0.5 μg of total RNA for RT-PCR, using the Light Cycler-RNA Amplification Kit

SYBR Green I in a Roche Light Cycler apparatus following the manufacturer’s instructions

(Roche Diagnostics, Mannheim Germany). Primers specific for Mus musculus Klk1, Klk6,

Klk7, Klk8, and Klk10 are detailed in Table 1. To gauge viral replication over the disease

course, RNA coding for the Daniel strain VP2 capsid protein was amplified in the same

RNA samples (Rodriguez et al. 2008; Scarisbrick et al. 2012). Levels of the housekeeping

gene glyceraldehyde phosphate 3-dehydrogenase (GAPDH) were amplified to control for

loading. Relative expression levels for each gene were quantified based on a standard curve

created by parallel amplification of serially diluted nucleic acid templates containing known

copy numbers.

In vitro analysis of kallikrein expression in response to viral capsid proteins

To determine whether the transcription of each kallikrein gene was regulated in T cells in a

virus-dependent manner, whole-splenocyte cultures were prepared from TMEV-infected
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mice at 7, 21, 45, or 120 dpi and stimulated with a combination of VP1 and VP2 viral capsid

proteins, each at 5 μg/ml for 72 hr (n = 3 to 5 per time point). The constructs encoding

TMEV VP1 and VP2 capsid proteins were expressed in Escherichia coli and purified as

previously detailed (Lin et al. 2002; Pavelko et al. 2007; Scarisbrick et al. 2012). All

proteins were purified over a His-tag column and dialyzed into PBS before use. The VP1

construct encoded 274 amino acids of VP1 and the VP2 construct encoded 276 amino acids

of VP2. Cultured cells were grown in RPMI 1640 with 10% heat-inactivated fetal calf

serum, 2mM glutamine, 1 mM sodium pyruvate, 10 mM HEPES, and 10 μM 2-

mercaptoethanol. Murine kallikreins were quantified as described above, and levels of

interferon-γ were also assessed in the same samples to gauge the proinflammatory response.

In vitro analysis of kallikrein expression in activated monocytes

To determine whether KLK1, KLK6, KLK7, KLK8 or KLK10 RNA expression was

regulated in activated monocytes, levels of RNA encoding the human forms of each

kallikrein were quantified in untreated THP-1 monocyte cultures and in parallel cultures

activated with PMA (10 ng/ml, Promega), or a combination of PMA plus LPS (10 μg/ml).

THP-1 cells are a human monocytic leukemia cell line (American Type Culture Collection).

Cells were cultured in RPMI 1640, with all supplements listed above. Expression of RNA

encoding human kallikreins was quantified as described above using human-specific primers

(Table 1) (Scarisbrick et al. 2006). All experiments were performed in triplicate and

repeated at least twice.

Statistical analysis

All measurements were made without knowledge of treatment groups. Pairwise comparisons

were made using the Students t-test; if data were not normally distributed, the Mann

Whitney U Rank Sum test was applied. The level for significance was set as P < 0.05 for all

statistical comparisons.
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Figure 1. The Theiler’s murine encephalomyelitis virus model of demyelination
The early stages of disease include inflammation and demyelination and the later stages

present with progressive axon loss and the development of functional deficits (McGavern et

al. 1999; McGavern et al. 2000).
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Figure 2. Kallikrein gene transcription is differentially regulated in the brain during the acute,
subacute and chronic phases of TMEV-induced demyelinating disease
A–E, Histograms show real-time PCR for Klk1, Klk6 to Klk8, and Klk10 RNA isolated

from the brain of SJL mice during acute- through- chronic phases of TMEV infection (n = 5

or 6 per time point). Kallikrein RNA copy number in each case was determined by real-time

PCR, normalized to GAPDH copy number, and expressed as a percent of the uninfected

control. F, Histogram shows quantification of viral VP2 RNA copy number in the brain at

each time point after infection. PCR denotes polymerase chain reaction; TMEV, Theiler’s

murine encephalomyelitis virus. The data pertaining to Klk6 expression in the TMEV

infected brain extend the observations reported in (Scarisbrick et al. 2012). Asterisks

indicate significant differences from baseline levels (*P < 0.05, ***P ≤ 0.001, Students t-

test; **P ≤ 0.008, Mann Whitney U test).
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Figure 3. Kallikrein gene transcription is differentially regulated in the spinal cord during the
acute, subacute and chronic phases of TMEV-induced demyelinating disease
A to E, Histograms show real-time PCR for Klk1, Klk6 to Klk8, and Klk10 RNA isolated

from the spinal cord of SJL mice during acute- through- chronic phases of infection with

TMEV (n = 5 or 6 per time point). Kallikrein RNA copy number in each case was

determined by real-time PCR, normalized to GAPDH copy number, and expressed as a

percent of the uninfected control. F, Histogram shows quantification of viral VP2 RNA copy

number in the spinal cord at each time point after infection. PCR denotes polymerase chain

reaction; TMEV, Theiler’s murine encephalomyelitis virus. The data regarding Klk6

expression in the TMEV infected spinal cord extend the data reported in (Scarisbrick et al.
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2012). Asterisks indicate significant differences from baseline levels (*P < 0.05, **P ≤

0.008, ***P ≤ 0.002, Students t-test).
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Figure 4. VP1 and VP2 viral capsid proteins drive kallikrein gene transcription in whole-
splenocyte cultures derived from TMEV-infected mice
Histograms show changes in Klk1, Klk6 to Klk8, and Klk10 RNA expression in whole-

splenocyte cultures derived from uninfected control mice or mice during acute through

chronic phases of TMEV infection treated with a combination of VP1 and VP2 viral capsid

proteins (each at 5 μg/ml) for 72 hr (n = 3 to 5 per time point). All experiments were

repeated at least twice, with parallel results. TMEV denotes Theiler murine

encephalomyelitis virus. The findings related to Klk6 expression in viral capsid protein

stimulated splenocytes (Scarisbrick et al. 2012) are shown to facilitate comparison with
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Klk1, 7, 8 and 10. Asterisks indicate significant differences from baseline (*P < 0.05, ***P

≤ 0.001, Students t-test; **P ≤ 0.008, Mann Whitney U test).
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Figure 5. Kallikrein gene transcription is dynamically regulated in activated human THP-1
monocytes
Activation of THP-1 macrophages using PMA or PMA plus LPS resulted in significantly

elevated levels of transcription of KLK6 and KLK10 RNA, but significantly reduced KLK1.

(n = 3 to 5 per condition). All experiments were repeated at least twice, with parallel results.

LPS denotes lipopolysaccharide; PMA, phorbol 12-myristate-13-acetate; TMEV, Theiler

murine encephalomyelitis virus. Data related to KLK6 expression in activated monocytes

(Scarisbrick et al. 2012) are shown to permit direct comparison with that of KLK1, 7, 8 and

10. Asterisks indicate significant differences from baseline (*P < 0.05, ***P ≤ 0.001,

Students t-test; **P ≤ 0.008, Mann Whitney U test).
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Table 1

PCR Primers

Summary of amplified sequences. Note lower-case kallikrein symbols indicate murine form, whereas upper-

case indicates human form.

Accession Number Base Pairs Forward Primer Reverse Primer

Klk1
NM_010639

363-471 CAGGAGATATGGATGGAGGCAAAGA CCCGGCACATTGGGTTTAC

Klk6
NM_011177.1

749-949 CCTACCCTGGCAAGATCA GGATCCATCTGATATGAGTGC

Klk7
NM_011872.2

143-245 ACCGCTGGACAAGGAGAAA CTCCACAGTGAAGCTGATTGC

Klk8
NM_008940.2

1004-1236 GTGCGGAAGTGAAAATCTAT GGTAGTGTAGCGGCAG

Klk10
NM_133712.1

418-496 CAAGCAGACGAGGACTAC CGCACTCATCATTAGGCA

KLK1
NM_002257.3

370-592 CAAGCAGACGAGGACTAC CGCACTCATCATTAGGCA

KLK6
NM_002774.3

62-176 TGCCAGGGTGATTCTGGG TGCAGACGTTGGTGTAGACT

KLK7
NM_001207053.1

453-638 GCTCGTGAAGCTCAATAG CCTTGTAAACCTTCGTGC

KLK8
NM_007196

725-951 AAGTGTGAGGATGCTTACC TGCCTATGATCTTCTTGATCCA

KLK10
NM_001077500.1

890-1097 ATAAAGTCATACGCTCCAAC GTACAGGCAGAGAATGGG

IFN-γ Amplicon Length: 100 The assay probe spans Exon Boundary 3–4 (Applied
Biosystems)

Assay ID: Mm01168134_m1

TMEV (DA)
JX443418

1595-1813 TGGTCGACTCTGTGGTTACG GCCGGTCTTGCAAAGATAGT

GAPDH
NM_008084.2

351-584 ACCACCATGGAGAAGGC GGCATGGACTGTGGTCATGA
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