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Abstract

:

Multiple sclerosis (MS) is a chronic, inflammatory, demyelinating disease of autoimmune origin, in which inflammation and demyelination lead to neurodegeneration and progressive disability. Treatment is aimed at slowing down the course of the disease and mitigating its symptoms. One of the first-line treatments used in patients with MS is glatiramer acetate (GA). However, in clinical practice, a response rate of between 30% and 55% is observed. This variability in the effectiveness of the medication may be influenced by genetic factors such as polymorphisms in the genes involved in the pathogenesis of MS. Therefore, this review assesses the impact of genetic variants on the response to GA therapy in patients diagnosed with MS. The results suggest that a relationship exists between the effectiveness of the treatment with GA and the presence of polymorphisms in the following genes: CD86, CLEC16A, CTSS, EOMES, MBP, FAS, TRBC1, IL1R1, IL12RB2, IL22RA2, PTPRT, PVT1, ALOX5AP, MAGI2, ZAK, RFPL3, UVRAG, SLC1A4, and HLA-DRB1*1501. Consequently, the identification of polymorphisms in these genes can be used in the future as a predictive marker of the response to GA treatment in patients diagnosed with MS. Nevertheless, there is a lack of evidence for this and more validation studies need to be conducted to apply this information to clinical practice.
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1. Introduction


Multiple sclerosis (MS) is a chronic, inflammatory, immune-mediated disease that causes the demyelination and neurodegeneration of the axons of central nervous system (CNS) neurons. This leads to exacerbations and remissions and/or the insidious progression of neurological symptoms, causing disability and impairing the patient’s quality of life [1,2,3,4]. Its origin is unknown, but it is believed that CD4+ and CD8+ T-cell infiltration, B cells, macrophages and the disturbance of redox homeostasis are implicated in the development and progression of the disease [5,6,7,8]. Its diagnosis is based on medical history and neurological examination but, due to the heterogeneity of MS symptoms and the variable outcomes, an accurate diagnosis is currently challenging [9,10]. Numerous cerebrospinal fluid biomarkers are proposed for the diagnosis and prognosis of the disease, such as oligoclonal bands, oxidative enzymes and the IgG index, but only a few are clinically implemented [6,7,8,11,12].



The disease is one of the main causes of disability in young people and is most prevalent between the ages of 20 and 50 and in women [13]; it affects more than 2 million people worldwide [13,14].



Multiple sclerosis can be classified into different types according to the progression of the disease: relapsing-remitting multiple sclerosis (RRMS), primary progressive multiple sclerosis (PPMS) and secondary progressive multiple sclerosis (SPMS) [15,16]. Approximately 80% of the patients diagnosed with MS present with RRMS, characterized by unpredictable and recurrent acute or subacute episodes of neurological disturbances that can last for days or weeks, alternated with stable phases which can even show slight improvements [17,18]. Most patients with RRMS will eventually develop SPMS, with clearly defined exacerbations or flare-ups in which the disease becomes considerably more severe and follows a constant linear progression. Between 15% and 20% of patients have the PPMS type, in which there are no clear exacerbations and the progression is slow and gradual from the beginning, with no phases in which the patient experiences an improvement of their disease [17,18].



Although there is currently no cure for multiple sclerosis, there are treatments that slow down the course of the disease and mitigate its symptoms. They can be divided into classical therapies, such as glatiramer acetate (GA) and interferon beta, and new therapies [19,20,21,22]. GA is one of the most commonly used medications in first-line treatment. This is a synthetic copolymer composed of random sequences created by the polymerization of four L-amino acids: glutamic acid, alanine, lysine, and tyrosine, forming a structure similar to that of the myelin basic protein (MBP) [17,18]. This drug represents the first non-steroidal immunomodulator, other than interferon, that modulates the immune system process underlying the pathogenesis of MS. Although its precise mechanism of action is not known, its effects seem to be mediated by the production of antibodies.



The mechanism of action of GA is not fully clarified; however, it is believed that it has a dual mechanism of action reducing inflammation in the periphery and the CNS and causing the release of neurotrophic factors within the CNS. In the periphery, GA competes with myelin antigens in APC cells (dendritic cells, macrophages and b cells) for binding at the major histocompatibility complex (MHC), which hinders the proliferation of myelin-reactive T cells and their capacity to secrete proinflammatory cytokines, while activating GA-induced T cells, mediating the anti-inflammatory protective pathways which suppress the disease. Numerous studies suggest that the main mechanism of GA is its ability to change the response of T cells from the pro-inflammatory to the anti-inflammatory pathway (also called Th1 to Th2 shift). GA-induced immune cells cross and accumulate in the CNS where they secrete anti-inflammatory cytokines (IL-4, IL-10, TGF-β) in response to myelin antigens [23,24,25,26]. (Figure 1). According to the European Committee for Treatment and Research in Multiple Sclerosis, GA is recommended as a first-line treatment in patients with clinically isolated syndrome (CIS) and abnormal magnetic resonance imaging with lesions suggestive of MS [27]. GA significantly reduces the number of relapses in patients with RRMS and is also an efficacious and safe treatment [28,29,30]. However, the response rate is around 30–55% [31,32,33,34]. Consequently, the genetic alterations in the genes involved in the pathological environment of the disease, or the pharmacodynamics, metabolism, or mechanism of action of GA, may influence the effectiveness of this drug [18,26].



The following section contains a review of the pharmacogenetic studies of the impact of genetic variants on the response to treatment, with GA in patients diagnosed with MS (Table 1).




2. Materials and Methods


A PubMed search included the key words: “multiple sclerosis”, “glatiramer acetate”, together with “polymorphisms” and “response”. Data regarding the gene, year of publication, number of patients, population, polymorphism, drugs, overall response rate (odds ratio, 95% confidence interval and p-value), and the genotype associated with the response were recorded.




3. Pharmacogenetics of Glatiramer Acetate in MS


Pharmacogenetics is the study of how genetic variants influence drug response [35,36,37,38]. The use of GA as one of the first-line treatments for MS has significantly improved outcomes but has also shown great variability in response among patients [39,40,41,42]. This variability may be due to the presence of genetic alterations in the candidate genes involved in: (a) the GA mechanism of action, (b) MS pathogenesis. Numerous studies reflected the notion that genetic alterations may be responsible for these inter-individual differences in response [18,26,43,44,45]. Consequently, various research studies conducted in recent years evaluated the associations between variants of the ALOX5AP, CTSS, CCR5, CD86, CLEC16A, EOMES, FAS, IL1RL1, IL12RB2, IL22RA2, ZAK, HLA-DRB1, MAGI2, MBP, PVT1, PTPRT, RFPL3, SLC1A4, TRBC1 and UVRAG genes and the responses to treatment with GA (Figure 1 and Figure 2) (Table 1).



3.1. Multiple Sclerosis Related Genes


3.1.1. Arachidonate 5-Lipoxygenase-Activating Protein; ALOX5AP


The arachidonate 5-lipoxygenase-activating protein gene (ALOX5AP) is located in the 13q12.3 region of the chromosome [46]. This gene codes for a 5-lipoxigenase activating protein and is thus involved in the synthesis of leukotrienes, implicated in a variety of inflammatory responses, including asthma, arthritis, and psoriasis. A recent study of the effect of inflammatory mediators belonging to the lipoxygenase family on the pathogenesis of MS showed higher levels of 15-lipoxygenase in patients with MS [47]. Furthermore, a study showed that GA may induce inflammation and immediate hypersensitivity through ALOX5AP [48].



A study conducted by Ross et al. in 2017 analyzed several polymorphisms in 1171 Caucasian patients diagnosed with RRMS and treated with GA (from Argentina, Belgium, Bulgaria, Canada, Croatia, the Czech Republic, Estonia, Finland, France, Georgia, Germany, Hungary, Israel, Italy, Latvia, Lithuania, The Netherlands, Poland, Romania, Russia, South Africa, Spain, Ukraine, the UK, and the United States); 639 patients in the Glatiramer Acetate Low-frequency Administration (GALA) group, to whom 40 mg/mL GA was administered for twelve months and compared three times per week with a placebo; and 532 patients in the FORTy mg Efficacy of glatiramer acetate (FORTE) group, where the administration of 20 mg/mL GA was compared with 40 mg/mL for 12 months. The rs10162089 (T > C) polymorphism showed a strong association with the response to GA in the GALA study. Similarly, this rs10162089 (T > C; intron variant) polymorphism showed a significant association with treatment in the FORTE study (Table 1) [49].




3.1.2. CD86 Antigen; CD86


The CD86 antigen gene (CD86) is located on chromosome 3q13.33 [50]. The CD86 molecule is a glycoprotein which acts as a receptor on the membrane of antigen-presenting cells (APCs). It provides the costimulatory signals needed for T-cell activation [28,51]. An increase in CD86 was observed in the blood cells of patients with MS, inducing the proinflammatory response [52]. Interestingly, a study reported that GA suppressed dendritic cell maturation through the upregulation of HLA-DR and CD86 [53].



A study involving 35 Caucasian patients with RRMS (from Belgium, Canada, The Netherlands, Italy, and the UK) found that the C allele of the rs1129055 (T > C; missense variant) polymorphism was associated with a worse response to GA treatment [17]. In addition, the T allele of the rs2001791 (T > C; intron variant) polymorphism was associated with a greater GA response in a study with 48 Caucasian patients (from Belgium, Canada, The Netherlands, Italy, and the UK) (Table 1) [17].




3.1.3. Eomesodermin; EOMES


The eomesodermin gene (EOMES) is located in the 3p24.1 region [54]. This gene is a member of the TBR1 (T-box, brain, 1) subfamily of T-box genes that plays a central role during cortical neurogenesis. EOMES encodes the transcription factor Eomesodermin (Eomes) and is predominantly expressed in NK cells and T cells. Though its exact function is not yet clarified, it was shown to be implicated in the differentiation, function, and homeostasis of effector immune cells. On the one hand, the reduced expression of EOMES was shown to be significantly associated with MS [55]. On the other hand, it was observed that Th with a high expression of Eomes was significantly increased in the peripheral blood of SPMS patients. These cells were also found to infiltrate the brain tissues in SMPS autopsy samples, suggesting a pathogenic role in SPMS development and progression [56].



In a Russian population of 296 RRMS patients treated with GA for 2 or more years, the rs2371108 (G > T; intergenic variant) T allele was associated with event-free status, which was the optimal clinical response in MS patients (Table 1) [57].




3.1.4. Interleukin 1 Receptor-like 1; IL1RL1


The interleukin 1 receptor-like 1 gene (IL1RL1) is located in the 2q12.1 region [58]. IL1RL1 is a receptor belonging to the IL1 family which is selectively expressed in Th2 cells and mast cells. It mediates the biological effects of IL33, a member of the IL1 family, which leads to the production of Th2-associated cytokines [59]. IL1RL1 plays an important role in autoimmune and inflammatory diseases, such as MS [60]. A study reported that GA induced the production of IL1R antagonists in monocytes [61].



A study of 48 Caucasian patients with RRMS (from Belgium, Canada, The Netherlands, Italy, and the UK) evaluated the influence of the rs956730 (A > G; intron variant) polymorphism on the response to GA treatment, showing a significant response in patients carrying the A allele (Table 1) [17].




3.1.5. Interleukin 12 Receptor, Beta-2; IL12RB2


The interleukin 12 receptor, beta-2 gene (IL12RB2) is located in the 1p31.3 region of the chromosome [62]. The protein encoded by this gene belongs to the Interleukin-12 (IL-12) complex. The subunit, IL12RB1, is constitutively expressed in both Th1 and Th2 lymphocytes. However, IL12RB2 plays a different role in the differentiation of Th1 cells, being more strongly expressed in these cells, and can be induced by the activation of the antigen receptors or by IL-12 and alpha interferon [63]. Therefore, the expression of IL12RB2 is implicated in immune-mediated diseases such as MS [64] and it is reported that GA reduces IL-12 production [53].



A study in 34 Caucasian patients (from the United States of America) with the G allele of the rs946685 (G > A; intron variant) polymorphism, found a significant association with GA treatment response (Table 1) [17].




3.1.6. Interleukin 22 Receptor, Alpha-2; IL22RA2


The interleukin 22 receptor, alpha-2 gene (IL22RA2) is located on chromosome 6q23.3 [65]. IL22RA2 encodes a soluble class II cytokine receptor and naturally occurring IL22 antagonist [65]. IL22RA2 is associated with the neuroinflammation and effects on MS susceptibility and severity [66]. A study of 296 RRMS patients (from Russia) with the GG genotype of the rs202573 (G > A; intron variant) polymorphism, treated with GA, found a significant association with event-free status (Table 1) [57].




3.1.7. Membrane-Associated Guanylate Kinase, WW and PDZ Domains-Containing, 2; MAGI2


The membrane-associated guanylate kinase, WW and PDZ domains-containing 2 gene (MAGI2) is located in the 7q21.11 region of the chromosome [67]. The MAGI2 gene serves as a scaffold for the assembly of the neurotransmitter receptors and cell adhesion proteins [68]. In addition, it seems to play a part in regulating the signals in neuronal cells, and thus seems to be involved in MS [69].



In a study (GALA) of 639 patients with RRMS an association was observed between the rs16886004 (A > G; intron variant) polymorphism, as well as a strong significant response to GA treatment. In the FORTE study, a significant association with the treatment was also found for the same polymorphism in 532 Caucasian patients (from Argentina, Belgium, Bulgaria, Canada, Croatia, the Czech Republic, Estonia, Finland, France, Georgia, Germany, Hungary, Israel, Italy, Latvia, Lithuania, The Netherlands, Poland, Romania, Russia, South Africa, Spain, Ukraine, the UK, and the United States) (Table 1) [49].




3.1.8. Oncogene PVT1; PVT1


The plasmacytoma variant translocation oncogene (PVT1) is located in the 8q24.21 region, which is a preferred site for chromosomal rearrangements in cancers and incorporates multiple risk loci for MS [70,71]. The lymphocyte activation through the involvement of PVT1 is implicated in adaptive immunity and has implications for autoimmune diseases (MS, inflammatory bowel disease, rheumatoid arthritis) [72,73]. In a study involving 296 RRMS patients (from Russia) treated with GA, the A allele of the rs2114358 (A > G; intron variant) polymorphism was associated with event-free status (Table 1) [57].




3.1.9. RET Finger Protein-like 3; RFPL3


The RET finger protein-like 3 gene (RFPL3) is located in the region 22q12.3 [74]. The human RFPL1, RFPL2, and RFPL3 genes are highly expressed in neurogenesis during the neural differentiation of embryonic stem cells and contribute to changes in the organization and/or size of the neocortex [74].



The effect of the rs73166319 (C > T; regulatory region variant) polymorphism on the response to GA was evaluated in 1171 patients with RRMS (from Argentina, Belgium, Bulgaria, Canada, Croatia, Czech Republic, Estonia, Finland, France, Georgia, Germany, Hungary, Israel, Italy, Latvia, Lithuania, Netherlands, Poland, Romania, Russia, South Africa, Spain, Ukraine, UK, and United States) and a significant association was found (Table 1) [49].




3.1.10. Solute Carrier Family 1 (Glutamate/Neutral Amino Acid Transporter), Member 4; SLC1A4


The solute carrier family 1 member 4 gene (SLC1A4), located in the 2p14 region of the chromosome, encodes the SLC1A4 Na(+)-dependent amino acid transporter, which transports four L-amino acids: serine, alanine, cysteine, and threonine. In the brain, L-serine is synthesized by astrocytes and shuttled into the neuronal cells by the SLC1A4 transporter [75]. Demyelination, involved in MS, could be due to the inflammatory response related to expression of SLC1A4 [76].



The rs759458 (G > A; missense variant) polymorphism shows an association with GA response in two studies involving 532 and 639 Caucasian patients with RRMS (from Argentina, Belgium, Bulgaria, Canada, Croatia, the Czech Republic, Estonia, Finland, France, Georgia, Germany, Hungary, Israel, Italy, Latvia, Lithuania, The Netherlands, Poland, Romania, Russia, South Africa, Spain, Ukraine, the UK, and the United States) (Table 1) [49].




3.1.11. T-Cell Receptor Beta Chain Constant Region 1; TRBC1


The T-cell receptor is a heterodimeric glycoprotein comprising two pairs of polypeptide chains (α and β) present on the cell surface of T lymphocytes, responsible for the T-cell recognition of antigens presented by MHC in the APC cells. Because of their essential role as members of the “tri-molecular complex”, formed by HLA-DRB1, MPB and T-cell receptors α and β, the genes coding the T-cell receptor α and β chains are identified as primary candidate genes for the prediction of the susceptibility to MS and GA therapeutic responses. Of both the polypeptide chain genes, only the T-cell receptor beta chain constant region 1 gene (TRBC1) polymorphisms are associated with MS susceptibility [77]. TRBC1 is located on chromosome 7q34 [77]. Hockertz et al. found that the susceptibility to MS was associated with a gene linked to the variable region of TCRB [78]. Therefore, TRBC1 played an important role in the immune processes that controls the pathology of MS.



A study comprising 31 Caucasian patients with RRMS (from the United States of America) evaluated the association of the rs71878 (C > T; synonymous variant) polymorphism with the GA response, showing a greater response in patients carrying the C allele (Table 1). The association detected was proven to be GA-specific as it was only significant in the GA-treated group and not in the placebo-treated group [17].





3.2. Glatiramer Acetate Related Genes


3.2.1. Cathepsin S; CTSS


The cathepsin S gene (CTSS), located in the 1q21.3 region, belongs to the lysosomal cysteine protease family [79]. The protein it encodes acts as an endoprotease, which breaks down the invariant chain of the MHC class II, both in dendritic cells and in the microphages, before they are presented to the antigen. In addition, CTSS has an important role in antigen processing, as it can modify the extracellular matrix in tissues when it is secreted [80]. Attributing the mechanism of action of GA to Th2 cells raises the hypothesis that genetic variations in CTSS may affect the response to GA treatment.



Grossman et al. carried out a pharmacogenetic study on 101 Caucasian patients diagnosed with RRMS (from Belgium, Canada, The Netherlands, Italy, and the UK) [10]. This study showed a strong significant association in 43 patients between the G allele of the rs2275235 (G > A; intron variant) polymorphism and GA response [17]. Furthermore, for the rs1415148 (A > G; intron variant) polymorphism a significant association was found in 47 patients between the A allele and the response to the drug (Table 1) [17].




3.2.2. C-C Motif Chemokine Receptor 5; CCR5


The C-C motif chemokine receptor 5 gene (CCR5) is located on chromosome 3p21.31 [81]. CCR5 is a transmembrane protein encoded by the CCR5 gene. This gene is mainly expressed in cells derived from bone marrow, such as T lymphocytes, macrophages, and dendritic cells [82]. CCR5 plays a key role in activating Th1 lymphocytes at the inflammation sites [83], as occurs in MS lesions, where the expression of CCR5 increases [84]. GA may downregulate the expression of CCR5 receptors and block their migration [85].



There are no studies assessing the effect of genetic alterations in this gene on GA response. However, a study comprising 285 Caucasian patients with MS (from Russia) evaluated the effect of nine polymorphisms in genes that coded for important pro- and anti-inflammatory cytokines (TNF, IFNG, TGFB1, IFNB1), cytokine receptors (IFNAR1, IL7RA, CCR5), CTLA4, and DRB1. A higher risk of ineffectiveness in the response to GA treatment was shown by the allelic combination DRB1*15 + CCR5*d + TGFB1*T + IFNAR1*G and DRB1*15 + CCR5*d + TGFB1*T. The migration of GA-specific lymphocytes with an anti-inflammatory effect through the BBB into the inflammatory sites in the CNS, was controlled by CC chemokines encoded by CCR5. The CCR5*d variant was a 32 bp gene deletion (w → del32) that resulted in a frameshift and nonfunctional truncated protein. The lack of protein function could hinder GA-specific T-cell migration to their action sites in the SNC which may contribute to GA ineffectiveness. Although, CCR5*d alone did not show a significant association with GA response, a significant influence was observed as part of an allelic combination. This suggested the cooperative effect of these genetic variants in the penetration capacity of GA-specific T-cells [86].




3.2.3. C-Type Lectin Domain Family 16, Member A; CLEC16A


The C-type lectin domain family 16, member A gene (CLEC16A) is located on chromosome 16p13.13 [87]. This gene is extensively expressed in various immune cells in certain parts of the brain. It is broadly expressed by antigen-presenting cells and participates in the HLA-II pathway in B cells [88,89]. The mapping analyses of MS-associated single-nucleotide polymorphisms (SNPs) in the 16p13 region point to CLEC16A SNPs as the most strongly MS-associated genetic variants in this gene-rich region, and CLEC16A levels are strongly elevated in multiple sclerosis patients [90]. A study reported that CLEC16A may regulate the antigen presentation required for the formation of GA-reactive immune cells [44]. In a Russian population of 296 RRMS patients undergoing GA treatment the A allele of the rs6498169 (G > A; intron variant) polymorphism was associated with event-free status (Table 1).




3.2.4. Fas Cell Surface Death Receptor; FAS (CD95)


The Fas cell surface death receptor gene (FAS) is located in the 10q23.31 region of the chromosome [91]. The Fas antigen is expressed in T cells and induces cell death in an autonomous manner consistent with apoptosis. It was shown that the production of natural regulatory T cells could be impaired in MS, which would lead to the silencing of autoreactive T and B cells, and thus to the development of autoimmunity [92]. Moreover, these autoreactive T cells cross the blood–brain barrier could cause demyelination through a cascade of events mediated by Fas [93]. A study also revealed that GA played a crucial role in B-cells by downregulating Fas [94].



In a study involving 47 Caucasian patients with MS (from Belgium, Canada, The Netherlands, Italy, and the UK), the C allele of the rs982764 (T > C; intron variant) polymorphism was associated with a significant positive response to GA (Table 1) [17].




3.2.5. Leucine Zipper- and Sterile Alpha Motif-Containing Kinase; ZAK


The leucine zipper- and sterile alpha motif-containing kinase gene (ZAK) is located on chromosome 2q31.1. ZAK is a serine/threonine-specific kinase belonging to the mitogen-activated protein triple kinase (MAP3K) family [95]. This serine/threonine kinase activates the c-Jun N-terminal kinase 1/stress-activated protein kinase (JNK/SAPK1) and the nuclear factor kappa light chain in β cells (NFĸβ) pathways [96]. The overexpression of ZAK gives rise to apoptosis and is associated with the cell division and cerebral lesions involved in MS [96]. Stress and inflammation are mechanisms of ZAK related to the mechanism of action of GA [97].



In the GALA pharmacogenetic study a significant association of the rs139890339 (C > T; intron variant) polymorphism with GA response was observed in 639 patients with RRMS [49]. Similarly, in the FORTE study a significant association with GA response for the same polymorphism was observed in 532 patients (Table 1) [49].




3.2.6. Major Histocompatibility Complex, Class II, DR Beta-1; HLA-DRB1


The major histocompatibility complex, class II, DR beta-1 gene (HLA-DRB1) is located on chromosome 6p21.32 [98]. The major histocompatibility complex class II molecules are alpha/beta heterodimeric cell surface proteins whose function is to present the processed foreign antigens to T cells [99]. The inhibitory effects of GA on the induction of MHC class II are described [48]. It is suggested that HLA DRB1*1501 may favorably influence GA effects in the T cell receptor, triggering the polarization to Th2 cells [100].



The most significantly MS-associated SNP is rs3135391 (A > G; synonymous variant), a Class II SNP known to tag the HLA-DRB1*15:01 allele. In the studies conducted by Ross et al. they examined this polymorphism, and a relapse-free response was obtained both in the GALA study and in FORTE [49].



The rs3135388 (A > C, G, T; intergenic variant) polymorphism was also investigated in another study involving 332 American patients with RRMS undergoing GA treatment, and a greater therapeutic response was observed in patients with the AA genotype (Table 1) [100].




3.2.7. Myelin Basic Protein; MBP


The myelin basic protein gene (MBP) is located on chromosome 18q23 [101]. MBP is the second most abundant protein in the CNS, responsible for the adhesion of the layers comprising the myelin that covers nerve tissues to maintain their structure [102]. In demyelinating diseases, such as MS, there are antibodies which attack MBP, causing the destruction of the protective myelin layer and leaving the nerves more exposed and unable to transmit signals to and from the brain [102]. GA is composed of polymers with a composition similar to that of MBP. These polymers perform immunomodulatory activities in MS by inhibiting the binding of MBP to the MHC and interrupting T-cell activation [101,103].



A study comprising 32 Caucasian patients with RRMS (from Belgium, Canada, The Netherlands, Italy, and the UK) assessed the association of the rs470929 (T > C; intron variant) polymorphism with GA response, finding a significant association in patients carrying the T allele [17]. The rs1789084 (T > C; intron variant) polymorphism also showed an association with GA response in two studies involving 639 and 532 Caucasian patients with RRMS (from Argentina, Belgium, Bulgaria, Canada, Croatia, the Czech Republic, Estonia, Finland, France, Georgia, Germany, Hungary, Israel, Italy, Latvia, Lithuania, The Netherlands, Poland, Romania, Russia, South Africa, Spain, Ukraine, the UK, and the United States) (Table 1) [49].




3.2.8. Protein-Tyrosine Phosphatase, Receptor-Type, T; PTPRT


The protein-tyrosine phosphatase receptor-type T gene (PTPRT) is located in the 20q12-q13 region of the chromosome [104]. The protein encoded by this gene belongs to the protein tyrosine phosphatase (PTP) family. These enzymes act as signaling molecules which regulate a large variety of cellular processes, notably cell growth, differentiation, and the mitotic cycle, among others [105]. Therefore, PTPs perform a range of complex functions in the immune system, and the polymorphisms in the PTPRT gene can give rise to a modification of the response to GA.



The rs117602254 (C > T; intron variant) polymorphism showed an association with GA response in two studies of 532 and 639 Caucasian patients with RRMS (from Argentina, Belgium, Bulgaria, Canada, Croatia, the Czech Republic, Estonia, Finland, France, Georgia, Germany, Hungary, Israel, Italy, Latvia, Lithuania, The Netherlands, Poland, Romania, Russia, South Africa, Spain, Ukraine, the UK, and the United States) (Table 1) [49].




3.2.9. UV Radiation Resistance-Associated Gene; UVRAG


The UV radiation resistance-associated gene (UVRAG) is located on chromosome 11q13.5 [106]. It codes for a protein associated with the resistance to ultraviolet (UV) radiation. The UVRAG protein was identified as a regulator of peripheral naïve T-cell homeostasis [107]. Therefore, the genetic alterations in the UVRAG gene may give rise to a modification of GA response [107].



A study found a statistically significant association of the rs80191572 (A > C, G; intron variant) polymorphism with the response to GA in 639 Caucasian patients diagnosed with RRMS (from Argentina, Belgium, Bulgaria, Canada, Croatia, the Czech Republic, Estonia, Finland, France, Georgia, Germany, Hungary, Israel, Italy, Latvia, Lithuania, The Netherlands, Poland, Romania, Russia, South Africa, Spain, Ukraine, the UK and the United States) [27]. This same polymorphism also showed a significant association with GA response in 532 Caucasian patients (Table 1) [49].






4. Conclusions


Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of autoimmune origin, in which inflammation and demyelination lead to neurodegeneration and progressive disability [1,2,3,4]. Currently there is no cure for multiple sclerosis, although there are treatments, such as GA, that slow down the course of the disease and mitigate its symptoms.



However, approximately 50% of patients with MS do not respond to GA treatment and there is a great variability in the responses between different patients. Both the etiopathogenesis of MS and the mechanism of action of GA are related to autoimmune processes, including inflammatory and oxidative stress processes. The present review focuses on the identification of genetic factors that may play a crucial role in the prediction of the response to GA.



Over the last years, most studies in MS focused on the identification of pharmacogenetics markers to predict the drug response of disease-modifying therapies, such as GA. Drug response is affected by pharmacokinetic, pharmacodynamic, pathological, and environmental factors; the drug mechanism of action, formulation, and route of administration; and patient characteristics. The genetic alterations in the genes involved in the pathological environment of the disease or the pharmacodynamics, metabolism, or mechanism of action of GA may influence the effectiveness of this drug and may be responsible for these inter-individual differences in response. Thus, identifying these genetic factors may play a crucial role in predicting the response to GA.



The association between gene polymorphisms and the variability in drug response was extensively investigated. Specifically, polymorphisms in CD86 (rs1129055), CLEC16A (rs6498169), CTSS (rs2275235 and rs1415148), EOMES (rs2371108), MBP (rs470929 and rs1789084), FAS (rs982764), TRBC1 (rs71878), IL1R1 (rs956730), IL12RB2 (rs946685), IL22RA2 (rs202573), PTPRT (rs1117602254), PVT1 (rs2114358), ALOX5AP (rs10162089), MAGI2 (rs16886004), ZAK (rs139890339), RFPL3 (rs73166319), UVRAG (rs80191572), SLC1A4 (rs759458), and HLA-DRB1*1501 (rs3135391 and rs3135388) showed a statistically significant association with a response to GA treatment in patients with MS. Overall, we summarized the gene polymorphisms that were shown to play a significant role in the effectiveness of GA in MS patients.



The studies included in this review were selected in a systematic and unbiased manner. However, there were several limitations to this review. Firstly, many of the existing studies have a small sample size, which makes it difficult to accurately interpret the role of these genes in the response to GA treatment. Secondly, the studies show a lack of uniformity in the definition of treatment response and too short of a follow-up period for the results to be generalized. Finally, MS is a complex disease and the GA mechanism of action is not fully understood; consequently, gene polymorphisms may have a cumulative effect on the response to GA treatment and may need to be evaluated simultaneously to identify responders. Consequently, additional studies assessing multiple gene polymorphisms in RRMS patients with a uniform definition of response, longer-term follow-up, and larger sample sizes are needed to confirm these results.



In conclusion, the efforts to identify groups of relevant biomarkers in patients diagnosed with MS and treated with GA are beginning to show associations with response, such as the CD86, CLEC16A, CTSS, EOMES, MBP, FAS, TRBC1, IL1R1, IL12RB2, IL22RA2, PTPRT, PVT1, ALOX5AP, MAGI2, ZAK, RFPL3, UVRAG, SLC1A4, and HLA-DRB1*1501 gene polymorphisms that could be used in the future as predictive markers of response. However, there is a lack of evidence and more validation studies need to be conducted to transfer this information to clinical practice.
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	Arachidonate 5-lipoxygenase-activating protein gene



	APC
	Antigen-presenting cell



	CCR5
	C-C motif chemokine receptor 5 gene



	CIS
	Clinically isolated syndrome
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	C-type lectin domain family 16 member A gene



	CNS
	Central nervous system



	CTSS
	Cathepsin S gene



	EOMES
	Eomesodermin gene



	FORTE
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	GA
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	Glatiramer Acetate Low-frequency Administration



	HLA-DRB1
	Major histocompatibility complex class II DR beta-1 gene



	IL1RL1
	Interleukin 1 receptor-like 1 gene



	IL22RA2
	Interleukin 22 receptor alpha-2 gene



	JNK/SAPK1
	C-Jun N-terminal kinase 1/stress-activated protein kinase



	MAGI2
	Membrane-associated guanylate kinase WW and PDZ domains-containing 2 gene



	MBP
	Myelin basic protein



	MS
	Multiple sclerosis



	NFĸΒ
	Nuclear factor kappa light chain in β cells



	PPMS
	Primary progressive multiple sclerosis



	PTP
	Protein tyrosine phosphatase



	PTPRT
	Protein-tyrosine phosphatase receptor-type T gene



	PVT1
	Plasmacytoma variant translocation oncogene



	RFPL3
	RET finger protein-like 3 gene



	RRMS
	Relapsing-remitting multiple sclerosis



	SLC1A4
	Solute carrier family 1 member 4 gene



	SPMS
	Secondary progressive multiple sclerosis



	Th2
	T helper type 2



	TRBC1
	T-cell receptor beta chain constant region 1 gene



	UVRAG
	UV radiation resistance-associated gene



	ZAK
	Leucine zipper- and sterile alpha motif-containing kinase gene
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Figure 1. Mechanism of action of GA in treatment of multiple sclerosis. GA modulates the immune response and alters T-cell differentiation by competing with MBP in the major histocompatibility complex responsible for antigen presentation. Numbers represent the action site of genes with probable potential involvement in the pharmacokinetics and pharmacodynamics of GA therapy, patho-etiology of MS, apoptosis and neuroprotection, and CNS repair. 1. APCs: CD86, CCR5, CLEC16A; 2. MHC: HLA-DRB1, CTSS; 3. TCR: TRBC1; 4. T-cell regulation: EOMES, PVT1, CCR5, PTPRT, UVRAG; 5. Pro-inflammatory pathway: ALOX5AP, IL12RB2, IL22RA2, IL1RL1; 6. MPB: MPB, CTSS; 7. T-cell migration: CCR5; 8. CNS: MAGI2, RFLP3, SLAC1A4; * Other: Apoptosis mediatiors: CD95, ZAK. APC: antigen-presenting cells; BBB: blood–brain barrier; CNS: central nervous system. 
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Figure 2. Genes involved in pharmacogenetics of AG. 
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Table 1. Influence of gene polymorphisms on glatiramer acetate therapy in Caucasian patients with multiple sclerosis.
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Gene

	
Year

	
N

	
Ethnicity

	
Polymorphism

	
Overall Response Rate

	
PMID




	
p-Value

	
OR (95% CI)

	
Genotype

Associated






	
ALOX5AP

	
2017

	
639

	
Multinational *

	
rs10162089

	
0.008

	
1.56

	
T

	
28569182




	
532

	
Multinational *

	
rs10162089

	
0.032

	
1.58

	
T




	
CD86

	
2007

	
35

	
Belgium, Canada, The Netherlands, Italy, and the UK

	
rs1129055

	
0.022

	
6.28 (1.3–30.3)

	
C

	
17622942




	
48

	
Belgium, Canada, The Netherlands, Italy, and the UK

	
rs2001791

	
0.062

	
8.3 (0.9–77.0)

	
T




	
CLEC16A

	
2017

	
296

	
Russian

	
rs6498169

	
0.025

	
2.38 (1.08–5.27)

	
A

	
29095108




	
CTSS

	
2007

	
43

	
Belgium, Canada, The Netherlands, Italy, and the UK

	
rs2275235

	
0.014

	
11.59 (1.6–81.9)

	
G

	
17622942




	
47

	
Belgium, Canada, The Netherlands, Italy, and the UK

	
rs1415148

	
0.009

	
6.85 (1.6–29.2)

	
A




	
EOMES

	
2017

	
296

	
Russian

	
rs2371108

	
0.018

	
2.00 (1.09–3.66)

	
T

	
29095108




	
FAS

	
2007

	
47

	
Belgium, Canada, The Netherlands, Italy, and the UK

	
rs982764

	
0.050

	
2.97 (1.0–8.8)

	
C

	
17622942




	
IL1RL1

	
2007

	
48

	
Belgium, Canada, The Netherlands, Italy, and the UK

	
rs956730

	
0.025

	
5.81 (1.2–27.1)

	
A

	
17622942




	
IL12RB2

	
2007

	
34

	
United States of America

	
rs946685

	
0.027

	
0.24 (0.07–0.85)

	
G

	
17622942




	
IL22RA2

	
2017

	
296

	
Russian

	
rs202573

	
0.008

	
2.08 (1.18–7.41)

	
GG

	
29095108




	
HLA-DRB1

	
2011

	
332

	
United States of America

	
rs3135388

	
0.015

	
2.7 (1.2–6.0)

	
AA

	
21115201




	
MAGI2

	
2017

	
639

	
Multinational *

	
rs16886004

	
0.002

	
2.15

	
A

	
28569182




	
532

	
Multinational *

	
rs16886004

	
<0.001

	
5.56

	
A




	
MBP

	
2007

	
32

	
Belgium, Canada, The Netherlands, Italy, and the UK

	
rs470929

	
0.040

	
5.3(1.1–25.9)

	
T

	
17622942




	
2017

	
639

	
Multinational *

	
rs1789084

	
0.036

	
0.7

	
T

	
28569182




	
PTPRT

	
2017

	
639

	
Multinational *

	
rs1117602254

	
0.004

	
0.21

	
C

	
28569182




	
532

	
Multinational *

	
rs1117602254

	
0.016

	
0.28

	
C




	
PVT1

	
2017

	
296

	
Russian

	
rs2114358

	
0.005

	
2.77 (1.33–5.77)

	
A

	
29095108




	
RFPL3

	
2017

	
532

	
Multinational *

	
rs1789084

	
0.010

	
0.57

	
C

	
28569182




	
532

	
Multinational *

	
rs73166319

	
<0.001

	
0.12

	
C




	
SLC1A4

	
2017

	
639

	
Multinational *

	
rs759458

	
<0.001

	
3.31

	
G

	
28569182




	
532

	
Multinational *

	
rs759458

	
0.049

	
1.86

	
G




	
TRBC

	
2007

	
31

	
Belgium, Canada, The Netherlands, Italy, and the UK

	
rs71878

	
0.015

	
6.8 (1.45–31.9)

	
C

	
17622942




	
UVRAG

	
2017

	
639

	
Multinational *

	
rs80191572

	
0.002

	
0.20

	
A

	
28569182




	
532

	
Multinational *

	
rs80191572

	
<0.001

	
0.12

	
A




	
ZAK

	
2017

	
639

	
Multinational *

	
rs139890339

	
<0.001

	
0.05

	
C

	
28569182




	
532

	
Multinational *

	
rs139890339

	
0.011

	
0.14

	
C








* Argentina, Belgium, Bulgaria, Canada, Croatia, the Czech Republic, Estonia, Finland, France, Georgia, Germany, Hungary, Israel, Italy, Latvia, Lithuania, The Netherlands, Poland, Romania, Russia, South Africa, Spain, Ukraine, the UK, and the United States.
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