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Murine astrocytes produce IL-24 and are

susceptible to the immunosuppressive
effects of this cytokine
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Abstract

Background: Glia are key regulators of inflammatory responses within the central nervous system (CNS) following
infection or trauma. We have previously demonstrated the ability of activated glia to rapidly produce pro-
inflammatory mediators followed by a transition to an anti-inflammatory cytokine production profile that includes
the immunosuppressive cytokine interleukin (IL)-10 and the closely related cytokine IL-19. IL-24, another member of
the IL-10 family, has been studied in a number of inflammatory conditions in the periphery and is known to
modulate immune cell activity. However, the ability of glia to produce IL-24 remains unclear and the effects of this
pleiotropic cytokine on glial immune functions have not been investigated.

Methods: In this study, we have assessed whether primary murine glia produce IL-24 following stimulation and
evaluated the effect of this cytokine on the immune responses of such cells. We have utilized RT-PCR and
immunoblot analyses to assess the expression of IL-24 and its cognate receptors by astrocytes following challenge
with bacteria or their components. Furthermore, we have determined the effect of recombinant IL-24 on astrocyte
immune signaling and responses to clinically relevant bacteria using RT-PCR and specific capture ELISASs.

Results: We demonstrate that astrocytes express IL-24 mRNA and release detectable amounts of this cytokine
protein in a delayed manner following bacterial challenge. In addition, we have determined that glia constitutively
express the cognate receptors for IL-24 and show that such expression can be increased in astrocytes following
activation. Importantly, our results indicate that IL-24 exerts an immunosuppressive effect on astrocytes by elevating
suppressor of cytokine signaling 3 expression and limiting IL-6 production following challenge. Furthermore, we
have demonstrated that IL-24 can also augment the release of IL-10 by bacterially challenged astrocytes and can
induce the expression of the potentially neuroprotective mediators, glutamate transporter 1, and cyclooxygenase 2.

Conclusions: The expression of IL-24 and its cognate receptors by astrocytes following bacterial challenge, and the
ability of this cytokine to limit inflammatory responses while promoting the expression of immunosuppressive and/
or neuroprotective mediators, raises the intriguing possibility that IL-24 functions to regulate or resolve CNS
inflammation following bacterial infection in order to limit neuronal damage.
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Background

Glial cells rapidly respond to invading pathogens by the
production of an array of inflammatory mediators that
include chemokines and cytokines. Such responses influ-
ence the integrity of the blood—brain barrier and serve
to recruit leukocytes and activate them upon arrival at
the site of infection [1, 2]. However, such responses can
be detrimental if they are too severe or sustained, and
this is of particular concern within the confines of the
central nervous system (CNS). To limit the detrimental
effects of inflammation, cell responses transition to a
resolving phenotype that is typically characterized by a
change in the cytokine production profile [3-6]. At
peripheral sites, such compensatory anti-inflammatory
responses are associated with the production of key im-
munosuppressive cytokines including IL-10 [7], and ele-
vations in the level of this cytokine accompany host
protection following bacterial or viral infection of the
CNS [8, 9]. Indeed, we have previously demonstrated
that both microglia and astrocytes show delayed expres-
sion of IL-10 following challenge with clinically relevant
bacterial pathogens that functions to limit the inflamma-
tory responses of these cells [10].

IL-10 acts on cells that express its heterodimeric
receptor and elevates the expression of known
anti-inflammatory response gene products, such as sup-
pressor of cytokine signaling 3 (SOCS3). This molecule
then inhibits the signaling cascade of members of the
pro-inflammatory IL-6 cytokine family [11, 12]. How-
ever, it is now recognized that IL-10 is just one member
of a family of cytokines that includes IL-19, IL-20, IL-22,
IL-24, and IL-26 [13], which are grouped together based
upon their structural homology and sharing of common
receptor subunits. Unlike IL-10, the functions of these
other family members are not as well defined in general,
and their role in the CNS is largely unknown. Interest-
ingly, we have demonstrated that IL-19, like IL-10, is
expressed in a delayed manner by astrocytes following
bacterial challenge and acts on glial cells in an immuno-
suppressive manner [14].

IL-24 (also known as melanoma differentiation associ-
ated gene 7; MDA-7) has been shown to be expressed in
the CNS following RNA virus infection [15], but its func-
tion has not been determined. At peripheral sites, IL-24
has been shown to be pleiotropic with diverse functions
depending on the target cell type and disease state [13]. It
was first shown to induce melanoma cell apoptosis but
has since been identified to contribute to both pro- and
anti-inflammatory immune responses [16—19]. Like other
members of the IL-10 family, IL-24 has been shown to be
upregulated in patients suffering from disorders associated
with chronic inflammation, including inflammatory bowel
disease and psoriasis [13, 20, 21]. Furthermore, transgenic
mice overexpressing IL-24 have been shown to develop
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psoriasis-like skin lesions, exhibiting thickening of the epi-
dermis and monocyte infiltration [22, 23]. In contrast,
Staphylococcus aureus skin infections in mice are associ-
ated with increased local IL-24 expression, and this cyto-
kine was implicated in decreased levels of the
pro-inflammatory cytokines IL-1p and IL-17 at sites of in-
fection [21]. Furthermore, in the same study, it was dem-
onstrated that IL-24 increases infection severity,
consistent with an immunosuppressive role for this IL-10
family member [21].

In the present study, we have investigated the ability of
primary murine glial cells to produce IL-24 and to re-
spond to this cytokine. We demonstrate that astrocytes
express IL-24 in a delayed manner in response to chal-
lenge with bacteria or their components. In addition, we
have shown that glia constitutively express IL-24 recep-
tors, and such expression is elevated in astrocytes follow-
ing bacterial infection. Importantly, we have demonstrated
that IL-24 inhibits the production of inflammatory cyto-
kines by astrocytes and promotes the potentially neuro-
protective functions of this cell type. Together, these data
support a role for IL-24 in limiting detrimental inflamma-
tory immune responses to CNS infection.

Methods

Bacterial propagation

Neisseria meningitidis strain MC58 (ATCC BAA-335) was
grown on Columbia agar plates supplemented with 5% de-
fibrinated sheep blood (BD, Franklin Lakes, NJ) and cul-
tured in Columbia broth (BD Biosciences, San Jose, CA)
on an orbital rocker at 37 °C with 5% CO, overnight prior
to in vitro challenge. A clinical isolate of Streptococcus
pneumoniae strain CDC CS109 (ATCC 51915) was grown
on commercially available trypticase soy agar with 5%
sheep blood (BD Biosciences) and cultured overnight in
tryptic soy broth in a similar manner to that described for
N. meningitidis. Staphylococcus aureus strain UAMS-1
(ATCC 49230) was grown from frozen stock on lysogeny
broth (LB) agar plates then cultured in tryptic soy broth
overnight as described above. The number of colony form-
ing units (CFU) for each bacterial species were determined
by spectrophotometry using a Genespec3 spectrophotom-
eter (MiraiBio Inc., Alameda CA).

Intracranial bacterial administration

For in vivo experiments mice were uninfected or in-
fected with S. pneumoniae. Bacteria was grown in a li-
quid culture prior to harvesting by centrifugation and
washed in PBS. Three 6—8-week-old female C57BL/6]
mice (Jackson Laboratories) were infected with bacteria
via intracerebral (i.c.) injection of 1 x 10" bacteria as pre-
viously described [14]. Mice were monitored and
weighed twice per day and at 72h post-infection,
animals were euthanized, and whole brain tissue was
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isolated for analysis. Two female C57BL/6] mice were
used as uninfected controls. All studies were performed
in accordance with relevant federal guidelines and insti-
tutional policies regarding the use of animals for re-
search purposes.

Murine glial cell isolation and culture
Primary murine glial cells were isolated as described pre-
viously by our laboratory [1, 14, 24, 25]. Briefly, six to
eight neonatal C57BL/6] mouse brains per preparation
were dissected free of meninges and large blood vessels
and finely minced with sterile surgical scissors. The
minced tissue was then forced through a wire screen and
briefly incubated with 0.25% trypsin 1mM EDTA in
serum-free RPMI 1640 medium for 5 min. The cell sus-
pension was then washed, and this mixed glial culture was
maintained in RPMI 1640 containing 10% fetal bovine
serum (FBS) and penicillin-streptomycin mix for 2 weeks.
Astrocytes were isolated from mixed glial cultures
by mild trypsinization (0.25% trypsin-1 mM EDTA for
20 min) in the absence of FBS as previously described
[25, 26]. The remaining intact layer of adherent cells
was demonstrated to be >98% microglia by immuno-
histochemical staining for the microglial surface
marker CD11b [25, 26], and the isolated astrocytes
were determined to be >96% pure based on morpho-
logical characteristics and the expression of the astro-
cyte marker glial fibrillary acidic protein (GFAP) as
determined by immunofluorescence microscopy [26].
Microglia were maintained for 1week in RPMI 1640
with 10% FBS and 20% conditioned medium from
LADMAC cells (ATCC number CRL-2420), a murine
monocyte-like cell line that secretes colony stimulat-
ing factor-1 (CSF-1) [14], while astrocytes were cul-
tured in RPMI 1640 containing 10% FBS. All studies
were performed in accordance with relevant federal
guidelines and institutional policies regarding the use
of animals for research purposes.

In vitro bacterial infection of isolated glial cells and

exposure to bacterial components and recombinant IL-24
Glial cells were exposed to bacteria at multiplicities of in-
fection (MOI) of 1:1, 1:10, or 1:50 glia to bacteria in
antibiotic-free medium for 2h at 37°C with 5% CO,.

Table 1 PCR primer sequences utilized
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These doses were employed as these bacterial numbers
are within the range previously reported for the cerebral
spinal fluid of children with bacterial meningitis [27]. Fol-
lowing this incubation period, complete RPMI 1640 media
supplemented with 10% FBS and penicillin-streptomycin
(MilliporeSigma, St. Louis, MO) was added to kill extra-
cellular bacteria [14]. Alternatively, glial cells were ex-
posed to bacterial lipopolysaccharide (LPS) isolated from
Escherichia coli (MilliporeSigma), Pam3Cys-Ser-(Lys)4
(Pam3Cys; InvivoGen, San Diego, CA), bacterial flagellin
isolated from Salmonella typhimurium strain 14028
(Enzolife Sciences, Farmingdale, NY), or polyinosinic—
polycytidylic acid (polyl:C; MilliporeSigma). In some
studies, glial cells were also treated with commercially
available recombinant murine IL-24 protein (R&D Sys-
tems, Minneapolis, MN) at concentrations of 10, 30, or
100 ng/ml. At the indicated time points following chal-
lenge and/or IL-24 treatment, whole cell protein lysates
were collected and RNA was isolated for immunoblot
analysis and RT-PCR, respectively.

RNA extraction and semi-quantitative reverse
transcription PCR (RT-PCR)

Total RNA was isolated from cultured glial cells using
Trizol Reagent (Thermo Fisher Scientific) according to
the manufacturer’s instructions and quantified using a
Nanodrop ND-1000 spectrophotometer. All RNA sam-
ples were diluted to the same concentration and reverse
transcribed in the presence of random hexamers using
200 U of RNase H minus Moloney leukemia virus reverse
transcriptase (Promega, Madison, WI) in the buffer
supplied by the manufacturer. Semi-quantitative RT-PCR
was performed on 5% of the reverse-transcribed cDNA
product to assess the relative levels of expression of
mRNA-encoding IL-24, interleukin 22 receptor «
(IL-22Ra), cyclooxygenase 2 (COX2), glutamate trans-
porter 1 (GLT-1), suppressor of cytokine signaling 3
(SOCS3), and the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH). Primers were de-
signed spanning multiple exons using either Primer-
BLAST (National Center for Biotechnology Information,
Bethesda, MD) or Primer3 web interface [28] and are
shown in Table 1. RT-PCR products were separated by
electrophoresis on 1.5% agarose gels and imaged using

mRNA Forward primer (5"-3) Reverse primer (5-3")

IL-24 CTGGACTGTGAAGAACACTGTGCA GTCCAGCCCAAAGGCTTTCAC
IL-22Ra TGACTGATCGTTTCAGCTCGCTGC GGAGTCAGGCCAAGGAACTCGTAT
COX2 TCAGCCAGGCAGCAAATCCTTG TAGTCTCTCCTATGAGTATGAGTC
GLT-1 CAAGTCTGAGCTGGACACCA GGCTGAGAATCGGGTCATTA
SOCS3 TTTCGCTTCGGGACTAGC CGCTCAACGTGAAGAAGTG

GAPDH

CCATCACCATCTTCCAGGAGCGAG

CACAGTCTTCTGGGTGGCAGTGAT
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Bio-Rad EZ imaging system and densitometric analysis
was performed using Imagelab software (Bio-Rad,
Hercules, CA). In addition, real-time RT-PCR was per-
formed to quantify IL-24 mRNA expression using a Quan-
tiTect SYBR Green approach (Qiagen, Valencia, CA) on a
7500 Fast Real-Time PCR machine (Life Technologies) ac-
cording to the manufacturer’s protocol and as described
previously by our laboratory [25].

Immunoblot analysis

Immunoblot analyses for the presence of secreted IL-24
in cell culture medium and IL-22Ra, phospho-signal
transducer and activator of transcription 1 (pSTAT1),
pSTAT3, and SOCS3 in whole cell protein isolates
were performed as described previously by our labora-
tory [1, 10, 29]. After incubation with a rat monoclonal
IgG antibody directed against mouse IL-24 (Clone
303308; R&D Systems), a rat monoclonal IgG for mur-
ine IL-22Ra (Clone 496504; R&D Systems), a rabbit
monoclonal IgG antibody directed against mouse
pSTAT1 (Clone 58D6; Cell Signaling), a rabbit mono-
clonal IgG antibody directed against mouse pSTAT3
(Clone D3A7; Cell Signaling), or a mouse monoclonal
IgG directed against mouse SOCS3 (Clone 1B2; Milli-
poreSigma) for 24 h at 4 °C, blots were washed and in-
cubated in the presence of appropriate horseradish
peroxidase-conjugated secondary antibodies. Bound
enzyme was detected with Advansta Western Bright
enhanced chemiluminescence reagent (Advansta,
Menlo Park, CA) with a Bio-Rad ChemiDoc imaging
system (Bio-Rad, Hercules, CA). To assess total pro-
tein loading in each well, immunoblots were re-probed
with a mouse monoclonal antibody directed against
B-actin (Abcam, Cambridge MA) or an irrelevant pro-
tein on Coomassie Blue stained gels was used as a
loading control. Immunoblots shown are representa-
tive of at least three separate experiments and Image-
Lab software (Bio-Rad) was used for densitometric
analysis. IL-24, IL-22Ra, and SOCS3 levels are re-
ported relative to levels in unstimulated cells normal-
ized to B-actin expression.

Quantification of IL-6, IL-10, and TNF-a in glial cell culture
supernatants

Specific capture ELISAs were performed to quantify the
release of murine IL-6, IL-10, and TNF-a. Commercially
available Duoset® ELISA kits were used to measure IL-10
and TNF-a secretion (R&D Systems), while murine IL-6
secretion was measured using a rat anti-mouse IL-6 cap-
ture antibody (Clone MP5-20F3) and a biotinylated rat
anti-mouse IL-6 detection antibody (Clone MP5-C2311)
(BD Biosciences). Bound antibody was detected by
addition of streptavidin-horseradish peroxidase (BD Bio-
sciences). After addition of TMB substrate and H,SO,
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stop solution, absorbances were measured at 450 nm
using a Tecan Sunrise™ (Tecan Group, Méinnedorf,
Switzerland) microplate reader. A standard curve was
constructed using varying dilutions of recombinant cyto-
kines (BD Biosciences), and the cytokine content of cul-
ture supernatants determined by extrapolation of
absorbances to the standard curve.

Cell viability assay

Cell viability was assessed at 48 h following treatment with
recombinant IL-24 and/or bacterial challenge with a
CellTiter96°AQueous cell proliferation assay (3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-terazolium, MTS) according to the manuf
acturer’s protocol (Promega, Madison, WI), and absorb-
ance values were quantified using a microplate reader at
490 nm. As a positive control, glial cells were treated with
0.1% Triton X-100.

Statistical analysis

Data is presented as the mean + standard error of the
mean (SEM). Statistical analyses were performed using
Student’s ¢ test or one-way analysis of variance
(ANOVA) with Tukey’s post hoc test using commercially
available software (GraphPad Prism, GraphPad Software,
La Jolla, CA). In all experiments, results were considered
statistically significant when a P value of less than 0.05
was obtained.

Results

IL-24 is expressed by murine glial cells following bacterial
stimulation

To begin to assess whether cells within the CNS can ex-
press IL-24, we have determined whether mRNA encod-
ing IL-24 is present in the CNS either constitutively or
following bacterial infection. As shown in Fig. 1, mRNA
encoding IL-24 was not detectable in the brains of unin-
fected mice as determined by semi-quantitative RT-PCR.
However, IL-24 mRNA expression, albeit with high vari-
ability, was discernable in the brains of all infected ani-
mals at 72h following direct intracranial bacterial
administration (Fig. 1).

To determine whether the presence of IL-24 mRNA in
the brain following in vivo infection is due to the expres-
sion of this cytokine by glial cells, we have assessed the
in vitro IL-24 expression in isolated primary murine as-
trocytes and microglia by semi-quantitative and quanti-
tative real-time RT-PCR. As shown in Fig. 2a, murine
astrocytes constitutively express low levels of IL-24
mRNA but challenge with bacterial LPS elicited marked
increases in IL-24 mRNA expression. Such a response
was not limited to this TLR4 ligand as 6-h exposure to
the TLR2 ligand Pam3Cys and, to a lesser extent, the
TLR3 ligand polyl:C also elicited significant increases in
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Fig. 1 IL-24 mRNA expression is induced in the CNS of mice
following in vivo bacterial infection. Wild type C57BL/6J mice were
uninfected (control, animal numbers 1 and 2) or infected by direct
intracranial administration with Streptococcus pneumoniae (1 x 107
bacteria, animal numbers 3-6). At 72 h following infection, whole
brain tissue was collected and expression of mRNA encoding for
IL-24 was determined by semi-quantitative RT-PCR, and C57BL/6J
mouse whole thymus tissue was used as a positive control (+).
Relative IL-24 mRNA expression was determined by densitometric
analysis and normalized to the level of the housekeeping gene
GAPDH, and all data points and the mean are shown

IL-24 mRNA levels in astrocytes (Fig. 2b). However, the
TLR5 ligand, flagellin, failed to induce IL-24 mRNA ex-
pression suggesting at least some specificity in the IL-24
mRNA responses to TLR ligands (Fig. 2b). In addition,
we have determined that exposure to intact viable bac-
teria can similarly induce IL-24 expression with the
demonstration that N. meningiditis elicits a significant
increase in IL-24 mRNA levels in astrocytes at 6 h fol-
lowing bacterial challenge (Fig. 3a). Similar to astrocytes,
murine microglia constitutively express little to no mRNA
encoding IL-24, but exposure to bacteria elicits discern-
able increases in IL-24 mRNA expression, although the
responses to Gram-positive species S. aureus and S. pneu-
moniae were far more modest than that seen for the
Gram-negative organism N. meningitidis (Fig. 3b).
Consistent with the low levels of IL-24 mRNA expres-
sion observed, resting astrocytes (Fig. 3c) and microglia
(data not shown) demonstrated only limited IL-24 pro-
tein production as determined by immunoblot analysis.
Exposure to N. meningitidis induced detectable, but
highly variable, increases in IL-24 protein production by
astrocytes that approached statistical significance at 24 h
following bacterial challenge (Fig. 3c), with approxi-
mately 400 pg/ml produced as estimated by comparison

6 A
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1

Relative IL-24
mRNA expression
N

o
1

0 5 25 05 1
PAM PIC

Fig. 2 Primary murine astrocytes express IL-24 following exposure to
bacterial ligands for certain toll-like receptors. a Murine astrocytes
were either unstimulated or challenged with LPS (5 ng/ml) for 6, 12,
or 24 h, and IL-24 mRNA expression was determined by semi-
quantitative (top) and real-time quantitative (bottom) RT-PCR.
Expression of GAPDH mRNA housekeeping gene product is included
and the image shown is representative of at least three
independent experiments. Below, real-time RT-PCR data is shown as
mean fold increases in product + the SEM of three independent
experiments and an asterisk indicates a statistically significant
difference from unchallenged cells (p < 0.05). b Astrocytes were
either unchallenged or challenged with TLR ligands; flagellin (50 and
100 ng/mL; FLG), the lipoprotein Pam3Cys (5 and 25 ng/mL; PAM), or
dsRNA polyinosinic:polycytidylic acid (0.5 or 1 pg/mL; PIC) for 6 h, and
IL-24 mRNA expression was determined by semi-quantitative RT-PCR.
Expression of the housekeeping gene GAPDH is shown, and relative
IL-24 mRNA expression was determined by densitometric analysis and
normalized to unchallenged cells. Murine whole thymus tissue was
used as a positive control for IL-24 expression (+). Asterisks denote
statistical significance compared to unchallenged cells (p < 0.05)

with immunoblots of standards at known concentra-
tions. Interestingly, no such increases in IL-24 protein
production were detectable in murine microglia (data
not shown).
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Fig. 3 Primary murine glia express IL-24 following bacterial
challenge. a Astrocytes were uninfected or infected with Neisseria
meningitidis (Nm) at MOI of 1 or 10 bacteria to glia for 6 h prior to
RNA collection. IL-24 and GAPDH mRNA expression was determined
by semi-quantitative RT-PCR, and the average of three separate
experiments is shown as mean relative gene expression as
determined by densitometric analysis normalized to the expression
of the housekeeping gene GAPDH + SEM. b Isolated primary murine
microglia were uninfected or infected with N. meningitidis,
Staphylococcus aureus (Sa), or S. pneumoniae (Sp) (MOI of 10:1
bacteria to microglia) for 8 h prior to RNA isolation. C57BL/6J thymus
tissue was used as a positive control. Relative IL-24 gene expression
was determined by densitometric analysis normalized to GAPDH
gene expression and is depicted as the mean of three individual
experiments + SEM. ¢ Astrocytes were uninfected or infected with N.
meningitidis for 24 or 48 h prior to immunoblot analysis of cell
medium IL-24 protein content. Expression of an irrelevant protein is
shown as a loading control (Ic), and the relative IL-24 expression was
determined by densitometric analysis and normalized to untreated
cells. Data is expressed as the mean + the SEM of three
independent experiments. Asterisk indicates a statistical significance

compared to unchallenged cells (p < 0.05)

Primary murine glia express IL-24 receptor subunits

IL-24 elicits cellular responses via Type I and Type II re-
ceptors that are composed of IL-20Ra/IL-20RB and
IL-22Ra/IL-20Rp subunits, respectively [30]. We have
previously demonstrated that murine astrocytes can
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express both IL-20Ra and IL-20Rf, while microglia ex-
press IL-20Rp but not IL-20Ra [14]. Here, we have de-
termined whether murine glia also express IL-22Ra. As
shown in Fig. 4a, primary murine astrocytes constitu-
tively express mRNA encoding IL-22Ra and have low
level protein expression of this receptor subunit at rest.
However, such expression was elevated following stimu-
lation with LPS (Fig. 4a) or challenge with N. meningidi-
tis or S. pneumoniae (Fig. 4b). Interestingly, and in
contrast to IL-20Ra, primary murine microglia constitu-
tively expressed robust levels of IL-22Ra protein, and
such expression was not elevated further following chal-
lenge with either Gram-negative or Gram-positive bac-
terial species (Fig. 4c).

IL-24 augments the expression of suppressive cytokine
signaling components and limits inflammatory cytokine
production by activated astrocytes

Having established the ability of astrocytes to express re-
ceptors for IL-24, we next assessed the effects of this
cytokine on astrocyte immune functions. As shown in
Fig. 5a, treatment of astrocytes with recombinant IL-24
elicited the activation of STAT3, but not STAT1, within
30 min. Similarly, rIL-24 elicited a rapid but transient in-
crease in the expression of mRNA encoding the im-
munosuppressive signaling component SOCS3 in these
cells (Fig. 5b). Importantly, treatment with IL-24 for 8 h
induced significant increases in SOCS3 protein expres-
sion in astrocytes (Fig. 5c). In addition, while 12- or
18-h IL-24 treatment failed to elicit production of IL-6
(Fig. 5d) or TNF-a (data not shown) by these glial cells,
it significantly inhibited the production of this inflamma-
tory mediator by astrocytes at 12 h following LPS chal-
lenge (Fig. 5d) and reduced LPS-induced TNF-a
production, although this effect was not statistically sig-
nificant at this time point (data not shown). This effect
was not attributable to changes in astrocyte viability as
treatment with up to 100 ng/ml IL-24 for 48 h failed to
elicit significant effects on cell viability as assessed by
MTS assay (Fig. 5e). Together, these data are consistent
with an ability of IL-24 to suppress astrocyte inflamma-
tory responses.

IL-24 increases anti-inflammatory/neuroprotective
mediator expression by astrocytes

To further determine whether IL-24 promotes inflamma-
tory or protective murine astrocyte responses, we assessed
the effects of this cytokine on the expression of the im-
munosuppressive factor IL-10. As shown in Fig. 6a, N.
meningitidis elicits the delayed production of IL-10, with
low but detectable levels of this cytokine at 24 h following
infection consistent with our previous studies [10]. In con-
trast, IL-24 treatment alone failed to elicit IL-10 produc-
tion by astrocytes at either 24 or 48h (Fig. 6a).
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Fig. 4 Primary murine glia constitutively express the IL-22Ra subunit
of the Type Il receptor for IL-24. @ Murine astrocytes were
unstimulated or challenged with LPS (1 or 5 ng/ml) for 6 or 24 h,
and levels of mRNA encoding IL-22Ra and GAPDH were determined
by semi-quantitative RT-PCR. b Astrocytes were uninfected or
infected with N. meningitidis (Nm), S. aureus (Sa), or S. pneumoniae
(Sp) at MOI of 1, 10, or 50 bacteria to glia for 24 h prior to
immunoblot analysis for IL-22Ra expression. Expression of 3-actin is
shown as a loading control, and relative IL-22Ra expression was
determined by densitometric analysis and normalized to untreated
cells. Data is expressed as the mean + the SEM of 3 independent
experiments, and an asterisk indicates a statistically significant difference
from unchallenged cells (p < 0.05). ¢ Murine microglia were uninfected
or infected with N. meningitidis (Nm), S. aureus (Sa), or S. pneumoniae
(Sp) at MOI of 1, 10, or 50 bacteria to glia for 24 h prior to immunoblot
analysis for IL-22Ra expression. Expression of 3-actin is shown as a
loading control and relative IL-22Ra expression was determined by
densitometric analysis and normalized to untreated cells. Data is
expressed as the mean + the SEM of three independent experiments

Importantly, this cytokine significantly elevated the level
of IL-10 release by this cell type at 48 h after challenge
with N. meningitidis (Fig. 6a). We confirmed that such an
effect was not due to differences in cell number or survival
following bacterial challenge by MTS assay (Fig. 5d).
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Interestingly, we determined that IL-24 treatment also ele-
vates the expression of mRNA encoding GLT-1 (Fig. 6b), a
transporter for the potentially cytotoxic neurotransmit-
ter glutamate, and COX2 (Fig. 6¢), the enzyme respon-
sible for the production of prostaglandins that can act
in an anti-inflammatory manner. Together, these data
are consistent with an ability of IL-24 to promote pro-
tective/anti-inflammatory astrocyte responses to bacter-
ial pathogens.

Discussion

There is growing appreciation that activated glial cells not
only initiate inflammatory responses within the CNS, but
also play a critical role in limiting sustained and/or exces-
sive neuroinflammation. During the resolution phase of
normal host immune responses at peripheral sites, im-
munosuppressive cytokines and tissue repair factors are
produced that serve to prevent inflammatory damage [7].
Consistent with this, we have demonstrated that glial cells
produce the immunosuppressive cytokines IL-10 and
IL-19 in a delayed manner following bacterial challenge
[10, 14]. In the present study, we demonstrate that pri-
mary murine astrocytes can express another member of
the IL-10 family of cytokines, IL-24, at the level of both
mRNA expression and protein release, in a delayed man-
ner following exposure to bacteria or certain bacterial
components. Such a finding is consistent with one pub-
lished study by Das and coworkers [15] that showed ex-
pression of mRNA encoding this cytokine by murine
astrocytes following infection with Chikungunya virus.

In a previous study, we showed that murine and hu-
man astrocytes constitutively express both the IL-20Ra
and IL-20Rp heterodimeric subunits of the Type I IL-24
receptor [14]. Here, we have demonstrated that murine
astrocytes also constitutively express the IL-22Ra sub-
unit that, together with IL-20Rp, constitutes the Type II
receptor for this cytokine [13, 30-32]. Interestingly, such
constitutive expression can be elevated at the level of
mRNA or protein expression by exposure to LPS or bac-
terial infection. These findings are consistent with an
earlier study demonstrating that immortalized human
fetal astrocytes and a glioblastoma cell line express
mRNA encoding the three subunits that comprise the
Type I and II IL-24 receptors [33]. Such expression is in
contrast with microglia that we have shown to express
the IL-20Rp subunit but lack IL-20Ra and so fail to ex-
press the Type I IL-24 receptor [14]. However, in the
present study, we have demonstrated that microglia con-
stitutively express robust levels of the IL-22Ra subunit
protein that cannot be elevated further following bacter-
ial challenge. As such, this glial cell type can express the
Type II IL-24 receptor, and studies to assess the effect of
this cytokine on microglial functions are ongoing.
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IL-24, like IL-10, has been reported to exert pleio-
tropic effects that include an ability to both promote
and inhibit inflammation at peripheral sites such as the
skin [13, 21, 32]. In our previous studies, we have dem-
onstrated that IL-10 and IL-19 can limit inflammatory
mediator production by astrocytes following exposure to
clinically relevant bacterial pathogens [10, 14]. While
the delayed production of IL-24 by activated astro-
cytes is similar to the production of IL-10 and IL-19
by these cells following infection [10, 14] and is con-
sistent with a role in infection resolution, we have
directly assessed the effect of this cytokine on inflam-
matory astrocyte responses.

We have previously demonstrated that the immuno-
suppressive effects of IL-10 and IL-19 in astrocytes are
associated with the activation of STAT3 and the induc-
tion of expression of the feedback inhibitor, SOCS3,
which is a key inhibitor in the pro-inflammatory IL-6

signaling cascade [10, 14]. SOCS3 acts by directly inhi-
biting the Janus kinase/signal transducer and activator of
transcription (JAK/STAT) pathway of IL-6 by negatively
regulating gpl30-mediatiated STAT3 activation [12].
Here, we have shown that IL-24 elicits rapid STAT3 acti-
vation in astrocytes and also induces the expression of
SOCS3 in astrocytes, suggesting that IL-24 could simi-
larly play a role in limiting the inflammatory signaling of
IL-6 in this cell type. Furthermore, we have shown that
IL-24 fails to induce either IL-6 or TNF-a production by
unstimulated astrocytes but can significantly reduce IL-6
release by LPS challenged cells. Such a finding is similar
to the actions of IL-10 and IL-19 on activated astrocytes
[10, 14] and is consistent with an immunosuppressive ef-
fect of IL-24 on this resident CNS cell type.

To further determine whether IL-24 exerts pro-inflam-
matory or immunosuppressive effects on astrocytes, we
have investigated the ability of this cytokine to promote
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responses that could limit inflammatory damage and/or
protect neuronal function. We have found that, while IL-24
does not promote the release of the immunosuppressive
cytokine IL-10 by unstimulated astrocytes, it can signifi-
cantly augment the delayed production of this cytokine by
cells following bacterial challenge. Interestingly, we have
shown that IL-24 can also upregulate the expression of
other molecules that could be neuroprotective. GLT-1 func-
tions to reduce the level of free extracellular glutamate, and
protects neurons from excitotoxicity associated with exces-
sive or sustained elevations in the extracellular levels of this
neurotransmitter [34—36]. Here, we have shown that IL-24
can elicit a rapid increase in the level of expression of this
transporter offering another potential mechanism by which
this cytokine could confer neuroprotection. Finally, we have
determined that IL-24 can also elicit a rapid elevation in
the expression of COX2, an enzyme that is critically im-
portant for the production of a variety of prostaglandins.
While an induction in COX2 expression and activity is
often associated with inflammation, the roles of these medi-
ators are notoriously difficult to attribute definitively. In-
deed, numerous studies have described the ability of
prostaglandins such as PGD2 and even PGE2, to suppress

the inflammatory responses of glial cells [37-42]. As such,
it is possible that the ability of IL-24 to upregulate COX2
expression could result in the production of prostaglandins
that function to suppress inflammation, although further
studies will be required to confirm this hypothesis.

Conclusions

Taken together, these studies have determined that pri-
mary astrocytes can express [L-24 in a delayed manner
in response to bacterial challenge. Furthermore, this
major glial cell population is responsive to this novel
IL-10 family member as it expresses the subunits that
constitute both cognate Type I and Type II receptors for
IL-24. Importantly, our results indicate that IL-24, like
IL-10 and IL-19, may function to limit the inflammatory
responses of astrocytes to bacterial pathogens while pro-
moting the expression of anti-inflammatory and poten-
tially neuroprotective mediators by this resident CNS
cell type. As such, the present study supports the notion
that IL-24 production by astrocytes and/or infiltrating
leukocytes could function to regulate or resolve CNS in-
flammation following infection in order to limit neur-
onal damage. However, it remains to be definitively
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established whether the effects of IL-24 are direct or in-
direct, or occur alone or in combination with other cyto-
kines, and further studies are clearly warranted to assess
the effects of IL-24 on host responses in vivo to clinically
relevant bacterial pathogens of the CNS.

Abbreviations

ANOVA: Analysis of variance; CFU: Colony forming units; CNS: Central
nervous system; COX2: Cyclooxygenase 2; ELISA: Enzyme linked
immunosorbent assay; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase;
GFAP: Glial fibrillary acidic protein; GLT-1: Glutamate transporter-1;

IACUC: Institutional Animal Care and Use Committee; IL: Interleukin;

LB: Lysogeny broth; MDA-7: Melanoma differentiation-associated gene 7;
MOI: Multiplicity of infection; mRNA: Messenger ribonucleic acid; MTS: 3-(4,5-
Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium; Pam3Cys: Pam3Cys-Ser-(Lys)4; PGD2: Prostaglandin D2;

PGE2: Prostaglandin E2; polyl:C: Polyinosinic—polycytidylic acid;

pSTAT1: Signal transducer and activator of transcription 1; pSTAT3: Signal
transducer and activator of transcription 3; RT-PCR: Reverse-transcribed
polymerase chain reaction; SEM: Standard error of the mean;

SOCS3: Suppressor of cytokine signaling 3; TMB: Tetramethylbenzidine;

TNF: Tumor necrosis factor

Acknowledgements
None.

Funding
This work was supported by grants NS097840 and NS050325 to IM from the
National Institutes of Health.

Availability of data and materials
The data used and/or analyzed during the current study will be available
from the corresponding author on reasonable request.

Authors’ contributions

ARB and MBJ carried out the in vitro experiments and performed semi-
quantitative RT-PCR, quantitative RT-PCR, specific capture ELISA, immunoblot
analyses, and data analysis. MBJ and ARB maintained bacterial stocks and
harvested primary murine glia in accordance with an approved IACUC protocol.
JJY performed specific capture ELISAs. IM conceived the study, contributed to
the experimental design, and drafted the manuscript. All authors read and
approved the final version of the manuscript.

Ethics approval and consent to participate
All protocols involving animals were approved by the Institutional Animal
Care and Use Committee of the University of North Carolina at Charlotte.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 30 October 2018 Accepted: 24 February 2019
Published online: 02 March 2019

References

1. Chauhan VS, Sterka DG, Gray DL, Bost KL, Marriott I. Neurogenic
exacerbation of microglial and astrocyte responses to Neisseria meningitidis
and Borrelia burgdorferi. J Immunol. 2008;180(12):8241-9.

2. Barichello T, Fagundes GD, Generoso JS, Paula Moreira A, Costa CS, Zanatta
JR, et al. Brain-blood barrier breakdown and pro-inflammatory mediators in
neonate rats submitted meningitis by Streptococcus pneumoniae. Brain Res.
2012;1471:162-8.

20.

22.

23.

24,

25.

26.

Page 10 of 11

Vellozo NS, Pereira-Marques ST, Cabral-Piccin MP, Filardy AA, Ribeiro-Gomes
FL, Rigoni TS, et al. All-trans retinoic acid promotes an M1- to M2-
phenotype shift and inhibits macrophage-mediated immunity to
Leishmania major. Front Immunol. 2017,8(November):1560.

Xuan W, Qu Q, Zheng B, Xiong S, Fan G-H. The chemotaxis of M1 and M2
macrophages is regulated by different chemokines. J Leukoc Biol. 2015;
97(1):61-9.

Reales-Calderén JA, Aguilera-Montilla N, Corbi AL, Molero G, Gil C.
Proteomic characterization of human proinflammatory M1 and anti-
inflammatory M2 macrophages and their response to Candida albicans.
Proteomics. 2014;14(12):1503-18.

Amici SA, Dong J, Guerau-de-Arellano M. Molecular mechanisms modulating the
phenotype of macrophages and microglia. Front Immunol. 2017,8(Nov):1-18.
Hutchins AP, Diez D, Miranda-Saavedra D. The IL-10/STAT3-mediated anti-
inflammatory response: recent developments and future challenges. Brief
Funct Genomics. 2013:12(6):489-98.

Xu D, Lian D, Wu J, Liu Y, Zhu M, Sun J, et al. Brain-derived neurotrophic
factor reduces inflammation and hippocampal apoptosis in experimental
Streptococcus pneumoniae meningitis. J Neuroinflammation. 2017;14(1):1-13.
Martin NM, Griffin DE. Interleukin-10 modulation of virus clearance and
disease in mice with Alphaviral encephalomyelitis. J Virol. 2017,92(6):01517.
Rasley A, Tranguch SL, Rati DM, Marriott I. Murine glia express the
immunosuppressive cytokine, Interleukin-10, following exposure to Borrelia
burgdorferi or Neisseria meningitidis. Glia. 2006;53:583-92.

Barichello T, Lemos JC, Generoso JS, Cipriano AL, Milioli GL, Marcelino DM,
et al. Oxidative stress, cytokine/chemokine and disruption of blood-brain
barrier in neonate rats after meningitis by Streptococcus agalactiae.
Neurochem Res. 2011,36(10):1922-30.

Babon JJ, Varghese LN, Nicola NA. Inhibition of IL-6 family cytokines by
SOCS3. Semin Immunol. 2014;26(1):13-9.

Rutz S, Wang X, Ouyang W. The IL-20 subfamily of cytokines-from host
defence to tissue homeostasis. Nat Rev Immunol. 2014;14(12):783-95.
Cooley ID, Chauhan VS, Donneyz MA, Marriott I. Astrocytes produce IL-19 in
response to bacterial challenge and are sensitive to the immunosuppressive
effects of this IL-10 family member. Glia. 2014,62:818-28.

Das T, Hoarau JJ, Bandjee MCJ, Marianne M, Gasque P. Multifaceted innate
immune responses engaged by astrocytes, microglia and resident dendritic
cells against Chikungunya neuroinfection. J Gen Virol. 2015;96(2):294-310.
Ma C, Zhao L-L, Zhao H-J, Cui J-W, Li W, Wang N-Y. Lentivirus-mediated
MDA?7/IL24 expression inhibits the proliferation of hepatocellular carcinoma
cells. Mol Med Rep. 2018;17:5764-73.

Sainz-Perez A, Gary-Gouy H, Gaudin F, Maarof G, Marfaing-Koka A, de Revel
T, et al. IL-24 induces apoptosis of chronic lymphocytic leukemia B cells
engaged into the cell cycle through dephosphorylation of STAT3 and
stabilization of p53 expression. J Immunol. 2008;181(9):6051-60.

Pradhan AK, Talukdar S, Bhoopathi P, Shen X-N, Emdad L, Das SK; et al.
mda-7/IL-24 mediates cancer cell-specific death via regulation of miR-221
and the beclin-1 axis. Cancer Res. 2017;77(4):949-59.

Bhoopathi P, Lee N, Pradhan AK, Shen X-N, Das SK, Sarkar D, et al. mda-7/IL-
24 induces cell death in neuroblastoma through a novel mechanism
involving AIF and ATM. Cancer Res. 2017;76(12):3572-82.

Andoh A, Shioya M, Nishida A, Bamba S, Tsujikawa T, Kim-mitsuyama S, et
al. Expression of 1L-24, an activator of the JAK1/STAT3/SOCS3 Cascade, is
enhanced in inflammatory bowel disease. J Immunol. 2009;183:687-95.
Myles IA, Fontecilla NM, Valdez PA, Vithayathil PJ, Naik S, Belkaid Y, et al.
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. 2013;14(8):804-13.

He M, Liang P. IL-24 transgenic mice: in vivo evidence of overlapping functions
for IL-20, IL-22, and IL-24 in the epidermis. J Immunol. 2010;184:1793-8.
Kumari S, Bonnet MC, Ulvmar MH, Wolk K, Karagianni N, Witte E, et al.
Article tumor necrosis factor receptor signaling in keratinocytes triggers
interleukin-24-dependent psoriasis-like skin inflammation in mice. Immunity.
2013;39(5):899-911.

Bowman CC, Rasley A, Tranguch SL, Marriott I. Cultured astrocytes express
toll-like receptors for bacterial products. Glia. 2003;43:281-91.

Crill EK, Furr-Rogers SR, Marriott I. RIG-I is required for VSV-induced cytokine
production by murine glia and acts in combination with DA to initiate
responses to HSV-1. Glia. 2015;63(12):2168-80.

Saura J, Tusell JM, Serratosa J. High-yield isolation of murine microglia by
mild trypsinization. Glia. 2003;44(3):183-9.



Burmeister et al. Journal of Neuroinflammation

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2019) 16:55

Bingen E, Lambert-Zechovsky N, Mariani-Kurkdjian P, Doit C, Aujard Y,
Fournerie F, et al. Bacterial counts in cerebrospinal fluid of children with
meningitis. Eur J Clin Microbiol Infect Dis. 1990,9(4):278-81.

Untergasser A, Cutcutache |, Koressaar T, Ye J, Faircloth BC, Remm M, et al.
Primer3—new capabilities and interfaces. Nucleic Acids Res. 2012;40(15):1-12.
Burmeister AR, Johnson MB, Chauhan VS, Moerdyk-Schauwecker MJ, Young
AD, Cooley ID, et al. Human microglia and astrocytes constitutively express
the neurokinin-1 receptor and functionally respond to substance P. J
Neuroinflammation. 2017;14(1):1-11.

Logsdon NJ, Deshpande A, Harris BD, Rajashankar KR, Walter MR. Structural
basis for receptor sharing and activation by interleukin-20 receptor-2 (IL-
20R2) binding cytokines. Proc Natl Acad Sci. 2012;109(31):12704-9.
Bosanquet DC, Harding KG, Ruge F, Sanders AJ, Jiang WG. Expression of IL-24
and IL-24 receptors in human wound tissues and the biological implications of
IL-24 on keratinocytes. Wound Repair Regen. 2012;20(6):896-903.

Ouyang W, Rutz S, Crellin NK, Valdez PA, Hymowitz SG. Regulation and
functions of the IL-10 family of cytokines in inflammation and disease. Annu
Rev Immunol. 2011;29:71-109.

Sauane M, Gopalkrishnan RV, Lebedeva |, Mei MX, Sarkar D, Su 77, et al.
Mda-7/IL-24 induces apoptosis of diverse cancer cell lines through JAK/
STAT-independent pathways. J Cell Physiol. 2003;196(2):334-45.

Persson M, Brantefjord M, Lilieqvist J, Bergstrom T, Hannson E, Ronnback L.
Microglial GLT-1 is upregulated in response to herpes simplex virus infection
to provide an antiviral defence via glutathione. Glia. 2007;55:1449-58.
Persson M, Brantefjord M, Hansson E, Ronnback L. Lipopolysaccharide
increases microglial GLT-1 expression and glutamate uptake capacity in
vitro by a mechanism dependent on TNF-a. Glia. 2005;51:111-20.

Zou JY, Crews FT. TNFa potentiates glutamate neurotoxicity by inhibiting
glutamate uptake in organotypic brain slice cultures : neuroprotection by
NF kB inhibition. Brain Res. 2005;1034:11-24.

Gilroy DW, Colville-Nash PR, Willis D, Chivers J, Paul-Clark MJ, Willoughby
DA. Inducible cyclooxygenase may have anti-inflammatory properties. Nat
Med. 1999;5(6):698-701.

Ricciotti E, FitzGerald GA. Prostaglandins and inflammation. Arter Thromb
Vasc Boil. 2011;31(5):986-1000.

Caggiano AO, Kraig RP. Prostaglandin E receptor subtypes in cultured rat
microglia and their role in reducing lipopolysaccharide-induced Interleukin-
1  production. J Neurochem. 1999;72(2):565-75.

Park EJ, Park SY, Joe E h, Jou I. 15d-PGJ2 and rosiglitazone suppress Janus
kinase-STAT inflammatory signaling through induction of suppressor of
cytokine signaling 1 (SOCS1) and SOCS3 in glia. J Biol Chem. 2003;278(17):
14747-52.

Kunori S, Matsumura S, Okuda-Ashitaka E, Katano T, Audoly LP, Urade Y, et
al. A novel role of prostaglandin E2 in neuropathic pain: blockade of
microglial migration in the spinal cord. Glia. 2011;59(2):208-18.

Scher JU, Pillinger MH. The anti-inflammatory effects of prostaglandins. J
Investig Med. 2009;57(6):703-8.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Bacterial propagation
	Intracranial bacterial administration
	Murine glial cell isolation and culture
	In vitro bacterial infection of isolated glial cells and exposure to bacterial components and recombinant IL-24
	RNA extraction and semi-quantitative reverse transcription PCR (RT-PCR)
	Immunoblot analysis
	Quantification of IL-6, IL-10, and TNF-α in glial cell culture supernatants
	Cell viability assay
	Statistical analysis

	Results
	IL-24 is expressed by murine glial cells following bacterial stimulation
	Primary murine glia express IL-24 receptor subunits
	IL-24 augments the expression of suppressive cytokine signaling components and limits inflammatory cytokine production by activated astrocytes
	IL-24 increases anti-inflammatory/neuroprotective mediator expression by astrocytes

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

