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Abstract: The strong link between coagulation and inflammation has recently been investigated in
multiple sclerosis (MS) in the light of coagulant serine proteases as pro-inflammatory mediators in
MS animal models. Our work attempted to enlighten the role of IgG antibodies against the coagu-
lant proteases and characterize their effects in MS pathology. Serum samples from 15 seropositive
MS patients for IgG against factor(F)VIla, thrombin, prothrombin, FXa, FXII, plasmin, and protein
C were subjected to antibody purification, followed by in vitro stimulation of human astrocytes.
Samples from 14 healthy controls and eight negative MS patients for antibodies were also subjected
to the same procedure as negative controls. The expression levels of the thrombin-activated receptor
(PAR-1) and activated pro-inflammatory ERK1/2 kinases were analyzed by immunoblot to evaluate
intracellular pathways triggered by these antibodies. PAR-1 and ERK1/2 were upregulated up to
four-fold and 2.5-fold, respectively, after stimulation with anti-thrombin IgG fraction or fractions
with multiple antibodies, compared to untreated cells. Conversely, no substantial alteration was
observed when samples from negative patients for IgG and controls were applied. Thus, IgG against
coagulation components might be pro-inflammatory molecules useful for prognosis, monitoring,
and developing new therapeutic approaches for MS.

Keywords: multiple sclerosis; inflammation; coagulation; antibodies; inflammatory signaling path-
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1. Introduction

Multiple sclerosis (MS) is a chronic, autoimmune inflammatory disease in nature,
affecting the white and gray matter of the central nervous system (CNS) and presenting
multifocal plaques as a result of inflammation caused by localized and infiltrated reactive
immune cells. The myelin sheath surrounding nerve axons is destroyed, interrupting im-
pulse transmission or causing neuronal axon loss [1,2]. Pro-inflammatory molecules se-
creted by immune cells in the CNS further promote the neurodegenerative phenotype [3].

Although the etiopathogenesis of MS is still elusive, increasing evidence points to
insufficient regulation of the coagulation-inflammation circuit, which can cause pro-
longed activation of clotting factors, contributing to chronic activated lesions and an in-
flammatory milieu in the CNS [4]. Comprehensive studies revealed higher levels of coag-
ulant factor (F)Xa and thrombin expression in patients with RRMS, promoting the secre-
tion of IL-6, IL-8, and C-C motif chemokine ligand 2 (CCL2) and CCL3 [5,6]. Activated
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FXIla and FXIIIa have also been evident in MS cases, especially in RRMS and SPMS pa-
tients [7], modulating the structure of monocytes, remodeling their cytoskeleton, and fur-
ther enhancing the phagocytosis process. Simultaneously, elevated FXIla expression lev-
els have been associated with a high risk of relapse [8].

Interestingly, fibrin(ogen) deposition was detected in acute CNS plaques and co-lo-
calized with active astrocytes, microglia, invasive macrophages, and T cells in reactive MS
lesions [9]. Fibrin(ogen) deposits frequently appear in the deepest cortical layers, V and
VI, contributing to neurodegeneration and axonal loss [10]. Recently, much attention has
been paid to characterizing the role of thrombin and fibrin(ogen), considering their accu-
mulation in the brain parenchyma of MS animal models prior to neurological manifesta-
tions [11]. They appear to attract and regulate the microglia’s mobility in areas where the
myelin sheath will eventually be destroyed, while they stimulate pro-inflammatory me-
diator expression, enhancing inflammation further [11,12].

Recent studies in diseases with overlapping clinical symptoms with MS, such as an-
tiphospholipid syndrome (APS), have shown that the presence of IgG antibodies against
coagulation components can interfere with anticoagulant mechanisms and promote
thrombosis [13]. Considering that patients with MS have an increased risk of deep vein
thrombosis, ischemic stroke, and cardiovascular disorders in the early onset of the disease
[4], it is of great importance to identify the common molecular and cellular pathways ac-
tivated by abnormal signalling mechanisms between coagulation and inflammation, and
to understand the role of IgG antibodies against coagulation factors in the context of MS
pathophysiology. Along this line, our research aimed to shed some light on potential in-
flammatory signalling pathways that might be induced by IgG stimulation to provide new
evidence regarding the nexus of coagulation and inflammation and reveal potential ther-
apeutic targets for developing novel strategies for personalized MS treatment. Preclinical
studies were performed to analyze the expression levels of thrombin-activated receptor
(PAR-1) as well as phosphorylated extracellular signal-regulated protein kinases (ERK1/2)
that are involved in inflammatory signalling pathways and induce the transcription of
various pro-inflammatory molecules.

2. Materials and Methods
2.1. Study Participants

In the current study, 15 patients diagnosed with MS and referred to the Cyprus In-
stitute of Neurology and Genetics between September 2017 and January 2019, were re-
cruited to investigate the role of IgG antibodies against thrombus-related components.
The patients were found positive for the presence of IgG directed against factor (F)VIla,
thrombin, prothrombin, FXa, FXII, plasmin, and protein C in our previous work (Table 1)
[14]. Samples from age and gender matched 14 healthy participants and eight MS patients
seronegative for the study IgG antibodies were used as negative controls. The participants
signed a written consent form approved by the Cyprus National Bioethics Committee
(EEBK/EIT/2016/51).

Table 1. Laboratory findings of MS participants positive in IgG against coagulation factors.

MSP 1 2 3 4 5 6 7 3 9 10 11 12 13 14 15
SaIIlPles
Activity FXa FVIla phomin Plasmin, Plasmin, Plasmin  Phiomin,  Phsmin, FXT Protn Thrombin Prothrombin Thrombin FVITa FXII
to FXa  FXa  FXa  FXa  Prothrombin, c
FXIT Thrombin ~ FXIL
Protein C

MSP: patients with multiple sclerosis who tested positive for IgG against coagulant components.

2.2. Preliminary Investigation of IgG Antibodies upon Astrocyte Activation
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The serum samples were subjected to the IgG purification procedure by affinity chro-
matography using the Nab Protein G Spin Columns (ThermoFisher Scientific, USA).
Pierce High Capacity Endotoxin Removal Resin (ThermoFisher Scientific, USA) was sub-
sequently applied to all purified samples to remove any endotoxin trace, known to stim-
ulate the inflammatory response and activate the innate immune system. All samples
were tested negative for endotoxin presence (<0.06 EU/mL) by the Limulus Amoebocyte
Lysate assay (Sigma, UK). The presence of IgG tested was confirmed in all purified sam-
ples using the ELISA protocols as described in our previous work [14].

A concentration of 100 ug/mL of endotoxin-free purified IgG was used to stimulate
the astrocytic U87 line, as well as purified samples derived from negative MS patients and
HCs (negative controls), thrombin and TNF-a (positive controls), and untreated cells (ref-
erence). The experiment was repeated using human primary astrocytes to validate our
results in conditions close to those seen in vivo. Lysis of cells was prepared by radio-im-
munoprecipitation assay (RIPA).

PAR-1 overexpression and upregulation of activated ERK 1 and 2 kinase levels were
determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Following electrophoresis, proteins were transferred into nitrocellulose membrane and
were detected and quantified using monoclonal anti-PAR-1, anti-phospho-p44/42 ERK1/2,
and anti-p44/42 ERK1/2. Normalization of the protein expression levels was performed
with GAPDH housekeeping protein using anti-GAPDH antibodies. Image]J 1. x was used
to quantify protein levels (LOCL NIH).

2.3. Statistical Analysis.

The analysis of the results was carried out using GraphPad Prism V.5.00 for Windows
(La Jolla, CA, USA). The non-parametric Mann-Whitney U-test was applied to analyze
age-matching data and the Fisher’s exact test was performed to assess the matching of
gender among the study groups.

3. Results
3.1. Expression of PAR-1 and ERK1/2 in Activated U87 Astrocytic Cell Line

Three independent experiments were performed to analyze signaling pathways trig-
gered by IgG antibodies against coagulation components upon four hours of U87 astro-
cyte stimulation, according to Y. Ishida and colleagues [15].

The relative expression levels of PAR-1 and phosphorylated ERK1/2 were defined
after density normalization using the GAPDH housekeeping molecule and compared
with the unstimulated cell sample, which serves as the reference sample.

Figure 1 shows up to a four-fold increase in the relative expression levels of PAR-1
and up to 2.5-fold in ERK1/2 levels, respectively in cells stimulated with IgG fractions
from positive MS patients. In particular, stimulation with anti-thrombin IgG and anti-
plasmin IgG antibodies showed the highest activation of PAR-1 as indicated by the sam-
ples MSP-13 and MSP-3, respectively.

Exposure to MS-derived IgG fractions with cross-reactivities showed higher expres-
sion levels of activated ERK1/2 than the samples with only one purified antibody. Namely,
MSP-6, MSP-7, and MSP-8 demonstrated elevated ERK1/2 expression, while the MSP7
showed the highest relative expression levels, noticing that this sample was seropositive
among others for antibodies against thrombin.
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Figure 1. Fold changes in the expression of PAR-1 (A) and ERK1/2 (B) upon stimulation of U87 cells
with IgG against coagulation components. Graphs show the relative expression levels based on the
control expression (Cntrl) and the bars represent the average of each value from three independent
experiments. All the samples were normalized using GAPDH. The highest expression of PAR-1 ob-
served upon the activation with IgG antibodies against thrombin (MSP-13), while sample with
cross-reactivity (MSP-7) showed upregulation of activated ERK1/2. MSN: negative MS patients; HC:
healthy controls; MSP: positive MS patients for IgG studied.

In addition, our results showed that stimulation of astrocytes with pooled samples
from negative MS patients resulted in low expression levels of PAR, and there was no
increase in ERK1/2 phosphorylation. This finding further supports the activation of intra-
cellular signaling pathways in astrocytes mediated by IgG antibodies against coagulation
components and the action of such antibodies to trigger both procoagulant and pro-in-
flammatory signaling pathways.

3.2. Activation of PAR-1 and ERK1/2 upon Stimulation of Human Primary Astrocytes

Following four hours of stimulation, the expression of PAR-1 levels and activated
ERK1/2 (Figure 2) were similar to those observed in vitro. Specifically, the IgG fraction of
the MSP-13 patient, who showed thrombin activity, had the highest levels of PAR-1 ex-
pression, confirming the results of U87 cell activation. Moreover, as Figure 2 shows, ex-
posure to purified samples derived from patients with seropositivity for more than one
antibody (MSP-6, MSP-7, MSP-8) induced increased relative expression levels of ERK1/2
kinases, with the highest levels being detected when astrocytes were treated with the sam-
ple that provided, among others, activity against thrombin (MSP-7).
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Figure 2. Relative expression of PAR-1 (A) and ERK1/2 (B) following activation of primary human
astrocytes. Stimulation of primary human astrocytes with pooled IgG fractions derived from the
positive MS patients (MSP), and HCs as well as thrombin and IgG from four positive MS patients
for 4 h. All the samples were first normalized using the housekeeping b-tubulin.
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4. Discussion

In our previous study, we detected the presence of IgG antibodies against thrombus-
related proteases in a significantly increased proportion of patients diagnosed with MS
(43%) compared to healthy participants (20%, p < 0.001), demonstrating that antibodies
against plasmin and thrombin were associated with advanced disability and disease wors-
ening, respectively [14].

In the current study, substantial evidence provided the effects of IgG antibodies
against coagulant serine proteases in MS pathology, supporting that such antibodies can
provoke pro-inflammatory signaling pathways contributing to MS underlying mecha-
nisms. In particular, IgG isolated from MS patients induced upregulation of the thrombin-
activated PAR-1 receptor, responsible for the thrombin-mediated inflammatory re-
sponses, and the activated pro-inflammatory ERK1/2 kinases in treated astrocytes com-
pared to untreated cells. A four-fold increase in PAR-1 expression levels was observed in
the cells stimulated with antibodies against thrombin.

Noteworthy, our findings confirmed the implication of the coagulation-inflamma-
tion interplay in chronic inflammatory diseases, and specifically, we revealed for the first
time that IgG antibodies against coagulation components have a role in neuroinflamma-
tion and neurodegeneration.

Interestingly, in the context of chronic neurodegenerative diseases, few studies have
assessed the role of activated ERK1/2 kinases in terms of demyelination and neuroinflam-
mation following astrocyte activation. Astrogliosis and ERK phosphorylation have both
been observed in the early stages of neurodegenerative diseases, such as Alzheimer’s dis-
ease (AD), while it has also been reported when considering cell survival after ischemia.
Z. Jiang et al. demonstrated an immediate increase in ERK1/2 phosphorylation in astro-
cytes after 1 h of exposure to ischemic conditions, with peak phosphorylation levels being
reached four hours later [16].

Similar findings were observed in primary astrocytes from rat animal models when
subjected to oxidative or glutamate stress. Overexpression and sustained activation of
ERK1/2 kinases have been indicated when astrocytes were exposed to excessive gluta-
mate, inducing cell apoptosis, demonstrating that activated ERK signaling may contribute
to glutamate-dependent death of astrocytes [17]. On the other hand, using ERK inhibitors
like the neuroprotective drug FK506 the activation of ER1/2 is suppressed, preventing cell
death in the brain [17]. According to recent studies, ERK1/2 activation in astrocytes trig-
gers the release of CXCL-1, CXCL-2, CCL2, and CCL5 [18].

In the current study, we found that the highest expression of phosphorylated ERK1/2
kinases was observed in the purified fraction with reactivity to thrombin, FXa, and plas-
min. Other samples showing reactivity to plasmin and FXa, but not to thrombin did not
exhibit similarly high levels of activated ERK1/2 expression. Antibodies to thrombin,
therefore, appear to upregulate pro-inflammatory kinases and activate the signaling path-
ways that are involved. Indeed, earlier studies provided evidence that thrombin stimula-
tion induced the ERK1/2 phosphorylation through different pathways [19]. Thrombin-
mediated EGFR phosphorylation could promote activation of ERK1/2 with the recruit-
ment of increased intracellular calcium concentration. Conversely, the Src kinase, located
upstream of the EGFR-ERK1/2 signaling pathway, can be activated by thrombin-mediated
phosphorylation and subsequently activate the ERK1/2 kinases without the influx of in-
tracellular calcium [19]. Therefore, further investigation of the ERK1/2 activation by
thrombin could broaden the horizons of evaluating and developing new therapies con-
cerning the pathways implicated.

An important limitation of this study was the time-consuming protocol followed and
the expensive reagents used. We only collected a small number of purified fractions for
our preclinical experiments. A large number of samples should therefore be analyzed in
future studies and include IgG fractions against various study antigens and fractions with
more than one reactivity to make more valid comparisons.
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5. Conclusions

Assessing the role of IgG antibodies against coagulation components, we found com-
pelling evidence that these antibodies may act as potential effectors in the coagulation-
inflammation interplay in neuroinflammatory diseases such as MS. Moreover, our re-
search could eventually benefit novel therapeutic approaches since such antibodies can
serve as targets for new treatments.

Author Contributions: A. L. and M.S.H. conceived and designed the study. M.P. recruited the pa-
tients. M.S.H. performed the main experimental work and analyzed the data. M.S.H. and A.L. in-
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script. A.L., G.K. and C.C. revised the manuscript. All authors provided substantial input through-
out the process. All authors have read and agreed to the published version of the manuscript.
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