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ABSTRACT 
 
Multiple sclerosis is a serious neurological disorder, resulting in e.g., sensory, motor and 
cognitive deficits. A critical pathological aspect of multiple sclerosis (MS) is the influx of 
immunomodulatory cells into the central nervous system (CNS). Identification of key 
players that regulate cellular trafficking into the CNS may lead to the development of 
more selective treatment to halt this process. The multifunctional enzyme tissue 
Transglutaminase (TG2) can participate in various inflammation-related processes and is 
known to be expressed in the CNS. In the present study, we question whether TG2 activity 
contributes to the pathogenesis of experimental MS, and could be a novel therapeutic 
target. 

In human post-mortem material, we showed the appearance of TG2 
immunoreactivity in leukocytes in MS lesions and particular in macrophages in rat chronic-
relapsing experimental autoimmune encephalomyelitis (cr-EAE), an experimental MS 
model. Clinical deficits as observed in mouse EAE were reduced in TG2 knock-out mice 
compared to littermate wild-type mice, supporting the role of TG2 in EAE pathogenesis. To 
establish if the enzyme TG2 represents an attractive therapeutic target, cr-EAE rats were 
treated with TG2 activity inhibitors during ongoing disease. Reduction of TG2 activity in cr-
EAE animals dramatically attenuated clinical deficits and demyelination. The mechanism 
underlying these beneficial effects pointed toward a reduction in macrophage migration 
into the CNS due to attenuated cytoskeletal flexibility and RhoA GTPase activity. 
Moreover, iNOS and TNFα levels were selectively reduced in the CNS of cr-EAE rats 
treated with a TG2 activity inhibitor, whereas other relevant inflammatory mediators were 
not affected in CNS or spleen by reducing TG2 activity. We conclude that modulating TG2 
activity opens new avenues for therapeutic intervention in MS which does not affect 
peripheral levels of inflammatory mediators. 
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INTRODUCTION 
 
Multiple sclerosis (MS) is a chronic neuro-inflammatory and neurodegenerative disease, 
affecting mostly young adults in the prime of their lives. Clinically, MS is characterized by 
major motor and sensory deficits, and in addition, patients develop cognitive dysfunction, 
e.g., memory impairment, which has a dramatic impact on their quality of life [159]. With 
regard to the pathogenesis of MS, the influx of leukocytes into the central nervous system 
(CNS) has been focused upon as a main driver of the disease, resulting in inflammation, 
demyelination and axonal damage [160, 161]. During MS, the entry of leukocytes into the 
CNS across the blood-brain barrier is stimulated by chemokines interacting with their 
corresponding receptors [162] and by leukocyte integrins (e.g., α4β1) binding to 
endothelial adhesion molecules (e.g., VCAM-I and ICAM-I) [163] resulting in firm adhesion 
of immunomodulatory cells onto the vascular endothelium [164]. Following endothelial 
transmigration, cells traverse the endothelial basement membrane and glia limitans and 
migrate into the brain parenchyma, a process that is facilitated by local tissue destruction 
via activation of MMPs [165]. Infiltrated, activated leukocytes are a key source of 
inflammatory mediators that stimulate myelin phagocytosis resulting in subsequent 
demyelination [166, 167]. Current therapies for MS are predominantly 
immunosuppressive or immunomodulatory but may lead to severe side effects and can 
disturb the immune balance [168-170], emphasizing the need for alternative targets to 
treat MS. 

Tissue Transglutaminase or Transglutaminase type 2 (TG2, EC:2.3.2.13) is a 78-kD 
multifunctional enzyme belonging to a multigene family of protein cross-linking enzymes 
[76], is localized in the cytoplasm, on the cell surface and in the extracellular matrix (ECM), 
where it can act in a Ca2+-dependent or Ca2+-independent way [76, 85, 105]. Of the 
Transglutaminase family, TG1, TG2, and TG3 are expressed in the healthy human CNS 
[171], of which TG2 is almost ubiquitously present. TG2 plays a role in the pathogenesis of 
various neurodegenerative disorders (reviewed in [172]). More recently, it has been 
shown that TG2 activity is enhanced during inflammation [113, 173, 174]. In addition, TG2 
acts as a co-receptor for β1- and β3-integrin subunits thereby contributing to cell adhesion 
[122], TG2 regulates MMP2 and MMP9 activity [138] and is involved in cytoskeletal 
remodeling [175] pointing to a role in cell migration. Since TG2 is known to be expressed 
in the CNS and can have effects on immune cells, we question whether TG2 activity 
contributes to the pathogenesis of experimental MS, and could be an interesting novel 
therapeutic target. 
 
 
MATERIALS AND METHODS 
 
Human brain material 
 
Cortical brain tissue from 5 patients with clinically diagnosed and neuropathologically 
confirmed MS was obtained at autopsy and immediately frozen in liquid nitrogen. Five 
subjects without neurological disease acted as control subjects. White matter MS tissue 
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samples containing lesions were selected using postmortem magnetic resonance imaging 
as published [176, 177]. Additional relevant information was retrieved from the medical 
records and summarized in Table 1. All patients and control subjects had given informed 
consent for autopsy and use of their brain tissue for research purposes. 
 
Table 1: Summary of MS patient details 
Age Gender Type of MS 

lesion 
Disease 
duration 
(years) 

PMD 
(hours) 

Cause of death 

78 female Control NR 6:30 decompensatio cordis 
82 male Control NR 12:00 heart failure 
81 male Control NR 6:40 Euthanasia 
52 female Control NR 6:00 Leiomyosarcoma 
88 female Control NR 6:15 Aging 
52 female Active 13 8:25 respiratory 

insufficiency/pneumonia 
53 female Active 27 8:30 Euthanasia 
70 male Active Unknown 6:25 Unknown 
69 female Active 26 13:20 viral infection 
76 female Active 53 14:15 respiratory 

insufficiency/pneumonia 
MS, multiple sclerosis; NR, not relevant; PMD, post-mortem delay 

Lesion classification 
 
Classification of white matter lesions was based on standard histopathological stainings 
for myelin-specific proteolipid protein (PLP) and inflammatory cells (LN3: anti-major 
histocompatibility complex class II) as described before [178-180]. Active lesions were 
characterized by abundant phagocytic, perivascular and parenchymal macrophage 
infiltration throughout the lesion area. 
 
Immunohistochemistry on human material 
 
Cryosections (6 μm) were air-dried and fixed in 4% paraformaldehyde in 0.1 M phosphate 
buffer (pH 7.6) for 10 min (min) (TG2). Subsequently, sections were preincubated for 
15 min with 2% normal donkey serum in Tris-buffered saline (TBS) containing 0.5% Triton-
X100. Thereafter, sections were incubated for 60 min at room temperature (RT) with goat 
anti TG1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA USA, 1:100), goat anti TG2 
(Upstate, Charlottesville, USA; 1:3000) or mouse anti TG3 (Santa Cruz Biotechnology Inc., 
1:200). After washes in TBS, the sections were incubated for 2 h (h) at RT with biotinylated 
donkey anti goat IgG or biotinylated donkey anti mouse IgG (Jackson ImmunoResearch, 
Suffolk, UK; 1:400). Following washes in TBS, the sections were incubated for 60 min at RT 
with ABC-HRP complex (Vectastain; Vector Laboratories, Burlingame, USA; 1:400). 
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Peroxidase activity was visualized by 3,3-diaminobenzidine (DAB, Sigma–Aldrich, St. Louis, 
USA). Finally, the sections were counterstained with hematoxylin. All antibodies were 
diluted in TBS containing 0.5% Triton-X100 and 2% normal donkey serum. Omittance of 
the primary antibodies served as a negative control. 

The specificity of the anti TG2 antibody was determined by pre-adsorption of the 
anti TG2 antibody derived from Upstate with at least 100-fold (w/w) excess of guinea pig 
TG2 (Sigma–Aldrich). After 6 h of pre-adsorption, adjacent tissue sections were incubated 
with the pre-adsorbed or non-adsorbed antibodies and further treated as regular 
immunohistochemical staining. 

Quantification of the number of TG2 positive infiltrating cells in active MS lesions 
was performed manually by unbiased counting of TG2 positive cells localized in the 
perivascular space or the parenchyma localized within 2 mm of a blood vessel. Seventeen 
lesion areas from five MS patients were included. Blood vessel wall and luminal staining 
were excluded from the examined area. In control subjects, no TG2 positive infiltrating 
cells were observed. 
 
Immunofluorescent double labeling on human MS material 
 
Co-localization of TG2 with MHC class-II positive cells was determined by co-incubation of 
4% paraformaldehyde-fixed cryosections with a monoclonal antibody to HLA-DR (LN3, 
Labvision Fremont, CA, USA, 1:100) and with goat anti TG2 (Upstate, 1:4000). 
Subsequently, sections were co-incubated with Alexa Fluor (AF) 488 labeled donkey anti 
mouse IgG’s and AF594 labeled donkey anti goat IgG’s (Invitrogen, Carlsbad, USA; 1:400). 
In addition, co-localization of TG2 with T cells was performed on acetone-fixed 
cryosections by incubation with goat anti TG2 (1:1000) and rabbit anti CD3 (DAKO, 
Glostrup Denmark; 1:200). Subsequently, sections were co-incubated with biotinylated 
donkey anti-goat IgG’s and AF488 labeled donkey anti rabbit IgGs. Finally, the sections 
were incubated with streptavidin-labeled AF594 (Molecular Probes; 1:400). Incubation 
procedures were performed as described above, and sections were mounted with an anti-
fading medium containing DABCO (Fluka). The presence of fluorescent double 
immunolabeling was identified by confocal laser scanning microscopy (Leica TCS-SP2-
AOBS; Leica Microsystems, Wetzlar, Germany). 
 
In vivo experiments 
 
Chronic-relapsing experimental autoimmune encephalomyelitis (cr-EAE) 
 
Adult male dark agouti rats (Harlan, Horst, The Netherlands) weighing 240–290 g, were 
anesthetized with isoflurane and immunized intradermally in the dorsal tail with 75 μg of 
the N-terminal sequence of recombinant rat myelin oligodendrocyte glycoprotein 
(rrMOG1–125) emulsified in incomplete Freund’s adjuvant (IFA; Difco, Detroit, MI, USA) with 
0.01 M NaAc (pH 3.0). Control rats received IFA + NaAc only. Rats were weighed and 
examined daily for neurological symptoms that were scored on the following scale: 0, no 
symptoms; 0.5, partial loss of tail tone; 1, complete tail atony; 2, paresis, partial hind limb 
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paralysis; 3, complete paralysis of the hind limbs and/or lower part of the body; 
4, moribund or dead. 
 
TG2 expression during the course of rat cr-EAE 
 
cr-EAE rats (n = 10/group) were sacrificed at different phases of disease, i.e., during the 
first phase of neurological symptoms (day 12–13 post immunization (p.i.)), remission 
(∼day 15 p.i.) and relapse (∼day 22 p.i.) to study TG2 expression at the mRNA and protein 
level. 
 
KCC009 treatment in cr-EAE rats 
 
Thus far, a little number of small peptidergic, irreversible inhibitors of TG2 activity have 
been used in an in vivo setting. Of these, KCC009 [181], has been shown to be effective in 
vivo when given intraperitoneally to mice to suppress TG2 activity. KCC009 significantly 
suppressed TG2 activity within 15 min, whereas enzyme activity fully recovers after 24 h 
[182]. The characteristics and positive in vivo effects of the compound determined our 
choice for KCC009 to perform our therapeutic experiments. To ensure the continuous 
reduction of TG2 activity, cr-EAE animals were injected i.p. once daily with KCC009 
(40 mg/kg, kind gift from Alvine Pharmaceuticals, San Carlos, USA) in PBS/DMSO (1:1) (n = 
8/group). The animals were treated from initial clinical signs (day 11), from the abundant 
presence of clinical signs during the first phase of disease (day 13) or the remission (day 
17) of cr-EAE onwards. Control animals were injected i.p. daily with vehicle (PBS/DMSO 
1:1) from initial clinical symptoms (day 11) onwards (n = 8). Animals were sacrificed by 
decapitation under isoflurane anesthesia when vehicle-treated cr-EAE rats reached peak 
clinical symptoms during the relapse (day 28). 
 
Cystamine treatment in cr-EAE rats 
 
For comparison with KCC009, we used cystamine, a traditionally used TG activity inhibitor, 
in the same rat experimental MS model. In addition to inhibiting TG activity, cystamine has 
been described to act as an antioxidant and to inhibit caspase-3 [183, 184]. Cr-EAE rats 
were injected i.p. daily with 75 mg/kg cystamine (Sigma–Aldrich), a competitive substrate 
for TG activity, in PBS (n = 12) or with PBS only (n = 12, vehicle) starting from initial clinical 
symptoms (day 9) onwards. Animals were sacrificed when vehicle-treated cr-EAE animals 
reached the remission phase (day 16). 
 
EAE in TG2 knock-out mice 
 
To determine, as proof of principle, whether TG2 is of importance for the development of 
EAE, we performed an experiment in TG2−/− and wildtype mice. To this end, 8–10 week 
old C57Bl/6 female TG2−/− (n = 10) [185] that were backcrossed for at least 12 generations, 
and littermate female TG2+/+ genotype control (n = 14) mice were kept in individually 
ventilated cages with food and water accessible ad libitum. All mice were immunized 
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subcutaneously with 100 μg recombinant myelin oligodendrocyte glycoprotein peptide 
35–55 (MOG35–55; Cambridge Research Biochemicals, Billingham, UK) in an emulsion mixed 
(volume ratio 1:1) with Complete Freund’s Adjuvant (CFA; Difco Laboratories) to which 
600 μg of heat-killed Mycobacterium tuberculosis H37Ra (MBT; Difco) was added. All 
animals were additionally injected i.p. with 200 ng pertussis toxin (PTX) derived from 
Bordetella pertussis (Sigma, Zwijndrecht, The Netherlands) in 200 μl saline at the time of, 
and 48 h after immunization [186]. On day 15, all mice were sacrificed by decapitation 
under isoflurane anesthesia. 
 
Monodansylcadaverine treatment in EAE mice 
 
In addition to the rat cr-EAE model, we performed an experiment in a mouse model using 
a therapeutic approach to inhibit TG activity. To this end, 6–8 weeks old female PLSJL/J 
mice (Jackson labs, Bar Harbor, USA, n = 16) were anesthetized with isoflurane and 
immunized subcutaneously in the hind legs and tail with 200 μg of recombinant 
proteolipid protein peptide 139–151 (PLP139–151), emulsified in complete Freund’s 
adjuvant (CFA; Difco Laboratories, Detroit, MI, USA). PTX (Sigma–Aldrich, 0.2 μg/animal) 
was injected i.p. on days 0 and 3 after immunization. Monodansylcadaverine (MDC, 
Sigma–Aldrich, 17 mg/animal), a competitive substrate for TG activity, in PBS (n = 8) or PBS 
only (n = 8, vehicle) was injected i.p. on day 10 when initial clinical symptoms were 
present. All animals were sacrificed on day 15 when vehicle-treated EAE mice reached 
maximal clinical score. Additionally to inhibiting TG activity, MDC has been described to 
affect other enzymes, e.g., phosphatidylcholine synthetase, 17-ketosteroid reductase or 
calmodulin activation of cyclic nucleotide phosphodiesterase [187]. Animal experiments as 
described above were approved by the local animal ethical committees. 
 
Immunohistochemistry on rat material 
 
Fresh frozen rat spinal cord sections were fixed for 10 min with acetone, washed in TBS, 
blocked in 5% milk in TBS with 0.5% Triton X-100 (TBS-T) and 0.03% H2O2 and incubated 
with the first antibody overnight at 4 °C. To detect TG2, a mouse monoclonal antibody 
raised against guinea pig TG2 was used (Ab2, Labvision, 1:1000). Mouse monoclonal 
antibodies raised against MHC-II (OX6, Serotec Ltd., 1:1000) or to CD68 (ED1, Serotec Ltd., 
1:500) was used to detect macrophage-like cells. To detect T cells, a mouse-anti CD3 
antibody (kind gift from Dept. Molecular Cell Biology, VU University Medical Center, 
Amsterdam, 1:100) was used. For myelin staining, a rat-anti-myelin basic protein (MBP) 
antibody was used (Chemicon, 1:250). 

Subsequently, sections were washed in TBS and incubated for 2 h at RT with 
appropriate secondary biotinylated IgGs (Jackson ImmunoResearch, 1:400), followed by 
washes in TBS and incubation for 1 h at RT with HRP-coupled ABC complex (Vector 
Laboratories, 1:400). After washes in TBS and Tris–HCl, immunoreactivity was visualized 
using 0.5 mg/ml of DAB (Sigma–Aldrich) in Tris–HCl. Demyelination in the rat spinal cord 
was assessed using Luxol Fast Blue (LFB) staining. Sections were stained in LFB at 56 °C for 
16 h and counterstained with cresyl violet solution for 30–40 s. All sections were 
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examined microscopically (Vanox-T, Olympus). The white matter area size containing 
MHC class II (activated particularly infiltrated monocytes) or CD-3 (T cells) positive cells 
was quantified using a grid in which the positive area was manually counted and related to 
the total white matter area of the spinal cord examined (AnalySIS software; Olympus). 
Blood vessel wall and luminal staining were also manually determined using the grid and 
excluded from the examined area. Per treatment group, 4 areas in the cervical and 
thoracic part of the spinal cord per section, 2 sections per animal in 4 representative rats 
per group were examined. 
 
Immunofluorescent double labeling on rat cr-EAE material 
 
For immunofluorescent double stainings, fresh frozen rat spinal cord and spleen sections 
were fixed with acetone (OX6 or CD3 and laminin) or 4% paraformaldehyde (Iba1 and TG2) 
for 20 min, washed in TBS, blocked in 5% milk in TBS with 0.5% Triton X-100 (TBS-T) and 
0.03% H2O2 and incubated with the first antibodies overnight at 4 °C. Rabbit polyclonal 
anti laminin (Cappel, MP Biomedicals, Illkirch, France, 1:250) and mouse monoclonal OX6 
(Serotec Ltd., 1:1,000) or mouse monoclonal CD3, a pan-marker for T cells (gift from Dept. 
Molecular Cell Biology and Immunology, VU Medical Center, Amsterdam, The Netherlands 
1:100) or mouse monoclonal anti TG2 (Ab2, Labvision, 1:1000) and a goat antibody to Iba1 
(Abcam Inc., Cambridge, MA, USA, 1:1000), a specific marker for microglia/monocytes 
[188], were used followed by appropriate fluorescent secondary antibodies to detect 
laminin or Iba-1 (Alexa fluor-488, Invitrogen, 1:400) and OX6, CD3 or TG2 (Alexa fluor-594, 
Invitrogen, 1:400) immunoreactivity. Sections were embedded in Vectashield mounting 
medium (Vector Laboratories) and examined on a Leica confocal laser scanning 
microscope (Leica). 
 
Semi-quantitative RT-PCR 
 
To determine the mRNA transcript levels in cr-EAE animals, spinal cord and spleen tissues 
were homogenized in Trizol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA was 
isolated and of 1 μg cDNA was synthesized using the Reverse Transcription System 
(Promega, Madison, WI, USA) with oligo-dT primers and AMV enzyme according to the 
manufacturer’s instructions. For semi-quantitative RT-PCR, the SYBR Green PCR Core 
reagents kit (Applied Biosystems, Foster City, CA, USA) was used. Amplification of cDNA 
was performed in MicroAmp Optical 96-well Reaction Plates (Applied Biosystems) on an 
ABI PRISM 7700 Sequence Detection System (Applied Biosystems). The reaction mixture 
(20 μl) was composed of 1× SYBR Green buffer, 3 mM MgCl2, 875 μM dNTP mix with dUTP, 
0.3 U AmpliTaq gold, 0.12 U Amperase UNG, 12.5 ng cDNA and 15 pmol of each primer 
(Supplementary materials: Table 1). The reaction conditions were an initial 2 min at 50 °C, 
followed by 10 min at 95 °C and 40 cycles of 15 s at 95 °C and 1 min at 59 °C. The mRNA 
expression levels were quantified relative to the level of the housekeeping gene 
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) using the following calculation: 
2−(Threshold cycle of target mRNA − Threshold cycle of GAPDH) x 100. 
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TG2 ELISA 
 
TG2 protein levels were measured in tissue homogenates using an enzyme-linked 
immunosorbent assay (ELISA) specific for TG2 as described previously [189]. Briefly, tissue 
samples were homogenized in ice-cold lysis buffer containing 50 mM Tris/HCl pH 7.5, 150 
mM NaCl, 1 mM EDTA, 1 mM DTT, 100 μM PMSF, 10 μg/ml leupeptin, 10 μg/ml pepstatin 
and 10 μg/ml aprotinin. Homogenates were cleared by centrifugation (14,000 rpm for 30 
min at 4 °C) and protein concentrations of supernatants were determined by the BCA 
method (Pierce Biotechnology, Perbio Science, Etten-Leur, NL). Of each sample, 10 g of 
protein was loaded in the assay. 
 
Cell isolation, tissue homogenization and TG activity assay 
 
cr-EAE animals were injected i.p. once daily, for 2 days (day 11–12 of disease), with 
KCC009 (40 mg/kg, Alvine Pharmaceuticals) in PBS/DMSO (1:1) or with vehicle (PBS/DMSO 
1:1) from initial clinical symptoms (day 11) onwards (n = 6 per group). Two hours after the 
second i.p. injection (day 12), animals were sacrificed and lymph nodes, spleen and half of 
the spinal cords were collected for TG activity measurements. Furthermore, the other 
halves of the spinal cords were used to perform immunofluorescent stainings for 
monocytes and T cells. Blood was collected for T-cell and monocyte isolation. Peripheral 
blood mononuclear cells (PBMCs) were isolated as the interphase on a Ficoll-Paque 
(Amersham Pharmacia Biotech, Uppsala, Sweden) gradient as described [190]. The 
population consisted of >90% viable monocytes (ED9-positive cells as determined by FACS 
analysis) and <10% lymphocytes. T cells were collected by means of negative selection by 
incubating PBMCs fractions (containing B and T cells) with Dynal beads coated with anti-
CD20 (OX-33) to remove B cells, resulting in a yield of about 1 × 106 T cells per rat. To 
measure TG activity in cell extracts and tissue homogenates, T cells, monocytes and tissue 
samples (spinal cord, spleen and cervical lymph nodes) were homogenized in ice-cold lysis 
buffer as used for TG2 ELISA. The activity was measured by using the TG Covtest TCMA 
(Transglutaminase Colorimetric Microassay; Covalab, Villeurbanne, France) following the 
manufacturer’s protocol [191]. Equal cell numbers of T cells and monocytes (1 × 106 cells) 
were used in the assay. 
 
Western blot 
 
Tissue samples or NR8383 cells (rat alveolar macrophages, ATCC), treated with cytokines 
(50 ng/ml IL-1β + 50 ng/ml IFNγ) for 48 h and subsequently treated for 1 h with vehicle or 
0.5 mM KCC009, were homogenized in ice-cold lysis buffer as used for TG2 ELISA. 

Of each sample, 10 μg of protein was subjected to 10% SDS–polyacrylamide gel 
electrophoresis (SDS–PAGE) and transferred to a polyvinylidene difluoride (PVDF) 
membrane (Invitrogen). Membranes were incubated with primary antibodies: rabbit anti 
MMP9 (Serotec Ltd., 1:2000), rabbit anti Integrin-β1 (Chemicon, Millipore, Amsterdam, 
The Netherlands, 1:1000), mouse anti TNFα (BD Biosciences Pharmingen, San Diego, CA, 
USA, 1:200), rabbit anti iNOS (Santa Cruz, 1:200) and mouse anti FXIIIa (Abcam, 1:250) 
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overnight. For subsequent antigen detection, blots were incubated for 2 h with 
corresponding goat anti-mouse or goat anti-rabbit Immunoglobulins/HRP (Dako, Glostrup, 
Denmark, 1:10,000). Bands were visualized using the enhanced chemiluminescence (ECL) 
detection system SuperSignal West Dura (Pierce Biotechnology) and a Chemidoc image 
capture system (Bio-Rad, Veenendaal, The Netherlands). The ignal intensity of the bands 
was semi-quantified using Quantity One software (Bio-Rad). 
 
Macrophage migration assay 
 
Macrophage migration across monolayers of brain endothelial cells (EC) was assayed as 
described before [192]. NR8383 cells (6 × 105 cells/well) were added to 96-well plates 
containing cytokine-stimulated (50 ng/ml IL-1β + 50 ng/ml IFNγ for 48 h) brain EC 
monolayers (GP8 cells). Macrophages or ECs were preincubated with 0.5 mM KCC009 or 
1% DMSO (vehicle) for 1 h before starting the migration assay. Macrophages were allowed 
to adhere and migrate for a 4 h period. To monitor macrophage migration, co-cultures 
were placed in an inverted phase-contrast microscope (Nikon Eclipse TE300) housed in a 
temperature-controlled (37 °C), 5% CO2 gassed chamber. A microscopic field (220 μm × 
220 μm) was randomly selected and recorded for 9 min at 50 times normal speed by using 
a color video 3CCD camera (Sony, with a CMAD2). Migrated macrophages (phase-dark) 
could be readily distinguished from those remaining on the cell surface by their highly 
refractive (phase-bright) morphology. The level of migration was calculated as the 
percentage of migrated macrophages of the total macrophages within the microscopic 
field. 
 
Cellular F-actin staining 
 
The effect of KCC009 on the cytoskeletal organization of macrophages was visualized by 
the detection of F-actin using rhodamine phalloidin as described previously [134]. In short, 
NR8383 cells were plated on fibronectin-coated 8-well chamber slides (Labtek, Nalgene 
Nunc International) and left o/n at 37 °C in the presence of 10% FCS. The following day, 
the cells were pre-incubated with 0.5 mM KCC009 or 1% DMSO (control) for 1 h and 
subsequently fixed for 15 min with 4% paraformaldehyde, permeabilized with 0.1% Triton 
X-100 (Sigma–Aldrich) in PBS, blocked with 10% FCS in PBS, and stained for 1 h with 
rhodamine phalloidin in PBS (Molecular Probes, Invitrogen, 1:300). Slides were washed 
and embedded with Vectashield mounting medium (Vector Laboratories). Images were 
taken using a Leica Confocal microscope. 
 
Rho activity assay 
 
To determine the effect of KCC009 on RhoA activity, 5 × 106 NR8383 cells were treated 
with IFNγ and IL-1β (50 ng/ml each) for 48 h followed by a 1 h incubation with 0.5 mM 
KCC009 or 1% DMSO at 37 °C. Thereafter, cells were lysed with lysis buffer (50 mM Tris, 
pH 7.6, 500 mM NaCl, 0.1% SDS, 0.5% deoxycholate (DOC), 1% Triton X-100, 10 mM MgCl2, 
100 μM PMSF, 10 μg/ml leupeptin, 10 μg/ml pepstatin and 10 μg/ml aprotinin). Of the 
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cleared lysates, 20 μl was stored to determine the total amount of RhoA (total cell lysate). 
Remaining protein lysates were incubated with 60 μg bacterially produced GST-RBD (Rho 
Binding Domain of Rhotekin) [193] and bound to glutathione-agarose beads (Sigma–
Aldrich). Beads were washed 4 times with lysis buffer, bound proteins were eluted in 30 μl 
SDS sample buffer and analyzed in parallel with 10 μl of the total cell lysate subjected to 
15% SDS PAGE gel electrophoresis. Following blotting of the gel onto a PVDF membrane, 
the active form of RhoA and total RhoA could be detected with a mouse monoclonal 
antibody (Santa Cruz Biotechnology, Inc., 1:250). 
 
Cell surface biotinylation and immunoprecipitation 
 
To determine TG2 expression on the cell surface, NR8383 cells were incubated with or 
without cytokines (IFNγ and IL-1β, 50 ng/ml each) for 48 h and subsequently treated for 
1 h with 0.5 mM KCC009 or vehicle. After washes with PBS to eliminate possible dead 
cells, cell surface proteins were biotinylated by incubating the macrophages for 30 min 
with 2 mg/ml Sulfo-NHS-LC-biotin (Pierce Biotechnology) in PBS at 4 °C. Subsequently, the 
cells were washed 3 times with 100 mM glycine in PBS (pH 8.0) and once with PBS at 4 °C 
and lysed in ice-cold lysis buffer as described for Western blot. Cell lysates were cleared by 
centrifugation (14,000 rpm for 30 min at 4 °C) and 100 μg of total cell protein was taken 
for each immunoprecipitation. Cell lysates were incubated with 50 μl 50% Neutravidin 
agarose beads (Pierce Biotechnology, pre-incubated for 30 min with TBS/10% BSA) for 1 h 
at RT. Beads were washed 3 times with lysis buffer and then with PBS. Beads were 
collected in 6× sample buffer containing 50 mM DTT and boiled for 10 min. Samples were 
centrifuged for 5 min at 12,000 rpm at 4 °C and levels of surface TG2 were detected using 
gel-electrophoresis and western blot as described above. A non-biotinylated cell sample 
was also run to ensure that the pulldown was specific only for cell surface biotinylated 
TG2 (Supplementary Fig. 3). 
 
Cell viability measurements 
 
The effect of KCC009 treatment on cell viability was determined by propidium iodide (PI) 
exclusion assay. Only PI that has been intercalated into DNA/RNA will result in an 
enhanced fluorescent signal indicative for cell death. NR8383 cells were plated in a 96-well 
plate (20,000 cells/well) and allowed to adhere for 24 h in serum-free medium. Medium 
was replaced with PBS containing 0.5 mM MgCl2, 1.2 mM CaCl2, 0.1% glucose, 40 μg/ml PI 
(Sigma) and 0.5 mM KCC009 in 0.2% DMSO or 0.2% DMSO only (vehicle). During an 
incubation period of 16 h at 37 °C, PI fluorescence was measured at 30 min intervals, using 
a Fluostar OPTIMA microplate reader with an excitation wavelength of 544 nm and an 
emission of 612 nm. The average slope/min was measured per 30 min interval and 
averaged to a slope/min per 24 h (F-average). After 24 h, 160 μM digitonin was added for 
20 min to permeabilize all cells and fluorescence measurements were performed to obtain 
a maximal fluorescent signal (Fmax). Percentage viability was calculated as 100 − (F-
average/Fmax) × 100. 
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Statistical analysis 
 
Where appropriate, data were analyzed by one-way or two-way ANOVA, followed by a t-
test for independent measurements (Fisher’s LSD test). For the area under the curve 
(AUC), a one-way ANOVA was performed followed by Tukey’s multiple comparison test. 
Error bars represent standard error of the mean (S.E.M.). P-values represent *p < 0.05; 
**p < 0.001; ***p < 0.0001. The statistical evaluation was carried out by using the NCSS 
2007 statistical program (NCSS, East Kaysville, Utah, USA). 
 
 
RESULTS 
 
TG immunoreactivity in human MS lesions 
 
The observed presence of TG2 immunoreactivity in endothelial cells (Fig. 1A and B) is in 
line with previous studies [194, 195]. However, only in active MS lesions, TG2 positive cells 
appeared within parenchymal tissue located near blood vessels (Fig. 1B (arrowheads)), but 
most often in the perivascular space (Fig. 1B and C (arrow in B)). Pre-adsorption of the 
anti-TG2 antibody with recombinant TG2 abolished in TG2 immunoreactivity in these cells 
(Fig. 1D), indicating the specificity of the staining. Quantification of the number of TG2 
positive cells in seventeen active MS lesion areas resulted in a mean of 5 TG2 positive cells 
per counted area (Fig. 1E). By co-localization studies, TG2 positive cells could largely be 
identified as MHC class II positive cells (Fig. 1F), which based on their rounded morphology 
and localization, likely reflected macrophages and not T cells (Fig. 1G). Although the 
number of B cells is rather limited in post-mortem MS tissue [16, 17] in comparison to 
macrophages, we cannot exclude TG2 being present in B cells. 

Additionally, TG1 and TG3 immunoreactivity were studied in active MS lesions 
and control subjects. In our hands, TG1 immunoreactivity was not observed in either 
control (Fig. 1H) or MS tissue (Fig. 1I), whereas this antibody has shown TG1 in 
neurofibrillary tangles in brain material from Alzheimer patients [196]. TG3 
immunoreactivity, like TG2, was located in blood vessels (Fig. 1J and K). Moreover, in 
white matter of control subjects (Fig. 1J) as well as in active MS lesions (Fig. 1K), TG3 
immunopositive cells were found. However, the location of these cells was not specifically 
associated with lesions and no clear difference was seen in the amount of TG3 positive 
cells between control and MS tissue. 

 
TG2 mRNA and protein levels are enhanced during chronic relapsing EAE in rats 
 
TG2 expression was determined in the spinal cord of rats at different stages of cr-EAE, a 
model for relapsing-remitting MS (Fig. 2A). Notably, during the course of cr-EAE, TG2 
mRNA and protein levels in the spinal cord increased to 2–3 times the levels present in 
control animals (Fig. 2B and C). The expression levels of some other members of the 
Transglutaminase family, including FXIIIa, TG1 and TG3 were low compared to TG2 and, 
more importantly, remained unaltered during the course of cr-EAE (Fig. 2B). 
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Figure 1. Expression of TG2, TG1 and TG3 in human active subcortical MS lesions compared to control 
subcortical white matter. (A) TG2 immunoreactivity is only present in blood vessels in subcortical white matter 
of a control subject. (B and C) TG2 immunoreactivity in perivascular space-located cells (arrow) and in tissue 
parenchyma (arrowhead) in MS lesions, which is almost absent (D) after pre-adsorption of the anti-TG2 
antiserum with guinea pig TG2. (E) Quantification of TG2 positive infiltrating cells in MS lesion areas. (F) TG2 
positive cells (red) can partly be identified as (G) MHC class II expressing cells (green) and thus likely represent 
infiltrated, activated monocytes (arrows in F). TG1 immunoreactivity is absent in subcortical white matter of (H) a 
control subject and in (I) an active MS lesion. TG3 immunoreactivity seems equally present in subcortical white 
matter of (J) a control subject and in (K) an active MS lesion. Scale bars indicate 50 μm in A–D and H–K, and 
25 μm in F and G. 
 
In IFA immunized (control) animals, TG2 immunoreactivity was observed in blood vessels 
only (Fig. 2D). In contrast, during the different stages of cr-EAE, TG2 immunoreactivity 
was, in addition to blood vessels, localized to perivascular cells in the rat spinal cord 
(Fig. 2D). Most of these TG2 immunoreactive cells were identified as Iba1 positive cells 
and morphologically appeared as amoeboid macrophages (Fig. 2E). 
 
TG2 activity contributes to the clinical symptoms of EAE 
 
To reveal that TG2 participates in the pathogenesis of EAE, TG2−/− mice and wild-type 
littermates were immunized with MOG35–55. The induction of EAE in TG2−/− mice resulted 
in a significantly reduced mean clinical score as compared to their wild-type littermates 
(Suppl. Fig. 1A). 

To determine whether pharmacological modulation of TG2 activity affects the 
disease process, cr-EAE rats were treated with KCC009, an irreversible inhibitor of TG2 
activity. Daily treatment of cr-EAE rats with KCC009 did not result in additional weight loss 
or gross anatomical abnormalities in the gut (data not shown). Reduction of TG2 activity 
from the onset of clinical symptoms (Fig. 3A, arrow 1) or later stages of ongoing disease 
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(Fig. 3A, arrows 2 and 3) caused an immediate and marked attenuation in clinical deficits. 
Importantly, the administration of KCC009 from the first peak of clinical symptoms 
onwards (Fig. 3A, arrow 2) prevented relapsing disease. Of interest to note is that 
reduction of TG2 activity from early symptoms onwards did not alter TG2 protein levels at 
day 28 in spinal cord or liver (Fig. 3B), but it clearly reduced TG activity in the spinal cord, 
leaving TG activity in liver unaffected (Fig. 3C). 
 

Figure 2. Enhanced TG2 expression in rat spinal cord during cr-EAE compared to IFA immunized control rats. (A) 
Clinical course of cr-EAE compared to IFA immunized rats. (B) mRNA levels of TG isoforms TG2, FXIIIa, TG1 and 
TG3 were measured with quantitative PCR and (C) TG2 protein levels measured with ELISA in the spinal cord 
during the different clinical phases of cr-EAE compared to IFA immunized rats. * p< 0.05 vs. IFA control. (D) TG2 
immunoreactivity in the cervical spinal cord during phase 1 (d12), remission (d17) and relapse phase (d22) of cr-
EAE compared to IFA control rats (IFA). (E and F) Immunofluorescent double labeling of Iba1 positive 
macrophages and TG2 positive cells in the spinal cord of cr-EAE animals during the relapse; bv = blood vessel. 
Scale bars indicate 100 μm in D, 25 μm in E (upper panels) and 10 μm in E (lower panel). 
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Figure 3: Beneficial effect of KCC009 treatment on clinical outcome of cr-EAE and effects on cellular TG activity. 
(A) Clinical scores of cr-EAE rats, treated i.p. daily with vehicle or KCC009 from first clinical signs onwards (day 11, 
arrow 1), from peak symptoms onwards (day 13, arrow 2) or remission onwards (day 17, arrow 3). To determine 
the effect of KCC009 treatment versus vehicle-treated animals, the area under the curve (AUC) was calculated 
from treatment at 1: first peak (day 11), 2: relapse (day 13) and 3: remission (day 17) and statistically compared 

2

TISSUE TRANSGLUTAMINASE CONTRIBUTES TO EXPERIMENTAL MULTIPLE SCLEROSIS 
PATHOGENESIS AND CLINICAL OUTCOME BY PROMOTING MACROPHAGE MIGRATION

 41



 

to the vehicle-treated animals from the same time-point onwards, i.e. day 11, day 13 or day 17, respectively. 
Data represent mean ± S.E.M, ** p< 0.01, ***p< 0.001 (B) TG2 protein levels measured using a TG2 ELISA and (C) 
TG2 activity levels measured using the TG Covtest in spinal cord and spleen. Cr-EAE rats were treated with 
vehicle or KCC009 daily starting from day 11 onwards and animals were sacrificed on day 28. Data represent 
mean + S.E.M., * p< 0.05. (D) Fluorescent double labeling of MHC class-II positive cells (red) and laminin (green) 
in the cervical part of the rat spinal cord of cr-EAE rats treated with vehicle from day 11 onwards or with KCC009 
from day 11, day 13 or day 17 onwards. Animals were sacrificed on day 28. (E) Representative images of MHCII 
staining in the cervical spinal cord of a vehicle and KCC009 treated cr-EAE rat from d11 onwards and sacrificed at 
day 28. (F) Quantification of the spinal cord area containing MHC class-II positive cells in four representative 
animals from vehicle-treated and from KCC009-treated cr-EAE rats from day 11, day 13 or day 17 onwards and 
sacrificed on day 28. Data represent mean % compared to vehicle-treated rats + S.E.M., *p< 0.05. 
(G) Representative ED1 staining in the cervical spinal cord of a vehicle and KCC009-treated cr-EAE rat from d11 
onwards and sacrificed on day 28. (H) Fluorescent double labeling of MHC class-II positive cells (red) and laminin 
(green) in the spleen of cr-EAE rats after treatment with vehicle or KCC009 from day 11 onwards and sacrificed 
on day 28. (I) Representative images of immunohistochemical staining of CD3 positive T cells in the cervical part 
of the rat spinal cord of cr-EAE rats treated with vehicle from day 11 or with KCC009 from day 11, day 13 or day 
17 onwards. Animals were sacrificed at day 28. (J) Quantification of the spinal cord area containing CD3 positive 
cells in four representative animals from vehicle-treated and from KCC009-treated cr-EAE rats from day 11, day 
13 and day 17 onwards and sacrificed at day 28. Data represent mean % compared to vehicle-treated rats 
+ S.E.M. Scale bars indicate 25 μm in D, G, H and I and 200 μm in E.  
 
Pharmacological modulation of TG2 activity using the reversible inhibitors cystamine or 
monodansylcadaverine (MDC) in cr-EAE rats or EAE mice, respectively, showed a reduction 
in clinical symptoms compared to vehicle-treated animals (Suppl. Figs. 2A and 1B). 
Moreover, less MHC II positive cells (Suppl. Fig. 2B) and a decrease in loss of MBP staining 
(Suppl. Fig. 2C) were observed in cystamine-treated cr-EAE rats. 
 
KCC009 reduces MHCII positive cells in the spinal cord during cr-EAE 
 
Post-mortem tissue of cr-EAE rats (obtained at day 28), which had been treated with 
KCC009 or vehicle from different time-points during disease onwards, was studied. In the 
spinal cord of vehicle-treated cr-EAE rats, MHC class II positive cells were detected in the 
perivascular space and surrounding blood vessels (Fig. 3D, vehicle). After the treatment of 
cr-EAE rats with KCC009 from the first clinical signs (day 11) onwards, most cells were 
present in the blood vessel lumen (Fig. 3D, d11). In cr-EAE rats treated with KCC009 from 
the first peak of clinical symptoms (day 13) onwards, numerous MHCII positive cells were 
present in the perivascular space (Fig. 3D, d13). Finally, in cr-EAE rats treated with KCC009 
from remission (day 17) onwards, most cells were detected within the perivascular space, 
and to some extent surrounding the blood vessels (Fig. 3D, d17). Overall, we observed a 
reduction in MCH class II (Fig. 3E) as well as CD68 (Fig. 3G) positive cells in KCC009-treated 
versus vehicle-treated rats present in the spinal cord. Subsequent quantification 
confirmed a significant reduction in the spinal cord area containing MHC class-II positive 
cells in cr-EAE rats treated with KCC009 from day 11, day 13 and day 17 onwards versus 
vehicle-treated cr-EAE rats (Fig. 3F). Interestingly, in contrast to the observations in the 
spinal cord, MHC class II positive cells did not accumulate within blood vessels in the 
spleen of KCC009-treated cr-EAE rats but had a similar localization as in vehicle-treated cr-
EAE rats (Fig. 3H). 
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KCC009 does not alter T-cell infiltration into the CNS 
 
To determine if the reduction of TG2 activity selectively affected the infiltration of 
macrophages, we evaluated the infiltration of T cells upon KCC009 treatment. In both 
vehicle- and KCC009-treated cr-EAE rats, T-cell infiltrates are present in the perivascular 
space and around blood vessels in the spinal cord (Fig. 3I). Quantification of the spinal 
cord area containing CD3 positive T cells in KCC009-treated (starting at day 11, day 13 and 
day 17, respectively) versus vehicle-treated cr-EAE rats showed no significant alteration in 
the number of infiltrated T cells (Fig. 3J). 
 

 
Figure 4: Short-term KCC009 treatment effect on TG activity and cell infiltration. (A) TG activity in the rat spinal 
cord, spleen and cervical lymph nodes of cr-EAE rats treated with KCC009 or vehicle from day 11 onwards and 
sacrificed at day 12. Data represent mean + S.E.M. *p< 0.01. (B) TG activity in blood-derived monocytes and 
T cells (collected at day 12 and treated with KCC009 from day 11). Data represent mean + S.E.M., *p< 0.01, nd = 
not detectable. (C) Effect of KCC009 treatment on the level of active FXIII = FXIIIa measured using western blot. 
Bands were quantified and corrected for β-actin. (D) Immunofluorescent staining for MHC class II positive cells 
(OX6) and (E) CD3 positive T cells together with laminin (to stain the basal lamina) after treatment of cr-EAE rats 
with vehicle or KCC009. Scale bars indicate 35 μm (D) and 20 μm (E). 
 
Effect of short-term KCC009 treatment on monocyte infiltration 
 
To study the effect of short-term KCC009 treatment on TG2 activity and cellular 
infiltration, cr-EAE rats were treated i.p. twice with KCC009, once on day 11 and once on 
day 12 of cr-EAE and sacrificed within 4 h after the i.p. injection on day 12. KCC009 
treatment of cr-EAE rats selectively reduced TG activity in the spinal cord, but not in the 
spleen or cervical lymph nodes of cr-EAE rats (Fig. 4A). Moreover, monocytes isolated 
from cr-EAE rats showed reduced TG activity after KCC009 treatment of the animals, 
whereas TG activity was not detectable in isolated T-lymphocytes (Fig. 4B). However, 
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KCC009 treatment did not alter the expression level of active FXIIIa, which is structurally 
related to TG2, in primary isolated monocytes from the blood (Fig. 4C). Additionally, short-
term TG2 activity reduction resulted in less infiltrating macrophages (Fig. 4D), but did not 
affect T-cell infiltration in the spinal cord of cr-EAE rats (Fig. 4E), similar to the 
observations after longer TG2 activity reduction as described in Section 3.5. 
 
TG2 activity reduction affects mRNA and protein levels of specific inflammation-related 
mediators in the CNS, but not in the spleen of cr-EAE rats 
 
During cr-EAE, expression of various (inflammatory) genes involved in the pathological 
process were altered (Olsson, 1995). We determined whether the pharmacological 
reduction of TG2 activity affected gene expression levels in the CNS and spleen of cr-EAE 
rats. In the spinal cord of cr-EAE animals, treated with KCC009 from the initial clinical 
symptoms (day 11) onwards, significantly increased the mRNA levels of the integrins β1 
and β3 by 25% and 31%, respectively, and reduced the expression of iNOS and TNFα by 
80% and 46%, respectively (Fig. 5A). Expression levels of other inflammation-related genes 
remained unaltered. In the spleen of these animals, however, the expression levels of all 
relevant measured genes remained unaffected compared to vehicle-treated cr-EAE rats 
(Fig. 5B). 

Lymphocyte adhesion to high endothelium is mediated by two β1 integrin 
receptors for fibronectin, α4β1 and α5β1 [197]. As β1-integrins are crucial to monocyte 
adhesion, its protein expression was studied and found to be increased by approximately 
44% in the spinal cord of cr-EAE animals treated with KCC009 from initial clinical 
symptoms 9 (day 11) onwards as compared to vehicle-treated animals (Fig. 5C). 
Furthermore, the level of active MMP9, involved in macrophage migration, was reduced 
by 50% in the spinal cord of KCC009-treated cr-EAE animals, whereas full length MMP9 
(pro-enzyme) protein levels remained unaffected (Fig. 5C). Since iNOS and TNFα are 
implicated in demyelination [166], their protein expression levels were determined and 
found to be decreased by 63% and 56%, respectively in KCC009-treated cr-EAE rats (Fig. 
5D). 
 
TG2 activity reduction alters the myelin status in cr-EAE rats 
 
Luxol Fast Blue (LFB) staining on spinal cord material of cr-EAE rats sacrificed at day 28 
showed that in vehicle-treated cr-EAE rats LFB staining was decreased surrounding blood 
vessels were infiltrates were present, indicating loss of myelin in the spinal cord. However, 
this decrease in LFB staining was largely prevented when cr-EAE rats were treated with 
KCC009 from day 11 onwards (Fig. 5E). Moreover, expression levels of the oligodendrocyte 
marker galactosylceramidase (GalC) and myelin oligodendrocyte glycoprotein (MOG) were 
increased by 20% and 40%, respectively (Fig. 5A) in KCC009-treated cr-EAE rats. 
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Figure 5: The effect of TG2 
inhibition on mRNA 
expression levels of various 
genes involved in cr-EAE in 
rat spinal cord and spleen 
and demyelination in the rat 
spinal cord. (A) mRNA 
expression levels of CD68, 
various cytokines and genes 
involved in cell adhesion and 
migration related processes 
in the rat spinal cord, and (B) 
in the rat spleen, of cr-EAE 
rats after treatment with 
KCC009 or vehicle from day 
11 onwards and sacrificed on 
day 28. Data represent mean 
+ S.E.M., *p< 0.01. 
(C) Protein expression of 
total MMP9 and the active 
form of MMP9 and (D) 

protein expression of iNOS and TNFα in the spinal cord of vehicle and KCC009-treated rats started on day 11 
after immunization onwards. Animals were sacrificed at day 28. Bands represent pooled protein from 6 animals 
per group. Semi-quantitative data represent % expression compared to vehicle-treated cr-EAE rats and are 
corrected for β-actin. (E) Demyelination was determined by LFB staining in the rat spinal cord of cr-EAE rats after 
treatment with vehicle or KCC009. Representative spinal cord sections are shown. Scale bars indicate 70 μm. 
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TG2 modulates macrophage migration through cytoskeletal rearrangements 
 
To study which Transglutaminase family members were expressed in NR8383 cells, mRNA 
levels of TG2, FXIIIa, TG1 and TG3 were measured in KCC009-treated control and cytokine-
stimulated cells. TG2 was expressed in NR8383 cells and increased upon cytokine 
treatment. FXIIIa and TG1 mRNA were detectable but at lower levels than TG2 and 
unaltered upon cytokine treatment. TG3, however, was not detectable in NR8383 cells 
(Fig. 6A). To study the levels of TG2 on the surface of macrophages, a biotin 
immunoprecipitation assay was performed. Upon cytokine treatment, TG2 expression on 
the surface of macrophages was clearly increased (Fig. 6A, lane 3; Suppl. Fig. 3). No effect 
of KCC009 treatment on the surface protein level was detected (Fig. 6A, lane 4; 
Suppl. Fig 3). Of note, treatment of macrophages with KCC009 did not affect cell viability 
(Fig. 6B). 

To further explore the mechanism of KCC009 action in migration processes, we 
performed in vitro experiments using NR8383 cells that migrate through monolayers of 
brain endothelial cells (GP8 cells). Treatment of NR8383 cells with KCC009 to inhibit TG2 
activity resulted in a marked reduction (75%) in transendothelial migration of KCC009-
treated cells (Fig. 6C). In contrast, no effect on NR8383 cell migration was detected upon 
treatment of brain endothelial cells with KCC009 to inhibit TG2 activity (Fig. 6C). An 
additional observation was that KCC009 treatment attenuated the motility of NR8383 cells 
(Suppl. Videos 1A and B), suggestive for cytoskeletal rearrangements within the cells. 
Cellular staining for F-actin, using rhodamine phalloidin, showed a clear difference in the 
appearance of cellular extensions between vehicle-treated and KCC009-treated cells. 
Whereas cellular ramifications were extensively present in vehicle-treated cells, in 
KCC009-treated cells these ramifications were retracted (Fig. 6D). Furthermore, KCC009 
treatment attenuated the level of active, GTP-bound RhoA in macrophages (79%) whereas 
the total RhoA level remained unaffected (Fig. 6E). 
 
 
DISCUSSION 
 
The present study demonstrates an important role for the enzyme TG2 and its activity in 
various models of experimental MS contributing to the appearance of clinical symptoms, 
enhanced macrophage migration and demyelination. Subsequent modulation of TG2 
activity is therapeutically effective and acts by reducing macrophage infiltration into the 
spinal cord but not in the spleen, illustrating the potential of TG2 as a novel and more 
selective target for MS therapy. 

This is the first time that TG2 is shown to be present in MHCII positive cells in 
active MS lesions and, a quite extensive appearance of amoeboid shaped TG2 positive 
Iba1 positive cells in lesions induced in cr-EAE rats. Other relevant TG isoforms, previously 
observed within the CNS [171] were either absent (TG1) or not differently expressed (TG3) 
in active human MS lesions compared to control subcortical white matter. Furthermore, 
there was no alteration in mRNA levels of TG1, TG3 and FXIIIa in cr-EAE rats compared to 
control rats. We therefore consider TG2 to be the most likely iso-enzyme to play a role in 
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the disease process of MS and cr-EAE. Indeed, the deletion of TG2 in mice reduced early 
clinical symptoms in MOG peptide-induced EAE supporting a role for TG2 in the 
pathogenesis of EAE as was also shown in an adoptive transfer EAE model [198]. 
Previously, we already showed that astrocytes are a source of TG2, most prominent in the 
rim of chronic active lesions when it comes to glial scar formation at a more distant site of 
the blood vessels [199]. Based on our present observations, we consider that in and 
around vascular cell infiltrates, macrophages, and not T cells, are the major source of TG2, 
although we cannot fully exclude that other infiltrating cell-types contribute as well. 
 

 
Figure 6: TG2 in macrophages in vitro. (A) mRNA expression levels of TG isoforms TG2, FXIIIa, TG1 and TG3 in 
macrophages and (insert) TG2 protein expression on the surface of macrophages that were treated with 
(1) vehicle, (2) KCC009, (3) IFNγ + IL-1β + vehicle or (4) IFNγ + IL-1β + KCC009. Data represent mean (n = 6) + 
S.E.M., *p< 0.01 compared to vehicle-treated control, nd = not detectable. (B) Cell viability of macrophages after 
treatment with KCC009 measured using the propidium Iodide exclusion assay. Data are expressed as mean + 
S.E.M. (n = 4). (C) Macrophage migration across confluent monolayers of brain ECs. Data represent mean (n = 4 
wells) + S.E.M., **p< 0.001. (D) Cytoskeletal rearrangements of macrophages visualized with rhodamine 
phalloidin staining. Scale bars represent 15 μm. (E) Representative western blot illustrating RhoA GTPase activity 
in macrophages. Western blot quantification represents mean of 5 different active RhoA isolation experiments + 
S.E.M., *p< 0.01. 
 
To determine the possible therapeutic potential of TG2 as a target, we aimed at 
pharmacologically modulating TG2 activity using three independent TG2 activity inhibitors. 
Cr-EAE rats were treated with KCC009, an irreversible inhibitor of TG2 activity [181]. We 
observed that the reduction of TG2 activity from different phases of cr-EAE onwards 
resulted in an immediate and dramatic reduction in clinical scores, indicating that 
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attenuation of TG2 activity has therapeutic potential. This notion is supported by a similar 
clinical improvement observed after i.p. treatment of cr-EAE rats with cystamine which is 
a competitive substrate for TG [200]. Furthermore, the clinical relevance of TG2 in EAE 
was substantiated across species by the observation that MDC, another competitive 
substrate for TG [154], also reduced clinical symptoms of EAE in mice. However, our data 
indicate that KCC009 given daily more effectively attenuates clinical symptoms of cr-EAE 
compared to cystamine or MDC treatment. Although we cannot exclude that 
pharmacokinetic characteristics of KCC009 favor its potent effect, it is more likely to be 
due to its pharmacodynamics, i.e., KCC009 is an irreversible inhibitor of TG2 activity, 
whereas cystamine and MDC are both competitive substrates for TG [201]. These inhibitor 
studies demonstrated that modulating TG2 activity is clearly effective in reducing 
experimental MS. We can, however, not conclude whether the observed effects are 
mediated solely via reduction of Ca2+-dependent cross-linking activity of TG2 or via 
reduction of Ca2+-independent TG2 mechanisms of action, e.g., co-receptor for β-
integrins (reviewed in [93]). Moreover, even additional effects of the TG inhibitors, 
besides inhibiting TG2, cannot be fully excluded as a mechanism of action and are subject 
to research. The development of more, selective TG2 inhibitors that can be used in vivo is 
therefore of utmost importance. 

It is of interest to note that β1- and β3-integrin expression in the spinal cord is 
enhanced when animals were treated with KCC009. Whether this is mechanistically due to 
a compensatory mechanism by which less TG2 activity is compensated by enhanced β-
integrin expression remains to be established. It may, however, explain our 
neuropathological observations in the spinal cord of cr-EAE rats treated with KCC009 in 
which macrophages accumulate within the lumen of blood vessels and in the perivascular 
space with fewer cells migrating into the CNS parenchyma compared to vehicle-treated cr-
EAE rats. Moreover, the observed reduced level of active MMP9, important for cell 
migration [165], found in the spinal cord of KCC009-treated cr-EAE rats further 
substantiates the role of TG2 in macrophage migration. However, no difference in 
macrophage localization within the spleen of vehicle- versus KCC009-treated cr-EAE rats 
was observed. Moreover, KCC009 treatment of cr-EAE rats selectively reduced TG activity 
in the spinal cord and not in cervical lymph nodes or spleen although recruitment of 
activated macrophages to these organs has been observed in EAE and MS [202]. This may 
be due to enhanced TG2 activity in the spinal cord produced by TG2 producing 
macrophages present locally during EAE, whereas in the lymph nodes and spleen little 
activity is present under these conditions, and not affected by the treatment. 

It is worth noting that FXIIIa, which is present in monocytes and is structurally 
related to TG2 [126], remained low and unaltered during cr-EAE and in macrophages in 
vitro. Furthermore, in vivo KCC009 treatment affected FXIIIa expression neither in 
monocytes derived from cr-EAE animals nor in NR8383 cells treated with KCC009 in vitro. 
These data favor that TG2 activity, and not FXIIIa, is involved in macrophage migration 
during MS or cr-EAE. This conclusion is strengthened by the absence of bleeding in our 
animals treated long-term with KCC009, which would be expected if chronic inhibition of 
the activity of the coagulation factor FXIIIa by KCC009 played a significant role in the effect 
of the compound. 
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Another aspect of interest is that TG activity in T cells of cr-EAE rats is undetectable and no 
effect on T-cell migration into the spinal cord was observed after KCC009 treatment. This 
was unexpected as MS and EAE are classically considered as T-cell mediated diseases [203, 
204]. It has been shown that TG2 is involved in T-cell mediated responses, e.g. altered 
cytokine expression [198, 205]. The present study demonstrates that TG2 protein and 
activity in activated macrophages, and not in T cells, is a key element in regulating 
macrophage migration into the CNS, thereby determining the clinical outcome of cr-EAE in 
rats. We can however not exclude that T cells or B cells present in lesions, alter their 
response due to TG2 produced by macrophages. 

Our in vitro study demonstrated that reduction of TG2 activity by KCC009 in 
NR8383 cells, and not in brain endothelial cells, attenuates profoundly the 
transendothelial migration. Although TG2 seemed the most prominent TG produced by 
NR8383 macrophages, we cannot fully exclude a role for other TGs in these cells. Still, the 
influence of KCC009 treatment on macrophage migration in vitro supports our in vivo 
observation of a dramatically reduced migration of macrophages into the CNS in KCC009-
treated cr-EAE rats. Thus, the observed in vitro effects are in agreement with our in vivo 
data, indicating that TG2 activity facilitates macrophages to pass the brain endothelium 
and probably stimulates migration into the tissue parenchyma by activating the 
extracellular matrix protein MMP9. While studying the effects of the reduction of TG2 
activity on macrophage migration, we observed that KCC009 treatment attenuated the 
motility of macrophages. This observation suggests that the reduction of TG2 activity 
influences the cytoskeletal flexibility of macrophages. To better understand the down-
stream mechanism(s) underlying this remarkable effect of KCC009, we examined 
polymerization of the cytoskeletal protein F-actin in KCC009-treated macrophages in vitro. 
It has been shown that macrophage migration over the blood-brain barrier requires a 
coordinated remodeling of the actin cytoskeleton [206]. We observed a clear reduction in 
F-actin containing cellular extensions of macrophages after treatment with KCC009, which 
is indicative of reduced cytoskeletal rearrangements in macrophages[134]. This effect may 
be due to reduced RhoA GTPase activity. Indeed, reduced RhoA activity was measured in 
macrophages upon KCC009 treatment, while leaving total RhoA levels unaffected. Since it 
is known that activation of RhoA is required for transendothelial migration of 
macrophages [207], and TG2 can activate RhoA GTPase [175], we suggest that TG2 
activates RhoA resulting in cytoskeletal rearrangements essential for macrophage 
migration. 
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Figure 7: Schematic model representing a summary 
of the data obtained in the present study. During 
MS/EAE, inflammatory mediators (e.g., IL-1β, IFNγ, IL-
4) induce TG2 production and activity in circulating 
monocytes/macrophages (purple icons). Upon 
activation, TG2 is involved in cytoskeletal remodeling 
and migration processes, leading to the passage of the 
brain endothelium and glia limitans (blue icons) by 
these cells into the CNS. Locally these macrophages 
contribute to demyelination by e.g., production of 
TNFα and nitric oxide. Inhibition of TG2 activity can 
contribute to less migration of monocytes/ 
macrophages into the CNS and ultimately less axonal 
demyelination. (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
web version of this article.) 
 
 
 

Of particular therapeutic interest is our observation that KCC009 treatment did not affect 
relevant cytokine or chemokine molecule expression levels in the spleen of cr-EAE rats. 
These findings indicate that, in contrast to other MS drugs currently used in patients (e.g., 
beta-interferon, natalizumab) [168, 169, 208], KCC009 leaves these immune-relevant 
responses intact likely resulting in fewer side effects. However, at the site of action within 
the CNS, in particular, the mRNA levels of iNOS and TNFα were reduced after treatment 
with KCC009. This observation is in line with observations in TG2-/- mice subjected to 
adoptive transfer EAE [198]. This suggests that infiltrated, activated macrophages 
contribute significantly to the local enhanced expression of iNOS and TNFα, whereas 
resident (glial) cells within the CNS are important producers of the other measured factors 
as shown previously by others in animals models for MS [209, 210]. Furthermore, the 
extent of demyelination in lesions around blood vessels was reduced after treatment of 
cr-EAE rats with KCC009 or with cystamine as shown by LFB or MBP staining, respectively. 
In fact, increased mRNA expression levels of GalC and MOG were found in KCC009-treated 
cr-EAE rats, suggestive of enhanced (re)myelination. It has previously been shown that 
TNFα and excess NO, produced by iNOS, in infiltrating macrophages and microglia 
contribute to myelin damage and subsequent impaired axonal conductivity [166, 209, 
210]. Thus, the beneficial effect of reducing TG2 activity on myelination in cr-EAE rats may 
be due to the reduced presence of activated macrophages within the CNS and subsequent 
less production of iNOS and TNFα. 

Overall, we conclude that the enzyme TG2 is an important new player in the 
pathogenesis of MS. Pharmacological modulation of TG2 activity results in clinical 
improvement together with selective blockade of macrophage migration into the CNS, less 
production of iNOS and TNFα, and diminished demyelination (see Fig. 7). These results 
provide a rationale for a therapeutic strategy that specifically targets TG2 activity, which 
might have potentially fewer side effects, i.e. disturbance of the peripheral cytokine 
response. 
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SUPPLEMENT 
 
Online Resource Table 1: Oligonucleotide primers used for amplification of cDNAs1 

rat cDNA Sequence forward 5’ to 3’ Sequence reverse 5’ to 3’ 
GAPDH TCAAGGGCATCCTGGGCTAC CGTCAAGGTGGAGGAGTGG 
CD68 CTCATCATTGGCCTGGTCCT GTTGATTGTCGTCGTCTGCGGG 
iNOS AACTTGAGTGAGGAGCAGGTTGA CGCACCGAAGATATCCTCATGA 
TNFa CCACACCGTCAGCCGATT TCCTTAGGGCAAGGGCTCTT 
TG1 ACCAGCAGTGGCATCTTC  AATGAAAGGTGTGTCATACTTC 
TG2 AGAGGAGCGGCAGGAGTATG AGGATCCCATCTTCAAACTGC 
TG3 GAAGTCAAGGTGTGTTCC AGATGAAGATCATGTCGAAG 
FXIIIa TCACTGCACGCATCAACGAGAC TGCCTCGGACCTTGATGGTGAC 
IL-1a AGACAAGCCTGTGTG2CTGAAG CAGAAGAAAATGAGGTCGGTCTC 
IL-1b AAAGAAGAAGATGGAAAAGCGGTT GGAACTGTGCAGACTCAAACTC 
IFNg GTGTCATCGAATCGCACCTG TCCCTGTTTTAGCTGCTGGC 
IL-4 ACGTGATGTACCTCCGTGCTT TCCCTCGTAGGATGCTTTTTAG 
IL-10 AAAGCAAGGCAGTGGAGCAG TCAAACTCATTCATGGCCTTGT 
MMP9 TGTATGGTCGTGGCTCTAAAC GTGGGACACATAGTGGGAG 
α5-integrin TGTATCCTGCATCAACCTTAG TCCAGTTGGAGTTCCACC 
β1-integrin GAATGTAGCACAGATGAAGTG CACACTCTCCATTGTTACTG 
β3-integrin AGAACTGACGGATACTGG GAGTCTTCATAGTACTGGAATC 
CCL2 ACGTGCTGTCTCAGCCAGATG GACTCATTGGGATCATCTTGCC 
CXCR3 GCCATGTACCTTGAGGTC CCATAATCGTAGGGAGATG 
GalC ACGTTGAGTACCCATTATTTAG TGCTCAAGGTCTTCGTTATTC 
MOG GCAGAAGTCGAGAATCTC AACAGGGACAATAACAAAC 
1Primers were designed using the Primer Express program (Applied Biosystems) and purchased from Eurogentec 
(Seraing, Belgium) 
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Supplementary 
Figure 1: Clinical 
scores of mouse 
EAE. (A) MOG35–55-
induced EAE in 
TG2−/− and TG2+/+ 
mice resulted in an 
incidence of disease 
of 50% and 60%, 
respectively. The 
area under the 

curve (AUC) of the mean clinical scores was calculated from each group from the start till the end of the 
experiment and statistically compared. (B) PLP139–151-induced EAE in mice treated i.p. with the TG inhibitor MDC 
or vehicle once on day 10. The area under the curve (AUC) of the mean clinical scores was calculated from each 
group from the start of treatment (day 10) onwards and statistically compared. Data represent 
mean + S.E.M. *P < 0.05. 
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Supplementary Figure 2: 
Clinical scores of cr-EAE in 
rats and TG activity levels in 
the rat spinal cord after 
treatment with cystamine. 
(A) Clinical scores of cr-EAE 
after daily i.p. treatment with 
cystamine or vehicle started 
from first clinical symptoms 
onwards. The area under the 
curve (AUC) was calculated 
from the mean clinical score 
of each group from the start 
of treatment (day 9) onwards 
and statistically compared. 
Data represent mean ± S.E.M. 
P < 0.05. (B) Representative 
images of MHC class II (Ox-6) 
staining in the cervical spinal 
cord of a vehicle- and a 
cystamine-treated cr-EAE rat 
started at d9 onwards and 
sacrificed at d16. (C) MBP 
staining on the spinal cord on 
a vehicle and cystamine-
treated cr-EAE rat started at 
d9 onwards and sacrificed at 
d25. Box and arrowhead 
show demyelinated areas in 
vehicle-treated cr-EAE rat. 
Boxes in vehicle- and 
cystamine-treated rats are 
further magnified in the 
lower panels. Scale bars 
represent 50 μm (B), 500 μm 
(C, upper panels) and 100 μm 
(C, lower panels). 

 
 
Supplementary Figure 3: TG2 protein expression on 
the surface of NR8383 macrophages that were 
treated with (1) vehicle, (2) KCC009, (3) IFNγ+IL-1β + 
vehicle or (4) IFNγ+IL-1β + KCC009. A non-
biotinylated cell sample (-biotin IP) was run aside a 
biotinylated cell sample (+biotin IP) to ensure that 
the pulldown was specific only for cell surface 
biotinylated TG2. 
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