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CSF high-mobility group box 1 is associated
with intrathecal inflammation and astrocytic
damage in neuromyelitis optica

Akiyuki Uzawa, Masahiro Mori, Saeko Masuda, Mayumi Muto, Satoshi Kuwabara

ABSTRACT

Objective High-mobility group hox 1 (HMGB1) acts as
a proinflammatory mediator when released by cells.
Recent studies implicate extracellular HMGB1 in the
pathogenesis of various autoimmune diseases. Our main
aim of this study is to determine whether HMGB1 is
involved in the neuromyelitis optica (NMO) inflammatory
process.

Methods Cerebrospinal fluid (CSF) and serum HMGB1
levels in 42 NMO patients were compared with those in
30 multiple sclerosis (MS) patients, and 30 patients with
other noninflammatory neurological disorders (ONND:s).
We also tested the possible correlation between CSF
HMGB1 levels and the clinical and laboratory variables
in NMO patients.

Results CSF HMGB1 levels in NMO patients were
higher than those in MS and ONNDs patients
(p<0.001), and these levels in MS patients were higher
than those in ONNDs patients (p<0.001). After
treatment, the CSF HMGB1 levels in NMO patients
decreased to normal. In addition, CSF HMGB 1 levels
correlated with CSF cell counts, CSF protein levels, CSF
interleukin-6 levels, CSF glial fibrillary acidic protein
levels, and CSF/serum albumin ratio (p<0.001). Serum
HMGB1 levels in MS patients were significantly higher
than those in ONNDs patients {p=0.002).
Conclusions HMGB1 could play a key role in central
nervous system inflammation in NMO patients.

INTRODUCTION

High-mobility group box 1 (HMGB1) was recently
identified as a damage-associated or pathogen-
associated molecular pattern molecule.! * HMGB1
has a dual function: intracellularly, it binds to DNA
in the nucleus and is important for gene regulation
and transcription,® and extracellularly, HMGB1 can
act as inflammatory trigger and is involved in
inflammatory processes.* ° Purified recombinant
HMGB1 added to cultures of human monocytes
stimulates the release of inflammatory cytokines
which amplify inflammation.® HMGB1 is released
by activated immunocytes or damaged, dying cells
during necrosis and the late phase of cellular apop-
tosis.” ® The proinflammatory cytokine activity of
HMGB1 is attributed mostly to its ligation with the
receptor for advanced glycation end products
(RAGE), toll-like receptor (TLR) 2, TLR4 and
TLR9.>* HMGB1 can activate autoreactive B
cells,** and upregulate adhesion molecules, leading
to the recruitment of inflammatory cells, thereby
promoting cell migration.* 1*

Neuromyelitis optica (NMO) and multiple scler-
osis (MS) are known to differ in terms of various
aspects of their pathology,'® neuroimaging,'”
imnmnology18 and response to certain immuno-
therapies' *° since the discovery of anti
aquaporin-4 (AQP4) antibody in NMO,*! but these
diseases are similar in terms of autoimmune-
mediated inflammatory disorders of the central
nervous systerm (CNS).2% 23

Recent studies have detected associations between
HMGB1 and autoimmune diseases. High HMGB1
levels are present in rheumatoid arthritis (RA),
Sj6gren syndrome (SS), Churg-Strauss syndrome,
and systemic lupus erythematosus (SLE),**’ and
MS patients,?® but the correlation between HMGB1
levels and NMO pathogenesis has not been studied.
The objective of this study was to determine
whether HMGB1 is involved in the NMO inflam-
matory process.

MATERIALS AND METHODS
Study participants
Forty-two NMO patients, including 33 patients with
definite NMO, who met the 2006 Wingerchuk’s cri-
teria®® and nine with anti-AQP4-positive optic neur-
itis and/or myelitis (NMO spectrum disorders:
NMOSD), and 30 with relapsing-remitting MS, who
met the 2005 revised McDonald criteria,?® were
involved in this study. We included patients with
obtainable CSF samples who visited the Chiba
University Hospital between 2000 and 2012. Thirty
patients (11 women and 19 men; mean age=59.1
years) with other non-inflammatory neurological dis-
orders (ONNDs) were recruited as controls, includ-
ing 11 with amyotrophic lateral sclerosis, 10 with
spinocerebellar degeneration, 5 with Parkinson’s
disease, and 4 with progressive supranuclear palsy.
We recorded the sex, age, disease duration,
expanded disability status scale (EDSS) scores, pres-
ence of longitudinally extensive transverse myelitis
(LETM), defined as acute myelitis with spinal cord
lesions extending over >3 vertebral segments as
observed on MRI, positivity for oligoclonal bands,
positivity for serum anti-AQP4 antibody using
ELISA, as described previously (with minor modifi-
cations),>® cerebrospinal fluid (CSF) variables,
including CSF interleukin (IL)-6 levels, CSF glial
fibrillary acidic protein (GFAP) levels, CSF/serum
albumin ratio (QAlb), and IgG index, and whether
the patient was receiving immunomodulatory or
immunosuppressive therapy at the time of sample
collection.
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Multiple sclerosis

The ethics committee of the Chiba University School of
Medicine, Chiba, Japan approved the study, and written
informed consent was obtained from all study subjects.

CSF and serum collection

CSF samples were obtained by lumbar puncture from NMO and
MS patients during the active disease phase (within 1 month of
clinical relapse) and before acute relapse treatment that included
high-dose intravenous methylprednisolone and plasmapheresis
therapy. The serum samples were collected concurrently with
lumbar puncture. QAlb as a marker of blood-brain barrier integ-
rity and IgG index as a marker of intrathecal IgG synthesis were
available in 35 NMO patients, 25 MS patients and 15 ONNDs
patients. CSF samples after relapse treatment were obtained from
only four NMO patients because lumbar puncture was rarely per-
formed during remission and after relapse treatment. All samples
were stored at —80°C until analysis.

CSF and serum HMGB1 measurements

The CSF and serum HMGB1 levels were determined in NMO, MS
and ONNDs patients using an HMGB1 ELISA kit IT (Shino-Test
Corporation, Tokyo, Japan), according to the manufacturer’s
instructions. In brief, an ELISA plate was coated with anti-HMGB1
antibody and incubated with 110 pl of diluted samples (40 .l of
CSF and 70 ul of diluent) for 24 h at 37°C. After five washes,
100 pl of detection antibody was added to each well and the plate
was incubated for 2 h. The plate was washed five times and 100 pul
of colour reagent (3,3',5,5'-tetramethylbenzidine and H,O, buffer
solution) was added to each well, followed by another 30 min incu-
bation. Finally, 100 wl of stop solution was added. The optical
density (OD) was measured at 450 nm. HMGB1 levels were calcu-
lated with reference to a standard curve. The HMGB1 detection
range was 0.25-20 ng/ml.

CSF 1L-6 and GFAP measurements

CSF IL-6 levels were measured using a chemiluminescent
enzyme immunoassay (CLEIA) at our clinical laboratory,
employing a two-step sandwich method using a cartridge for
IL-6 measurement (Human IL-6 CLEIA Fujirebio, Fujirebio,
Tokyo). The intensity of chemiluminescence was measured using
a luminometer to determine IL-6 levels.

The CSF GFAP levels were measured using a human GFAP
ELISA kit (BioVendor, Minneapolis, Minnesota, USA). OD was
measured at 450 nm; however, a second reading at 405 nm was
performed when the microplate reader was incapable of reading
absorbance greater than the highest standard. These procedures
were performed according to the manufacturer’s instructions.

Correlation between the CSF HMGB1 levels and the clinical
and laboratory variables in NMO and MS patients

We examined the possible correlation between the CSF
HMGB1 levels and the clinical and laboratory variables, includ-
ing EDSS, CSF cell counts and CSF protein levels in 42 NMO
patients and 30 MS patients. We also analysed the association
between the CSF HMGB1 levels and CSF IL-6 levels, CSF
GFAP levels, QAlb, IgG index, length of the spinal lesion and
OD at 450 nm of serum anti-AQP4 antibody in 42 NMO
patients.

Statistical analyses

All data were analysed according to the intention-to-treat prin-
ciple. For the baseline variables, groups were compared using
the Mann—Whitney U test for unpaired continuous measures.
Spearman’s rank correlation coefficient was used to evaluate the
statistical dependency of two variables. All comparisons were
planned and statistical tests were two-sided. p<0.05 was consid-
ered statistically significant. In addition, for multiple compari-
sons, we applied the Bonferroni correction method to the
computed p values to reduce type I errors.

RESULTS

Clinical and biochemical profiles of NMO and MS patients
The clinical characteristics of NMO and MS patients are sum-
marised in table 1. The patients’ proportion of female, presence
of LETM, negativity for oligoclonal bands, positivity for serum
anti-AQP4 antibody, and receipt of immunomodulatory or
immunosuppressive therapy, as well as age, disease duration and
EDSS at sampling were higher in NMO patients than in MS
patients. The CSF findings of NMO, MS and ONNDs patients
are summarised in table 2. The CSF cell counts, protein levels,
IL-6 levels, GFAP levels and QAlb in NMO patients were signifi-
cantly higher than in MS and/or ONND:s patients.

Table 1 Clinical characteristics of NMO and MS patients

Clinical characteristics

NMO (n=42)

Men:women S
Age, year; mean (range) '
Disease duratlon month; mean (range) .
Site of relapse at samphng
Spinal cord: (%) ‘
Brain (%) -
Optic nerve (%) .
EDSS; median (range) )
>3 vertebral segments spmal cord Ie5|ons (%)
Positive antlaquaponn-4 antlbody (%)
P05|t|wty for ohgoclonal bands (%) )
!mmunomodulatory or lmmunosuppresswetherapy (%) .
Interferon B (%) : e
 Agathioprine (%) -
Oral prednisolone (%)

3 :'39
51.5 (27.9-86.0)
129.5 (0.0-486.8)

MS (n=30)
9:21

33.2 (181-51 4
712 (. 5—269 1)

23/30 o

w00

EDSS, Expanded Disability Status Scale; ‘Ms, multiple sclerosis; NMO, neuromyelitis optica.

3042 (71)
6/42 (14) B0 (23)
6/42 a8 430 (13)
8 (1.5-9. 0) 3.5 (1.0-7.5)
38/42 (90) 3130 (10)
36/42 (86)"’ oo
531 (16) Cowmen
17/42 (40) 930(30)
3/42 (7) Mm@
542 (12) ' ‘_‘_,0/30()‘
148 (33) ;
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Table 2 CSF findings of NMO, MS and ONNDs péﬁen‘ts‘

p Value

‘"CSF fmdmgs b NMO (n-42) Tk MS (n_30) ""“ONNDs (n_30) NMO versus MS NMO versus ONNDs MS versus ONNDs
Cell count (cells/mm) 2 6i337 S 69¢85,-5 09209 0040 <0001* <ooo1* o
Protein level (mg/dl) 98.8+150.5 32.0+8.4 34.4+12.1 . <0001* o <0001* 0371
|L-5(pg’/m|),,; o 8389427154 - 3.0+10 23310 . <0001* <0001 :‘0018

GFAP (ng/ml) 38885166211 : 08105 0806 <0001 <0001* o 08%
QA'bx103 ' A2 5054178 429515 <0001F . <0001* 058

,IgG index - 068021 0701027 05001 0799 . <0001* . 0001*

' Each value represents meaniSD Mann—Whltney U test was used for statistical analysis.

*Statlstlcally different even after Bonferroni correction, .

CSF, cerebrospinal fluid; GFAP, glial f!bnllary aadlc protem, MS mu!tlple sclerosns, NMO
. cerebrospmal/serum albumm ratio, :

Increased serum HMGB1 levels in MS patients

The mean (SD) serum HMGBI1 levels were 2.65 (3.91), 2.94
(2.78) and 1.55 ng/ml (2.07) in NMO, MS and ONNDs
patients, respectively. The values in MS patients were signifi-
cantly higher than those in ONNDs patients (p=0.002), but
there were no significant differences after applying Bonferroni
correction between NMO and ONNDs (p=0.041), as well as
NMO and MS (p=0.060) (figure 1).

Increased CSF HMGB1 levels in NMO and MS patients

The mean CSF HMGB1 levels were 3.56%3.76 ng/ml
(mean=SD), 1.43+0.82 ng/ml, and 0.85+0.21 ng/ml in NMO,
MS and ONND:s patients, respectively. The CSF HMGB1 levels
in NMO patients were significantly higher than those in MS
patients (p<0.001) and ONNDs patients (p<0.001), and these
levels in MS patients were higher than those in ONNDs patients
(p<0.001). We obtained the CSF samples from four NMO
patients after treatment, of which three patients received high-
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25 ' i -
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=
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£
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Figure 1 Serum high-mobility group box 1 (HMGB1) levels in
neuromyelitis optica (NMO), multiple sclerosis (MS), and other
non-inflammatory neurological disorders (ONNDs) patients. HMGB1
levels in sera of 42 NMO patients, 30 MS patients, and 30 ONNDs
patients. Levels in MS patients were significantly higher than those in
ONNDs (p = 0.002). There were no significant differences after
applying Bonferroni correction between NMO and ONNDs (p = 0.041)
as well as NMO and MS (p = 0.060). Dashed lines indicate the mean
concentration in each group.

neurdeelitis'bptica;:ONNDs, bther'nbn-infléfﬁmétory'ﬁeurdlbg‘icual disorders; QAlb,

dose intravenous methylprednisolone treatment, and one
received plasmapheresis therapy after the high-dose intravenous
methylprednisolone treatment as relapse treatment. The mean
interval between clinical relapse and sampling after relapse treat-
ment was 24.8 days. The CSF HMGBI levels after relapse treat-
ments in NMO patients (n=4) decreased to near the levels
found in ONNDs patients (5.64+3.76 ng/ml at relapse, which
decreased to 0.63+0.16 ng/ml after treatment) (figure 2).

CSF HMGB1 levels were correlated with the CSF cell counts,
protein levels, IL-6 levels, GFAP levels and QAlb in NMO
patients

There were significant positive correlations among the CSF
HMGB1 levels and CSF cell counts (r=0.832; p<0.001), CSF
protein levels (r=0.640; p<0.001), CSF IL-6 levels (r=0.506;
p=0.001), CSF GFAP levels (r=0.511; p=0.001), and QAlb
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Figure 2 Cerebrospinal fluid (CSF) high-mobility group box 1 ;
(HMGB1) levels in neuromyelitis optica (NMO), multiple sclerosis (MS),
and other non-inflammatory neurological disorders (ONNDs) patients.
HMGB1 levels in CSF of 42 NMO patients, 30 MS patients and 30
ONNDs patients. Levels in NMO patients were significantly higher than
those in MS (p < 0.001) and ONNDs patients (p < 0.001), while the
levels in MS patients were more elevated than those in ONNDs patients
(p < 0.001). The CSF HMGB?1 levels after relapse treatment in NMO
patients (n = 4) sharply dropped to near the levels in the ONNDs
patients. Dashed lines indicate the mean concentration in each group.
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Figure 3  Correlations between cerebrospinal fluid (CSF) high-mobility group box 1 (HMGB1) levels and CSF variables in neuromyelitis optica
(NMO) patients. Significant positive correlations were detected between the CSF HMGB1 levels and CSF cell counts, CSF protein levels, CSF IL-6
levels, CSF glial fibrillary acidic protein (GFAP) levels and cerebrospinal/serum albumin ratio (Qalb) values in 42 NMO patients.

(r=0.680; p<0.001) in NMO patients (figure 3). There were no
significant correlations among the CSF HMGB1 levels and EDSS
scores (r=0.206; p=0.203), length of spinal lesion (r=0.183;
p=0.811), IgG index (r=0.152; p=0.378), or anti-AQP4 anti-
body titres (r=0.021; p=0.895) in NMO patients. In MS patients,
there was a positive correlation between the CSF HMGB1 levels
and CSF cell counts (r=0.800; p<0.001) but no correlation
between the CSF HMGB1 levels and CSF protein levels
(r=0.348; p=0.061) or EDSS scores (t=—-0.332; p=0.074).

DISCUSSION

In this study, we found significant increases in the CSF HMGB1
levels in NMO patients compared with those in MS and
ONNDs patients, while the CSF HMGB1 levels in NMO
patients were also positively correlated with the CSF cell counts,
CSF protein levels, CSF IL-6 levels, CSF GFAP levels and QAlb.
The increased CSF protein content and QAlb may have been
due to blood-brain barrier disruption, as increased permeability
of the blood-brain barrier may have facilitated the access of
anti-AQP4 antibody to astrocytes and further infiltration of the
immune components into the CNS. Indeed, severe blood-brain
barrier disruption occurred during the acute phase in NMO
patients.>® CSF IL-6 has important roles in CNS inflammation,
and it may be a useful biomarker of NMO activity,'® 32 while
elevated CSF GFAP levels indicate astrocytic damage, which is a
primary pathological process during NMO.** Moreover, the
CSF HMGB1 levels decreased to normal levels after relapse
treatment in NMO patients. These findings suggest that CSF
HMGBL1 is involved in and may trigger CNS inflammation and
astrocytic damage observed in NMO. We also conducted suba-
nalysis, and found the mean CSF HMGB1 levels were 3.88 and
1.64 ng/ml in the anti-AQP4-positive NMO/NMOSD (n=36)
and anti-AQP4 antibody-negative NMO groups (n=6), respect-
ively. Their levels were greater in AQP4-positive patients com-
pared with AQP4-negative patients, but the difference was not
statistically significant. In this regard, there seemed to be similar
pathogenesis between them. On the other hand, serum HMGB1
levels in NMO were higher than those in ONNDs patients, but
the difference was not significant after applying Bonferroni cor-
rection (p=0.041). Although there may be some activation of

HMGB1 outside the CNS in NMO, we believe the activation
mainly occurs inside the CNS of NMO.

Several studies have detected systemically upregulated
HMGBI levels, and shown that HMGB1 has important roles in
inflammatory autoimmune-mediated diseases. However, the role
of HMGB1 in NMO has not been elucidated. In SLE patients,
increased serum HMGB1 levels correlated with SLE disease
activity index scores, proteinuria and anti-HMGB1 monoclonal
antibody levels, indicating that HMGB1 and HMGB1
anti-HMGB1 immune complexes play a role in SLE pathogen-
esis.”” 3* HMGB1 was also strongly expressed in the synovial
fluid of RA patients, while synovial fluid macrophages released
proinflammatory cytokines after HMGB1 stimulation, suggesting
that HMGB1 plays important roles in RA pathogenesis.?® In add-
ition, increased amounts of extracellular HMGB1 in the salivary
glands of SS patients indicated that HMGB1 was involved in the
inflammatory processes associated with $S$.>* NMO often
co-occurs with collagen diseases, such as SLE and $S;>° therefore,
similar mechanisms may be present in these disorders. To date,
there has been only one previous report of a possible correlation
between HMGB1 and MS. HMGB1 was secreted by macro-
phages and microglia in the CNS, and its receptors RAGE, TLR2
and TLR4 were highly expressed in the active lesions of MS
patients.”® Cytoplasmic HMGB1 immunoreactivity was detected
in active MS lesions, whereas nuclear HMGB1 immunoreactivity
was detected in inactive lesions.”® The distribution of HMGB1
immunoreactivity suggests that HMGB1 is released from the cell
nucleus during CNS inflammation. HMGB1 also stimulated the
release of inflammatory cytokines.® Thus, there are potential
interactions among these molecules during the inflammatory pro-
cesses involved in MS pathogenesis, and the presence of HMGB1
in the CSF may be a useful biomarker for CNS inflammation.
Our study revealed an increase in the CSF and serum HMGB1
levels in MS patients similar to that found previously,?® and there
was a marked CSF HMGB1 elevation in NMO patients com-
pared with that in MS and ONND:s patients, indicating that CSF
HMGB1 is implicated more in the pathogenesis of NMO than
MS. The increased CSF HMGB1 levels in NMO patients might
be because of their more severe CNS inflammation compared
with MS patients. Another possible mechanism of HMGB1
release may occur during cell death by necrosis or apoptosis. The
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significant positive correlations between CSF HMGB1 and CSF
GFAP levels suggest that the damage (necrosis or apoptosis) to
astrocytes could be the source of CSF HMGB1. Therefore,
increased CSF HMGB1 levels may be a consequence of initial
cell destruction by anti-AQP4 antibody and an epiphenomenon.
Meanwhile, in MS patients, HMGB1 levels were elevated not
only in the CSF but also in the serum. These findings would
suggest that HMGB1 and inflammatory activations in the periph-
eral circulation in MS are more active than those in NMO.

Recently, a therapeutic anti-HMGB1 monoclonal antibody
intervention has been described in a few reports. Specific thera-
peutic inhibition of endogenous HMGB1 reversed the lethality
of established sepsis, presumably by abrogating HMGB1-induced
IL-6 and tumour necrosis factor-o release from macrophage-like
cells.® Anti-HMGB1 monoclonal antibody therapy could also be
effective in the treatment of brain ischaemia,*® *” models of arth-
ritis®® and experimental autoimmune myocarditis.*® Similarly,
prevention of CNS inflammation by inhibiting HMGB1 may be a
novel treatment for NMO and MS. Recently, we have reported
that anti-HMGB1 monoclonal antibody ameliorates experimen-
tal autoimmune encephalomyelitis.** Further testing of
HMGB1-blocking therapies will be required in animal models of
NMO and MS.

CONCLUSION

Our study showed that CSF HMGB1 levels were high during
the relapse phase of NMO and MS, especially NMO. HMGB1
may play a key role in controlling the autoimmune responses by
stimulating the release of inflammatory cytokines. The control
of HMGB1 is considered to be a critical factor in the pathogen-
esis of autoimmune diseases, including NMO and MS. CSF
HMGB1 could be involved in NMO inflammation and be a bio-
marker for CNS inflammation in NMO. Anti-HMGB1 interven-
tions could have the potential for treating NMO and MS in the
future.
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Abstract

Interleukin-34 (IL-34) is a newly discovered cytokine as an additional ligand for
colony stimulating factor-1 receptor (CSF1R), and its functions are expected to
overlap with colony stimulating factor-1/macrophage-colony stimulating factor. We
have previously shown that the I1L-34 is primarily produced by neurons in the central
nervous system (CNS) and induces proliferation and neuroprotective properties of
microglia which express CSF1R. However, the functions of IL-34 in the CNS are still
elucidative. Here we show that CNS capillary endothelial cells also express
CSF1R. IL-34 protected blood-brain barrier integrity by restored expression levels
of tight junction proteins, which were downregulated by pro-inflammatory cytokines.
The novel function of IL-34 on the blood—brain barrier may give us a clue for new
therapeutic strategies in neuroinflammatory and neurodegenerative diseases such
as multiple sclerosis and Alzheimer’s disease.

Introduction

Interleukin-34 (IL-34) has been identified as an additional ligand for colony
stimulating factor-1 receptor (CSF1R), and it is broadly expressed in various
organs including heart, brain, lung, liver, kidney, spleen, and colon [1]. IL-34 and
colony stimulating factor-1/macrophage-colony stimulating factor (CSF-1/M-
CSF) bind to the different regions of CSF1R and share no overt sequence
homology [2]. Recent studies showed that IL-34 produced by epithelial lineage
cells (e.g. keratinocytes, splenic vascular endothelial cells, and neurons) is
necessary for the development of tissue macrophage-like cells (e.g. Langerhans
cells, osteoclasts, and microglia) [3-5]. We also have shown that IL-34 is
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exclusively produced by neurons in CNS and induces proliferation of microglia
[6]. We also showed that IL-34 attenuated the neurotoxic effect of oligomeric
amyloid beta (AB) in vitro and intracerebroventricular administration of IL-34
ameliorates the impairment of associative learning in an AD mouse model [6].
Another study also demonstrated that IL-34 rescued neuronal damage in mouse
models of AD and kinate-induced neurotoxicity [7]. These findings suggest
distinct functions of IL-34 in the development of various CNS disorders.
However, the precise functions of IL-34 in the CNS still remain to be elucidated.

The blood-brain barrier (BBB) is a tight seal composed of capillary endothelial
cells, pericytes, and astrocytes [8]. The BBB contributes to maintenance of CNS
homeostasis by limiting the entry of plasma components, erythrocytes, and
immune cells from the circulating blood [9-11]. Tight junction (TJ) plays an
important role in the barrier function of the BBB, which is composed by TJ
proteins including claudins, occludin, and zonula occludens-1 (ZO-1) [12]. BBB
disruption is frequently associated with synaptic and neuronal dysfunction in
various neurological disorders such as multiple sclerosis (MS), AD, Parkinson’s
disease, and amyotrophic lateral sclerosis [13, 14]. Pro-inflammatory cytokines
such as IL-1P, tumor necrosis factor-a (TNF-a), interferon-y, and IL-17, are
thought to downregulate the expression of tight junction proteins and contribute
to the transmigration of inflammatory immune cells into the CNS, which
exacerbates neuroinflammation in these diseases [14-19].

In this study, we found that the CNS capillary endothelial cells as well as
microglia express CSFIR. We also showed that IL-34 restored pro-inflammatory
cytokine—induced BBB disruption by upregulating the expression levels of tight
junction proteins such as claudin-5 and occludin. These findings suggest the
presence of neuronal regulation of BBB functions via IL-34, and upregulation of
IL-34 in the CNS may be a novel therapeutic strategy against neuroinflammatory
and neurodegenerative disorders.

Materials and Methods

Reagents

Recombinant mouse IL-1f, TNF-o, and IL-34 were purchased from R&D Systems
(Minneapolis, MN, USA). The c-fms/CSFIR tyrosine kinase inhibitor GW2580
was used as a blocker of CSFIR signaling (Millipore, Bedford, MA, USA). Dylight
594-labeled tomato lectin was used as a capillary endothelial cell marker (Vector
Laboratories, Burlingame, CA, USA).

Animals

All protocols were approved by the Animal Experiment Committee of Nagoya
University (approved number: 14018). C57BL/6] mice were purchased from Japan
SLC (Hamamatsu, Japan).
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Cells

Primary neuronal cultures were prepared from the cortices of C57BL/6 mouse
embryos at embryonic Day 17 as described previously [20]. Briefly, cortical
fragments were dissociated into single cells in dissociation solution (Sumitomo
Bakelite, Akita, Japan), and resuspended in neuron culture medium (Sumitomo
Bakelite). Neurons were seeded onto 12-mm polyethylenimine-coated glass
coverslips (Asahi Techno Glass Corp., Chiba, Japan) at a density of 5.0 x 10* cells/
well in 24-well culture plates and were incubated at 37°C in a humidified
atmosphere containing 5% CO,. The purity of the cultures was >95% as
determined by NeuN-specific immunostaining. Mouse brain capillary endothelial
cell line MBEC4 [21] was maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. Confluent monolayer of MBEC4 cells
was used as an established BBB model as described previously [22].

BBB Permeability assay

The permeability of MBEC4 cell monolayers was measuring transendothelial
electrical resistance (TER) as described previously [22]. Confluent monolayer of
MBECHA cells on the 24-well transwell inserts (3-pm pore size) were incubated with
or without 20 ng/ml TNF-o, 20 ng/ml IL-1f, 0-100 ng/ml IL-34, or 1 umol/L
GW2580 for 24 h. TER was measured using a Millicell-ERS (Millipore).
Resistances of blank filters were subtracted from those of filters with cells before
final resistances (Q » cm?) were calculated. Assays were carried out in five
independent trials.

Immunocytochemistry

Primary neurons and MBEC4 cells were fixed with 4% paraformaldehyde for

10 min, permeabilized using 0.1% Triton X-100 for 5 min, and blocked using 5%
normal goat serum in phosphate-buffered saline (PBS) for 1 h at room
temperature. Neurons were incubated with rabbit anti-mouse IL-34 polyclonal
antibodies (ProSci, Poway, CA, USA), mouse anti-mouse microtubule-associated
protein—2 (MAP-2) monoclonal antibody (Chemicon, Temecula, CA, USA)
overnight at 4°C followed by a 1-h incubation with Alexa-conjugated secondary
antibodies (Invitrogen, Carlsbad, CA, USA). MBEC4 cells were stained using
rabbit anti-mouse CSF1R polyclonal antibodies (Abcam, Cambridge, UK)
overnight at 4°C followed by a 1-h incubation with Alexa-conjugated secondary
antibodies (Invitrogen). Nuclei were counterstained with Hoechst 33342
(Invitrogen). Images were analyzed using a deconvolution fluorescent microscope
system (BZ-8000, Keyence, Osaka, Japan).

Immunohistochemistry
Brains and lumbar spinal cords from C57BL/6] mice were fixed with 4%
paraformaldehyde overnight, equilibrated in 20% sucrose with PBS for 48 hours,
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embedded in Tissue Tek O.C.T. compound (Sakura Finetechnical Co., Ltd.,
Tokyo, Japan), and frozen at —80°C overnight. Coronal brain sections and
transverse spinal cord sections (20 um-thick) were prepared using a cryostat.
Sections were permeabilized using 0.3% Triton X-100 after blocking with 5%
normal goat serum in PBS for 1 h. Sections were incubated with rabbit anti-
mouse I1L-34 polyclonal antibodies (ProSci), mouse anti-mouse MAP-2 mono-
clonal antibody (Chemicon), rabbit anti-mouse CSF1R polyclonal antibodies
(Abcam), and Dylight 594-labeled tomato lectin (Vector Laboratories) overnight
at 4°C followed by a 1-h incubation with Alexa-conjugated secondary antibodies
(Invitrogen). Images were analyzed using a deconvolution fluorescent microscope
system (BZ-8000, Keyence).

RNA isolation and reverse transcription-polymerase chain
reaction (RT-PCR)
MBEC4 cells were cultured at a concentration of 4 x 10> cells/well in 24-well
culture plates and stimulated with 100 ng/ml IL-34 for 24 h. Total RNA was
extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA). cDNAs encoding
mouse IL-34 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
generated by RT-PCR using SuperScript II (Invitrogen), Blend Taq DNA
polymerase (Toyobo, Osaka, Japan), and the following specific primer sets:

CSFIR forward primer: 5'-AAGCAGAAGCCGAAGTACCA-3’

CSFIR reverse primer: 5'-GTCCCTGCGCACATATTTCAT-3’

GAPDH forward primer: 5 -TGTGTCCGTCGTGGATCTGA-3’

GAPDH reverse primer: 5'-CCTGCTTCACCACCTTCTTGA-3’

Western Blotting

MBEC4 Cells were lysed in TNES buffer (50 mM Tris-HCI at pH 7.5, 150 mM
NaCl, 1% Nonidet P-40, 2 mM EDTA, and 0.1% SDS) with protease inhibitor
mixture (Complete Mini EDTA-free; Roche Diagnostics, Basel, Switzerland). Cell
lysate proteins dissolved in Laemmli sample buffer (20 pg/well) were separated on
4-20% SDS-polyacrylamide gels (Mini-Protean TGX; Bio-Rad, Hercules, CA,
USA) and transferred to Hybond-P polyvinylidene difluoride membranes (GE
Healthcare, Piscataway, NJ, USA) as described previously [23]. The membranes
were blocked for 1 h at room temperature with 5% skim milk in Tris-buffered
saline containing 0.05% Tween-20, and then incubated overnight at 4°C with
rabbit anti-mouse Zonula Occludens—1 (ZO-1) polyclonal antibodies, rabbit anti-
mouse occludin polyclonal antibodies, rabbit anti-mouse claudin-5 polyclonal
antibodies (Invitrogen), and mouse anti-f-actin monoclonal antibody (Sigma).
After an overnight incubation with primary antibodies at 4°C, each blot was
probed with horseradish peroxidase-conjugated anti-mouse IgG (GE Healthcare).
Blots were then visualized with SuperSignal West Dura Extended Duration
Substrate (Thermo Fisher Scientific, Waltham, MA, USA), and quantitated using
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a CS Analyzer 3.0 system (Atto, Tokyo, Japan). Assays were carried out in five
independent trials.

Statistical analysis

Statistical significance was analyzed with one-way analysis of variance followed by
post-hoc Tukey’s test, using GraphPad Prism version 5.0 (GraphPad Software, La
Jolla, CA, USA).

Results

IL-34 is exclusively expressed in CNS neurons

In the previous study, we have reported that IL-34 protein is primarily expressed
in neurons whereas IL-34 mRNA expression was detected in neurons and
astrocytes [6]. First, we confirmed the expression pattern of IL-34 in the CNS
using immunostaining in mouse primary cortical neurons, brains, and spinal
cords. As shown in Fig. 1, IL-34 protein was exclusively expressed in neurons in
the CNS.

CNS capillary endothelial cells expressed IL-34 receptor CSF1R
Next, we examined the expression pattern of IL-34 receptor CSF1R protein in the
CNS using immunostaining. In addition to microglia, CNS microvessels were also
immunopositive for CSFIR (Fig. 2A, green). Its staining pattern in the
microvessels was identical to that of tomato lectin (Fig. 2A, red and arrows in the
overlap images) which selectively binds to the surface of capillary endothelial cells
[24], suggesting that CNS capillary endothelial cells express CSF1R. Meninges and
large vessel adventitia were also stained with CSFIR and tomato lectin. Although
CSF1R has been detected on fibroblasts and smooth muscle cells which are the
main components of meninges and adventitia [, 7], the meninges and adventitia
showed strong non-specific binding of antibodies and lectin. Therefore, the
positive staining in meninges and adventitia may be artifact.

Furthermore, mouse brain capillary endothelial cell line MBEC4 cells strongly
express CSFIR protein (Fig. 2B, green). MBEC4 cells constitutively express CSFIR
mRNA, and stimulation with IL-34 did not alter CSF1R expression level (Fig. 2C).
These data indicate that CNS capillary endothelial cells constitutively express
CSFIR and are potential target of IL-34 in the CNS, as well as microglia.

IL-34 restored BBB disruption via CSF1R signaling in endothelial
cells

BBB disruption is a common pathological feature of various neurological diseases,
and inflammatory cytokines such as IL-1f and TNF-a have been considered as
causative factors that damage BBB integrity by downregulating TJ proteins in BBB
endothelial cells [14-16,25,26]. To investigate whether 1L-34 affects the BBB
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IL-34 MAP-2 overlay

primary
brain neuron

spinal cord

Fig. 1. IL-34 is produced by neurons in the CNS. Immunofluorescence images of primary cortical neurons,
brain sections, and lumbar spinal cord sections. Green, IL-34; red, MAP-2; blue, Hoechst nuclear
counterstain. Scale bar, 50 pm.

doi:10.1371/journal.pone.0115981.g001

integrity, we evaluated BBB permeability by measuring TER in MBEC4 cell
monolayer as an in vitro BBB model [22]. IL-34 significantly ameliorated a
decrease in TER induced by IL-1B and TNF-a in a dose dependent manner
(Fig. 3), whereas treatment with IL-34 alone did not alter untreated BBB integrity
(data not shown). Moreover, addition of CSF1R signal inhibitor GW2580 ablated
the effect of IL-34 on BBB (Fig. 3). These results indicate that IL-34 restored pro-
inflammatory cytokine-mediated BBB disintegrity via CSF1R signaling in
endothelial cells.

IL-34 upregulated TJ proteins in BBB endothelial cells

Next, we assessed whether IL-34 alters the expression levels of T] proteins that are
sensitive to pro-inflammatory cytokines [14—16]. Western blotting analysis
detected that major T] proteins such as claudin-5 and occludin were significantly
downregulated by treatment with IL-1B and TNF-« (Fig. 4). Addition of IL-34
reversed the expression levels of these T] proteins (Fig. 4), whereas treatment with
IL-34 alone did not alter the expression levels of T] proteins in untreated MBEC4
cells (data not shown). Addition of GW2580 canceled the effect of IL-34 on the
expression of claudin-5 and occludin (Fig. 4). These data suggest that IL-34
rescues pro-inflammatory cytokine—induced BBB disruption via upregulating T]
proteins such as claudin-5 and occludin in BBB endothelial cells.
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CSF1R tomato lectin overlay
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Fig. 2. CNS endothelial cells express CSF1R. (A) Immunofluorescence images of brain sections, and
lumbar spinal cord sections. Green, CSF1R; red, tomato lectin; blue, Hoechst nuclear counterstain. Arrows
indicate CSF1R-immunopositivity in the capillary endothelial cells. Scale bar, 50 um. (B) Immunofiuorescence
image of mouse brain capillary endothelial cell line MBEC4. Green, CSF1R; blue, Hoechst nuclear
counterstain. Scale bar, 50 pm. (C) RT-PCR data for CSF1R. Stimulation with 1L-34 did not alter the
expression of CSF1R in MBEC4 cells.

doi:10.1371/journal.pone.0115981.g002

Discussion

IL-34 is widely expressed in a variety of tissues including brain. Because IL-34
shares the same receptor with CSF-1/M-CSF, it has similar functions on monocyte
lineage cells such as induction of proliferation and differentiation of macrophages,
Langerhans cells, osteoclasts, and microglia [3-5, 27, 28]. In the CNS, IL-34 is
mainly released by neurons, especially when they are damaged [6]. Like CSF-1/M-
CSF, IL-34 induces microglial proliferation. In addition, IL-34 enhances
microglial neuroprotective functions by inducing anti-oxidant enzyme heme
oxigenase-1 (HO-1), and amyloid degrading enzyme insulin degrading enzyme
(IDE). Moreover, we also found that IL-34 induces microglial production of TGF-
B which negatively regulates microglial activation [29]. TGF-PB dose-dependently
suppressed microglial proliferation by IL-34 but attenuated oligomeric amyloid
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Fig. 3. IL-34 restores damaged BBB integrity. MBEC4 cells were treated with TNF-o (20 ng/ml) and IL-18
(20 ng/ml) in the presence of IL-34 (0—100 ng/ml) and GW2580 (1 umol/l). TER of MBEC4 cell monolayer was
measured after a 24-h incubation. Values are means + SEM (n=5). *, p<0.05; t, p<0.01.

doi:10.1371/iournal.pone.0115981.g003

B—mediated neurotoxicity [29]. The neuroprotective functions of IL-34 was
partially suppressed by blockade of TGE-f receptor signaling, suggesting that
neuroprotective effect of IL-34 was in part mediated by microglial TGF-f3
production in response to IL-34. Thus, IL-34 released from damaged neurons acts
as a “Help-me” signal which induces microglial neuroprotective effects with
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Fig. 4. IL-34 upregulates tight junction proteins in MBEC4 cells. MBEC4 cells were incubated with TNF-o
(20 ng/ml) and IL-1B (20 ng/mi) in the presence of IL-34 (0-100 ng/ml) and GW2580 (1 pmol/L) for 24 h.
Upper, representative images of Western blots for tight junction proteins. Bottom, quantified expression levels
of tight junction proteins relative to those in untreated cells. Values are means + SEM (n=5). *, p<0.05.

doi:10.1371/journal.pone.0115981.9004
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Fig. 5. Model of the roles of IL-34 in the CNS. Damaged neurons secrete |1L-34 as a “Help-me” signal. {L-34
binds its receptor CSF1R which is mainly expressed in microglia and BBB endothelial cells. CSF1R signaling
enhances neuroprotection in microglia and restores BBB disruption by upregulating TJ proteins in capillary
endothelial cells.

doi:10.1371/journal.pone.0115981.9005

subsiding microglial activation (Fig. 5). The expression of CSFIR is reportedly
high during early postnatal development, and is very low in adult brain [30]. IL-
34 exhibited a broader regional expression than CSF-1/M-CSF, mostly without
overlap, suggesting important role of IL-34-CSFIR signaling in regional
neurogenesis. A previous study reported that CSFIR expression is increased in
microglia of AD brains and microglia overexpressing CSF1R are neuroprotective
[31]. Therefore, IL-34 produced by neurons [6] as well as CSF-1/M-CSF produced
by astrocytes [32] may be involved in the development of neurodegenerative
disesases such as AD via microglial CSFIR signaling.

In this study, we have shown that BBB endothelial cell expresses CSFIR and is a
novel target of IL-34. BBB disruption has been implicated as a pathogenesis of
various neurological disorders including MS and AD. A recent study showed that
amyloid B suppressed expression of T] protein ZO-1 in BBB endothelial cells via
receptor for advanced glycation end products (RAGE) and claimed that amyloid
B-RAGE interaction may be a potential molecular pathway in breakage of BBB
integrity [33]. In addition, pro-inflammatory cytokines such as IL-1f3, TNF-a,
IFN-7, and IL-17 have been considered as the candidates to increase BBB leakage
[14~19]. Our findings revealed a novel function of IL-34-CSF1R signaling on the
maintenance of BBB integrity via upregulating major TJ proteins claudin-5 and
occludin in capillary endothelial cells (Fig. 5). A major downstream target of
CSFIR signaling is cAMP responsive element-binding protein (CREB), which
modulates the transcription of TJ proteins [34, 35]. Taken together, IL-34 released
from damaged neurons may functions as a “Help-me” signal toward restoration
of CNS homeostasis via microglia and BBB endothelial cells (Fig. 5). Our study
clarified the presence of neuronal regulation of BBB functions via IL-34-CSFIR
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signaling. IL-34—CSF1R pathway may be novel therapeutic target for neuroin-
flammatory and neurodegenerative disorders such as MS and AD.
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