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Vimentin is a protein of intermediate ﬁlament family, which is expressed in all mesenchymal cells. Vimentin
plays a key role in the physiology of the cell, cellular interactions and the functioning of the immune system.
Post-translationally modiﬁed and native forms of vimentin are involved in the pathogenesis of inﬂammation and
many autoimmune diseases: rheumatoid arthritis, sarcoidosis, systemic lupus erythematosus, antiphospholipid
syndrome, Crohn's disease, ankylosing spondyloarthritis and idiopathic pulmonary ﬁbrosis. Modiﬁcations of the
protein lead to the formation of antigenic epitopes and, as a result, to the synthesis of antibodies. Citrullinated,
carbamylated and acetylated forms of vimentin participate in the pathogenesis of RA, and antibodies against
them serve as diagnostic and prognostic markers of the disease. Epitopes of native vimentin are antigenic in the
group of HLA-DRB1*0301 positive patients with sarcoidosis. In addition, vimentin takes part in pathogenesis of
tubulointerstitial inﬂammation and glomerulonephritis in lupus. In antiphospholipid syndrome interactions of
vimentin and cardiolipin on the surface of apoptotic cells lead to the formation of an immunogenic complex.
Antibodies against vimentin/cardiolipin complex are involved in the mechanism of thrombogenesis and serve to
identify patients seronegative for antibodies to cardiolipin and ß2glycoprotein-I with the clinical features. Posttranslationally modiﬁed form of the protein is citrullinated and MMP-degraded vimentin, which was found in
serum of patients with Crohn's disease and ankylosing spondyloarthritis.

1. Structure and function of vimentin
Vimentin belongs to the family of intermediate ﬁlaments of cellular
cytoskeleton located in cells of mesenchymal origin. Consistent with
their diameter, intermediate ﬁlaments (approx. 10 nm) are categorized
between microtubules and actin microﬁlaments. Intermediate ﬁlaments
are important for cellular architectonics because they maintain a spatial
distribution of organelles and nucleus inside the cell [1]. Keratin of
epithelial tissues, desmin in striated muscle and neuroﬁlaments in

neurons represent other types of intermediate ﬁlaments [2].
Vimentin is protein with a molecular mass of 57 kDa that is encoded
by VIM gene located at chromosome 10p13. It can be found almost in
every connective tissue cell including ﬁbroblasts, osteoblasts, endotheliocytes, myoblasts, bone marrow and lymphatic cells, tissue
macrophages and thrombocytes [3]. It possesses signiﬁcant homology
across species from cartilaginous ﬁshes (Scyliorhinusstellaris), Amphibia
(Xenopuslaevis) to mammals (Homo sapiens) [4].
The tertiary structure of vimentin consists of a central rod of alpha-
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Fig. 1. Structure of vimentin. Vimentin monomer consists of three domains: a central alpha-helix rod, N-terminal (or head) and C-terminal (or tail) regions. The
central rod domain consists of four segments 1A, 1B, 2A, 2B, which are separated by L1, L1-2, L2 regions heptad repeats.

spiral that is ﬂanked by N- and C-terminal domain [5]. The central
alpha-spiral part of the vimentin molecule is common structure in all
intermediate ﬁlaments. There are four spiral fragments 1A, 1B, 2A and
2B that are linked with L1, L1–2 and L2 regions of heptapeptide repeats
[6] (Fig. 1).
The vimentin alpha spirals are dimerized and antiparallel binding of
dimers results in tetramers that are the units for long ﬁlamentous
structures of the cytoskeleton [7,8]. Vimentin ﬁlament is stabilized by
several associated proteins like kinezin, dinein and dynactin [6, 7].
Besides compartmentalization of intracellular space, vimentin is
involved in several other functions, vividly illustrated by experimental
models. In vimentin knock-out mice there are some impairments of
wound healing because of defects in ﬁbroblast migration and decrease
in homing of lymphocytes due to their adhesion failure [9]. Integrin
functions are damaged and trans-endothelial migration of lymphocytes
is deteriorated [10].
The vimentin is localized not only in the cell cytoplasm but also in
the nucleus and on the cellular surface [11]. The precise mechanisms,
which induce extracellular secretion of vimentin ﬁlaments are not
known, but Mor-Vaknin et al. [12] supposed that the endoplasmic reticulum and the Golgi complex produce secretory vesicles for protein
exocytosis. The mechanism was shown for activated macrophages that
have expressed phosphorylated vimentin on its surface. Vimentin

exocytosis is regulated by cytokines: TNFa induces and IL-10 downregulates surface expression of the protein (Fig. 2). Another presumed
mechanism of vimentin exposition in extracellular space is apoptosis of
neutrophilic granulocytes [13].
Further degradation of vimentin protein and its modiﬁcation during
neutrophilic inﬂammation can be related to the induction of speciﬁc
autoantibodies in several autoimmune diseases. Extracellular secretion
of vimentin was described for several other cell types like platelets,
endothelial cells and T-cells [13–15]. Vimentin can be expressed on
cellular surface during intracellular infection of macrophage with Mycobacterium tuberculosis and is the ligand for NKp46 receptors of NKcells [16,17]. Recognition of macrophages that contain mycobacteria
by NK cell leads to cell-mediated cytotoxicity and killing of infected
cells.
2. Post-translation modiﬁcation of vimentin
Vimentin undergoes various post-translational modiﬁcations such as
phosphorylation, SUMO-ylation, ubiquitination, glycosylation, ADP-ribosylation, citrullination and carbamylation [18].
It has bееn shown that phosphorylation determines the conformation of vimentin and intermediate ﬁlament assembly. The main rоlе of
phosphorylation of intermediate ﬁlaments is to facilitate its
Fig. 2. Scheme of vimentin distribution in the cell.
Vimentin can be localized in the cytoplasm, in the
nucleus and on the cell surface. Post-translational
modiﬁed vimentin, such as phosphorylated vimentin, also can be presented on the cell surface. The
endoplasmic reticulum and the Golgi complex form
vesicles, that are involved in the extracellular secretion of a phosphorylated vimentin. Cytokines can
regulate expression of phosphorylated vimentin on
the cell surface. TNFa and IL-10 induce and downregulate exocytosis of the protein respectively.
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Fig. 3. Local production of post-translational modiﬁed vimentin in the synovium of RA patients. The ﬁgure illustrates a potential mechanism for the formation of
post-translational modiﬁed vimentin (PTMV) that is closely related to neutrophilic inﬂammation. Macrophages and neutrophils migrating from the periphery express
high levels of peptidyl-arginine deiminase-2 (PAD-2) and peptidyl-arginine deiminase-4 (PAD-4). PAD-2 and PAD-4 are involved in the citrullination of vimentin. The
externalization of this enzymes and PTMV is due to apoptosis of macrophages and NETosis of neutrophils. Production of antibodies against PTMV is triggered by local
inﬂammation in smoking and periodontitis. Lately formation of antibodies to PTMV takes place in the pannus of the aﬀected joint.

inﬂammation. Tissue vimentin citrullination serves as а potential biоmаrkеr of the hepatic ﬁbrosis and ankylosing spondyloarthritis [26,
27]. Immune reaction to citrullinated vimentin participates in the pathogenesis of rheumatoid arthritis [28]. Like оther mеmbers оf the family оf intermediate ﬁlaments, vimentin can be ubiquitinated [30].
Sites for ubiquitination in proteins of intermediate ﬁlaments аrе not
fully understood.

rеоrganisation, геgulаtе dynamic subunits exchange and рrоmоtе solubility. The main phosphorylation domains in vimentin molecule аrе
Sеr-4. 5еr-6-9, Sеr-38, Ser-4l, Sег-71-72, Sеr-4l8, Ser-429 and Тhr-456457 [4]. Phosphorylation of the vimentin head leads to some inсrеаsе in
the distance between the dimегs, thereby preventing attaching of tеtrаmеrs to organized ﬁlaments. The number of enzymes including pгoteinkinase A and С, Auгоrа-В kinase, р21-activated kinase, AKT1, Cdk1,
Cdk5, PPl and РР2А that are involved in phosphorylation оf vimentin
maintain the stability оf vimentin ﬁlaments [19–21]. Phosphorylation
оf vimentin is also associated with a migration of immune and tumor
cells, regulation of cell growth and tumоrogenesis [22]. From other side
ADP-ribosylation of vimentin is associated with inhibition of ﬁlament
organization process [23].
Modiﬁcation of vimentin by small ubiquitin-like modiﬁer (SUMO) is
also associated with ﬁlament assembly and changes in their solubility
[24]. O-linked glycosylation is mediated by B-N-acetylglucosamine and
O-GlcNActrаnsfеrаsе. O-linked glycosylation rеgulаtеs signaling events
related to nutrient sensing and stress responses [25]. Thus, glycosylation of vimentin in neurons is associated with stability оf the ﬁlaments
by inhibiting phosphorylation. Citгullination is the process оf rерlасing
the amino acid arginine with citrulline by peptidyl- arginine deiminase
(PAD). Citrullization оf vimentin negatively aﬀects stability of the ﬁlaments, and trаnsfогme the ﬁlaments network into amorphous clusters
аrоund the cell nucleus. It can оссur during cell death and tissue

3. Post-translationally modiﬁed vimentin as an autoantigenic
target in rheumatoid arthritis
Vimentin is one of the antigens involved in the pathogenesis of
rheumatoid arthritis (RA). Generation of post-translationally modiﬁed
vimentin in vivo can abolish primary immunotolerance and induce
disease in susceptible host and drives autoimmune responses in inﬂamed RA joints. Naturally occurring citrullinated post-translationally
modiﬁed vimentin known as «Sa antigen» in RA presents in many tissues and can be puriﬁed from the placenta [31]. Antibodies against Saantigen are very speciﬁc (96.9%) for RA and can be found in 30–36.6%
patients with the disease [32]. Citrullination of vimentin and other
proteins of the synovial membranes, including ﬁbrin and alpha-enolase,
leads to a synthesis of anti-citrullinated peptide antibodies (ACPA) that
are recognized biomarkers for RA [33]. Enzymatic citrullination of vimentin in vitro produce modiﬁed citrullinated vimentin (MCV) that is
928
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tissue. Antibodies directed against cit-vim 435–455 peptide found in
lung tissue can be detected in blood of RA patients who were positive
for “the shared epitope”, containing alleles of HLA-DRB1 [54].
Periodontitis induced by Porphyromonas gingivalis is a recognized
risk factor of RA. This condition is related to chronic inﬂammation that
directly involves gums and underlaid osseous structures and characterized by NETosis [55]. P. gingivalis produces bacterial peptidylarginine deiminase enzyme that can citrullinate C-terminal arginine of
diﬀerent proteins [56]. Another microorganism related to periodontitis
is Actinobacillus actinomycetemcomitans that can produce pore-forming
protein called leukotoxin A [57]. Leukotoxin A increases Ca inﬂux in
human neutrophils, induces NETosis, activates peptidyl-arginine deiminase enzyme and lead to citrullination of vimentin that can be
identiﬁed in periodontal cavity [58]. Prevotella intermedia can destroy
NET by bacterial nucleases that leads to increased activity of the neutrophilic PAD [59].
ACPA and autoantibodies against post-translational modiﬁed vimentin (PTMV) are synthetized locally in synovial lining [60].Van
Steendam et al. [61] found antibodies against citrullinated vimentin in
immune complexes puriﬁed from synovial ﬂuid of 11 of 12 ACPA positive RA patients. Measurements of the local production of rheumatoid
factor and ACPA antibodies have shown a local production of autoantibodies in 48% of RA patients and were found in patients with high
IL-8 levels and number of neutrophils in synovial ﬂuid.
Carbamylated PTMV is another autoantigen in RA that represents
modiﬁcation of lysine residues resulted in homocytrulline formation.
Thiocyanate found in cigarette smoke is potential factor related to
carbamylation. High level of tissue inﬂammation in smokers is the
cause of myeloperoxidase production that can oxidase thiocyanate to
cyanate. The same process happens during neutrophilic inﬂammation
in synovial lining that induces formation of carbamylated PTMV [62].
In experimental mice models of smoking an increase of carbamylated PTMV and anti-carbamylated PTMV was detected. Although in
human signiﬁcant correlation between antibodies to carbamylated
PTMV and smoking was not found [63]. Immunization of rabbits with
carbamylated PTMV induced speciﬁc antibodies against the antigen,
and also antibodies against Fc of IgG similar to human rheumatoid
factor were also identiﬁed. Incidence of antibodies to carbamylated
PTMV in RA varied from 28% to 78% [64, 65]. Antibodies to carbamylated PTMV were shown to be presented in 68.7% of ACPA positive
patients but only in 3% of ACPA negative RA patients [66]. Detection of
autoantibodies against carbamylated PTMV was related to SE containing alleles of HLA-DRB1 [67]. Although the presence of anti-MCV
and anti-carbamylated PTMV antibodies is closely related, there were
no cross-inhibition of binding of antibodies by alternative antigen [63].
Seropositivity against carbamylated proteins were detected in 16%
ACPA negative RA cases characterized by aggressive course of disease,
and the levels of the antibodies were not inﬂuenced by anti-B cell
therapy [68].
Acetylation is another post-translation modiﬁcation of PTMV that
plays role in RA. Antibodies against acetylated PTMV of IgG class have
speciﬁcity of 86.2% and can be identiﬁed in 36.6% of ACPA-positive
patients and in 13.2% ACPA negative RA patients [66].

used as antigen for detection of antibodies in RA [34].
The presence of anti-MCV antibodies is strongly associated with the
genes of HLA class II that contain “shared epitope” that is the sequence
of amino acid in HLA molecules presumably responsible for ACPA
presentation in the immune system [35]. Anti-MCV antibodies are
found in patients with the alleles of DRB1*01 (except*0103), DRB1*04
and DRB1*10, also it was related with PTPN22 alleles and smoking
[36]. Especially high aﬃnity of HLA-DRB1*0401 to MCV related peptides was described [37]. Relationship between serology and risk factors of RA is even stronger in patients also positive for anti-cytrullinated
alpha-enolase peptide 1 (CEP-1) antibodies [37].
Immunization of HLA-DR4-IE transgenic mice with citrullinated ﬁbrinogen induces experimental arthritis and synthesis of antibodies that
react with citrullinated vimentin [38]. Induction of antibodies against
citrullinated epitopes is probably a T-helper dependent process that
clearly demonstrates the importance of HLA DRB1 alleles. Naturally
occurring citrullinated proteins like ﬁlaggrin did not induce proliferative T-cell responses of lymphocytes of peripheral blood of RA
patients if presented by “the shared epitope” [39]. In contrast, citrullinated ﬁbrinogen and citrullinated vimentin induced T-cell proliferation and interferon-gamma production in cultured RA T-cells [40].
There are also several pathological events that lead to an induction
of antibodies directed against post-translationally modiﬁed vimentin.
Brief of the pathogenesis is illustrated in the Fig. 3.
Local inﬂammation of synovial membranes can generate posttranslationally modiﬁed vimentin that becomes the autoantigenic
target. The presence of intracellular citrullinated antigens like vimentin
and alpha-enolase can be detected in the synovial lining of RA joint and
correlate with systemic ACPA level [41,42]. Vossenaar et al. [43]
suggested that vimentin citrullination are associated with granulocyte
and macrophage apoptosis that produces signiﬁcant amounts on intracellular components including vimentin and also peptidyl- arginine
deiminase-2 and peptidyl-arginine deiminase-4 enzymes that are involved in inﬂammatory citrullination [44]. Fragmented extracellular
DNA in the synovial ﬂuid indicates an apoptosis in RA synovium and
high levels of PAD expression in joint correlated with a systemic inﬂammatory activity [33]. Vimentin can also be excreted by activated
macrophages under the inﬂuence of TNF-a [12].
RA is characterized by a high neutrophil content in the synovial
ﬂuid that is typically over 2000 cells per μl. The number of neutrophils
correlates with the concentrations of IL-8. A speciﬁc form of apoptosis
of neutrophilic granulocytes generates neutrophilic extracellular traps
(NET) that are expulsion of DNA-protein complexes and enzymes from
the cell [45]. During NETosis externalization of vimentin and other
intracellular constituents occurs together with peptidyl- arginine deiminase, myeloperoxidase, cathepsin G and other enzymes involved in
proteolysis and post-translational modiﬁcations [46]. High level of
NETosis in the peripheral blood can be found in RA in contrast to osteoarthritis and controls. NETosis also was found in synovial pannus,
rheumatoid nodules and skin of RA patients and its severity correlates
with ACPA, rheumatoid factor and other markers of systemic inﬂammation including CRP and ESR [47]. Oxidative stress is another
result of ubiquitous NETosis. In ﬁbroblast cell line in vitro oxidative
stress induces an expression of post-translationally modiﬁed vimentin
that are recognized by ACPA from synovial ﬂuid of RA patients [48].
Smoking is strongly related to RA and apparently is involved in
immunology of this disease [49]. In smokers immunohistochemical
testing of bronchoalveolar lavage samples can detect high peptidylarginine deiminase-2 expression and prominent citrullination of different proteins [50]. Citrullinated and carbamylated vimentin but not
alpha-enolase and ﬁbrinogen can be found in lung tissue of smokers and
patients with chronic obstructive pulmonary disease [51]. Rheumatoid
factor and ACPA can be found in part of the patients with bronchiectasis
[52,53].
Among the peptide fragments of MCV similar cit-vim 446–466 and
cit-vim 440–445 peptides can be detected in synovial lining and lung

4. Antibodies against mutated citrullinated vimentin in diagnostic
testing
Anti-mutated citrullinated vimentin antibodies (anti-MCV) are the
member of big family of anti-citrullinated antibodies. It includes antibodies against naturally occurring citrullinated antigens like ﬁlaggrin
(anti-keratin antibodies [69] and anti-perinuclear factor [70], or citrullinated vimentin (or Sa antigen) puriﬁed from placenta [71]. Another generation of the assays detects antibodies against recombinant
antigens. Among them the most frequently employed anti-citrullinated
antibodies are anti-cyclic citryllinated peptide antibodies (anti-CCP)
and antibodies against MCV. There are several other commercially
929
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peripheral blood mononuclear cells (PBMCs) of sarcoidosis patients. It
should be noted that vimentin does not induce cytokines hypersecretion
by PBMCs of patients with tuberculosis and healthy donors. Vimentin
also was revealed to be aggregated in multinucleated giant cells [79].
Hypothesis that vimentin can be sarcoidosis-associated autoantigen was
also substantiated by HLA haplotypes of patients with that nosology
[80]. The research groups of Wahlström and Grunewald pointed out
that more than half of the patients with sarcoidosis carried HLADRB1*03 allele [81]. This HLA type has high binding capacity for T-cell
receptor Vα2.3+ and Vβ22+ [82–84]. They were also able to show
that vimentin speciﬁcally binds to HLA- DRB1*0301 and Vα2.3+ and
Vβ22+, but not to other type of HLA and TCR receptors [85]. Also,
synthesized protein V (Vim429–443: DSLPLVDTHSKRTLL), that resembles main antigenic binding epitope of vimentin, induces active
secretion of INF-y by PBMCs, extracted from HLA-DRB1*0301 positive
patients with sarcoidosis [85]. Clonal expansion of Vβ22+ Vα2.3+
CD4+ T-cells were identiﬁed in all HLA-DRB1*0301positive patients
with sarcoidosis, but not in patients with other HLA genotypes. Additionally, the possible role of vimentin in pathogenesis of sarcoidosis
was substantiated by high prevalence (33,3%) of anti-MCV antibodies
in angiotensin-converting enzyme (ACE) positive patients with sarcoidosis (unpublished results by Lapin S., Strashinova A., Zinchenko J.).
Data about sarcoidosis-associated autoantigens are scarce, but the
present results point to sarcoidosis as a disease with autoimmune reactions to multiple autoantigens that are deeply inﬂuenced by HLA
genotype. Vimentin is the most promising autoimmune target in a
speciﬁc HLA group of patients with sarcoidosis.

Table 1
Clinical characteristics of diﬀerent ACPA tests (results presented at 2014
Congress of Autoimmunity).
ACPA test

eRA
(n = 37)

5yrRA
(n = 36)

Speciﬁcity

Number of
disease
control

Combined
speciﬁcity

aCCP2
CCPlus
aCCPhs
aMCV

61.7%
60.0%
66.0%
76.6%

84.8%
n.d.
73.9%
87.0%

91.8%
100%*
89.3%
89.2%

110
18
122
28

93.0
(9/128)
89.3
(16/150)

ACPA – anti-citrullinated peptide antibodies; aMCV – antibodies mutated citrillinated vimentin; aCCPhs – “high sensitive” anti-citrullinated cyclic peptide;
eRA – early rheumatoid arthritis; 5yrRA – rheumatoid arthritis with 5 years
duration. aCCPhs and aMCV (Orgentec Diagnostika, Mainz, Germany), aCCP2
(Euroimmun, Lubek Germany) and Immunoscan CCPlus (Euro-Diagnostica,
Malmo, Sweden).

available assays for antibodies against diﬀerent citrullinated proteins
but they were not so intensively studied [72].
Original anti-MCV antibodies (Orgentec AG) are currently additional method for detection of antibodies to citrullinated antigens that
was not included into the set of ACR/EULAR diagnostic criteria for RA
in 2010 year. According to these diagnostic guidelines testing for ACPA
suggests only anti-CCP testing. Anti-MCV antibodies have a sensitivity
of 77–85% that is superior to anti-CCP antibodies but the speciﬁcity is
85–89% that is signiﬁcantly less that of anti-CCP [73]. Anti-MCV can be
found in several autoimmune diseases, especially psoriatic arthritis and
systemic lupus erythematosus (SLE). Because of low speciﬁcity of antiMCV antibodies, they do not add any additional information to antiCCP testing in diagnosis of rheumatoid arthritis [74].
New anti-CCP hs (high sensitive)®test from Orgentec AG is based on
three selected and optimized peptide epitopes from the body's own
MCV protein. We compared the diﬀerent tests for ACPA in patients with
early RA and long-standing disease (Table 1). Although MCV is less
useful for an early diagnosis of RA it can be used as additional laboratory biomarker for selection of patients for treatment with biologic
agents. Seropositivity for anti-MCV antibodies was lower in responders
to rituximab and also changed signiﬁcantly in patients with good
clinical response [75].

6. Autoimmune reactions to vimentin in systemic lupus
erythematous
There are two types of kidney damage in lupus nephritis: glomerulonephritis and tubulointerstitial inﬂammation. Tertiary lymphoid
structures are tissue formations that are found in damaged kidney interstitium and determine the severity of tubulointerstitial inﬂammation. These structures consist of contoured germinal and plasmoblastic
centers, and T and B-cell aggregates [86]. Oligoclonal CD4+ T-cells
and the presence of expansion and clonal selection of B-cells due to the
presence of an autoantigen was detected in tubulointerstitial inﬂammation [87]. Kinloch et al. [88] demonstrated presence of autoantibodies against the cytoplasmic components of cells in biopsy of
kidney of patients with SLE. Further, with the help of mass spectrometry, vimentin was identiﬁed to be a target of cytoplasmic antibodies
in 6 of 8 patients. It is worth to note that autoantibodies located in
tubulointerstitial spaces diﬀer from serum circulating autoantibodies in
SLE patients [89]. Inﬂammation in the interstitial spaces of kidney results in apoptosis of macrophages and degradation of components of the
cytoskeleton. Increased expression of vimentin on the cell surface was
observed [90]. Moreover, during inﬂammation, vimentin is expressed
by damaged endothelial and epithelial cells of the renal tubules [91].
High titers of anti-vimentin antibodies are associated with severe tubulointerstitial inﬂammation in SLE patients. Since antibodies are deposited in the local inﬂammation focus, the complement system is activated, which leads to increased inﬂammation, destruction of the tissue
and ﬁbrosis of the renal tissue.
Glomerulonephritis in SLE is caused by the deposition of antidsDNA antibodies in the glomeruli [92]. André-Schwartz and colleagues [93] revealed the ability of monoclonal anti-DNA lupus autoantibodies to bind to vimentin. Bruschi et al. [94] has indicated that
glomerular antibodies react against 11 proteins, including vimentin,
but the antibody reactivity was directed mainly against a-Enolase and
Annexin.

5. Autoantibodies against vimentin in sarcoidosis
Sarcoidosis is an inﬂammatory granulomatous systemic disease with
enigmatic etiology. Non-caseous granulomas is the most speciﬁc feature
of sarcoidosis that can be found in lung, lymphoid nodes, eyes and skin
of patients. Composition of non-caseous granulomas includes antigenpresenting cells (macrophages, dendritic cells), debris of cells and
CD4+ T-cells with unknown speciﬁcity of T-cell receptor (TCR) [76].
Today autoimmune theory of sarcoidosis pathogenesis is thought to be
the most convincing, although many questions remain to be answered.
Autoimmune targets in sarcoidosis still stay uncharacterized. Absence
of consistent animal models that reﬂect mechanism of non-caseous
granulomas formation also holds back progress in understanding of
sarcoidosis pathogenesis.
There are many studies dedicated to searching for sarcoidosis-associated autoantigens. Research group of Häggmark et al. [77] showed
that sera of nearly all the patients with sarcoidosis were reactive against
one of the antigens in microarray built on 3072 protein fragments. Also,
additionally, four proteins were proposed as sarcoidosis-associated
autoimmune targets: ZNF688, MRPL43, NCOA2, ARFGAP1. Using 1DSDS-PAGE and 2D-DIGE methodologies Eberhardt et al. [78] showed
that 3 proteins can elicit the Kveim reaction in patients with sarcoidosis: tubulin, alpha-actinin-4, vimentin. Moreover, increased expression of vimentin was identiﬁed in the spleen of patients with sarcoidosis. Vimentin also induces hypersecretion of IFN-γ and TNF-α by

7. Vimentin and antiphospholipid syndrome
Antiphospholipid antibodies аrе family of autoantibodies directed
930
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severe ankylosing spondyloarthritis, since 67% of patients had a
radiographic progression. Moreover, anti-MCV antibodies were detected in 37% of patients with ankylosing spondyloarthritis [107].
Vimentin plays a role in the pathogenesis of autoimmune reactions
in idiopathic pulmonary ﬁbrosis. Aggregates of B cells around speciﬁc
ﬁbroblastic foci are observed inidiopathic pulmonary ﬁbrosis [108].
Vimentin causes HLA-DR-dependent increased in vitro proliferation of
CD4+ cells, which was taken from the blood of patients with idiopathic
pulmonary ﬁbrosis. Increased production of IL-4, IL-17, and TGF-β1
cytokines by T-lymphocytes was also noted. Furthermore, TGF-β1 increases the secretion of vimentin by endothelial cells [109]. Jun Li et al.
[110] observed a high concentration of vimentin in the exhaled breath
condensate and blood plasma in patients with idiopathic pulmonary
ﬁbrosis. Comparing idiopathic pulmonary ﬁbrosis with chronic obstructive pulmonary disease and healthy control sera, a high titer of
anti-vimentin IgG antibodies was observed in idiopathic pulmonary
ﬁbrosis. The level of anti-vimentin antibodies in patients with idiopathic pulmonary ﬁbrosis was inversely correlated with the physiological measurements of lung function. The most unfavorable prognosis
was observed in patients with the highest anti-vimentin antibody levels.

against phospholipids and phospholipid-binding protein. Their presence clinically linked with thrombosis and rессurent miscarriages.
Antibodies to cardiolipin (aCL), ß2glycoprotein-I (aß2GPI) and lupus
anticoagulant were included in the lаbоrаtоry сritеriа for antiphospholipid sуndrоmе (APS).
Тhebault et al. [95] demonstrated that vimentin and cardiolipin can
interact оn the surfасе of apoptotic cells and fоrm аn immunogenic
struсturеs. Vimentin can bind to cardiolipin by electrostatic interaction
between the positively charged аmino acids оf vimentin and the negative charge of cardiolipin [96,97]. Оrtоnа and colleagues have
showed, that antibodies against the vimentin/cardiolipin complex
(аaVС) were fоund in 55,2% of patients that were negative and in
92.5% of patients that were positive for aCL and aß2GPI [96]. Another
study by Conti et al. [98] detected aaVC in 45.8% of seronegative patients with clinical proﬁle suggestive оf APS and in 88% of patients that
were positive for aCL and aß2GPI. According to this data, vimentin can
serve as со-fасtоr рrоtein for aCL. It was found that the presence of
aaVC is highly speciﬁc marker for prediction of arterial and venous
thromboses [99]. Thus, аaVС mау be useful tool fоr diagnosis of seronegative APS patients.
Meanwhile aaVC аrе also involved in coagulation cascade.
Procoagulant mechanism is due to the binding of the antibodies to
leukocytes that resulted in the release of а platelet activating fасtоr and
other pro-thrombotic factors [100]. Binding of aaVC to endothelial cell
also induce phosphorylation of interleukin receptor-associated kinase
(IRAK) and activation nuclear factor kappa В (NF-kB) with the subsequent release оf рrо-inﬂаmmаtоrу and рrо-соаgulаting factors [101].
It should bе emphasized that aaVC is non-speciﬁc for APS, as these
antibodies were detected in 43.3% of the patients with SLE and in
16.6% of the patients with RA [96]. Additionally, anti-MCV antibodies
were found in 26.6% of patients with APS [99]. A statistically signiﬁcant correlation between the titers of anti-MCV antibodies and aaVC
in serum was found.

9. Conclusion
Vimentin is a ubiquitously distributed protein of the intermediate
ﬁlament family. Post-translational modiﬁcations inﬂuence not only
structural and conformational features of vimentin molecules, but also
play role in pathogenesis of inﬂammatory and autoimmune disorders.
Native and post-translational modiﬁed vimentin can be secreted by
immune cells on their surface, which leads to the appearance of a target
for the synthesis of antibodies. Modiﬁed forms of vimentin are associated with inﬂammation. NETosis plays important role in the secretion
of modiﬁed vimentin in RA. The participation of NETosis is noted in the
pathogenesis of many autoimmune diseases and, probably, there can
also be a secretion of this protein.
It was shown that generations of PTMV are profoundly involved in
the pathogenesis of RA, can induce disease in susceptible hosts and
linked with speciﬁc HLA genotypes. Citrullination is usually induced by
smoking, increased apoptosis of macrophages and granulocytes,
NETosis and chronic inﬂammatory processes and performed by peptidyl-arginine deiminases. Citrullinated vimentin can be detected in the
lung, sinovium and sera of RA patients. Local and systemic concentrations of antibodies to vimentin in RA patients correlate with the activity
of disease, concentrations of IL-8 and count of neutrophils in the synovia. Carbamylation of vimentin is also induced by neutrophilic activation. The synthesis of autoantibodies to carbamylated vimentin is
deeply linked to anti-citrullinated vimentin antibodies, but there was no
cross-inhibition between the antibodies. Antibodies to acetylated vimentin have high speciﬁcity in RA patients.
Identiﬁcation of phenomena of increased production of anti-citrullinated proteins antibodies leads to creation of recognized biomarker of RA, that are anti-cyclic citrullinated peptide antibodies and
modiﬁed citrullinated vimentin. Antibodies to modiﬁed citrullinated
vimentin have a high sensitivity, but can be found in another autoimmune diseases.
The pathogenesis of sarcoidosis is remained to be clariﬁed, but
today autoimmune hypothesis is one of the most convincing. In sarcoidosis, epitopes of vimentin were identiﬁed to be antigenic targets in
cohort of patients with HLA-DRB1*0301 alleles. Vimentin in sarcoidosis
patients also induces increased secretion of pro-inﬂammatory cytokines
and clonal expansion of lymphocytes.
Systemic lupus erythematosus is a systemic autoimmune disease
that is notoriously known for a wide spectrum of autoimmune targets.
Antibodies to vimentin were identiﬁed in serum and tubulointerstitial
kidney spaces and their high concentration associated with severe
kidney damage. Moreover, antibodies to double strand DNA cross-reacted with vimentin molecules. In antiphospholipid syndrome vimentin

8. Vimentin in pathogenesis of other autoimmune conditions:
Crohn's disease, ankylosing spondyloarthritis, idiopathic
pulmonary ﬁbrosis
Crohn's disease (СD) and ulcerative colitis (UC) are chronic, relapsing, idiopathic disorders of the gastrointestinal tract. CD is characterized by immune, transmural, segmental, granulomatous inﬂammation
of the gastrointestinal system of various localization from the oral
cavity to the anus, with the development of local and systemic complications, whereas the UC - by aﬀecting only the colon with the obligatory involvement of the rectum [102]. Frequently, these diseases
have overlapping and nonspeciﬁc clinical and histologic characteristics.
Therefore, it is necessary to search for potential biomarkers in order to
conﬁrm the diagnosis. Mor-Vaknin [103] demonstrated that vimentin
takes part in the pathogenesis of CD and UC. Comparing mice with a
knockout vimentin gene and wild-type mice, less inﬂammation develops in knockout animals. In CD and UC an increased expression of
metalloproteinases (MMP) that lead to tissue remodeling was identiﬁed. Since MMP-2 and -8 take part in the destruction of vimentin it is
worth to note that MMP-2 is generated by activated macrophages,
which form granuloma in Crohn's disease [104]. Høg Mortensen et al.
[105] showed that citrullinated and MMP-degraded vimentin in serum
is speciﬁc marker for Crohn's disease. Patients with high level of citrullinated and MMP-degraded vimentin are 5.62 times more likely to
have Crohn's disease rather than ulcerative colitis. Speciﬁcity of that
marker for CD was 78%.
The citrullinated and MMP-degraded vimentin level in sera of patients with ankylosing spondyloarthritis was signiﬁcantly higher than in
serum of a healthy control. Bay-Jensen and colleagues [106] showed
that these form of vimentin could be a prognostic marker for ankylosing
spondyloarthritis. Citrullinated and MMP-degraded vimentin level was
also raised in RA. A high level of the protein is associated with the more
931
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interacts with cardiolipin and induces a synthesis of pro-trombogenic
antibodies, that have a high prevalence in patients seronegative for
antibodies to cardiolipin and ß2glycoprotein-I.
Increased concentration of post-translational modiﬁed vimentin was
also identiﬁed in Crohn's disease, idiopathic pulmonary ﬁbrosis and
ankylosing spondyloarthritis.
Native and post-translational modiﬁed vimentin is involved in the
pathogenesis of a wide spectrum disorders. Modiﬁcations of protein
structure lead to the creation of new highly antigenic epitopes that
induce synthesis of autoantibodies. Today, antibodies to modiﬁed citrullinated vimentin become an important diagnostic and prognostic
marker for patients with rheumatologic disorders. Emergence of new
data about participation of vimentin in the pathogenesis of other systemic diseases make research in this ﬁeld.

ncb898.
[13] Moisan E. Cell surface expression of intermediate ﬁlament proteins vimentin and
lamin B1 in human neutrophil spontaneous apoptosis. J Leukoc Biol
2005;79:489–98. https://doi.org/10.1189/jlb.0405190.
[14] Boilard E, Bourgoin SG, Bernatchez C, Surette ME. Identiﬁcation of an autoantigen
on the surface of apoptotic human T cells as a new protein interacting with inﬂammatory group IIA phospholipase A 2. Blood 2003;102:2901–9. https://doi.
org/10.1182/blood-2002-12-3702.
[15] Podor TJ, Singh D, Chindemi P, Foulon DM, McKelvie R, Weitz JI, et al. Vimentin
exposed on activated platelets and platelet microparticles localizes vitronectin and
plasminogen activator inhibitor complexes on their surface. J Biol Chem
2002;277:7529–39. https://doi.org/10.1074/jbc.M109675200.
[16] Päll T, Pink A, Kasak L, Turkina M, Anderson W, Valkna A, et al. Soluble CD44
interacts with intermediate ﬁlament protein vimentin on endothelial cell surface.
PLoS One 2011;6. https://doi.org/10.1371/journal.pone.0029305.
[17] Garg A, Barnes PF, Porgador A, Roy S, Wu S, Nanda JS, et al. Vimentin expressed
on Mycobacterium tuberculosis-infected human monocytes is involved in binding
to the NKp46 receptor. J Immunol 2006;177:6192–8. https://doi.org/10.4049/
jimmunol.177.9.6192.
[18] Goto H, Tanabe K, Manser E, Lim L, Yasui Y, Inagaki M. Phosphorylation and
reorganization of vimentin by p21-activated kinase (PAK). Genes Cells
2002;7:91–7. https://doi.org/10.1046/j.1356-9597.2001.00504.x.
[19] Goto H, Yasui Y, Kawajiri A, Nigg EA, Terada Y, Tatsuka M, et al. Aurora-B regulates the cleavage furrow-speciﬁc vimentin phosphorylation in the cytokinetic
process. J Biol Chem 2003;278:8526–30. https://doi.org/10.1074/jbc.
M210892200.
[20] Zhu QS, Rosenblatt K, Huang KL, Lahat G, Brobey R, Bolshakov S, et al. Vimentin is
a novel AKT1 target mediating motility and invasion. Oncogene 2011;30:457–70.
https://doi.org/10.1038/onc.2010.421.
[21] Li J, Wang R, Tang DD. Vimentin dephosphorylation at ser-56 is regulated by type
1 protein phosphatase in smooth muscle. Respir Res 2016;17. https://doi.org/10.
1186/s12931-016-0415-7.
[22] Nieminen M, Henttinen T, Merinen M, Marttila-Ichihara F, Eriksson JE, Jalkanen
S. Vimentin function in lymphocyte adhesion and transcellular migration. Nat Cell
Biol 2006;8:156–62. https://doi.org/10.1038/ncb1355.
[23] Icenogle LM, Hengel SM, Coye LH, Streifel A, Collins CM, Goodlett DR, et al.
Molecular and biological characterization of streptococcal SpyA-mediated ADPribosylation of intermediate ﬁlament protein vimentin. J Biol Chem
2012;287:21481–91. https://doi.org/10.1074/jbc.M112.370791.
[24] Wang L, Zhang J, Banerjee S, Barnes L, Sajja V, Liu Y, et al. Sumoylation of vimentin354 is associated with PIAS3 inhibition of glioma cell migration.
Oncotarget 2010;1:620–7. https://doi.org/10.18632/oncotarget.101101.
[25] Farach AM, Galileo DS. O-GlcNAc modiﬁcation of radial glial vimentin ﬁlaments in
the developing chick brain. Brain Cell Biol 2008;36:191–202. https://doi.org/10.
1007/s11068-008-9036-5.
[26] Gudmann NS, Hansen NU, Jensen AC, Karsdal MA, Siebuhr AS. Biological relevance of citrullinations: diagnostic, prognostic and therapeutic options.
Autoimmunity 2014;48:73–9. https://doi.org/10.3109/08916934.2014.962024.
[27] Vassiliadis E, Oliveira CP, Alvares-Da-Silva MR, Zhang C, Carrilho FJ, Stefano JT,
et al. Circulating levels of citrullinated and MMP-degraded vimentin (VICM) in
liver ﬁbrosis related pathology. Am J Transl Res 2012;4:403–14. https://doi.org/
10.3109/1354750X.2011.620628.
[28] Scally SW, Petersen J, Law SC, Dudek NL, Nel HJ, Loh KL, et al. A molecular basis
for the association of the HLA-DRB1 locus, citrullination, and rheumatoid arthritis.
J Exp Med 2013;210:2569–82. https://doi.org/10.1084/jem.20131241.
[30] Bornheim R, Müller M, Reuter U, Herrmann H, Büssow H, Magin TM. A dominant
vimentin mutant upregulates Hsp70 and the activity of the ubiquitin-proteasome
system, and causes posterior cataracts in transgenic mice. J Cell Sci
2008;121:3737–46. https://doi.org/10.1242/jcs.030312.
[31] Vossenaar ER, Després N, Lapointe E, van der Heijden A, Lora M, Senshu T, et al.
Rheumatoid arthritis speciﬁc anti-Sa antibodies target citrullinated vimentin.
Arthritis Res Ther 2004;6:R142–50. https://doi.org/10.1186/ar1149.
[32] Iwaszkiewicz C, Puszczewicz M, Bialkowska-Puszczewicz G. Diagnostic value of
the anti-Sa antibody compared with the anti-cyclic citrullinated peptide antibody
in rheumatoid arthritis. Int J Rheum Dis 2015;18:46–51. https://doi.org/10.1111/
1756-185X.12544.
[33] van Steendam K, Tilleman K, Deforce D. The relevance of citrullinated vimentin in
the production of antibodies against citrullinated proteins and the pathogenesis of
rheumatoid arthritis. Rheumatology 2011;50:830–7. https://doi.org/10.1093/
rheumatology/keq419.
[34] Tesija Kuna A. Mutated citrullinated vimentin antibodies in rheumatoid arthritis.
Clin Chim Acta 2012;413:66–73. https://doi.org/10.1016/j.cca.2011.10.020.
[35] Holoshitz J. The rheumatoid arthritis HLA-DRB1 shared epitope. Curr Opin
Rheumatol 2010;22:293–8. https://doi.org/10.1097/BOR.0b013e328336ba63.
[36] Lundberg K, Bengtsson C, Kharlamova N, Reed E, Jiang X, Kallberg H, et al.
Genetic and environmental determinants for disease risk in subsets of rheumatoid
arthritis deﬁned by the anticitrullinated protein/peptide antibody ﬁne speciﬁcity
proﬁle. Ann Rheum Dis 2013;72:652–8. https://doi.org/10.1136/annrheumdis2012-201484.
[37] Hill JA, Southwood S, Sette A, Jevnikar AM, Bell DA, Cairns E. Cutting edge: the
conversion of arginine to citrulline allows for a high-aﬃnity peptide interaction
with the rheumatoid arthritis-associated HLA-DRB1*0401 MHC class II molecule. J
Immunol 2003;171:538–41. https://doi.org/10.4049/jimmunol.171.2.538.
[38] Verpoort KN, Cheung K, Ioan-Facsinay A, Van Der Helm-van Mil AHM, De VriesBouwstra JK, Allaart CF, et al. Fine speciﬁcity of the anti-citrullinated protein
antibody response is inﬂuenced by the shared epitope alleles. Arthritis Rheum

Conﬂict of interest
The authors declare no conﬂicts of interest, including any ﬁnancial
and personal relationships with other people or organizations that
could have inappropriately inﬂuenced this work.
Acknowledgements
Authors would like to acknowledge research activities of members
of St. Petersburg research group on Autoimmune diseases including
Prof. Leonid Churilov, Prof. Piotr Yablonsky P., Dr. Anna Strashinova
A., Dr. Julia Zinchenko.
Funding
This work is supported by the grant of the Government of the
Russian Federation for the state support of scientiﬁc research carried
out under the supervision of leading scientists, agreement
14.W03.31.0009, on the basis of SPbU projects 15.34.3.2017 and
15.64.785.2017.
References
[1] Fernandes-Cerqueira C, Ossipova E, Gunasekera S, Hansson M, Mathsson L, Catrina
AI, et al. Targeting of anti-citrullinated protein/peptide antibodies in rheumatoid
arthritis using peptides mimicking endogenously citrullinated ﬁbrinogen antigens.
Arthritis Res Ther 2015;17. https://doi.org/10.1186/s13075-015-0666-6.
[2] Helfand BT. Intermediate ﬁlaments are dynamic and motile elements of cellular
architecture. J Cell Sci 2004;117:133–41. https://doi.org/10.1242/jcs.00936.
[3] Fuchs E, Weber K. Intermediate ﬁlaments: structure, dynamics, function and disease. Annu Rev Biochem 1994;63:345–82. https://doi.org/10.1146/annurev.bi.
63.070194.002021.
[4] Eriksson JE. Speciﬁc in vivo phosphorylation sites determine the assembly dynamics of vimentin intermediate ﬁlaments. J Cell Sci 2004;117:919–32. https://
doi.org/10.1242/jcs.00906.
[5] Goldie KN, Wedig T, Mitra AK, Aebi U, Herrmann H, Hoenger A. Dissecting the 3-D
structure of vimentin intermediate ﬁlaments by cryo-electron tomography. J Struct
Biol 2007;158:378–85. https://doi.org/10.1016/j.jsb.2006.12.007.
[6] Herrmann H, Bär H, Kreplak L, Strelkov SV, Aebi U. Intermediate ﬁlaments: from
cell architecture to nanomechanics. Nat Rev Mol Cell Biol 2007;8:562–73. https://
doi.org/10.1038/nrm2197.
[7] Helfand BT, Mikami A, Vallee RB, Goldman RD. A requirement for cytoplasmic
dynein and dynactin in intermediate ﬁlament network assembly and organization.
J Cell Biol 2002;157:795–806. https://doi.org/10.1083/jcb.200202027.
[8] Dave JM, Bayless KJ. Vimentin as an integral regulator of cell adhesion and endothelial sprouting. Microcirculation 2014;21:333–44. https://doi.org/10.1111/
micc.12111.
[9] Snider NT, Omary MB. Post-translational modiﬁcations of intermediate ﬁlament
proteins: mechanisms and functions. Nat Rev Mol Cell Biol 2014;15:163–77.
https://doi.org/10.1038/nrm3753.
[10] Ivaska J, Pallari HM, Nevo J, Eriksson JE. Novel functions of vimentin in cell
adhesion, migration, and signaling. Exp Cell Res 2007;313:2050–62. https://doi.
org/10.1016/j.yexcr.2007.03.040.
[11] Satelli A, Li S. Vimentin as a potential molecular target in cancer therapy or vimentin, an overview and its potential as a molecular target for cancer therapy. Cell
Mol Life Sci 2011;68:3033–46. https://doi.org/10.1007/s00018-011-0735-1.
Vimentin.
[12] Mor-Vaknin N, Punturieri A, Sitwala K, Markovitz DM. Vimentin is secreted by
activated macrophages. Nat Cell Biol 2003;5:59–63. https://doi.org/10.1038/

932

Autoimmunity Reviews 17 (2018) 926–934

A. Musaelyan et al.

2007;56:3949–52. https://doi.org/10.1002/art.23127.
[39] Hill JA, Bell DA, Brintnell W, Yue D, Wehrli B, Jevnikar AM, et al. Arthritis induced
by posttranslationally modiﬁed (citrullinated) ﬁbrinogen in DR4-IE transgenic
mice. J Exp Med 2008;205:967–79. https://doi.org/10.1084/jem.20072051.
[40] Auger I, Sebbag M, Vincent C, Balandraud N, Guis S, Nogueira L, et al. Inﬂuence of
HLA-DR genes on the production of rheumatoid arthritis-speciﬁc autoantibodies to
citrullinated ﬁbrinogen. Arthritis Rheum 2005;52:3424–32. https://doi.org/10.
1002/art.21391.
[41] Tilleman K, Van Steendam K, Cantaert T, De Keyser F, Elewaut D, Deforce D.
Synovial detection and autoantibody reactivity of processed citrullinated isoforms
of vimentin in inﬂammatory arthritides. Rheumatology 2008;47:597–604. https://
doi.org/10.1093/rheumatology/ken077.
[42] De Rycke L, Nicholas AP, Cantaert T, Kruithof E, Echols JD, Vandekerckhove B,
et al. Synovial intracellular citrullinated proteins colocalizing with peptidyl arginine deiminase as pathophysiologically relevant antigenic determinants of rheumatoid arthritis-speciﬁc humoral autoimmunity. Arthritis Rheum
2005;52:2323–30. https://doi.org/10.1002/art.21220.
[43] Vossenaar ER, Radstake TRD, Van Der Heijden A, Van Mansum MAM, Dieteren C,
De Rooij DJ, et al. Expression and activity of citrullinating peptidylarginine deiminase enzymes in monocytes and macrophages. Ann Rheum Dis 2004;63:373–81.
https://doi.org/10.1136/ard.2003.012211.
[44] Hojo-Nakashima I, Sato R, Nakashima K, Hagiwara T, Yamada M. Dynamic expression of peptidylarginine deiminase 2 in human monocytic leukaemia THP-1
cells during macrophage diﬀerentiation. J Biochem 2009;146:471–9. https://doi.
org/10.1093/jb/mvp097.
[45] Mitroulis I, Kambas K, Chrysanthopoulou A, Skendros P, Apostolidou E, Kourtzelis
I, et al. Neutrophil extracellular trap formation is associated with IL-1β and autophagy-related signaling in gout. PLoS One 2011;6. https://doi.org/10.1371/
journal.pone.0029318.
[46] Wright HL, Moots RJ, Edwards SW. The multifactorial role of neutrophils in
rheumatoid arthritis. Nat Rev Rheumatol 2014;10:593–601. https://doi.org/10.
1038/nrrheum.2014.80.
[47] Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, Gizinski A, Yalavarthi S,
Knight JS, et al. NETs are a source of citrullinated autoantigens and stimulate
inﬂammatory responses in rheumatoid arthritis. Sci Transl Med 2013;5. https://
doi.org/10.1126/scitranslmed.3005580.
[48] Bang H, Egerer K, Gauliard A, Lüthke K, Rudolph PE, Fredenhagen G, et al.
Mutation and citrullination modiﬁes vimentin to a novel autoantigen for rheumatoid arthritis. Arthritis Rheum 2007;56:2503–11. https://doi.org/10.1002/art.
22817.
[49] Klareskog L, Malmström V, Lundberg K, Padyukov L, Alfredsson L. Smoking, citrullination and genetic variability in the immunopathogenesis of rheumatoid arthritis. Semin Immunol 2011;23:92–8. https://doi.org/10.1016/j.smim.2011.01.
014.
[50] Makrygiannakis D, Hermansson M, Ulfgren AK, Nicholas AP, Zendman AJW,
Eklund A, et al. Smoking increases peptidylarginine deiminase 2 enzyme expression in human lungs and increases citrullination in BAL cells. Ann Rheum Dis
2008;67:1488–92. https://doi.org/10.1136/ard.2007.075192.
[51] Lugli EB, Correia RESM, Fischer R, Lundberg K, Bracke KR, Montgomery AB, et al.
Expression of citrulline and homocitrulline residues in the lungs of non-smokers
and smokers: implications for autoimmunity in rheumatoid arthritis. Arthritis Res
Ther 2015;17. https://doi.org/10.1186/s13075-015-0520-x.
[52] Perry E, Stenton C, Kelly C, Eggleton P, Hutchinson D, De Soyza A. RA autoantibodies as predictors of rheumatoid arthritis in non-cystic ﬁbrosis bronchiectasis patients. Eur Respir J 2014;44:1082–5. https://doi.org/10.1183/
09031936.00064014.
[53] Perry E, Kelly C, Eggleton P, De Soyza A, Hutchinson D. The lung in ACPA-positive
rheumatoid arthritis: an initiating site of injury? Rheumatology 2014;53:1–11.
https://doi.org/10.1093/rheumatology/keu195. (United Kingdom).
[54] Ytterberg AJ, Joshua V, Reynisdottir G, Tarasova NK, Rutishauser D, Ossipova E,
et al. Shared immunological targets in the lungs and joints of patients with
rheumatoid arthritis: identiﬁcation and validation. Ann Rheum Dis
2015;74:1772–7. https://doi.org/10.1136/annrheumdis-2013-204912.
[55] Vitkov L, Klappacher M, Hannig M, Krautgartner WD. Neutrophil fate in gingival
crevicular ﬂuid. Ultrastruct Pathol 2010;34:25–30. https://doi.org/10.3109/
01913120903419989.
[56] Derksen VFAM, Huizinga TWJ, van der Woude D. The role of autoantibodies in the
pathophysiology of rheumatoid arthritis. Semin Immunopathol 2017;39:437–46.
https://doi.org/10.1007/s00281-017-0627-z.
[57] Konig MF, Abusleme L, Reinholdt J, Palmer RJ, Teles RP, Sampson K, et al.
Aggregatibacter actinomycetemcomitans-induced hypercitrullination links periodontal infection to autoimmunity in rheumatoid arthritis. Sci Transl Med 2016;8.
https://doi.org/10.1126/scitranslmed.aaj1921.
[58] Quirke AM, Lugli EB, Wegner N, Hamilton BC, Charles P, Chowdhury M, et al.
Heightened immune response to autocitrullinated Porphyromonas gingivalis
peptidylarginine deiminase: a potential mechanism for breaching immunologic
tolerance in rheumatoid arthritis. Ann Rheum Dis 2014;73:263–9. https://doi.org/
10.1136/annrheumdis-2012-202726.
[59] Doke M, Fukamachi H, Morisaki H, Arimoto T, Kataoka H, Kuwata H. Nucleases
from Prevotella intermedia can degrade neutrophil extracellular traps. Mol Oral
Microbiol 2017;32:288–300. https://doi.org/10.1111/omi.12171.
[60] Reparon-Schuijt CC, Van Esch WJE, Van Kooten C, Schellekens GA, De Jong BAW,
Van Venrooij WJ, et al. Secretion of anti-citrulline-containing peptide antibody by
B lymphocytes in rheumatoid arthritis. Arthritis Rheum 2001;44:41–7. https://doi.
org/10.1002/1529-0131(200101)44:1<41::AID-ANR6>3.0.CO;2-0.
[61] Van Steendam K, Tilleman K, De Ceuleneer M, De Keyser F, Elewaut D, Deforce D.

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]
[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

933

Citrullinated vimentin as an important antigen in immune complexes from synovial ﬂuid of rheumatoid arthritis patients with antibodies against citrullinated
proteins. Arthritis Res Ther 2010;12. https://doi.org/10.1186/ar3070.
Andelid K, Bake B, Rak S, Lindén A, Rosengren A, Ekberg-Jansson A.
Myeloperoxidase as a marker of increasing systemic inﬂammation in smokers
without severe airway symptoms. Respir Med 2007;101:888–95. https://doi.org/
10.1016/j.rmed.2006.09.023.
Jiang X, Trouw LA, Van Wesemael TJ, Shi J, Bengtsson C, Källberg H, et al. AntiCarP antibodies in two large cohorts of patients with rheumatoid arthritis and their
relationship to genetic risk factors, cigarette smoking and other autoantibodies.
Ann Rheum Dis 2014;73:1761–8. https://doi.org/10.1136/annrheumdis-2013205109.
Ospelt C, Bang H, Feist E, Camici G, Keller S, Detert J, et al. Carbamylation of
vimentin is inducible by smoking and represents an independent autoantigen in
rheumatoid arthritis. Ann Rheum Dis 2017;76:1176–83. https://doi.org/10.1136/
annrheumdis-2016-210059.
Martínez G, Gómez JA, Bang H, Martínez-Gamboa L, Roggenbuck D, Burmester
GR, et al. Carbamylated vimentin represents a relevant autoantigen in Latin
American (Cuban) rheumatoid arthritis patients. Rheumatol Int 2016;36:781–91.
https://doi.org/10.1007/s00296-016-3472-9.
Juarez M, Bang H, Hammar F, Reimer U, Dyke B, Sahbudin I, et al. Identiﬁcation of
novel antiacetylated vimentin antibodies in patients with early inﬂammatory arthritis. Ann Rheum Dis 2016;75:1099–107. https://doi.org/10.1136/
annrheumdis-2014-206785.
Bang SY, Lee KH, Cho SK, Lee HS, Lee KW, Bae SC. Smoking increases rheumatoid
arthritis susceptibility in individuals carrying the HLA-DRB1 shared epitope, regardless of rheumatoid factor or anti-cyclic citrullinated peptide antibody status.
Arthritis Rheum 2010;62:369–77. https://doi.org/10.1002/art.27272.
Shi J, Knevel R, Suwannalai P, van der Linden MP, Janssen GMC, van Veelen PA,
et al. Autoantibodies recognizing carbamylated proteins are present in sera of
patients with rheumatoid arthritis and predict joint damage. Proc Natl Acad Sci
2011;108:17372–7. https://doi.org/10.1073/pnas.1114465108.
Bas S, Perneger TV, Seitz M, Tiercy J-M, Roux-Lombard P, Guerne PA. Diagnostic
tests for rheumatoid arthritis: comparison of anti-cyclic citrullinated peptide antibodies, anti-keratin antibodies and IgM rheumatoid factors. Rheumatology
(Oxford) 2002;41:809–14. https://doi.org/10.1093/rheumatology/41.7.809.
Abedian Z, Sagaﬁ M, Kenari SA, Abedian F. Anti-perinuclear factor as diagnostic
marker in rheumatoid arthritis. J Clin Diagn Res 2015;9:13–6. https://doi.org/10.
7860/JCDR/2015/14962.6456.
Despres N, Boire G, Lopez-Longo FJ, Menard HA. The Sa system: a novel antigenantibody system speciﬁc for rheumatoid arthritis. J Rheumatol 1994;21:1027–33.
Burska AN, Hunt L, Boissinot M, Strollo R, Ryan BJ, Vital E, et al. Autoantibodies
to posttranslational modiﬁcations in rheumatoid arthritis. Mediat Inﬂamm
2014;2014. https://doi.org/10.1155/2014/492873.
Qin X, Deng Y, Xu J, Li TJ, Li S, Zhao JM. Meta-analysis: diagnostic value of serum
anti-mutated citrullinated vimentin antibodies in patients with rheumatoid arthritis. Rheumatol Int 2011;31:785–94. https://doi.org/10.1007/s00296-0091343-3.
Lapin S. The Clinical Signiﬁcance of the Determination of Autoantibodies in
Rheumatoid Arthritis and the Characteristics of Their Production in the Joint (PhD
thesis). 2004.
Lindenberg L, Spengler L, Bang H, Dorner T, Maslyanskiy AL, Lapin SV, et al.
Restrictive IgG antibody response against mutated citrullinated vimentin predicts
response to rituximab in patients with rheumatoid arthritis. Arthritis Res Ther
2015;17. https://doi.org/10.1186/s13075-015-0717-z.
Valeyre D, Prasse A, Nunes H, Uzunhan Y, Brillet P-Y, Müller-Quernheim J.
Sarcoidosis. Lancet 2014;383:1155–67. https://doi.org/10.1016/S0140-6736(13)
60680-7. (London, England).
Häggmark A, Hamsten C, Wiklundh E, Lindskog C, Mattsson C, Andersson E, et al.
Proteomic proﬁling reveals autoimmune targets in sarcoidosis. Am J Respir Crit
Care Med 2015;191:574–83. https://doi.org/10.1164/rccm.201407-1341OC.
Eberhardt C, Thillai M, Parker R, Siddiqui N, Potiphar L, Goldin R, et al. Proteomic
analysis of Kveim reagent identiﬁes targets of cellular immunity in sarcoidosis.
PLoS One 2017;12. https://doi.org/10.1371/journal.pone.0170285.
Cain H, Kraus B. Immunoﬂuorescence microscopic demonstration of vimentin ﬁlaments in asteroid bodies of sarcoidosis - a comparison with electron microscopic
ﬁndings. Virchows Arch B Cell Pathol Incl Mol Pathol 1982;41:213–26. https://
doi.org/10.1007/BF02890384.
Grunewald J, Berlin M, Olerup O, Eklund A. Lung T-helper cells expressing T-cell
receptor AV2S3 associate with clinical features of pulmonary sarcoidosis. Am J
Respir Crit Care Med 2000;161:814–8. https://doi.org/10.1164/ajrccm.161.3.
9906001.
Wahlström J, Dengjel J, Winqvist O, Targoﬀ I, Persson B, Duyar H, et al.
Autoimmune T cell responses to antigenic peptides presented by bronchoalveolar
lavage cell HLA-DR molecules in sarcoidosis. Clin Immunol 2009;133:353–63.
https://doi.org/10.1016/j.clim.2009.08.008.
Darlington P, Haugom-Olsen H, von Sivers K, Wahlström J, Runold M, Svjatoha V,
et al. T-cell phenotypes in bronchoalveolar lavage ﬂuid, blood and lymph nodes in
pulmonary sarcoidosis - indication for an airborne antigen as the triggering factor
in sarcoidosis. J Intern Med 2012;272:465–71. https://doi.org/10.1111/j.13652796.2012.02543.x.
Ahlgren KM, Ruckdeschel T, Eklund A, Wahlström J, Grunewald J. T cell receptorVβ repertoires in lung and blood CD4+ and CD8+ T cells of pulmonary sarcoidosis patients. BMC Pulm Med 2014;14:50. https://doi.org/10.1186/1471-246614-50.
Zissel G, Müller-Quernheim J. Speciﬁc antigen(s) in sarcoidosis: a link to

Autoimmunity Reviews 17 (2018) 926–934

A. Musaelyan et al.

[85]

[86]

[87]

[88]

[89]
[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

J Biol Chem 1987;262:13742–9.
[98] Conti F, Capozzi A, Truglia S, Lococo E, Longo A, Misasi R, et al. The mosaic of
“seronegative” antiphospholipid syndrome. J Immunol Res 2014;2014. https://
doi.org/10.1155/2014/389601.
[99] Alessandri C, Agmon-Levin N, Conti F, Perricone C, Ortona E, Pendolino M, et al.
Anti-mutated citrullinated vimentin antibodies in antiphospholipid syndrome:
diagnostic value and relationship with clinical features. Immunol Res
2017;65:524–31. https://doi.org/10.1007/s12026-017-8899-x.
[100] Leong HS, Mahesh BM, Day JR, Smith JD, McCormack AD, Ghimire G, et al.
Vimentin autoantibodies induce platelet activation and formation of plateletleukocyte conjugates via platelet-activating factor. J Leukoc Biol
2007;83:263–71. https://doi.org/10.1189/jlb.0607339.
[101] Meroni PL, Raschi E, Testoni C, Parisio A, Borghi MO. Innate immunity in the
antiphospholipid syndrome: role of toll-like receptors in endothelial cell activation
by antiphospholipid antibodies. Autoimmun Rev 2004;3:510–5. https://doi.org/
10.1016/j.autrev.2004.07.007.
[102] Mendoza JL, Abreu MT. Biological markers in inﬂammatory bowel disease:
practical consideration for clinicians. Gastroenterol Clin Biol 2009;33:S158–73.
https://doi.org/10.1016/S0399-8320(09)73151-3.
[103] Mor-Vaknin N, Legendre M, Yu Y, Serezani CHC, Garg SK, Jatzek A, et al. Murine
colitis is mediated by vimentin. Sci Rep 2013;3. https://doi.org/10.1038/
srep01045.
[104] Kirkegaard T, Hansen A, Bruun E, Brynskov J. Expression and localisation of
matrix metalloproteinases and their natural inhibitors in ﬁstulae of patients with
Crohn's disease. Gut 2004;53:701–9. https://doi.org/10.1136/gut.2003.017442.
[105] Mortensen JHØ, Lbjer Godskesen LE, Jensen MDA, Van Haaften WT Obia, Abriel
Klinge LG, Olinga P, et al. Fragments of citrullinated and MMP-degraded vimentin
and MMP-degraded type III collagen are novel serological biomarkers to diﬀerentiate Crohn's disease from ulcerative colitis. J Crohns Colitis 2015;9:863–72.
https://doi.org/10.1093/ecco-jcc/jjv123.
[106] Bay-Jensen AC, Karsdal MA, Vassiliadis E, Wichuk S, Marcher-Mikkelsen K, Lories
R, et al. Circulating citrullinated vimentin fragments reﬂect disease burden in
ankylosing spondylitis and have prognostic capacity for radiographic progression.
Arthritis Rheum 2013;65:972–80. https://doi.org/10.1002/art.37843.
[107] Bodnár N, Szekanecz Z, Prohászka Z, Kemény-Beke Á, Némethné-Gyurcsik Z,
Gulyás K, et al. Anti-mutated citrullinated vimentin (anti-MCV) and anti-65 kDa
heat shock protein (anti-hsp65): new biomarkers in ankylosing spondylitis. Joint
Bone Spine 2012;79:63–6. https://doi.org/10.1016/j.jbspin.2011.03.010.
[108] Xue J, Kass DJ, Bon J, Vuga L, Tan J, Csizmadia E, et al. Plasma B lymphocyte
stimulator and B cell diﬀerentiation in idiopathic pulmonary ﬁbrosis patients. J
Immunol 2013;191:2089–95. https://doi.org/10.4049/jimmunol.1203476.
[109] Medici D, Kalluri R. Endothelial-mesenchymal transition and its contribution to
the emergence of stem cell phenotype. Semin Cancer Biol 2012;22:379–84.
https://doi.org/10.1016/j.semcancer.2012.04.004.
[110] Li FJ, Surolia R, Li H, Wang Z, Kulkarni T, Liu G, et al. Autoimmunity to vimentin
is associated with outcomes of patients with idiopathic pulmonary ﬁbrosis. J
Immunol 2017;199. (1596 LP-1605).

autoimmunity? Eur Respir J 2016;47:707–9. https://doi.org/10.1183/13993003.
01791-2015.
Grunewald J, Kaiser Y, Ostadkarampour M, Rivera NV, Vezzi F, Lötstedt B, et al. Tcell receptor-HLA-DRB1 associations suggest speciﬁc antigens in pulmonary sarcoidosis. Eur Respir J 2016;47:898–909. https://doi.org/10.1183/13993003.
01209-2015.
Chang A, Henderson SG, Brandt D, Liu N, Guttikonda R, Hsieh C, et al. In situ B
cell-mediated immune responses and tubulointerstitial inﬂammation in human
lupus nephritis. J Immunol 2011;186:1849–60. https://doi.org/10.4049/
jimmunol.1001983.
Winchester R, Wiesendanger M, Zhang HZ, Steshenko V, Peterson K, GeraldinoPardilla L, et al. Immunologic characteristics of intrarenal T cells: traﬃcking of
expanded CD8+ T cell β-chain clonotypes in progressive lupus nephritis. Arthritis
Rheum 2012;64:1589–600. https://doi.org/10.1002/art.33488.
Kinloch AJ, Chang A, Ko K, Henry Dunand CJ, Henderson S, Maienschein-Cline M,
et al. Vimentin is a dominant target of in situ humoral immunity in human lupus
tubulointerstitial nephritis. Arthritis Rheum 2014;66:3359–70. https://doi.org/10.
1002/art.38888.
Davidson A. Editorial: autoimmunity to vimentin and lupus nephritis. Arthritis
Rheum 2014;66:3251–4. https://doi.org/10.1002/art.38885.
Clark MR, Trotter K, Chang A. The pathogenesis and therapeutic implications of
tubulointerstitial inﬂammation in human lupus nephritis. Semin Nephrol
2015;35:455–64. https://doi.org/10.1016/j.semnephrol.2015.08.007.
Mohan C, Putterman C. Genetics and pathogenesis of systemic lupus erythematosus and lupus nephritis. Nat Rev Nephrol 2015;11:329–41. https://doi.
org/10.1038/nrneph.2015.33.
Goilav B, Putterman C. The role of anti-DNA antibodies in the development of
lupus nephritis: a complementary, or alternative, viewpoint? Semin Nephrol
2015;35:439–43. https://doi.org/10.1016/j.semnephrol.2015.08.005.
André-Schwartz J, Datta SK, Schoenfeld Y, Isenberg DA, Stollar BD, Schwartz RS.
Binding of cytoskeletal proteins by monoclonal anti-DNA lupus autoantibodies.
Clin Immunol Immunopathol 1984;31:261–71. https://doi.org/10.1016/00901229(84)90246-0.
Bruschi M, Sinico RA, Moroni G, Pratesi F, Migliorini P, Galetti M, et al.
Glomerular autoimmune multicomponents of human lupus nephritis in vivo: αenolase and annexin AI. J Am Soc Nephrol 2014;25:2483–98. https://doi.org/10.
1681/ASN.2013090987.
Thébault S, Gilbert D, Hubert M, Drouot L, Machour N, Lange C, et al. Orderly
pattern of development of the autoantibody response in (New Zealand
White × BXSB)F < sub > 1 < /sub > lupus mice: characterization of target antigens and antigen spreading by two-dimensional gel electrophoresis and mass
spectrometry. J Immunol 2002;169. (4046 LP-4053).
Ortona E, Capozzi A, Colasanti T, Conti F, Alessandri C, Longo A, et al. Vimentin/
cardiolipin complex as a new antigenic target of the antiphospholipid syndrome.
Blood 2010;116:2960–7. https://doi.org/10.1182/blood-2010-04-279208.
Perides G, Harter C, Traub P. Electrostatic and hydrophobic interactions of the
intermediate ﬁlament protein vimentin and its amino terminus with lipid bilayers.

934

