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Abstract Multiple sclerosis (MS) is an inflammatory,
demyelinating, and neurodegenerative disease of the central
nervous system. The complement system has an established
role in the pathogenesis of MS, and evidence suggests that its
components can be used as biomarkers of disease-state activity
and response to treatment in MS. Plasma C4a levels have been
found to be significantly elevated in patients with active
relapsing-remitting MS (RRMS), as compared to both controls
and patients with stable RRMS. C3 levels are also significantly
elevated in the cerebrospinal fluid (CSF) of patients with
RRMS, and C3 levels are correlated with clinical disability.
Furthermore, increased levels of factor H can predict the
transition from relapsing to progressive disease, since factor H
levels have been found to increase progressively with disease
progression over a 2-year period in patients transitioning from
RRMS to secondary progressive (SP) MS. In addition, eleva-
tions in C3 are seen in primary progressive (PP) MS.
Complement components can also differentiate RRMS from
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neuromyelitis optica. Response gene to complement (RGC)-
32, a novel molecule induced by complement activation, is a
possible biomarker of relapse and response to glatiramer ace-
tate (GA) therapy, since RGC-32 mRNA expression is signif-
icantly decreased during relapse and increased in responders
to GA treatment. The predictive accuracy of RGC-32 as a
potential biomarker (by ROC analysis) is 90% for detecting
relapses and 85% for detecting a response to GA treatment.
Thus, complement components can serve as biomarkers of
disease activity to differentiate MS subtypes and to measure
response to therapy.
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Introduction

Multiple sclerosis (MS) is an inflammatory, demyelinating,
and neurodegenerative disease of the central nervous system
(CNS) that particularly affects young adults. It is predomi-
nantly a T cell-mediated disease but innate immune system
components also play an important role in its pathogenesis.
There is growing pathological evidence for a significant con-
tribution of the complement system and its activation products
to neuro-inflammation in MS [1-4]. In this review, we will
discuss the role of the complement system and its activation
products as biomarkers of the disease state and activity as well
as the response to therapy in MS.

Complement activation in MS lesions

The complement system has an established role in the patho-
genesis of MS, as evidenced by deposition of complement
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components and activation products in the white matter
plaques in brain tissue [5]. In the MS white matter lesions
from MS patients, depositions of Clq, C3d, and, C5b-9 are
detected on and within macrophages/microglia and astrocytes
and in blood vessel walls [1, 2, 6, 7]. High levels of
immunoglobulins and C5b-9 deposition at sites of active
myelin destruction are characteristic for pattern II MS le-
sions and C5-9 deposits are present only in this type of
demyelinating lesion [2, 8]. In chronic MS, plaques are
found to be consistently positive for complement proteins
(C3, factor B, Clq), activation products (C3b, iC3b, C4d,
terminal complement complex), and inhibitors (factor H,
Cl-inhibitor, clusterin), suggesting that there are continuing
local complement synthesis, activation, and regulation despite
the absence of other evidence of ongoing inflammation [9].
An initial heterogeneity of demyelinating lesions in the
earliest phase of MS lesion formation [2] may disappear
over time as different pathways converge in one general
mechanism of demyelination. The consistent presence of
complement, antibodies, and Fc receptors in phagocytic
macrophages suggests that antibody- and complement-
mediated myelin phagocytosis is the dominant mechanism
of demyelination in established MS [3] (Fig. 1).

Complement staining is most apparent in plaques and
peri-plaques but is also present in normal-appearing white
matter and cortical areas to a greater extent than in control
tissue. Clq staining is present in all plaques, suggesting a
dominant role for the classical pathway. Cellular staining
for complement components is largely restricted to reactive
astrocytes, often adjacent to clusters of microglia that are
in close apposition to complement-opsonized myelin and
damaged axons [9]. We have previously shown that astrocytes
in culture can secrete most of the complement proteins and
expression is markedly enhanced by TNF«, IL-1f3, and IL-8
[10]. In addition, C5b-9 deposits were found in macrophages
[5], neurons [11], and oligodendrocytes (OLG) progenitor
cells [12].

A recent study has provided evidence of complement
dysregulation in MS gray matter lesions, including an
association of the numerical density of Clq cells with
tissue lesions. This work confirms that complement acti-
vation and dysregulation occur in all cases of MS [I11].
In addition, the authors of recent study reported that C3d
microglial clusters are present in chronic but not acute MS
lesions. These clusters are not associated with antibody
deposits or terminal complement activation. Instead, they
are linked to slowly expanding lesions, localized on axons
with impaired transport, and associated with neuronal C3
production. C3d microglial clusters are not specific to MS,
since they are also found in stroke [13]. The authors of this
recent study also concluded that C3d microglial clusters in
MS are not part of an acute attack against myelinated axons.
Therefore, it is unlikely that they drive the formation of new
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lesions, but they could represent a physiological mechanism to
remove irreversibly damaged axons in a chronic disease [13].

Role of complement activation in demyelination
and protection of oligodendrocytes from apoptosis

Complement system activation and the C5b-9 terminal com-
plex, when present at lytic doses, lead to demyelination. In
contrast, sublytic C5b-9 can protect OLG from apoptotic cell
death, indicating a dual role for complement in demyelination
[14]. The detrimental effect of the terminal complex has been
shown in vitro by using myelinated CNS explant cultures
treated with IgG or IgM anti-myelin antibodies and fresh se-
rum, which induced extensive demyelination [15]. Exposure
to antibody and C8-depleted serum (C8D) failed to induce
demyelination, but the addition of C8 to complete the C5b-9
assembly induced extensive demyelination and eventual my-
elin loss [15]. Anti-myelin antibodies, including anti-
galactocerebroside, are required for complement to produce
significant demyelination in explants, but isolated myelin and
OLG can also activate C1 and generate C5b-9 [5]. Recently,
myelin-specific MS antibodies were shown to cause
complement-dependent OLG loss and demyelination [16].
Human myelin and OLG are vulnerable to complement attack
because they lack complement inhibitors. Human myelin
lacks CD59 and CDS55, and OLG lack complement receptor
1, CD46, and clusterin, whose absence prevents them from
inhibiting the activation of complement [14].

Sublytic C5b-9 is able to rescue OLG from serum
deprivation-induced apoptotic cell death by inhibiting cyto-
chrome c release, and thus the activation of caspase 9 and
caspase 3. Sublytic C5b-9 stimulates the phosphorylation of
the pro-apoptotic factor BAD at Ser112 and Ser136 and
causes dissociation of the BAD/BCL-X; complex [17].
BAD is sequestered in the cytoplasm by association with the
protein 14-3-3, and the anti-apoptotic factor BCL-X; inhibits
the oligomerization of the pro-apoptotic factors BAX and
BAK at the outer mitochondrial membrane, which would cre-
ate a channel for cytochrome c release into the cytosol and
subsequent caspase activation [17]. Sublytic C5b-9 also in-
hibits FasL and TNFax-induced cell death through inhibition
of the cleavage of pro-apoptotic factor BID by caspase 8 [18].
Such inhibition might be achieved by increasing the expres-
sion of the caspase 8 inhibitor c-FLIP. All these effects of C5b-
9 are mediated through activation of the phosphatidylinositol
3-kinase (PI3K)-Akt signaling pathway, indicating that regu-
lation of caspase-8 and prevention of the mitochondrial inser-
tion of the pro-apoptotic proteins BAD and BID are able to
rescue OLG from apoptosis [18].

Given the significant involvement of complement activa-
tion in the pathogenesis of MS, numerous studies have tried to
demonstrate that various complement components are
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Fig. 1 Complement system as a biomarker of disease activity and
phenotype. Various complement components have the potential of
being biomarkers either of disease activity or of an MS phenotype. The
most important complement components are marked with single asterisk
(*) when they are possible biomarkers in plasma and with double
asterisks (¥*) when they represent biomarkers in CSF. Complement
system activation and the C5b-9 terminal complex, when present at
lytic doses, lead to demyelination. In contrast, sublytic C5b-9 can
protect OLG from apoptotic cell death, indicating a dual role for
complement in demyelination. Human myelin and OLG are vulnerable
to complement attack because they lack some of complement surface
inhibitors. Classical pathway is usually activated when the C1 complex
binds myelin-specific autoantibodies through its Clq component. The

associated with disease activity and phenotype, as a means of
helping to stratify patients and predict outcomes that could
influence therapeutic decisions.

Complement components as biomarkers in MS
Classical and lectin pathways

Studies have found no significant differences between the
mean plasma and CSF levels of Cls protein in MS patients
and those of control individuals [19]. However, one study
has found a significant increase in the CSF levels of Clq in
RRMS and SPMS patients when compared to controls
[20]. In addition, plasma C1 inhibitor (C1INH) levels are
significantly higher in patients with MS than in controls
[19]. Moreover, mannose-binding lectin (MBL) and
MBL-associated serine protease-2 (MASP-2) were also
significantly increased in the plasma of MS patients when
compared with non-MS patients [21].

Cls-induced cleavage of C2 and C4 results in the generation of the
classical pathway C3 convertase C4b2a. Lectin pathway is activated
when MBL binds to mannose residues on the surface of a pathogen and
activated MASP-2 which leads to the formation of C3 convertase. C3
convertase cleaves the C3 component and the resulting C3b participates
in the formation of the C5 convertase, C4b2a3b. In the alternative
pathway, factor B bound to the C3b generated through spontaneous
hydrolysis of C3 (C3(H,0)) is cleaved by factor D and the resulting Bb
fragment forms with C3b the alternative pathway C3 convertase, C3bBb,
which amplifies the cleavage of C3. C5 convertase acts on C5 which is
cleaved into C5a and C5b. C5b initiates the terminal pathway which leads
to the formation of C5b-9 terminal complex

Increased levels of plasma C3 and C4 components have
been detected in MS patients when compared to controls,
but the increase only reached statistical significance in the case
of the progressive forms [19] (Table 1). C3 levels are also
elevated in CSF and have been found to correlate with clinical
disability as measured by the Expanded Disability Status
Scale (EDSS), the number of brain MRI lesions (> 9 cerebral
lesions), and the levels of neurofilament light chain (NFL), a
marker for neuronal injury. The highest levels were seen in
progressive MS patients, especially those with primary pro-
gressive MS (PPMS) (Table 2); in contrast, the NFL CSF
levels were higher in RRMS patients. There was no difference
in the C3 CSF levels between relapsing patients and patients
in remission [27].

Another study has also found an increased expression of
C3 as well as C4b (generated by the cleavage of C4) in the
CSF of patients with acute RRMS when compared to
healthy controls [28]. Moreover, plasma C4a (a fragment
resulting from cleavage of C4) levels were significantly
elevated in patients with active RRMS when compared to
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Table 1  Plasma levels of complement components in the MS and NMOSD
Complement MS NMOSD References
components
RRMS PPMS SPMS
Classical C4a 1 in relapse C31 C41 Cls? [19, 21-25]
and lectin C3 | in stable C31 C3a 1
pathways MASP-21 MASP-2 1 C4a |
Terminal pathway (6N C9| 9| Cs51 [19, 24, 25]
SC5b-9 1
Inhibitors CI1INH 1 CIINH 1 CIINH 1 CI1INH 1 [19, 24, 26]
Factor H 1 in relapse Factor H 1 Factor H 1 Factor H 1

both controls and patients with stable RRMS [19]. Subsequent
monitoring of patients with acute RRMS in convalescence
showed lower C4a levels, with the reduction being more ob-
vious at 2—3 months post relapse, but this trend was not main-
tained at 5—7 months nor did the differences reach statistical
significance. C4a levels were also weakly correlated with
EDSS [22]. The CSF concentration of C4a was significant-
ly higher in MS patients than in the control population, and
it showed a moderate correlation with CSF IgG but not
with CSF albumin, indicating that elevated levels of C4a
most likely occur as a result of intrathecal production, as
opposed to leakage from the plasma through the altered
brain-blood barrier (BBB), although C4a is a relatively
small protein (76 amino acids) that is able to cross the
intact BBB [22]. On the other hand, a study by Jongen
et al. [23] has found lower C3 values in the CSF in stable
RRMS patients than in controls, as well as lower plasma
C3 values in stable RRMS and SPMS patients, but in-
creased C3 index values (calculated as the CSF/serum C3
ratio multiplied by serum/CSF albumin ratio) in both stable
RRMS and SPMS. This group concluded that the mean C3
index points to an increased intrathecal production of C3.
The same study did not find any difference in the C4 plasma,
CSF, or index values in MS patients when compared to con-
trols [23].

In addition, significantly reduced levels of plasma C9 have
been detected in MS patients when compared to controls [19].

Soluble, fluid-phase complement C5b-9 terminal complexes
(SC5b-9) have been found to be increased in the CSF of pa-
tients with MS [30] (Fig. 1; Table 2), and the SC5b-9 CSF
concentrations correlated significantly with neurological dis-
ability, as measured by EDSS [32]. Full activation of the com-
plement cascade during attacks of MS may be restricted to
patients with more advanced disease, and it is significantly
correlated with the degree of neurological disability.

Alternative pathway

No difference in mean levels of plasma factor B and in its
activation product Bb was noted in MS patients when
compared to controls. Elevated concentrations of factor
B have been reported in acute RRMS as compared to
stable RRMS [19].

Complement regulatory proteins
Factor H

Complement factor H, a major regulator of the alternative
pathway, is a single-chain serum glycoprotein with the ability
to recognize and bind C3b. Therefore, it regulates the enzy-
matic activity of C3 and CS5 [4]. Factor H has the ability to
differentiate self from non-self by recognizing sialic acid and
glycosaminoglycan chains, thereby preventing complement

Table 2 CSF levels of complement components in the MS and NMOSD
Complement MS NMOSD References
components
RRMS PPMS SPMS
Classical Clq? C31 Clqt C3a—no difference [20, 22, 23, 27-29]
and lectin pathways C3 1 in relapse C31 MBL/MASP2—no difference
lin stable
Cdat
C4b 1 in relapse
Terminal pathway SC5b-9 1 N/A N/A C5a 1 in relapse [29, 30]
SC5b-9 1 in relapse
Inhibitors sCR21 Factor H sCR21 N/A [20, 28, 31]
Factor H | in relapse Factor HT
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activation on host surfaces. Serum factor H levels are
significantly increased in PPMS and SPMS when compared
to either controls or patients with RRMS [26]; this study has
demonstrated that factor H can be used as an alternative bio-
marker to distinguish SPMS from RRMS, with a sensitivity of
89.41%, a specificity of 69.47%, and a positive predictive
value of 72.38% (cutoff value > 237 mg/l). Also, factor H
levels were found to increase progressively with disease pro-
gression over a 2-year period in patients transitioning from
relapsing to progressive disease (in contrast to patients with
stable RRMS who have constant serum factor H levels), a
correlation that is independent of other phenotypic parameters
such as age, disability, and disease duration. Factor H in serum
was less helpful in distinguishing patients with stable RRMS
from those in relapse. In patients with relapse, a small and
transient, but significant, increase in factor H concentration
has been detected when compared to controls [26]. In addi-
tion, quantifying factor H levels in CSF indicated no change
during active disease but significantly raised levels in progres-
sive MS [31]. However, Li et al. have found a decrease in the
expression of factor H in the CSF of RRMS patients with
active disease when compared to controls [28].

Tyr402His is the most common polymorphism in factor H,
but the frequency of its occurrence seems to be identical in
patients with MS and in controls [26].

Soluble complement receptor 2, clusterin, and factor 1

Significant increases in soluble complement receptor 2
(sCR2) levels are evident in CSF from patients with either
RRMS or SPMS when compared to controls [20] (Table 2).
Furthermore, CSF sCR2 levels have been found to be signif-
icantly correlated both with CSF C3 and Clq levels as well as
with a measure of disease severity. In vitro, SCR2 inhibits the
cleavage and downregulation of C3b to iC3b, suggesting that
it exerts a modulatory role in complement activation down-
stream of C3 [20]. No significant differences in either clusterin
or factor I have been detected in the plasma and CSF levels of
MS patients when compared to controls [19].

Complement activation in neuromyelitis optica

Complement activation products are elevated in individuals
with neuromyelitis optica (NMO) spectrum disorder
(NMOSD) when compared to either controls or MS patients
[24, 25, 29]. The levels of four complement proteins (Clinh,
Cls, C5, and factor H) are higher in patients with NMOSD
than in either those with MS or controls (Table 1). A proposed
model involving C1 inhibitor and C5b-9 has been able to
distinguish NMOSD from MS (area under the curve [AUC]
0.98), and the levels of Clinh and C5 can distinguish
NMOSD from controls (AUC 0.94). These findings support
the contention that NMOSD can be distinguished from MS by

the use of plasma complement biomarkers and that trials of
anti-complement therapies may help elucidate the role of com-
plement activation in NMOSD [24]. Recent data support a
complement bystander mechanism for the assembly of C5b-
9 and for early OLG injury and demyelination in NMO [33].
This publication [33] presents evidence for a complement
“bystander mechanism” to account for early OLG injury in
NMO, in which the activation complement following aquapo-
rin 4 (AQP4)-IgG binding to astrocyte AQP4 results in the
deposition of terminal complement C5b-9 on nearby OLG,
and finally in cell lysis.

Response gene to complement-32 as a biomarker
of relapse and response to therapy

Response gene to complement-32 (RGC-32) was first identi-
fied in rat OLG after stimulation with sublytic C5b-9, and the
gene was subsequently cloned in mice and humans [34, 35]. It
is primarily involved in cell cycle regulation, and its overex-
pression leads to increased DNA synthesis and cell cycle pro-
gression from G1/GO to G2/M in a number of cells, including
aortic smooth muscle cells and endothelial cells [34-36].
However, RGC-32 may also behave as a tumor suppressor
by inhibiting cell cycle activation, as has been demonstrated
in some tumor cells [37]. Autoreactive memory T cells, which
play an important role in MS pathogenesis, show impaired
apoptosis in MS patients, and the number of infiltrating T cells
is highly increased in the acute phase of experimental autoim-
mune encephalomyelitis (EAE), an animal model of MS.
Remission of MS is associated with a significant reduction
in the T cell number as a result of apoptotic cell death. T cell
apoptosis is regulated in part by the Fas-FasL system.
Evidence has shown that the level of FasL expression is de-
creased during MS relapse, a finding consistent with the in-
creased resistance of the T cells to apoptosis [38]. When we
investigated the relationship between RGC-32 and FasL in
RRMS patients, we found that the levels of RGC-32 and
FasL mRNAs in peripheral blood mononuclear cells
(PBMCs) were significantly decreased during relapses when
compared to those of stable patients, and they were signifi-
cantly increased in stable patients when compared to controls
[39]. Moreover, we have also found a strong direct correlation
between RGC-32 and FasL mRNAs during relapses [39].
Silencing of RGC-32 expression using lentiviral shRNA
RGC-32 in PBMCs from stable patients decreases the levels
of FasL on the cell surfaces. Considering that RGC-32 binds
to and upregulates CDC2/cyclin B1 kinase activity, one of the
regulators of FasL expression on T cells, one might speculate
that RGC-32 regulates T cell survival by modulating the
expression of FasL [39].

Glatiramer acetate (GA) is one of the most common
immunomodulatory therapies used for treating patients
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with RRMS. However, not all patients respond to treatment
and treatment failure may only be recognized after months
or years of therapy. For this reason, it would be very useful
to be able to predetermine patient responsiveness before
starting to administer a particular therapy. There are data
showing that responders to GA treatment show increased
expression of RGC-32 and FasL and decreased expression
of IL-21 when compared to non-responders, with these
levels persisting over time. Interestingly, no changes have
been seen in CDC2 or AKT expression between responders
and non-responders to GA treatment [40].

The predictive accuracy of these potential biomarkers in
detecting relapse and responsiveness to GA treatment has
been assessed using receiver-operating characteristic (ROC)
analysis. The probability (area under the curve [AUC]) of
detecting a relapse was 90% for RGC-32, 88% for FasL,
and 75% for IL-21, and the probability of detecting a response
to GA was 85% for RGC-32, 90% for FasL, and 85% for IL-
21 [40]. These data suggest that RGC-32, FasL, and IL-21 can
serve as potential biomarkers for the detection of MS relapse
and response to GA therapy [40].

RGC-32 also plays an important role in extracellular matrix
production and TGF-3 is a strong inducer of RGC-32 expres-
sion in astrocytes [39]. TGF-f3-induced RGC-32 expression
seems to be mediated by RUNXI and other transcription fac-
tors such as NF-kB, as detected in rat astrocytes. RGC-32
silencing leads to a significant reduction in TGF-{3-induced
procollagen I, fibronectin, and «-smooth muscle actin expres-
sion, the last being a marker of reactive astrocytes. These data
suggest a possible role for RGC-32 in the TGF-3-mediated
extracellular matrix production and gliosis seen in chronic MS
and EAE lesions [41].

In conclusion, there is strong evidence for the utility of
complement system levels in serum and CSF as biomarkers
of tissue inflammation in MS. Complement components and
activation products can serve as biomarkers of disease activity
and can help differentiate the various MS subtypes as well as
differentiate individuals with RRMS from healthy controls.
There is strong evidence suggesting that RGC-32, FasL, and
IL-21 can also serve as potential biomarkers for the detection
of MS relapse and response to GA therapy.
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