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Abstract

Transforming growth factor-beta (TGF-β) is a pleiotrophic cytokine that has been shown to 

influence the differentiation and function of T cells. As such, the role that TGF-β plays in 

immune-mediated disease, such as multiple sclerosis (MS), has become a major area of 

investigation since CD4 T cells appear to be a major mediator of the autoimmunity. This review 

analysis the literature on the role that TGF-β plays in the generation and regulation of 

encephalitogenic T cells in experimental autoimmune encephalomyelitis, an animal model of MS, 

as well as T cells of MS patients. Since TGF-β plays a major role in the development and function 

of CD4 regulatory T cells, which are defective in MS patients, recent studies have found potential 

mechanisms to explain the basis for these regulatory T cell defects to establish a foundation for 

potentially modulating TGF-β signaling to restore normal T cell function in MS patients.
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Introduction

Transforming growth factor-β (TGF-β) has been found to play a diverse set of roles in 

development, cell differentiation, wound healing and immune regulation. As the name 

implies, it was originally described by its role in transforming non-malignant cells into 

neoplastic cells [1, 2]. Today, it is recognized that TGF-β is produced by many cell types, 

both immune and non-immune, and is capable of both positively and negatively regulating 

cell expansion and function. There are three TGF-β members, TGF-β1, TGF-β2, and TGF-

β3. The expression of each isoform is spatially and temporally distinct. Although deletion of 

TGF-β2 and TGF-β3 in mice results in embryonic lethality [3–5], loss of TGF-β1 results in 

systemic inflammation, suggesting that TGF-β1 plays a role in limiting the immune 

response [6]. TGF-β1 is expressed abundantly in the immune system, whereas expression of 

TGF-β2 and TGF-β3 are minimal. Thus, TGF-β1 has been studied extensively in the 

immune system, particularly as a major contributor to immune regulation.

The relevance of TGF-β on T cells was recognized as early as 1986 when it was 

demonstrated that TGF-β inhibited IL-2 production, as well as proliferation, by T cells [7]. 
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The pathology and severe wasting observed in TGF-β1-deficient mice was largely 

contributed to CD4+ T cells since deletion of CD4+ T cells protected TGF-β1-deficient 

mice from lethal inflammation [8]. The absence of TGF-β1 signaling resulted in 

spontaneous T cell differentiation and the onset of autoimmunity [9]. However, CD8+ T cell 

activation and proliferation was also shown to be inhibited by TGF-β1 and deletion of CD8+ 

T cells in TGF-β1-deficient mice reduces the pathology observed in TGF-β1-deficient mice 

[10, 11].

The immunosuppressive nature of TGF-β led to speculation that it may be useful in 

suppressing autoimmunity. Several studies in the early 1990’s demonstrated that treatment 

of experimental autoimmune encephalomyelitis (EAE), a rodent model for multiple sclerosis 

(MS), with TGF-β1 or TGF-β2 at the time of disease induction or during the course of 

disease resulted in reduced neurological damage and fewer CNS lesions [12–15]. In 

addition, TGF-β2 was beneficial in ameliorating a viral model of MS [16]. These early 

studies in EAE generated interest in pursuing TGF-β as a therapy for MS.

Role of TGF-β in the differentiation and function of encephalitogenic T cells

Since autoreactive T cells are present in all individuals, yet most individuals do not develop 

autoimmunity, TGF-β likely contributes to protecting us from these self-reactive T cells. It is 

well-documented that TGF-β can influence the differentiation of naïve CD4 T cells into 

effector T cells with different phenotypes. Most notably, TGF-β is known to promote the 

differentiation of CD4 regulatory T cells (Treg), with IL-2 and retinoic acid (RA) 

contributing to this process (Fig. 1) [17–20]. TGF-β + IL-6 have been shown to drive Th17 

cell differentiation in vitro [21–23] and TGF-β + IL-4 have been shown to drive Th9 cell 

differentiation in vitro [24, 25]. In contrast, TGF-β is a negative regulatory for the 

differentiation of Th1 cells [26–28]. Using myelin-specific T cell receptor transgenic CD4 T 

cells, it was demonstrated that activation of naïve myelin-specific T cells in the presence of 

TGF-β1 results in reduced antigen-driven proliferation, failure to differentiate into effector T 

cells, and failure to induce experimental autoimmune encephalomyelitis (EAE) when 

adoptively transferred into mice [28]. Differentiation of myelin-specific T cell receptor 

transgenic CD4 T cells under Th1 cell conditions in the presence of TGF-β1 also resulted in 

T cells that had reduced IFNγ production and a reduced capacity to induce EAE (Fig. 2A). 

This is consistent with a previous study illustrating that TGF-β blocks IL-12-induced 

tyrosine phosphorylation, inhibiting the Jak-Stat pathway and differentiation of Th1 cells 

[26].

Much less is known about how TGF-β affects effector T cells, particularly at sites of 

inflammation. Given that TGF-β is expressed in the central nervous system (CNS), 

understanding how TGF-β may alter the phenotype or function of effector T cells that 

infiltrate the CNS in the context of CNS infection and autoimmunity was important. To 

address this issue, Huss et al [28] differentiated myelin-specific T cell receptor transgenic 

CD4 T cells in vitro into Th1 cells which produced robust amounts of IFNγ and no IL-17, 

rested the Th1 cells, and then restimulated the myelin-specific Th1 cells in the presence of 

TGF-β1 or a TGF-β neutralizing antibody. Surprisingly, the Th1 cells activated with myelin 

peptide in the presence of TGF-β1 had an increase in proliferation, whereas the Th1 cells 
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activated in the presence of α-TGF-β had reduced proliferation. Further analysis found that 

myelin-specific effector Th1 cells that were re-activated in the presence of TGF-β had 

increased activation markers and enhanced production of IFNγ. This indicated that TGF-β 
had the opposite effect on naïve and effector CD4 T cells with regard to activation and 

proliferation. Therefore, the presence of TGF-β in lymph nodes where naïve T cells 

typically encounter antigen would suppress T cell activation and differentiation, even if Th1-

promoting cytokines, such as IL-12, were present. In contrast, TGF-β at the site of 

inflammation, such as the CNS in MS patients, may actually enhance proliferation and 

cytokine production of effector Th1 cells.

To further address this issue, myelin-specific T cell receptor transgenic Th1 cells were 

restimulated with antigen and TGF-β1 or α-TGF-β, and then transferred into naïve mice. 

Since TGF-β1 enhanced the activation and cytokine production by effector Th1 cells in 

vitro, it was anticipated that the TGF-β1-stimulated myelin-specific Th1 cells would be 

highly encephalitogenic. In contrast, these cells had a reduced capacity to cause CNS 

inflammation and demyelination (Fig. 2B) [28]. Furthermore, the myelin-specific Th1 cells 

cultured with α-TGF-β actually resulted in enhanced disease severity, suggesting that TGF-

β was inducing a molecule or pathway in effector Th1 cells that negatively regulated their 

function, despite their increased activation. It was discovered that IL-10 was being induced 

in a dose-dependent manner in Th1 cells by TGF-β1. Transfecting the Th1 cells with a 

siRNA specific for IL-10, prior to activation with antigen plus TGF-β1, generated Th1 cells 

that had the same encephalitogenic potential as Th1 cells activated with antigen alone. This 

demonstrated that TGF-β1 induced robust IL-10 expression in effector Th1 cells that 

diminished the encephalitogenic capacity of myelin-specific Th1 cells. Since TGF-β, 

particularly TGF-β2 and TGF-β3, are expressed by glial and neuronal cells [29], infiltrating 

Th1 cells in the CNS of MS patients may be partially regulated by CNS-derived TGF-β.

In MS patients, inflammation in the CNS is somewhat cyclical with periods of significant 

inflammation, followed by periods of quiescence. However, it is clear that the number of 

inflammatory lesions in the CNS is significantly less than the number of clinical 

exacerbations [30]. Therefore, the exposure of effector T cells to the CNS environment is far 

more frequent than predicted by clinical indicators of disease. To explore how TGF-β may 

limit the function of chronically activated myelin-specific Th1 cells, as would occur in MS 

patients, Huss et al [31] analyzed the consequences of TGF-β1 exposure through multiple 

rounds of antigen activation of myelin-specific Th1 cells. The percentage of myelin-specific 

Th1 cells expressing IL-10, as well as the amount of IL-10, increased with each cycle of 

activation. This generated myelin-specific T cells that had a reduced capacity to induce EAE 

with each stimulation. TGF-β1 was shown to induce IL-10 via Smad4, and the 

encephalitogenicity could be restored by inhibiting IL-10. With each cycle of stimulation of 

myelin-specific Th1 cells with TGF-β1, the expression of IFNγ and T-bet were reduced, and 

the ability of these myelin-specific Th1 cells to migrate to the CNS was reduced. These 

studies illustrate that TGF-β1 can negatively regulate the function of effector Th1 cells, and 

this regulation is enhanced with each exposure of effector Th1 cells to the antigen in the 

presence of TGF-β1. These studies were done using TGF-β1, but since TGF-β2 and TGF-β3 

also bind to the same receptor as TGF-β1, it is possible that CNS-produced TGF-β2 and 

TGF-β3 could regulate encephalitogenic Th1 cells in MS and contribute to remission. This 
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is consistent with observations that IL-10 is elevated during remission [32]. However, this 

would also suggest that newly differentiated effector T cells would be needed to perpetuate 

CNS inflammation long-term.

Interest in TGF-β in MS increased over the past decade with the observation that IL-6 + 

TGF-β drove the differentiation of murine Th17 cells in vitro [21–23], and Th17 cells were 

identified as encephalitogenic in mice and humans [33–36]. The focus on the role of Th17 

cells in MS began with the observation that IL-23 drove the expansion of murine myelin-

specific Th17 cells and these cells were highly encephalitogenic when transferred into naïve 

mice [33]. In humans, it was found that IL-17 transcripts were present in CNS lesions [35], 

consistent with a previous observation that IL-17 mRNAwere elevated in the blood and CSF 

of MS patients [36]. Given that the data on the role of IFNγ and Th1 cells in EAE and MS 

was inconsistent, much of the focus shifted from Th1 to Th17 cells in the MS field.

Several studies demonstrated that IL-6 + TGF-β were sufficient to differentiate murine naïve 

CD4 T cells into Th17 cells in vitro [21–23]. To determine if these cytokines were sufficient 

to generate encephalitogenic Th17 cells, Yang et al [34] differentiated naïve myelin-specific 

T cell receptor transgenic CD4 T cells in vitro into Th17 cells with IL-6 + TGF-β and then 

transferred these effector Th17 cells into naïve mice. However, these myelin-specific Th17 

cells failed to induce EAE. In contrast, transfer of myelin-specific Th17 cells differentiated 

with IL-6, while neutralizing the Th1 and Th2 pathways, were capable of inducing EAE 

when transferred into naïve mice. This data suggested that TGF-β negatively regulated the 

differentiation of encephalitogenic Th17 cells (Fig. 1). From studies investigating the effect 

of TGF-β on naïve T cell activation, it was found that TGF-β negatively regulates T-bet [27], 

a transcription factor that has been shown to be important in the differentiation and function 

of encephalitogenic Th1 and Th17 cells [37–39]. It was confirmed that myelin-specific Th17 

cells differentiated with IL-6 + TGF-β lacked T-bet expression [34]. Perhaps, more 

importantly, these non-encephalitogenic Th17 cells expressed lower levels of GM-CSF and 

IL-23 receptor, two molecules known to be critical for encephalitogenicity [40].

The data between the EAE models varied regarding the contribution of TGF-β and Th17 

cells in EAE. The studies by Huss et al [27, 31] utilized a T cell receptor transgenic mouse 

specific for myelin basic protein Ac1-11 (MBP Ac1-11) in which the naïve CD4 T cells can 

be differentiated and transferred following a single activation with antigen. Several studies 

have evaluated the role of IL-6 + TGF-β in Th17 cell differentiation using the widely used 

2D2 mouse which has a transgenic T cell receptor specific for myelin oligodendrocyte 

glycoprotein 35–55 (MOG35-55). Using naïve 2D2 CD4 T cells, Jäger et al. [41] concluded 

that Th17 cells generated with IL-6 + TGF-β were encephalitogenic. However, the study 

used 2D2 Th17 cells that were transferred after two stimulations, the first activation included 

IL-6 + TGF-β, while the second activation lacked TGF-β. Yang et al [34] also found with 

the MBP Ac1-11-specific T cell receptor transgenic cells that primary stimulation with IL-6 

+ TGF-β, followed by a secondary stimulation with antigen only resulted in T cells that 

could transfer EAE, but these T cells expressed both IL-17 and IFNγ. The absence of TGF-

β restored encephalitogenicity, and implied that the CD4+ T cells maintain plasticity and are 

not committed Th17 cells. In both models, secondary stimulation with IL-23 helps maintain 

IL-17 expression. It has previously been shown that TGF-β promotes the epigenetic 
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modification of the Il17a-Il17f locus but this is reversible during restimulation of Th17 cells 

in the absence of TGF-β [42]. Overall, these studies would indicate that TGF-β negatively 

regulates the differentiation of encephalitogenic T cells, but that this can be overcome when 

myelin-specific T cells are reactivated in the absence of TGF-β.

Although IL-6 + TGF-β1 were insufficient to generate encephalitogenic T cells, the Kuchroo 

lab concluded that restimulation of Th17 cells generated with IL-6 + TGF-β1 in the presence 

of IL-23 produced stable Th17 cells that were highly pathogenic. They also discovered that 

these Th17 cells expressed TGF-β3 and hypothesized that the IL-23 induced TGF-β3 which 

stabilized the Th17 phenotype [43]. To address this hypothesis, naïve 2D2 T cells were 

initially differentiated with IL-6 + TGF-β1 or IL-6 + TGF-β3. What is not clear from this 

study is whether the T cells were re-stimulated in the absence of cytokines, as indicated in 

the publication that was cited for the methods, or transferred after primary stimulation. 

Regardless, transfer of Th17 cells generated with IL-6 + TGF-β3 were highly 

encephalitogenic compared to the Th17 cells generated with IL-6 + TGF-β1. This seemed 

somewhat surprising given that TGF-β1 and TGF-β3 signal through the same receptor. The 

study further demonstrated that the Th17 cells generated with IL-6 + TGF-β1 had a unique 

transcriptional profile compare to the Th17 cells generated with IL-6 + TGF-β3. A similar 

study was performed using the MBP Ac1-11-specific T cell receptor transgenic T cells and 

found that primary differentiation with IL-6 + TGF-β1 or IL-6 + TGF-β3 followed by 

adoptive transfer failed to induce EAE [40]. In addition, the phenotypic characterization of 

both Th17 cell populations found that these non-encephalitogenic Th17 cells produced 

robust amounts of IL-17, but failed to make GM-CSF or efficiently upregulate IL-23R 

expression. Thus, it remains unclear whether TGF-β3 has a differential role in Th17 cell 

differentiation than TGF-β1. However, a previous study proposed that TGF-β1 and TGF-β3 

have opposing roles in CNS autoimmunity, due to the observation that TGF-β1 was elevated 

in the CNS of EAE mice, yet TGF-β3 was elevated in mice with ameliorated EAE due to 

17β-estradiol treatment [44].

The cytokines that play a role in the differentiation of human Th17 cells remains 

controversial. It was initially published that IL-6 + IL-1β, but not TGF-β, were the critical 

cytokines for the generation of human Th17 cells [45]. However, another study could not 

replicate this data and found that IL-21 + TGF-β were the necessary cytokines for the 

differentiation of human Th17 cells [46]. It had also been shown that murine CD4 T cells 

could be differentiated into Th17 cells with IL-21 + TGF-β [47–49]. From these two 

studies, it was hypothesized that IL-6 + IL-1β enhanced IL-17 expression in memory cells 

that also expressed IL-21, and that IL-21 + TGF-β actually promoted the differentiation of 

Th17 cells from naïve CD4 T cells. These studies were all conducted in vitro, and thus, it is 

not possible to definitively determine what cytokines are critical for the development of 

human encephalitogenic Th17 cells in vivo, or the role that TGF-β may play in this process.

TGF-β has also been shown to play a role in the differentiation of Th9 cells which produce 

robust amounts of IL-9 [24, 25]. Using a two-step activation protocol with 2D2 T cells, it 

was shown that myelin-specific T cells differentiated in vitro with IL-4 + TGF-β, and then 

restimulated in the absence of cytokines, were capable of inducing EAE [41]. A pathogenic 

role for Th9 cells was a surprising outcome since it had previously been shown that IL-9 had 
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regulatory function [50]. A recent study found that IL-9 negatively regulated Th17 cells 

[51]. In addition, IL-9 levels in the CSF of MS patients negatively correlated with 

inflammation, neurodegeneration and disease progression [51], supporting a regulatory role 

of IL-9 in MS. An in vitro study found that IL-9 in the presence of IFNγ promoted the 

proliferation of oligodendrocyte precursor cells, whereas IL-9 in the presence of IL-17 

inhibited oligodendrocyte precursor cell proliferation, suggesting that Th9 cells may have 

inverse functions in the presence of Th1 or Th17 cells [52].

Understanding the role of TGF-β in defective regulatory T cells in MS

TGF-β plays a vital role in the development and function of CD4+ regulatory T cells (Tregs; 

Fig. 1). In mice with deficiencies in TGF-β signaling, the number of Tregs in adult mice 

appears normal, yet, the number of Tregs in the periphery during the first few days of life is 

significantly reduced [53–55]. It appears that a lack of TGF-β signaling inhibits the 

development of Tregs in the thymus. Since Tregs express CD25, the high affinity IL-2 

receptor, this limited pool of Tregs likely proliferate in response to IL-2 resulting in normal 

numbers of Tregs in adult mice. Given that the Tregs in mice with impaired TGF-β signaling 

originate from a small pool of Tregs, there is a lack of diversity in the Treg repertoire [9, 54, 

56]. Since Tregs function by recognizing the same antigen as the effector T cells that they 

regulate, lack of diversity would result in an inability to recognize and suppression an 

immune response to many antigens, particularly self-antigens. The inability of Tregs from 

TGFβ signaling-impaired mice to suppress autoimmunity has been attributed to a decreased 

repertoire of Tregs, as well as low Foxp3 expression. While it is clear that there is a Treg 

defect in MS patients, it is unclear whether this is due to a reduced number of Tregs or an 

impaired function of Tregs [57–62]. Similar to mice with impaired TGFβ signaling, Tregs of 

MS patients have a decreased T cell receptor repertoire [61], suggesting that they may be 

inherently prone to autoimmunity due to a lack of diversity in their Treg population. Thymic 

production of Tregs has been shown to be lower in MS patients, and the ability of Tregs to 

function properly appeared to be dependent on the number of new thymic emigrant Tregs, 

not the absolute number of Tregs [61, 63].

One leading hypothesis to understand the defect in Tregs in MS patients is based on the 

observation that miRNA, non-coding RNA that negatively regulate translation, play a vital 

role in Treg development [64–66]. Numerous studies have identified differential expression 

of miRNAs in MS patients [67–77]. It was shown that naïve CD4 T cells of MS patients 

have altered miRNA expression that influence their differentiation and favor the 

differentiation of pro-inflammatory Th1 cells [76]. Severin et al [78] identified 19 miRNAs 

that were differentially expressed in naïve CD4 T cells of MS patients that could potentially 

target components of the TGF-β signaling pathway (Fig. 3), including TGF-β receptor I 

(TGFβRI), TGF-β receptor II (TGFβRII), SMAD2, SMAD4 and SMAD7. In accordance 

with this observation, MS patients had reduced gene expression for TGFβRI and SMAD4 in 

their naïve CD4 T cells. Using naïve CD4 T cells from healthy individuals, it was shown that 

over-expression of the miRNAs found in MS patients that target TGFβRI and SMAD4 

resulted in impaired Treg development in vitro. In a separate study, it was found that 

TGFβRII expression was reduced in MS patients’ CD4 T cells and this correlated with an 

increase in miR-17 [79], further supporting a role for miRNAs in the Treg defect observed in 
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MS patients. These miRNAs may reduce natural Treg development in the thymus, similar to 

the limited production of Tregs in mice with impaired TGF-β signaling. In addition, 

inducible Treg (iTreg) differentiation may be reduced in the periphery since both types of 

Tregs are derived from naïve CD4 T cells. Ultimately, this could result in the generation of a 

less diverse population of Tregs that is incapable of suppressing self-reactive T cells and 

increasing the risk of autoimmunity. A clinical trial using TGF-β2 failed [80] which may 

now be explained by the observation the TGF-β signaling components are lower in CD4 T 

cells of MS patients, and thus, these cells would be less responsive to TGF-β.

Other studies have proposed that miRNAs that target the TGF-β pathway are critical 

regulators of Th17/Treg balance in MS. One study investigated if two miRNAs, miR-27a 

and miR-214 which had been found to be differentially expressed in MS patients, fluctuated 

with disease activity [81]. Analysis of the expression levels of these two miRNAs in CD4 T 

cells found that miR-27a was upregulated during relapse, in contrast to miR-214 which was 

upregulated during remission. Since miR-27a had previously been shown to target the TGF-

β signaling pathway, they concluded that miR-27a may be regulating Treg function in MS 

patients. Naghavian et al [82] proposed that miR-141 and miR-200a may be regulating the 

balance between Th17 cells and Tregs. Both these miRNAs were upregulated during 

relapses in MS patients and down-regulated during remission. Given that they were 

predicted to target the TGF-β pathway, they proposed they the level of these miRNAs may 

influence the differentiation and/or function of Tregs. Both of these studies are predicated on 

the observation that TGF-β plays a critical role in both Th17 and Treg development. 

However, as stated above, it remains to be determined if TGF-β plays a vital role in 

encephalitogenic Th17 cells, particularly in humans.

Conclusion

The sum of the data would suggest that enhancement of TGF-β signaling in T cells of MS 

patients would be beneficial. Although TGF-β has been implicated in some potentially 

inflammatory T cell populations, such as Th9 and Th17 cells, the data is not compelling in 

human CD4 T cells. In contrast, there is a consensus that TGF-β enhances Treg development 

and function, and negatively regulates encephalitogenic Th1 cells. It is well-documented that 

there is a defect in the Treg population in MS patients, so modulation of TGF-β signaling 

may be used to correct this defect. This review focused on recent studies on T cells, but it is 

important to remember that MS is a complex disease and TGF-β signaling likely plays a 

vital role in other cells and tissues, particularly the gut where TGF-β expression is abundant 

and our immune system is tuned based on the interaction between the gut with the 

microbiota. And finally, TGF-β is highly expressed in the CNS and is known to play a vital 

role in CNS development and function. Thus, understanding the role that TGF-β signaling 

plays during CNS inflammation and repair is an area that is critical to understanding how 

TGF-β can be used or manipulated therapeutically in MS.
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Abbreviations

TGF-β transforming growth factor-β

MS multiple sclerosis

EAE experimental autoimmune encephalomyelitis

Treg regulatory T cell

RA retinoic acid

CNS central nervous system

MBP myelin basic protein
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Figure 1. TGF-β influences the differentiation of subsets of CD4 T cells
CD4 T cells can differentiate into several phenotypes. TGF-β in the presence of IL-6 

promotes the differentiation of Th17 cells, but these cells are not highly encephalitogenic. 

TGF-β in the presence of IL-4 generated Th9 cells that have also been implicated in CNS 

autoimmunity, IL-9 can also have anti-inflammatory effects. TGF-β signaling is vital to the 

development and function of Tregs, which are necessary to prevent and control 

autoimmunity.
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Figure 2. TGF-β negatively regulates naïve and effector CD4 T cells, but by distinct mechanisms
TGF-β inhibits the proliferation and differentiation of naïve CD4 T cells, even under Th1 

cell polarizing conditions. In contrast, TGF-β enhances cytokine production and 

proliferation of effector Th1 cells, but also upregulated the anti-inflammatory cytokine 

IL-10. Thus, TGF-β also alters myelin-specific effector Th1 cells such that they are no 

longer encephalitogenic.

Lee et al. Page 14

Eur J Immunol. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Naïve CD4 T cells of MS patients have dysregulated miRNA expression which target 
the TGF-β signaling pathway and suppress Treg development and function
Numerous miRNAs were found to be over-expressed in naïve CD4 T cells of MS patients 

that target TGF-βRI, TGF-βRII, SMAD2 and SMAD4. In contrast, 3 miRNA were down-

regulated that were predicted to target SMAD7, a negative regulator of the TGF-β signaling 

pathway. Severin et al [78] found that these miRNAs reduced the ability of naïve CD4 T 

cells to differentiate into Tregs which may partially explain the Treg defect observed in MS 

patients.
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