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Abstract
Interleukin 23 (IL-23) is a key mediator in neuroinflammation in numerous autoimmune diseases including multiple sclerosis (MS).
However, the pathophysiology of IL-23 and how it contributes to neuroinflammation is poorly defined. To further clarify the role of IL-
23 in CNS inflammation, we generated a transgenicmousemodel (GF-IL23)with astrocyte-targeted expression of both IL-23 subunits,
IL-23p19, and IL-23p40. TheseGF-IL23mice spontaneously develop a progressive ataxic phenotype, which corresponds to cerebellar
tissue destruction, and inflammatory infiltratesmost prominent in the subarachnoidal and perivascular space. The CNS-cytokinemilieu
was characterized by numerous inflammatorymediators such as IL-17a and IFNγ. However, the leukocytic infiltrateswere surprisingly
predominated by B cells. To further examine the impact of the CNS-specific IL-23 synthesis on an additional systemic inflammatory
stimulus, we applied the LPS-induced endotoxemia model. Administration of LPS in GF-IL23 mice resulted in early and pronounced
microglial activation, enhanced cytokine production and, in sharp contrast to control animals, in the formation of lymphocytic
infiltrates. Our model confirms a critical role for IL-23 in the induction of inflammation in the CNS, in particular facilitating the
accumulation of lymphocytes in and around the brain. Thereby, CNS-specific synthesis of IL-23 is able to induce a cascade of
inflammatory cytokines leading to microglia activation, astrocytosis, and ultimately tissue damage. The presented transgenic model
will be a useful tool to further dissect the role of IL-23 in neuroinflammation.
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Introduction

Since the initial observation that interleukin 23 (IL-23)
rather than the structurally related IL-12 is the critical

cytokine contributing to the pathogenesis of autoimmune
diseases [1, 2], a plethora of studies have confirmed the
findings and characterized the role of IL-23 in a variety
of disorders such as inflammatory bowel disease,
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rheumatoid arthritis, and psoriasis [3–7]. Regarding its role
in central nervous system (CNS) diseases, a multitude of
studies prove a major role of IL-23 in inflammatory brain
disorders such as multiple sclerosis (MS) [8–11]. In mice
with deficient expression of the IL-23 receptor (IL-23R) as
well as transgenic models with deficient expression of the
IL-23 subunits p19 or p40, induction of experimental au-
toimmune encephalitis (EAE) is not possible, arguing for a
key role of th is cy tokine in auto immune CNS-
inflammation [1, 2]. Furthermore, IL-23-driven IL-17-pro-
ducing CD4+ T helper 17 (Th17) lymphocytes are capable
of transferring EAE in passive transfer studies and accu-
mulate in the CNS during the course of the EAE [12].
Furthermore, levels of IL-23 are increased in serum and
cerebrospinal fluid of MS patients [11, 13]. In some MS
patients, a single nucleotide polymorphism of the subunit
p40 is found, which increases the p40 expression, is im-
portant in MS, and associated with younger onset of the
disease [8]. Besides CNS-autoimmunity, recent studies
propose a role of IL-23 in stroke through its pro-
inflammatory function after ischemia [14–18], in the path-
ogenesis of carotid atherosclerosis [19] and link IL-12/−23
with Alzheimer’s disease [20]. Furthermore, host defense
mechanisms in infectious diseases of the brain such as
West Nile virus appear to be dependent on IL-23 by con-
tributing to homing of leukocytes into infected tissue dur-
ing West Nile Virus encephalitis [21].

IL-23 belongs to the IL-12 family of cytokines and con-
sists of a unique p19 subunit and a common p40 subunit,
shared with IL-12 [22]. The IL-23R is composed of the IL-
12Rβ1 component, which binds to the p40 subunit, and the
IL-23R unit binding to p19. Stimulation of the receptor
leads to phosphorylation of signal transducers and activa-
tors of transcription (STAT) 1, 3, 4, and 5 [23]. Antigen-
presenting cells like macrophages and dendritic cells pro-
duce IL-23 [22, 24]. The cytokine stimulates αβ and γδ T
cells and contributes to the differentiation of Th17 lympho-
cytes, the subtype of T lymphocytes, which are critical for
chronic inflammation and autoimmune-mediated diseases
such as MS [9]. Th17 cells are detected in MS lesions [10].

Since naive T cells lack the IL-23R, their differentiation
into Th17 cells is not completely facilitated by IL-23 stimu-
lation. It is postulated that the early development of Th17
cells is initiated by transforming growth factor β (TGF-β)
and IL-6 or IL-21 that stimulate the expression of the IL-
23R [25–27]. Th17 cells, mediated by IL-23R signaling, sub-
sequently produce their signature cytokines IL-17A and IL-
17F among other cytokines like IL-21, IL-22, tumor necrosis
factor α (TNFα), and colony-stimulating factor 2 (GM-CSF).
Thereby, in the pathogenesis of autoimmune neuroinflamma-
tion, IL-17 and also IL-22 seem to be redundant [28–30].
Mice, deficient for these cytokines, are still susceptible for
EAE, although IL-17-deficient mice with a less severe

phenotype. In contrast, IL-23-induced GM-CSF has a central
and nonredundant function in EAE as GM-CSF-deficient
mice are resistant to EAE [31, 32].

Ta k e n t o g e t h e r , t h e i m p a c t o f I L - 2 3 o n
neuroinflammatory diseases is without doubt, but the
mechanisms how IL-23 is able to modulate these condi-
tions still remains to be further elucidated. To dissect the
local role of IL-23 in CNS-inflammation in vivo, we gen-
erated a transgenic mouse model with CNS-restricted ex-
pression of IL-23 under the transcriptional control of a
well-described glial fibrillary acidic protein (GFAP) geno-
mic expression vector [33–36]. We demonstrate that CNS-
specific expression of IL-23 leads to a severe brain inflam-
mation with striking perivascular and subarachnoidal accu-
mulation of lymphocytes, including a surprisingly high
fraction of B cells. We observed the induction of a cascade
of inflammatory cytokines, increased accumulation of
leucocytes, and enhanced activation of microglia after sys-
temic administration of LPS.

Materials and Methods

Animals

The generation of transgenic mice with astrocyte-specific
expression of particular genes was described in detail pre-
viously [33–36]. mRNA was isolated from spleen of mice
suffering from EAE at peak clinical disease, and the cod-
ing sequence of the p19 and p40 subunit of IL-23 was
amplified by qPCR. After amplification, the p19/p40
cDNA fragment was cloned into an expression vector de-
rived from the murine glial fibrillary acidic protein
(GFAP) gene and containing a human growth hormone
(HGH) polyadenylation signal sequence downstream of
the insert [35, 37]. Thereafter, the gene construct was
used for microinjection into the germline of (C57Bl/6 x
6C3H/HeN) F1 mice. Genotyping of the transgenic off-
springs was performed by PCR of tail DNA. The follow-
ing primers targeted at the human growth hormone se-
quence and p19/p40 sequence of the transgenic construct
were used: AGGTGCGTTCCTCGTAGAGA (5′) for the
p40 subunit of the construct, ACTGAGCCCTTAGT
GCCAAC (5′) for the p19 subunit of the construct, and
AGGTTGTCTTCCCAACTTGC (3′) for the common
HGH sequence of both p40 and p19 constructs.
Hemizygote transgenic founder mice were backcrossed
to the C57BL/6 genetic background for at least eight gen-
erations. All mice were kept under standardized pathogen-
free conditions at the animal facility of the University
Hospital of Bonn, Germany. Animal experiments were
approved by the Animal Care Commiss ion of
Nordrhein-Westfalen, Germany.
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Clinical Assessment of Mice

Mice were clinically evaluated over at least 24 months. The
clinical score for ataxia was assessed according to a previously
described score [38, 39]. A cumulative scale of four points
was used, giving one point to each of the following symptoms:
splayed legs, dragging weight on the trunk rather than on the
legs, wobbling, and falling from side to side.

Cytokine and Chemokine mRNA Determination
by q-PCR

mRNA was isolated using Trizol reagent (Invitrogen,
Darmstadt, Germany). For transcription into cDNA, 1 μg total
mRNA was used using SuperScript™ III Reverse
Transcriptase (Invitrogen). Real-time quantitative PCR assays
were performed using Taqman reagents for the following tar-
gets p19, p40 and TNFα, CxCL10, IL1b, CD68 in the LPS-
experiments (Applied Biosystems, Darmstadt, Germany).
Predesigned PrimePCR 96-well plates (Bio Rad, Munich,
Germany) were used to amplify all other targets for transgenic
mice n = 8 and WT mice n = 3. Targets were analyzed in du-
plicates. Mean mRNA level was normalized to the mRNA
level of GAPDH as the internal control and expressed in the
graphs relative to (untreated) WT controls.

Determination of IL-23 Protein

Level of IL-23 protein was determined by ELISA (R&D
Systems, Minneapolis, USA) in supernatant of transgenic
and WT brain homogenates (n = 3) according to the manufac-
turer’s protocol. A standard curve was generated according to
the manufacturer’s protocol.

Ultra High-Field MRI

MRI measurements were performed on an 11.7 T horizontal
small-bore magnet (Biospec 117/16, Bruker, Germany) using
a two-element transmit/receive proton (1H) cryocoil (Bruker
Biospin, Germany). Animals were anesthetized by inhalation
using isoflurane at 2% for induction on the bench and main-
tained at 1.0% inside the magnet via tubing within a respira-
tion mask positioned around the animal’s snout. Body temper-
ature was maintained at 37 °C via an integrated water heating
system and the respiratory rate was maintained at 70–
80 cycles per minute. Anatomical images were acquired using
a rapid acquisition relaxation enhancement (RARE) T2-
weighted (T2-w) sequence: echo time (TE) = 0.04 s, repetition
time (TR) = 2.5 s, slice thickness 0.5 mm, FOV 1.8 × 1.6 cm
and a RARE T1-weighted (T1-w) sequence: TE/TR = 0.01 s/
1 s, slice thickness 0.5 mm, FOV 1.8 × 1.6 cm.

Routine Histology and Immunohistochemistry

Mice were sacrificed by deep isoflurane anesthesia and
transcardially perfused with PBS. Brains were removed,
cut along the sagittal midline and, after fixation with
PBS-buffered 4% paraformaldehyde, half brains were em-
bedded in paraffin. For cryosections, tissue was embedded
in Tissue Tek (Sakura Finetek, Staufen, Germany).
Sections (10 μm) were prepared of both paraffin- and
cryo-embedded tissue. Paraffin-embedded sections were
deparaffinized with xylene, rehydrated in graded ethanol
series, and stained with H&E (Sigma-Aldrich, Munich,
Germany) and Luxol fast blue for routine histology and
analysis of myelination. For immunohistochemistry, slides
were incubated over night at 4 °C with the listed primary
antibodies (Table 1) after incubation with Proteinase K
(ThermoScientific, Waltham, USA; 1:1000) or incubated
with biotin-conjugated tomato lectin and washed with
PBS. A corresponding biotinylated secondary antibody
was used for 45 min (Jackson ImmunoResearch,
Newmarket, UK, 1:200) and HRP-coupled streptavidin
for another 45 min (Vector Labs, Burlingame, USA;
1:200). For the immunoperoxidase, Nova Red (Vector
Labs), as the substrate, was used according to the manu-
facturer’s instruction. Sections were counterstained with
hematoxylin (Sigma-Aldrich, Munich, Germany). For
Prussian blue staining, slides were deparaffinized and in-
cubated with a 2% potassium ferrocyanide (II) (Sigma-
Aldrich, Munich, Germany) and 1% hydrochloric acid so-
lution for 30 min and stained with nuclear fast red (Roth,
Karlsruhe, Germany) for 5 min. Frozen sections used for
fluorescent immunohistochemistry were incubated with
the listed primary antibodies (Table 1) overnight at 4 °C,
washed with PBS, and incubated with an A594 or A488
fluorescence-conjugated secondary antibody (Invitrogen,
Darmstadt, Germany; 1:400, 45 min). Sections were coun-
terstained with DAPI (Sigma-Aldrich, Munich, Germany).
A Nikon eclipse 800 bright-field and fluorescence micro-
scope (Nikon, Düsseldorf, Germany) was used, and bright
field and monochrome fluorescent images were captured
with a SPOT flex camera and SPOT advanced 4.5 software
(Diagnostic instruments, Sterling, USA).

Flow Cytometry

Isolation of microglia and infiltrating leukocytes from the
cerebellum was described in detail previously [40]. For
removal of intravascular leukocytes , mice were
transcardially perfused with 4 °C 1x PBS until the perfus-
ate was clear. The dissected cerebellum was homogenized
in Hank’s Balanced Salt Solution (HBSS, Gibco,
Eggenstein, Germany) using a tissue homogenizer (glass
potter, Braun, Melsungen, Germany) before passing
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through a 70-μm cell strainer (BD biosciences, Heidelberg,
Germany). After centrifugation, pellets of the homogenates
were resuspended in 75% isotonic 4 °C Percoll solution
(GE-Healthcare, Uppsala, Sweden) and overlayed with
25% and 0% isotonic Percoll solution. The Percoll density
gradient was centrifuged for 25 min, 800 g at 4 °C.
Afterwards, microglia, leukocytes, and astrocytes were re-
moved from the 25%/75% Percoll solution interface. After
washing with 1x PBS, cel l s were blocked with
CD16/CD32 antibody (Fc block; eBioscience, Frankfurt/
Main, Germany) and incubated with fluorochrome-
conjugated antibodies (eBioscience; BD Bioscience,
Heidelberg, Germany) for detection of CD3e, CD4,
CD8a, CD11b, CD45, CD138, NK1.1, Ly6G, and B220.
For the intracellular staining, after removal from the
Percoll solution interface, the cells were washed and incu-
bated with 50 ng/ml PMA, 1 μmol/ml ionomycin, and
brefeldin A 1 μl/1 ml (eBioscience; BD Bioscience,
Heidelberg, Germany) for 4 h at 37 °C. After washing with
1x PBS, the cells were blocked with CD16/CD32 antibody
(Fc block; eBioscience, Frankfurt/Main, Germany) and in-
cubated with fluorochrome-conjugated antibodies
(eBioscience; BD Bioscience, Heidelberg, Germany) for
detection of CD4 and CD45. Afterwards, the cells were
permeabilized with the fixation/ permeabilization solution
kit (eBioscience; BD Bioscience, Heidelberg, Germany)
according to the manufacturer’s protocol and stained with
fluorochrome-conjugated antibodies (eBioscience; BD
Bioscience, Heidelberg, Germany) for detection of IL17a

and IFNγ . Acquisition was performed with a BD
FACSCanto II f low cytometer (BD Biosciences,
Heidelberg, Germany). Data were analyzed using the flow
cytometry software, FlowJo (TreeStar, San Carlos, CA).

Analysis of Blood Brain Barrier (BBB) Integrity
with Evans Blue Dye (EBD)

The integrity of the BBB was described in detail previous-
ly [36]. Briefly, 3 h before sacrificing, three transgenic and
WT mice were intraperitoneally injected with EBD (2% w/
v in isotonic NaCl, 4 ml/kg body weight, AppliChem,
Darmstadt, Germany). After transcardial perfusion with
4 °C 1x PBS, supplemented with 2 mM EDTA (Sigma-
Aldrich, Munich, Germany), forebrain, cerebellum, and
liver were washed with double-distilled H2O, weighed,
and homogenized in a threefold volume of 50% trichloro-
acetic acid (w/v, AppliChem, Darmstadt, Germany) solu-
tion. After centrifugation, supernatants were diluted with
ethanol (1:3), and fluorescence was measured with a mi-
croplate fluorescence reader (excitation 620 nm, emission
680 nm) (Tecan infinite 200 M, Crailsheim, Germany). A
standard curve was generated based on EBD standards di-
luted with the same solvent.

Induction of Endotoxemia

Induction of endotoxemia was performed as described pre-
viously with modifications [36, 41–43]. In the short-term

Table 1 Antibodies/lectin used for histology

Antibody/lectin Specifity Dilution

Paraffin Cryostat

Polyclonal rabbit anti-Iba1, reactive with human, mouse and rat Iba1
(Wako Chemicals)

Microglia/macrophages 1:500

Monoclonal rat anti- mouse CD68
(Serotec)

Microglia/macrophages 1:250

Polyclonal rabbit anti-laminin, reactive with human and mouse laminin
(Sigma-Aldrich)

Basal lamina 1:50 1:50

Biotin-conjugated tomato lectin, L. esculentum
(Axxora)

Microglia/macrophages, endothelial cells 1:50

Polyclonal rabbit anti-GFAP
(Dako, Hamburg, Germany)

Astrocytes 1:250

Hamster anti-mouse CD3e
(BD Biosciences)

T cells 1:500

Polyclonal rabbit anti-human CD3
(Dako)

T cells 1:200

Rat anti-mouse CD8a
(BD Biosciences)

CD8+ cells 1:200

Rat anti-mouse CD4
(BD Biosciences)

CD4+ cells 1:200

Rat anti-mouse B220
(BD Biosciences)

B cells 1:200
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LPS-model, 2–3 months old, asymptomatic GF-IL23 trans-
genic mice and WT littermate controls were intraperitone-
ally injected with 100 μl saline or 100 μl (300 μg) LPS
(Escherichia coli 026:B6; Sigma, Munich, Germany) 24 h
and 8 h before analysis. For the chronic, long-term model,
a double injection of a lower dose LPS (50 μg) on two
consecutive days was performed and the mice were ana-
lyzed 19 days after LPS-administration. After perfusion
with ice-cold PBS, brains were used for routine histology,
immunhistochemistry, and qPCR.

Statistical Analysis

qPCR data, ELISA, Evans blue dye extravasation data were
calculated by a two-tailed Student’s t test using GraphPad
Prism 5.0 (GraphPad Software, La Jolla, USA) with p < 0.05
considered to be significant.

Results

Generation of GF-IL23 Transgenic Mice

To examine the direct impact of IL-23 on neuroinflamma-
tion, we generated a mouse model (GF-IL23) with CNS-
restricted expression of IL-23 using a well-established
transgenic approach with expression of a target cytokine
under the transcriptional control of the GFAP promoter
[34, 36]. Five founder mice (Table 2), transgenic for both
IL-23 subunits p19 and p40, and one mouse with single
expression of p19 were detected. Two of the GF-IL23
transgenic founder mice developed an ataxic phenotype,
while four of the five founder mice showed cerebellar in-
flammatory infiltrates (Fig. S1), as described below
(Table 2). The “p19-only” founder was clinically asymp-
tomatic and displayed no histological alterations. The
founder mouse GF-IL23-20 with a high expression of both
p19/p40 mRNA, a clinical and histological phenotype as
described below, was backcrossed for at least eight gener-
ations to the C57Bl/6 background, and subsequent off-
springs were used for further analysis. Expression of the

p19 and p40 subunit was confirmed by qPCR in the cere-
bellum, cerebrum, eye, and to a lower amount in the spinal
cord (Fig. 1a). In comparison to IL-23 levels in inflamma-
tory disorders affecting the brain such as systemic LPS-
models, cerebellum and cerebrum of the GF-IL23 mice
showed an even higher IL-23 production compared to cer-
ebellum and cerebrum of LPS treated WT mice, respective-
ly. The translation of transgenic mRNA into IL-23 protein
was detected and confirmed by ELISA from whole brain
homogenates (Fig. 1b). Neither the clinical phenotype of
GF-IL23 mice nor the histological analysis of organs like
the heart, hamstring muscle, lung, kidney, liver, or bowel
implicated inflammation or alteration of any other organ
beside the CNS documenting the CNS-restricted expres-
sion of the transgene (data not shown). Taken together,
we generated a transgenic mouse model with astrocyte-
targeted expression of IL-23 leading to the production of
p19/p40 mRNA and protein in the CNS.

Astrocyte-Specific Expression of IL-23 Induces
a Progressive Ataxia

GF-IL23 mice displayed a normal development until the
age of 4 months. At the age of 4 months, GF-IL23 mice
developed progressive clinical symptoms of cerebellar
dysfunction with a gait ataxia and weight loss. The clinical
phenotype was monitored by a cumulative scale of four
points assessing important features of cerebellar dysfunc-
tion. Most of the animals developed severe cerebellar
symptoms defined as a score of 2 or above between the
age of 9–15 months. After 24 months, more than 95% of
the animals were affected showing a moderate to strong
cerebellar ataxic phenotype (Fig. 1c). Consistent with the
clinical observations, the MRI scans revealed cerebellar
tissue impairment as the clinical phenotype had already
implied. Respectively, MRI scans showed loss of the phys-
iologic cerebellar structure and T1-w hypointensities and
T2-w hyperintensities (arrow) in the entire cerebellum (Fig.
1d). In summary, the GF-IL23 model leads to a spontane-
ous and progressive ataxia and cerebellar destruction.

Table 2 Characterization of GF-
IL23 transgenic founder mice Mouse Genotype Transgene expression

(p19)
Transgene expression
(p40)

Phenotype Histological
features

GF-IL23-13 p19/p40 ++ + – ++

GF-IL23-20 p19/p40 ++ ++ Ataxia ++

GF-IL23-22 p19/p40 + +++ Ataxia +

GF-IL23-43 p19/p40 + + – +

GF-IL23-77 p19/p40 + ++ – –

GF-p19 p19 +++ – – –
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CNS-Restricted Expression of IL-23 Induces
Subarachnoidal and Perivascular Infiltrates
of Leukocytes and Demyelination in the Cerebellum

Histological analysis of H&E-stained sections from the CNS
of symptomatic GF-IL23 mice revealed striking pathological
findings in the cerebellar parenchyma and the surrounding
subarachnoidal space. In younger transgenic mice with a mild

clinical phenotype, few infiltrates were found, surrounding
vessels both intraparenchymal and subarachnoidal, but the
cerebellar structure was overall maintained (Fig. 2b). In mice
with advanced ataxia (Fig. 2c and higher magnification Fig.
2d–f), the infiltrates increased in size and particular in number.
Lymphocytes accumulated not only in the perivascular space
but also infiltrated the parenchyma. In areas with a high
amount of infiltrates, structural tissue damage and
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Fig. 1 GF-IL23 mice produce CNS-restricted IL-23 mRNA and protein,
thereby presenting an ataxic phenotype and cerebellar lesions in MRI
scans. The mRNA level of p19 and p40 of GF-IL23 mice was
normalized to GAPDH and expressed relative to WT controls (a).
Expression of p19 and p40 mRNA in the cerebellum, cerebrum, spinal
cord, and eye was increased in GF-IL23 mice (n = 3) (a). In addition, the
mRNA levels of the cerebellum and cerebrum were increased compared
to cerebellum and cerebrum of LPS-treated WT animals *p < 0.05,
respectively (white bars). Besides, the detection of mRNA, the IL-23

protein expression (pg protein/g brain tissue) was confirmed on protein
level using an IL-23 specific ELISA assay applied on supernatants of
brain homogenates with *p < 0.05 (b). Kaplan-Meier graph of disease-
free survival illustrates the disease onset in GF-IL23 mice (n = 22) (c).
Clinically, GF-IL23 mice showed a progressive ataxia starting at the age
of 4 months with peak clinical manifestation after 9–15 months. MRI
scans of symptomatic GF-IL23 mice revealed tissue damage of the
cerebellum with T1-w hypointense and T2-w hyperintense (arrow)
lesions in the entire cerebellum (D)
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demyelination could be detected. GF-IL23 mice displayed no
major alteration of the cerebral cortex (Fig. 2h, i).
Nevertheless, the subarachnoidal space and the parenchyma
near the hippocampus in advanced stage mice was slightly
infiltrated (Fig. 2l, higher magnification Fig. 2m–o). No infil-
trates were detected in WT control littermates (Fig. 2a–j).
Whereas in moderate infiltrated tissue of early stage mice,
no major demyelination is apparent (Fig. 3b, higher magnifi-
cation Fig. 3e); in GF-IL23mice with late stage, long-standing
cerebellar symptoms, LFB staining revealed demyelination
(Fig. 3c, f), not only restricted to the area of perivascular
infiltrated tissue, but nearly in the entire cerebellum. Taken
together, CNS-restricted expression of IL-23 led to diffuse
demyelination and subarachnoidal and intraparenchymal in-
filtration of the cerebellum. Thereby, leukocytes mainly accu-
mulate in perivascular infiltrates, but at later stage also more
diffusely independent from vascular structures. The findings
of mainly cerebellar lesions were congruent with the clinical
observation and MRI data described in Fig. 1.

Astrocytosis and Microglial Activation in GF-IL23 Mice

In areas of inflammatory infiltrates, GFAP staining detected
astrocytes with a prominent cell body and hypertrophic pro-
cesses in GF-IL23 mice (Fig. 3h, i). Microglial morphology
andactivationwerefurtheranalyzedbylectinhistochemistry.
Whereas thecerebellumofGF-IL23micedisplayedactivated
microgliawithhypertrophiccellbodiesmuchenhancedatlate
stage (3 l), microglia of WT mice were typically resting and
ramified (Fig. 3j). Thus, the CNS restricted expression of IL-
23 led to astrocytosis andmicroglia activation.

The Accumulation of Lymphocytes Includes a High
Proportion of B Cells

Immunhistochemistry against CD3, CD4, CD8, and B220
was used to discriminate between T cell subsets and B cells.
The infiltrates comprised of a high proportion of B cells both
in highly infiltrated tissue (Fig. 4a) and in smaller infiltrates
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b k
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j

f l

h

i

g

n

m

o

Fig. 2 CNS-specific expression of IL-23 leads to cerebellar infiltrates
with perivascular and subarachnoidal accumulation of lymphocytes
H&E-staining of cerebellum (a–c), cerebrum (g–i), and hippocampus
(j–l) of WT (a, g, j), GF-IL23 mice with few cerebellar infiltrates at
early stage disease (b, h, k), and GF-IL23 with highly infiltrated
cerebellum at later stage (c, i, l). The cerebellum revealed
subarachnoidal and perivascular infiltrates in GF-IL23 mice in
comparison to WT mice. Routine histology of the hippocampus
detected little intraparenchymal infiltrates and few subarachnoidal

infiltrates near the hippocampus of later stage GF-IL23 mice, whereas
no infiltration was seen in the hippocampus of WT and early stage
transgenic mice. In the cerebrum, no major infiltration or alteration in
WT, early stage, and late stage GF-IL23 mice was visible. d–f Higher
magnification of c.m–o. Higher magnification of l. White arrows point at
subarachnoidal infiltrates, black arrows at perivascular infiltrates. Data
are representative for at least n = 15 GF-IL23 mice and WT mice. Scale
bar 100 μm (a, b, c, d, e, f, j, k, l, m, n, o) or bar 50 μm (g, h, i)
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(Fig. 4b) at early stage disease, whereas the proportion of
CD3+ T cells appeared much smaller and not entirely restrict-
ed to the perivascular infiltrates. CD3+ T cells showed a more
diffuse distribution leaving the perivascular structures and

infiltrating the parenchyma (Fig. 4c, d). Fluorescence immu-
nohistochemistry with double staining of B and T cells indi-
cated that some infiltrates had a diffuse distribution of B and T
cells (Fig. 4e), while others had a more restricted B and Tcells
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area (Fig. 4f). Among the T cells, CD4+ cells follow the vas-
cular structures (Fig. 4g), whereas CD8+ cells diffusely infil-
trated the surrounding tissue (Fig. 4h).

Perivascular Accumulation of Hemosiderophages
and Cerebellar Disruption of the Blood Brain Barrier

The histological evaluation of brain tissue and the subarach-
noidal space from GF-IL23 mice infrequently revealed eryth-
rocytes in close proximity of vessels. In addition, we constant-
ly detected pigmented cells in proximity to small vessels and
infiltrates which resembled the histological features of
hemosiderophages. Prussian blue staining confirmed these
findings with hemosiderin-loaded cells, which were predom-
inant in vascular walls next to the infiltrates. The amount of
detected hemosiderophages correlated with the age and
amount of tissue destruction (Fig. 5a–d). To evaluate the im-
pact of IL-23 on the integrity of the blood brain barrier (BBB),
we systemically applied Evans Blue dye. Whereas in the ce-
rebrum of WT and transgenic mice no significant extravasa-
tion of the dye was seen, the cerebellum of transgenic mice
revealed up to fivefold increased measurements of the dye in
the homogenates compared to WT cerebellum indicating a
disruption of the BBB in the transgenic cerebellum. Liver
tissue served in this experiment as a positive control with
physiological extravasation of the dye (Fig. 5e). In conclusion,
the transgenic model induced microbleedings in the cerebel-
lum and disruption of the blood brain barrier.

Phenotypic Characterization of Cerebral Leukocytes
in GF-IL23 Mice by Flow Cytometry

To further examine the cellular composition of the detect-
ed inflammatory infiltrates, flow cytometric analysis was
performed. FACS data confirmed the infiltrates in the
brains of the transgenic mice mainly consisted of lympho-
cytes with a high percentage of B cells beside CD3+ cells
(Fig. 6a). Among the CD3+ cells, both CD4+ and CD8+
cells were found in an equal distribution (Fig. 6b), where-
as natural killer cells, dendritic cells, and granulocytes
with about 2–3% of all CD45+ cells were only mildly
increased (Table 3). The amount of γδ-T cells was not
significantly elevated. In addition, GF-IL23 mice showed
an increase in CD11bhigh/ CD45high surface expression
compared to WT controls indicating activated microglia
and/ or infiltrating macrophages in the cerebellum (Fig.
6c). For Th1 and Th17 T cell differentiation, we analyzed
the intracellular IFNγ and IL17a production in CD4+
cells. Despite the presence of IL-23, we found that most
CD4+ cells were IFNγ positive, and only few were pos-
itive for IL-17a arguing for a dominant Th1 response (Fig.
6d). In addition a small proportion of CD4+ cells
expressed both IL17a and IFNγ. Among the B cells,
few plasmablasts (B220highCD138+) and plasmacells
(B220lowCD138+) were detected in the cerebellum (Fig.
6e). Furthermore, we found follicular (CD21intCD23high)
and marginal zone (CD21highCD23low) B cells in the
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cerebellum. We did not find a relevant B1 B cell popula-
tion (B220intCD5int) (Fig. S2). In addition, the B cells
were slightly activated regarding CD19 expression and
slight upregulation of CD80 and CD86 expression (com-
pared to spleen) (Fig. S2). Concerning the expression of
IgD and IgM on CD19+ cells, we found early (IgM +
IgD-), mid (IgM + IgD+), and late (IgM-IgD+)-activated
B cells. Compared to the spleen, we found a significant
decrease of IgM + IgD+ B cells, while the proportion of
mature IgM-IgD- B cells was increased, maybe containing
class switched cells. In summary, the flow cytometry data
confirmed and further specified the histological finding of
cerebellar leukocyte accumulation with high proportions
of T and in particular B cells in GF-IL23 transgenic mice.
We predominantly found Th1 as well as a smaller

proportion of Th17 cells and IL17a/IFNγ double express-
ing cells. Data of B cell differentiation revealed few
plasmablasts and plasmacells in the cerebellum of GF-
IL23+ mice.

Cerebral IL-23 Expression Induces a Cascade
of Proinflammatory Cytokines

We next examined the impact of astrocytic IL-23 synthesis on
the local inflammatory milieu by qPCR. We found a striking
mRNA-upregulation of all examined cyto- and chemokines ar-
guing for the induction of a proinflammatory cytokine cascade.
The results are summarized in Fig. 7. Data indicated a proin-
flammatorymilieuwith 10- to 1000-fold upregulation compared
to wild type controls of classical proinflammatory cytokines like
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TNFα, IL12, IL1α, IL1β, IL6, as well as Lipocalin 2. The Th1
cytokines IFNγ, IL2, and the Th17 cytokine IL17were raised as
well as the inducible chemokines CCL19, CXCL13, and the
CXCR3 ligands CXCL9, CXCL10 were (Fig. 7a). Regarding
the cytokine receptors, CXCR3 and CCR7 were prominently
elevated (Fig. 7b). In addition, qRT PCR data displayed high
expression of the cell surface molecules CD4, CD8, and CD19
and the cell marker/activation markers CD11b/CD68 (Fig. 7c).
There was likewise a pronounced induction of several lympho-
cyte activation markers such as CD80, CD86, CD68, and
MHCII (Fig. 7c). To conclude, themRNA findings corroborated
the histological findings and the FACS data and implicate a
striking impact of IL-23 towards a highly proinflammatoy cyto-
kine milieu in the cerebellum.

Enhanced Microglia Activation After LPS-Induced
Systemic Endotoxemia

After characterizing the spontaneous inflammatory effect of
IL-23 in GF-IL23 mice, we questioned if IL-23 would en-
hance the local immune response in the CNS after a systemic

proinflammatory stimulus. To address this question, we ap-
plied the LPS-induced endotoxemia model, which provokes a
considerably enhanced inflammatory reaction of the brain [36,
41]. For these experiments, 2–3 months old, asymptomatic
GF-IL23 mice were analyzed. At this age, GF-IL23 transgenic
mice did not show any morphological abnormalities, in par-
ticular, no inflammation. First, we analyzed the effect in a
short-term LPS-model. The cerebellum was analyzed 24 h
after dual administration of LPS. In the routine histology,
GF-IL23 mice showed minor perivascular infiltrates after
LPS-injection compared to WT and transgenic sham controls
which did not show any perivascular infiltrates (Fig. 8a–d).
Histology staining for tomato lectin of LPS-treated GF-IL23
mice revealed a pronounced microglial activation when com-
pared to WT and GF-IL23 sham controls (Fig. 8e–h). This
finding was corroborated by a significantly enhanced
mRNA expression of the microglial activation marker CD68
in the cerebellum of GF-IL23 mice, whereas other relevant
cytokines like TNFα, IL1b, and CXCL10 were not increased
in the short-term LPS-model (Fig. 8i). To examine the long-
term impact of LPS-induced neuroinflammation in GF-IL23

Table 3 FACS quantification of
infiltrating leukocytes in GF-IL23
mice and controls relative to all
CD45 positive cells. Indicated are
mean values (% of CD45+ cells)
and standard deviation with *p<
0.05
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Fig. 7 Cerebral IL-23 expression
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certain proinflammatory and
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mice, we analyzed a cohort 19 days after LPS-injections (Fig.
8j–r). We found a striking increase of the amount of lympho-
cyte infiltrates in the cerebellum of transgenic mice after LPS-
injection (Fig. 8k, l) compared with age-matched sham-treated
GF-IL23 (Fig. 8 m) andWTLPS-controls (Fig. 8j). Consistent
with these findings, the microglial activation was even more

prominent in the LPS-treated GF-IL23 mice (Fig. 8n–q). Data
of qPCR in the chronic LPS-stimulation model showed a sig-
nificant induction of several proinflammatory cytokines and
activation markers such as CXCL10, IL1b, and CD68 in the
CNS of GF-IL23mice (Fig. 8r). In summary, the data from the
LPS-experiments demonstrate an augmented immune
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response with increased immune infiltration, activation of mi-
croglia, and cytokine expression after a systemic LPS-
stimulus in GF-IL23 mice.

Discussion

Recent data demonstrate a critical role and local upregula-
tion of IL-23 in autoimmune CNS inflammation [8, 9, 11].
Still, the detailed function of IL-23 during the disease
course has not been characterized yet. To further elucidate
the role of IL-23 in neuroinflammation, we generated a
transgenic model with astrocyte-restricted expression of
IL-23. We used a well-established GFAP-targeted expres-
sion system [36, 37] and were able to create founder ani-
mals with cerebral production of both p19 and p40 mRNA
and a prominent CNS-restricted IL-23 protein synthesis.

The established transgenic GF-IL23 mouse model devel-
oped a neurological phenotype with a progressive cerebellar
dysfunction. The symptoms resembled the phenotype ob-
served in another transgenic mouse model with a CNS-
expression of the prototypical Th1 cytokine IL-12 (GF-IL12
mice) [35]. The MRI data and the histological analysis of the
GF-IL23 model confirmed cerebellar tissue damage with ac-
cumulation of inflammatory infiltrates. Over time, these infil-
trates increased in size and number and were accompanied by
a glial activation, tissue destruction, and demyelination.When
characterizing the cellular composition of the infiltrates, we
detected a surprisingly high proportion of B cells in both pa-
renchymal and subarachnoidal infiltrates. This is in contrast to
most other mouse models of autoimmune inflammation of the
CNS including GF-IL12 mice. IL-12 expression in GF-IL12
mice induces a vast accumulation of T cells and NK cells but
not B cells. In addition, GF-IL12 mice but not GF-23 mice
develop severe cerebellar calcification further underlining the
histopathological differences between IL-12 and IL-23-driven
neuroinflammation [35].

The finding of a prominent B cell accumulation points
towards an unexpected role of IL-23 in attracting or accu-
mulating B cells into the subarachnoidal space and into the
CNS parenchyma. The accumulation of B cells is a well-
described pathological feature of MS and a central role of
B cells in the pathogenesis of MS and was further substan-
tiated by the positive effect of B cell depleting therapies on
the disease course [44–46]. B cells can modulate CNS in-
flammation by different mechanisms like antibody produc-
tion, interaction, and costimulation of T cells, which can
also be seen in animal models of neuroinflammatory dis-
eases. An EAE model with expression of a T cell receptor
specific for the MOG peptide 92–106 in the context of
MHC class II leads to spontaneous development of relaps-
ing remitting EAE [47]. These mice are transgenic for the
TCR without transgenic MOG specific B cells, though

during the disease, expanded autoreactive B cells produce
pathogenic antibodies against MOG epitopes, which en-
hance the demyelinating EAE episodes. Therefore,
autoreactive T cells seem to interact with endogenous B
cells and lead to expansion of MOG-specific B cells. The
site of interaction and the mechanisms are not defined yet.
It may occur in the CNS, where infiltrated T cells create an
immune milieu, leading to infiltration and activation of
naive B cells. Alternatively, activation and expansion of
B cells may take place in the periphery, in lymphoid organs
like cervical lymph nodes, and spleen, and infiltration of B
cells into the CNS takes place afterwards [47]. B cells have
essential functions as antibody-producing cells and
antigen-presenting cells, can load antigen fragments on to
MHC class II molecules, and upregulate costimulatory
molecules leading to T cell activation [48–50]. Taken to-
gether, B cell functions in autoimmune inflammation of the
CNS are very relevant but complex and not well defined
yet. The B cell response observed in our GF-IL23 model
might resemble some B cell-mediated aspects of neuroin-
flammation and could therefore be a valuable tool to study
these disease aspects, in particular the interaction of B and
T cells during CNS inflammation.

We characterized the amount of B cells, the immune infil-
trates, and tissue damage at different ages of GF-IL23 mice
and could observe that the accumulation of lymphocytes pre-
cedes the tissue damage. This is in contrast to the IL-12 ex-
pressing GF-IL12 mice, where immune infiltration of mainly
CD4+, CD8+ T cells, and NK cells into the CNS is always
accompanied by tissue damage.

Striking differences between GF-IL12 and GF-IL23 mice
were also revealed by determining the local cytokine milieu as
determined by qPCR. Whereas IL-12 induces a strong Th1-
polarized cytokine response with very high levels of IFNγ
[35], the cytokine pattern detected in GF-IL23mice was much
broader. Both IFNγ and IL17a were highly expressed and
likely mediated the observed tissue damage together with pro-
inflammatory cytokines like TNFα and IL1. In addition, we
noted a high expression of IL-6 in GF-IL23 mice, which may
further contribute to the differentiation of Th17 cells.
Concerning the induction of chemokines in GF-IL23 mice,
the detection of increased levels of CXCL13-RNA is of par-
ticular interest. CXCL13 is intimately involved in B cell traf-
ficking [51] and could be a key cytokine in promoting the
observed B cell accumulation in the brains of GF-IL23 mice.
Overexpression of CXCL13 in peripheral tissue leads to B cell
aggregate formation [52]. In addition, a recent study provided
evidence that CXCL13 is specifically involved in the CNS
accumulation of differentiated B cells [53]. Furthermore, IL-
23 induces multiple cellular activation markers like CD68 and
the B cell co-stimulatory markers CD40, CD80, and CD86
further corroborating the finding of a highly proinflammatory
milieu with infiltration of immune cells into the CNS.

Mol Neurobiol (2019) 56:7977–7993 7989



Immune cells and their state of activation were further ex-
amined by flow cytometry. The FACS data confirmed the
infiltration of CD4+, CD8+, and B cells, and the increase of
a CD11bhighCD45high-activated microglia/macrophage popu-
lation. Interestingly, among the B cells, we found follicular
and marginal zone B cells and few differentiated, CD138+
plasmablasts and plasmacells reflecting antibody producing
cells. In addition, the B cells seem to be activated. Though,
only few studies describe the interaction of the IL-23/Th17
axis with B cells. Th17 cells are able to induce a proliferative
B cell response and antibody production and contribute to the
germinal center formation [54]. IL-23-activated Th17 cells
modulate normal plasma cell functions and are critical in en-
hancing the inflammatory activity of newly generated autoan-
tibodies [55]. Beside T cells, a small proportion of B cells and
plasma cells express IL-23R as well, thereby directly respond
to IL-23 [56, 57].

As IL-23 is well described as a key cytokine in polarizing T
cells towards a Th17 phenotype, we further characterized
CD4+ cells by their expression of IFNγ as a marker for a
Th1 phenotype and IL17a as a marker for a Th17 phenotype.
Unexpectedly, we found a large number of IFNγ+ CD4+ cells
as well as some IL17a + CD4+ cells and even IL17a + IFNγ+
polyfunctional T cells. The IFNγ+ single expressing CD4+
cell population could be due to the elevated IL-12 level in
the cerebellum leading to Th1 cell accumulation. But these
findings could also suggest that the local expression of IL-
23 by astrocytes is able to either activate T cells towards a
Th1 and Th17 phenotype or at least to attract both, activated
Th1 and Th17 cells, into the CNS. But the strong IFNγ+
single expressing CD4+ cell population in our model could
also be due to the plasticity of the Th17 cells and imply Th1-
like cells, meaning ex-Th17 cells. These T cell subsets were
described in the context of EAE and murine colitis models
[58–60]. Thereby, IL-23 signaling is critical for the terminal
differentiation of these cell populations [59, 61]. The presence
of IL17a + IFNγ+ double expressing T cells could also be
explained by this plasticity of the Th17 cells expressing both
cytokines while converting from a Th17 to a Th1 phenotype.
IL-23 can promote this conversion by the induction of T-bet in
Th17 cells [57]. In several studies, these IL17a + IFNγ+
polyfunctional T cells have been described in EAE models
[59, 61, 62].

Furthermore, the histological analysis of the GF-IL23 mice
revealed increased iron deposition in the cerebellum.
Hemosiderophages, located nearby vessels and in vascular
walls in close proximity to the infiltrates, point towards
microhaemorrhages and suggest an additional vascular pa-
thology. Interestingly, GF-IL17 mice show a vascular pheno-
type with capillary rarefaction too, and our phenotype may be
linked to the increased IL-17a levels in the CNS of the GF-
IL23 [36]. In addition, the GF-IL23 mice displayed a disrup-
tion of the blood brain barrier, which is likely the consequence

of the severe inflammatory response and not necessary direct-
ly mediated by GF-IL23. GF-IL17 mice do not display such a
severe inflammatory response and keep an intact blood brain
barrier [36].

To examine the impact of IL-23 on the local inflamma-
tory milieu after a systemic immune stimulus in GF-IL23
mice, we applied a systemic acute and a chronic LPS-chal-
lenge, often used as an endotoxemia model, in our GF-
IL23 model. The acute LPS-stimulus led to a pronounced
microglial activation as revealed by lectin histochemistry.
Glial activation after acute LPS-endotoxemia in wild type
mice is well described [63], but was strikingly enhanced in
GF-IL23 mice. These young GF-IL23 mice did not feature
lymphocyte infiltrates before the application of LPS; there-
fore, the observed glial activation is likely mediated by the
local inflammatory milieu induced by the transgenic IL-23
and not indirectly by infiltrating lymphocytes. Microglia
activation in response to IL-23 was described before [64].
Furthermore, Sonobe and colleagues found IL-23R expres-
sion in activated microglia in vitro [65], which should en-
able these cells to even directly interact with IL-23. We
have not analyzed yet, if microglia in the GF-IL23 model
actually expresses the IL-23R. Future studies will include
analysis of microglia IL-23R expression in the GF-IL23
model. In addition, we cannot ensure that the findings in
the lectin histochemistry are actually activated microglia,
and we cannot exclude that the findings are related to re-
cruited macrophages in the cerebellum of GF-IL23 mice
upon LPS stimulation.

We extended our observations in the chronic LPS-model.
Here, lymphocytic infiltrates developed under the LPS-stim-
ulus, which resembled the infiltrates we observed in much
older non-LPS-treated GF-IL23 mice. Apparently, the LPS-
stimulus accelerates the IL-23-driven CNS pathology in our
transgenic mouse model. This was further confirmed by the
increased mRNA-level of proinflammatory cytokines in GF-
IL23 mice after chronic LPS-treatment. It is well known that
endotoxemia and infections can induce and modulate the
course of autoimmune diseases [66]. GF-IL23 mice will be a
useful tool to examine the role of IL-23 as a link between
infectious diseases and autoimmunity.

In conclusion, we established the GF-IL23 mouse model
with a CNS-restricted IL-23 production. GF-IL23 mice devel-
oped a spontaneous phenotype with progressive ataxia, cere-
bral accumulation of inflammatory infiltrates with a high pro-
portion of B cell, demyelination, and glial activation.
Administration of LPS in GF-IL23 mice resulted in an early,
pronounced microglial activation, enhanced cytokine produc-
tion, and accelerated formation of lymphocytic infiltrates. The
established GF-IL23model is a promising tool to further study
the influence of IL-23 in homeostasis and under various dis-
ease conditions, which is critical in the discovery of novel
drug targets in neuroinflammatory disorders.
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