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BASIC SCIENCE ARTICLE
IGF-1 alleviates serum IgG-induced neuronal cytolysis

through PI3K signaling in children with opsoclonus-
myoclonus syndrome and neuroblastoma

Xu Ding', Wei Han?, Jing Wang?®, Wei Yang?® Xiao-Feng Chang? Zhi-Yun Zhu?, Hong Qin? Jin-Zhe Zhang? Xu Wang* and
Huan-Min Wang?

BACKGROUND: Opsoclonus-myoclonus syndrome (OMS) is a rare neurological disorder, usually accompanied by neuroblastoma
(NB). There is no targeted treatment and animal model of OMS. We aimed to investigate whether insulin-like growth factor 1 (IGF-
1)/phosphoinositide 3-kinase (PI3K) signaling alleviates neuronal cytolysis in pediatric OMS.

METHODS: Cultured rat cerebral cortical neurons and cerebellar neurons were incubated with sera or IgG isolated from sera of

children with OMS and NB. Cytolysis and PI3K expression were measured by the lactate dehydrogenase assay and enzyme-linked
immunosorbent assay, respectively. Using inhibitors and activators, the effects of IGF-1 and PI3K on cytolysis were investigated.

RESULTS: The incubation of sera or IgG from children with OMS and NB increased cytolysis in not only cerebellar neurons, but also
cerebral cortical neurons. Furthermore, the IGF-1 receptor antagonist NVP-AEW541 exaggerated cytolysis in children with OMS and
NB. IGF-1 alleviated cytolysis, which was blocked by the PI3K inhibitor LY294002. Additionally, sera or IgG from children with OMS
and NB compensatively elevated PI3K expression. LY294002 exacerbated cytolysis; whereas, the PI3K activator 740 Y-P suppressed
cytolysis.

CONCLUSION: IGF-1/PI3K signaling alleviates the cytolysis of cultured neurons induced by serum IgG from children with OMS and

NB, which may be innovation therapy targets.

Pediatric Research (2019) 85:885-894; https://doi.org/10.1038/s41390-018-0251-1

INTRODUCTION

Opsoclonus-myoclonus syndrome (OMS) is a rare neurological
disorder with an estimated annual incidence of 0.27-0.40 cases in
children per million.! The typical symptoms of OMS are
opsoclonus, myoclonus, ataxia, and most of the patients also
have persistent cognitive, neurological, or behavioral-
developmental deficits.” Neuroblastoma (NB) is found in 50% of
children with OMS. Mechanisms underlying OMS are still largely
unknown, resulting in no targeted treatment and even no animal
model of OMS.

Sera and the IgG fraction isolated from sera of OMS patients
have cell toxicity to NB cell lines®>* and cultured cerebellar cells.>®
Besides the cerebellum and brainstem, the cerebrum is also
affected by the pathogenesis of OMS, for patients with OMS have
neurological deficits in multiple cerebral functions,”® and brain
images show morphological changes in the cerebrum.”™'" More-
over, the IgG fraction of sera contains autoantibodies,® which are
expressed in OMS patients.>'?'® Therefore, we hypothesized that
both cerebral cortical and cerebellar neurons are affected by sera
or IgG from children with OMS and NB.

Insulin-like growth factor 1 (IGF-1) takes part in various
cellular processes via activation of phosphoinositide 3-kinase

(PI3K), such as cell survival, apoptosis, and differentiation.
Especially, IGF-1/PI3K signaling alleviates neurotoxicity in some
diseases.'*'® For instance, the activation of PI3K and down-
stream IGF-1 suppresses N-methyl-D-aspartate (NMDA)-induced
excitotoxicity in cultured hippocampal neurons against autop-
hagy.'® Furthermore, sera from pediatric OMS patients induces
cytolysis in cultured cerebellar neurons, which specifically
dependents on extracellular signal-regulated kinase (ERK).> A
previous report showed that ERK can have a negative crosstalk
with PI3K, thus having opposite effects on cell death.'” However,
whether IGF-1 is involved in the cytolysis of cultured neurons
induced by serum IgG from children with OMS and NB through
PI3K is still unknown.

In this study, we found that the incubation of sera or IgG from
children with OMS and NB induces cytolysis in cultured rat
cerebral cortical and cerebellar neurons. Moreover, neuronal
cytolysis is exaggerated by the IGF-1 inhibitor, whereas cytolysis
is alleviated by IGF-1, which is blocked by the PI3K inhibitor.
Additionally, sera or IgG from children with OMS and NB
compensatively elevates PI3K expression. Neuronal cytolysis is
exaggerated by the PI3K inhibitor, while it is alleviated by the PI3K
activator. Our results suggest that IGF-1 suppresses neuronal
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Table 1. Clinical data of children
N Age Gender Tumor No treatment before Treatment before serum collection
(month) (female/male) stage serum obtained

Healthy children 10 41917 5/5 —_ E— E—

NB 17 449+75 8/9 I:3 10 childrens Seven children were treated with chemotherapy,
I: 8 receiving vincristine, cyclophosphamide, adriamycin,
W s etoposide, and cisplatin.
IV: 1

OMS + NB 8 362%125 4/4 I: 2 6 childrens One child was treated with steroids; another one
Il: 4 received intravenous immune globulin.
l: 2
IV: 0

Juvenile idiopathic 10 40.8+10.5 6/4 _ 6 childrens Three children received non-steroidal anti-inflammatory

arthritis (JIA) drugs, one received steroid.

cytolysis of cultured neurons induced by serum IgG from children
with OMS and NB via PI3K.

METHODS

Participants

All procedures in this study were approved by the Clinical
Research Ethics Committees of Beijing Children’s Hospital, Capital
Medical University (No. IEC-C-028-A10-V.05). Written informed
consent was obtained from all the legal guardians of children
enrolled in our study. All the childrens were enrolled between
January 2015 and December 2017 from the Beijing Children’s
Hospital and were Han Chinese. Sera of 8 children with OMS and
NB (OMS + NB) were collected. Sera of 17 children with NB
without OMS (NB), sera of 10 healthy children were used as
control. Moreover, 10 children with juvenile idiopathic arthritis
(JIA) were enrolled to reveal whether effects on neurons are
special for OMS or common for all IgG-related diseases. All the
sera were stored at —80 °C until further detection.

Clinical data

The age and gender in healthy children, NB, OMS + NB and JIA
groups, and also tumor stage in NB and OMS + NB groups were
not significantly different. More than half of blood samples in NB,
OMS + NB and JIA groups were collected before any treatment
(Table 1). All the children in the JIA group suffered from systemic
onset JIA. Electroencephalogram results were clinically normal in
the OMS + NB group.

For patients with OMS, the degree of ataxia, opsoclonus, ataxia/
gait, ataxia/stance, and sleep/mood disturbance was graded from
0 to 3, respectively, and OMS score was the summary of the 5
aspects. The OMS evaluation criteria have been previously
described.®

The IgG fraction isolated from sera

Sera were applied to 100 ul protein G Agarose (Thermo Fisher
Scientific, California) as described before? After centrifugation at
10,000xg for 10 min, the IgG-free fraction in supernatants was
removed. After washing with 0.01 M phosphate buffer saline (PBS),
IgG was eluted using 0.1 M glycine-HCl (pH 2.7), followed by
neutralization buffer PBS. The concentration of IgG was deter-
mined using the BCA assay (Pierce, Rockford).

Primary cultures of cerebral cortical and cerebellar neurons

Primary cultures of cerebral cortical and cerebellar neurons were
prepared from the cerebral cortex and cerebellum of Sprague
Dawley rat embryos (16-18 days old) as previously described.®'®
The cerebral cortex and cerebellum were cut and incubated at
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37 °C for 30 min in calcium-magnesium free PBS containing 0.01%
trypsin, respectively. After triturating, cells were centrifuged for 5
min at 800rpm and resuspended in Eagle’s Basal Medium
prepared without glutamine, with twice the usual concentration
of other amino acids and four times the usual concentration of
vitamins (MEM-Pak; University of California, San Francisco Cell
Culture Facility, San Francisco, CA). The culture was supplemented
on the day of plating with 2 mM glutamine, 15 mM HEPES, pH 7.4,
and glucose to a final concentration of 30 mM. Cell suspensions
were filtered, supplemented with 10% horse serum and 10% fetal
calf serum, and seeded on poly-L-lysine coated plates (Corning
Inc., Corning). After 24 h, the media were replaced with serum free
Neurobasal growth medium containing B27 (Gibco, Boston), 0.5
mM L-Glutamax (Sigma-Aldrich, St Louis), 2.5 M cytosine arabino-
side, 100 U/ml penicillin, and 100 g/ml streptomycin. Cultures
were fed daily with a medium containing B27. To prepare neuron-
enriched cultures, 24 h after seeding the cells, cytosine arabino-
side at 10 uM was added.

Lactate dehydrogenase (LDH) assay

LDH is expressed in the cytoplasm, which can be detected in the
supernatant of cultured neurons only when the plasma membrane
is damaged, therefore LDH in supernatant is an indicator
of cytolysis.>> Neurons were seeded onto 6-well plates (Corning
Inc., Corning) at 3.0 x 10° cells/well to get both media for the LDH
assay and neurons for the enzyme-linked immunosorbent assay
(ELISA) parallelly, for the purpose to calculate the correlations
between each other (Figs. 1a-d and 2), while in other experiments
(Figs. 1g, h, and 3-6) neurons were seeded onto 96-well plates
(Corning Inc, Corning) at 1.0x 10* cells/well. Neurons were
cultured for 16 h, and then the medium was replaced with a
fresh medium containing sera or IgG. In 6-well plates, 40 pl of sera
and 1960 pl of medium were added in each well, 1:50 diluted. Also
IgG at 100-200 pg in a 2000-pl volume, at the final concentration
of 0.05-0.1 pg/pl, and the IgG-free fraction at 1000-1400 pug were
used for each well. In 96-well plates, the volume was 1/10 of that
in 6-well plates with the same final concentration. In other words,
4 ul of sera or IgG at 10-20 ug in a 200-pl volume was used for
each well of 96-well plates.® Additionally, commercially available
human IgG (Sigma-Aldrich) was used to confirm whether effects
on cytolysis are simply related to higher concentration of IgG.
Commercially available IgG was dissolved in sterile normal saline,
which was added into each well with medium (10 pg/well) at the
final concentration of 0.1 pg/pl, the largest concentration in the
OMS + NB group. Sera or IgG was incubated for 48 h. Then 100 pll
of neuron culture supernatants were measured by the Cytotoxicity
Detection Kit (Roche, Indianapolis). Maximum LDH release was
induced by 1% Triton X-100, whereas background control was

Pediatric Research (2019) 85:885 - 894



Cerebral cortical neuron

a 50 - Sera
*kk
40 *kKk
£ 30 v
o VS = ==
9 20 1 A . A M
§ L v
Is) 10 4 % Aagat
0 CL) 4
-10 T T T
Healthy control  NB OMS+NB
C
50 - 1gG from sera
*kk
40 A *kk
£ 304 M
(2} —;
g 204 A,a v'
2 qo{ ma"  af
S T sl
0 1 . A
-10 T T T
Healthy control ~ NB OMS+NB
e 50 - 1gG-free fraction from sera
40 A
£ 30
L "= A Vv
o 20 A
> A
3 T A =
5» 10 A . AL aa v’
O -
-10 T T T
Healthy control  NB OMS+NB
g
50 - '9G from sera
*kk
40 4
£ 30 o
L v *
_g 20 A ..I v s,
Iel
§ 101 .
04
-10 T T T T
Healthy OMS+NB  JIA 19G
control

Fig. 1

IGF-1 alleviates serum IgG-induced neuronal cytolysis through PI3K...
X Ding et al.

Cerebellar neuron

b 50 - Sera o
*kk
40 - v
—_ vyY
& 30 a —
L Aaa v
2 2041 a vy
©
S 104 —;AE
0 L Aadaa
-10 T T T
Healthy control NB OMS+NB
d
50 - 19G from sera
*kk
— 40 9 *kk
S 7
Py 30 v,
_% 20 - 4 AT
2 '
> i A A
G 10 mapym  Aditet
04 u am Asa
-10 T T T
Healthy control ~ NB OMS+NB
f 1gG-free fraction from sera
50 q
40 A
£ 30
@ A \A
2‘ 20 A m AA v
o
S rof - me —F
04 L L A : A v
-10 T T T
Healthy control ~ NB OMS+NB
h 50 - 1gG from sera
*kk
40
Q v
< 30 A
s = e
2 20 A v . *
= gl
[e} v o, (]
04 =
-10 T T T T
Healthy OMS+NB  JIA 19G
control

Sera or IgG isolated from sera of children with OMS and NB induces cytolysis of rat cerebral cortical and cerebellar neurons compared

with that of NB patients and healthy controls. Note that neuronal cytolysis was increased in cerebral cortical neurons a and cerebellar neurons
b incubated with sera from children with OMS and NB. The IgG fraction in the OMS + NB group increased the cytolysis of rat neurons
compared with that of the NB or healthy control group ¢, d, but not the IgG-free fraction e, f. No alteration was observed in the cytolysis of rat
neurons incubated with IgG isolated from sera of children with juvenile idiopathic arthritis (JIA) or commercially available human IgG
g, h. ***P <0.001, one-way ANOVA, n =10 (Health control), n=17 (NB), n=8 (OMS + NB), n =10 (JIA), n=15 (IgG)

untreated cells. The percentage of specific cytolysis was deter-
mined by the following formula: [(experimental value-background
control)/(maximum value-background control)] x 100. Each sera of
a child parallelly treated three wells of neurons.

To explore the mechanisms of cytotoxicity induced by sera and
IgG from pediatric OMS patients, we focused on the IGF-1 cascade,
which is mainly secreted from microglia in the brain and is
involved in cell survival and differentiation.'*™'® The IGF-1 receptor
inhibitor NVP-AEW541 (Sellect, China) dissolved in sterile 5%
dimethyl sulfoxide (DMSO, Sigma-Aldrich) was added into the
culture medium to make a final concentration of 8uM.?°
Recombinant rat IGF-1 (R & D systems, Minneapolis) dissolved in
sterile 0.01 M PBS was added at 10 nM."® To investigate the effects
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of the PI3K inhibitor LY294002 on cytolysis, LY294002 (Sigma-
Aldrich) dissolved in sterile 5% DMSO was added at 20 pM."> The
final concentration of DMSO was 0.01%. Finally, 740 Y-P (R & D
systems), the phosphopeptide activator of PI3K, was dissolved in
sterile normal saline and was added at 1.53 pM.>' Cultured
neurons were serum-starved for 24 h before IGF-1 treatment to
exclude the affections of insulin. All the drugs were used 30 min
before treatment with sera or IgG and neurons were incubated
with LY294002 30 min prior to the addition of IGF-1.

ELISA

Neurons used for the ELISA and culture media used for the LDH
assay were from the same well of 6-well plates (Figs. 1a-d and 2).
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Fig.2 The expression of PI3K is increased by sera or IgG isolated from sera of children with OMS and NB in rat cerebral cortical and cerebellar
neurons, compared with that of NB patients and healthy controls. Note that the expression of PI3K in cerebral cortical a, ¢ and cerebellar
neurons b, d were increased after preincubation with sera or IgG from children with OMS and NB, however incubation with sera or IgG from
children with NB had no such effect. **P <0.01, ***P < 0.001, one-way ANOVA, n = 10 (Health control), n =17 (NB), n =8 (OMS + NB)

Neurons were lysed as we previously described and commercially
available ELISA kits (CUSABIO, Wuhan, China) were applied to
detect the protein expression of PI3K following manufacturer’s
instructions.> PI3K concentration in cultured neurons was
normalized to the amount of total protein detected by a BCA
protein assay Kkit.

Statistical analysis

All data were represented as mean + SEM. All statistical analyses
were carried out using GraphPad Prism (GraphPad Software Inc.,
San Diego). Statistical differences of groups were analyzed by one-
way analysis of variance (ANOVA). Spearman’s correlation
coefficient was used for correlation tests. There were 8 childrens
in the OMS + NB group, and the average of cells in 3 wells to carry
out parallel experiments for each child was used to calculate
correlations. P < 0.05 was fixed as statistically significant.

RESULTS

Sera or the IgG fraction from children with OMS and NB induces
cytolysis in not only cultured cerebellar neurons but also cerebral
cortical neurons

Rat cerebral cortical neurons and cerebellar neurons were
incubated with sera or the IgG fraction from children with OMS
and NB. As shown in Fig. 1a, neuronal cytolysis was increased in
cerebral cortical neurons incubated with sera from children with
OMS and NB compared with that of NB patients or healthy
children (25.35+2.23% OMS + NB, 14.21+1.62% NB, 7.97 +
1.86% Healthy control, P<0.001), while cytolysis was not
significantly changed in rat neurons treated with sera of
children with only NB at least under our experimental design.
Similarly, 1gG isolated form sera of children with OMS and NB
also gave rise to cytolysis in rat cerebral cortical neurons in
contrast to that of NB patients or healthy children (24.22 + 1.62%
OMS + NB, 10.47 £ 1.39% NB, 5.66 + 1.63% Healthy control, P <
0.001, Fig. 1c). Moreover, sera and IgG in the OMS + NB group
elevated the cytolysis of cerebellar neurons compared with the
NB or healthy control group (Fig. 1b, d). In contrast, the IgG-free
fraction from sera of children with OMS and NB showed no
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impact (Fig. 1e, f). Additionally, no alteration was observed in
the cytolysis of cultured neurons incubated with IgG isolated
from sera of children with JIA or commercially available human
IgG (Fig. 1g, h), suggesting that cytolysis mediated by IgG from
OMS is special, rather than common for all IgG-changed
diseases, and is not simply related to higher concentration of
IgG. In order to be more precise, all the 4 groups were tested in
the same plate, cytolysis in neurons treated with IgG from
healthy controls and OMS + NB patients was measured again
(Fig. 1g, h), not the same data in Fig. 1c, d.

Children with OMS have multiple symptoms, which were valued
by OMS score (Table 2). Correlation analyses revealed that
cytolysis in both cerebral cortical and cerebellar neurons induced
by OMS+NB sera or IgG was positively correlated with
OMS scores, except cerebral neurons incubated with sera (Table 3).
These results suggested that serum IgG from children with
OMS and NB induces lysis in cultured cerebral cortical and
cerebellar neurons, which is correlated with symptoms of pediatric
OMS.

The IGF-1 inhibitor NVP-AEW541 exaggerates the cytolysis of
cultured neurons caused by sera or IgG from children with OMS
and NB, whereas IGF-1 suppresses neuronal cytolysis, which is
blocked by the PI3K inhibitor LY294002

To investigate whether IGF-1 takes part in IgG-mediated neuronal
cytolysis in OMS, the IGF-1 receptor antagonist NVP-AEW541 was
preincubated with cultured neurons before sera or IgG. Our results
showed that cytolysis in cerebral cortical neurons was increased
pretreated with NVP-AEW541 before OMS + NB sera or IgG (Sera:
39.39+1.57% NVP-AEW541, OMS + NB vs. 26.69 = 2.80% DMSO,
OMS + NB, P<0.01, IgG: 39.94 +£2.52% NVP-AEW541, OMS + NB,
vs. 28.40 £ 3.46% DMSO, OMS + NB, P < 0.05, Fig. 3a, c). Similarly,
cytolysis in cerebellar neurons was elevated by NVP-AEW541
(Fig. 3b, d), suggesting that IGF-1 alleviates the IgG-induced
neuronal cytolysis in pediatric OMS and NB.

Furthermore, our results showed that cytolysis in cerebral cortical
neurons was suppressed by incubation with IGF-1 before OMS + NB
sera (13.27 = 2.78% IGF-1, OMS + NB vs. 27.01 = 1.39% PBS, OMS +
NB, P<0.001, Fig. 4a), and also, the elevated level of cytolysis in

Pediatric Research (2019) 85:885 - 894
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Table 2. OMS scores of children with OMS and NB
Grade of opsoclonus  Grade of myoclonus Grade of ataxia/gait Grade of ataxia/stance Grade of mood/sleep disturbance Sum

Patient 1 3 0 0 0 1 4
Patient 2 0 0 2 1 0 3
Patient 3 1 1 0 0 1 3
Patient 4 3 1 0 0 0 4
Patient 5 1 1 1 1 1 5
Patient 6 3 1 0 0 0 4
Patient 7 3 0 2 0 0 5
Patient 8 2 1 1 0 0 4

cerebral cortical neurons was partly blocked by treatment with IGF-1
before OMS + NB IgG (14.15 + 2.05% IGF-1, OMS + NB vs. 28.66 +
1.99% PBS, OMS + NB, P < 0.001, Fig. 4c). Coincidently, cytolysis was
also relieved by IGF-1 in cerebellar neurons incubated with sera or
IgG from the OMS -+ NB group (Fig. 4b, d).

Additionally, we investigated whether PI3K, the downstream
target of IGF-1, is affected by the incubation of sera or IgG. The
results showed that the effects of IGF-1 were blocked by
pretreatment with the PI3K inhibitor LY294002 in cerebral cortical
and cerebellar neurons incubated with sera or IgG from children

Pediatric Research (2019) 85:885 - 894

with OMS and NB (Fig. 4a-d), suggesting that the protective effect
of IGF-1 dependents on PI3K.

The expression of PI3K is increased in cerebral cortical and
cerebellar neurons incubated with sera or IgG from children with
OMS and NB

PI3K expression in cerebral cortical neurons was increased after
incubation with sera of children with OMS and NB (322.4 + 26.64 pg/
mg total protein OMS + NB, 217.9 + 18.01 pg/mg total protein NB,
207.5+7.79 pg/mg total protein Healthy control, P <0.01, Fig. 2a).
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Table 3. Correlation analyses of neuronal cytolysis induced by sera or IgG and OMS score or PI3K expression in children with OMS and NB?®

Cytolysis and OMS score® r P

Cerebral cortical neurons incubated with sera 0.69 0.0694
Cerebellar neurons incubated with sera 0.77 0.0279
Cerebral cortical neurons incubated with 1gG 0.93 0.0022
Cerebellar neurons incubated with IgG 0.77 0.0279
Cytolysis and PI3K expression® r P

Cerebral cortical neurons incubated with sera 0.93 0.0022
Cerebellar neurons incubated with sera 0.83 0.0154
Cerebral cortical neurons incubated with IgG 0.52 0.1966
Cerebellar neurons incubated with IgG 0.76 0.0368

®A supplemental data table for Table 3 are available for downloading
Pn =8 childrens, the average of cells in 3 wells was used for each sample

Furthermore, PI3K concentration in cerebral cortical neurons was
enhanced after incubation with IgG in children with OMS and NB
(350.8 + 19.34 pg/mg total protein OMS + NB, 172.1 +11.30 pg/mg
total protein NB, 188.4 + 10.84 pg/mg total protein Healthy control,
P <0.001, Fig. 2c). Consistently, PI3K expression was also upregu-
lated in cerebellar neurons incubated with sera or IgG from children
with OMS and NB (Fig. 2b, d). Correlation analyses revealed that PI3K
expression was positively correlated with cytolysis in both cerebral
cortical and cerebellar neurons, except cerebral neurons incubated
with IgG (Table 3). Taken together, these results indicated that PI3K
participates in the lysis of cultured neurons incubated with sera or
IgG from children with OMS and NB.

The PI3K inhibitor LY294002 aggravates the cytolysis of cultured

neurons caused by sera or IgG from children with OMS and NB,

whereas the PI3K activator 740 Y-P suppresses cytolysis

We found that the upregulation of PI3K in cerebral cortical
neurons was exaggerated after preincubation with LY294002
before OMS + NB sera (31.03 +£1.02% LY294002, OMS + NB vs.
23.20+1.79% DMSO, OMS + NB, P < 0.01), however no effect of
LY294002 in the NB group was observed (Fig. 5a). Moreover, the
elevated level of PI3K in cerebral cortical neurons was exaggerated
after preincubation with LY294002 before OMS + NB IgG (Fig. 5¢).
Similarly, the increased expression of PI3K was also exacerbated
by LY294002 in cerebellar neurons incubated with sera or IgG
from the OMS + NB group (Fig. 5b, d).

In order to further confirm that PI3K positively regulates cytolysis
induced by sera or IgG from OMS patients, we used the PI3K
activator 740 Y-P. The upregulation of PI3K in cerebral cortical
neurons was alleviated by incubation with 740 Y-P before OMS + NB
sera (7.62 £ 0.67% 740 Y-P, OMS + NB vs. 27.14 + 1.68% Saline, OMS
+ NB, P<0.001), however preincubation with 740 Y-P had no such
effect in the NB group (Fig. 6a). Furthermore, PI3K upregulation in
cerebral cortical neurons was attenuated by incubation with 740 Y-P
before OMS + NB IgG (Fig. 6c). Consistently, PI3K upregulation was
also blocked by 740 Y-P in cerebellar neurons incubated with OMS
+ NB sera or IgG (Fig. 6b, d). Combined with the aforementioned
results, these results suggested that the activation of PI3K alleviates
cytolysis in cultured neurons incubated with sera or IgG from
children with OMS and NB.

DISCUSSION

Sera and the IgG fraction from children with OMS and NB induce
cytolysis in cultured cerebral cortical and cerebellar neurons
Previous reports have shown that sera and the IgG fraction
isolated from sera of patients with OMS and NB are cytotoxic to
NB cell lines and cerebellar granular neurons.>™ Consistently, our

SPRINGERNATURE

results suggested that sera or IgG from children with OMS and NB
induces cytolysis in cultured neurons, but not the IgG-free fraction,
indicating that cytolysis induced by sera mainly dependents on
the IgG fraction. Cytolysis induced by sera and IgG is highly
correlated with OMS grades of patients. Children with OMS have
multiple symptoms,? which may be affected by whether timely
visiting to hospitals, genetic background, age to developmental
and social factors contained in irritableness, and also, children
with minimal symptoms and their parents are more likely to agree
to participate in the study. Actually, cytolysis may be more
relevant to OMS grades in patients with more significant
symptoms. Additionally, static and exercise ataxia may occur
separately, for they are regulated by different regions of the
cerebellum and molecular mechanisms, similar as previously
reported paroxysmal gait ataxia induced by walking.*®

A growing body of evidence suggests that besides the
cerebellum and brainstem, the cerebrum is also involved in the
pathogenesis of OMS. Approximately 70-80% OMS patients have
persistent neurological impairments, including deficits in intelli-
gence, attention, processing speed, memory, language, visuospa-
tial, and visuoconstructive skills, fine motor skills and executive
functions.”® Additionally, brain imaging of OMS patients showed
changes in the cerebrum. Magnetic resonance imaging of a
patient showed significant nodular enhancing lesions at
gray-white junction of bilateral cerebral hemispheres.'" Cerebral
cortical thickness was reduced across the motor and visual areas
in patients with pediatric OMS.'® A patient with OMS revealed
decreased metabolism in the bilateral occipital lobes and
increased functional connectivity, including the primary and
motion-sensitive visual cortex.’ In order to investigate changes
in the brain comprehensively, we incubated both cerebral cortical
and cerebellar neurons with sera or IgG of OMS pediatric patients.
Expectedly, our results showed that sera and IgG from OMS
pediatric patients have approximately similar degrees of cytolysis
in both cerebral cortical and cerebellar neurons.

Although 50% of children with OMS have NB, and patients with
non-paraneoplastic OMS have better outcomes with fewer
relapses compared with those having paraneoplastic OMS,? the
relationship of paraneoplastic and non-paraneoplastic childhood
OMS is still not clearly known. In our study, we found that sera and
IgG from children with OMS and NB cause the lysis of cultured
neurons compared with children with only NB, indicating that IgG
may be specifically involved in the pathogenesis of OMS.
However, we did not obtain sera from children with OMS and
without NB for its rare incidence, therefore we cannot completely
exclude the possibility that cytolysis induced by serum IgG from
patients with OMS and NB may be the synergistic effects of OMS
and NB. IgG from NB patients does not induce cytolysis in cultured
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Fig. 4 IGF-1 alleviates the cytolysis of cultured neurons induced by sera or IgG of children with OMS and NB, which is attenuated by the PI3K
inhibitor LY294002. Note that the cytolysis of cerebral cortical a and cerebellar neurons b induced by sera in the OMS + NB group was
depressed by IGF-1, and the cytolysis of cerebral cortical ¢ and cerebellar neurons d induced by IgG in the OMS + NB group was inhibited by
IGF-1, however IGF-1 did not affect cytolysis in neurons incubated with sera or IgG from NB patients under our experimental design. The
effects of IGF-1 in cultured rat neurons were suppressed by pretreatment with LY294002 a-d. *P < 0.05, **P < 0.01, ***P <0.001, one-way

ANOVA, n=17 (PBS, NB; IGF-1, NB), n =

neurons under our experimental design, however it may have
cytotoxic effects with longer incubation time or higher dose.
Moreover, no alternation was observed in the cytolysis of
neurons treated with IgG from sera of children with JIA or
commercial available human IgG, suggesting that IgG-mediated
lysis is special for pediatric OMS and is not simply due to higher
concentration of IgG, consistent with previous study that IgG-
induced cytolysis only occurs in pediatric OMS, but not adult
OMS.> Certainly, JIA IgG at higher dose may have neurotoxic
effects. In fact, sera cannot confirm what actually happens in the
brain, cerebrospinal fluid (CSF) will be tested in our future
research, although for the difficulty to collect CSF from patients,
sera are used in numerous studies of neurological diseases.>>%%2*

IGF-1 alleviates the cytolysis of cultured cerebral cortical and
cerebellar neurons induced by sera and IgG from children with
OMS and NB via PI3K

The IGF-1/PI3K cascade is involved in cell survival and differentia-
tion in various kinds of cells."*'® In line with previous reports, our
results showed that IGF-1 attenuates the lysis of cultured neurons
induced by sera and IgG from children with OMS and NB. In
addition, recombinant human IGF-1 has been clinically used in
patients with growth failure?® and may be a possible treatment for
patients with central nervous system disorders.?” Accordingly, the

Pediatric Research (2019) 85:885 - 894

8 (PBS, OMS + NB; IGF-1, OMS + NB; DMSO, IGF-1, OMS + NB; LY294002, IGF-1, OMS + NB)

administration of IGF-1 might be an efficient way to treat pediatric
OMS.

PI3K is a downstream target of IGF-1, which regulates a variety
of cellular functions, such as survival, apoptosis, and migration,
thus participates in multiple pathological diseases.'*'%?2 In spite
of the fact that PI3K increases cell death in several kinds of tumor
cells and normal cells,”®?° accumulative evidence has documen-
ted that in neurons PI3K positively regulate neuronal survival and
alleviates the cytotoxicity.3>*' Moreover, the phosphorylation of
ERK is specifically necessary for IgG-mediated cytotoxicity of OMS
patients in cerebellar neurons.” However ERK and PI3K can have
negative crosstalk, thus having opposite effects in cell death.'”
Consistently, our results showed that PI3K reduces the lysis of
cultured neurons induced by OMS and NB, and the upregulation
of PI3K may be a compensative mechanism to lysis. Despite
previous reports that IGF-1 and PI3K take part in NB cell line,*? we
did not observe changes of neuronal cytolysis induced by IgG
from children with NB in cultured brain neurons, the possible
reason may be different mechanisms in NB cells and brain
neurons.

Our results showed that the alleviation of cytolysis by IGF-1 was
blocked by the PI3K inhibitor in cultured neurons, suggesting that
the direct neuroprotective effect of IGF-1 on cultured neurons
against IgG from OMS children dependents on PI3K. Our finding is
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Fig. 5 The PI3K pharmacological inhibitor LY294002 aggravates the cytolysis of cultured neurons induced by sera or IgG from children with
OMS and NB. Note that the cytolysis of cerebral cortical a and cerebellar neurons b induced by sera in the OMS + NB group was exaggerated
by LY294002, and the cytolysis of cerebral cortical ¢ and cerebellar neurons d induced by IgG in the OMS + NB group was aggravated by
LY294002, whereas LY294002 had no effect on cytolysis in neurons incubated with sera or IgG of NB patients. **P < 0.01, ***P < 0.001, one-way
ANOVA, n =17 (DMSO, NB; LY294002, NB), n =8 (DMSO, OMS + NB; LY294002, OMS + NB)

consistent with previous reports that the IGF-1/PI3K cascade
and following downstream signaling, such as Akt and NF-kappa B,
protect against neuronal loss,**** and alleviate neuronal loss-
induced impaired memory and cognitive functions in neurode-
generative diseases. Thus IGF-1/PI3K signaling may serve as
potential therapy targets to both OMS and neurodegenerative
diseases, such as Alzheimer disease.”” Of course, besides PI3K,
there may be other downstream molecules of IGF-1 included in
the alleviation of cytolysis.

The IgG fraction in sera of pediatric OMS patients may be
autoantibodies
Both autoantibodies targeted intracellular and extracellular anti-
gens are found in patients with OMS, such as autoantibodies
against neuronal nuclear antigen, glutamic acid decarboxylase in
the cytoplasm and receptors in the neuronal surface.”'?'3
Autoantibodies in sera from children with OMS bind to antigens
in the cytoplasm and nucleus of fixed neurons, although surface
epitopes may be altered. On the other hand, autoantibodies in
patients with OMS bind to non-synaptic puncta on the surface of
living neurons.263>

Furthermore, extracellular targets-binding autoantibodies are
pathogenic in many diseases, while autoantibodies to intracellular
antigens may also contribute to the development of diseases.
Autoantibodies to extracellular targets cause defective presynaptic
vesicle®® and neuron loss,** leading to impaired brain function.?

SPRINGERNATURE

On the other hand, autoantibody targeted to a-internexin, an
intermediate filament protein expressed in the cytoplasm or
nucleus, results in pronounced cognitive dysfunction that mimics
features of neuropsychiatric systemic lupus erythematosus,’”
possibly caused by the impairment of neuronal membrane
integrity, similar as Alzheimer disease.®

Additionally, in line with previous results that autoantibodies in
OMS patients inhibit cell proliferation and induce apoptosis in
human NB cell lines and cultured cerebellar neurons,®™ our results
showed that IgG from pediatric OMS patients induces cytolysis in
cultured cerebral cortical and cerebellar neurons using the same
method to isolate IgG. Hence, it is reasonable that the IgG fraction
in our study may be autoantibodies to both extracellular and
intracellular targets, although we did not identify these auto-
antibodies, and autoantibodies include 1gG and IgM antibodies.?

In summary, we demonstrated that the incubation of sera or the
serum IgG fraction from children with OMS and NB induces
cytolysis in cultured cerebral cortical and cerebellar neurons.
Moreover, the inhibition of IGF-1 exacerbates cytolysis, whereas
IGF-1 alleviates neuronal cytolysis induced by sera or IgG of
children with OMS and NB, which depends on downstream PI3K.
Additionally, sera or IgG from children with OMS and NB elevates
PI3K expression. Cytolysis in neurons is exaggerated by the PI3K
inhibitor, while it is alleviated by the PI3K activator. These data
suggest that IGF-1 has a protective role in neuronal cytolysis
induced by serum IgG from children with OMS and NB through

Pediatric Research (2019) 85:885 - 894
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Fig.6 Exposure to 740 Y-P, a cell-permeable phosphopeptide activator of PI3K, alleviates the cytolysis of cultured rat neurons induced by sera
or IgG of children with OMS and NB. Note that the cytolysis of cerebral cortical a and cerebellar neurons b induced by sera in the OMS + NB
group was blocked by 740 Y-P, and the cytolysis of cerebral cortical ¢ and cerebellar neurons d induced by IgG in the OMS + NB group was
attenuated by 740 Y-P, whereas 740 Y-P had no effect on cytolysis in neurons incubated with sera or IgG of NB patients. ***P < 0.001, one-way
ANOVA, n =17 (Saline, NB; 740 Y-P, NB), n = 8 (Saline, OMS + NB; 740 Y-P, OMS + NB)

PI3K. Hence, IGF-1 and PI3K activators may serve as promising
therapeutic interventions in OMS patients.
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