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Abstract

Interleukin-17A (IL-17A) is generally considered as one of the pathogenic factors involved in
multiple sclerosis (MS). Indirect evidence for this is that 1L-17A-producing T helper 17 (Th17)
cells preferentially accumulate in lesions of MS and experimental autoimmune encephalomyelitis
(EAE). However, a direct involvement of IL-17A in MS pathogenesis is still an open question. In
this study, we overexpressed IL-17A in the brains of mice (IL-17A-in-Brain mice) via
recombinant adeno-associated virus serotype 5 (rAAV5)-mediated gene delivery. In spite of high
levels of IL-17A expression in the brain and blood, IL-17A-in-Brain mice exhibit no inflammatory
responses and no abnormalities in motor coordination and spatial orientation. Unexpectedly,
IL-17A-in-Brain mice show decreases in body weight and adipose tissue mass and an
improvement in glucose tolerance and insulin sensitivity. IL-17A enhances glucose uptake in
PC12 cells by activation of AKT. Our results provide direct evidence for the first time that 1L-17A
overexpression in the central nervous system does not cause physical and learning disabilities and
neuroinflammation and suggest that IL-17A may regulate glucose metabolism through the AKT
signaling pathway.
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1. Introduction

Multiple sclerosis (MS) is an autoimmune demyelinating disease of the central nervous
system (CNS) causing severe physical and cognitive problems (Rocca et al., 2015;
Sumowski and Leavitt, 2013). The mounting evidence suggests that T helper 1 (Thl)and T
helper 17 (Th17) cells are the main immunological players, resulting in experimental
autoimmune encephalomyelitis (EAE) and MS (Babaloo et al., 2015; Hofstetter et al., 2009;
Legroux and Arbour, 2015; Liu et al., 2014; Platten et al., 2009; Tzartos et al., 2008; Wang
etal., 2009). Th1l cells, however, migrate across the blood-brain barrier into the CNS less
efficiently than Th17 cells (Kebir et al., 2007; Marwaha et al., 2012). Emerging studies
show predominant accumulation of Th17 cells in EAE and MS lesions, indirectly indicating
that Th17 cells are a key regulator of MS and EAE pathogenesis. Th17 cells produce
IL-17A, IL-17F, IL-21 and IL-22 (Kreymborg et al., 2007; Murugaiyan et al., 2015; Nurieva
et al., 2007). Among them, IL-17A, signature cytokine of Th17 cells, is often increased in
patients with the autoimmune disease (Hemdan et al., 2010; Lock et al., 2002; Matusevicius
etal., 1999; Zepp et al., 2011).

IL-17A, cloned in 1993 by Rouvier et al. (Rouvier et al., 1993), is one of the IL-17 family
members which also include IL-17B, IL-17C, IL-17D, IL-17E and IL-17F. Among the
IL-17 family, IL-17A is most investigated in many inflammatory conditions such as
autoimmune diseases (Koenders et al., 2005; Kuchroo et al., 2012; Lubberts et al., 2005) and
metabolic disorders (Ahmed and Gaffen, 2010; Ahmed and Gaffen, 2013; Zuniga et al.,
2010). It is widely accepted that IL-17A promotes autoimmunity, especially in the context of
rheumatoid arthritis (RA), psoriasis, MS and a rodent model of MS, EAE (Kang et al., 2010;
Kang et al., 2013; Kulcsar et al., 2014; Lock et al., 2002; Lubberts, 2008; Qian et al., 2007).
Indeed, anti-IL-17RA antibodies in clinical trials have shown efficacy in psoriasis, RA and
MS (Hueber et al., 2010; Luchtman et al., 2014; Mease et al., 2014; Yang et al., 2014).
Furthermore, certain investigators have shown that EAE is substantially reduced in
IL-17a~/~ or IL-17ar~~ mice (Harrington et al., 2005; Hu et al., 2010; Komiyama et al.,
2006). On the contrary, other authors have reported that IL-17a~/~ mice are fully susceptible
to EAE. There is the possibility that another IL-17 family member, especially IL-17F, which
shares about 50% amino-acid sequence identity, may compensate for the loss of IL-17A in
IL-17a~/~ mice. However, IL-17f~/~ mice treated with anti-1L-17A monoclonal antibodies
(mAbs) are also fully susceptible to EAE (Haak et al., 2009). In addition, blocking 1L-17A
alone may not be sufficient for the long-term treatment of MS (Luchtman et al., 2014),
indicating that IL-17A itself may not mount a robust inflammatory response in MS
pathogenesis (Zenobia and Hajishengallis, 2015). Until now the role of IL-17A in the
pathogenesis of MS still remains to be elucidated (Qu et al., 2013; Waisman et al., 2015;
Zorzella-Pezavento et al., 2013). To the best of our knowledge, administration or
overexpression of IL-17A in the CNS of experimental animals has not been investigated,
which could certainly shed some light on the role of IL-17A in MS pathogenesis.

In the present study, we explored the possible effects of IL-17A overexpression in the brain
on mouse behavior and pathophysiology via recombinant adeno-associated virus (rAAV)-
mediated gene delivery. Our results show that 1L-17A overexpression in brain cells neither
impaired motor coordination and spatial learning nor cause neuroinflammation. However,
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IL-17A overexpression significantly decreased body weight and improved the glucose
tolerance in normal chow diet fed adult mice. Furthermore, our cell culture study suggests
that IL-17A may increase glucose uptake by neuronal cells through the AKT signaling
pathway.

2. Materials and methods

2.1. Recombinant adeno-associated virus preparation

Expression plasmid vector, pAAV-CA, for rAAV production was previously described
(Fukuchi et al., 2006). pAAV-CA-IL17A was constructed by cloning mouse IL-17A cDNA
under the control of cytomegalovirus enhancer/p-actin promoter in pAAV-CA. The Kozak
sequence and woodchuck hepatitis virus post-transcriptional regulatory element were
included to increase the transcription and translation efficiency, respectively. Flag sequence
encoding DYKDDDDK was placed at the C-terminal ends of IL-17A cDNA as a marker to
distinguish it from endogenous IL-17A. The production of rAAV in capsid serotype 5 was
performed as previously described (Kou et al., 2011; Kou et al., 2015). The titers of rAAVs
were determined as described previously (Fukuchi et al., 2006).

2.2. Experimental animals and intracranial injection of rAAV-IL-17A

For intracranial injection, two-month-old C57BL/6J mice were anesthetized by Nembutal
and placed on a stereotaxic instrument with a motorized stereotaxic injector (Stoelting,
Wood Dale, IL). A midline incision was made to expose the bregma. A hole in the skull was
made by a drill 0.5 mm posterior to the bregma and 1.0 mm right to the midline. rAAV5-
IL-17A (1.5 x 1010 vector genomes (vg) in 10 ul PBS/mouse) was injected unilaterally into
the right lateral brain ventricle at the depth of 2 mm at a rate of 1 pl/min. Mice subjected to
rAAV5-IL-17A injection are referred to as IL-17A-in-Brain mice. Mice similarly treated
with 10 pl PBS served as controls and are referred to as PBS-in-Brain mice. All animal
protocols were prospectively approved by the Institutional Animal Care and Use Committee
of the University of Illinois College of Medicine at Peoria.

2.3. Immunohistochemical analyses

The brains were fixed in 4% paraformaldehyde for 48 h, stored overnight in 30% sucrose in
0.1 M PBS and frozen in Tissue-Tek optimal cutting temperature compound. Coronal
sections (35 um) of the brains were immnuostained with anti-Flag M2 antibody (Sigma, St.
Louis, MO), anti-1bal antibody (Wako, Osaka, Japan) and anti-GFAP antibody (Serotec,
Oxford, UK) for detection of IL-17A, activated microglia and reactive astrocytes,
respectively. Endogenous peroxidase was eliminated by 1% H,0, in 10% methanol Tris-
buffered saline (TBS) treatment. After washing with 0.1 M Tris buffer (pH 7.5) and 0.1M
TBS (pH 7.4), sections were blocked with 5% normal serum in 0.1 M TBS with 0.5% triton-
X-100 (TBS-T) and then incubated with primary antibodies in 2% serum in TBS-T for 18-
48 h at 4°C. For the negative controls, slides were processed without primary antibody.
After rinsing, the sections were incubated with biotinylated secondary antibodies in 2%
serum TBS-T for 2 h at room temperature. The avidin-biotin peroxidase method using 3, 3’-
diaminobenzidine as a substrate (Vector, Burlingame, CA) was performed. Sections were
counterstained with hematoxylin.
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2.4 Quantification of M1 and M2 marker and cytokine expression in plasma and brain

Approximately 100 pl blood/mouse was drawn from the tail vein by using microhematocrit
heparin tubes (Fisher Scientific, Pittsburgh, PA) and centrifuged for 20 min at 2,000 x g for
plasma isolation. Brains were removed under Nembutal anesthesia and the left hemispheres
were used for RNA analysis. The right hemispheres were homogenized using the Bio-Plex
cell lysis kit (Bio-Rad Laboratories, Hercules, CA) and centrifuged at 12,000 x g for 10 min
at 4°C. The supernatants were collected and their protein concentrations were determined by
Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA). Levels of IL-17A, 1L-1p,
IL-6 and tumor necrosis factor-a (TNF-a) in plasma and brains were determined by ELISA
(eBioscience, Inc. San Diego, CA) and/or by western blot analysis. For blood chemistry
tests, plasma samples were analyzed by IDEXX BioResearch (West Sacramento, CA). Total
RNA from the left hemispheres was isolated using the Direct-zolTM RNA kit (Zymo
Research Corporation, Irvine, CA). One to two micrograms of total RNA from each sample
were reverse transcribed using oligo (dT)15 primer and SuperScript® 111 Reverse
Transcriptase kit (Life Technologies, Grand Island, NY) to synthesize cDNA. Primer pairs
used for real-time PCR are shown in Table 1. The data were analyzed using the comparative
Ct method (272ACT) with B-actin as the normalizer.

2.5. Behavioral schedule and statistics

A battery of behavioral tests was performed on experimental mice at 10 months of age as
previously described (Lim et al., 2012). After measuring body weight and adapting mice to
handling, the tests were conducted over a 17-day period as follows: spontaneous alternation
(days 1-10), open-field (days 1-3), elevated plus-maze (days 4 and 5), stationary beam (day
6), coat-hanger (day 7), rotorod (days 8-10), and Morris water maze (days 11-16). In each
test, whenever possible, the apparatus was wiped clean with a wet cloth and dried before the
next mouse was introduced to minimize odor cues. Intergroup differences were assessed by
a repeated measures analysis of variance (ANOVA) and two-tailed Student’s t-test for
normally distributed data. In the spontaneous alternation test and the probe trial of the
Morris water maze, groups were compared by the Mann-Whitney U test. Whenever
possible, results are expressed as mean = standard error of the mean (SEM). In all cases, P <
0.05 was considered to be significant.

2.6. Exploration and anxiety

Spontaneous alternation was measured in a T-maze, made of white acrylic and consisting of
a central stem flanked on each side by 2 arms. The maze width was 9 cm, the wall height 20
cm, and each arm 30 cm in length. On the initial trial, the mice were placed in the stem with
the right arm blocked by a plastic barrier (forced choice). After entering the available arm,
the mice were kept in it for 1 min by closing the barrier behind them. The mice were then
retrieved and after removing the barrier, placed back in the stem for a free-choice trial, either
into the same arm or the opposite arm (4-paw criterion). On the following 10 days, the same
2-trial procedure was repeated, except that the blocked arm was switched from right on odd
days to left on even days. The number of alternations and the latencies before responding
during the choice trial were measured. In the absence of any decision within 1 min, the mice
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were briefly prodded from behind far from the choice point, usually not more than once, so
that a response could be recorded on every trial.

Motor activity was measured in the open-field made of white acrylic with a 50 cm x 50 cm
surface area. Each mouse was placed in a corner of the open-field. The activity in central (25
cm x 25 cm surface area) and peripheral zones was recorded in a 5-min session for 3
consecutive days and analyzed by video tracking software (SD Instruments, San Diego,
CA). The distance traveled and the time spent resting (<2 cm/s), moving slow (2-5 cm/s), or
moving fast (>5 cm/s) in each zone were measured, as well as the time spent in the
periphery and center of the apparatus.

The elevated plus-maze consisted of 4 arms in a cross-shaped form 70 cm in length with a
10 cm x 10 cm central region. Two of the arms were enclosed on 3 sides by walls (10 cm in
height) facing each other, while the other two were open, except for a minimal border (0.5
cm in height) used to minimize falls. A mouse was placed in the central region and then the
number of entries and the time spent inside enclosed and open arms were measured in a 5-
min session on 2 consecutive days with the same video tracking system. The open/total arm
entries and duration ratios were also calculated.

2.7. Motor coordination

The stationary beam (diameter: 2.5 cm; length: 110 cm) was made of plastic covered by
white masking tape to facilitate a firm grip. The beam was divided into 11 segments along
its length and placed at a 40-cm height above a cushioned floor to prevent injury. A
cardboard wall was inserted at each end to prevent the mouse from escaping. A trial began
by placing the mice on the middle segment. The number of segments crossed (4-paw
criterion), the latencies before falling, and the number of falls were measured in a single 4-
trial session, with a 1 min cut-off period and a 15-min intertrial interval.

Motor speed was measured in the coat-hanger test. The triangular-shaped coat-hanger
consisted of a horizontal steel wire (diameter: 2 mm, length: 41 cm) flanked at each end by 2
side-bars (length: 19 cm; inclination: 35° from the horizontal axis). The horizontal bar was
placed at a height of 40 cm above a cushioned table. The mice were placed upside-down in
the middle of the horizontal wire and released only after gripping with all 4 paws. Seven
types of movement time (MT) were compiled, namely latencies before reaching (snout
criterion) the first 10 cm segment (MT-1) or the extremity (MT-2) of the horizontal wire,
latencies before reaching either side-bar with 2, 3 or 4 paws, and latencies before reaching
(snout criterion) either the midway point or the top of the side-bar. Latencies before falling
and the number of falls were also compiled. A trial ended whenever the mice either fell or
reached the top of the apparatus. In the latter case, a maximal score of 60 s was given for
latencies before falling. This test was performed in a single 4-trial session with a 1 min cut-
off period and a 15-min intertrial interval.

The accelerating rotorod (Model 7650, Stoelting, Wood Dale, IL) consisted of a beam
(diameter: 3 cm) made of ribbed plastic, elevated at a height of 13.5 cm, and separated into 5
sections (width: 5.5 cm) by a plastic barrier. Facing away from the experimenter’s view, the
mice were placed on top of the already revolving rod (4 rpm) in the orientation opposite to
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its movement, so that falls could be avoided by forward locomotion. The rotorod accelerated
gradually and smoothly from 4 to 40 rpm during the 5-min trial. Latencies before falling
were measured in 4-trial sessions for 3 days, with a 15-min intertrial interval. Whenever a
mouse clung to the rod without moving (passive rotation) for 2 complete revolutions in
succession, it was retrieved and a fall registered.

2.8. Spatial learning and memory

The Morris water maze consisted of a pool of blue opaque plastic, 116 cm in diameter with
75-cm high walls, filled with water (20°C) at a height of 31 cm. Powdered milk was evenly
spread over the water surface to camouflage the escape platform (8 x 8 cm) made of white
plastic and covered with a wire mesh grid to ensure a firm grip. The watered milk was
removed every day after a few hours of training and the pool rinsed with clean water. The
pool was contained in a room with external visual cues such as light fixtures and a ladder.
The mice were placed next to and facing the wall successively in north (N), east (E), south
(S), and west (W) positions, with the escape platform hidden 1 cm below water level in the
middle of the NW quadrant. The same video tracking equipment was used to estimate path
length and escape latencies in 4-trial sessions for 5 days with a 15-min intertrial interval.
The mice remained on the platform for at least 5 s. Whenever the mice failed to reach the
escape platform within the 1 min cut-off period, they were retrieved from the pool and
placed on the platform for 5 s. After swimming, the mice were kept dry in a plastic holding
cage filled with paper towels. In the morning after the acquisition phase, a probe trial was
conducted by removing the platform and placing the mouse next to and facing the N side.
The time spent in the previously correct quadrant was measured for a single 1-min trial. In
the afternoon, the visible platform subtask was conducted, with the escape platform lifted 1
cm above water level and shifted to the SE quadrant. A 17-cm high pole was inserted on top
of the escape platform as a viewing aid. The same procedure was adopted as with place
learning except that the subtest was conducted on a single day.

2.9. Fluorescence-activated cell sorting (FACS)

Nine months after rAAV injection, adipocytes were prepared as previously described
(Planat-Benard et al., 2004). In brief, adipose tissues were digested at 37°C in PBS (without
calcium and magnesium) containing 2% bovine serum albumin (BSA) and 2 mg/ml
collagenase VI (Sigma, St. Louis, MO) for 45 min. After undigested fragments were
removed using 100 um filters (Fisher Scientific, Pittsburgh, PA), adipocytes were separated
from pellets of stromal vascular fraction cells by centrifugation at 600g for 10 min. F4/80-
PE (eBioscience, Inc. San Diego, CA) and CD206-FITC antibodies (BioLegend, San Diego,
CA) were used to identify macrophages and a M2 marker, respectively. Labelled cells were
loaded and analyzed by FACS (BD Bioscience, San Jose, CA).

2.10. Intraperitoneal glucose tolerance test (IPGTT) and insulin tolerance test (ITT)

Twenty and thirty weeks after rAAV injection, IPGTT and ITT were conducted,
respectively, as previously described (I1ze-Ludlow et al., 2011). Animals were fasted for 16
h, weighed and intraperitoneally injected with D-glucose (1.5g/kg) for IPGTT. Blood was
obtained using the tail nick method before and at 30, 60, 90 and 120 min after the D-glucose
injection for monitoring glucose levels using Glucometer (ReliOn® Prime, Arkray USA,
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Minneapolis MN). Plasma insulin levels were determined by insulin ELISA assay kit
(Crystal Chem Inc., Downers Grove, IL). For ITT, mice were fasted for 4 h, weighed, and
intraperitoneally injected with human insulin (0.75 units/kg, Novolin® R, Novo Nordisk,
Princeton, NJ). Blood sugar was monitored before and at 15, 30, 60, and 90 min.

2.11. Cell Culture and western blot analysis

PC12 cells (ATCC® CRL-1721™) were grown in RPMI-1640 medium containing 10%
heat-inactivated horse serum (ATCC, Manassas, VA) and 5% heat-inactivated fetal bovine
serum (Atlanta Biologicals, Flowery Branch, GA) in humidified 37°C incubator with a 5%
CO2 atmosphere. Cells were plated on culture dishes coated with rat tail collagen I (Sigma,
St. Louis, MO) at 5 x 10%/ml cells. Forty-eight hours after seeding, PC12 cells were treated
with 1, 10, 100ng/ml IL-17A (Cell Signaling Technology, Danvers, MA) for 5, 15 and 30
min. The cell lysates were prepared by using radioimmune precipitation assay (RIPA) lysis
buffer containing complete miniprotease-inhibitor and phosphatase inhibitor cocktail tablets
(Roche Diagnostics Corporation, Indianapolis, IN) and centrifuged at 12,000 x g for 10 min
4°C for collecting supernatants. After determining protein concentrations, the proteins were
electrophoresed under reducing conditions in 10% SDS-PAGE gels and transferred to PVVDF
membranes. The membranes were incubated overnight at 4°C with anti-phospho-AKT and
anti-AKT antibody (1:1000 dilution) (Cell Signaling Technology, Danvers, MA) and
specific bands were visualized by an enhanced chemiluminescence system (Amersham,
Arlington Heights, IL). The optical densities of the protein bands were determined by
densitometric scanning using an HP Scanjet G3010 Photo Scanner and Image J VV1.40 (NIH,
MD). The optical density of p-AKT band was divided by that of total AKT band on the
same lane from the same membrane for normalization.

2.12. Glucose uptake

The fluorescent glucose analog, 2-deox-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-
glucose (2-NBDG) uptake assay was performed by the manufacturer’s protocol (Cayman
Chemical, Ann Arbor, MI). PC12 cells were seeded in 35mm dishes at a density of 5 x 10°
cells/ml in serum-free medium overnight. The next day, the medium was replaced with fresh
glucose-free, serum-free medium. Cells were pretreated with or without 25 pM AKT1/2
inhibitor, A6730 (Sigma, St. Louis, MO), for 30 min followed by treatment with or without
100ng/ml of IL-17A or nerve growth factor (NGF) (Biomedical Technologies, Ward Hill,
MA) for another 30 min. Then, 2-NBDG was added to the medium. Ten minutes later, cells
were harvested, washed and analyzed by FACS.

2.13. Statistical analysis

Data were expressed as mean £ SEM. The data were analyzed using SPSS version 22
software (IBM, Armonk, NY). An independent sample t test was used for statistical
comparisons between the two groups. One-way ANOVA followed by a least-significant-
difference test was used for statistical comparisons among multiple groups. P values less
than 0.05 were considered statistically significant.
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3. Results

3.1. Overexpression of IL-17A in mouse brain via rAAV5-mediated gene delivery does not
cause inflammatory responses

The Flag tag was added to the C-terminal end of IL-17A in order to distinguish endogenous
IL-17A from IL-17A produced from the rAAV-IL-17A vector. The Flag tag may hamper
biological function of IL-17A. Therefore, we tested biological activity of IL-17A produced
by the AAV-IL-17A vector using 3T3 cells (NIH/Swiss mouse fibroblast). IL-17A induces
the production and secretion of interleukin-6 (IL-6) in 3T3 cells in a dose-dependent manner
and this feature of 3T3 cells has been used to quantify biological activity of synthetic or
recombinant IL-17A (Ruddy et al., 2004). First, rAAV1-IL-17A was injected into the thigh
muscles of C57BL/6 mice and a high level of IL-17A (32 ng/ml) in the plasma isolated from
one of the mice was confirmed by IL-17A ELISA (Supplementary data). Treatment of 3T3
cells with the plasma significantly increased IL-6 production and the increase in IL-6 was
abolished by neutralizing the plasma with anti-IL-17A antibody, indicating that plasma
IL-17A derived from the rAAV-IL-17 vector is biologically functional (Supplementary Fig.
S1).

To determine the potential role of IL-17A in the CNS, we established IL-17A-in-Brain mice
by injecting rAAV5-1L-17A into the cerebral ventricles of C57BL/6 mice. Three months
after injection, IL-17A was identified as a 16 kDa fragment in the brain by western blotting
using anti-Flag antibody (Fig. 1A). Five months after injection, IL-17A in the brain was
visualized by immunohistochemistry (Fig. 1B and C). IL-17A expression was found
throughout the hippocampi and partly in the neocortex. Nine months after injection, the
average plasma IL-17A level in IL-17A-in-Brain mice was 6.22 + 0.48 ng/ml while plasma
IL-17A was undetectable by ELISA in PBS-in-Brain mice (Fig. 1D). Thus, IL-17A appeared
to be secreted from brain cells and reached the peripheral circulation.

IL-17A overexpression may induce microglial activation, leukocyte infiltration and cytokine
production in the brain. Therefore, the brain sections were subjected to histochemistry by
hematoxylin and eosin (H & E) staining for mononuclear cell infiltration and
immunohistochemistry by anti-1bal and anti-GFAP antibodies for detection of activated
microglia and reactive astrocytes, respectively. Infiltrating mononuclear cells were not
found in the brains of the experimental mice and no difference was found in I1bal and GFAP
immunostaining between IL-17A-in-Brain and PBS-in-Brain mice (data not shown). We
further determined expression levels of M1 and M2 microglia/macrophage markers and
cytokines in the brain by quantitative PCR, which included interferon-y (IFN-v), IL-1f,
IL-6, TNF-a, arginase 1 (Argl), chitinase 3-like 3 (also known as YM1) and transforming
growth factor-B. There were no differences in the expression levels of these markers and
cytokines between 1L-17A-in-Brain and PBS-in-Brain mice 9 months after injection (Fig.
2A). In addition, blood chemistry tests were performed to assess the function of major
organs and included triglyceride, total cholesterol, blood urea nitrogen, creatinine, total
protein, globulin, albumin, creatine phosphokinase, aspartate aminotransferase, alanine
transaminase and growth hormone. All values of these blood test results were within normal
ranges and showed no significant differences between the two groups (Fig. 2B;
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Supplementary Fig. S2). There was neither clear indication of increases in IL-1f, IL-6 and
TNF-a in pooled plasma from IL-17A-in-Brain and PBS-in-Brain mice nor significant
differences in food consumption and body temperature between IL-17A-in-Brain and PBS-
in-Brain mice (data not shown). These results indicate that overexpression of IL-17A in the
brain does not induce inflammatory responses.

3.2. Overexpression of IL-17A does not impair motor coordination and spatial learning and

memory

Overexpression of IL-17A may induce autoimmune disease such as MS and RA. Therefore,
we carried out a battery of behavior tests to examine possible behavioral changes in animals
8 months after rAAV or PBS injection.

3.2.1. Exploration and anxiety—In the T-maze spontaneous alteration test, PBS-in-
brain mice alternated above chance (P=0.005) while IL-17A-in-Brain mice did not
(P=0.233) (Fig. 3A). The latencies of alteration did not show any difference (P=0.576) (Fig.
3B). In the open-field, IL-17A-in-Brain mice were more active in the central part of the
open-field (28.38 + 2.28%) than PBS-in-Brain mice (18.50 £+ 3.10%) on day 1 of testing
(P=0.024). In contrast, this effect was not found in the peripheral part of the open-field, nor
was there any effect on the following day (Fig. 4). No intergroup difference emerged in the
plus-maze test (Table 2).

3.2.2. Motor coordination—In the stationary beam test (Fig. 5A), there was no
difference in segments crossed in IL-17A-Brain mice or latencies before falling (240 + 0.00
s for PBS-in-Brain vs. 237 £3.33 s for IL-17A-Brain, P=0.281). In the coat-hanger test (Fig.
5B), the latency of MT-2 was shorter in the IL-17A-in-Brain group than that in the PBS-in-
Brain group (P=0.022). There were no differences in any other latencies between the two
groups. On the rotorod (Fig. 5C), the mice performed better on day 3 compared to day 1 in
both groups but no intergroup differences were found.

3.2.3. Spatial learning and memory—In the acquisition phase of the Morris water
maze, there were significant reductions in latencies and path lengths between days
(P=0.0005) (Fig. 6A, B). There was no difference between the two groups in either latencies
or path lengths (Fig 6A. B). In the probe trial, the percentages of time spent in the correct
quad were 26.55 + 0.96% for IL-17A-in-Brain mice and 26.71 + 1.31% for PBS-in-Brain
mice (P=0.92) (Fig. 6C). In the visible platform subtask, the latencies and distance travelled
were 29.87 + 3.67 s and 456.07 + 65.01 cm in IL-17A-in-Brain mice and 34.37 + 7.24 s and
463.55 + 71.01 cm in PBS-in-Brain mice (P > 0.05). Thus, no differences were found in any
measure between the two groups.

3.3 Overexpression of IL-17A reduces body weight and improves glucose metabolism

The first significant difference in body weight between IL-17A-in-Brain and PBS-in-Brain
mice was discernible 4 weeks after injection (P < 0.05) and, thereafter, the degree of
difference (P < 0.01) increased between the two groups (Fig. 7A). Nine month after the
injection, the average weight of right epididymal adipose tissues in IL-17A-in-Brain mice
(0.329 £ 0.056 g) was approximately one third of that in PBS-in-Brain mice (0.909 £ 0.066
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g; P <0.001) (Fig. 7B). H&E stained adipose tissue sections revealed that the size of
adipocytes is smaller in IL-17A-in-Brain than in PBS-in-Brain mice (Fig. 7C). M2
macrophages in epididymal adipose tissue were analyzed by FACS. The percentages of
CD206* F4/80* M2 macrophages in F4/80* cells in IL-17A-Brain (88.21 + 7.06%) were
higher than those in PBS-in-Brain mice (84.96 + 2.86%; P < 0.05) (Fig. 7D). Thus,
overexpression of 1L-17A reduced adipocyte mass and increased percentage of M2
macrophages in epididymal adipose tissues.

Blood glucose and insulin levels in IL-17A-in-Brain mice were significantly lower than
those in PBS-in-Brain mice throughout IPGTT (Fig. 7E and F; P < 0.01). Consistent with
these results, IL-17A-in-Brain mice showed increased insulin sensitivity in ITT (Fig. 7G; P
< 0.05).

3.4. IL-17A enhances glucose uptake in PC12 cells by activation of AKT

PC12 cell is a pheochromocytoma cell line derived from the rat adrenal medulla and widely
used to induce neuronal differentiation by NGF. In order to explore the possible mechanism
of IL-17A in glucose metabolism in neurons, PC12 cell were treated with IL-17A (1, 10, and
100ng/ml). Phospho-AKT in PC12 cells increased in a dose-and time-dependent manner
(Fig. 8A and B). After incubating with IL-17A or NGF (100ng/ml) for 30 min, the
percentage of glucose uptake by PC12 cells was significantly increased to 42.97 + 2.45% or
42.50 £ 2.83%, respectively, compared to 36.07 + 2.05% in control (P < 0.05) (Fig. 8C and
D). A6730 (AKT1/2 kinase inhibitor) significantly inhibited the increased glucose uptake by
IL-17A (30.05 £ 3.41%; P < 0.01) while A6730 alone did not alter glucose uptake (34.21 £
5.56%) compared with control (Fig. 8 D; P > 0.05).

In addition, hippocampal slices were used as an ex vivo model. IL-17A treatment (100
ng/ml) for 15 and 30 min significantly increased phospho-AKT in the hippocampal slices
(Supplementary Fig. S3; P < 0.01).

4. Discussion

IL-17A is generally considered as a damaging, proinflammatory cytokine involved in many
inflammatory diseases, including MS and RA (Ferreira et al., 2014; Fletcher et al., 2010;
McFarland and Martin, 2007). Emerging evidence, however, supports the notion that
IL-17A may play a protective role in tissue repair and inflammation (Gopal et al., 2014;
Littman and Rudensky, 2010; Nascimento et al., 2015; Nishikawa et al., 2014; O'Connor, Jr.
et al., 2009). Likewise, studies in MS and EAE led to conflicting results on the role of
IL-17A in disease development (Haak et al., 2009; Harrington et al., 2005; Hu et al., 2010;
Komiyama et al., 2006; Luchtman et al., 2014; Niimi et al., 2013). Based on a two-wave
hypothesis, IL-17A-producing Th17 cells after priming in peripheral lymph nodes traffic
through the choroid plexus into the subarachnoid space where Th17 cells are restimulated by
macrophages to undergo clonal expansion. IL-17A secreted from Th17 cells in the
subarachnoid space activate the parenchymal vasculature followed by accumulation of
leukocytes leading to the explosive inflammatory responses associated with the onset of
EAE (Kang et al., 2013). IL-17A levels are significantly elevated in MS and EAE (Ishizu et
al., 2005; Jiang et al., 2012; Kostic et al., 2014; Lock et al., 2002; Matusevicius et al., 1999).
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Moreover, IL-17A neutralization improves and adoptive transfer of myelin-specific Th17
cells exacerbates clinical conditions of EAE mice (Hofstetter et al., 2005; Jager et al., 2009;
Mardiguian et al., 2013). However, the targets of IL-17A signals in CNS-resident cells are
still not clear (Waisman et al., 2015). Additionally, there is a possibility that other cytokines,
other than IL-17A, produced by Th17 cells, may also contribute to onset and development of
MS (Graeber and Olsen, 2012). In view of the fact that the role of IL-17A in CNS
inflammatory diseases is unsettled, this study is the first to overexpress IL-17A in the mouse
CNS to uncover the potential role of IL-17A.

MS patients show a wide variety of neurological symptoms, including paresthesia or
numbness, motor weakness, incoordination, gait disturbance, and cognitive impairment
(Cree, 2014; Miller and Leary, 2007; Milo and Miller, 2014). As seen in humans, certain
behavioral changes can be observed in EAE mice (Acharjee et al., 2013; Franco-Pons et al.,
2007; Jones et al., 2008; Legroux and Arbour, 2015; Moore et al., 2014; Serra-de-Oliveira et
al., 2015; Ulrich et al., 2010; Wang et al., 2013). Clinical signs and paralysis in EAE mice
are scored on a scale from 0 (clinically normal) to 5 (moribund) (Miller et al., 2010). In our
study, 1L-17A-in-Brain mice did not show any clinical signs and abnormal behaviors and
their EAE clinical score remained at 0 throughout the experiments. To discern subtle
changes in physical activities and cognitive functions which may be induced by IL-17A
overexpression in the brain, we performed a battery of behavioral tests including T-maze,
open-field, elevated plus-maze, stationary beam, coat-hanger, accelerating rotorod and
Morris water maze. Surprisingly, IL-17A overexpression in the mouse brain did not cause
significant alterations in the majority of the measures in these behavioral tests. More
surprisingly, there was a significant difference in MS-2 in the coat hanger test, which
indicates IL-17A-in-Brain mice move faster to reach the extremity of the horizontal wire in
a coat-hanger than PBS-in-Brain mice. In addition, although anxiety disorders commonly
occur in patients with MS (Korostil and Feinstein, 2007; Michalski et al., 2010; Theaudin et
al., 2015), IL-17A-in-Brain mice did not show increased anxiety in T-maze, open-field and
plus-maze compared to PBS-in-Brain mice. Instead, 1L-17A-in-Brain mice were more active
in the central part of the open-field (day 1 only) than PBS-in-Brain mice. This effect was not
found in the peripheral part of the open-field, indicating a decrease in anxiety without
hyperactivity. The decrease in anxiety did not generalize to the T-maze and plus maze tests,
perhaps because of the higher degree in anxiety involved in exploring open spaces. PBS-in-
Brain mice alternated significantly above chance but IL-17-in-Brain mice did not. Because
circulating glucose levels are known to influence spontaneous alternation performance in
rodents (Ragozzino et al., 1996), poor performance on the T-maze may be explained by low
blood glucose in IL-17A-in-Brain mice. Our results from water maze indicate that IL-17A
overexpression in the brain does not provoke cognitive decline. Taken together, our
behavioral data show that overexpression of IL-17A in the mouse CNS does not induce
deficits in physical activities and cognitive functions.

Microglia activation in the CNS is considered to be a crucial step in development of EAE
and contributes to dendritic pathology and neuronal loss by releasing cytokines, such as
IL-6, and TNF-a (Centonze et al., 2009; Lassmann, 2014; Trebst et al., 2001; Zager et al.,
2015). We, however, did not find increases in mMRNA and protein levels of brain IL-6 and
TNF-a in IL-17A-in-Brain mice. IL-17A overexpression did not increase expression levels
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of IBAL, a microglia marker, and GFAP, an astrocyte marker, also. Furthermore, we also
did not find differences in brain expression levels of M1 and M2 inflammation markers
between IL-17A-in-Brain and PBS-in-Brain mice (Fig. 2). Although plasma IL-17A levels
increased in IL-17A-in-Brain mice, other proinflammatory cytokines including IL-1p, 1L-6
and TNF-a did not. The blood chemistry profile, which reflects the functions of liver,
kidney, muscle, and lipid metabolism, showed no abnormality and no difference between
IL-17A-in-Brain and PBS-in-Brain mice. Worth noting, the percentage of anti-inflammatory
macrophage (M2), rather than pro-inflammatory macrophage (M1), in adipose tissue of
IL-17A-in-Brain mice significantly increased compared with that in PBS-in-Brain mice. Our
data support the notion that IL-17A may become a pathogenic cytokine only when it
synergizes with other cytokines and immune cells, such as TNF-a (Gu et al., 2013; Liu et
al., 2011; Schwandner et al., 2000) and interleukin-1 3 (Hirota et al., 2007), which are
increased neither in brain nor in plasma in our IL-17A-in-Brain mice (Fig. 2). Alternatively,
IL-17A may need to be expressed by peripheral immune cells such as Th17 cellsand v6 T
cells in order to induce infiltration of immune cells into the CNS (Gelderblom et al., 2012;
Kebir et al., 2007).

Recently, increased prevalence of insulin resistance and impaired glucose tolerance in MS
patients was reported (Oliveira et al., 2014; Penesova et al., 2015; Wens et al., 2013). In
previous studies, IL-17A inhibited adipogenesis and moderated adipose tissue accumulation
in vitro and 1L-17a~/~ mice showed increased bodyweight, glucose tolerance and insulin
sensitivity (Ahmed and Gaffen, 2010; Ahmed and Gaffen, 2013; Straus, 2013; Winer et al.,
2009; Zuniga et al., 2010). Therefore, altered expression of IL-17A may induce impaired
glucose metabolism in MS patients. In the previous studies, however, effects of increased
levels of IL-17A on glucose metabolism and obesity in vivo were uninvestigated and
remained unknown. In the current study, IL-17A-in-Brain mice showed improved glucose
tolerance and insulin resistance, together with the loss of bodyweight and fat pad weight.

The phosphoinositide 3-kinase (PI3K)-AKT signaling pathway is one of the main insulin
signaling pathways to regulate glucose uptake (Taniguchi et al., 2006). NGF activates AKT
and enhances glucose uptake in PC12 cells by activation of its receptor, TrkA, which
interacts with insulin receptor and insulin receptor substrate 1 (Geetha et al., 2013).
Interestingly, an increasing body of evidence has shown that NGF and IL-17 share certain
structural (cysteine knot fold) (Hymowitz et al., 2001; Zhang et al., 2011) and functional
resemblances (Chisholm et al., 2012; Li et al., 2011). Therein, we explored the possible
effect of IL-17A on glucose use in PC12 cells. As is the case of NGF, IL-17A enhanced the
glucose uptake by activating AKT signaling, which can be inhibited by AKT1/2 inhibitor.
Moreover, P-AKT was also increased in ex vivo hippocampus slice cultures by IL-17A. Our
findings suggest that IL-17A may increase glucose uptake in vivo via activation of AKT and
improve the glucose metabolism.

In conclusion, our present study explored for the first time the potential role of IL-17A in the
CNS by creating mice that overexpress IL-17A in the brain. We demonstrate that IL-17A-in-
Brain mice do not develop behavioral abnormalities and CNS inflammation but show
improved glucose metabolism. Furthermore, our data show that IL-17A may improve
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glucose tolerance by activating AKT. Accordingly, careful consideration should be given to
ongoing clinical trials when IL-17A inhibitors are used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
e IL-17A overexpression in the CNS does not cause physical and learning
disabilities
o IL-17A overexpression improves glucose tolerance and insulin sensitivity

e IL-17A overexpression reduces epididymal adipose tissue mass

» IL-17A increases glucose uptake by AKT activation in PC12 cell
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Figure 1. Overexpression of IL-17A in mouse brain
(A) Three months after rAAV5-IL-17A intraventricular injection, IL-17A was identified as

an approximate 16 kDa fragment in the brain homogenate by western blot using anti-Flag
M2 antibody. (B and C) Five months after the injection, IL-17A expression was found
throughout the hippocampi and partly in neocortexes along the ventricles and hippocampi in
IL-17A-in-Brain mice (B) while no positive staining was found in PBS-in-Brain mice (C).
Scale bars are 500um. (D) Nine months after injection, the levels of IL-17A in the plasma
from IL-17A-in-Brain and PBS-in-Brain mice were determined by ELISA. ## P< 0.001.
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Figure 2. M1 and M2 macrophage/microglia markers and blood chemistry tests
(A) mRNA expression levels of M1 and M2 macrophage/microglia markers in the brains of

IL-17A-in-Brain and PBS-in-Brain mice determined by real-time PCR are shown. The
values were normalized to B-actin. No difference was found between the two groups (n=4
for each group). (B) Blood biochemical profiles in IL-17A-in-Brain and PBS-in-Brain mice.
All values of the blood chemistry results and plasma creatinine levels (<0.2 mg/dl, not
shown) are within normal ranges and show no differences between the two groups (n=4 for
each group).
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Figure 3. Effects of IL-17A overexpression on mice in T-maze
The number of alterations (A) and the latencies (B) before responding with 1 min cut-off are

shown as means + SEM. n = 8-10 for each group.
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Figure 4. Effects of IL-17A overexpression on mice in open-field
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The percentages of resting time in peripheral (A) and central (B) zones, of moving slow in
peripheral (C) and central (D) zones, or moving fast in peripheral (E) and central (F) zones
in a 5-min session are shown as means + SEM for 3 days.
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Figure 5. Effects of IL-17A overexpression on motor coordination
(A) The number of segments crossed before falling (means + SEM) from stationary beam in

4-trial sessions. (B) The latencies before reaching MT-1, MT-2, 2 paws, 3 paws, 4 paws,
midway point and top with 1-min cut-off. (C) The latencies before falling (means + SEM)
from the accelerating rotorod in 4-trial sessions for 3 days. * P<0.05.
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Figure 6. Effects of IL-17A overexpression on cognitive function in water maze
(A) Total escape latencies (s) and (B) total path lengths (cm) per day are shown as means +

SEM. (C) The probe trial of the Morris water maze. Percentages of time spent in the target
quadrant in which the hidden platform was previously placed are shown.
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Figure 7. Effect of IL-17A overexpression on bodyweight, IPGTT, ITT and adipose tissue
(A) Two-month-old mice (n=9-11/each group) were subjected to intraventricular injection

of PBS or rAAV5-IL-17A and their bodyweights were measured every two weeks. (B)
Thirty-two weeks after the injection, mice were euthanized and epididymal adipose tissues
were isolated. The average weight of right epididymal adipose tissues in IL-17A-in-Brain
mice are approximately one third of that in PBS-in-Brain mice. (C) Haematoxylin and eosin-
stained images of paraffin embedded epididymal adipose tissue sections from PBS-in-Brain
and IL-17A-in-Brain mice. Scale bars are 200um. (D) Flow cytometer analyses showing
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expression levels of CD206™ and F4/80* M2 macrophages in the adipose tissues. (E and F)
Twenty weeks after injection, mice were fasted for 16 h and injected i.p. with 1.5 g
glucose/kg bodyweight and blood glucose and insulin were measured before and after
glucose injection at the indicated time points. (G) Thirty weeks after PBS or rAAV5-IL-17A
injection, mice were fasted for 6 h and injected i.p. with 0.75 U insulin/kg bodyweight for
ITT. Blood glucose levels were determined and are shown as percent changes from (H)
basal blood glucose levels. * P < 0.05, # P < 0.01 and ## P < 0.001.
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Figure 8. Effect of IL-17A on activation of Akt and glucose uptake
(A) PC12 cells were treated with 1, 10 and 100 ng/ml IL-17A for 5, 15 and 30 min. The cell

lysates were analyzed by western blotting using phospho-Akt (S473, p-Akt) and total-Akt
(T-Akt) antibodies. (B) The bar graph represents the results of densitometric analysis of
western blots shown in A. (C) PC12 cells were treated with or without IL-17A 100 ng/ml for
30 min followed by treatment with 2-NBDG for 10 min. Glucose uptake curves by flow
cytometer are shown. Negative and Control stand for PC12 cells prepared without 2-NBDG
and IL-17A treatment, respectively. Glucose uptake curve of PC12 cells treated with NGF is
identical to that of IL-17A-treated PC12 cells (not shown). (D) PC12 cells were pretreated
with or without Akt 1/2 inhibitor, A6730, for 30 min followed by treatment with or without
100 ng/ml IL-17A. NGF (100 ng/ml) treatment serves as a positive control. Bar graphs
present percentages of PC12 cells that show glucose uptake by flow cytometer (D). The
statistical results, * P<0.05 and # P<0.01, are from three independent experiments as shown
in B and D.
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Table 1
Real-time PCR primer sequence
Forword (5°-37) Reverse (5°-3%)
IFNy  TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTTCATG
IL-18  GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
IL-6  TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
TNFa  CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
Argl  CACTCCCCTGACAACCAGCT AAGGACACAGGTTGCCCATG
YM1  CAGGTCTGGCAATTCTTCTGAA GTCTTGCTCATGTGTGTAAGTGA
TGFp  CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
p-actin  GGCTGTATTCCCCTCCATCG CCA GTTGGTAACAATGCCATGT
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Table 2

Effects of IL-17A on exploratory activity in plus-maze (means + SEM)

Measures PBS IL-17A
Day 1
Open arms
Entries 135+1.2 13+14
Duration (s) 74.4+10.5 82.0+10.0
Enclosed arms
Entries 144+0.38 123+1.0
Duration (s) 162.3+138 181.2+9.7
Open/total ratio (%)
Entries 478+2.2 509+27
Duration 265+3.1 27.3+33
Day 2
Open arms
Entries 6.6+1.2 6.9+1.0
Duration (s) 424+78 324+6.7

Enclosed arms
Entries 11.0+£09 10.7+£13
Duration (s) 227.1+10.1 2421+9.7
Openl/total ratio (%)
Entries 354+33 391+16
Duration 141+26 10.8£2.2
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