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Abstract

The cytokines IL-6 and IL-10 are produced by cells of the adaptive and innate arms of the immune 

system and they appear to play key roles in genetically diverse autoimmune diseases such as 

relapsing remitting multiple sclerosis (MS), rheumatoid arthritis (RA) and systemic lupus 

erythematosus (SLE). Whereas previous intense investigations focused on the generation of 

autoantibodies and their contribution to immune-mediated pathogenesis in these diseases more 

recent attention has focused on the roles of cytokines such as IL-6 and IL-10. In response to 

pathogens, antigen presenting cells (APC), including B cells, produce IL-6 and IL-10 in order to 

up- or down-regulate immune cell activation and effector responses. Evidence of elevated levels 

of the proinflammatory cytokine IL-6 has been routinely observed during inflammatory responses 

and in a number of autoimmune diseases. Our recent studies suggest that MS peripheral blood B 

cells secrete higher quantities of IL-6 and less IL-10 than B cells from healthy controls. Persistent 

production of IL-6, in turn, contributes to T cell expansion and the functional hyperactivity of 

APC such as MS B cells. Altered B cell activity can have a profound impact on resultant T cell 

effector functions. Enhanced signaling through the IL-6 receptor can effectively inhibit cytolytic 

activity, induce T cell resistance to IL-10-mediated immunosuppression and increase skewing of 

autoreactive T cells to a pathogenic Th17 phenotype. Our recent findings and studies by others 

support a role for the indirect attenuation of B cell responses by Glatiramer acetate (GA) therapy. 

Our studies suggest that GA therapy temporarily permits homeostatic regulatory mechanisms to be 

reinstated. Future studies of mechanisms underlying dysregulated B cell cytokine production 
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could lead to the identification of novel targets for improved immunoregulatory therapies for 

autoimmune diseases.
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1. Introduction

Autoimmune diseases, including relapsing-remitting multiple sclerosis (MS), rheumatoid 

arthritis (RA) and systemic lupus erythematosus (SLE) demonstrate abnormalities in both 

innate and adaptive immune responses. In spite of the fact that MS has a distinct genetic 

susceptibility profile in comparison to RA and SLE, these diseases display altered regulation 

in similar mediators, such as the cytokines interleukin-6 (IL-6) and interleukin-10 (IL-10), 

involved in controlling inflammation and immunity [1, 2]. Therapies modulating IL-6 and 

IL-10 activity have been examined in RA and models of SLE for two decades [3–8]. Anti-

IL-6 targeted therapies have been FDA approved for the treatment of rheumatic diseases 

including RA, SLE, Castleman’s disease and there are ongoing clinical trials for other 

autoimmune diseases [3, 5, 9]. Anti-IL-10 therapy is in clinical trials for RA [6]. Here, we 

review recent studies and our own work exploring the roles of IL-6 and IL-10 in MS [10]. 

These studies suggest that despite the differences in clinical and genetic profiles, 

understanding the mechanisms influencing IL-6 and IL-10 cytokine programs could lead to 

improved targeted therapies for MS and a number of other autoimmune diseases.

2. Interleukin-6

Both IL-6 and IL-10 can be produced at inflammatory sites and several recent reviews have 

described the pleiotropic effects of IL-6 and IL-10 in detail [3–5, 9]. IL-6 and the IL-6 

receptor alpha chain (IL- 6R) are expressed by monocytes, lymphocytes, fibroblasts, 

endothelial cells and a number of other cell types [11–14]. After IL-6 ligation, the IL-6R 

signals through homodimerization of gp130 (CD130) that is a ubiquitous common signal 

transducer for several cytokines. IL-6 signaling through gp130 activates the protein-tyrosine 

kinase, Janus kinase 1 (JAK1), and transiently activates signal transducer and activator of 

transcription 3 (STAT3) dimerization and phosphorylation, followed by STAT3 nuclear 

translocation and target gene transcription. IL-6 activates the mitogen activated protein 

kinase (MAPK) pathway, resulting in transcription of other genes. For example, in human 

monocyte-derived macrophages 39 genes were induced by exposure to IL-6 while 31 

transcripts were down-modulated [15]. IL-6 activates the tyrosine phosphatase, SHP-2, 

while STAT3 induces protein inhibitors of activated STATs (PIAS), suppressor of cytokine 

signaling 1 (SOCS1) and SOCS3 as part of a complex auto- regulatory negative feedback 

loop. A soluble form of the IL-6R (sIL-6R) can be produced by enzymatic cleavage of the 

membrane form or by alternative splicing of the IL-6 receptor alpha transcript. IL-6 bound 

to the sIL-6R can form a complex with gp130 on cells and transduce a signal to the cell. 

Such IL-6 “trans-signaling” has been implicated in lupus renal pathology [13, 14, 16]. IL-6 

has important roles in homeostatic mechanisms, such as inducing hepcidin which reduces 

serum iron levels and enhances the hepatocyte inflammatory response, inducing acute phase 
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proteins, cell growth, cell survival and promotes differentiation of lymphocytes and many 

other cells [7, 9].

3. Interleukin-10

IL-10 is predominantly produced by stimulated myeloid cells and lymphocytes and can be 

produced at lower levels by other cells during inflammation [17]. IL-10 dimerizes and binds 

to a tetramer consisting of two IL-10 receptor (IL-10R)1 subunits and two IL-10R2 subunits 

and with JAK1 and Tyk2. This induces the phosphorylation and activation of STAT1, 

STAT3, and, in some cells, STAT5 leading to an inhibition of NFκB-mediated signal 

transduction [17]. IL-10 induces a sustained activation of STAT3 and SOCS3 transcription 

which contribute to transcriptional regulation of pro-apoptotic genes, inhibition of cell 

activation, cytokine production and proliferation [18–21]. IL-10 inhibits production of a 

number of proinflammmatory cytokines, including IL-1β, IL-6, IL-12, IL-18, GM-CSF and 

TNFα and IL-10 promotes the production of other anti-inflammatory mediators, such as the 

IL-1β receptor antagonist and soluble TNFα receptors p55 and p75 [17]. The anti-

inflammatory effects of IL-10 have been demonstrated in models of MS, RA, SLE, diabetes, 

inflammatory bowel disease and other autoimmune disorders [17]. In macrophages, IL-10 is 

expressed as a means to inhibit immune responses [22–24]. Although IL-10 has been 

reported to suppress CD40, CD80, CD86, IL-12 and T effector functions, IL-10 in the 

presence of other cytokines, enhances human B cell activation, proliferation and 

differentiation into immunoglobulin (Ig) secreting cells [22, 25–28] Importantly, IL-6 and 

IL-10 expression and function can be regulated by a number of factors including other 

cytokines, genetic polymorphisms and noncoding RNAs as described below.

4. Cytokine regulation by genetic elements

4.1 Noncoding RNAs

MicroRNAs (miRNAs) and long noncoding RNAs (lncRNAs) can influence a single 

cytokine pathway or regulate a cassette of cytokines en bloc [29–32]. Multiple studies have 

identified dysregulated miRNAs in MS patients and their potential roles in controlling gene 

expression in lymphocytes and CNS tissues [31–34]. In particular, miRNA-155 has been the 

most thoroughly studied and was found to confer susceptibility to experimental autoimmune 

encephalomyelitis (EAE) through regulation of dendritic cells (DC) cytokines, including 

IL-6, and T-cell intrinsic mechanisms that support Th17 development [34]. In humans, 

several observations support a role for miRNAs in controlling cytokine production. For 

instance, overexpression of miRNA-132, that targets surtuin-1, in B cells from MS patients 

is responsible for elevated TNFα and LTβ but had no impact on IL-10 secretion [35]. 

miRNA- 142-3p inhibits IL-10 expression and is elevated in PBMC from MS patients [36]. 

In the same study, they found that the immunomodulatory therapeutic glatiramer acetate 

(GA) reduced levels of miR-146a and miR-142-3p observed in peripheral blood 

mononuclear cells (PBMC) from MS patients [36, 37]. However, miR-146a negatively 

regulates IL-6 [38]. Other studies have demonstrated modulation of miRNAs by MS 

therapies such as IFN-β and Natilizumab [39, 40].
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4.2 Genetics

Beyond the known HLA risk loci, such as the HLA-DRB1 locus, approximately 52 risk loci 

for MS have been identified in GWAS studies, many known as key regulators of the 

immune response [41]. For example, notable Single Nucleotide Polymorphisms (SNPs) in 

costimulatory molecules, cytokines, cytokine receptors and signaling pathways that impact 

APC function and T cell migration, expansion and differentiation such as CD40, CD58, 

CD69, CD86, MERTK, CCR4, CXCR5, IL12A, IL12B, IL2RA, IL22RA, TYK2, STAT3, 

STAT4, NFKBI, EOMES, IRF8, BCL10 and BATF were identified and could be important 

in grouping MS patients into subsets for treatment [41–43]. Recent pathway analysis of 

GWAS datasets have identified cell adhesion molecules such as ITGAL, ICAM1, ICAM3 

and validated VCAM1 as important potential targets for novel therapies [44]. IL-6, IL-10 

and their downstream effectors can impact expression of many of the cell adhesion 

molecules, chemokine receptors and signaling pathways that have been associated with MS.

Although SNPs for IL-10, IL-6 and their receptors have not been identified in GWAS 

studies to date as risk alleles for MS, it is clear that some MS patients harbor systemic 

dysregulation of these cytokines. Of note, IL-6 cytokine responsiveness and inflammation 

are impaired in RA patients with a common IL-6R polymorphism [45]. Thus, it is likely that 

future studies of the IL-6R common variants along with other select genes will distinguish 

aggressive from indolent disease subgroups of MS patients. Importantly, SNPs in the 

STAT3 pathway have been described in MS and additional studies are needed to determine 

the impact of these variants on disease [41, 42, 46].

A recent large study of candidate causal genetic variants for 21 autoimmune diseases, 

including MS, indicated that approximately 90% of the causal variants were non-coding 

SNPs and that 60% could be mapped to immune-related enhancer-like elements, while only 

10–20% appeared to alter known transcription factor binding motifs. These authors 

concluded that the non-coding variants might cause subtle key differences in transcription or 

epigenetics that influence immune responses, allowing variants to escape pressure from 

negative selection [47]. Of interest, some originally predicted “non-coding RNAs” have 

been found to code for small peptides with powerful influences on cell regulation [48].

5. A Cytokine Imbalance in MS

Relapsing-remitting MS is an immune-mediated inflammatory demyelinating disorder of the 

central nervous system [49–51]. In MS, cells producing IL-10 are protective whereas those 

that produce IL-6 appear to contribute to inflammation related to disease pathogenesis. Upon 

ex vivo stimulation, PBMC isolated from MS patients produced decreased levels of IL- 10 

and elevated levels of IL-6 compared to healthy controls [52–54]. The exact mechanism of 

the enhanced IL-6 secretion and deficiency in IL-10 production in MS PBMC is not clear. 

Recent studies have begun to uncover perturbations in the response to both IL-6 and IL-10 

that might further contribute to the dysregulated axis of IL-6 and IL-10 in MS. Here we will 

discuss IL-10 and IL-6 production, differential responses of MS immune cells to stimulation 

by these cytokines, and, how therapeutic intervention with glatiramer acetate (GA) alters 

dysregulated IL-6 and IL-10 in MS.
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6. Lessons from EAE Murine Models

Both T helper-1 (Th1) cells that produce interferon-γ and Th17 cells that secrete IL-17 

contribute to disease pathogenesis in MS and EAE. The discovery that IL-6 promoted Th17 

development prompted further investigations into the role of IL-6 in EAE and MS. Indeed, 

IL-6-deficient mice were resistant to EAE [55, 56] because they failed to induce central 

nervous system (CNS) specific Th1 and Th17 cells [57]. Treatment of EAE mice with a 

neutralizing antibody to IL-6 diminished EAE severity, but increased IL-6 levels in the CNS 

[58]. Furthermore, IL-6 deficient T cells could not induce EAE upon adoptive transfer to 

wild type mice [59]. However, wild type DC loaded with CNS antigens rescued 

susceptibility to EAE in IL-6-deficient recipient mice [60]. These studies highlight the 

importance of IL-6 in the establishment of EAE. The role of IL-6 in ongoing EAE and MS is 

less clear. Surprisingly, B cell-specific MHC class II and IL-6 knockout mice demonstrated 

decreased disease severity in a B cell-dependent EAE model, suggesting a role for antigen 

presenting cell (APC) function and IL-6 production by B cells in the establishment and 

progression to symptomatic disease [61].

Most studies supporting the roles of IL-10 as protective and IL-6 in promoting disease were 

carried out in the mouse model of MS, EAE. In this model, IL-10- deficient mice developed 

more severe EAE compared to wild type mice, whereas mice overexpressing IL-10 were 

resistant to EAE [62, 63]. The ability of recombinant IL-10 or IL-10-transduced cells to 

control disease once disease was established yielded inconsistent results [64–67]. Yet the 

adoptive transfer of IL- 10-expressing B regulatory cells (Breg) at the onset of disease, or 

adoptive transfer of T regulatory cells (Treg) reduced EAE severity through an IL-10-

dependent mechanism [68–71]. These results suggest that it was not simply the presence of 

IL-10 that limited disease, but rather regulatory cells that expressed IL-10 were key to 

controlling aberrant immune responses.

Of note, innate and adaptive regulatory cells control inflammatory processes by secretion of 

cytokines, including IL-10, transforming growth factor-β (TGFβ) and IL-35 and through cell 

contact dependent mechanisms [72–74]. Both cytokines and cell contact dependent 

mechanisms play a role in the promotion or suppression of EAE and these observations have 

been recently reviewed [75, 76]. For example, TGFβ alone or in combination with IL-10 

acts to restrain the immune response. Alternatively, TGFβ acts in concert with IL-6 and 

other factors to drive the development of Th17 cells and potentiate EAE [75]. Although 

IL-12 promotes Th1 cell differentiation and Th1 secreted IFNγ acts as a positive feedback to 

upregulate the IL12Rβ2, the activation of the transcription factor STAT1 by IFNγ as well as 

IFNγ itself are dispensable for EAE induction [76]. By contrast, mice deficient in IL-17, 

IL-23, the IL-12 induced transcription factor STAT4, the Th1-associated transcription factor 

T-bet or the Th17-associated transcription factors RORγt and RORα appear to have varying 

levels of resistance to EAE [76, 77]. Mice deficient in IRF8, a GWAS identified MS 

susceptibility gene, were resistant to EAE and unable to generate Th1, Th17 or Treg cells 

[77]. IRF8 promoted EAE development through several mechanisms. As an example, IRF8 

was required for expression of APC αvβ8 integrin which facilitated delivery of TGFβ to 

naïve cells that was required for Th17 differentiation. Interestingly, IRF8 deficiency also led 

to elevated IL-27 levels. IL-27 acts to suppress EAE. With regard to B cell regulation of 
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EAE, mice with plasma cells that could not produce IL-35 in addition to IL-10 were unable 

to recover from EAE suggesting that these suppressive effectors act in a coordinated manner 

to restrain hyperinflammatory responses [74].

7. Immunomodulation by MS therapies

7.1 Glatiramer Acetate

Glatiramer acetate (GA) is an analog of myelin basic protein (MBP), a candidate MS antigen 

and GA is an FDA approved therapy for MS. GA is a synthetic copolymer consisting of four 

random amino acids (L- alanine, L-lysine, L-glutamic acid and L-tyrosine) in a similar ratio 

to MBP. GA impacts the immune system in a variety of ways [78], including promiscuous 

binding to HLA molecules [79, 80], interfering with the activation of antigen-specific T cells 

[81, 82] and induction of Th2 cells responses [83, 84].

GA is associated with increased IL-10 production [85]; however, isolated GA-specific T cell 

clones secreted IL-6 [86]. The role of IL-6 in GA therapy has not been resolved because 

IL-6 can also support Th2 differentiation in T cells by inducing expression of IL-4 and in 

murine models, blocking IFN-γ signaling [87, 88]. This makes GA a particularly interesting 

therapy to study the dual role of IL-6 in supporting both Th2 and Th17 responses that are 

beneficial and detrimental in MS respectively, while suppressing the also detrimental Th1 

cells.

In mice, GA increases DC that produce IL-10 and IL-10-secreting type 2 monocytes that 

suppress EAE by inducing Treg cells [89, 90]. GA treatment also reduces the expression of 

IL-6 in the CNS of EAE mice [91]. Perhaps most surprisingly, B cells from GA-treated 

EAE-naïve mice secrete more IL-10 and suppress EAE upon adoptive transfer [92]. B cells 

from mice with EAE that are treated with GA produce less IL-6 and more IL-10 and exhibit 

enhanced Breg function in suppressing EAE compared to untreated B cells [93, 94].

7.2. Other MS therapies modulate IL-6 and IL-10

Other therapies for MS have been reported to modulate cytokine production. For example, 

therapeutic benefits that might be partially derived from increased IL-10 production and 

restoration of Treg function have been suggested for IFN-βs. IFN-βs, including IFN-β1a and 

IFN-β1b, currently comprise 5 of the 12 FDA approved therapies for MS. IFN-β therapy 

transiently increased IL-10 production by monocytes in vivo and increased the total 

frequency of PBMC that spontaneously secreted IL-10 [95, 96]. Moreover, B cells from 

patients treated with IFN-β secreted increased amounts of IL-10 [97]. IFN-β also induced 

increased regulatory T cells including Tr1 [98]. Finally, IFN-β has been reported to enhance 

IL-10R1 expression and IL-10 signaling via STAT3 [99].

Therapies that might not directly modulate APC cytokine production, altered secretion of 

IL-6 and IL-10. Fingolimod, a sphingosine 1-phosphate receptor targeting agent, increased 

the percentage of circulating B cells producing IL-10 and IL-10 production by DC in vitro 

but did not modulate IL-6 secretion [100, 101]. Teriflunomide, which inhibits 

dihydroorotate dehydrogenase resulting in inhibition of pyrimidine synthesis, blocked 

rapidly dividing B and T cells and inhibited IL-6 production by a mechanism reported to be 
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independent from pyrimidine synthesis [102]. Another therapeutic agent that blocks cell 

division, mitoxantrone, impacts cytokine production in mice [103, 104]. However, no 

similar effects were observed in mitoxantrone-treated MS patients [105, 106]. Dimethyl 

fumarate (DMF) transiently induced Th2 cells and reduced psoriasis patients’ IFN-γ+ CD4+ 

cells in vivo, and induced type II DC secreting IL-10 in vitro in cultures of both human and 

murine cells [107]. Type II DMF-induced DC were protective in an EAE model upon 

adoptive transfer in mice [107]. However, it is unknown whether DMF acts primarily by 

modulating DC in MS patients. Moreover it is not entirely clear how MS therapies remodel 

the immune system components that contribute to differential cytokine secretion.

8. Cytokine Production and Responses in the Periphery

8.1 Innate Immune Cells and APC

Myeloid cells act as APC and secrete an array of cytokines that influence T cell polarization, 

B cell activation, proliferation and differentiation into plasma cells and myeloid cells 

orchestrate tissue inflammation and repair. Of interest, with regard to innate immune cells, 

differences in cytokine profiles obtained after stimulation through the highly conserved 

pattern recognition receptors (PRR) including the toll-like receptors (TLR) have been 

observed between MS and healthy individuals. The degree to which the autoimmune 

environment influences innate immune cells has not been elucidated, but multiple studies 

support the existence of subtypes of monocytes and DC that are programmed by their 

microenvironment and related stimuli to become polarized to secrete specific cytokines that 

have been generally observed in in vitro studies [108–110]. For example, macrophages have 

been categorized into three major phenotypes: a) classical or inflammatory, b) alternatively 

activated or regulatory and c) cells that contribute to tissue repair and wound healing [111].

Monocytes from MS patients express less TLR7 and subsequently secrete less IL-6 upon 

TLR7 stimulation [112]. CD14+CD16+ inflammatory monocytes are preferentially 

expanded in MS patients and express higher levels of activation markers compared to 

healthy control monocytes [113]. In the same study, both CD14+CD16+ inflammatory and 

CD14+ classical monocytes from MS patients secreted more IL-6 compared to healthy 

control monocytes when stimulated with the TLR4 ligand, LPS. However, CD14+CD16+ 

inflammatory monocytes also secreted significantly more IL-10 compared to healthy control 

monocytes. This was surprising because CD14+CD16+ monocytes have been associated 

with inflammatory cytokine production and often produce less IL-10 than the classical 

CD14+CD16− monocytes [114]. These studies also highlight alterations in activated 

myeloid cell TLR expression that are likely tied to differential expression of cytokines in 

MS patients.

Unlike for B cells, GA therapy directly impacts monocyte activation to a variety of cytokine 

and TLR stimuli [115]. When monocytes were cultured with GA, IL-10 levels were 

increased and IL-6 secretion was diminished [116, 117]. This is in line with previous studies 

showing that recombinant IL-10 suppressed IL-6 production by monocytes in both healthy 

donors and MS patients [118]. However, whether the suppression of the IL-6 response is the 

result of increased IL-10 production is not known. In cultures stimulated with MBP and 

polyclonal T cells, monocytes from untreated MS patients produced more IL-6 [119]. 
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However, T cells from GA-treated MS patients induced monocytes to secrete IL-10 and 

subsequently promoted Th2 differentiation [120].

DC are highly potent APC that exert profound effects on T cell polarization. In MS patients 

the frequency of myeloid DC producing IL-6 was significantly elevated, while those 

producing IL-10 were similar to healthy controls [121]. However, spontaneous secretion of 

IL-6 and IL-10 was lower in MS patients’ plasmacytoid DC and after stimulation with the 

double stranded DNA virus, HSV1 compared to healthy donors [122]. This may be 

attributed to the observation that, despite the lower plasmacytoid DC cytokine production, 

the frequency of myeloid DC that secreted IL-6 upon TLR7 stimulation was increased in 

MS patients [123].

Myeloid DC incubated with GA produced less IL-12, more IL-10 and induced more Th2 

cells compared to myeloid DC from healthy controls [124, 125]. These observations appear 

consistent with IL-12 deficient asthma models where Th2 differentiation was observed with 

lower doses of antigen, OX40L, IL-4 and IL-33, whereas Th17 differentiation was found 

with higher doses of antigen, and correlated with APC expression of CD40, CD86, IL-6 and 

TGF-β production [126]. APC cytokine production was correlated with the strength of the 

stimulation which directly influenced the strength of NFκB signaling [126]. The importance 

of a similar threshold effect has recently been described for the activation of B cell receptor 

induced NFκB activation which can be prolonged by a positive feedback loop [127]. Thus 

one possibility is that GA therapy attenuates antigen-induced myeloid APC and B cell 

activation and function allowing induction of negative feedback mechanisms. Such a 

tempered B cell response allows for skewing of T cells undergoing differentiation to switch 

from a Th17 to a Th2 differentiation pathway.

8.2 B Lymphocytes

B lymphocytes secrete IL-6 and IL-10 in response to stimulation by TLR agonists, CD40 

stimulation, and BCR ligation [128, 129]. B cells producing IL-10 (B10 cells) are 

identifiable by intracellular staining for IL- 10 after a brief ex vivo stimulation whereas B10 

progenitor (B10PRO) cells require additional activation signals over 48–72 h in culture [130]. 

There are divergent reports describing the phenotype of B10 cells that include CD24hi 

CD27+ [130], CD19+CD25+Cd71+CD73lo [131], and CD19+ CD24hi CD38hi [132, 133], 

yet B cells that make IL-10 are not exclusively confined within these phenotypes. In 

addition to phenotypic studies, one study comparing IL-10+ and IL-10− B cells 

demonstrated over 99 percent similarity in gene expression [134] whereas another study 

identified changes in B10 and non-B10 gene expression [135]. Despite their incomplete 

phenotypic profiles, human B10 cells or a subset of IL-10 producing B cells appears to be 

similar to their murine counterparts in their ability to dampen T cell responses [133, 135].

The frequency of B10 cells in the blood was similar between healthy donors (HD) and MS 

patients but the frequency of MS B10PRO cells was dependent on the stimuli in cultures. 

When cultured in vitro, B cells from MS patients exhibited a striking defect in their ability to 

secrete IL-10 or to do so in a normal ratio to proinflammmatory cytokines [52, 136]. This 

may be partially explained by the reduced level of TLR9 expression in memory B cells from 

MS patients as B cells were exposed to CpG, which is commonly used to induce maximal 
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IL-10 production by B cells, however, this deficit in IL-10 production was also observed 

independently of TLR9 stimulation. It is not yet clear how to correlate human B10 and 

B10PRO cells with IL-10 production after in vitro stimulation cultures and whether these 

assays translate to B cell activity in vivo.

More recently the fate of murine B10 cells was investigated utilizing a GFP reporter driven 

by an IL-10 promoter. Using this system, B cells secreting IL-10 were found to differentiate 

into antibody secreting plasmablasts/plasma cells [137]. Human IL-10+ B cells are more 

difficult to study because of their phenotypic heterogeneity and requirement for stimulation 

in detection assays. Using IL-10 secretion capture assays two studies have approached the 

question of B10 cell fate in humans. One study found that IL-10+ B cells secreted less IgG 

in culture compared to IL-10− B cells [134]. However, another study found that IL-10+ 

naïve B cells are primary producers of IgG4 [131]. Further studies are warranted to dissect 

the capabilities of IL-10 producing B cells in humans and whether their functions parallels 

B10 or Breg cells in mice.

In addition to the underproduction of IL-10, B cells isolated from MS patients also secrete 

excessive levels of IL-6 as demonstrated by our laboratory and others [10, 138]. The 

combined effect results in a significant imbalance in the ratio of IL-6 to IL-10 from 

polyclonal activated memory and naïve B cells from MS patients [10]. It remains to be seen 

how B cell derived IL-6 and IL-10 play a role in MS; however, from studies carried out in 

mice, B cell-derived IL-6 directs the transition to Th17 cells which results in disease 

pathogenesis [61]. Furthermore IL-6 production by B cells was reduced in mice treated with 

GA and IL- 10 was enhanced [94]. The results in murine models led us to study whether a 

similar alteration of the IL-6:IL-10 ratio could be observed in B cells isolated from GA-

treated MS patients.

We hypothesized that GA could modulate the ability of B cells to secrete IL-6 and IL-10. 

While we found no direct impact of GA on B cells [10], B cells from GA- treated MS 

patients secreted IL-10 at levels similar or in some cases greater than that produced by B 

cells isolated from healthy donors. There has been considerable interest in defining the 

regulatory role of B cells and possibly that of Ig-secreting cells in the context of 

autoimmune disease based on observations in mice [142]. We tested whether B cells from 

GA-treated MS patients secreted more antibodies than untreated MS patients and found that 

both IgG and IgM secretion was significantly higher in GA-treated MS patients [10]. We did 

not determine whether these antibodies were GA specific or of the IgG4 isotype, as reported 

by van de Veen et al. from IL-10 secreting naïve B cells or IgG4 GA-specific antibodies that 

have been observed to develop during GA therapy [133, 143]. It is important to delineate the 

fate of the IL-10 producing cells induced by GA or other MS therapies given their potential 

impact on disease.

In contrast to the GA-mediated enhanced production of IL-10 by MS B cells, we found that 

the secretion of IL-6 by B cells from GA-treated MS patients was transiently diminished 

during the first 32 months of therapy and increased thereafter to levels equal to, or in excess 

of, treatment-naïve patients [10]. This finding was similar to our B cell cytokine production 

data from two GA-treated MS patients with disease exacerbations (unpublished data). 
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Although it is premature to speculate whether decreased levels of ex vivo B cell IL-6 

production is predictive of a positive clinical response to GA therapy, these results do raise 

important questions as to the dual role of IL-6 in promoting pathogenic Th17 and protective 

Th2 effector cells during GA therapy.

8.3 T Lymphocytes

The evaluation of regulatory T cells in MS has been a long-standing interest in the field 

[139–141]. More recent studies using techniques such as intracellular staining have allowed 

for the identification of Treg cells that mediate cytokine-dependent suppression (Tr1). 

However, Tr1 cells that produce Stat-3 induced IL-10 early after activation, do not fall into a 

single phenotypic category [140–142]. The suppressive capabilities of Tr1 cells are 

dependent on IL-10 and other soluble mediators, such as TGF-β. These cells are distinct 

from CD4+CD25+/hi FoxP3+ Treg cells that are also capable of secreting IL-10 but exert 

suppression through a cell contact-dependent mechanism [143].

Naturally occurring Treg cells have been more extensively studied in MS and appear to have 

a similar frequency compared to healthy individuals in most cohorts but diminished 

suppressive capacity [144–146]. Like IL-10 producing human B cells there are limited 

studies focused on Tr1 cells because IL-10 secretion is the defining characteristic. To 

determine whether the induction of Tr1 cells was altered in MS patients, T cells were 

stimulated with anti-CD3 and anti-CD46 monoclonal antibodies. The Tr1 cells derived from 

MS patients secreted less IL-10 compared to Tr1 from healthy donors [147]. Similarly, 

stimulation with anti-CD28, anti-CD3 and anti-CD46 antibodies combined resulted in a 

lower frequency of IL-10+ T cells and lower secretion of IL-10 by MS T cells [148]. 

Together these studies showed that in vitro differentiation of MS Tr1 was defective and MS 

Tr1 cells failed to secrete high levels of IL-10. It remains to be seen whether these in vitro 

defects are reflected by impaired Tr1 function of MS T cells in vivo.

CD8+ T cells are also capable of producing IL-10 [149] and have been described in the 

peripheral blood and CSF of MS patients as compared to healthy controls. CD8+ IL-10-

producing cells were similar in phenotype to CD4+ Treg cells, characterized by the 

expression of CD25+ FoxP3+ and low levels of CD127 [150]. The frequency of IL-10+ 

CD8+ T cells was increased in the periphery of MS patients and was not impacted by GA 

therapy [151, 152]. Although CD8+ Treg cells secreted IL- 10, their suppressive capacity in 

MS was thought to be carried out predominately through cell contact dependent mechanisms 

[150].

Although T cells have the ability to secrete low levels of IL-6, there are few reports on T cell 

derived IL-6 as the focus of most research has been on the ability of APC to produce 

sufficient IL-6 to drive Th17 differentiation. In one study researchers found that ex vivo 

stimulation of MS patients’ T cells with concanavalin A (ConA) or anti-CD3 produced less 

IL-6 than controls [153]. In contrast, more recent studies have found that CD4+ and CD8+ T 

cells from MS patients produced more IL-6 when stimulated in the presence of MBP and 

polyclonal stimulation [119]. Not only were the levels of T cell IL-6 elevated, but a separate 

study also found that the temporal control over T cell IL-6 production was altered in MS. 

MS CD4+ and CD8 T cells produced IL-6 at an accelerated rate compared to control T cells, 
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after only a few hours of anti-CD3 stimulation, while T cells from healthy donors did not 

produce detectable IL-6 until after 24 h of stimulation [154].

9. Cytokines in the central nervous system

A multitude of studies have focused on serum, plasma or cerebrospinal fluid (CSF) cytokine 

levels to predict conversion to MS, relapses or as biomarkers for disease. Some studies have 

identified elevated IL-6 in the CSF and IL-10 in the serum of MS patients compared to 

controls; however these results have not been consistent [155–161]. Interestingly, both 

sIL-6R and sgp130 are significantly elevated in the serum of MS patients but sgp130 was 

diminished in the CSF of MS patients[162, 163]. Another study corroborated the results for 

elevated sIL-6R in only RRMS patients [164].

The CSF gives researchers a window into the CNS (central nervous system) compartment of 

MS patients but may not be representative of the site of demyelination lesions. While most 

studies focus on the potential impact of IL-6 and IL-10 on immune cells, resident CNS cells 

are also capable of secreting and responding to cytokines. In order to determine whether 

IL-6 and IL-10 are features of MS lesion pathology post mortem brain tissues can be stained 

by immunohistochemistry or interrogated to determine gene expression. Using qPCR IL-6 

transcripts were identified as significantly elevated in MS lesions compared to non-MS brain 

tissue whereas IL-10 was not detected in either MS or control tissues [165]. However 

another immunofluorescence study found that IL-10 and the IL-10R were localized both to 

astrocytes and macrophages in MS lesions [165]. In a separate study IL-6 co-localized with 

GFAP+ astrocytes and in a few cases with CD68+ macrophages [166]. Interestingly, in 

another study the percentage of IL-6+ cells increased with the severity of demyelination, 

was primarily in astrocytes and macrophages but was more prevalent in inactive lesions and 

those lesions with less oligodendrocyte loss [167]. These observations collectively suggest 

that IL-6 and IL-10 are detectable, albeit by varying methods, are features of MS lesions and 

both resident CNS cells and immune cells are capable of producing IL-10 and IL-6 and 

sensing these cytokines.

10. Resistance to Cytokine Regulation

What is perhaps the most surprising with regard to IL-6 is that exposure to this cytokine 

appears to render MS T cells resistant to Treg/Tr1-mediated suppression. This effect might 

be compounded by the diminished ability for T cell, B cell, and innate immune cells to 

secrete sufficient IL-10 and further preclude naturally occurring regulatory cells from 

controlling encephalitogenic T cells. IL-6R in complex with gp130 and the IL-10R signal by 

activation of STAT3 through phosphorylation (p- STAT3) and homodimerization of the 

STAT3 transcription factor. The activation of STAT3 also induces a potent negative 

regulatory feedback mechanism resulting in the expression of suppressor of cytokine 

signaling 3 (SOCS3), which acts as a strong negative regulator of the IL-6 signaling 

pathway.

Evidence for IL-6 resistance to Treg cell-mediated suppression was first supported by 

studies demonstrating the elevated expression of the IL-6R on CD4+ T cells [163, 168], 

CD8+ T cells, B cells, and monocytes from MS patients compared to healthy donors [154]. 
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It is also important to note that IL-10 receptor (IL-10R) levels on total PBMC were similar 

between healthy donors and MS patients [148]. The baseline level of pSTAT3 is elevated in 

monocytes, CD4+ and CD8+ T cells from MS patients or patients at high risk to convert to 

MS and was correlated with disease activity [169, 170]. However, studies have also detected 

elevated SOCS3 transcripts in PBMC from MS patients [168, 171].

To understand how IL-6 impacts T cell responses in MS patients several studies have 

isolated T effector cells and incubated them with Treg or Tr1 cells. In one such report, 

CD4+ T cells and PBMC from MS patients had elevated p-STAT3 after exposure to IL-6, 

but not IL-10, as compared to CD4+ T cells from healthy donors [168]. The level of 

pSTAT3 and IL-6R, but not gp130, correlated with the resistance to Treg mediated 

inhibition in cultures stimulated with anti-CD3 and anti- CD28 antibodies. This resistance to 

Treg-mediated suppression was reversed by an inhibitor of STAT3 and unaffected by trans-

signaling mediated by soluble IL-6R in complex with IL-6 and gp130 [168]. Furthermore, 

MS patients who were resistant to dexamethasone, a corticosteroid, continued to produce 

IL-6 after stimulation with LPS in the presence of dexamethasone in vitro [172]. CD4+ and 

CD8+ T effector cells from MS patients continued to produce higher levels of IL-6 and 

proliferate when stimulated by anti-CD3 antibody in the presence of CD4+CD25+FoxP3+ 

Treg cells [154]. Resistance to Treg suppression was reversible upon the addition of a 

blocking antibody for the IL-6R or a PKB/c-Akt inhibitor that partially blocked the IL-6R 

signaling pathway [154]. Interestingly, the presence of IL- 6, which was provided by MS T 

effector cells in a transwell assay or exogenous IL-6, induced expression of the IL-6R in 

healthy donor T effector cells and subsequently conferred a transient resistance to inhibition 

by Treg cells. These studies support a role for IL-6 in STAT3-mediated resistance to Treg 

suppression.

There is also a defect in the ability of MS T cells to differentiate into Tr1 in vitro, and also to 

respond to IL-10 [148]. T effector cells from MS patients that were incubated with 

supernatants from Tr1 cultures or recombinant IL-10 were insensitive to IL-10-mediated 

inhibition as measured by proliferation. Further, CD4+ and CD8+ T cells failed to activate 

pSTAT3 to the level of healthy donor T cells after incubation with IL-10 [148]. Despite this 

reduced response to IL-10, IL-10R and STAT3 transcripts were significantly induced in 

PBMC after 24 hours of stimulation with IL-10. In vitro treatment of T cells with GA 

inhibited p-STAT3 and Th17 differentiation under Th17-polarizing conditions [117]. 

Interestingly, these studies were similar to IL-6-mediated resistance to IL-10 in RA patients 

[173]. Taken together these studies highlight the potential deficiencies in IL-6 function and 

lymphocyte responsiveness to the inhibitory effects of IL-10 in the presence of increased 

levels of IL-6.

11. Summary

Our recent studies suggest that the hyperactivity observed in MS peripheral lymphocyte 

responses could be partly the result of an imbalance in IL-6 and IL-10 regulation [10, 73]. 

Studies in mice have elucidated a role for IL-10 in the prevention of EAE and for IL-10-

expressing regulatory cells in controlling established disease. By contrast, IL-6 is 

indispensible for the induction of EAE. The roles of these cytokines in ongoing disease are 
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less well defined, but IL-6 appears to promote inflammation in EAE models. In MS, the 

focus has been on the prevention of clinical symptoms. Immune cells from MS patients 

exhibited defective IL-10 production and defective responses to Tr1 regulatory cells. IL-10 

responsiveness could be inhibited by the over-production of IL-6. Enhanced IL-6R signaling 

appears to establish an effective blockade in suppression of leukocyte responses by IL-10 

producing regulatory cells. Although GA and other immunomodulatory therapies, such as 

IFN-β, have been shown to promote IL-10 production and dampen IL-6 secretion, it is not 

known if modulation of cytokine production underlies the efficacy of these therapies in 

disease as shown in Figure 1. These observations underscore the pleiotropic nature and 

cross-regulation of cytokines and the likelihood that multiple mechanisms contribute to their 

involvement in MS disease pathogenesis. Future studies focused on the mechanisms, such as 

signaling pathways and transcriptional programs that regulate key cytokine pathways could 

substantially improve therapeutic options for patients with autoimmune diseases.
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Highlights

1. MS B cells secrete more IL-6 and less IL-10 than B cells from healthy donors

2. B cell depletion therapy, which ameliorates disease, diminishes IL-6 levels

3. GA therapy temporarily restores immune regulation, as detected by IL-6 levels

4. IL-10 secreted by T regulatory cells and monocytes contribute to immune 

regulation

5. Agents that enhance IL-10 and immunoregulation are of therapeutic benefit in 

MS
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Figure 1. Model of IL-6 over-production in MS
Increased IL-6 promotes inflammatory responses through a number of mechanisms. For 

example, increased IL-6 production in MS can result in T effector cell resistance to 

suppression by normal negative feedback signaling induced by IL-10. Increased IL-6 

promotes inflammatory responses through a number of other mechanisms.
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