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Cytokines are secreted signaling proteins that play an essential role in propagating and reg-
ulating immune responses during experimental autoimmune encephalomyelitis (EAE†), the
mouse model of the neurodegenerative, autoimmune disease multiple sclerosis (MS). EAE
pathology is driven by a myelin-specific T cell response that is activated in the periphery
and mediates the destruction of myelin upon T cell infiltration into the central nervous sys-
tem (CNS). Cytokines provide cell signals both in the immune and CNS compartment, but
interestingly, some have detrimental effects in the immune compartment while having ben-
eficial effects in the CNS compartment. The complex nature of these signals will be re-
viewed.
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IntRoDuCtIon

Cytokines are small proteins or glyco-

proteins secreted by a wide range of cells for

intercellular communication. In the context of

experimental autoimmune encephalomyelitis

(EAE), a mouse model of multiple sclerosis

(MS), cytokines are intimately involved in the

progression and regulation of disease. EAE is

an autoimmune disease driven by myelin-spe-

cific cluster of differentiation (CD)4+ T cells

that mediate the destruction of myelin and

neural axons [1-3]. MS patients with de-

myelinated lesions experience neurological

symptoms such as muscle spasms, cognitive

deficits, numbness, blurred vision, and, in

some cases, limb paralysis [4,5]. The etiology

of MS is unknown, although it is well ac-

cepted that there are both genetic and envi-

ronmental contributions [6]. Currently,

treatments for MS address symptoms or

broadly suppress the immune system [6],

leaving a considerable opportunity for re-

search into the cause and pathology of the dis-

ease in order to create a more effective

treatment.

The role of cytokines and their respec-

tive receptors in MS pathology has been ex-

amined through histological studies on

post-mortem MS tissue [7,8], murine mod-

els of MS such as EAE [9], and transgenic

mice [10]. EAE is induced in mice by im-

munization with myelin peptide and com-

plete Freud’s adjuvant (CFA) or the adoptive

transfer of CD4+ T cells from myelin pep-

tide/CFA immunized mice into naïve recipi-

ents [3,11,12]. A major benefit of EAE is that

immunization in different genetically sus-

ceptible strains of mice yield distinct disease

courses, one of which is similar to the most

common courses of MS. For instance, SJL/J

mice immunized with peptide from prote-

olipid protein (PLP139-151)/CFA are sus-

ceptible to a relapsing-remitting disease

course, which exhibits a disease course sim-

ilar to relapsing-remitting MS (RRMS). The

epitopes that drive MS, however, are un-

known. In EAE, myelin-specific T cells are

activated by antigen presenting cells (APCs)

in the peripheral draining lymph nodes and

infiltrate the central nervous system (CNS)

by crossing the blood brain barrier (BBB)

(Figure 1). Once in the brain or spinal cord,

T cells are re-stimulated by APCs, and the re-

sulting inflammation leads to myelin de-

struction, astrogliosis, and the production of

chemotactic cytokines that recruit both pro-

genitors and a secondary wave of leukocytes

from the periphery (Figure 1) [6]. Disease

progresses by lymphocytes launching re-
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Figure 1. Diagram of EAE pathology. Stars represent cytokines, octagons represent de-

bris, squares represent chemokines, and yellow circles are endothelial cells. 



sponses against new epitopes from the

myelin and axon debris released in lesions

[13]. Cytokines and chemokines are involved

in every aspect of EAE pathology; however,

only non-chemotactic cytokines will be re-

viewed. For a full review of chemokines and

their involvement in EAE pathology, please

refer to Dogan and Karpus, 2004 [14].

There are multiple pathways in which

cytokines are involved in EAE pathology. In

the immune compartment, cytokines are in-

volved in modulating APCs for ideal antigen

presentation to CD4+ T cells via the upreg-

ulation of major histocompatibility complex

class II (MHCII), which presents cognate

antigenic peptides to MHCII restricted pep-

tide-specific T cell receptors on the surface

of CD4+ T cells (Figure 2) [15]. Addition-

ally, cytokines stimulate APCs to upregulate

costimulatory molecules required for full T

cell activation [15,16]. During T cell prim-

ing, APCs also release cytokines that induce

differentiation of naïve CD4+ T helper cells

into effector or regulatory T cell subsets: T

helper 1 (Th1), T helper 2 (Th2), T helper 17

(Th17), or regulatory T cells (Treg) (Figure

2) [16]. Cytokines are also involved in aid-

ing T cell trafficking into the CNS [17-20].

In the CNS compartment, cytokines affect

the permeability of the blood brain barrier

[21-24], oligodendrocyte progenitor differ-

entiation [25-27], and activation of mi-

croglia and astrocytes to participate in dis-

ease progression and remyelination [28-31]. 

Due to the inducible nature of EAE, it

can be used in transgenic mice, devoid of the

cytokine gene of interest. This type of ex-

perimental approach has identified a sub-

stantial list of cytokines that are essential for

disease induction or progression, as well as

highlighting those that are important but sur-

prisingly nonessential (Table 1). Cytokine

research has also defined several pathogenic

T cell subsets, often reopening the debate

over which subsets are most essential in me-

diating disease. In the present review, cy-

tokines will be examined within the context

of these subsets.

CytokInES In thE IMMunE 
CoMPARtMEnt

Th1-Associated Cytokines

The discovery of EAE as a T cell-medi-

ated disease prompted the search and charac-

terization of such T cells. This breakthrough

was based on the resistance of mice devoid

of T cells to the induction of EAE and the re-

stored susceptibility once CD4+ T cells were

reintroduced or adoptively transferred [32].

The first CD4+ T cell subset determined to be
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Figure 2. Diagram of cytokines produced by activated antigen presenting cells during anti-

gen presentation to naïve T cells and the cytokines produced by T helper cells after differ-

entiation. Stars represent cytokines. 



pathogenic in EAE was the Th1 subset

[11,33-35]. Th1 activation is characterized by

the requirement for the inductive interleukin

(IL)-12 cytokine [36], expression of tran-

scription factors signal transducer and acti-

vator of transcription (STAT)4 and T-box

expressed in T cells (T-bet) [37,38], and the

production of interferon (IFN)- and tumor

necrosis factor (TNF)- [33]. Th1 cells are

important for protection against intracellular

pathogens, but they are also pathogenic in

EAE [39-41]. Not only is the adoptive trans-
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table 1. Summary of EAE outcomes in transgenic and Cytokine treated Rodents.

Cytokine/

Receptor

IL-23p19

IL-23p19

IL-12/23p40

IL-12/23p40

IL-12p35

IFN

IFN

IFN

TNF

TNF

TNF

TNFR1

TNFR1

TNFR2

TNFR1/TNFR2

IL-17a

IL-17f

IL-17f

IL-17a

IL-17R

Act1 (IL-17R)

Act1 (IL-17R)

Act1 (IL-17R)

Act1 (IL-17R)

GM-CSF

GM-CSF

GM-CSF

IL-21

IL-21R

IL-22

IL-1R1

IL-1R1

IL-33R

IL-33

IL-33

IFN-

IFNAR

IFNAR

IL-10

IL-10

IL-10

tg/tx

KO

KO + IL-23-rAdV

KO

KO + IL-23-rAdV

KO

anti-IFN-ab

KO

rIFN

KO

KO + pertussis toxin

anti-TNF-ab

KO

anti-TNFR1-ab

KO

KO

KO

KO

KO + anti-IL-17a-ab

anti-IL-17a-ab

anti-IL-17R-fc-ab

KO

cKO in neuroectoderm

cKO in myeloid line-

age or epithelial cells

cKD in astrocytes

KO

KO + rGM-CSF

anti-GM-CSF

KO

KO

KO

KO

cKO in epithelial cell

KO

anti-IL-33-ab

rIL-33

KO

cKO in myeloid lineage

cKO in T cell, B cell, or

neuroectodermal cells

rIL-10

rIL-10 i.c.

IL-10-rAdV i.c.

EAE outcome

Resistant to disease onset

Susceptible

Resistant to disease onset

Delayed onset & attenuated disease

Susceptible

Exacerbated disease

Exacerbated disease

Resistant to disease onset

Resistant to disease onset

Susceptible

Delayed onset, prevents transfer disease

Attenuated disease

Resistant to disease onset

Exacerbated disease

Resistant to disease onset

Susceptible

Susceptible

Susceptible

Mildly reduced disease

Attenuated disease

Attenuated disease

Limited disease progression

Susceptible, normal disease

Inhibited disease progression

Resistant to disease onset

Susceptible

Attenuated disease

Susceptible

Susceptible

Susceptible

Attenuated disease

Attenuated disease

Exacerbated disease

Delayed onset, attenuated disease

Exacerbated disease

Exacerbated disease

Exacerbated disease

Susceptible, normal disease

Prevented disease onset

Delayed onset and attenuated disease

Prevented (tx at day 10 PI) and 

attenuated (tx at day -2)

Reference

[49]

[49]

[49]

[49] 

[49,50] 

[75,76] 

[10] 

[77]

[88] 

[88]

[86,87] 

[89] 

[90] 

[89]  

[89]

[142] 

[142] 

[142]

[143]

[142]

[19] 

[19]

[19] 

[228] 

[144] 

[144]

[146]

[156,157] 

[156,157] 

[155] 

[106] 

[158] 

[160] 

[161] 

[161] 

[174] 

[175] 

[175]  

[190] 

[192] 

[192] 



fer of CD4+ Th1 cells sufficient to induce dis-

ease in naïve mice, but knock out (KO) mice

of the transcription factors necessary for the

differentiation of Th1 cells, STAT4 and T-bet,

were found to be resistant to EAE

[11,34,35,39,42,43].

IL-12 is a disulfide-linked heterodimer

molecule composed of p35 (IL12A) and

p40 (IL12B) subunits [44]. It is produced

by APCs and stimulates pleiotropic biolog-

ical activities in natural killer (NK) cells,

CD4+ and CD8+ T cells [44]. In the pres-

ence of antigen presentation to a T cell,

APCs produce IL-12 to induce a Th1 phe-

notype [36]. IL-12 signals through the

STAT4 pathway to express the inducible

subunit of the IL-12 heteromeric receptor,

IL-12R2, providing a positive feedback

loop in Th1 differentiation [45,46]. To-

gether with the constitutively expressed re-

ceptor subunit IL-12R1, the receptor can

bind IL-12, allowing for the tyrosine phos-

phorylation of IL-12R2 and providing

binding sites for the janus kinase (Jak)2

[47]. This pathway leads to the phosphory-

lation of the transcription factor STAT4,

which translocates to the nucleus and binds

to the IFN- promoter [48]. This feedback

loop promotes a strong Th1 differentiation

pathway, and thus, it was no surprise that

IL-12p40 KO mice were found to be resist-

ant to EAE [49,50]. However, the IL-12p40

subunit is shared with IL-23, where it

dimerizes with IL-23p19 to signal through

the IL-23R that consists of the IL-23R and

IL-12R1 subunits [44,51]. The more de-

finitive study to determine whether IL-12

was actually essential for EAE disease in-

duction compared disease courses in IL-

12p35 KO, IL-23p19 KO, and the shared

IL-12/23p40 KO mice [49,50]. The p19 KO

and p40 KO mice were found to be resistant

to EAE induction, while the p35 KO mice

were found to be susceptible, revealing that

IL-12 is not essential for disease induction

(Table 1). These data suggest that although

Th1 cells are sufficient to induce EAE, they

are not the only effector population of

CD4+ T cells in EAE.

The type-II interferon, IFN-, is a non-

covalent homodimer cytokine that is classi-

cally involved in immunity against viruses,

bacteria, and tumors as it is known to be se-

creted by NK cells, NK T cells, CD4+ T

cells, CD8+ T cells, and professional APCs

[52-57]. It signals through the IFN- recep-

tor, consisting of two subunits, IFN-R1 and

IFN-R2 [58]. Once bound to its receptor,

IFN- induces signaling through the

JAK1&2/STAT1 pathway, resulting in the

promotion or blocking of specific genes [59-

66]. Notably, IFN- enhances APC function

by promoting the upregulation of molecules

important for antigen presentation such as

MHCII and co-stimulatory molecules such

as CD80 and CD86 [67-70].

IFN- is produced by Th1 cells, includ-

ing myelin specific T cells [71,72]. IFN-

levels correlate with disease severity in

EAE, suggesting that it is pathogenic

[73,74]. Despite the sufficiency of Th1 cells

to induce disease, treatment of EAE with

anti-IFN- antibody and mice with disrupted

IFN- gene expression exhibited more se-

vere EAE disease (Table 1) [10,75,76]. Ad-

ditionally, treatment with recombinant IFN-

attenuated disease (Table 1) [77]. Collec-

tively, these data suggest that the pathway

controlling Th1 differentiation contributes to

disease, yet their production of IFN- is not

essential. This discovery led to research fo-

cused on other mechanisms of encephalo-

genicity by myelin specific CD4+ T cells.

TNF- is a 17 kDa transmembrane or

soluble protein that is capable of signaling

as a homotrimer while it is membrane bound

(tmTNF-) or in a soluble form once it is

proteolytically cleaved by metalloprotease

TNF- converting enzyme [78]. Although

activated macrophages and T cells are a

major source of TNF-, several other cell

types, including brain resident cells, are ca-

pable of producing it as part of the acute

phase response to bacterial products, injury,

and IL-1 [78,79]. TNF- signals through

two receptors; TNFR1 is widely expressed

and binds both membrane bound and soluble

forms of TNF-, whereas TNFR2 is mainly

expressed on lymphocytes and binds to

membrane bound ligands [80,81]. TNF-

signaling mediates cell death cascades

through activating one or more of the three
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classic pathways: nuclear factor (NF)B,

mitogen activated protein kinase (MAPK),

and caspases [82,83]. Apoptosis is an im-

portant part of the inflammatory response to

clear infected cells or tumors, making TNF-

 a critical and well-researched cytokine.

In MS, TNF- is found at high levels in

patients’ cerebral spinal fluid (CSF) and ac-

tive lesions [84,85]. TNF- can be produced

by lymphocytes and activated glia (astro-

cytes and microglia) [78,79]. TNF- is clas-

sically a proinflammatory cytokine, thus it

was no surprise that TNF- deficient mice

and wildtype (WT) mice treated with block-

ing antibodies for TNF- were found to be

resistant to EAE induction or had delayed

onset (Table 1) [86-88]. However, a diver-

gent role for TNF- was discovered with

single and double receptor KO mice. Single

TNFR1 and double TNFR1/TNFR2 KO

mice experienced milder disease or were

found to be resistant to EAE, whereas

TNFR2 KO mice exhibited significantly en-

hanced disease (Table 1) [89,90]. These data

suggest that tmTNF- signaling with

TNFR2 has a protective role [91]. It is this

protective role that may explain why a sig-

nificant number of MS patients treated with

anti-TNF-α in a clinical trial experienced ex-

acerbated disease [92,93]. Moreover, pa-

tients with other autoimmune diseases such

as rheumatoid arthritis (RA) and inflamma-

tory bowel disease (IBD) who were treated

with anti-TNF-α agents experienced de-

myelinating lesions, suggesting that TNF-α

is also important for myelin maintenance

[94-99].

The research into the EAE pathologi-

cal contributions of IL-12, IFN-, and TNF-

 revealed several important conclusions.

Even if a T cell population is pathogenic, its

encephalogenicity may not be dependent on

the main cytokines that they produce. Also,

therapeutically targeting a cytokine and its

respective receptors may yield different ef-

fects. Most importantly, therapeutically tar-

geting a cytokine in mice may not translate

to an effective treatment in humans. The

failure of the anti-TNF- agents to effec-

tively treat MS and the drug’s ability to

cause demyelinating lesions in non-neu-

rodegenerative, autoimmune disease pa-

tients was shocking. Caution should be ap-

plied when targeting cytokines with

pleiotropic effects. It may be safer to target

specific receptors if cytokine pathways are

targeted at all. IFN- and TNF- levels are

currently excellent read outs for whether or

not tested drugs are effective at ridding the

CNS of Th1 mediated inflammation. Al-

though the research into IFN- and TNF-

and their role in EAE did not yield an ef-

fective treatment for MS, it did reveal that

there is another pathogenic T cell subset in-

volved in EAE pathology.

Th17-Associated Cytokines

Th17 cells are a subset of CD4+ T

helper cells that are involved in protection

against TLR2-mediated bacterial and fungal

infections, but primarily integral in autoim-

mune pathology such as RA, IBD, psoriasis,

systemic multi-organ autoimmune disease

(SLE/lupus), and MS [49,100-104]. Origi-

nally, Th1 cells were believed to be the most

important cells driving MS pathology, but

the EAE susceptibility of IFNKO mice [10]

led to the search for another mechanism of

disease. The importance of Th17 cells in

EAE was identified by the study previously

described, i.e., where IL-23p19 KOs were

found to be resistant to EAE but IL-12p35

KOs were not [49,104]. This was important

because IL-23 is the cytokine that APCs pro-

duce to induce a Th17 phenotype from naïve

CD4+ cells during antigen presentation. Fur-

thermore, the adoptive transfer of myelin-

specific Th17 cells into naïve mice was

sufficient to induce EAE [104]. However, the

lone transfer of Th1 cells is also sufficient to

induce disease, thus both T cell subsets con-

tribute to disease, the balance of which is still

being researched heavily.

Th17 cell differentiation can be induced

by IL-23, IL-1β, IL-6, and transforming

growth factor (TGF)- [105,106], promoted

by transcription factors RAR-related orphan

receptor (ROR)t and STAT3 [107-109], and

maintained by IL-23 (Figure 2) [110]. Th17

cells are also defined by their C-C

chemokine receptor (CCR)6 expression, and

their entrance into the CNS is dependent
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upon that receptor [111]. Th17 cells are clas-

sically known by their production of IL-17a

and IL-17f; however, they are also capable

of producing IL-21, IL-22, IL-23, and gran-

ulocyte-macrophage colony-stimulating fac-

tor (GM-CSF) (Figure 2) [112]. Th17

differentiation can be inhibited by cytokines

produced by other T helper subsets such as

IFN-γ [113].

IL-23 is heterodimeric protein made up

of two subunits, p19 and p40, the latter

being the subunit shared with IL-12 [114].

IL-23 signals through the IL-23 receptor,

which is a combination of the IL-23R and

IL-12R1 subunits [115]. IL-23 also acti-

vates the transcription factor STAT3 for pro-

moting Th17 development, maintenance,

and IL-17a production [116,117].

As previously discussed, IL-23 is impor-

tant for Th17 differentiation and the induction

of EAE [49,104]. The encephalogenicity of

Th17 cells is dependent upon IL-23 signaling

during antigen presentation, but not the TGF-

 and IL-6 exposure previously described in

vitro [118]. IL-23 receptor signaling is also re-

quired for Th17 accumulation in the CNS

[118,119]. Although it is not an effector cy-

tokine, IL-23 is an essential cytokine driving

EAE by promoting and maintaining Th17

cells and mediating their growth in the CNS.

IL-17 is a 35kDa secreted glycoprotein

that signals as a homodimer or heterodimer

[120,121]. There are six members in the IL-

17 family, IL-17a-f, and their unique protein

structure bears no resemblance to other cy-

tokines [122]. IL-17f shares roughly 50 per-

cent homology with IL-17a, whereas B-E

shares less than 30 percent homology with

it. IL-17a and IL-17f signal through the IL-

17 receptor complex, IL-17R, which in-

cludes a heterotrimer of IL-17RA and

IL-17RC [123-125]. Human IL-17a and IL-

17f have the same binding affinity for IL-

17RC, but IL-17a has a much higher affinity

for IL-17RA [120,122]. The IL-17R com-

plex signals through multiple pathways, in-

cluding NFkB, MAPKs, JAK/STAT, c-Jun

N-terminal kinases (JNKs), Ccaat-enhancer-

binding-proteins (C/EBPs), phosphoinoitide

3-kinase (PI3K), and extracellular signal-

regulated kinases (ERKs) [122,126-128].

These pathways mediate the expression of

IL-6, keratinocyte-derived chemokine (KC),

granulocyte colony-stimulating factor (G-

CSF), and other chemokines [129,130]. In

synergy with TNF-α, IL-17 signaling is also

capable of stabilizing the mRNA of several

TNF-α induced genes [130]. 

Th17 cells are not the only source of IL-

17; T cells, CD8+ T cells, natural killer

(NK) cells, induced NK cells, neutrophils,

and macrophages are also known to produce

IL-17 [131-135]. IL-17 is well-known for

recruiting neutrophils due to their high ex-

pression of IL-17R and potent acute phase

responses [136,137]. In MS, IL-17 is present

in active plaques and CSF of patients with

active disease [138-140]. However, the IL-

17a KO, IL-17f KO, and IL-17f KO mice

treated with IL-17a neutralizing antibodies

were all found to be susceptible to EAE

(Table 1) [141,142]. Antibody-mediated

neutralization of IL-17a in wildtype (WT)

mice only mildly reduced disease severity

[143]. Although the Th17 subset is named

after their production of IL-17a and f, IL-17

is not the essential effector cytokine pro-

duced by IL-23 induced Th17 cells, leading

to a widespread search for an effector cy-

tokine of Th17 cells.

GM-CSF is an IL-23-driven Th17 cy-

tokine [144-146]. It is a protein that signals

through the heterodimer GM-CSF receptor,

CD119, made up of alpha and beta subunits

[147-149]. GM-CSF activates myeloid line-

age cells such as granulocytes, macrophages,

epithelial cells, microglia, and monocytes to

rapidly proliferate via JAK2/STAT5 and

MAP kinase signaling pathways [150]. This

mitogenic activity is an essential step in ac-

tivating APCs during a wide variety of im-

mune responses. 

In EAE, GM-CSF is necessary for dis-

ease as GM-CSF KOs were found to be re-

sistant to disease induction (Table 1) [144].

Disease can be rescued by the administra-

tion of GM-CSF post myelin immunization

(Table 1) [144]. Due to the variety of cells

GM-CSF can stimulate, it was important to

determine the cell in which signaling was

necessary for disease. A bone marrow

chimera study determined that myeloid
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cells, but not microglia, are key responders

[146]. This corresponds with earlier obser-

vations that GM-CSF administration stimu-

lated CD11b+ Ly6C hi monocytes into the

circulation [151]. GM-CSF is an IL-23

driven Th17 effector cytokine in EAE, but

more research is needed in determining

whether this is a worthwhile therapeutic tar-

get. 

IL-21 and IL-22 were initial candidates

for essential effector cytokines in EAE because

Th17 and T cells produce them [152,153],

and the gene for the IL-22 receptor is associ-

ated with MS risk [154]. However, the trans-

genic KO mice for IL-21, IL-21 receptor, and

IL-22 were all found to be susceptible to EAE

induction (Table 1) [155-157]. Moreover,

Th17 development and recruitment to the CNS

was normal in IL-21 and IL-21 receptor KOs

[157]. These data suggest that IL-21 and IL-

22 are not effector cytokines driving EAE.

IL-1 is a protein produced by activated

macrophages to mediate plieotropic effects

that range from proliferation to apoptosis.

Due to this dynamic signaling, IL-1 plays

multiple pathogenic roles in EAE. The im-

portance of IL-1 is highlighted by the sig-

nificant reduction in disease severity during

EAE in IL-1 receptor KO mice (Table 1)

[106]. IL-1 is involved in Th17 differenti-

ation, T cell trafficking, and CNS tissue

damage [106,158,159].

Th17 cells can be induced in vitro in a

number of ways; however, IL-23 remains

the most important for driving effective

Th17 mediated disease [104]. In combina-

tion with IL-23, IL-1 promotes differentia-

tion of pathogenic Th17 cells as well as  T

cells [106,153]. IL-1 may play a role in

lymphocyte trafficking into the CNS be-

cause the conditional KO (cKO) of the IL-1

receptor in epithelial cells exhibited de-

creased disease severity, adhesion molecule

expression, and CD45+ cell infiltration

(Table 1) [158]. There is also evidence that

suggests that IL-1 causes disruption in in-

hibitory connections in the cerebellum dur-

ing EAE and MS [159]. IL-1 is a cytokine

common to many immune responses, but

contributes several key pathogenic steps in

EAE.

IL-33, an IL-1 family cytokine, is

emerging as another potential cytokine im-

portant to disease progression. There are el-

evated levels of IL-33 in the spinal cord

during EAE [160,161]; however, the results

from EAE experiments in IL-33 receptor

KO mice and wildtype mice with neutraliz-

ing antibodies against IL-33 provide con-

flicting conclusions (Table 1). More

research will determine whether IL-33 is in-

flammatory or regulatory in EAE pathology.

Compared to the Th1 story, the Th17-as-

sociated cytokines are still being heavily stud-

ied for both pathogenic contributions and

therapeutic targeting. Similar to IFN- and Th1

cells, IL-17 was found to be nonessential to

Th17 cell encephalogenicity. However, there

are more cytokines associated with inducing

or being produced by Th17 cells that may be

important. This exciting area of research is

being studied in the CNS compartment as well.

Regulatory Cytokines

IFN-β is a type I interferon, a class of

cytokines that are produced by host cells in

response to virus, bacteria, parasite, or tumor

recognition [162]. In autoimmune diseases

such as SLE and Aicadi-Goutieres Syn-

drome, type I IFNs are associated with driv-

ing disease progression; however, in MS,

IFN-β has a potent anti-inflammatory effect

and has been used to treat RRMS for nearly

two decades [163-165]. For 80 percent of

RRMS patients, IFN-β treatment extends re-

mission periods and decreases the frequency

and severity of relapses, but only recently

have researchers begun to understand why

the other 20 percent are unresponsive [166].

There is evidence that IFN-β suppresses

Th17 cells in multiple ways [113,167-171],

but is ineffective in regulating Th1-mediated

inflammation [167], suggesting that RRMS

patients who are unresponsive to IFN-β

treatment have more of a Th1-mediated

pathology than Th17. However, there is also

evidence that supports the exact opposite

conclusion [172,173]. The balance between

Th1- and Th17-mediated MS has been the

aim of several studies in the last few years;

however, there is still a large amount of re-

search yet to be done to end the debate.
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The effectiveness of IFN-β treatment in

RRMS is mirrored by its ability to suppress

EAE, as well as the exacerbated disease ob-

served in IFN-β KO mice (Table 1) [174].

To determine which cell type was the most

important responder to IFN-β mediating dis-

ease regulation, cell type-specific KO mice

of the type I interferon receptor IFNAR were

examined for EAE severity [175]. Disease

severity was increased in myeloid lineage

specific KO of IFNAR but not in the T cell,

B cell, or neuroectodermal specific KO

mice, which strongly suggests that im-

munoregulation by IFN-β is mediated by

myeloid-derived APCs such as dendritic

cells and macrophages [175]. 

Tregs are forkhead box P3 (Foxp3)+

CD4+ CD25+ T cells that either naturally de-

velop in the thymus or can be induced in the

periphery. They are maintained by the pres-

ence of TGF- during antigen presentation

and suppress Th1 and Th17 cells through IL-

10 and TGF- expression (Figure 2). Tregs

are a necessary part of any immune response

because as soon as pathogens are cleared and

immunity is acquired, they limit the inflam-

mation in order to protect host tissue from by-

stander damage. In autoimmunity, Tregs can

be ineffective in controlling host-specific T

cell responses, allowing chronic damage to

the host. 

IL-10 is a powerful anti-inflammatory

cytokine. IL-10 signals as a homodimer by

binding with the heterodimeric IL-10 recep-

tor to suppress expression of inflammatory

cytokines, adhesion molecules, and proteins

essential for antigen presentation [176].

Regulatory immune cells such as Tregs and

regulatory B cells exert their control through

IL-10 production; however, multiple cell

types are capable of producing it in response

to danger signals such as endotoxins, cate-

cholamines, and TNF-α [177-180]. 

Relevant to EAE pathology, IL-10 is

best known for its ability to inhibit the gene

expression of Th1 induced cytokines

[181,182] in T cells, macrophages, and

monocytes [183]. Additionally, IL-10 signif-

icantly reduces APC activation states by re-

ducing their expression of proteins necessary

for antigen presentation such as MHCII, cos-

timulatory molecules, and adhesion mole-

cules [184,185]. T and B cells are also af-

fected by IL-10. Th1 cell proliferation is

limited by IL-10, but surprisingly Th17 and

cytotoxic CD8+ T cells are unaffected

[186,187]. Conversely, IL-10 promotes im-

munity by enhancing B cells proliferation

and differentiation into plasma cells

[188,189]. As far as EAE pathology was con-

cerned, IL-10 had considerable interest in its

therapeutic potential. As expected, IL-10 ad-

ministration prevented and attenuated EAE

(Table 1) [190-192]. Unfortunately, IL-10

administration also inhibits immune-medi-

ated tumor regulation, promoting cancerous

tumor growth [182]. In fact, tumor cells often

overexpress IL-10 as a mechanism of evad-

ing the immune system [193,194]. Thus, IL-

10 is an important regulatory cytokine that

the immune system uses to control local in-

flammation, but it is a difficult target to ther-

apeutically capitalize on because it is capable

of creating an equally undesirable imbalance

in the immune system.

TGF- β1 is a secreted protein that sig-

nals as a homodimer to control cell growth

and differentiation. TGF-β signals through a

TGF-β receptor made up of a homo or het-

erodimer of TGF-β receptor types 1, 2, or 3.

Upon ligand binding to a type 2 receptor

dimer, a type 1 receptor dimer is recruited to

make up a heterotetrameric receptor com-

plex [195]. TGF-β classically signals

through the SMAD pathway [195,196] to in-

hibit cell growth.

The role of TGF-β in EAE pathology

has been controversial in the context of

skewing naïve T cells into Th17 or Treg dif-

ferentiation by APCs. In the presence of IL-

6 and antigen presentation, TGF-β can

induce IL-17 producing T cells in vitro

[104,197,198]. However, data suggests that

these cells are not pathogenic in EAE, but

instead IL-23-induced Th17 cells drive dis-

ease [118]. Conflicting studies have led the

field to consider the plasticity of Th17 and

Treg cells during immune responses and MS

pathology, but more research is needed. 

The role for TGF-β as an effector cy-

tokine of Tregs is less controversial. Not

only do Tregs produce TGF-β, but TGF-β
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signaling is necessary for natural Treg sur-

vival [199]. TGF-β can be produced by other

cells types, but Treg cells are the essential

source for maintaining self tolerance

[200,201,202]. TGF-β suppresses Th1 dif-

ferentiation by inhibiting T-bet and STAT4

expression [203]. Treg cells regulate im-

mune responses and maintain self-tolerance

through IL-10 and TGF-β production. In

MS, this balance between inflammation and

regulation is uneven.

Regulatory cytokines are sought after

for therapeutic reasons due to their funda-

mental ability to suppress immune re-

sponses. Fortunately IFN- is currently used

to treat the majority of RRMS patients; how-

ever, more research is being done to under-

stand why it is ineffective for treating a

portion of RRMS patients and other forms

of MS. IL-10 cannot be targeted for treat-

ment of MS due to the consequences of

tumor growth. TGF- is not ideal for thera-

peutic targeting because it may be involved

in skewing T cells to a Th17 phenotype in

the presence of IL-6. Thus, other than IFN-

, there have not been any other regulatory

cytokines safe for treating MS.

CytokInES In thE CnS 
CoMPARtMEnt

Once lymphocytes cross the BBB (a

process reviewed by Alvarez et al., 2011,

[204]) and infiltrate the CNS, they encounter

brain resident cells: neurons, astrocytes, mi-

croglia, oligodendrocytes, and progenitors.

Neurons actively communicate to facilitate

the main functions of the brain. As the most

abundant cell type in the CNS, astrocytes are

stationed everywhere in order to regulate

homeostasis. Microglia, distinct for their

myeloid origin, constantly survey the CNS

for infections and tissue damage and then ap-

propriately respond to clear them. The dense

lipid bilayer processes of oligodendrocytes,

known as myelin, are responsible for wrap-

ping the long axons of neurons to insulate

fast, electrical signaling. Microglia are the

primary responders to pathogens, inflamma-

tion, and debris; however, astrocytes and

oligodendrocytes are also capable of recog-

nition and responding. Understanding the mi-

croenvironment of the brain is necessary for

studying the immune responses within it;

therefore, cytokine-mediated effects will be

discussed by cell type. 

Microglia have many similarities to pe-

ripheral immune cells, including their activ-

ity during EAE. First, in a resting state, they

survey the CNS for signs of trauma or in-

fections [205]. Once they encounter antigen

from debris, infected cells, and viral or bac-

terial protein, microglia become activated.

Classical activation leads to both innate and

adaptive immune responses. Microglia are

highly sensitive to pathogen-associated mo-

lecular patterns sensed by pattern recogni-

tion receptors such as Toll-like receptors

(TLRs) [206] and NOD-like receptors; sim-

ilar to macrophages, this recognition induces

proliferation and launches the upregulation

of proinflammatory cytokines, chemokines,

antimicrobial peptides, reactive oxygen

species, and nitric oxide [207]. Microglia

also are capable of phagocytosing debris and

infected cells. Classically activated mi-

croglia also upregulate proteins necessary

for antigen presentation, which allow them

to present antigen to infiltrating T cells. In

EAE, disease progression depends on the re-

activation of T cells in the CNS, and al-

though microglia are not the only cells that

are responsible, they certainly are capable of

it [208,209]. 

Microglia promote both disease pro-

gression and endogenous repair during EAE.

Disease progression is mediated by antigen

presentation to infiltrating T cells, which in-

volves cytokine production by microglia and

results in more inflammatory cytokine pro-

duction by reactivated T cells [210,211]. For

example, microglia produce TNF-α, IL-6,

and IL-1β in response to IFN-γ or TLR stim-

uli [206,212]. Microglia promote an envi-

ronment conducive to remyelination [213],

the process of oligodendrocyte progenitor

cells (OPCs) differentiating into mature,

myelinating cells following a demyelinating

insult. For instance, the production of TNF-

α and IL-1β can have beneficial effects in

the CNS. Mice lacking the TNF or IL-1β

gene experienced a delay in remyelination,
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suggesting that they are involved in the

reparative process [214]. The protective phe-

notype of IL-4 conditioned microglia pro-

motes OPC proliferation and expression of

insulin-like growth factor, a trophic factor

for neural tissue [215]. Along with infiltrat-

ing macrophages, microglia also promote

oligodendrocyte regeneration by phagocy-

tosing myelin debris and apoptotic cells, but

this can be blocked by TNF-α [216-218].

Cellular debris is inhibitory to remyelina-

tion, making the phagocytosing activity of

microglia essential for recovery [219].

Astrocytes are no longer considered

“support” cells; they are directors in the

CNS as they have an indispensable role in

nearly every cellular process. As reviewed

by Wang and Bordey (2008), astrocytes are

involved in development by controlling neu-

ral maturation, synaptogenesis, and angio-

genesis; maintain homeostasis by buffering

extracellular potassium and neurotransmit-

ter concentrations; communicate with other

astrocytes and possibly neurons by calcium

signaling; regulate synaptic plasticity; par-

ticipates in BBB regulation; and in response

to inflammation or tissue injury, protect neu-

rons by physically containing it and alerting

both microglia and progenitors [220,221].

These dynamic cells are very involved in

cellular processes in the CNS; however,

their responses to inflammatory cytokines

are their most important role during EAE.

In response to cytokines, astrocytes bal-

ance both disease progression and promote

repair [222]. Astrocytes promote disease

progression by expressing chemokines that

attract more lymphocytes from the periph-

ery and secondary to microglia, reactivate T

cells by presenting antigen [221]. IFN-γ in-

duces the upregulation of MHCII and cos-

timulatory factors in astrocytes, which can

be inhibited by TNF-α, IL-1, and TGF-β

[223-225]. IFN-γ stimulated astrocytes are

capable of inducing Th1 differentiation and

proliferation from naïve T cells and suffi-

ciently re-stimulate T cells before adoptive

transfer into naïve mice to induce EAE

[70,223,226]. Myelin-specific T cell prolif-

eration induced by IFN-γ-stimulated astro-

cytes can be blocked by antibodies against

IL-12/23 p40, suggesting that astrocytes can

promote Th1 and Th17 subsets [227]. 

Whether or not astrocytes actively

prime T cells in vivo is unknown; however,

there is strong evidence that their response

to IL-17 signaling is necessary for disease

progression [19]. A neuroectodermal cKO of

act1, an integral adapter protein in the IL-

17R signaling complex, experienced normal

disease induction but limited progression

and secondary infiltration of leukocytes,

whereas the cKO in the myeloid compart-

ment exhibited normal disease (Table 1)

[19]. Supporting this data, a knock down of

IL-17R specifically in astrocytes inhibited

disease progression (Table 1) [228]. Due to

the ability of astrocytes to upregulate a vari-

ety of chemokines depending on the stimu-

lus [221], it is possible that they play an

active role in recruiting DCs and myelin spe-

cific T cells in a subset-specific way. Th17

cells can be defined by their expression of

CCR6, a receptor for the C-C chemokine

ligand (CCL)20, and astrocytes stimulated

with IL-1β and TNFα express CCL20

[17,111]. These data suggest that it is possi-

ble that astrocytes are important for Th17 re-

cruitment during later stages in EAE.

Stimulus-specific chemokine expression is

a hallmark of astrocytic immune responses,

which may be manipulated in different ways

by the microenvironment of each form of

MS.

Additionally, inflammation induces as-

trocytes into a protective phenotype that pro-

motes cell survival and repair. Activated

astrocytes form a physical barrier known as

astrogliosis in order to contain inflammation

and prevent further tissue destruction [229].

Astrocytes can also control microglial re-

sponses by either activating them with G-CSF

and GM-CSF or suppressing them with TGF-

β and IL-10 [230-233]. Even though IL-6 me-

diates chronic inflammation in the periphery,

it has a neuroprotective effect on astrocytes.

IL-6 stimulates astrocytes to produce neu-

rotrophins such as neurotrophin-3, neu-

rotrophin-4, and nerve growth factor, which

support neuronal and oligodendroglial sur-

vival [234]. The frequency of IL-6 producing

astrocytes is also correlated with oligoden-
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drocyte preservation near inactive MS lesions

[235]. Astrocytic production of IL-6 can also

mediate neuronal survival during glutamate

toxicity by stimulating the upregulation of

Adenosine A(1) receptors [236]. IL-1β also

induces a protective response in astrocytes. It

can activate astrocytes to restore the BBB fol-

lowing CNS insult [237], making it more dif-

ficult for leukocytes to infiltrate. Astrocytic

upregulation of the neuronal and glial trophic

factor, ciliary neurotrophic factor (CNTF) fol-

lowing CNS injury is dependent on IL-1β sig-

naling [238]. Not only does CNTF provide a

survival signal to neurons and oligodendro-

cytes, it also promotes adult OPC differentia-

tion in vitro [239,240]. Overall, astrocytes can

have both a detrimental and protective effect

during EAE, depending on the microenviron-

ment in which they are exposed. At first, it

seems counterproductive, but astrocytes are

really multitasking to control a dire situation.

Oligodendrocytes are necessary for op-

timal neuronal signaling. The processes of

oligodendrocytes wrap tightly around seg-

ments of axons; often one oligodendrocyte

ensheaths multiple axons instead of multi-

ple segments on just one axon. Myelin insu-

lates axons for optimal speeds of conduction

by lowering the capacitance across the

membrane and increasing the electrical re-

sistance. Action potentials propagate due to

ions flowing across the membrane at the

nodes between myelin segments, forcing the

current to hop from one node to the next,

down the axon. Without this, or if part of the

myelin is damaged during MS, neuronal sig-

naling can become erroneous and leaves the

denuded axon vulnerable to damage itself. 

Although the main purpose of oligoden-

drocytes is myelination, they are responsive

to cytokine signaling. In MS, OPCs are also

extensively studied for their response to in-

flammation because they are necessary for

remyelinating lesions. Most direct effects

have been assessed on primary rat OPC cul-

tures and brain slice cultures, but in vivo, re-

myelination as a process can be assessed in

transgenic mice after a demyelinating insult.

Remyelination is an endogenous process that

involves the migration of progenitors to the

lesion, proliferation, maturation, and wrap-

ping of an axon. Cytokines often enhance

one step while simultaneously inhibiting an-

other, making it very complicated to strate-

gically enhance remyelination altogether. For

instance, TGF-β and IL-1β each individually

inhibit OPC proliferation but enhance sur-

vival and differentiation [27,241]. For IFN-γ,

differential effects may be concentration de-

pendent as high levels lead to demyelination,

but low levels are associated with protecting

mature oligodendrocytes [242-245]. TNF-α

is quite destructive along the entire lineage;

it inhibits OPC proliferation and differentia-

tion while also inducing apoptosis in mature

oligodendrocytes [26,246,247]. Conversely,

IL-6 enhances OPC differentiation and sur-

vival even in the presence of glutamate exci-

totoxicity [248,249]. Surprisingly, IFN-β has

no effect on the proliferation, differentiation

and survival of an OPC cell line [250], sug-

gesting that the beneficial effects of IFN-β

administration in EAE and MS are solely in

the immune compartment. This one-sided ef-

fect seems to be unique to IFN-β because

most of the cytokines that are pro-inflamma-

tory in the immune compartment stimulate

multiple protective or reparative effects in

the CNS compartment.

SuMMARy

In summary, cytokines produced by

cells mediating both the innate and adaptive

immune responses, as well as cytokines pro-

duced by CNS-resident cells, orchestrate a

variety of inflammatory and protective re-

sponses in the pathophysiology of MS. A

more complete understanding of these re-

sponses and how they can be controlled

should lead to more effective therapies for

MS.
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