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Abstract: The post-translational modifications (PTMs) of proteins play a crucial role in increasing
the functional diversity of proteins and are associated with the pathogenesis of various diseases.
This review focuses on a less explored PTM called citrullination, which involves the conversion of
arginine to citrulline. This process is catalyzed by peptidyl arginine deiminases (PADs). Different
members of the PAD family have distinct tissue distribution patterns and functions. Citrullination
is a post-translational modification of native proteins that can alter their structure and convert
them into autoantigens; thus, it mediates the occurrence of autoimmune diseases. CD4" T cells,
including Th1, Th2, and Th17 cells, are important immune cells involved in mediating autoimmune
diseases, allergic reactions, and tumor immunity. PADs can induce citrullination in CD4" T cells,
suggesting a role for citrullination in CD4* T cell subset differentiation and function. Understanding
the role of citrullination in CD4* T cells may provide insights into immune-related diseases and
inflammatory processes.
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1. Introduction

The expression of proteins is regulated by several layers of overlapping control mech-
anisms. Transcriptional, post-transcriptional, and translational control mechanisms deter-
mine whether a protein is expressed in a specific cell at a specific time. Once translated,
proteins can undergo chemical modifications through enzymatic and non-enzymatic reac-
tions. These post-translational modifications (PTMs) can influence the structure, stability,
subcellular localization, and activity of proteins, and they can also regulate their affinity for
binding to other proteins, metabolites, and nucleic acids. Protein modifications can be con-
trolled spatially and temporally, enabling cells to respond to changes in their environment
such as stress signals, developmental cues, variations in nutrient or oxygen availability,
and carcinogenic damage. Thus, PTMs expand the functional proteome far beyond the
complexity of the genome and add a significant level of complexity to biological systems,
endowing them with responsiveness and adaptability [1]. In other words, PTMs can be
considered a means to control the collective metabolism of cells by altering the structure
and function of proteins. To date, over 200 types of PTMs have been described; the most
common PTMs include phosphorylation, methylation, acetylation, ubiquitination, and
glycosylation [2]. Citrullination is a protein PTM that has historically been less explored but
has gained increasing research attention. It is an irreversible PTM since there is currently
no evidence indicating the existence of a de-citrullination reaction. In this reaction, the
positively charged guanidino group of arginine is replaced by a ketone group, resulting
in a neutrally charged citrulline residue. Therefore, this process is also referred to as a
deamination reaction. This process is catalyzed by peptidyl arginine deiminases (PADs),
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which constitute a calcium-dependent and highly conserved enzyme family that includes
PAD1-4 and PADG6 (Figure 1) [3]. PADs were first reported in 1977 as citrullination en-
zymes during hair growth with their substrate being hair keratin [4]. Mammalian PADs
isoenzymes share 70~95% homology in amino acid sequences, consisting of approximately
663 amino acids, with a molecular weight of approximately 74 kDa [5]. Each member
of the family has a unique pattern of organizational distribution and function, includ-
ing cellular differentiation, neural growth, apoptosis, inflammation, gene regulation, and
early embryonic development. Each PAD has a distinct tissue distribution pattern. For
example, hematopoietic cells predominantly express PAD2 and PAD4 with the highest
expression level of PAD4 in neutrophils. PAD6 is almost exclusively expressed in oocytes,
while PAD1 and PAD3 are primarily expressed in nonhematopoietic cells [6]. Evidence
suggests that PADs can influence tumor development by regulating cell signaling, tran-
scription, and the extracellular matrix (ECM), thereby modulating growth, apoptosis, and
epithelial-mesenchymal transition (EMT) [7]. Citrullination is a hydrolytic reaction that in-
creases the mass of a protein by 0.98 Da while decreasing its positive charge. Citrullination
significantly reduces the amino acid’s isoelectric point. The isoelectric point for arginine is
11.41, whereas for citrulline, it is 5.91. This alteration affects the protein’s acidity and its
potential to form hydrogen bonds and electrostatic interactions between amino acids [8].
In other words, a citrullination-induced loss of positive charge leads to electrostatic and
conformational changes in modified proteins, altering the distribution of protein charges,
hindering hydrogen bond formation, and increasing protein hydrophobicity, profoundly
affecting protein structure and folding (Figure 2). This alteration affects protein function by
modifying binding sites, protein—protein interactions, and degradation sensitivity [6,8,9].
In fact, like other PTMs, citrullination has been shown to impact several aspects of protein
biology, such as the structure, stability, localization, protein—nucleic acid binding, and
catalytic activity, and it can also influence the subsequent deposition of other PTMs. Since
citrulline is a non-coded amino acid, its presence in proteins can only occur through mod-
ification, implying cellular state or environmental changes and the initiation of relevant
responses [7]. Various proteins, including cytoplasmic, nuclear, membrane, and mito-
chondrial proteins, can undergo citrullination [10]. The human “citrullinome” comprises
hundreds of proteins with the most prominent being structural proteins, including keratins,
fibronectin, actin, tubulin, and myosin; and chromatin proteins, particularly histones [11].
Recently, citrullinated proteins have garnered significant scientific attention due to their
involvement in several crucial biological processes, including skin keratinization, myelin
formation, and gene expression regulation [12,13]. Citrullinated proteins can be detected
by antibody-based detection systems. Although citrullination can occur relatively easily,
not all arginine residues in proteins can be citrullinated. For example, arginine residues in
[-turns are more prone to citrullination than are those in o-helices, and arginine positioned
adjacent to proline or glutamine significantly reduces the likelihood of citrullination [14].
Notably, free arginine cannot be citrullinated by PADs [3,15]. PADs are considered to be
involved in the development of various autoimmune diseases such as rheumatoid arthritis
(RA), lupus, ulcerative colitis (UC), Alzheimer’s disease, multiple sclerosis (MS), etc. The
abundant abnormal citrullination of self-proteins has been detected in the affected tissues
and peripheral blood of patients with these diseases [16]. Some naturally occurring pro-
teins, when translated through citrullination modification sites, may increase susceptibility
to loss of tolerance, thereby transforming into autoantigens capable of evading immune
tolerance [17], and multiple studies have shown that an excess of citrullinated proteins is
a characteristic of most immune disorders [16]. Research suggests that citrullination, by
altering the structure and protein hydrolysis of citrullinated antigens, can globally alter
antigen processing and presentation, facilitating the generation and presentation of novel
cryptic epitopes capable of stimulating autoimmune reactive T cells in rheumatoid arthritis
(RA) patients [18].
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Figure 1. Molecular structure, distribution, and biological functions of peptidyl arginine deiminase

(PAD) enzymes.
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Figure 2. Enzymatic conversion of positively charged arginine into neutral citrulline and the PTM
may also promote new protein interactions.

The development process of T cells in the thymus has been extensively studied.
Hematopoietic stem cells in the bone marrow differentiate into lymphoid progenitor cells,
which, upon entering the thymus through blood vessels at the corticomedullary junction,
retain the potential to differentiate into other lineages. Subsequently, the expression levels
of Notch receptors increase, initiating the differentiation of cells toward the T cell lineage.
Based on the surface expression of CD4 and CD8, T cell development in the thymus
progresses through three stages: Double Negative (DN), Double Positive (DP), and Single
Positive (SP) cells. Upon maturation, T cells exit the thymus and migrate to peripheral
immune tissues such as the spleen and lymph nodes. T cells that have not encountered
antigens remain in a quiescent state and are referred to as naive T cells. The activation
and differentiation of effector T cells and memory T cells occur through interactions with
antigen-presenting cells. Based on their functions, effector T cells can be further categorized
into CD4* helper T cells (including Tfh cells), CD8* cytotoxic T lymphocytes (CTLs),
and regulatory T cells (Tregs). Cytotoxic T cells (CTLs), also known as CD8" cytotoxic T
lymphocytes, are the primary effector cells involved in antitumor immunity.

CD4" T cells are important immune cells in the human immune system. They play
a crucial role in mediating adaptive immunity against various pathogens. The function
of CD4* T cells depends on the T cell receptor (TCR), the activation of which triggers
the release of Ca®* from the endoplasmic reticulum. Ca?* acts as a second messenger
in cells, participating in multiple biological processes such as cell cycle progression and
proliferation by altering its concentration inside and outside the cell to maintain the normal
function of immune cells [19]. They are also involved in autoimmune diseases, asthma,
allergic reactions, and tumor immunity. CD4* T cells not only play a crucial supporting role
in the activation of CTLs but also actively produce cytokines and chemokines, indirectly
contributing to autoimmune diseases, asthma, allergic reactions, and tumor immunity [20].
CD4" T cells are important mediators of immune memory, and when their numbers or
functions decrease, individuals become more susceptible to various infectious diseases [20].
CD4" T cells can be activated by different stimuli and differentiate into corresponding T cell
subsets. Based on the differences in cytokine production, activated CD4* T cells are mainly
divided into Th1, Th2, Th17, T follicular helper cells (Tth), and regulatory T cells (Tregs).
Th1 cells enhance macrophage-mediated immune responses to intracellular pathogens,
mediating cell-mediated immune responses. Th2 cells stimulate the activation of mast cells,
eosinophils, and basophils, exerting humoral immune functions, and mediating immune
responses to parasites. Th17 cells primarily target extracellular bacterial immune responses
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and can stimulate the recruitment of neutrophils to the site of infection. Tth cells stimulate
B cell maturation in germinal centers. Treg cells inhibit immune responses to maintain
immune homeostasis [20-22]. Previous studies have reported that guanine nucleotide
peptides can stimulate the proliferation of existing CD4* T cells and induce oligo-clonal
TCR expansion, indicating that stress, inflammation, and/or infection can induce protein
citrullination on CD4™" T cells [23].

All in all, while citrullination modification can to some extent mediate autoimmune
diseases by affecting both native proteins and T helper cells, there are still distinctions that
need to be made between the two. This review aims to explore the impact of citrullination
modification on CD4* T cells themselves, including their differentiation, function, and
involvement or mediation in autoimmune diseases.

2. Role of Citrullination Modification in CD4* T-Cell Subset Differentiation

The development and differentiation of CD4" T cells are closely associated with the oc-
currence and progression of various immune-related diseases, such as cancer, autoimmune
diseases, and hypersensitivity reactions. Under the influence of internal and external factors,
CD4" T cells can further differentiate into distinct subsets, thereby exerting diverse immune
functions [24]. For example, they can differentiate into Th1 cells, which are involved in
combating intracellular viral or bacterial infections and antitumor immunity; Th2 cells,
which participate in allergic reactions and defense against parasitic infections; or Th17 cells,
which play a role in fighting extracellular bacterial and fungal infections and contribute
to the pathogenesis of various inflammatory diseases when excessively or persistently
activated. CD4* Th cells play a critical role in immune defense against pathogen invasion,
but if their functions are not properly regulated, they can lead to autoimmune and allergic
diseases [25]. Studies have shown that epigenetic regulation plays an important role in the
development and differentiation of T cells (Figure 3) [26]. The differentiation of CD4" T cells
relies on the regulation of several lineage-specific transcription factors, such as T-bet for Thl
cells, GATA3 for Th2 cells, and RORyt for Th17 cells. The post-translational citrullination of
transcription factors has been reported to regulate the differentiation of CD4* T cells. PAD2
can induce the citrullination of GATA3 and RORYt, severely impacting the differentiation
of Th2 and Th17 cells. Citrullination of the R330 site in GATA3 suppresses its ability to bind
DNA, while citrullination of the four arginine residues in RORyt enhances its ability to bind
DNA. The inhibition of citrullination can enhance Th2 differentiation but weaken Th17
cell differentiation, thereby increasing susceptibility to allergic airway inflammation [6]. In
contrast, the overexpression of PAD2 in human peripheral blood mononuclear cells reduces
the polarization of Th2 cells and increases the polarization of Th17 cells [27]. Similarly,
research has indicated that PAD2-mediated citrullination can promote the activation of
Th17 cells and the production of cytokines such as IL-6, IL-17A, IL-17F, IL-21, and IL-22
through endoplasmic reticulum stress and autophagy while inhibiting the production of
IL-4 and IL-13, thereby suppressing Th2 activation [28]. Interestingly, despite its lack of
association with Th1 polarization, inhibiting PAD2 can attenuate IFN-y production in Th1
cells [6]. In addition to directly altering the function and polarization of CD4* T cells, PAD2
can also influence the activity of T cells by citrullinating certain chemokines involved in
T-cell chemotaxis, such as CXCL10 and CXCL11 [29]. T cells exhibit decreased sensitivity
to citrullinated CXCL10 and CXCL11, resulting in a reduced migration of T cells to inflam-
matory sites and a subsequent diminished inflammatory response. Recent studies have
indicated that the differentiation of helper T cells, a process that could be mediated by
citrullination, is also influenced by network-associated extracellular proteins [30].
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Figure 3. Citrullination and differentiation of CD4" T cells.

3. Role of Citrullination Modification in the Regulation of CD4" T-Cell Function

CD4* T lymphocytes are important immune cells in the human immune system, and
their function depends on the activation of T-cell receptors (TCRs). The activation of TCRs
triggers the release of Ca?* from the endoplasmic reticulum. Ca?* acts as a second messen-
ger in cells and is involved in various biological processes, such as cell cycle progression
and proliferation, to maintain the normal function of immune cells [19]. The PADs that me-
diate citrullination require the presence of Ca?*, suggesting that citrullination may regulate
the function of CD4* T cells (Figure 3). Major histocompatibility complex (MHC) class II
antigen processing is a complex process that is strongly affected by protein structures in
the entry pathway [31]. Studies have shown that even minor changes in proteins, such as
those introduced by post-translational modifications (PTMs), can have profound effects on
protein structure and alter the susceptibility of residues to key proteases. Overall, these
changes can greatly impact downstream antigen processing and result in the generation of
unique T-cell epitopes [32-34]. Citrullination occurs during cellular stress and/or apoptosis
and can result in protein aggregation and the stimulation of CD4* T cells and antigen
responses. Protein degradation and recycling can also occur during autophagy, which is
a process that induces MHC-II expression in stressed cells and inflammatory processes.
Citrullination epitopes on MHC-II can stimulate CD4" T-cell responses [35]. Research
has also shown that citrullinated peptide epitopes can be presented on MHC-II through
autophagy and PAD-dependent mechanisms in antigen-presenting cells (APCs) and epithe-
lial cells [36]. Earlier studies have shown that citrullinated modifications occurring at the
peptide side chain positions of vimentin and the human protein polysaccharide aggrecan
interact with shared epitopes, significantly increasing peptide-MHC binding affinity; in
one experiment, these modifications led to the activation of CD4"* T cells in DR4 transgenic
mice [37].

4. Role of Citrullination Modification in Immunomodulation, Immune Tolerance, and
Autoimmune Diseases

Autoimmune diseases encompass a wide range of conditions in which the immune
system targets and destroys host-derived proteins (self-antigens) [38]. The determining
factors for processing and effective presentation within the groove of MHC class II are
referred to as “dominant”, while those factors that remain unexposed (most determinants)
are termed “cryptic”. For self-antigens, only dominant epitopes emerge during the thymic
T-cell tolerance development process, thereby preserving a pool of CD4" T cells recognizing
the cryptic epitopes [39]. As, in most instances, the output of antigen processing and
presentation for a specific antigen within a particular individual remains constant, the
recognition of the cryptic epitopes by T cells rarely encounters its specific self-antigen.
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However, alterations in the processes or environment generating dominant and cryptic
epitopes may allow determinants to emerge, activating CD4* T cells. For instance, modifi-
cations during early protein hydrolysis events in the antigen-processing pathway could
disrupt dominant epitopes and/or allow the appearance of previously ineffective cryptic
epitopes, rendering them non-tolerant. Furthermore, modifications or mutations of specific
amino acids could generate new dominant epitopes, initiating an effective T cell response
against self-antigens [40]. Post-translational modifications of self-antigens may play a role
in autoimmunity by inducing conformational changes that potentially alter the processing
of self-antigens, thereby initiating and driving autoimmune responses [41]. However, as
mentioned earlier, citrullination robustly affects protein structure and folding [6,8,9], and
research has confirmed that citrullination can regulate the processing of MHC-II antigens
through the generation and destruction of epitopes, resulting in the loss of immune tol-
erance to citrullinated proteins. Moreover, most changes in antigen processing caused
by citrullination lead to the generation of new or enhanced original antigenic epitopes,
possibly leading to extensive alterations in the self-antigenic peptide repertoire produced
by antigen-presenting cells (APCs) [18]. Citrullination is prevalent in autoimmune dis-
eases and cancer, such as rheumatoid arthritis (RA) [42,43], diabetes [44,45], psoriasis [46],
Alzheimer’s disease (AD) [47-49], multiple sclerosis [12,50] and various cancers [13]. The
research results showed that the culture of PBMCs from patients with citrullinated MBP
(Myelin basic protein) 87-99 APL induces strong and uniform Th1 polarization, indicating
the crucial role of citrullination in the antigen recognition of MS T cells at self-epitopes [51].
Currently, we are focusing on the role of CD4" T cells in citrullination-induced autoimmune
diseases with an emphasis on rheumatoid arthritis (RA). Rheumatoid arthritis is an autoim-
mune chronic inflammatory disease that primarily affects the synovium of multiple joints,
leading to inflammation, proliferation, and eventual destruction. Without timely treatment,
it can progress to the destruction of joint cartilage, resulting in deformity and functional
disability, significantly reducing the quality of life for patients. Although the main lesions
occur in the synovium of peripheral joints, in at least 40% of rheumatoid arthritis patients,
this disease may affect other organs, manifesting as specific or nonspecific extra-articular
inflammatory presentations, with systemic implications [52]. Citrullination is considered
a major cause of the onset of RA, and citrullinated proteins are the primary targets of
antibodies in RA patients [53]. The pathogenesis of rheumatoid arthritis (RA) is associated
with an increase in citrullinated protein levels mediated by PAD2 in synovial fluid [54].
B cells can recognize citrullinated epitopes and produce autoantibodies against citrullinated
proteins [55,56]. Increased levels of anti-citrullinated protein antibodies (ACPAs) can be
detected in 70% of RA patients. Following treatment with anti-rheumatic drugs, the levels
of circulating ACPAs are lowered and are correlated with a decrease in the severity of
RA [57,58]. These results suggest that citrullinated proteins regulated by PAD2 contribute to
enhanced inflammatory responses in RA patients. Citrullination can affect the recognition
of APCs, T cells, and B cells by enabling the formation of new epitopes and increasing
the exposure of citrullinated antigens, thereby facilitating the uptake and recognition of
citrullinated antigens by APCs. In RA patients harboring the HLA-DRB1 shared epitope
(SE), both T cells and B cells can recognize citrullinated antigens [59]. B cells in RA can act
as antigen-presenting cells (APCs) and recognize citrullinated antigens through binding to
specific receptors on B-cell surfaces, promoting the differentiation of T cells into memory T
cells. Activated T cells can then stimulate the release of anti-citrullinated protein antibodies
(ACPAs) from B cells [60]. A previous study has revealed the previously unknown clonal
expansion of cytotoxic CD8* T cells in the blood and synovium of ACPA* RA patients.
These cytotoxic CD8" T cells exhibit proinflammatory and cytolytic mediator expression.
The authors demonstrated that guanine-modified antigens activate these cytotoxic CD8"
T cells in an HLA class I-dependent manner, leading to their expansion, effector activ-
ity, and the killing of target cells [61]. Additionally, memory T cells with tissue-resident
memory (TRM) features, characterized as SF CD69*CD103*/~CD8" cells, play a role in
the pathogenesis of ACPA-positive RA by inducing the formation of citrullination pro-
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teins [62]. Healthy donors have previously been shown to have citrulline-specific CD4* T
cells and CD4-specific responses [63]. In the synovium of RA patients, there is a significant
infiltration of CD4* T cells, and studies have shown that citrulline-specific T cells isolated
from RA patients mainly exhibit Th1 and Th17 phenotypes. Thl cells activate macrophages
to act as antigen-presenting cells (APCs) and release proinflammatory cytokines, such as
IEN-y, interleukin-2 (IL-2), and TNF-o. Th17 cells can stimulate RA synovial fibroblasts
to produce proinflammatory cytokines, chemokines, and matrix metalloproteinases. They
also promote angiogenesis in the synovial membrane and osteoclast differentiation through
the secretion of IL-17 [64]. Disrupted peptidyl arginine deiminase (PAD) activity and the
aberrant expression of citrullinated proteins, including citrullinated filaggrin, histones,
and transcription factors, have been observed in the synovial fluid of rheumatoid arthritis
patients [42,43]. Evidence suggests that citrullinated GRP78 is an autoantigen associated
with rheumatoid arthritis and type 1 diabetes, and CD4" T cells that are reactive to GRP78
have been identified [65]. Under steady-state conditions, the outcome of this physiological
citrullination modification may be peripheral tolerance. However, under conditions of in-
flammation and endoplasmic reticulum stress, peripheral tolerance may be disrupted, and
the expression of GRP78 may increase [66]. The development of rheumatoid arthritis also in-
volves the presence of anti-citrullinated protein antibodies (ACPAs). Citrullinated proteins
and ACPAs can induce arthritis. Citrullinated fibrinogen can promote the proliferation of
peripheral blood mononuclear cells (PBMCs) in RA, while noncitrullinated fibrinogen does
not exert a proliferative effect on RA PBMCs. Both citrullinated proteins and the HLA-DRB1
shared epitope (SE) are essential factors in the pathogenesis of arthritis. In RA, ACPAs
activate through both the classical and alternative pathways, working in conjunction to
recruit immune cells, increase vascular permeability, promote phagocytosis, and release
proinflammatory cytokines and chemokines. This process leads to tissue damage and
further promotes citrullination [67]. The citrullination of MBP enhances the presentation
of MBP85-99 and induces the generation of TNF-a-producing Th cells in HLA-DR15* MS
patients. Additionally, hypercitrullinated MBP can also induce the differentiation of CD4*
T cells into Th17 cells, suggesting that citrullination may play a role in disrupting tolerance
to this autoantigen [68]. The occurrence of autoimmune diseases is closely tied to the loss
of immune tolerance, and by altering the structure and protein hydrolysis of citrullinated
antigens, citrullination is believed to comprehensively modify antigen processing and
presentation, promoting the generation and presentation of new cryptic epitopes capable
of stimulating autoreactive T cells in RA patients [18]. Experimental evidence suggests
that citrullination contributes to the breakdown of immune tolerance and may generate
neoantigens, which can become additional targets during epitope spreading [69]. The loss
of immune tolerance mediated by citrullination can also occur in periodontal disease (PD).
PD is an oral inflammatory disease that affects the tissues supporting the teeth and, if
left untreated, can lead to tooth loss. PD is caused by Gram-negative anaerobic bacteria,
specifically Porphyromonas gingivalis [12,70]. Porphyromonas gingivalis peptidyl arginine
deiminase (PPAD) rapidly citrullinates bacterial and host proteins, such as fibrinogen and
a-enolase [12]. Released PPAD can disseminate into the host’s connective tissues, where
it citrullinates and modifies epidermal growth factor (EGF), preventing its recognition by
epithelial cells. This mechanism delays local healing processes and disrupts the protective
epithelial barrier in periodontal tissues [70]. PPAD also generates a set of novel highly
antigenic epitopes. When an excessive amount of these epitopes is present, tolerance
barriers can be breached, leading to the production of anti-citrullinated protein antibodies
(ACPAs) and potentially triggering acute autoimmune responses [70,71]. Experimental and
clinical research has clearly indicated that increased citrullination in PD patients may be
mediated by both PPADs and host PADs. This could lead to the breakdown of immune tol-
erance and subsequent increase in the release of autoantibodies characteristic of rheumatoid
arthritis (RA), which genetically predispose individuals to RA, thus triggering the onset of
RA [72-75]. High levels of ACPAs can be observed in patients with aggressive periodonti-
tis [76]. Although periodontal disease itself is not an autoimmune disease, it can induce
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severe autoimmune responses in the host, with citrullinated proteins being an important
factor in disease progression. However, the researchers examined the reactivity of in-
filtrating CD4* T cells in the cerebrospinal fluid (CSF) to citrullinated and unmodified
MBP peptides. They found that these T cells showed minimal reactivity to citrullinated
peptides, while their response to the unmodified version was slightly stronger, suggesting
that citrullination may not be a significant activating factor for T cell responses in MS.
Based on the experimental data, the researchers hypothesized that citrullination may be
a consequence of immune or inflammatory responses rather than a primary driver of
disease activation [77]. Our proposed explanation is that perhaps the unique distribution of
citrullinated proteins in the brain tissue of MS patients, as well as the differences between
CSF and other body fluids, contribute to the potential association between citrullination
and the immunopathological processes of MS. However, it may not be the primary driving
force behind T cell responses. Further research is needed to investigate the underlying
reasons for this phenomenon.

5. Application of Citrullination Modification in Disease Treatment

The process of citrullination is associated with many human diseases and inflam-
mation, leading to autoimmune responses against citrullinated proteins. In recent years,
there has been substantial progress in understanding the role of citrullination in immune
dysregulation. Increasing evidence emphasizes the importance of citrullination and the
recognition of autoantibodies against citrullinated peptides or proteins, greatly expanding
our understanding of the pathogenesis and clinical features of various immune-related
diseases [16]. Several studies have demonstrated that modifying citrullination can mitigate
inflammation under various inflammatory conditions [78-81] and may have applications
in cancer therapy [82]. There are apparent approaches to interfere with citrullination and
its various roles in inflammation, one such method involving the use of PAD (peptidyl
arginine deiminase) inhibitors [83—-87]. Many PAD inhibitors are used for the treatment of
PAD-related diseases affecting the skin, joints, colon, and immune system [46,49,79,88]. The
use of therapies that target citrullination is also increasing. Initially, Cl-amidine was the first
PAD inhibitor tested in RA animal models [78]. These studies utilized collagen-induced
arthritis models, and the data demonstrated that PAD inhibition could prevent the onset
and occurrence of the disease [79]. The subsequent development of inhibitors with en-
hanced cellular potency and in vivo stability led to the synthesis of a series of compounds
containing tetrazole and benzimidazole, including bb-Cl-amidine [89]. It is noteworthy
that BB-Cl-amidine has demonstrated superior efficacy in lupus, RA, and type I diabetes
models [89-92]. Nowadays, PAD inhibition has been proposed as a therapeutic strategy for
autoimmune diseases, neurodegenerative diseases, and cancer because these disease states
are often associated with abnormally high levels of citrullination. Research has suggested
that inhibiting PAD can prevent diseases by modulating immune pathways [7,92]. Protein
hypercitrullination in mouse models of neurodegenerative and autoimmune diseases, such
as multiple sclerosis (MS), is closely linked to disease severity and progression. Treatment
with PAD inhibitors reduces PAD enzyme activity in the brains and spinal cords of these
mice, leading to reduced levels of citrullinated proteins and remyelination in the central
nervous system [93]. Inhibiting PAD enzymes responsible for citrullination is a rational
approach that can disrupt the citrullination pathway of proteins, thus affecting their various
roles in inflammation [94]. However, PAD inhibition may have serious adverse effects on
skin physiology, central nervous system development, gene regulation, immune system
function, and the female reproductive system. Delivering PAD inhibitors to specific cells or
tissues can reduce the risk of side effects and toxicity. For example, inhibiting PAD activity
specifically within tumor cells through the internalization of tumor cell-targeting antibodies
may be a means of inducing cell-specific cytotoxicity in these tumor cells. It is known that
Pan-PAD inhibitors can alter the release of neutrophil extracellular traps (NETs) [95-97].
Research has indicated that BB-Cl-amidine reduces the spontaneous release of NETs from
bone marrow-derived neutrophils in NOD mice, and these findings are consistent with
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studies on lupus and collagen-induced arthritis, suggesting that PAD inhibition reduces
NET release and is associated with disease improvement [92]. Therefore, while the presence
of citrullination inhibitors intervenes positively in the treatment of diseases, consideration
should also be given to the adverse effects they may exert on the body. Future research
efforts may perhaps focus on mitigating the extent of non-therapeutic side effects.

6. Conclusions

Citrullination is a widespread and essential biological phenomenon mediated by PADs
that is involved in host immunity [98]. The process of citrullination is calcium dependent
and is facilitated by PADs. Different PADs exhibit tissue-specific and substrate-specific char-
acteristics, enabling them to catalyze citrullination in various tissues and substrates. Under
physiological conditions, PADs remain inactive until they are stimulated by calcium. Once
activated, these enzymes can citrullinate numerous structural proteins [99]. The conversion
of arginine to citrulline results in a change in the amino acid’s charge, resulting in a neutral
charge. This directly inhibits hydrogen bond formation, alters charge distribution, increases
protein hydrophobicity, and it also adversely affects protein stability [99]. Citrullination
is also considered a potential therapeutic target, as the conversion of peptidylarginine to
peptidylcitrulline plays an important role in promoting tumorigenesis and autoimmune
responses [92].

Aberrant citrullination can generate novel citrulline epitopes, leading to autoimmu-
nity and potentially inducing conformational defects, damaging tissue structures, and
exacerbating inflammation. This article summarizes the role and impact of PAD-mediated
citrullination on the regulation of CD4" T cell differentiation and function as well as on
immune regulation and tolerance. This study also provides an overview of the potential
pathogenic mechanisms related to citrullination in autoimmune diseases, especially RA.
Additionally, the article offers some insights into therapies targeting citrullination.

Author Contributions: Y.C. drafted the manuscript. Y.T. and P.X. discussed and revised the
manuscript. S.W. designed the study and revised the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Jiangsu Provincial Medical Key Discipline Cultivation
Unit (Grant No. JSDW202241).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Beltrao, P,; Bork, P.; Krogan, N.J.; van Noort, V. Evolution and functional cross-talk of protein post-translational modifications.
Mol. Syst. Biol. 2013, 9, 714. [CrossRef] [PubMed]

2. Mergaert, A.M.; Denny, M.F.; Kingstad-Bakke, B.; Bawadekar, M.; Bashar, S.J.; Warner, T.E; Suresh, M.; Shelef, M.A. Peptidylargi-
nine Deiminase 2 in Murine Antiviral and Autoimmune Antibody Responses. J. Immunol. Res. 2022, 2022, 5258221. [CrossRef]
[PubMed]

3.  Witalison, E.E.; Thompson, PR.; Hofseth, L.]J. Protein Arginine Deiminases and Associated Citrullination: Physiological Functions
and Diseases Associated with Dysregulation. Curr. Drug Targets 2015, 16, 700-710. [CrossRef] [PubMed]

4. Rogers, G.E,; Harding, H.W.; Llewellyn-Smith, L.]. The origin of citrulline-containing proteins in the hair follicle and the chemical
nature of trichohyalin, an intracellular precursor. Biochim. Biophys. Acta (BBA) Protein Struct. 1977, 495, 159-175. [CrossRef]

5. Vossenaar, E.R.; Zendman, A ].; van Venrooij, W.J.; Pruijn, G.J. PAD, a growing family of citrullinating enzymes: Genes, features
and involvement in disease. BioEssays 2003, 25, 1106-1118. [CrossRef]

6.  Sun, B,; Chang, H.-H.; Salinger, A.; Tomita, B.; Bawadekar, M.; Holmes, C.L.; Shelef, M.A.; Weerapana, E.; Thompson, P.R.; Ho,
I.-C. Reciprocal regulation of Th2 and Th17 cells by PAD2-mediated citrullination. J. Clin. Investig. 2019, 4. [CrossRef]

7. Christophorou, M.A. The virtues and vices of protein citrullination. R. Soc. Open Sci. 2022, 9, 220125. [CrossRef]

8. Orgovan, G.; Noszal, B. The complete microspeciation of arginine and citrulline. J. Pharm. Biomed. Anal. 2011, 54, 965-971.
[CrossRef]

9.  Ordoéiiez, A.; Martinez-Martinez, I.; Corrales, EJ.; Miqueo, C.; Mifiano, A.; Vicente, V.; Corral, J. Effect of citrullination on the
function and conformation of antithrombin. FEBS J. 2009, 276, 6763—-6772. [CrossRef]

10.  Guo, Q.; Bedford, M.T.; Fast, W. Discovery of peptidylarginine deiminase-4 substrates by protein array: Antagonistic citrullination

and methylation of human ribosomal protein S2. Mol. Biosyst. 2011, 7, 2286-2295. [CrossRef]


https://doi.org/10.1002/msb.201304521
https://www.ncbi.nlm.nih.gov/pubmed/24366814
https://doi.org/10.1155/2022/5258221
https://www.ncbi.nlm.nih.gov/pubmed/35083342
https://doi.org/10.2174/1389450116666150202160954
https://www.ncbi.nlm.nih.gov/pubmed/25642720
https://doi.org/10.1016/0005-2795(77)90250-1
https://doi.org/10.1002/bies.10357
https://doi.org/10.1172/jci.insight.129687
https://doi.org/10.1098/rsos.220125
https://doi.org/10.1016/j.jpba.2010.11.023
https://doi.org/10.1111/j.1742-4658.2009.07391.x
https://doi.org/10.1039/c1mb05089c

Biomolecules 2024, 14, 400 11 of 14

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Tilvawala, R.; Nguyen, S.H.; Maurais, A.].; Nemmara, V.V,; Nagar, M.; Salinger, A.J.; Nagpal, S.; Weerapana, E.; Thompson, P.R.
The Rheumatoid Arthritis-Associated Citrullinome. Cell Chem. Biol. 2018, 25, 691-704.e6. [CrossRef]

Chirivi, R.G.S.; Van Rosmalen, J.W.G,; Jenniskens, G.J.; Pruijn, G.J.; Raats, ] M.H. Citrullination: A Target for Disease Intervention
in Multiple Sclerosis and other Inflammatory Diseases? |. Clin. Cell. Immunol. 2013, 4, 146. [CrossRef]

Yuzhalin, A.E. Citrullination in Cancer. Cancer Res 2019, 79, 1274-1284. [CrossRef]

Gyorgy, B.; Toth, E.; Tarcsa, E.; Falus, A.; Buzas, E.I. Citrullination: A posttranslational modification in health and disease. Int. ].
Biochem. Cell Biol. 2006, 38, 1662-1677. [CrossRef] [PubMed]

Kearney, P.L.; Bhatia, M.; Jones, N.G.; Yuan, L.; Glascock, M.C.; Catchings, K.L.; Yamada, M.; Thompson, P.R. Kinetic Characteri-
zation of Protein Arginine Deiminase 4: A Transcriptional Corepressor Implicated in the Onset and Progression of Rheumatoid
Arthritis. Biochemistry 2005, 44, 10570-10582. [CrossRef] [PubMed]

Ciesielski, O.; Biesiekierska, M.; Panthu, B.; Soszyriski, M.; Pirola, L.; Balcerczyk, A. Citrullination in the pathology of inflammatory
and autoimmune disorders: Recent advances and future perspectives. Cell. Mol. Life Sci. 2022, 79, 94. [CrossRef]

Lande, R.; Palazzo, R.; Hammel, P.,; Pietraforte, 1.; Surbeck, I.; Gilliet, M.; Chizzolini, C.; Frasca, L. Generation of Monoclonal
Antibodies Specific for Native LL37 and Citrullinated LL37 That Discriminate the Two LL37 Forms in the Skin and Circulation of
Cutaneous/Systemic Lupus Erythematosus and Rheumatoid Arthritis Patients. Antibodies 2020, 9, 14. [CrossRef] [PubMed]
Curran, AM.; Girgis, A.A ; Jang, Y.; Crawford, J.D.; Thomas, M.A.; Kawalerski, R.; Coller, J.; Bingham, C.O.; Na, C.H.; Darrah, E.
Citrullination modulates antigen processing and presentation by revealing cryptic epitopes in rheumatoid arthritis. Nat. Commun.
2023, 14, 1061. [CrossRef]

Vig, M; Kinet, J.-P. Calcium signaling in immune cells. Nat. Immunol. 2009, 10, 21-27. [CrossRef]

Zhu, J.; Yamane, H.; Paul, W.E. Differentiation of Effector CD4 T Cell Populations. Annu. Rev. Immunol. 2010, 28, 445-489.
[CrossRef]

Park, H.; Li, Z.; Yang, X.O.; Chang, S.H.; Nurieva, R.; Wang, Y.-H.; Wang, Y.; Hood, L.; Zhu, Z; Tian, Q.; et al. A distinct lineage of
CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat. Immunol. 2005, 6, 1133-1141. [CrossRef] [PubMed]
Veldhoen, M.; Hocking, R.J.; Atkins, C.J.; Locksley, R.M.; Stockinger, B. TGFbeta in the context of an inflammatory cytokine milieu
supports de novo differentiation of IL-17-producing T cells. Immunity 2006, 24, 179-189. [CrossRef] [PubMed]

Choudhury, R.H.; Daniels, L.; Vaghela, P.; Atabani, S.; Kirk, T.; Symonds, P.; Cook, K.W.; Al-Omari, A.; Weston, D.; Shah, S.; et al.
Immune responses to citrullinated and homocitrullinated peptides in healthy donors are not restricted to the HLA SE shared
allele and can be selected into the memory pool. Immunology 2023, 169, 467—-486. [CrossRef] [PubMed]

Zhu, J. T Helper Cell Differentiation, Heterogeneity, and Plasticity. Cold Spring Harb Perspect Biol. 2018, 10. [CrossRef] [PubMed]
Vahedi, G.; Poholek, A.C.; Hand, T.W.; Laurence, A.; Kanno, Y.; O’Shea, ].J.; Hirahara, K. Helper T-cell identity and evolution of
differential transcriptomes and epigenomes. Immunol. Rev. 2013, 252, 24-40. [CrossRef] [PubMed]

Schmidl, C.; Delacher, M.; Huehn, J.; Feuerer, M. Epigenetic mechanisms regulating T-cell responses. J. Allergy Clin. Immunol.
2018, 142, 728-743. [CrossRef] [PubMed]

Chang, H.-H.; Liu, G.-Y,; Dwivedi, N.; Sun, B.; Okamoto, Y.; Kinslow, ].D.; Deane, K.D.; Demoruelle, M.K.; Norris, ].M.; Thompson,
PR.; et al. A molecular signature of preclinical rheumatoid arthritis triggered by dysregulated PTPN22. . Clin. Investig. 2016,
1, €90045. [CrossRef] [PubMed]

Yang, Y.-F; Wang, C.-M.; Hsiao, I.-H.; Liu, Y.-L.; Lin, W.-H.; Lin, C.-L.; Hung, H.-C.; Liu, G.-Y. Peptidylarginine deiminase 2
promotes T helper 17-like T cell activation and activated T cell-autonomous death (ACAD) through an endoplasmic reticulum
stress and autophagy coupling mechanism. Cell. Mol. Biol. Lett. 2022, 27, 19. [CrossRef]

Loos, T.; Mortier, A.; Gouwy, M.; Ronsse, I.; Put, W.; Lenaerts, J.-P.; Van Damme, J.; Proost, P. Citrullination of CXCL10 and
CXCL11 by peptidylarginine deiminase: A naturally occurring posttranslational modification of chemokines and new dimension
of immunoregulation. Blood 2008, 112, 2648-2656. [CrossRef]

Wilson, A.S.; Randall, K.L.; Pettitt, J.A.; Ellyard, J.I.; Blumenthal, A.; Enders, A.; Quah, B.J.; Bopp, T.; Parish, C.R; Briistle, A.
Neutrophil extracellular traps and their histones promote Th17 cell differentiation directly via TLR2. Nat. Commun. 2022, 13, 528.
[CrossRef]

Sercarz, E.E.; Maverakis, E. MHC-guided processing: Binding of large antigen fragments. Nat. Rev. Immunol. 2003, 3, 621-629.
[CrossRef] [PubMed]

Manoury, B.; Hewitt, E.W.; Morrice, N.; Dando, P.M.; Barrett, A.J.; Watts, C. An asparaginyl endopeptidase processes a microbial
antigen for class I MHC presentation. Nature 1998, 396, 695-699. [CrossRef] [PubMed]

Antoniou, A.N.; Blackwood, S.-L.; Mazzeo, D.; Watts, C. Control of Antigen Presentation by a Single Protease Cleavage Site.
Immunity 2000, 12, 391-398. [CrossRef] [PubMed]

Darrah, E.; Kim, A.; Zhang, X.; Boronina, T.; Cole, RN.; Fava, A ; Giles, ].T.; Bingham, C.O.; Chalmers, M.J.; Griffin, P.R.; et al.
Proteolysis by Granzyme B Enhances Presentation of Autoantigenic Peptidylarginine Deiminase 4 Epitopes in Rheumatoid
Arthritis. J. Proteome Res. 2016, 16, 355-365. [CrossRef] [PubMed]

Ireland, ].M.; Unanue, E.R. Autophagy in antigen-presenting cells results in presentation of citrullinated peptides to CD4 T cells.
J. Exp. Med. 2011, 208, 2625-2632. [CrossRef] [PubMed]

Green, D.R.; Levine, B. To Be or Not to Be? How Selective Autophagy and Cell Death Govern Cell Fate. Cell 2014, 157, 65-75.
[CrossRef]


https://doi.org/10.1016/j.chembiol.2018.03.002
https://doi.org/10.4172/2155-9899.1000146
https://doi.org/10.1158/0008-5472.CAN-18-2797
https://doi.org/10.1016/j.biocel.2006.03.008
https://www.ncbi.nlm.nih.gov/pubmed/16730216
https://doi.org/10.1021/bi050292m
https://www.ncbi.nlm.nih.gov/pubmed/16060666
https://doi.org/10.1007/s00018-022-04126-3
https://doi.org/10.3390/antib9020014
https://www.ncbi.nlm.nih.gov/pubmed/32403306
https://doi.org/10.1038/s41467-023-36620-y
https://doi.org/10.1038/ni.f.220
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1038/ni1261
https://www.ncbi.nlm.nih.gov/pubmed/16200068
https://doi.org/10.1016/j.immuni.2006.01.001
https://www.ncbi.nlm.nih.gov/pubmed/16473830
https://doi.org/10.1111/imm.13645
https://www.ncbi.nlm.nih.gov/pubmed/37055914
https://doi.org/10.1101/cshperspect.a030338
https://www.ncbi.nlm.nih.gov/pubmed/28847903
https://doi.org/10.1111/imr.12037
https://www.ncbi.nlm.nih.gov/pubmed/23405893
https://doi.org/10.1016/j.jaci.2018.07.014
https://www.ncbi.nlm.nih.gov/pubmed/30195378
https://doi.org/10.1172/jci.insight.90045
https://www.ncbi.nlm.nih.gov/pubmed/27777982
https://doi.org/10.1186/s11658-022-00312-0
https://doi.org/10.1182/blood-2008-04-149039
https://doi.org/10.1038/s41467-022-28172-4
https://doi.org/10.1038/nri1149
https://www.ncbi.nlm.nih.gov/pubmed/12974477
https://doi.org/10.1038/25379
https://www.ncbi.nlm.nih.gov/pubmed/9872320
https://doi.org/10.1016/S1074-7613(00)80191-0
https://www.ncbi.nlm.nih.gov/pubmed/10795737
https://doi.org/10.1021/acs.jproteome.6b00617
https://www.ncbi.nlm.nih.gov/pubmed/27700100
https://doi.org/10.1084/jem.20110640
https://www.ncbi.nlm.nih.gov/pubmed/22162830
https://doi.org/10.1016/j.cell.2014.02.049

Biomolecules 2024, 14, 400 12 of 14

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Hill, J.A.; Southwood, S.; Sette, A.; Jevnikar, A.M.; Bell, D.A; 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 I Molecule.
J. Immunol. 2003, 171, 538-541. [CrossRef]

Ishigaki, K.; Lagattuta, K.A.; Luo, Y.; James, E.A.; Buckner, ].H.; Raychaudhuri, S. HLA autoimmune risk alleles restrict the
hypervariable region of T cell receptors. Nat. Genet. 2022, 54, 393—-402. [CrossRef]

Sercarz, E.E.; Lehmann, P.V.; Ametani, A.; Benichou, G.; Miller, A.; Moudgil, K. Dominance and crypticity of T cell antigenic
determinants. Annu. Rev. Immunol. 1993, 11, 729-766. [CrossRef]

Mamula, M.J; Lin, R H.; A Janeway, C.; A Hardin, J. Breaking T cell tolerance with foreign and self co-immunogens. A study of
autoimmune B and T cell epitopes of cytochrome c. J. Immunol. 1992, 149, 789-795. [CrossRef]

Rosen, A.; Casciola-Rosen, L. Autoantigens as Partners in Initiation and Propagation of Autoimmune Rheumatic Diseases. Annu.
Rev. Immunol. 2016, 34, 395-420. [CrossRef] [PubMed]

Darrah, E.; Andrade, F. Rheumatoid arthritis and citrullination. Curr. Opin. Rheumatol. 2018, 30, 72-78. [CrossRef] [PubMed]
James, E.A ; Rieck, M.; Pieper, ].; Gebe, ].A.; Yue, B.B.; Tatum, M.; Peda, M.; Sandin, C.; Klareskog, L.; Malmstrom, V.; et al.
Citrulline-Specific Th1 Cells Are Increased in Rheumatoid Arthritis and Their Frequency Is Influenced by Disease Duration and
Therapy. Arthritis Rheumatol. 2014, 66, 1712-1722. [CrossRef] [PubMed]

Nguyen, H.; James, E.A. Inmune recognition of citrullinated epitopes. Immunology 2016, 149, 131-138. [CrossRef] [PubMed]
Yang, M.L.; Sodré, EM.C.; Mamula, M.].; Overbergh, L. Citrullination and PAD Enzyme Biology in Type 1 Diabetes-Regulators of
Inflammation, Autoimmunity, and Pathology. Front Immunol. 2021, 12, 678953. [CrossRef] [PubMed]

Ishida-Yamamoto, A.; Takahashi, H.; lizuka, H.; Senshu, T.; Akiyama, K.; Nomura, K. Decreased Deiminated Keratin K1 in
Psoriatic Hyperproliferative Epidermis. J. Investig. Dermatol. 2000, 114, 701-705. [CrossRef] [PubMed]

Acharya, N.K,; Nagele, E.P; Han, M.; Coretti, N.J.; DeMarshall, C.; Kosciuk, M.C.; Boulos, P.A.; Nagele, R.G. Neuronal PAD4
expression and protein citrullination: Possible role in production of autoantibodies associated with neurodegenerative disease. J.
Autoimmun. 2012, 38, 369-380. [CrossRef] [PubMed]

Ishigami, A.; Masutomi, H.; Handa, S.; Nakamura, M.; Nakaya, S.; Uchida, Y.; Saito, Y.; Murayama, S.; Jang, B.; Jeon, Y.C.; et al.
Mass spectrometric identification of citrullination sites and immunohistochemical detection of citrullinated glial fibrillary acidic
protein in Alzheimer’s disease brains. | Neurosci Res. 2015, 93, 1664-1674. [CrossRef]

Ishigami, A.; Ohsawa, T.; Hiratsuka, M.; Taguchi, H.; Kobayashi, S.; Saito, Y.; Murayama, S.; Asaga, H.; Toda, T.; Kimura, N.; et al.
Abnormal accumulation of citrullinated proteins catalyzed by peptidylarginine deiminase in hippocampal extracts from patients
with Alzheimer’s disease. | Neurosci Res. 2005, 80, 120-128. [CrossRef]

Yang, L.; Tan, D.; Piao, H. Myelin Basic Protein Citrullination in Multiple Sclerosis: A Potential Therapeutic Target for the
Pathology. Neurochem. Res. 2016, 41, 1845-1856. [CrossRef]

Deraos, G.; Chatzantoni, K.; Matsoukas, M.-T.; Tselios, T.; Deraos, S.; Katsara, M.; Papathanasopoulos, P.; Vynios, D.; Apostolopou-
los, V.; Mouzaki, A; et al. Citrullination of Linear and Cyclic Altered Peptide Ligands from Myelin Basic Protein (MBPg;_g9)
Epitope Elicits a Th1 Polarized Response by T Cells Isolated from Multiple Sclerosis Patients: Implications in Triggering Disease.
J. Med. Chem. 2008, 51, 7834-7842. [CrossRef] [PubMed]

Turesson, C.; O’fallon, W.M.; Crowson, C.S.; E Gabriel, S.; Matteson, E.L. Extra-articular disease manifestations in rheumatoid
arthritis: Incidence trends and risk factors over 46 years. Ann. Rheum. Dis. 2003, 62, 722-727. [CrossRef] [PubMed]

Wang, B.; Fields, L.; Li, L. Recent advances in characterization of citrullination and its implication in human disease research:
From method development to network integration. Proteomics 2023, 23, €2200286. [CrossRef] [PubMed]

Vossenaar, E.R.; Nijenhuis, S.; Helsen, M.M.A.; Van Der Heijden, A.; Senshu, T.; van den Berg, W.B.; Van Venrooij, W.J.; Joosten,
L.A.B. Citrullination of synovial proteins in murine models of rheumatoid arthritis. Arthritis Rheum. 2003, 48, 2489-2500.
[CrossRef] [PubMed]

Lelieveldt, L P.W.M.; Kristyanto, H.; Pruijn, G.J.M.; Scherer, H.U.; Toes, R.E.M.; Bonger, K.M. Sequential Prodrug Strategy To
Target and Eliminate ACPA-Selective Autoreactive B Cells. Mol. Pharm. 2018, 15, 5565-5573. [CrossRef]

Masson-Bessiere, C.; Sebbag, M.; Durieux, J.; Nogueira, L.; Vincent, C.; Girbal-Neuhauser, E.; Durroux, R.; Cantagrel, A.; Serre, G.
In the rheumatoid pannus, anti-filaggrin autoantibodies are produced by local plasma cells and constitute a higher proportion of
IgG than in synovial fluid and serum. Clin. Exp. Immunol. 2000, 119, 544-552. [CrossRef] [PubMed]

Ally, MM.T.M.; Hodkinson, B.; Meyer, PW.A.; Musenge, E.; Tintinger, G.R.; Tikly, M.; Anderson, R. Circulating anti-citrullinated
peptide antibodies, cytokines and genotype as biomarkers of response to disease-modifying antirheumatic drug therapy in early
rheumatoid arthritis. BMC Musculoskelet. Disord. 2015, 16, 130. [CrossRef]

Seegobin, S5.D.; Ma, M.H.; Dahanayake, C.; Cope, A.P; Scott, D.L.; Lewis, C.M.; Scott, I.C. ACPA-positive and ACPA-negative
rheumatoid arthritis differ in their requirements for combination DMARDs and corticosteroids: Secondary analysis of a random-
ized controlled trial. Arthritis Res. Ther. 2014, 16, R13. [CrossRef]

Kazantseva, M.G.; Highton, J.; Stamp, L.K.; A Hessian, P. Dendritic cells provide a potential link between smoking and
inflammation in rheumatoid arthritis. Arthritis Res. Ther. 2012, 14, R208. [CrossRef]

Wu, C.-Y,; Yang, H.-Y,; Lai, ].-H. Anti-Citrullinated Protein Antibodies in Patients with Rheumatoid Arthritis: Biological Effects
and Mechanisms of Immunopathogenesis. Int. J. Mol. Sci. 2020, 21, 4015. [CrossRef]

Moon, J.-S.; Younis, S.; Ramadoss, N.S.; Iyer, R.; Sheth, K.; Sharpe, O.; Rao, N.L.; Becart, S.; Carman, J.A.; James, E.A,; et al.
Cytotoxic CD8+ T cells target citrullinated antigens in rheumatoid arthritis. Nat. Commun. 2023, 14, 319. [CrossRef] [PubMed]


https://doi.org/10.4049/jimmunol.171.2.538
https://doi.org/10.1038/s41588-022-01032-z
https://doi.org/10.1146/annurev.iy.11.040193.003501
https://doi.org/10.4049/jimmunol.149.3.789
https://doi.org/10.1146/annurev-immunol-032414-112205
https://www.ncbi.nlm.nih.gov/pubmed/26907212
https://doi.org/10.1097/BOR.0000000000000452
https://www.ncbi.nlm.nih.gov/pubmed/28937414
https://doi.org/10.1002/art.38637
https://www.ncbi.nlm.nih.gov/pubmed/24665079
https://doi.org/10.1111/imm.12640
https://www.ncbi.nlm.nih.gov/pubmed/27531825
https://doi.org/10.3389/fimmu.2021.678953
https://www.ncbi.nlm.nih.gov/pubmed/34140951
https://doi.org/10.1046/j.1523-1747.2000.00936.x
https://www.ncbi.nlm.nih.gov/pubmed/10733676
https://doi.org/10.1016/j.jaut.2012.03.004
https://www.ncbi.nlm.nih.gov/pubmed/22560840
https://doi.org/10.1002/jnr.23620
https://doi.org/10.1002/jnr.20431
https://doi.org/10.1007/s11064-016-1920-2
https://doi.org/10.1021/jm800891n
https://www.ncbi.nlm.nih.gov/pubmed/19053745
https://doi.org/10.1136/ard.62.8.722
https://www.ncbi.nlm.nih.gov/pubmed/12860726
https://doi.org/10.1002/pmic.202200286
https://www.ncbi.nlm.nih.gov/pubmed/36546832
https://doi.org/10.1002/art.11229
https://www.ncbi.nlm.nih.gov/pubmed/13130468
https://doi.org/10.1021/acs.molpharmaceut.8b00741
https://doi.org/10.1046/j.1365-2249.2000.01171.x
https://www.ncbi.nlm.nih.gov/pubmed/10691929
https://doi.org/10.1186/s12891-015-0587-1
https://doi.org/10.1186/ar4439
https://doi.org/10.1186/ar4046
https://doi.org/10.3390/ijms21114015
https://doi.org/10.1038/s41467-022-35264-8
https://www.ncbi.nlm.nih.gov/pubmed/36658110

Biomolecules 2024, 14, 400 13 of 14

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Jung, J.; Lee, J.S.; Kim, Y.G.; Lee, C.K,; Yoo, B.; Shin, E.C.; Hong, S. Synovial fluid CD69(+)CD8(+) T cells with tissue-resident
phenotype mediate perforin-dependent citrullination in rheumatoid arthritis. Clin Transl Immunology 2020, 9, e1140. [CrossRef]
[PubMed]

Choudhury, R.H.; Symonds, P; Paston, S.J.; Daniels, I.; Cook, K.W.; Gijon, M.; Metheringham, R.L.; A Brentville, V.; Durrant, L.G.
PAD-2-mediated citrullination of nucleophosmin provides an effective target for tumor immunotherapy. J. Immunother. Cancer
2022, 10, e003526. [CrossRef] [PubMed]

Kanjana, K.; Chevaisrakul, P.; Matangkasombut, P.; Paisooksantivatana, K.; Lumjiaktase, P. Inhibitory activity of FOXP3+
regulatory T cells reveals high specificity for displaying immune tolerance in remission state rheumatoid arthritis. Sci. Rep. 2020,
10, 19789. [CrossRef]

Brentville, V.A.; Symonds, P.; Chua, J.; Skinner, A.; Daniels, I.; Cook, K.W.; Koncarevic, S.; Martinez-Pinna, R.; Shah, S.; Choudhury,
R.H; et al. Citrullinated glucose-regulated protein 78 is a candidate target for melanoma immunotherapy. Front. Immunol. 2022,
13,1066185. [CrossRef]

Wang, J.; Lee, J.; Liem, D.; Ping, P. HSPA5 Gene encoding Hsp70 chaperone BiP in the endoplasmic reticulum. Gene 2017,
618, 14-23. [CrossRef] [PubMed]

Sugawara, E.; Kato, M.; Kudo, Y.; Lee, W.; Hisada, R.; Fujieda, Y.; Oku, K; Bohgaki, T.; Amengual, O.; Yasuda, S.; et al. Autophagy
promotes citrullination of VIM (vimentin) and its interaction with major histocompatibility complex class II in synovial fibroblasts.
Autophagy 2019, 16, 946-955. [CrossRef]

Monreal, M.T.M.; Hansen, B.E.; Iversen, P.F.; Enevold, C.; @dum, N.; Sellebjerg, F.; Hojrup, P.; von Essen, M.R.; Nielsen, C.H.
Citrullination of myelin basic protein induces a Th17-cell response in healthy individuals and enhances the presentation of
MBP85-99 in patients with multiple sclerosis. J. Autoimmun. 2023, 139, 103092. [CrossRef]

Khandpur, R.; Carmona-Rivera, C.; Vivekanandan-Giri, A.; Gizinski, A.; Yalavarthi, S.; Knight, J.S.; Friday, S.; Li, S.; Patel, RM.;
Subramanian, V.; et al. NETs Are a Source of Citrullinated Autoantigens and Stimulate Inflammatory Responses in Rheumatoid
Arthritis. Sci. Transl. Med. 2013, 5, 178ra40. [CrossRef]

Olsen, I.; Yamazaki, K. Can oral bacteria affect the microbiome of the gut? | Oral Microbiol. 2019, 11, 1586422. [CrossRef]
Gonzalez-Febles, ].; Rodriguez-Lozano, B.; Sanchez-Piedra, C.; Garnier-Rodriguez, J.; Bustabad, S.; Hernandez-Gonzélez, M.;
Gonzalez-Davila, E.; Sanz, M.; Diaz-Gonzalez, F. Association between periodontitis and anti-citrullinated protein antibodies in
rheumatoid arthritis patients: A cross-sectional study. Arthritis Res. Ther. 2020, 22, 27. [CrossRef] [PubMed]

de Smit, M.; van de Stadt, L.A.; Janssen, K.M.; Doornbos-van der Meer, B.; Vissink, A.; van Winkelhoff, A.].; Brouwer, E.;
Westra, J.; van Schaardenburg, D. Antibodies against Porphyromonas gingivalis in seropositive arthralgia patients do not predict
development of rheumatoid arthritis. Ann Rheum Dis. 2014, 73, 1277-1279. [CrossRef]

Gabarrini, G.; de Smit, M.; Westra, J.; Brouwer, E.; Vissink, A.; Zhou, K.; Rossen, ].W.A.; Stobernack, T.; van Dijl, ].M.; van
Winkelhoff, A.]J. The peptidylarginine deiminase gene is a conserved feature of Porphyromonas gingivalis. Sci. Rep. 2015, 5, 13936.
[CrossRef] [PubMed]

Mankia, K.; Cheng, Z.; Do, T.; Hunt, L.; Meade, J.; Kang, J.; Clerehugh, V.; Speirs, A.; Tugnait, A.; Hensor, EM.A; et al. Prevalence
of Periodontal Disease and Periodontopathic Bacteria in Anti-Cyclic Citrullinated Protein Antibody—Positive At-Risk Adults
Without Arthritis. JAMA Netw. Open 2019, 2, e195394. [CrossRef] [PubMed]

Mikuls, T.R; Thiele, G.M.; Deane, K.D.; Payne, ].B.; O'Dell, ].R.; Yu, E; Sayles, H.; Weisman, M.H.; Gregersen, P.K.; Buckner, ].H;
et al. Porphyromonas gingivalis and disease-related autoantibodies in individuals at increased risk of rheumatoid arthritis. Arthritis
Rheum. 2012, 64, 3522-3530. [CrossRef] [PubMed]

Dissick, A.; Redman, R.S.; Jones, M.; Rangan, B.V.; Reimold, A.; Griffiths, G.R.; Mikuls, T.R.; Amdur, R.L.; Richards, ].S.; Kerr, G.S.
Association of Periodontitis With Rheumatoid Arthritis: A Pilot Study. J. Periodontol. 2010, 81, 223-230. [CrossRef] [PubMed]
Faigle, W.; Cruciani, C.; Wolski, W.; Roschitzki, B.; Puthenparampil, M.; Tomas-Ojer, P.; Sellés-Moreno, C.; Zeis, T.; Jelcic, I;
Schaeren-Wiemers, N.; et al. Brain Citrullination Patterns and T Cell Reactivity of Cerebrospinal Fluid-Derived CD4+ T Cells in
Multiple Sclerosis. Front. Immunol. 2019, 10, 540. [CrossRef] [PubMed]

Willis, V.C.; Gizinski, A.M.; Banda, N.K.; Causey, C.P,; Knuckley, B.; Cordova, K.N.; Luo, Y.; Levitt, B.; Glogowska, M.; Chandra, P;
et al. N-a-Benzoyl-N5-(2-Chloro-1-Iminoethyl)-1-Ornithine Amide, a Protein Arginine Deiminase Inhibitor, Reduces the Severity
of Murine Collagen-Induced Arthritis. J. Immunol. 2011, 186, 4396—4404. [CrossRef]

Chumanevich, A.A.; Causey, C.P.,; Knuckley, B.A.; Jones, ].E.; Poudyal, D.; Chumanevich, A.P.; Davis, T.; Matesic, L.E.; Thompson,
PR.; Hofseth, L.J. Suppression of colitis in mice by Cl-amidine: A novel peptidylarginine deiminase inhibitor. Am | Physiol
Gastrointest Liver Physiol. 2011, 300, G929-G938. [CrossRef]

Fisher, B.A.; Venables, PJ. Inhibiting citrullination in rheumatoid arthritis: Taking fuel from the fire. Arthritis Res. Ther. 2012,
14,108. [CrossRef]

Makrygiannakis, D.; Revu, S.; Engstrom, M.; Klint, E.A.; Nicholas, A.P; Pruijn, G.J.; I Catrina, A. Local administration of
glucocorticoids decreases synovial citrullination in rheumatoid arthritis. Arthritis Res. Ther. 2012, 14, R20. [CrossRef] [PubMed]
Slack, J.L.; Causey, C.P.; Thompson, P.R. Protein arginine deiminase 4: A target for an epigenetic cancer therapy. Cell. Mol. Life Sci.
2010, 68, 709-720. [CrossRef] [PubMed]

Bicker, K.L.; Anguish, L.; Chumanevich, A.A.; Cameron, M.D.; Cui, X.; Witalison, E.; Subramanian, V.; Zhang, X.; Chumanevich,
A.P; Hofseth, L.].; et al. D-amino acid based protein arginine deiminase inhibitors: Synthesis, pharmacokinetics, and in cellulo
efficacy. ACS Med. Chem Lett. 2012, 3, 1081-1085. [CrossRef] [PubMed]


https://doi.org/10.1002/cti2.1140
https://www.ncbi.nlm.nih.gov/pubmed/32528679
https://doi.org/10.1136/jitc-2021-003526
https://www.ncbi.nlm.nih.gov/pubmed/35140112
https://doi.org/10.1038/s41598-020-76168-1
https://doi.org/10.3389/fimmu.2022.1066185
https://doi.org/10.1016/j.gene.2017.03.005
https://www.ncbi.nlm.nih.gov/pubmed/28286085
https://doi.org/10.1080/15548627.2019.1664144
https://doi.org/10.1016/j.jaut.2023.103092
https://doi.org/10.1126/scitranslmed.3005580
https://doi.org/10.1080/20002297.2019.1586422
https://doi.org/10.1186/s13075-020-2121-6
https://www.ncbi.nlm.nih.gov/pubmed/32054521
https://doi.org/10.1136/annrheumdis-2013-204594
https://doi.org/10.1038/srep13936
https://www.ncbi.nlm.nih.gov/pubmed/26403779
https://doi.org/10.1001/jamanetworkopen.2019.5394
https://www.ncbi.nlm.nih.gov/pubmed/31173126
https://doi.org/10.1002/art.34595
https://www.ncbi.nlm.nih.gov/pubmed/22736291
https://doi.org/10.1902/jop.2009.090309
https://www.ncbi.nlm.nih.gov/pubmed/20151800
https://doi.org/10.3389/fimmu.2019.00540
https://www.ncbi.nlm.nih.gov/pubmed/31024521
https://doi.org/10.4049/jimmunol.1001620
https://doi.org/10.1152/ajpgi.00435.2010
https://doi.org/10.1186/ar3740
https://doi.org/10.1186/ar3702
https://www.ncbi.nlm.nih.gov/pubmed/22284820
https://doi.org/10.1007/s00018-010-0480-x
https://www.ncbi.nlm.nih.gov/pubmed/20706768
https://doi.org/10.1021/ml300288d
https://www.ncbi.nlm.nih.gov/pubmed/23420624

Biomolecules 2024, 14, 400 14 of 14

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Jones, J.E.; Slack, J.L.; Fang, P.; Zhang, X.; Subramanian, V.; Causey, C.P.; Coonrod, S.A.; Guo, M.; Thompson, P.R. Synthesis and
Screening of a Haloacetamidine Containing Library To Identify PAD4 Selective Inhibitors. ACS Chem. Biol. 2011, 7, 160-165.
[CrossRef]

Teo, C.Y,; Shave, S.; Chor, A.L.T.; Salleh, A.B.; Rahman, M.B.B.A.; Walkinshaw, M.D.; A Tejo, B. Discovery of a new class of
inhibitors for the protein arginine deiminase type 4 (PAD4) by structure-based virtual screening. BMC Bioinform. 2012, 13, S4.
[CrossRef] [PubMed]

Wei, L.; Wasilewski, E.; Chakka, S.K.; Bello, A.M.; Moscarello, M.A.; Kotra, L.P. Novel Inhibitors of Protein Arginine Deiminase
with Potential Activity in Multiple Sclerosis Animal Model. . Med. Chem. 2013, 56, 1715-1722. [CrossRef] [PubMed]

Bozdag, M.; Dreker, T.; Henry, C.; Tosco, P.; Vallaro, M.; Fruttero, R.; Scozzafava, A.; Carta, E; Supuran, C.T. Novel small molecule
protein arginine deiminase 4 (PAD4) inhibitors. Bioorganic Med. Chem. Lett. 2012, 23, 715-719. [CrossRef]

Vossenaar, E.R.; Radstake, T.R.D.; van der Heijden, A.; Mansum, M.A.M.v.; Dieteren, C.; de Rooij, D.-].; Barrera, P.; Zendman,
A.J.W,; van Venrooij, W.J. Expression and activity of citrullinating peptidylarginine deiminase enzymes in monocytes and
macrophages. Ann. Rheum. Dis. 2004, 63, 373-381. [CrossRef]

Knight, ].S.; Luo, W.; O’dell, A.A.; Yalavarthi, S.; Zhao, W.; Subramanian, V.; Guo, C.; Grenn, R.C.; Thompson, PR.; Eitzman, D.T;;
et al. Peptidylarginine Deiminase Inhibition Reduces Vascular Damage and Modulates Innate Inmune Responses in Murine
Models of Atherosclerosis. Circ. Res. 2014, 114, 947-956. [CrossRef]

Ghari, E; Quirke, A.-M.; Munro, S.; Kawalkowska, J.; Picaud, S.; McGouran, ].; Subramanian, V.; Muth, A.; Williams, R.; Kessler,
B.; et al. Citrullination-acetylation interplay guides E2F-1 activity during the inflammatory response. Sci. Adv. 2016, 2, €1501257.
[CrossRef]

Kawalkowska, J.; Quirke, A.-M.; Ghari, F,; Davis, S.; Subramanian, V.; Thompson, P.R.; Williams, R.O.; Fischer, R.; La Thangue,
N.B.; Venables, PJ. Abrogation of collagen-induced arthritis by a peptidyl arginine deiminase inhibitor is associated with
modulation of T cell-mediated immune responses. Sci. Rep. 2016, 6, 26430. [CrossRef] [PubMed]

Sodré, EM.; Bissenova, S.; Bruggeman, Y.; Tilvawala, R.; Cook, D.P; Berthault, C.; Mondal, S.; Callebaut, A.; You, S.; Scharfmann,
R.; et al. Peptidylarginine Deiminase Inhibition Prevents Diabetes Development in NOD Mice. Diabetes 2020, 70, 516-528.
[CrossRef] [PubMed]

Moscarello, M.A.; Lei, H.; Mastronardi, FG.; Winer, S.; Tsui, H.; Li, Z.; Ackerley, C.; Zhang, L.; Raijmakers, R.; Wood, D.D.
Inhibition of peptidyl-arginine deiminases reverses protein-hypercitrullination and disease in mouse models of multiple sclerosis.
Dis. Model. Mech. 2013, 6, 467-478. [CrossRef]

Alenius, G.M.; Berglin, E.; Dahlqvist, S.R. Antibodies against cyclic citrullinated peptide (CCP) in psoriatic patients with or
without joint inflammation. Ann. Rheum. Dis. 2006, 65, 398-400. [CrossRef] [PubMed]

Knight, J.S.; Subramanian, V.; A O’Dell, A.; Yalavarthi, S.; Zhao, W.; Smith, C.K.; Hodgin, J.B.; Thompson, P.R.; Kaplan,
M.]. Peptidylarginine deiminase inhibition disrupts NET formation and protects against kidney, skin and vascular disease in
lupus-prone MRL/Iprmice. Ann. Rheum. Dis. 2014, 74, 2199-2206. [CrossRef]

Biron, B.M.; Chung, C.-S.; O’Brien, X.M.; Chen, Y.; Reichner, ].S.; Ayala, A. Cl-Amidine Prevents Histone 3 Citrullination and
Neutrophil Extracellular Trap Formation, and Improves Survival in a Murine Sepsis Model. J. Innate Immun. 2016, 9, 22-32.
[CrossRef] [PubMed]

Madhi, R.; Rahman, M.; Taha, D.; Morgelin, M.; Thorlacius, H. Targeting peptidylarginine deiminase reduces neutrophil
extracellular trap formation and tissue injury in severe acute pancreatitis. J. Cell. Physiol. 2018, 234, 11850-11860. [CrossRef]
Wu, Z.; Li, P; Tian, Y.; Ouyang, W.; Ho, ] W.-Y.; Alam, H.B.; Li, Y. Peptidylarginine Deiminase 2 in Host Immunity: Current
Insights and Perspectives. Front. Immunol. 2021, 12, 761946. [CrossRef]

Myers, L.K.; Ouyang, Y.-X,; Patel, ].R.; Odens, H.H.; Woo-Rasberry, V.; Park, J.; Yi, A.-K.; Rosloniec, E.F; Brand, D.D.; Stuart, ] M.;
et al. Role of Citrullinated Collagen in Autoimmune Arthritis. Int. ]. Mol. Sci. 2022, 23, 9833. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/cb200258q
https://doi.org/10.1186/1471-2105-13-S17-S4
https://www.ncbi.nlm.nih.gov/pubmed/23282142
https://doi.org/10.1021/jm301755q
https://www.ncbi.nlm.nih.gov/pubmed/23421315
https://doi.org/10.1016/j.bmcl.2012.11.102
https://doi.org/10.1136/ard.2003.012211
https://doi.org/10.1161/CIRCRESAHA.114.303312
https://doi.org/10.1126/sciadv.1501257
https://doi.org/10.1038/srep26430
https://www.ncbi.nlm.nih.gov/pubmed/27210478
https://doi.org/10.2337/db20-0421
https://www.ncbi.nlm.nih.gov/pubmed/33203696
https://doi.org/10.1242/dmm.010520
https://doi.org/10.1136/ard.2005.040998
https://www.ncbi.nlm.nih.gov/pubmed/16096328
https://doi.org/10.1136/annrheumdis-2014-205365
https://doi.org/10.1159/000448808
https://www.ncbi.nlm.nih.gov/pubmed/27622642
https://doi.org/10.1002/jcp.27874
https://doi.org/10.3389/fimmu.2021.761946
https://doi.org/10.3390/ijms23179833

	Introduction 
	Role of Citrullination Modification in CD4+ T-Cell Subset Differentiation 
	Role of Citrullination Modification in the Regulation of CD4+ T-Cell Function 
	Role of Citrullination Modification in Immunomodulation, Immune Tolerance, and Autoimmune Diseases 
	Application of Citrullination Modification in Disease Treatment 
	Conclusions 
	References

