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Resident cells of the central nervous system (CNS) play an important role in detecting

insults and initiating protective or sometimes detrimental host immunity. At peripheral

sites, immune responses follow a biphasic course with the rapid, but transient,

production of inflammatory mediators giving way to the delayed release of factors that

promote resolution and repair. Within the CNS, it is well known that glial cells contribute

to the onset and progression of neuroinflammation, but it is only now becoming apparent

that microglia and astrocytes also play an important role in producing and responding to

immunosuppressive factors that serve to limit the detrimental effects of such responses.

Interleukin-10 (IL-10) is generally considered to be the quintessential immunosuppressive

cytokine, and its ability to resolve inflammation and promote wound repair at peripheral

sites is well documented. In the present review article, we discuss the evidence for the

production of IL-10 by glia, and describe the ability of CNS cells, including microglia

and astrocytes, to respond to this suppressive factor. Furthermore, we review the

literature for the expression of other members of the IL-10 cytokine family, IL-19, IL-20,

IL-22 and IL-24, within the brain, and discuss the evidence of a role for these poorly

understood cytokines in the regulation of infectious and sterile neuroinflammation. In

concert, the available data indicate that glia can produce IL-10 and the related cytokines

IL-19 and IL-24 in a delayed manner, and these cytokines can limit glial inflammatory

responses and/or provide protection against CNS insult. However, the roles of other

IL-10 family members within the CNS remain unclear, with IL-20 appearing to act as a

pro-inflammatory factor, while IL-22 may play a protective role in some instances and a

detrimental role in others, perhaps reflecting the pleiotropic nature of this cytokine family.

What is clear is that our current understanding of the role of IL-10 and related cytokines

within the CNS is limited at best, and further research is required to define the actions of

this understudied family in inflammatory brain disorders.
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INTRODUCTION

Inflammation within the central nervous system (CNS) has devastating consequences. While it
was once thought that the brain is a victim organ of infiltrating leukocytes, it is now appreciated
that resident brain cells play a critical role in the initiation and/or progression of inflammatory
responses within the CNS that contribute to disease states. Resident CNS cells, such as microglia
and astrocytes, are able to recognize and respond to either pathogen associated molecular
patterns (PAMPs) or damage associated molecular patterns (DAMPs) via their expression of innate
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immune pattern recognition receptors (PRRs; Bowman et al.,
2003; Tsung et al., 2014; Crill et al., 2015; Serramía et al.,
2015). Similar to other myeloid immune cells such as
macrophages, microglia express an array of cell surface,
endosomal and cytoplasmic PRRs, allowing them to rapidly
respond to the presence of PAMPs and DAMPs in the
extracellular milieu and within the cytosol. In addition to the
well-studied Toll-like and nucleotide-binding oligomerization
domain (NOD)-like families of receptors (TLR and NLR,
respectively), more recent work has demonstrated the ability
of these sentinel cells to functionally express molecules that
serve as cytosolic sensors for foreign and/or damaged nucleic
acid motifs that include DNA-dependent activator of interferon-
regulatory factors (DAI), retinoic acid-inducible gene (RIG)-
like receptors (RLR) and cyclic guanosine monophosphate-
adenosine monophosphate synthase (cGAS; Bowman et al., 2003;
Liu et al., 2010; Furr et al., 2011; Crill et al., 2015; Jeffries
and Marriott, 2017). Interestingly, non-leukocytic CNS cells,
including astrocytes, can also express such innate immune
sensing molecules although, in contrast to microglia, such cells
appear to constitutively express fewer PRR types and expression
levels (Bsibsi et al., 2002, 2006). However, following activation
or infection, astrocytes show rapid elevations in the repertoire
and levels of expression of PRRs, suggesting that these cells
may become sensitized to the presence of danger signals (Bsibsi
et al., 2002; Bowman et al., 2003; McKimmie and Fazakerley,
2005).

Acute inflammatory responses play an important role in
pathogen clearance in peripheral tissues and organs, as discussed
elsewhere (Ma et al., 2015; Gyurkovska and Ivanovska, 2016;
Newton et al., 2016). While inflammation can similarly be
protective within the CNS, such responses can have severe
detrimental consequences if they are too extreme or sustained.
Following activation, glial cells are capable of the rapid
production of chemokines and cytokines that can alter the
integrity of the blood brain barrier (BBB), recruit and activate
circulating leukocytes to the site of the insult, and cause
cerebral edema that increases cranial pressure which, in severe
cases, can result in death due to herniation, blood clots, and
subsequent ischemic stroke (Bowman et al., 2003; Liu et al.,
2010; Furr et al., 2011; Barichello et al., 2012; Fayeye et al., 2013;
Minkiewicz et al., 2013; Pelegrín et al., 2014; Tibussek et al.,
2015; Papandreou et al., 2016; Sun et al., 2016; Shah, 2018).
Microglia and astrocytes respond to PAMPs (Furr et al., 2010;
Liu et al., 2010; Serramía et al., 2015; Sun et al., 2016) and
DAMPs (Minkiewicz et al., 2013; Tsung et al., 2014) by releasing
the signature inflammatory cytokines, interleukin-6 (IL-6) and
tumor necrosis factor-α (TNF-α), and the chemokine IL-8.While
these mediators can assist in the recruitment of leukocytes
that include those responsible for protective adaptive immune
responses, long-term exposure to these cytokines results in local
tissue damage. As such, it is essential that this acute inflammatory
phase is regulated and limited to prevent neurological damage.
In this review article, we will discuss the ability of glial cells to
produce mediators that can limit or resolve sterile or pathogen-
induced neuroinflammation, with a particular emphasis on the
IL-10 family of cytokines.

CNS CELLS CAN CONTRIBUTE TO THE
RESOLUTION PHASE OF IMMUNE
RESPONSES WITHIN THE BRAIN

Inflammation is typically biphasic and features the rapid
production of pro-inflammatory mediators, followed by a
decrease in their release and the subsequent delayed expression
of immunosuppressive factors that limit their production and/or
effect (Mino and Takeuchi, 2013; Shen et al., 2013; Headland
and Norling, 2015). Such a change in the cytokine expression
profile during this resolution phase serves to prevent prolonged
exposure to inflammatory mediators and limits associated tissue
damage. The transient nature of pro-inflammatory cytokine and
chemokine production by glia and leukocytes (Conti et al., 2004;
Barichello et al., 2011) results, at least in part, by a modification
in cytokine mRNA stability by RNA binding proteins, which
bind to the adenylate-uridylate (AU)-rich elements (ARE)
in the 3′ untranslated region (UTR) of the mRNA. For
example, the RNA binding protein tristetraprolin (TTP) has been
demonstrated to have an anti-inflammatory role as it binds to
the UTR of mRNA encoding the key pro-inflammatory cytokine
TNF-α, thereby destabilizing it (Liu et al., 2013; Patial et al., 2016;
Astakhova et al., 2018).

In addition to factors that can limit the production of
inflammatory mediators in the continued presence of activating
stimuli, other components can be upregulated in glial cells or
their neighbors that attenuate their effects. Anti-inflammatory
response (AIR) gene products include suppressor of cytokine
signaling (SOCS) molecules, and these proteins are potent
inhibitors of inflammatory mediator signaling cascades (Croker
et al., 2003; Hutchins et al., 2012). For example, SOCS3 functions
by binding to the IL-6 family receptor subunit, gp130, and
inhibiting the signal cascade for this cytokine family (Babon
et al., 2014; Wilbers et al., 2017). Importantly, cytokines that
are recognized to have immunosuppressive effects, including
IL-4 and IL-13, can induce the expression of SOCS molecules
in both peripheral immune cells and non-leukocytic cell
types, thereby contributing to their anti-inflammatory effects
(Hebenstreit et al., 2003; Jackson et al., 2004; Albanesi et al.,
2007; Dickensheets et al., 2007). Within the CNS, activated
glial cells have been shown to express members of the SOCS
family of molecules and their importance has been discussed in
detail in other literature reviews (Campbell, 2005; Baker et al.,
2009). Additionally, soluble cytokine decoy receptors, such as
decoy receptor 3 and IL-2 receptor 2 (IL-1R2), that can bind
inflammatory factors and prevent their interaction with target
cell receptors, can be produced during this anti-inflammatory
period (Francis et al., 2001; Ichiyama et al., 2008; Liu et al., 2015;
Bonecchi et al., 2016).

However, a major component in the transition of immune
responses from an inflammatory to a resolution phase is
the delayed secondary production of mediators that are
immunosuppressive and/or neuroprotective. For example,
pathogen recognition via PRRs generates a complex response
that includes the production of both inflammatory mediators
and factors that can restore an immunoquiescent environment,
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such as microRNAs (miRNAs). Once thought of as ‘‘junk’’
RNA that is generated during gene transcription, miRNAs
have been identified to play a major role in switching off acute
inflammatory responses, and several have been shown to have
such functions within the CNS (Ponomarev et al., 2011; Iyer
et al., 2012; Cho et al., 2015). miRNAs appear to contribute to
the maintenance of an immunoquiescent environment in the
CNS by reducing the production of inflammatory mediators
by microglia, perivascular macrophages, and astrocytes, and by
downregulating the expression of molecules involved in innate
immune sensing pathways that render these cells less responsive
to insult (Ponomarev et al., 2011; Iyer et al., 2012; Lai et al., 2013;
Zhao et al., 2013; Cho et al., 2015; Sun et al., 2015; Qin et al.,
2016).

In addition, microglia and astrocytes play a critical role in
providing neurons with a protective homeostatic environment
within the brain by expressing excitatory amino acid transporters
(EAAT), such as glutamate transporter 1 (GLT-1; Almeida et al.,
2005; Persson et al., 2005, 2007). During inflammation,
extracellular glutamate levels show increases that could
potentially be neurotoxic (Zou and Crews, 2005), but EAAT
expression and glutamate uptake by glia are elevated, thereby
protecting neurons from excitotoxicity (Moidunny et al., 2016).

Furthermore, and in contrast to the rapid production of
pro-inflammatory mediators, immunosuppressive cytokines are
typically produced at peripheral sites in a delayed manner to
promote tissue repair. These suppressive cytokines include IL-4,
IL-10, IL-13 and transforming growth factor-β (TGF-β), which
can significantly reduce the level of pro-inflammatory cytokine
production by activated CNS cells (Moore et al., 2001; Qian et al.,
2008). In addition, these soluble mediators can alter microglial
phenotype polarization from the predominantly inflammatory
‘‘M1’’ phenotype to a more immunoregulatory ‘‘M2’’ phenotype
that expresses protective and/or repairing factors (Qian et al.,
2008; Guglielmetti et al., 2016; Rossi et al., 2018). Of these
anti-inflammatory factors, IL-10 is generally considered to be
the quintessential immunosuppressive cytokine produced within
the CNS.

IL-10 IS EXPRESSED WITHIN THE CNS
AND LIMITS GLIAL INFLAMMATORY
RESPONSES

It is known that IL-10 plays a critical role in the resolution
of peripheral inflammation and this molecule has been the
most widely studied anti-inflammatory cytokine, as discussed
in numerous reviews (Hutchins et al., 2013; Headland and
Norling, 2015; Mingomataj and Bakiri, 2016). Since its initial
discovery, IL-10 has been found to be produced by an array
of leukocytic cell types, including monocytes and granulocytes,
as well as non-immune cells such as epithelial cells and
keratinocytes (Moore et al., 2001; Moser and Zhang, 2008).
Importantly, isolated microglia and astrocytes produce IL-10
in a delayed manner, with increased IL-10 mRNA expression
seen at 8 h after activation with TLR ligands or microbial
pathogens, and detectible protein release at 24 h following

stimulation (Jack et al., 2005; Bsibsi et al., 2006; Rasley et al.,
2006; Park et al., 2007; Gautam et al., 2011; Werry et al., 2011;
Gutierrez-Murgas et al., 2016). In addition, these resident CNS
cells have been demonstrated to express IL-10 in situ following
in vivo LPS challenge (Park et al., 2007).

Interestingly, such delayed IL-10 production by glia appears
to occur secondary to the release of inflammatory mediators, as
we have shown the rapid induction of this cytokine following
exposure to conditioned media from bacterially challenged
cells (Rasley et al., 2006). Furthermore, the inflammatory
cytokines IL-6 and TNF-α have been demonstrated to induce
IL-10 production by microglia in a dose dependent manner
(Sheng et al., 1995). IL-10 production by cytokine-challenged
microglia can be further augmented by neurotransmitters
including glutamate (Werry et al., 2011), and damage-associated
molecules such as adenosine (Koscsó et al., 2012). In contrast,
the neuropeptide, substance P (SP), appears to play a role
in the reduction of IL-10 levels within the CNS that occurs
following bacterial infection, as this effect was not seen following
prophylactic administration of an antagonist for its high
affinity receptor (Chauhan et al., 2008, 2011). Such an effect
suggests that SP can promote neuroinflammation in two ways,
first by exacerbating pro-inflammatory glial and infiltrating
leukocyte responses, as discussed in our recent review on
this topic (Johnson et al., 2017), and second by limiting the
expression of immunosuppressive mediator production within
the brain.

IL-10 exerts local effects on cells that express a receptor that
are composed of two subunits, IL-10 receptor (IL-10R)1 and
IL-10R2 (Moore et al., 2001) as shown in Figure 1. While most
cell types are known to express IL-10R2 constitutively, IL-10R1
expression tends to be restricted to cells of hematopoietic
lineage (Moore et al., 2001; Wolk et al., 2002; Moser and
Zhang, 2008). As might be expected given their myeloid
lineage, microglia constitutively express both IL-10R1 and
IL-10R2 (Hulshof et al., 2002). More surprisingly, resting
astrocytes also express both IL-10 receptor subunits (Molina-
Holgado et al., 2001; Ledeboer et al., 2002; Xin et al., 2011;
Perriard et al., 2015; Table 1). However, such expression by
other glial cell types remains controversial with reports of
IL-10R1 expression by rat oligodendrocytes (OD) but not
human cells (Molina-Holgado et al., 2001; Hulshof et al.,
2002), and may also be expressed by neurons (Sharma et al.,
2011).

Following IL-10 binding to its receptor, this cytokine initiates
its cellular effects via a canonical Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) pathway
that features JAK1 and STAT3, which subsequently induces
the expression of genes associated with immunosuppression
(Moore et al., 2001; Hutchins et al., 2013). As we have
demonstrated, STAT3 is phosphorylated in murine microglia
following exposure to IL-10 (Rasley et al., 2006). Similarly,
STAT3 phosphorylation has been observed in cortical neurons
and retinal ganglion cells (RGCs) in response to IL-10, although
this cytokine has also been shown to activate other signaling
components including Akt in these cells (Boyd et al., 2003;
Sharma et al., 2011).
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FIGURE 1 | The interleukin-10 (IL-10) family of cytokines exert their effects via heterodimeric receptor subunits. IL-10 signals through a complex of two IL-10R1 and

two IL-10R2 subunits. IL-22 signals via an IL-22R1 subunit in combination with an IL-10R2 subunit. IL-19 signals through the type 1 IL-20R consisting of IL-20R1

and IL-20R2 subunits. IL-20 and IL-24 can signal via either type 1 IL-20R or the type 2 IL-20R consisting of IL-22R1 and IL-20R2 subunits. Signaling through these

cognate cell surface receptors initiates the activation of canonical Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling pathways.

Additionally, other signaling cascades have been identified for this family that includes ERK, Akt, mitogen activated protein kinase (MAPK) and p38. Potential decoy

receptors for these cytokines include IL-22 binding protein (IL-22BP) and a truncated IL-20R1 variant that bind IL-22 and an undetermined ligand, respectively.

The ability of IL-10 to regulate inflammatory TH1
responses has been well characterized (Couper et al., 2008;
Moser and Zhang, 2008), and it exerts its immunosuppressive
effects by decreasing pro-inflammatory mediator and co-
stimulatory molecule expression by leukocytes (Fiorentino
et al., 1991; Ding et al., 1993). Furthermore, IL-10 has been
shown to induce the expression of anti-inflammatory miRNAs
that have been shown to negatively regulate signaling via
TLRs and alter the stability of inflammatory cytokine mRNA
(Couper et al., 2008; Moser and Zhang, 2008; Curtale et al.,
2013; Wilbers et al., 2017). Consistent with this role in the
periphery, IL-10 plays an important role in maintaining
homeostasis within the CNS (Gutierrez-Murgas et al., 2016).
It contributes to the regulation of synaptic pruning by glial
cells (Lim et al., 2013; Schwartz et al., 2013; Ellwardt et al.,
2016) and limits the damaging effects of neuroinflammation.
Specifically, IL-10 reduces glial pro-inflammatory mediator
production and reactive astrogliosis in response to the presence
of pathogenic microbes or their components (Balasingam
and Yong, 1996; Ledeboer et al., 2000; Rasley et al., 2006;
Chang et al., 2009; Curtale et al., 2013; Hutchins et al., 2013).
Furthermore, this cytokine can alter microglial and astrocyte
phenotypes to those that can limit inflammation, promote
the production of another immunosuppressive mediator,
TGF-β by astrocytes, and induce the expression of mRNA
encoding the negative regulator of cytokine signaling SOCS3
(Balasingam and Yong, 1996; Rasley et al., 2006; Norden et al.,
2014).

Consistent with these in vitro findings, the importance of
IL-10 in the regulation of neuroinflammatory damage has been

demonstrated in vivo in animal models of CNS disorders. IL-10
deficient mice show uncontrolled inflammation and increased
susceptibility to bacterial, parasitic and viral infections of the
CNS (Gazzinelli et al., 1996; Gutierrez-Murgas et al., 2016;
Martin and Griffin, 2017). In these studies, increased mortality
was associated with elevated levels of inflammatory mediators
in the absence of endogenous IL-10 expression (Gazzinelli
et al., 1996). In addition to infectious CNS disorders, a role
for IL-10 in limiting detrimental neuroinflammation in ‘‘sterile’’
autoimmune diseases, including multiple sclerosis (MS), has
been suggested. Genetic polymorphisms of the IL-10 gene
that result in reduced expression of this cytokine have been
associated with the incidence of MS in human subjects (Martinez
Doncel et al., 2002; Myhr et al., 2002; Talaat et al., 2016).
Similarly, increased levels of IL-10 in the CNS have been shown
to reduce disease severity in mouse models of experimental
autoimmune encephalomyelitis (EAE; O’Neill et al., 2006; Klose
et al., 2013).

Taken together, the available data indicates that IL-10 plays a
critical role in limiting CNS inflammation in a similar manner to
that seen at peripheral sites by altering the ability of resident glia
and infiltrating leukocytes to respond to activating stimuli, and
by reducing the production of inflammatory mediators by these
cells. However, IL-10 is only one member of a family of cytokines
that are grouped together based upon their similar structures and
their sharing of common receptor subunits (Ouyang et al., 2011;
Rutz et al., 2014). This family includes IL-19, IL-20, IL-22, and
IL-24 (Ouyang et al., 2011; Rutz et al., 2014), and these IL-10
relatives are only now being recognized to exert a regulatory role
within the CNS.

Frontiers in Cellular Neuroscience | www.frontiersin.org 4 November 2018 | Volume 12 | Article 458

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Burmeister and Marriott The Role of the IL-10 Family in the CNS

TABLE 1 | Glial sources and targets of the interleukin-10 (IL-10) family within the brain.

IL-10 family

member

CNS cellular

source

Inducers of expression CNS cellular target Receptor

subunits

Decoy

receptor

IL-10
Microglia

Astrocytes

Neisseria meningitidis

Borrelia burgdorferi

LPS

TLR3 ligand

IL-6

TNF-α

Adenosine

Glutamate

Microglia

Astrocytes

Oligodendrocytes

IL-10R1/IL-10R2

IL-10R1/IL-10R2

IL-10R1

IL-19
Microglia

Astrocytes

Staphylococcus aureus

Neisseria meningitidis

Streptococcus pneumoniae

Parasitic nematode

Gamma radiation

LPS

TLR5 ligand

Microglia

Astrocytes

IL-20R2

Perhaps IL-20R1

IL-20R1-/IL-20R2

Truncated

IL-20R1

variant

IL-20
Glioblastoma cells

Mixed glial cells

Ischemia-hypoxia

LPS

Microglia

Astrocytes

IL-22R1/IL-20R2

IL-20R1/IL-20R2

IL-22R1/IL-20R2

Truncated

IL-20R1

variant

IL-22 Unknown

West Nile virus

TMEV

IL-23

IL-6

Microglia

Astrocytes

BBB endothelial cells

Glioblastoma

IL-22R1/IL-10R2

IL-22R1/IL-10R2

IL-22R1/IL-10R2

IL-22R1/IL-10R2

IL-22BP

IL-24 Astrocytes
Chikungunya virus

Neisseria meningitidis

LPS

Microglia

Astrocytes

IL-22R1/IL-20R2

IL-20R1/IL-20R2

IL-22R1/IL-20R2

Truncated

IL-20R1

variant

LPS, Lipopolysaccharide; TLR, Toll-like receptor; TMEV, Theiler’s murine encephalomyelitis virus.

IL-19 MAY FUNCTION IN A SIMILAR
IMMUNOSUPPRESSIVE MANNER TO IL-10
IN THE CNS

Around the time that IL-10 was discovered, a number of proteins
showing a high degree of homology to this cytokine were
identified that were subsequently categorized as the IL-10 family.
Gallagher et al. (2000) described a list of potential IL-10 family
members based upon homologous gene sequences. This work
led to the identification of IL-19, a IL-10 homolog expressed by
bacterial LPS challenged immune cells, including monocytes and
T and B lymphocytes, which can be detected at sites such as the
skin following Staphylococcus aureus infection (Gallagher et al.,
2000, 2004; Wolk et al., 2002; Reiss-Mandel et al., 2018).

Interestingly, elevated levels of mRNA encoding IL-19 have
been observed in mouse brain parenchyma after gamma
radiation treatment (Baluchamy et al., 2010), and three studies
have shown that isolated murine astrocytes express IL-19
mRNA and protein following challenge with bacteria or their
components (Cooley et al., 2014; Nikfarjam et al., 2014; Horiuchi
et al., 2015; Table 1). However, the question of whether microglia
are a significant source of IL-19 remains contentious, with one
study reporting the ability of neonatal murine microglia to
release high levels of IL-19 in response to LPS (Horiuchi et al.,
2015), while our own work indicates that these cells and a

murine microglial cell line express little or no mRNA encoding
IL-19 following challenge with either LPS or N. meningitidis

(Cooley et al., 2014). Importantly, IL-19 expression within the
CNS and by isolated glia following challenge demonstrates
delayed kinetics of induction, which is consistent with a
secondary, and perhaps protective, response (Cooley et al.,
2014; Nikfarjam et al., 2014). Similarly, IL-19 is produced in
a delayed manner within the brain cortex of mice infected
with a parasitic nematode (Yu et al., 2015), although the
precise function of this cytokine in this model has not been
determined.

As shown in Figure 1, IL-19 exerts its effects on cells
expressing a heterodimeric receptor that consists of the subunits
IL-20 receptor (IL-20R)1 and IL-20R2 (Rutz et al., 2014).
While this dimeric receptor is commonly referred to as
IL-20R, it has been demonstrated that IL-19 binds to the
IL-20R2 subunit with a higher affinity than IL-20 (Dumoutier
et al., 2001; Logsdon et al., 2012). This cognate receptor
is constitutively expressed in human tissues including the
pancreas, liver and skin (Wolk et al., 2002). In contrast,
immune cells express the IL-20R2 subunit but fail to express
IL-20R1 either at rest or following exposure to LPS (Wolk
et al., 2002; Kunz et al., 2006; Ouyang et al., 2011). Consistent
with this, we have demonstrated that astrocytes constitutively
express both IL-20R1 and IL-20R2, while microglia exclusively
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possess the IL-20R2 subunit (Cooley et al., 2014; Table 1).
However, it should be noted that one study has reported
the contradictory finding that microglia express the cognate
receptor while astrocytes express just the IL-20R2 subunit
(Horiuchi et al., 2015). To date, the reason for the apparent
discrepancy in these findings remains unclear. Finally, we
have also detected a novel truncated IL-20R1 subunit (IL-
20R1 variant) in the mouse cortical brain (Table 1) that
lacks the cytoplasmic signaling tail (Cooley et al., 2014).
As such, it is possible that this truncated protein serves
as a decoy receptor for IL-19, and we have reported the
intriguing finding that the expression of this receptor is
downregulated following infection (Cooley et al., 2014), an effect
that could render CNS cells more susceptible to the effects
of IL-19.

Following complexing of IL-19 with IL-20R1/IL-20R2,
JAK associates with the cytoplasmic tail of IL-20R1 and
phosphorylates the transcription factor STAT3 (Gallagher, 2010;
Wegenka, 2010; Rutz et al., 2014). Within the CNS, IL-19
has been demonstrated to activate JAK/STAT signaling in
microglia, as evidenced by STAT3 phosphorylation in these
cells following IL-19 exposure (Horiuchi et al., 2015). However,
defining the role of IL-19 in inflammatory responses in the
periphery and the CNS has been hampered by inconsistent
reports. Despite these issues, and evidence that IL-19 can
exert pleiotropic effects that are dependent on the target
cell type and stage of the insult, the preponderance of
available evidence indicates that IL-19 is immunosuppressive.
Similarly, while the reported effects of IL-19 on glial immune
responses have shown variability, they are generally consistent
with an immunosuppressive role for this cytokine. For
example, our laboratory showed that IL-19 administration
increases the expression of mRNA encoding the negative
regulator of inflammatory cytokine signaling, SOCS3, in primary
murine astrocytes, and decreases the production of IL-6 and
TNF-α by these cells following stimulation (Cooley et al.,
2014). Furthermore, other investigators demonstrated that LPS
challenged microglia isolated from IL-19 deficient mice produce
significantly higher levels of IL-6 and TNF-α, consistent with
the removal of an inhibitory effect on these cells, that was
reversible with recombinant IL-19 addition (Horiuchi et al.,
2015). However, it should be noted that IL-19 treatment did not
exert a demonstrable effect on the production of inflammatory
mediators by LPS-challenged astrocytes in this study (Horiuchi
et al., 2015).

Additionally, some evidence suggests that IL-19 may serve to
limit CNS damage in cases of ‘‘sterile’’ neuroinflammation. For
example, elevations in the expression of mRNA encoding IL-19
have been noted in peripheral blood mononuclear cells in an
animal model of stroke (Rodriguez-Mercado et al., 2012), and
IL-19 administration prior to ischemia-reperfusion injury has
been associated with decreased leukocyte activation/infiltration
and lessened neurological damage (Xie et al., 2016). Finally,
genetic polymorphisms in the IL-19 locus have been associated
with the risk of MS development (Khodakheir et al., 2017),
similar to that seen for IL-10, althoughmechanistic links between
these and MS neuropathology have not been defined.

IL-22 CAN EXERT BOTH PROTECTIVE AND
DETRIMENTAL EFFECTS WITHIN THE CNS

IL-22 was first identified as a product of cytokine-activated
lymphoma cells (Dumoutier et al., 2000) and subsequent
studies demonstrated that IL-22 is a major product of the
TH17 subpopulation of CD4+ lymphocytes (Liang et al., 2006).
However, IL-22 expression does not appear to be limited to
T-cells as other leukocytes, including macrophages, can also
express this cytokine (as reviewed in Dudakov et al., 2015).
Importantly, constitutive expression of IL-22 has been described
in the CNS (Zenewicz and Flavell, 2008; Dudakov et al., 2015)
and immunohistochemical staining of human brain tissue has
shown that IL-22 is present in both gray and white matter in
healthy individuals (Perriard et al., 2015). Furthermore, IL-22
expression within the CNS has been demonstrated to increase
following viral infection (Levillayer et al., 2007; Wang et al.,
2012), and it is tempting to speculate that such increases result
from local production of inflammatory cytokines. However, such
a mechanism of induction has not been investigated, and the
specific CNS cell type(s) responsible for constitutive and/or
inducible IL-22 production have yet to be determined.

The functional receptor for IL-22 is a heterodimer composed
of IL-22R1 and IL-10R2 (Zenewicz and Flavell, 2008; Dudakov
et al., 2015; Figure 1), and binding of IL-22 to the IL-22R1
subunit allows for IL-10R2 to form a complex that initiates a
signaling cascade (Dudakov et al., 2015). The IL-22 receptor
is highly expressed in the pancreas, kidney, skin and liver,
and expression can be further upregulated following stimuli
such as S. aureus infection (Myles et al., 2013; Rutz et al.,
2014; Dudakov et al., 2015). While early work failed to detect
the presence of IL-22R1 in immune cells, subsequent studies
have reported the induction of receptor subunit expression in
myeloid cells following bacterial challenge and the ability of
these cells to respond to IL-22 (Dhiman et al., 2009, 2014; Zeng
et al., 2011). In the brain, BBB endothelial cells, astrocytes and
glioblastoma cells have all been shown to constitutively express
both the IL-22R1 and IL-10R2 subunits (Kebir et al., 2007; Akil
et al., 2015; Perriard et al., 2015; Table 1). Interestingly, and in
contrast to other myeloid cells, we have recently demonstrated
that microglia constitutively express robust levels of the IL-22R1
protein (Burmeister et al., unpublished observations).

Decoy receptors are known to play an important role in
regulating the effects of their associated cytokines, and IL-22
binding protein (IL-22BP) serves as a soluble decoy receptor
for IL-22 by binding this cytokine with higher affinity than cell
associated IL-22R1 (Martin et al., 2017). Leukocytes such as
dendritic cells can release IL-22BP but the effects of higher decoy
receptor expression, and hence lower levels of available IL-22,
appear to vary according to the disease condition, with decreased
disease severity in an animal model of psoriasis (Martin et al.,
2017) and greater hepatic fibrosis in human schistosomiasis
patients (Sertorio et al., 2015). These data therefore indicate
that IL-22 can serve both detrimental and protective roles. In
the CNS, IL-22BP expression is upregulated in the cerebral
spinal fluid (CSF) of patients with active MS (Perriard et al.,
2015) and mice deficient in the expression of IL-22BP show
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less severe disease in a mouse model of EAE (Laaksonen et al.,
2014), while increased IL-22BP expression correlates with greater
macrophage infiltration and more severe neuroinflammation in
a rat EAEmodel. Together, these findings support the notion that
IL-22 limits the damaging effects of CNS inflammation (Beyeen
et al., 2010).

Like other IL-10 family members, binding of IL-22 to its
transmembrane receptor initiates a JAK/STAT signaling cascade
in target cells (Dudakov et al., 2015). Typically, tyrosine kinase
2 (Tyk2) and/or JAK1 activation is associated with IL-22
signaling, with subsequent promiscuous STAT phosphorylation
(Lejeune et al., 2002). STAT1, STAT3 and STAT5 activation
have all been reported following exposure to IL-22 (Lejeune
et al., 2002; Dudakov et al., 2015). However, IL-22 has also
been demonstrated to activate mitogen activated protein kinase
(MAPK) and p38 pathways in keratinocytes and synovial
fibroblasts (Ikeuchi et al., 2005; Andoh et al., 2009). Consistent
with this, human glioblastoma cell lines exposed to IL-22 show
increases in both STAT3 and Akt phosphorylation (Akil et al.,
2015).

As reviewed elsewhere, IL-22 appears to contribute to host
defense at peripheral sites (Zenewicz and Flavell, 2008; Ouyang
et al., 2011; Rutz et al., 2014), while in the brain IL-22 can
function as a cell survival factor as it protects glioblastoma
cells from the apoptosis-inducing effects of serum starvation
and Fas ligand exposure (Akil et al., 2015). Similarly, primary
human astrocytes treated with IL-22 demonstrate increased
survival rates following challenge with TNF-α (Perriard et al.,
2015). However, IL-22 may also disrupt the integrity of BBB
tight junctions by reducing the level of expression of occludin
by endothelial cells, and promote the recruitment of CD4+

lymphocytes by elevating the production of CCL2 (MCP-1) by
these BBB cells (Kebir et al., 2007). As such, IL-22 may either
act in a protective manner or may exacerbate detrimental host
immune responses.

Elevated IL-22 levels have been detected in the blood plasma
of patients with peripheral inflammatory diseases such as
psoriasis and Crohn’s disease (Wilson et al., 2010), and the
severity of Guillain-Barré Syndrome (GBS) appears to correlate
with CSF and plasma concentrations of this cytokine (Wilson
et al., 2010). However, it is not known whether such elevations
underlie these disorders or, rather, represent a compensatory
response of the host to limit inflammatory damage. Within the
CNS, it is similarly unclear whether IL-22 provides protection
during MS/EAE (Beyeen et al., 2010; Laaksonen et al., 2014;
Perriard et al., 2015). Increased levels of IL-22 protein have been
reported in the serum, but not the CSF, of patients with activeMS
(Perriard et al., 2015), while IL-22 has been found to be expressed
in the CNS early in the development of EAE in the rat (Almolda
et al., 2011). The finding that IL-22 expression diminishes during
resolution in this rodent model has been taken as an indication
that it contributes to the inflammatory phase of this MS-like
disease (Almolda et al., 2011). However, it is important to note
that mice lacking IL-22 show no significant difference in the
level of EAE-associated neuroinflammation, suggesting that this
cytokine is not a major driving force for disease development
(Kreymborg et al., 2007).

In an animal model of West Nile virus associated
encephalitis, mice lacking IL-22 fail to show significant
differences in protective IFN-β expression, but do exhibit
elevated levels of the key inflammatory cytokines, TNF-α
and IL-6, and have higher viral loads following intra-cranial
administration (Wang et al., 2012). However, when such
mice were infected through the foot pad, they demonstrated
less viral dissemination to the brain, decreased inflammatory
mediator production, reduced leukocytes recruitment to
the CNS, and lower mortality, compared to that seen in
wild type animals (Wang et al., 2012). As such, these
seemingly contradictory findings may indicate a double-
edged role for IL-22 in viral infections, where this cytokine
promotes pathogen spread to the CNS, but also limits
inflammatory damage within the brain once the BBB has
been breached.

THE ROLE OF IL-20 AND IL-24 IN THE CNS
REMAINS UNCLEAR

While a considerable amount of evidence supports the protective
immunosuppressive effects of IL-10 and IL-19 within the CNS,
and at least some evidence supports a similar function for IL-22
in the brain, the role of IL-20 and IL-24 at this site remain
largely unknown. Whereas IL-20 was first identified based upon
a gene sequence predicted to yield a helical protein structure
similar to IL-10 (Blumberg et al., 2001), the discovery of IL-24
was based upon its ability to induce apoptosis in cancer cells
(Wang and Liang, 2005; Persaud et al., 2016) and this protein
remains the subject of extensive research as an oncolytic therapy
(Fisher et al., 2003; Sauane et al., 2003; Fisher, 2005; Buzas et al.,
2011; Persaud et al., 2016; Ma et al., 2018). These studies have
extended to brain cancers, including neuroblastomas and IL-24
was found to induce apoptosis in these cells when overexpressed
following gene delivery using viral vectors (Bhoopathi et al.,
2017).

Both IL-20 and IL-24 are expressed in myeloid cells following
stimulation with TLR ligands, activated TH2 lymphocytes
(Wolk et al., 2002; Rutz et al., 2014), and non-leukocytic
cells such as keratinocytes (Wolk et al., 2009; Martin et al.,
2017). Interestingly, the expression of IL-20 and IL-24 by
keratinocytes has been reported to be induced by IL-22
suggesting an ability of IL-10 family members to function
in a cooperative manner (Wolk et al., 2009; Martin et al.,
2017). However, there are few reports of the expression of
these cytokines within the CNS. Hypoxia has been shown
to induce the expression of IL-20 mRNA and protein by
glioblastoma cells (Chen and Chang, 2009), while mixed primary
glia show a rapid (within 2 h) and transient expression of
mRNA encoding IL-20 following challenge with bacterial
LPS (Hosoi et al., 2004). Similarly, we have reported the
expression of IL-20 mRNA by murine astrocytes exposed
to Neisseria meningitidis (Cooley et al., 2014; Table 1).
While IL-24 mRNA expression has also been demonstrated
in murine astrocytes following alphavirus infection (Das
et al., 2015) or bacterial challenge (Cooley et al., 2014), our
recent observations indicate that such expression is delayed
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with kinetics of induction that resemble IL-10 and IL-19
(Burmeister et al., unpublished observations). Additionally,
pulsed electromagnetic field treatment following cerebral
ischemia has been associated with upregulated mRNA encoding
IL-24 within brain tissue at 7 days post-treatment (Pena-
Philippides et al., 2014).

Neither IL-20 nor IL-24 signal via either of the IL-10R
subunits (Zhang et al., 2000), but unlike the other members
of the IL-10 cytokine family that have been discussed thus
far, IL-20 and IL-24 can both signal through two different
heterodimeric receptors, IL-20 receptor types 1 and 2, which are
composed of IL-20R1 and IL-20R2, and IL-22R1 and IL-20R2
subunits, respectively (Ouyang et al., 2011; Rutz et al., 2014;
Figure 1). As mentioned earlier, these receptor subunits are
primarily expressed by non-hematopoietic cells, and have been
reported to be present in microglia, astrocytes and an astrocytic
glioblastoma (Dumoutier et al., 2001; Wolk et al., 2002; Cooley
et al., 2014; Horiuchi et al., 2015; Perriard et al., 2015). Following
cytokine binding, these receptors initiate JAK/STAT signaling
pathways in the target cell. IL-20 and IL-24 utilizes JAK1 and
STAT1 or, more predominantly, STAT3, in embryonic kidney
cells and colonic epithelial cells (Dumoutier et al., 2001; Parrish-
Novak et al., 2002; Andoh et al., 2009), and can also initiate the
phosphorylation of ERK1/2 and p38 in keratinocytes (Andoh
et al., 2009; Lee et al., 2013; Hsu et al., 2015). Similarly,

glioblastoma cells exposed to IL-20 demonstrate phosphorylation
of STAT3, ERK and Akt (Chen and Chang, 2009). To date,
however, the signaling pathways activated in glial cells by IL-24
have not been defined.

Despite the reported expression of IL-20, IL-24 and their
receptors by glial cells, little is known about the function of
these cytokines within the CNS. In the periphery, elevated
IL-20 and IL-24 levels have been detected in the serum
of patients with chronic inflammatory disorders, such as
Crohn’s disease, psoriasis and rheumatoid arthritis (He and
Liang, 2010; Rutz et al., 2014), and genetic polymorphisms
for these cytokines have been identified as risk factors for
some of these chronic inflammatory diseases (Kumari et al.,
2013; Khodakheir et al., 2017). Within the CNS, inhibition
of IL-20 using a neutralizing antibody has been shown to
limit the inflammatory damage associated with acute ischemic
brain injury (Chen and Chang, 2009), and IL-20 exposure
has been demonstrated to promote the release of the potent
chemoattractants MCP-1 and IL-8 by a glioblastoma cell
line (Chen and Chang, 2009). In contrast, we have recently
shown that IL-24 can induce the expression of SOCS3, a
signaling component that inhibits the effects of IL-6, in murine
astrocytes and can attenuate inflammatory mediator production
by these cells following bacterial challenge (Burmeister et al.,
unpublished observations). Furthermore, we have determined

FIGURE 2 | Members of the IL-10 family of cytokines are produced by glia in response to central nervous system (CNS) insult, either directly or in a delayed indirect

manner, to exacerbate or limit neuroinflammation. Glial cells, including microglia (Mg) and astrocytes (Ast), respond to insult via pattern recognition receptors (PRRs),

including cell surface and cytosolic receptors. Following activation, glia release pro-inflammatory cytokines, including IL-6, tumor necrosis factor-α (TNF-α), IL-20 and

perhaps IL-22. These mediators act to promote the clearance of the initial insult by altering the integrity of the blood brain barrier (BBB) and recruiting leukocytes

from the circulation. In addition, inflammatory mediators act in an autocrine and/or paracrine manner to promote the delayed expression of IL-10, IL-19 and IL-24 by

glia. These cytokines act via their cognate receptors expressed by astrocytes and microglia, and perhaps oligodendrocytes (OD) and neurons (Neu), to curtail the

inflammatory responses of these cells and/or recruited leukocytes.
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that IL-24 can also augment the expression of IL-10 by
astrocytes following activation, providing another potential
means by which this cytokine could limit neuroinflammation.
Clearly, much further work is needed to define the apparently
opposing actions of IL-20 and IL-24 on glial immune
functions.

CONCLUDING REMARKS

Within the brain, it has become increasing apparent that glial
cells contribute both to the maintenance of an immunoquiescent
environment within the CNS, and to the initiation and
progression of potentially damaging neuroinflammation. It is
clear that both microglia and astrocytes can be a source of IL-10,
and that they are responsive to the immunosuppressive actions
of this cytokine (Jack et al., 2005; Bsibsi et al., 2006; Rasley et al.,
2006; Park et al., 2007; Gautam et al., 2011; Gutierrez-Murgas
et al., 2016). The kinetics of induction of IL-10 are consistent
with a role in the resolution of glial inflammatory responses,
and the association of human patient IL-10 gene polymorphisms
with neuroinflammatory disorders support such a role (Martinez
Doncel et al., 2002; Myhr et al., 2002; Talaat et al., 2016).
Likewise, the preponderance of available evidence supports a
similar function for IL-19, which demonstrates similar delayed
kinetics of induction and can also limit inflammatory mediator
production by glial cells (Cooley et al., 2014; Nikfarjam et al.,
2014). However, the purpose of other IL-10 family members
within the CNS is far less defined, with IL-22 being suggested
to play a protective immunosuppressive role in some instances,
and a detrimental pro-inflammatory function in others, perhaps
reflecting the pleiotropic nature of these cytokines (Kebir et al.,

2007; Beyeen et al., 2010; Laaksonen et al., 2014; Akil et al., 2015;

Perriard et al., 2015). The limited information available for IL-24
suggests that it may act like IL-10 and IL-19, providing delayed
protection during CNS inflammation, while IL-20 seems to
contribute primarily to the inflammatory phase, demonstrating
rapid induction kinetics (Hosoi et al., 2004).

However, it is evident that our current understanding of
the role of IL-10 and the other members of this cytokine
family within the CNS is limited at best. While it is clear
that glia can be a significant source of IL-10, IL-19 and
perhaps IL-20 and IL-24, and these resident CNS cells are
responsive to their actions (as summarized in Figure 2),
the functions of the IL-10 cytokine family in health and
brain disorders have been understudied. Given the available
evidence that IL-10 and its relatives are present in inflammatory
diseases of peripheral organs and tissues, and that they
exert a significant effect on the incidence and severity of
such conditions, it is not unreasonable to assume that these
cytokines are similarly important within the CNS during
infection or other inflammatory brain disorders. Clearly, more
research is warranted to define the actions of the IL-10
family within the CNS and their role in the regulation of
neuroinflammation.

AUTHOR CONTRIBUTIONS

AB and IM wrote and edited this review article.

FUNDING

This work was supported by the National Institute of
Neurological Disorders and Stroke (NINDS) research grants
R01 NS050325 and R03 NS097840 awarded to IM.

REFERENCES

Akil, H., Abbaci, A., Lalloué, F., Bessette, B., Costes, L. M. M., Domballe, L.,
et al. (2015). IL22/IL-22R pathway induces cell survival in human
glioblastoma cells. PLoS One 10:e0119872. doi: 10.1371/journal.pone.01
19872

Albanesi, C., Fairchild, H. R., Madonna, S., Scarponi, C., De Pità, O.,
Leung, D. Y. M., et al. (2007). IL-4 and IL-13 negatively regulate TNF-
α- and IFN-γ-induced β-defensin expression through stat-6, suppressor
of cytokine signaling (SOCS)-1, and SOCS-3. J. Immunol. 179, 984–992.
doi: 10.4049/jimmunol.179.2.984

Almeida, R. D., Manadas, B. J., Melo, C. V., Gomes, J. R., Mendes, C. S.,
Grãos, M. M., et al. (2005). Neuroprotection by BDNF against glutamate-
induced apoptotic cell death is mediated by ERK and PI3-kinase
pathways. Cell Death Differ. 12, 1329–1343. doi: 10.1038/sj.cdd.
4401662

Almolda, B., Costa, M., Montoya, M., González, B., and Castellano, B. (2011).
Increase in th17 and t-reg lymphocytes and decrease of il22 correlate with the
recovery phase of acute EAE in rat. PLoS One 6:e27473. doi: 10.1371/journal.
pone.0027473

Andoh, A., Shioya, M., Nishida, A., Bamba, S., Tsujikawa, T., Kim-
Mitsuyama, S., et al. (2009). Expression of IL-24, an activator of the
JAK1/STAT3/SOCS3 cascade, is enhanced in inflammatory bowel disease.
J. Immunol. 183, 687–695. doi: 10.4049/jimmunol.0804169

Astakhova, A. A., Chistyakov, D. V., Sergeeva, M. G., and Reiser, G. (2018).
Regulation of the ARE-binding proteins, TTP (tristetraprolin) and HuR
(human antigen R), in inflammatory response in astrocytes. Neurochem. Int.

118, 82–90. doi: 10.1016/j.neuint.2018.04.014

Babon, J. J., Varghese, L. N., and Nicola, N. A. (2014). Inhibition of IL-6 family
cytokines by SOCS3. Semin. Immunol. 26, 13–19. doi: 10.1016/j.smim.2013.
12.004

Baker, B. J., Akhtar, L. N., and Benveniste, E. N. (2009). SOCS1 and SOCS3 in the
control of CNS immunity. Trends Immunol. 30, 392–400. doi: 10.1016/j.it.2009.
07.001

Balasingam, V., and Yong, V. W. (1996). Attenuation of astroglial reactivity by
interleukin-10. J. Neurosci. 16, 2945–2955. doi: 10.1523/JNEUROSCI.16-09-
02945.1996

Baluchamy, S., Zhang, Y., Ravichandran, P., Ramesh, V., Sodipe, A., Hall, J. C.,
et al. (2010). Differential oxidative stress gene expression profile in mouse
brain after proton exposure. In Vitro Cell. Dev. Biol. Anim. 46, 718–725.
doi: 10.1007/s11626-010-9330-2

Barichello, T., Fagundes, G. D., Generoso, J. S., Paula Moreira, A.,
Costa, C. S., Zanatta, J. R., et al. (2012). Brain-blood barrier breakdown
and pro-inflammatory mediators in neonate rats submitted meningitis by
Streptococcus pneumoniae. Brain Res. 1471, 162–168. doi: 10.1016/j.brainres.
2012.06.054

Barichello, T., Pereira, J. S., Savi, G. D., Generoso, J. S., Cipriano, A. L.,
Silvestre, C., et al. (2011). A kinetic study of the cytokine/chemokines levels and
disruption of blood-brain barrier in infant rats after pneumococcal meningitis.
J. Neuroimmunol. 233, 12–17. doi: 10.1016/j.jneuroim.2010.10.035

Beyeen, A. D., Adzemovic, M. Z., Ockinger, J., Stridh, P., Becanovic, K.,
Laaksonen, H., et al. (2010). IL-22RA2 associates with multiple sclerosis
and macrophage effector mechanisms in experimental neuroinflammation.
J. Immunol. 185, 6883–6890. doi: 10.4049/jimmunol.1001392

Bhoopathi, P., Lee, N., Pradhan, A. K., Shen, X.-N., Das, S. K., Sarkar, D.,
et al. (2017). mda-7/IL-24 induces cell death in neuroblastoma through

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 November 2018 | Volume 12 | Article 458

https://doi.org/10.1371/journal.pone.0119872
https://doi.org/10.1371/journal.pone.0119872
https://doi.org/10.4049/jimmunol.179.2.984
https://doi.org/10.1038/sj.cdd.4401662
https://doi.org/10.1038/sj.cdd.4401662
https://doi.org/10.1371/journal.pone.0027473
https://doi.org/10.1371/journal.pone.0027473
https://doi.org/10.4049/jimmunol.0804169
https://doi.org/10.1016/j.neuint.2018.04.014
https://doi.org/10.1016/j.smim.2013.12.004
https://doi.org/10.1016/j.smim.2013.12.004
https://doi.org/10.1016/j.it.2009.07.001
https://doi.org/10.1016/j.it.2009.07.001
https://doi.org/10.1523/JNEUROSCI.16-09-02945.1996
https://doi.org/10.1523/JNEUROSCI.16-09-02945.1996
https://doi.org/10.1007/s11626-010-9330-2
https://doi.org/10.1016/j.brainres.2012.06.054
https://doi.org/10.1016/j.brainres.2012.06.054
https://doi.org/10.1016/j.jneuroim.2010.10.035
https://doi.org/10.4049/jimmunol.1001392
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Burmeister and Marriott The Role of the IL-10 Family in the CNS

a novel mechanism involving AIF and ATM. Cancer Res. 76, 3572–3582.
doi: 10.1158/0008-5472.can-15-2959

Blumberg, H., Conklin, D., Xu, W., Grossmann, A., Brender, T., Carollo, S., et al.
(2001). Interleukin 20: discovery, receptor identification, and role in epidermal
function. Cell 104, 9–19. doi: 10.1016/S0092-8674(01)00187-8

Bonecchi, R., Garlanda, C., Mantovani, A., and Riva, F. (2016). Cytokine decoy and
scavenger receptors as key regulators of immunity and inflammation. Cytokine
87, 37–45. doi: 10.1016/j.cyto.2016.06.023

Bowman, C. C., Rasley, A., Tranguch, S. L., and Marriott, I. (2003). Cultured
astrocytes express toll-like receptors for bacterial products. Glia 43, 281–291.
doi: 10.1002/glia.10256

Boyd, Z. S., Kriatchko, A., Yang, J., Agarwal, N.,Wax,M. B., and Patil, R. V. (2003).
Interleukin-10 receptor signaling through STAT-3 regulates the apoptosis of
retinal ganglion cells in response to stress. Invest. Ophthalmol. Vis. Sci. 44,
5206–5211. doi: 10.1167/iovs.03-0534

Bsibsi, M., Persoon-Deen, C., Verwer, R. W. H., Meeuwsen, S., Ravid, R.,
Van Noort, J. M., et al. (2006). Toll-like receptor 3 on adult human
astrocytes triggers production of neuroprotective mediators. Glia 53, 688–695.
doi: 10.1002/glia.20328

Bsibsi, M., Ravid, R., Gveric, D., and van Noort, J. M. (2002). Broad expression of
toll-like receptors in the human central nervous system. J. Neuropathol. Exp.
Neurol. 61, 1013–1021. doi: 10.1093/jnen/61.11.1013

Buzas, K., Oppenheim, J. J., and Zack Howard, O. M. (2011). Myeloid cells migrate
in response to IL-24. Cytokine 55, 429–434. doi: 10.1016/j.cyto.2011.05.018

Campbell, I. L. (2005). Cytokine-mediated inflammation, tumorigenesis,
and disease-associated JAK/STAT/SOCS signaling circuits in the
CNS. Brain Res. Rev. 48, 166–177. doi: 10.1016/j.brainresrev.2004.
12.006

Chang, J., Kunkel, S. L., and Chang, C.-H. (2009). Negative regulation of MyD88-
dependent signaling by IL-10 in dendritic cells. Proc. Natl. Acad. Sci. U S A 106,
18327–18332. doi: 10.1073/pnas.0905815106

Chauhan, V. S., Kluttz, J. M., Bost, K. L., and Marriott, I. (2011). Prophylactic and
therapeutic targeting of the neurokinin-1 receptor limits neuroinflammation
in a murine model of pneumococcal meningitis. J. Immunol. 186, 7255–7263.
doi: 10.4049/jimmunol.1100721

Chauhan, V. S., Sterka, D. G. Jr., Gray, D. L., Bost, K. L., and Marriott, I.
(2008). Neurogenic exacerbation of microglial and astrocyte responses to
Neisseria meningitidis and Borrelia burgdorferi. J. Immunol. 180, 8241–8249.
doi: 10.4049/jimmunol.180.12.8241

Chen, W.-Y., and Chang, M.-S. (2009). IL-20 is regulated by hypoxia-inducible
factor and up-regulated after experimental ischemic stroke. J. Immunol. 182,
5003–5012. doi: 10.4049/jimmunol.0803653

Cho, K. J., Song, J., Oh, Y., and Lee, J. E. (2015). MicroRNA-Let-7a regulates
the function of microglia in inflammation. Mol. Cell. Neurosci. 68, 167–176.
doi: 10.1016/j.mcn.2015.07.004

Conti, B., Tabarean, I., Andrei, C., and Bartfai, T. (2004). Cytokines and fever.
Front. Biosci. 9, 1433–1449. doi: 10.2741/1341

Cooley, I. D., Chauhan, V. S., Donneyz, M. A., and Marriott, I. (2014). Astrocytes
produce IL-19 in response to bacterial challenge and are sensitive to the
immunosuppressive effects of this IL-10 family member. Glia 62, 818–828.
doi: 10.1002/glia.22644

Couper, K. N., Blount, D. G., and Riley, E. M. (2008). IL-10: the master regulator
of immunity to infection. J. Immunol. 180, 5771–5777. doi: 10.4049/jimmunol.
180.9.5771

Crill, E. K., Furr-Rogers, S. R., and Marriott, I. (2015). RIG-I is required for
VSV-induced cytokine production bymurine glia and acts in combination with
DAI to initiate responses to HSV-1.Glia 63, 2168–2180. doi: 10.1002/glia.22883

Croker, B. A., Krebs, D. L., Zhang, J. G., Wormald, S., Willson, T. A., Stanley, E. G.,
et al. (2003). SOCS3 negatively regulates IL-6 signaling in vivo. Nat. Immunol.

4, 540–545. doi: 10.1038/ni931
Curtale, G., Mirolo, M., Renzi, T. A., Rossato, M., Bazzoni, F., and Locati, M.

(2013). Negative regulation of Toll-like receptor 4 signaling by IL-10-
dependent microRNA-146b. Proc. Natl. Acad. Sci. U S A 110, 11499–11504.
doi: 10.1073/pnas.1219852110

Das, T., Hoarau, J. J., Bandjee, M. C. J., Marianne, M., and Gasque, P. (2015).
Multifaceted innate immune responses engaged by astrocytes, microglia, and
resident dendritic cells against Chikungunya neuroinfection. J. Gen. Virol. 96,
294–310. doi: 10.1099/vir.0.071175-0

Dhiman, R., Indramohan, M., Barnes, P. F., Nayak, R. C., Paidipally, P.,
Rao, L. V. M., et al. (2009). IL-22 produced by human NK cells inhibits
growth of Mycobacterium tuberculosis by enhancing phagolysosomal fusion.
J. Immunol. 183, 6639–6645. doi: 10.4049/jimmunol.0902587

Dhiman, R., Venkatasubramanian, S., Paidipally, P., Barnes, P. F., Tvinnereim, A.,
and Vankayalapati, R. (2014). Interleukin 22 inhibits intracellular growth of
Mycobacterium tuberculosis by enhancing calgranulin a expression. J. Infect.
Dis. 209, 578–587. doi: 10.1093/infdis/jit495

Dickensheets, H., Vazquez, N., Sheikh, F., Gingras, S., Murray, P. J., Ryan, J. J.,
et al. (2007). Suppressor of cytokine signaling-1 is an IL-4-inducible gene in
macrophages and feedback inhibits IL-4 signaling. Genes Immun. 8, 21–27.
doi: 10.1038/sj.gene.6364352

Ding, L., Linsley, P. S., Huang, L. Y., Germain, R. N., and Shevach, E. M. (1993).
IL-10 inhibits macrophage costimulatory activity by selectively inhibiting the
up-regulation of B7 expression. J. Immunol. 151, 1224–1234.

Dudakov, J. A., Hanash, A. M., and van den Brink, M. R. M. (2015).
Interleukin-22: immunobiology and pathology. Annu. Rev. Immunol. 33,
747–785. doi: 10.1146/annurev-immunol-032414-112123

Dumoutier, L., Leemans, C., Lejeune, D., Kotenko, S. V., and Renauld, J.-C. (2001).
Cutting edge: STAT activation by il-19, IL-20 andmda-7 through il-20 receptor
complexes of two types. J. Immunol. 167, 3545–3549. doi: 10.4049/jimmunol.
167.7.3545

Dumoutier, L., Louahed, J., and Renauld, J.-C. (2000). Cloning and
characterization of il-10-related T cell-derived inducible factor (IL-TIF), a
novel cytokine structurally related to IL-10 and inducible by IL-9. J. Immunol.

164, 1814–1819. doi: 10.4049/jimmunol.164.4.1814
Ellwardt, E., Walsh, J. T., Kipnis, J., and Zipp, F. (2016). Understanding the role

of T cells in CNS homeostasis. Trends Immunol. 37, 154–165. doi: 10.1016/j.it.
2015.12.008

Fayeye, O., Pettorini, B. L., Smith, M., Williams, H., Rodrigues, D., and
Kay, A. (2013). Meningococcal encephalitis associated with cerebellar tonsillar
herniation and acute cervicomedullary injury Case report. Br. J. Neurosurg. 27,
513–515. doi: 10.3109/02688697.2013.764967

Fiorentino, D. F., Zlotnik, A., Vierira, P., Mosmann, T. R., Howard, M.,
Moore, K. W., et al. (1991). IL-10 acts on the antigen-presenting cell to inhibit
cytokine production by Th1 cells. J. Immunol. 146, 3444–3451.

Fisher, P. B. (2005). Is mda-7/IL-24 a ‘‘magic bullet’’ for cancer? Cancer Res. 65,
10128–10138. doi: 10.1158/0008-5472.CAN-05-3127

Fisher, P. B., Gopalkrishnan, R. V., Chada, S., Ramesh, R., Grimm, E. A.,
Rosengeld, M. R., et al. (2003). mda-7/IL-24, a novel cancer selective apoptosis
inducing cytokine gene: from the laboratory into the clinic. Cancer Biol. Ther.
2, 23–37. doi: 10.4161/cbt.458

Francis, J., MohanKumar, P. S., and MohanKumar, S. M. J. (2001).
Lipopolysaccharide stimulates norepinephrine efflux from the rat
hypothalamus in vitro: blockade by soluble il-1 receptor. Neurosci. Lett.

308, 71–74. doi: 10.1016/s0304-3940(01)01903-6
Furr, S. R., Chauhan, V. S., Moerdyk-Schauwecker, M. J., and Marriott, I. (2011).

A role for DNA-dependent activator of interferon regulatory factor in the
recognition of herpes simplex virus type 1 by glial cells. J. Neuroinflammation

8:99. doi: 10.1186/1742-2094-8-99
Furr, S. R., Moerdyk-Schauwecker, M., Grdzelishvili, V. Z., and Marriott, I.

(2010). RIG-I mediates non-segmented negative-sense RNA virus-induced
inflammatory immune responses of primary human astrocytes. Glia 58,
1620–1629. doi: 10.1002/glia.21034

Gallagher, G. (2010). Interleukin-19: multiple roles in immune regulation and
disease. Cytokine Growth Factor Rev. 21, 345–352. doi: 10.1016/j.cytogfr.2010.
08.005

Gallagher, G., Dickensheets, H., Eskdale, J., Izotova, L. S., Mirochnitchenko, O. V.,
Peat, J. D., et al. (2000). Cloning, expression and initial characterisation of
interleukin-19 (IL-19), a novel homologue of human interleukin-10 (IL-10).
Genes Immun. 1, 442–450. doi: 10.1038/sj.gene.6363714

Gallagher, G., Eskdale, J., Jordan, W., Peat, J., Campbell, J., Boniotto, M., et al.
(2004). Human interleukin-19 and its receptor: a potential role in the induction
of Th2 responses. Int. Immunopharmacol. 4, 615–626. doi: 10.1016/j.intimp.
2004.01.005

Gautam, A., Dixit, S., Philipp, M. T., Singh, S. R., Morici, L. A., Kaushal, D.,
et al. (2011). Interleukin-10 alters effector functions of multiple genes
induced by Borrelia burgdorferi in macrophages to regulate lyme

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 November 2018 | Volume 12 | Article 458

https://doi.org/10.1158/0008-5472.can-15-2959
https://doi.org/10.1016/S0092-8674(01)00187-8
https://doi.org/10.1016/j.cyto.2016.06.023
https://doi.org/10.1002/glia.10256
https://doi.org/10.1167/iovs.03-0534
https://doi.org/10.1002/glia.20328
https://doi.org/10.1093/jnen/61.11.1013
https://doi.org/10.1016/j.cyto.2011.05.018
https://doi.org/10.1016/j.brainresrev.2004.12.006
https://doi.org/10.1016/j.brainresrev.2004.12.006
https://doi.org/10.1073/pnas.0905815106
https://doi.org/10.4049/jimmunol.1100721
https://doi.org/10.4049/jimmunol.180.12.8241
https://doi.org/10.4049/jimmunol.0803653
https://doi.org/10.1016/j.mcn.2015.07.004
https://doi.org/10.2741/1341
https://doi.org/10.1002/glia.22644
https://doi.org/10.4049/jimmunol.180.9.5771
https://doi.org/10.4049/jimmunol.180.9.5771
https://doi.org/10.1002/glia.22883
https://doi.org/10.1038/ni931
https://doi.org/10.1073/pnas.1219852110
https://doi.org/10.1099/vir.0.071175-0
https://doi.org/10.4049/jimmunol.0902587
https://doi.org/10.1093/infdis/jit495
https://doi.org/10.1038/sj.gene.6364352
https://doi.org/10.1146/annurev-immunol-032414-112123
https://doi.org/10.4049/jimmunol.167.7.3545
https://doi.org/10.4049/jimmunol.167.7.3545
https://doi.org/10.4049/jimmunol.164.4.1814
https://doi.org/10.1016/j.it.2015.12.008
https://doi.org/10.1016/j.it.2015.12.008
https://doi.org/10.3109/02688697.2013.764967
https://doi.org/10.1158/0008-5472.CAN-05-3127
https://doi.org/10.4161/cbt.458
https://doi.org/10.1016/s0304-3940(01)01903-6
https://doi.org/10.1186/1742-2094-8-99
https://doi.org/10.1002/glia.21034
https://doi.org/10.1016/j.cytogfr.2010.08.005
https://doi.org/10.1016/j.cytogfr.2010.08.005
https://doi.org/10.1038/sj.gene.6363714
https://doi.org/10.1016/j.intimp.2004.01.005
https://doi.org/10.1016/j.intimp.2004.01.005
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Burmeister and Marriott The Role of the IL-10 Family in the CNS

disease inflammation. Infect. Immun. 79, 4876–4892. doi: 10.1128/iai.
05451-11

Gazzinelli, R. T., Wysocka, M., Hieny, S., Scharton-kersten, T., Cheever, A.,
Kuhn, R., et al. (1996). In the absence of endogenous IL-10, mice acutely
infected with Toxoplasma gondii succumb to a lethal immune response
dependent onCD4+ T cells and accompanied by overproduction of IL-12, IFN-
γ and TNF-α. J. Immunol. 157, 798–805.

Guglielmetti, C., Le Blon, D., Santermans, E., Salas-Perdomo, A., Daans, J.,
De Vocht, N., et al. (2016). Interleukin-13 immune gene therapy
prevents CNS inflammation and demyelination via alternative activation
of microglia and macrophages. Glia 64, 2181–2200. doi: 10.1002/glia.
23053

Gutierrez-Murgas, Y. M., Skar, G., Ramirez, D., Beaver, M., and Snowden, J. N.
(2016). IL-10 plays an important role in the control of inflammation
but not in the bacterial burden in S. epidermidis CNS catheter infection.
J. Neuroinflammation 13:271. doi: 10.1186/s12974-016-0741-1

Gyurkovska, V., and Ivanovska, N. (2016). Distinct roles of TNF-related apoptosis-
inducing ligand (TRAIL) in viral and bacterial infections: from pathogenesis
to pathogen clearance. Inflamm. Res. 65, 427–437. doi: 10.1007/s00011-016-
0934-1

He,M., and Liang, P. (2010). IL-24 transgenicmice: in vivo evidence of overlapping
functions for IL-20, IL-22, and IL-24 in the epidermis. J. Immunol. 184,
1793–1798. doi: 10.4049/jimmunol.0901829

Headland, S. E., and Norling, L. V. (2015). The resolution of inflammation:
principles and challenges. Semin. Immunol. 27, 149–160. doi: 10.1016/j.smim.
2015.03.014

Hebenstreit, D., Luft, P., Schmiedlechner, A., Regl, G., Frischauf, A.-M.,
Aberger, F., et al. (2003). IL-4 and IL-13 induce SOCS-1 gene expression
in A549 cells by three functional STAT6-binding motifs located
upstream of the transcription initiation site. J. Immunol. 171, 5901–5907.
doi: 10.4049/jimmunol.171.11.5901

Horiuchi, H., Parajuli, B., Wang, Y., Azuma, Y. T., Mizuno, T., Takeuchi, H.,
et al. (2015). Interleukin-19 acts as a negative autocrine regulator of activated
microglia. PLoS One 10:e0118640. doi: 10.1371/journal.pone.0118640

Hosoi, T., Wada, S., Suzuki, S., Okuma, Y., Akira, S., Matsuda, T., et al. (2004).
Bacterial endotoxin induces IL-20 expression in the glial cells. Mol. Brain Res.

130, 23–29. doi: 10.1016/j.molbrainres.2004.07.005
Hsu, Y.-H., Wu, C.-Y., Hsing, C.-H., Lai, W.-T., Wu, L.-W., and Chang, M.-S.

(2015). Anti-IL-20 monoclonal antibody suppresses prostate cancer
growth and bone osteolysis in murine models. PLoS One 10:e0139871.
doi: 10.1371/journal.pone.0139871

Hulshof, S., Montagne, L., De Groot, C. J. A., and Van Der Valk, P. (2002). Cellular
localization and expression patterns of interleukin-10, interleukin-4, and their
receptors in multiple sclerosis lesions. Glia 38, 24–35. doi: 10.1002/glia.
10050

Hutchins, A. P., Diez, D., and Miranda-Saavedra, D. (2013). The IL-10/STAT3-
mediated anti-inflammatory response: recent developments and future
challenges. Brief. Funct. Genomics 12, 489–498. doi: 10.1093/bfgp/elt028

Hutchins, A. P., Poulain, S., and Miranda-Saavedra, D. (2012). Genome-wide
analysis of STAT3 binding in vivo predicts effectors of the anti-inflammatory
response in macrophages. Blood 119, e110–e119. doi: 10.1182/blood-2011-09-
381483

Ichiyama, T., Shoji, H., Takahashi, Y., Matsushige, T., Kajimoto, M., Inuzuka, T.,
et al. (2008). Cerebrospinal fluid levels of cytokines in non-herpetic acute
limbic encephalitis: comparison with herpes simplex encephalitis. Cytokine 44,
149–153. doi: 10.1016/j.cyto.2008.07.002

Ikeuchi, H., Kuroiwa, T., Hiramatsu, N., Kaneko, Y., Hiromura, K., Ueki, K., et al.
(2005). Expression of interleukin-22 in rheumatoid arthritis: potential role as
a proinflammatory cytokine. Arthritis Rheum. 52, 1037–1046. doi: 10.1002/art.
20965

Iyer, A., Zurolo, E., Prabowo, A., Fluiter, K., Spliet, W. G. M., van Rijen, P. C., et al.
(2012). MicroRNA-146a: a key regulator of astrocyte-mediated inflammatory
response. PLoS One 7:e44789. doi: 10.1371/journal.pone.0044789

Jack, C. S., Arbour, N., Manusow, J., Montgrain, V., Blain, M., McCrea, E., et al.
(2005). TLR signaling tailors innate immune responses in humanmicroglia and
astrocytes. J. Immunol. 175, 4320–4330. doi: 10.4049/jimmunol.175.7.4320

Jackson, S. H., Yu, C.-R., Mahdi, R. M., Ebong, S., and Egwuagu, C. E.
(2004). Dendritic cell maturation requires STAT1 and is under feedback

regulation by suppressors of cytokine signaling. J. Immunol. 172, 2307–2315.
doi: 10.4049/jimmunol.172.4.2307

Jeffries, A. M., and Marriott, I. (2017). Human microglia and astrocytes
express cGAS-STING viral sensing components. Neurosci. Lett. 658, 53–56.
doi: 10.1016/j.neulet.2017.08.039

Johnson, M. B., Young, A. D., and Marriott, I. (2017). The therapeutic potential
of targeting substance P/NK-1R interactions in inflammatory CNS disorders.
Front. Cell. Neurosci. 10:296. doi: 10.3389/fncel.2016.00296

Kebir, H., Kreymborg, K., Ifergan, I., Dodelet-Devillers, A., Cayrol, R.,
Bernard, M., et al. (2007). Human TH17 lymphocytes promote blood-brain
barrier disruption and central nervous system inflammation. Nat. Med. 13,
1173–1175. doi: 10.1038/nm1651

Khodakheir, T. N., Pourtalebi-firoozabadi, A., and Sangtarash, M. H. (2017).
Association between interleukin-19 (IL-19) and interleukin-20 (IL-20) genes
polymorphisms with multiple sclerosis in an iranian population. Gene Cell

Tissue 4:e11957. doi: 10.5812/gct.11957
Klose, J., Schmidt, N. O., Melms, A., Dohi, M., Miyazaki, J., Bischof, F.,

et al. (2013). Suppression of experimental autoimmune encephalomyelitis by
interleukin-10 transduced neural stem/progenitor cells. J. Neuroinflammation

10:117. doi: 10.1186/1742-2094-10-117
Koscsó, B., Csóka, B., Selmeczy, Z., Himer, L., Pacher, P., Virág, L., et al. (2012).

Adenosine augments interleukin-10 production by microglial cells through
an A2B adenosine receptor-mediated process. J. Immunol. 188, 445–453.
doi: 10.4049/jimmunol.1101224

Kreymborg, K., Etzensperger, R., Dumoutier, L., Haak, S., Rebollo, A.,
Buch, T., et al. (2007). IL-22 is expressed by Th17 cells in an IL-23-
dependent fashion, but not required for the development of autoimmune
encephalomyelitis. J. Immunol. 179, 8098–8104. doi: 10.4049/jimmunol.179.
12.8098

Kumari, S., Bonnet, M. C., Ulvmar, M. H., Wolk, K., Karagianni, N., Witte, E.,
et al. (2013). Article tumor necrosis factor receptor signaling in keratinocytes
triggers interleukin-24-dependent psoriasis-like skin inflammation in mice.
Immunity 39, 899–911. doi: 10.1016/j.immuni.2013.10.009

Kunz, S., Wolk, K., Witte, E., Witte, K., Doecke, W. D., Volk, H. D., et al. (2006).
Interleukin (IL)-19, IL-20 and IL-24 are produced by and act on keratinocytes
and are distinct from classical ILs. Exp. Dermatol. 15, 991–1004. doi: 10.1111/j.
1600-0625.2006.00516.x

Laaksonen, H., Guerreiro-Cacais, A. O., Adzemovic, M. Z., Parsa, R.,
Zeitelhofer, M., Jagodic, M., et al. (2014). The multiple sclerosis risk
gene IL22RA2 contributes to a more severe murine autoimmune
neuroinflammation. Genes Immun. 15, 457–465. doi: 10.1038/gene.
2014.36

Lai, L., Song, Y., Liu, Y., Chen, Q., Han, Q., Chen,W., et al. (2013). MicroRNA-92a
negatively regulates toll-like receptor (TLR)-triggered inflammatory response
in macrophages by targeting MKK4 kinase. J. Biol. Chem. 288, 7956–7967.
doi: 10.1074/jbc.m112.445429

Ledeboer, A., Brevé, J. J. P., Poole, S., Tilders, F. J. H., and Dam, A. V. A. N.
(2000). Transforming growth factor-β differentially regulate production
of pro-inflammatory cytokines and nitric oxide in co-cultures of rat
astroglial and microglial cells. Glia 142, 134–142. doi: 10.1002/(SICI)1098-
1136(200004)30:2<134::AID-GLIA3>3.0.CO;2-3

Ledeboer, A., Brevé, J. J. P., Wierinckx, A., van der Jagt, S., Bristow, A. F.,
Leysen, J. E., et al. (2002). Expression and regulation of interleukin-10 and
interleukin-10 receptor in rat astroglial and microglial cells. Eur. J. Neurosci.
16, 1175–1185. doi: 10.1046/j.1460-9568.2002.02200.x

Lee, S., Cho, S., Lee, E., Kim, S., Lee, S., Lim, J., et al. (2013). Interleukin-
20 promotes migration of bladder cancer cells through extracellular signal-
regulated kinase (ERK) -mediated MMP-9 protein expression leading
to nuclear factor (NF-κB) activation by inducing the up-regulation of
p21 WAF1 protein expression. J. Biol. Chem. 288, 5539–5552. doi: 10.1074/jbc.
M112.410233

Lejeune, D., Dumoutier, L., Constantinescu, S., Kruijer, W., Schuringa, J. J., and
Renauld, J. C. (2002). Interleukin-22 (IL-22) activates the JAK/STAT, ERK,
JNK, and p38 MAP kinase pathways in a rat hepatoma cell line: pathways
that are shared with and distinct from IL-10. J. Biol. Chem. 277, 33676–33682.
doi: 10.1074/jbc.m204204200

Levillayer, F., Mas, M., Levi-Acobas, F., Brahic, M., and Bureau, J. F.
(2007). Interleukin 22 is a candidate gene for Tmevp3, a locus controlling

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 November 2018 | Volume 12 | Article 458

https://doi.org/10.1128/iai.05451-11
https://doi.org/10.1128/iai.05451-11
https://doi.org/10.1002/glia.23053
https://doi.org/10.1002/glia.23053
https://doi.org/10.1186/s12974-016-0741-1
https://doi.org/10.1007/s00011-016-0934-1
https://doi.org/10.1007/s00011-016-0934-1
https://doi.org/10.4049/jimmunol.0901829
https://doi.org/10.1016/j.smim.2015.03.014
https://doi.org/10.1016/j.smim.2015.03.014
https://doi.org/10.4049/jimmunol.171.11.5901
https://doi.org/10.1371/journal.pone.0118640
https://doi.org/10.1016/j.molbrainres.2004.07.005
https://doi.org/10.1371/journal.pone.0139871
https://doi.org/10.1002/glia.10050
https://doi.org/10.1002/glia.10050
https://doi.org/10.1093/bfgp/elt028
https://doi.org/10.1182/blood-2011-09-381483
https://doi.org/10.1182/blood-2011-09-381483
https://doi.org/10.1016/j.cyto.2008.07.002
https://doi.org/10.1002/art.20965
https://doi.org/10.1002/art.20965
https://doi.org/10.1371/journal.pone.0044789
https://doi.org/10.4049/jimmunol.175.7.4320
https://doi.org/10.4049/jimmunol.172.4.2307
https://doi.org/10.1016/j.neulet.2017.08.039
https://doi.org/10.3389/fncel.2016.00296
https://doi.org/10.1038/nm1651
https://doi.org/10.5812/gct.11957
https://doi.org/10.1186/1742-2094-10-117
https://doi.org/10.4049/jimmunol.1101224
https://doi.org/10.4049/jimmunol.179.12.8098
https://doi.org/10.4049/jimmunol.179.12.8098
https://doi.org/10.1016/j.immuni.2013.10.009
https://doi.org/10.1111/j.1600-0625.2006.00516.x
https://doi.org/10.1111/j.1600-0625.2006.00516.x
https://doi.org/10.1038/gene.2014.36
https://doi.org/10.1038/gene.2014.36
https://doi.org/10.1074/jbc.m112.445429
https://doi.org/10.1002/(SICI)1098-1136(200004)30:2<134::AID-GLIA3>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1098-1136(200004)30:2<134::AID-GLIA3>3.0.CO;2-3
https://doi.org/10.1046/j.1460-9568.2002.02200.x
https://doi.org/10.1074/jbc.M112.410233
https://doi.org/10.1074/jbc.M112.410233
https://doi.org/10.1074/jbc.m204204200
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Burmeister and Marriott The Role of the IL-10 Family in the CNS

Theiler’s virus-induced neurological diseases. Genetics 176, 1835–1844.
doi: 10.1534/genetics.107.073536

Liang, S. C., Tan, X.-Y., Luxenberg, D. P., Karim, R., Dunussi-
Joannopoulos, K., Collins, M., et al. (2006). Interleukin (IL)-22 and IL-17
are coexpressed by Th17 cells and cooperatively enhance expression of
antimicrobial peptides. J. Exp. Med. 203, 2271–2279. doi: 10.1084/jem.200
61308

Lim, S.-H., Park, E., You, B., Jung, Y., Park, A. R., Park, S.-G., et al. (2013).
Neuronal synapse formation induced by microglia and interleukin 10.
PLoS One 8:e81218. doi: 10.1371/journal.pone.0081218

Liu, X., Chauhan, V. S., Young, A. B., and Marriott, I. (2010). NOD2 mediates
inflammatory responses of primary murine glia to Streptococcus pneumoniae.
Glia 50, 839–847. doi: 10.1002/glia.20968

Liu, J., Sisk, J. M., Gama, L., Clements, J. E., and Witwer, K. W. (2013).
Tristetraprolin expression and microRNA-mediated regulation during simian
immunodeficiency virus infection of the central nervous system. Mol. Brain

6:40. doi: 10.1186/1756-6606-6-40
Liu, Y. J., Shao, L. H., Zhang, J., Fu, S. J., Wang, G., Chen, F. Z., et al.

(2015). The combination of decoy receptor 3 and soluble triggering receptor
expressed on myeloid cells-1 for the diagnosis of nosocomial bacterial
meningitis. Ann. Clin. Microbiol. Antimicrob. 14:17. doi: 10.1186/s12941-015-
0078-0

Logsdon, N. J., Deshpande, A., Harris, B. D., Rajashankar, K. R., andWalter, M. R.
(2012). Structural basis for receptor sharing and activation by interleukin-20
receptor-2 (IL-20R2) binding cytokines. Proc. Natl. Acad. Sci. U S A 109,
12704–12709. doi: 10.1073/pnas.1117551109

Ma, Z., Zhang, E., Yang, D., and Lu, M. (2015). Contribution of Toll-like
receptors to the control of hepatitis B virus infection by initiating antiviral
innate responses and promoting specific adaptive immune responses.Cell. Mol.

Immunol. 12, 273–282. doi: 10.1038/cmi.2014.112
Ma, C., Zhao, L.-L., Zhao, H.-J., Cui, J.-W., Li, W., and Wang, N.-Y. (2018).

Lentivirus-mediated MDA7/IL24 expression inhibits the proliferation
of hepatocellular carcinoma cells. Mol. Med. Rep. 17, 5764–5773.
doi: 10.3892/mmr.2018.8616

Martin, N. M., and Griffin, D. E. (2017). Interleukin-10 modulation of virus
clearance and disease in mice with alphaviral encephalomyelitis. J. Virol.
92:e01517-17. doi: 10.1128/jvi.01517-17

Martin, J. C., Wolk, K., Bériou, G., Abidi, A., Witte-Händel, E., Louvet, C., et al.
(2017). Limited presence of IL-22 binding protein, a natural IL-22 inhibitor,
strengthens psoriatic skin inflammation. J. Immunol. 198, 3671–3678.
doi: 10.4049/jimmunol.1700021

Martinez Doncel, A., Rubio, A., Arroyo, R., de las Heras, V., Martín, C.,
Fernandez-Arquero,M., et al. (2002). Interleukin-10 polymorphisms in spanish
multiple sclerosis patients. J. Neuroimmunol. 131, 168–172. doi: 10.1016/s0165-
5728(02)00248-5

McKimmie, C. S., and Fazakerley, J. K. (2005). In response to pathogens, glial
cells dynamically and differentially regulate Toll-like receptor gene expression.
J. Neuroimmunol. 169, 116–125. doi: 10.1016/j.jneuroim.2005.08.006

Mingomataj, E., and Bakiri, A. H. (2016). Regulator versus effector paradigm:
interleukin-10 as indicator of the switching response. Clin. Rev. Allergy

Immunol. 50, 97–113. doi: 10.1007/s12016-015-8514-7
Minkiewicz, J., de Rivero Vaccari, J. P., and Keane, R.W. (2013). Human astrocytes

express a novel NLRP2 inflammasome. Glia 61, 1113–1121. doi: 10.1002/glia.
22499

Mino, T., and Takeuchi, O. (2013). Post-transcriptional regulation of cytokine
mRNA controls the initiation and resolution of inflammation. Biotechnol.
Genet. Eng. Rev. 29, 49–60. doi: 10.1080/02648725.2013.801236

Moidunny, S., Matos, M., Wesseling, E., Banerjee, S., Volsky, D. J., Cunha, R. A.,
et al. (2016). Oncostatin M promotes excitotoxicity by inhibiting glutamate
uptake in astrocytes: implications in HIV-associated neurotoxicity.
J. Neuroinflammation 13:144. doi: 10.1186/s12974-016-0613-8

Molina-Holgado, E., Vela, J. M., Arévalo-Martin, A., and Guaza, C. (2001).
LPS/IFN-g cytotoxicity in oligodendroglial cells: role of nitric oxide and
protection by the anti-inflammatory cytokine IL-10. Eur. J. Neurosci. 13,
493–502. doi: 10.1046/j.0953-816x.2000.01412.x

Moore, K. W., de Waal Malefyt, R., Coffman, R. L., and O’Garra, A. (2001).
Interleukin-10 and the interleukin-10 receptor. Annu. Rev. Immunol. 19,
683–765. doi: 10.1146/annurev.immunol.19.1.683

Moser, D. M., and Zhang, X. (2008). Interleukin 10: new perspectives on an
old cytokines. Immunol. Rev. 226, 205–218. doi: 10.1111/j.1600-065x.2008.
00706.x

Myhr, K. M., Vågnes, K. S., Marøy, T. H., Aarseth, J. H., Nyland, H. I., and
Vedeler, C. A. (2002). Interleukin-10 promoter polymorphisms in patients
with multiple sclerosis. J. Neurol. Sci. 202, 93–97. doi: 10.1016/s0022-
510x(02)00246-0

Myles, I. A., Fontecilla, N. M., Valdez, P. A., Vithayathil, P. J., Naik, S.,
Belkaid, Y., et al. (2013). Signaling via the IL-20 receptor inhibits cutaneous
production of IL-1 b and IL-17A to promote infection with methicillin-
resistant Staphylococcus aureus. Nat. Immunol. 14, 804–811. doi: 10.1038/
ni.2637

Newton, A. H., Cardani, A., and Braciale, T. J. (2016). The host immune response
in respiratory virus infection: balancing virus clearance and immunopathology.
Semin. Immunopathol. 38, 471–482. doi: 10.1007/s00281-016-0558-0

Nikfarjam, B. A., Ebtekar, M., Sabouni, F., Pourpak, Z., and Kheirandish, M.
(2014). Detection of Interleukin-19 mRNA in C57BL/6 mice astroglial cells and
brain cortex. Basic Clin. Neurosci. 5, 88–95.

Norden, D. M., Fenn, A. M., Dugan, A., and Godbout, J. P. (2014). TGFβ
produced by IL-10 re-directed astrocytes attenuates microglial activation. Glia
62, 881–895. doi: 10.1002/glia.22647

O’Neill, E. J., Day, M. J., and Wraith, D. C. (2006). IL-10 is essential for disease
protection following intranasal peptide administration in the C57BL/6 model
of EAE. J. Neuroimmunol. 178, 1–8. doi: 10.1016/j.jneuroim.2006.05.030

Ouyang, W., Rutz, S., Crellin, N. K., Valdez, P. A., and Hymowitz, S. G. (2011).
Regulation and functions of the IL-10 family of cytokines in inflammation
and disease. Annu. Rev. Immunol. 29, 71–109. doi: 10.1146/annurev-immunol-
031210-101312

Papandreou, A., Hedrera-Fernandez, A., Kaliakatsos, M., Chong, W. K., and
Bhate, S. (2016). An unusual presentation of paediatric Listeria meningitis
with selective spinal grey matter involvement and acute demyelinating
polyneuropathy. Eur. J. Paediatr. Neurol. 20, 196–199. doi: 10.1016/j.ejpn.2015.
08.004

Park, K. W., Lee, H. G., Jin, B. K., and Lee, Y. B. (2007). Interleukin-10
endogenously expressed in microglia prevents lipopolysaccharide-induced
neurodegeneration in the rat cerebral cortex in vivo. Exp. Mol. Med. 39,
812–819. doi: 10.1038/emm.2007.88

Parrish-Novak, J., Xu, W., Brender, T., Yao, L., Jones, C., West, J., et al. (2002).
Interleukins 19, 20, and 24 signal through two distinct receptor complexes:
differences in receptor-ligand interactions mediate unique biological functions.
J. Biol. Chem. 277, 47517–47523. doi: 10.1074/jbc.M205114200

Patial, S., Curtis, A. D. II., Lai, W. S., Stumpo, D. J., Hill, G. D., Flake, G. P.,
et al. (2016). Enhanced stability of tristetraprolin mRNA protects mice against
immune-mediated inflammatory pathologies. Proc. Natl. Acad. Sci. U S A 113,
1865–1870. doi: 10.1073/pnas.1519906113

Pelegrín, I., Moragas, M., Suárez, C., Ribera, A., Verdaguer, R., Martínez-
Yelamos, S., et al. (2014). Listeria monocytogenes meningoencephalitis in
adults: analysis of factors related to unfavourable outcome. Infection 42,
817–827. doi: 10.1007/s15010-014-0636-y

Pena-Philippides, J. C., Yang, Y., Bragina, O., Hagberg, S., Nemoto, E., and
Roitbak, T. (2014). Effect of pulsed electromagnetic field (PEMF) on infarct
size and inflammation after cerebral ischemia in mice. Transl. Stroke Res. 5,
491–500. doi: 10.1007/s12975-014-0334-1

Perriard, G., Mathias, A., Enz, L., Canales, M., Schluep, M., Gentner, M.,
et al. (2015). Interleukin-22 is increased in multiple sclerosis patients and
targets astrocytes. J. Neuroinflammation 12:119. doi: 10.1186/s12974-015-
0335-3

Persaud, L., De Jesus, D., Brannigan, O., Richiez-Paredes, M., Huaman, J.,
Alvarado, G., et al. (2016). Mechanism of action and applications of interleukin
24 in immunotherapy. Int. J. Mol. Sci. 17:E869. doi: 10.3390/ijms17060869

Persson, M., Brantefjord, M., Hansson, E., and Rönnbäck, L. (2005).
Lipopolysaccharide increases microglial GLT-1 expression and glutamate
uptake capacity in vitro by a mechanism dependent on TNF-α. Glia 51,
111–120. doi: 10.1002/glia.20191

Persson, M., Brantefjord, M., Liljeqvist, J., Bergström, T., Hannson, E., and
Rönnbäck, L. (2007). Microglial GLT-1 is upregulated in response to herpes
simplex virus infection to provide an antiviral defence via glutathione. Glia 55,
1449–1458. doi: 10.1002/glia.20560

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 November 2018 | Volume 12 | Article 458

https://doi.org/10.1534/genetics.107.073536
https://doi.org/10.1084/jem.20061308
https://doi.org/10.1084/jem.20061308
https://doi.org/10.1371/journal.pone.0081218
https://doi.org/10.1002/glia.20968
https://doi.org/10.1186/1756-6606-6-40
https://doi.org/10.1186/s12941-015-0078-0
https://doi.org/10.1186/s12941-015-0078-0
https://doi.org/10.1073/pnas.1117551109
https://doi.org/10.1038/cmi.2014.112
https://doi.org/10.3892/mmr.2018.8616
https://doi.org/10.1128/jvi.01517-17
https://doi.org/10.4049/jimmunol.1700021
https://doi.org/10.1016/s0165-5728(02)00248-5
https://doi.org/10.1016/s0165-5728(02)00248-5
https://doi.org/10.1016/j.jneuroim.2005.08.006
https://doi.org/10.1007/s12016-015-8514-7
https://doi.org/10.1002/glia.22499
https://doi.org/10.1002/glia.22499
https://doi.org/10.1080/02648725.2013.801236
https://doi.org/10.1186/s12974-016-0613-8
https://doi.org/10.1046/j.0953-816x.2000.01412.x
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1111/j.1600-065x.2008.00706.x
https://doi.org/10.1111/j.1600-065x.2008.00706.x
https://doi.org/10.1016/s0022-510x(02)00246-0
https://doi.org/10.1016/s0022-510x(02)00246-0
https://doi.org/10.1038/ni.2637
https://doi.org/10.1038/ni.2637
https://doi.org/10.1007/s00281-016-0558-0
https://doi.org/10.1002/glia.22647
https://doi.org/10.1016/j.jneuroim.2006.05.030
https://doi.org/10.1146/annurev-immunol-031210-101312
https://doi.org/10.1146/annurev-immunol-031210-101312
https://doi.org/10.1016/j.ejpn.2015.08.004
https://doi.org/10.1016/j.ejpn.2015.08.004
https://doi.org/10.1038/emm.2007.88
https://doi.org/10.1074/jbc.M205114200
https://doi.org/10.1073/pnas.1519906113
https://doi.org/10.1007/s15010-014-0636-y
https://doi.org/10.1007/s12975-014-0334-1
https://doi.org/10.1186/s12974-015-0335-3
https://doi.org/10.1186/s12974-015-0335-3
https://doi.org/10.3390/ijms17060869
https://doi.org/10.1002/glia.20191
https://doi.org/10.1002/glia.20560
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Burmeister and Marriott The Role of the IL-10 Family in the CNS

Ponomarev, E. D., Veremeyko, T., Barteneva, N., Krichevsky, A. M., and
Weiner, H. L. (2011). MicroRNA-124 promotes microglia quiescence and
suppresses EAE by deactivating macrophages via the C/EBP-α-PU.1 pathway.
Nat. Med. 17, 64–70. doi: 10.1038/nm.2266

Qian, L., Wei, S.-J., Zhang, D., Hu, X., Xu, Z., Wilson, B., et al. (2008). Potent
anti-inflammatory and neuroprotective effects of TGF- 1 are mediated through
the inhibition of ERK and p47phox-Ser345 phosphorylation and translocation
in microglia. J. Immunol. 181, 660–668. doi: 10.4049/jimmunol.181.1.660

Qin, Z., Wang, P.-Y., Su, D.-F., and Liu, X. (2016). miRNA-124 in immune system
and immune disorders. Front. Immunol. 7:406. doi: 10.3389/fimmu.2016.00406

Rasley, A., Tranguch, S. L., Rati, D. M., and Marriott, I. (2006). Murine
glia express the immunosuppressive cytokine, interleukin-10, following
exposure to Borrelia burgdorferi or Neisseria meningitidis. Glia 53, 583–592.
doi: 10.1002/glia.20314

Reiss-Mandel, A., Rubin, C., Zayoud, M., Rahav, G., and Regev-Yochay, G.
(2018). Staphylococcus aureus colonization induces strain-specific suppression
of interleukin-17. Infect. Immun. 86:e00834-17. doi: 10.1128/iai.00834-17

Rodriguez-Mercado, R., Ford, G. D., Xu, Z., Kraiselburd, E. N., Martinez, M. I.,
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