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Introduction

Summary

Opsoclonus—myoclonus syndrome (OMS) is a neuroinflammatory disorder
associated with remote cancer. To understand more clearly the role of
inflammatory mediators, the concentration of CXCR3 ligands CXCL10,
CXCL9 and CXCL11 was measured in 245 children with OMS and 81 paedi-
atric controls using enzyme-linked immunosorbent assay (ELISA), and
CXCR3 expression on CD4" T cells was measured by flow cytometry. Mean
cerebrospinal fluid (CSF) CXCL10 was 2-7-fold higher in untreated OMS
than controls. Intrathecal production was demonstrated by significantly dif-
ferent CXCL10 CSF: serum ratios. The dichotomized ‘high’ CSF CXCL10
group had higher CSF leucocyte count (P=0-0007) and B cell activating
factor (BAFF) and CXCL13 concentrations (P < 0-0001). CSF CXCL10 did
not correlate with clinical severity or relapse using grouped data, although it
did in some patients. Among seven types of immunotherapy, including
rituximab or chemotherapy, only adrenocorticotrophic hormone (ACTH)
monotherapy showed reduced CSF CXCL10, but prospective longitudinal
studies of ACTH combination therapies indicated no reduction in CXCL10
despite clinical improvement (P < 0-0001). CXCL10 concentrations were
11-fold higher in CSF and twofold higher in serum by multiplexed fluores-
cent bead-based immunoassay than enzyme-linked immunosorbent assay,
but the two correlated (r=0-7 and 0-83). In serum, no group differences for
CXCL9 or CXCL11 were found. CXCR3 expression on CD4" T cells was five-
fold higher in those from CSF than blood, but was not increased in OMS or
altered by conventional immunotherapy. These data suggest alternative roles
for CXCL10 in OMS. Over-expression of CXCL10 was not reduced by clinical
immunotherapies as a whole, indicating the need for better therapeutic
approaches.

Keywords: neuroblastoma, opsoclonus—myoclonus syndrome, paraneoplastic
syndrome, paediatric neuroinflammation

[5]. As well as its chemoattractant properties, CXCL10
promotes antigen-driven T cell responses [5]. Although

Interferon (IFN)-y-inducible protein 10 (CXCL10), a
non-glutamic acid-leucine—arginine (ELR) or lymphocyte-
specific C-X-C chemokine [1], plays a pivotal role in T cell-
mediated immunity in the central nervous system (CNS)
[2]. CXCL10 is a ligand for CXCR3, its cognate receptor,
which is expressed highly on T helper cell type 1 (Thl)
cells, and also on CD8" T cells and natural killer (NK) cells
[3]. While CXCL10 is expressed in astrocytes, especially
reactive astrocytes, and cerebellar Purkinje cells [4], it is
also expressed by vascular endothelial cells and fibroblasts
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chemokines and their receptors are potential targets for
therapeutic intervention [6], little is known about the effect
of immunotherapy on CSF CXCL10 or leucocyte CXCR3
receptors. Gathering more information is essential to
assessing adequacy of therapy on immunopathology
and being able to manipulate the CXCL10/CXCR3 axis
therapeutically.

Opsoclonus—myoclonus syndrome (OMS), a paraneo-
plastic disorder of children and adults, is characterized
by cerebellar gait ataxia, tremulous-appearing action
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myoclonus and darting opsoclonic eye movements [7]. The
type of tumour, which is not located in the brain and varies
with patient age group, is most commonly neuroblastoma
in children [8]. Research on OMS is limited by lack of an
animal model (antigen is unknown), post-mortem brain
tissue (tumour survival is excellent) or a neuroradiological
surrogate marker (scans are usually normal). Hence, studies
of cerebrospinal fluid (CSF), which is in direct contiguity
with the brain, are essential for insights on CNS events.
Thus far, B cell and humoral involvement have been impli-
cated by CSF expansion of B cells [9] and intrathecal pro-
duction of B cell attractant CXCL13 [10], B cell activating
factor (BAFF) [11] and oligoclonal bands [12]. With regard
to T cells, skewing of the CD4/CD8 subset and an increase
in 8 T cells also occur [9]. In preliminary experiments, we
also found an elevation in CSF CXCL10 [13].

In the present study, we measured the ex-vivo expression
of CXCR3 receptors on Th cells (CD4") by flow cytometry,
and the concentrations of three CXCR3 ligands: CXCL10,
CXCL9 (monokine induced by IFN-y: Mig) and CXCLI11
(IFN-inducible T cell alpha-chemoattractant: ITAC), which
have collaborative, redundant and opposing functions [14].
We evaluated the effects of several treatment modalities,
such as corticotrophin (ACTH), corticosteroids, intrave-
nous immunoglobulins (IVIG), anti-CD20 monoclonal
antibodies (rituximab) and various chemotherapies and
steroid-sparers [7].

Materials and methods

Study design

This case—control study had three major aims: to evaluate
the role of the CXCL10/CXCR3 axis in OMS, to ascertain
the effects of immunotherapy and to determine whether
CXCL10 is a useful biomarker of disease activity in OMS.
The first goal required chemokine assays of CSF and serum
and clinical assessments in a cross-sectional analysis; the
second, re-evaluation after open-label treatment with
various forms of immunotherapy in a longitudinal study;
and the third, correlation of CXCL10 concentrations and
CXCR3 with important clinical variables and the lym-
phocyte immunophenotype. This study is part of the multi-
plex chemokine profiling project in paediatric OMS to
identify biomarkers, which is registered with ClinicalTri-
als.gov NCT 00806182.

Study population

Two-hundred and twenty-five domestic and 20 interna-
tional patients who met inclusion and exclusion criteria
were enrolled through the National Pediatric Myoclonus
Center, and parents signed informed consent for this insti-
tutional review board (IRB)-approved study. The mean age

[standard deviation (s.d.)] was 4-2 = 3-1 years; there were
110 boys and 135 girls. Each patient received a full neuro-
logical assessment by the investigators and a formalized
videotaping session. Neuroblastomas detected as part of a
diagnostic evaluation were excised prior to inclusion in the
study and otherwise handled in accordance with standard
practice.

Controls were age- and gender-matched healthy children
and others with non-inflammatory neurological disorders,
such as headache, ataxia and developmental delay. Records
were reviewed to exclude individuals with fever, CSF leuco-
cytosis, bloody CSF, abnormal CSF protein or glucose, evi-
dence of infection or autoimmune disease or treatment
with immunotherapy. Serum controls additionally included
six unaffected siblings of children with OMS and 13 healthy
unrelated children drawn nationally. Samples from children
with other inflammatory neurological disorders (OIND),
such as multiple sclerosis (MS), neurolupus, encephalitis,
acute disseminated encephalomyelitis and different para-
neoplastic disorders, were also evaluated. Control samples
were acquired throughout the study in order to be equiva-
lent in storage time with the OMS samples.

Evaluation of clinical severity

Children were evaluated and videotaped at every visit. An
experienced evaluator, blinded to treatment status, scored
all videotapes, using a 12-item motor scale [9]. Each scale
item was rated 0-3, with a score of 36 indicating maximum
abnormality. Total score designated one of three severity
categories: 0-12 =mild, 13-24 = moderate and 25-36=
severe.

Cross-sectional immunotherapy groups

Seven groups of children with OMS were defined based on
the immunotherapies they were on at initial evaluation,
using standard open-label protocols for autoimmune
disease [10]. Clinical data, videotapes and CSF and serum
samples were obtained at intervals after treatment. Children
in the ACTH group were taking Acthar gel 80 IU/ml, which
had been initiated at 75IU/m’ given by intramuscular
injection twice daily X1 week, once daily X1 week, on alter-
nate days X2 weeks, and then tapered. The IVIG group was
receiving 1 g/kg monthly as maintenance after an initial
2 g/kg induction. Two adjunctive therapy groups designated
as ‘ACTH + other’ or ‘steroid + other’ included the following
agents: rituximab 375 mg/m’ intravenously (i.v.) once
weekly x4 weeks; cyclophosphamide 1 g/m? i.v. monthly x6
months; 6-mercaptopurine 2 mg/kg/day per os; methotrex-
ate 15-20 mg/m* once weekly per os; or mycophenolate
mofetil 300 mg/m? twice daily per os. An eighth group
represented prior but not current immunotherapy for
comparison.
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Enzyme-linked immunosorbent assay (ELISA)

CSF and paired sera were stored at —80°C, and batched
assays were run in duplicate by ELISA as per the manufac-
turer’s instructions. The human ELISA kits were purchased
from R&D Systems (Minneapolis, MN, USA) and had a
detection limit of 0-41-4-46 pg/ml for CXCL10, 1-37-
11-31 pg/ml for CXCL9 and 3-4-39-7 pg/ml for CXCLII.
The inter- and intra-assay coefficient of variation (CV) for
CSF CXCL10 was 10-6% (n = 19) and 2-4% (n = 10), respec-
tively, and for serum CXCLI10, 5-8% (n=11) and 4-8%
(n=28). For CXCL9, the intra-assay CV was 11:3% (n =19),
and the interassay CV was 8:1% (n=11). For CXCLI11I,
the CV values were 7:0% (n=11) and 6:2% (n=>5),
respectively.

Multiplexed fluorescent bead-based immunoassay

The Beadlyte Human Multi-Cytokine Beadmaster kit was
used for CXCLI0 assays on the LUMINEX 100 Lab MAP
System, according to the manufacturer’s directions (Upstate
Biotechnology, Lake Placid, NY, USA). CSF samples were
processed without dilution, and assays were performed in
triplicate. The sensitivity was 6:9 pg/ml. The samples were
analysed using the Luminex 100 platform, and data analysis
was completed with Beadlyte Beadview Software (Upstate
Biotechnology). This method was used originally for this
study, but after Millipore (St Charles, MO, USA) acquired
Upstate in 2006 it changed antibodies in the kit, and the
results with the new kit in our experience were too different
to be included in the same data set.

Several quality control measures were taken. Controls
were placed onto the same plate as OMS. Samples from a
given patient in the longitudinal treatment study were run
on a single plate to eliminate interassay variability. For each
assay, calibration and control standards were included.
Inter- and intra-assay variability tests were performed peri-
odically. The standard curves were inspected visually for
proper curve-fitting and to verify that standards were in the
expected range. The Beadview software program has
built-in checks on the data, if adequate number of beads are
counted (50 beads per analyte per well) to choose median
fluorescence to use against standard curve. A service techni-
cian calibrated the laser annually.

Flow cytometry

CXCR3 receptor expression on CSF and blood lymphocytes
was analysed ex vivo in a subgroup of patients by flow
cytometry using the method of Kivisikk and colleagues
[15]. For CSF staining, 10 ml CSF samples were collected on
ice, and centrifuged immediately on arrival in the labora-
tory within 15-20 min of sampling. The commercial
sources for monoclonal antibodies (mAbs) were Becton-
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Dickinson (San Jose, CA, USA) for CXCR3, CD4, and CD3
and Beckman Coulter (Miami, FL, USA) for CD45. Samples
were acquired and analysed on a dual laser fluorescence
activated cell sorter (FACS)Caliber flow cytometer (Becton-
Dickinson) with CellQuest software (Becton-Dickinson).
Lymphocytes were identified on the forward scatter/side
scatter (FS-SS) plot and gated on the population of interest.
Gates were defined using blood and transferred to CSF
sample analysis. All events in CSF were counted: mean
2045 * 1389 s.d. (n=25). Peripheral blood staining was
performed as specified [15], and the peripheral blood gate
was set to count 15 000 events.

Statistical analysis

The dependent variables were continuous, and included
CSF and serum CXCLI10 concentration, total score and the
CSF immunophenotype. Cross-sectional data were analysed
by analysis of variance (ANova), using the Tukey test as a
post-hoc test of means. Pre- and post-treatment data were
analysed by paired #-tests. Medians were analysed with the
Kruskal-Wallis (K-W) test, using Dunn’s test for post-hoc
comparisons. For categorical outcomes, the %’ or Fisher’s
exact tests were used. Pearson’s correlations were used for
correlation analysis. In a secondary analysis, Bonferroni cor-
rections were used to identify clinical and immunological
differences based on ‘high’ or ‘normal’ CXCL10 concentra-
tion as defined by 1 s.d. above the control mean.

Results

Fluorescent bead-based immunoassay
CXCL10 determinations

The CXCL10 concentration was higher in CSF than
in serum across groups (Fig.la). Comparing controls,
untreated OMS and treated OMS, the within-group differ-
ences between CSF and serum CXCL10 were significant
(P=0-002 aANovA, P=0-0003 K-W test). In controls, the
delta between the mean CSF and serum CXCL10 concentra-
tion was 3-1-fold; in untreated OMS, 8-8-fold; and in
treated OMS, 5-7-fold. Untreated OMS and treated OMS
differed from controls but not each other in this regard.
Inclusion of a small neuroblastoma group without OMS
revealed that the elevated CSF CXCLI10 is a factor of OMS,
not neuroblastoma. CXCL10 concentrations measured by
ELISA were correlated with those measured by fluorescent
bead-based immunoassay. The Luminex method yielded
approximately 11-fold higher results than ELISA for CSF
CXCL10 (Fig. 1b) and twofold higher for serum CXCL10
(Fig. 1c), so intrathecal synthesis of CXCL10 was more
apparent using it (Fig. 1b).

CSF CXCL10 in untreated OMS by ELISA

The remaining chemokine measurements in this report
were made by ELISA. There were significant differences
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Fig. 1. (a) Mean CXCL10 concentration measured by fluorescent
bead-based immunoassay was increased in untreated opsoclonus—
myoclonus syndrome (OMS) (uOMS) cerebrospinal fluid (CSF) but
not in paired serum. Separate statistical comparisons were made
between controls, untreated OMS (uOMS) and treated OMS (tOMS);
and between controls, OMS without neuroblastoma (OMS — NB), and
OMS with neuroblastoma (OMS + NB). Statistical brackets with
P-values above them indicate analysis of variance (ANovA) results;
those with P-values underneath indicate ¢-test results. The
neuroblastoma without OMS group had only five patients, so it is
presented only for visual comparison. (b) CSF CXCL10 concentration
as measured by Luminex versus enzyme-linked immunosorbent assay
(ELISA) in entire data set. (c) Serum CXCL10 measured by Luminex
versus ELISA in entire data set.

between groups in mean (P<0:0001) and median
(P<0-0001) CSF CXCL10 concentration (Fig.2a). The
mean CSF concentration of CXCL10 was 2-7-fold higher in
untreated OMS relative to controls (P < 0-0001). Median
CXCL10 was also 2-5-fold higher (P = 0-002). Controls were
tight as a group, but in OMS there was considerable interin-
dividual variation. However, even removal of the OMS
‘outlier’ had little effect on the statistical significance. About
32% of untreated OMS had levels above the highest control,
some high (range 11-1103 pg/ml). CXCL10 was detectable
in 100% of the CSF samples, hence there were no differ-
ences in detectability among cross-sectional groups.

Serum CXCL10 and CSF : serum ratio

Despite the CSF elevations, there was no significant differ-
ence in serum CXCL10 concentration (Fig. 1a), indicating

that CXCL10 was over-produced in OMS CSE The mean
ratio of CSF to serum concentrations (Fig.2b) was
increased 3-5-fold in untreated OMS (3-4-fold for median).

Comparison of immunotherapy effects in OMS

In the cross-sectional study, despite treatment, most OMS
still exhibited high CSF CXCL10 levels (Fig. 2). Approxi-
mately 17% of all currently treated OMS had a CSF
CXCL10 concentration above the highest control. Only the
ACTH-monotherapy group (group 2) had a significantly
lower CXCL10 concentration than untreated OMS. Mean
ACTH dose (IU/m’/day) did not differ significantly
(P=0-79, aNova; P=0-50, K-W test) between ACTH
groups 2 (24 * 27), 5 (26 = 20), and 7 (22 * 16); nor did
the median dose.

Relation of CSF CXCL10 to other immunological data

In a secondary analysis (Table 1), the entire OMS group was
divided into two subgroups as described. CSF leucocyte
count was significantly higher in the ‘high’ CSF CXCL10
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Fig. 2. (a) Cross-sectional analysis of mean CXCL10 concentrations
measured by enzyme-linked immunosorbent assay (ELISA) from
controls, untreated opsoclonus—myoclonus syndrome (OMS) (group
1), various OMS treatment groups (group 2-8), previously but not
currently treated OMS (group 9), and other inflammatory
neurological disorders (OIND). Statistical brackets signify post-hoc
tests. Among the seven OMS active treatment groups,
adrenocorticotrophic hormone (ACTH) monotherapy was associated
with the lowest cerebrospinal fluid (CSF) CXCL10 level. (b) The CSF:
serum CXCL10 ratio showed similar results.
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Table 1. Comparison of ‘high’ and ‘normal’ cerebrospinal fluid (CSF) CXCL10 concentration groups from all opsoclonus—myoclonus syndrome

(OMS) cross-sectional data.

OMS
Controls ‘High’ ‘Normal’
n 81 48 197 P-value
Clinical variables
Age (year) 4.7 = 3-1 3-8 x 22 4-4 * 3.6 0-26
Gender ratio (male : female) 39:42 21:27 89:108 0-87
OMS onset (year) - 2:3+ 15 1-8 £ 1-0 0-01*
OMS duration (year) - 1-5 + 2-1 2:5 *+ 3.7 0-06
OMS severity (TS) - 14:5 + 7.7 13-0 = 81 0-29
Laboratory variables
CSF leucocytes/cu mm 12+ 12 59 * 10-2 1:9 = 3.0 < 0-0001*"
CSF lymphocyte subsets (%)
NK 7-0 = 42 7*1 4. 3 < 0-0001*7
CD19°CD3~ * 4.0 £ 3.7 2 < 0-0001*"
CSF cytokines (pg/ml)
BAFF (CSF) 144 *= 88 223 = 184 124 =73 < 0-0001*"
CXCLI13 (CSF) 17 * 52 21 + 42 41+ 58 <0-0001*"
CXCL9 (serum) 79 = 83 103 * 240 59 78 0-09
CXCL10 (serum) 109 * 51 259 + 399 113 * 66 0-001*"
CXCL11 (serum) 37 =59 105 = 177 31-0 = 45-3 0-005*
CSF OCB-positive (%) 0 50 31 0-21
CSF OCB no. 0 2:9 * 3.2 1.7 =29 0-08
CSF CD4"CXCR3* (%) 61 =22 73 = 26 77 = 12 0-42
Blood CD4"CXCR3" (%) 13-7 £ 4.7 16 £7 19*9 0-26

*Significant, but uncorrected, P values. "The Bonferroni correction was calculated separately for clinical variables (P <0-01) and for laboratory

variables (P <0-004). Except for categorical variables, data are means = standard deviation; # for oligoclonal bands (OCB) in controls was 17. Three-

group comparisons were made by analysis of variance (ANova) and two-group comparisons by t-tests, except for ratios, which were analysed by .

For all significant ANOvas, post-hoc comparisons of means were significant at the *** level between controls versus ‘high’, as well as ‘high’ versus
‘normal’, except for serum CXCL10 and CXCL11, which were at the ** level of significance. Also the % natural killer (NK) cells was higher in controls
than OMS, but not between OMS groups. BAFF: B cell activating factor BAFF; CSF: cerebrospinal fluid.

group, as were CSF BAFF and CXCLI13 concentrations.
There were no statistically significant differences between
groups in OMS severity category, duration category, per-
centage of subjects relapsing, number of relapses, OMS aeti-
ology or the frequency of off- or ¥8-T cells or NK T cells
(data not shown).

When only the untreated OMS group was used in the
analysis, the effects were similar but weakened by the small
sample size. The percentage of CSF CD19" B cells was
higher in the ‘high CXCL10’ subgroup (6-8 * 4:2%) com-
pared to the ‘normal CXCL10’ (3:6 * 1:6%) (P = 0-009) and
to neurological controls (P < 0-0001). CSF CXCL13 was
higher in the high CXCL10 group (P = 0-004).

Relation of CSF CXCL10 to clinical data

In controls, CXCL10 concentration in CSF (P=0-99) or
serum (P=0-09) did not correlate with patient age. In
OMS, no correlation was found for CSF (P = 0-50) or serum
(P =0-65). Using the entire OMS data set, the CSF concen-
tration of CXCL10 did not correlate with OMS total score
or OMS duration.

In the ‘high® CSF CXCL10 group, OMS duration was
slightly shorter than in the ‘normal’ CXCL10 group. A
similar trend was seen among OMS duration categories. If
there was a weak trend for OMS severity, it was not sup-
ported by analysis of OMS severity category. No group
differences were found in patient age, gender, tumour inci-
dence or relapse.

Longitudinal treatment

In the longitudinal study (Table 2), no net effect of ACTH-
or steroid-combination immunotherapies on CXCL10 con-
centration in CSF was demonstrated. In contrast, clinical
severity (total score) had decreased by 66% across ACTH-
based treatments (P = 0-0001). ACTH dose in the combined
ACTH groups was tapered to 15-0 = 7-:6 IU/m’ on alternate
days.

Analysis of individual patients

Serial CSF CXCL10 data were available from 93 patients
who had had three or more lumbar punctures. The data
were graphed and inspected visually. The number of
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Table 2. Effect of prospective immunotherapy on cerebrospinal fluid (CSF) CXCL10 concentration and total score.

(CXCL10) pg/ml Reduction
Agents n Pretreatment Treatment P-value in total score P-value
ACTH +1VIG 10 224 = 180 (178) 173 = 77 (207) 0-31 55% < 0-0001*
ACTH + IVIG + rituximab 20 181 *+ 145 (128) 190 = 129 (138) 0-66 72% < 0-0001*

*Statistical comparisons of means were made by paired -tests. Patients were on immunotherapy 10-0 = 3-3 months after the first evaluation in the

first group and 7-5 = 2:6 months in the second group. The data are means = standard deviation; medians are in parentheses. The mean adrenocorti-
cotrophic hormone (ACTH) dose (IU/m?/day) was 17 = 11 for the first group and 15 = 7 for the second (not significantly different). In controls, the
CSF CXCL10 concentration was 84 = 54 pg/ml. IVIG: intravenous immunoglobulin.

patients with relapse was 21 (22%). Of those, a spike in CSF
CXCL10 concentration was seen in 13 (62%). In contrast, a
drop in CXCL10 linked to treatment was found in only 13
(15%) of the 73 non-relapsing patients. The clinical/
immunological pattern for six patients, whose data was rep-
licated with all the samples on one assay plate to eliminate
interassay variability, is shown in Fig. 3.

Serum CXCL9 and CXCL11

There were no significant group differences in mean serum
CXCL9 concentration (P=0-06, ANOVA): controls 48-1 =
39 pg/ml; untreated OMS, 75-0 % 75 pg/ml (Fig. 4b).
Serum CXCLI11 concentration also did not differ between

controls (46-2 * 69-4 pg/ml) and OMS (114 = 231 pg/ml)
(Fig. 4c). The OIND group had a higher median concentra-
tion of CXCL11 (P =0-048) and CXCL10 (P=0-017), not
CXCLY, than controls, but was not significantly different
from untreated OMS. The serum concentrations of CXCL9
and CXCL10 were correlated (r=0-57, P < 0-0001). Serum
CXCLI11 and CXCLI0 concentrations were not correlated,
whether numerous CXCLI1 zero values were included
(P=0-10, n=56) or excluded (P=0-12, n = 39).

CXCR3 receptors

The frequency of CSF and blood CXCR3"CD4" T cells was
correlated (r=0-59, P<0-0001). CXCR3"CD4" T cells were

(a) (d)
__ 400 500 oms, 5
£ CPM (ACTH, IVIG) Ea0l XA < RTX(ACTH, VIG)
& 300 ACTH, IVIG e
= o lACTH' VIG 5 300} CPMACTH, VIG
o200t LA A A b
13 Q 200t <—6MP (ACTH)
S oot RTX (ACTH, IVIG) S
L w 100
@ n
O o 1 1 1 I O 0 1 1 1 1 1 I
. . . . 0 10 20 30 40 0 10 20 30 40 50 60
Fig. 3. Temporal relation of cerebrospinal fluid Months Months
(CSF) CXCL10 concentration to relapse (a—d)
. o . (b) (e)
and immunotherapy (e,f) in six children with 500 400
opsoclonus—myoclonus syndrome (OMS). (a) A £ VIG (RTX) = OoMS
boy status/post (S/P) neuroblastoma with OMS 9 400 2 300} \B
onset at 13 months and our initial evaluation at S 300} RTX, Dex = RTX, ACTH, IVIG
. . - = 200} Vs
17 months. (b) A girl S/P neuroblastoma with § 200l (AGTH, VI G)¢ ;IL<) 00
OMS onset at 21 months and our first Fs) Prod GPML IVIG 5 CPM (AC/Ig‘i'Il—!VII(\;/)IG
evaluation at 26 months. (c) A girl S/P W 100F. oo IR L 100f ¥ (y ’ )
. a3 OMSyw 2-CPM,ACTH (vig) &
neuroblastoma with OMS onset at 36 months 0 . R, . . , 0 . . . . . ,
and our first evaluation at 41 months. (d) A boy 0 10 20 y Sgh 40 50 60 0 1020 M 39(h 40 50 60
S/P neuroblastoma; OMS onset, 14 months; onths onths
initial evaluation 31 months. (e) A boy without (©) ®
tumour; OMS onset, 31 months; initial = 5001 R — 400¢ OM29X£V|G
evaluation, 32 months. (f) A girl S/P %, 400} (IVIG) N, %, (A
. g N 2 300}
neuroblastoma; OMS onset, 11 months; initial = =
. o 300+ IVIG o RTX (Dex, IVIG)
evaluation, 14 months. Cellcept: mycophenolate 75 ACTH T 200} 4
.1, . i1 . O L IVIG @) ACTH (IVIG)
mofetil; CPM: cyclophosphamide; Dex: pulse 3 200 s, (ViG) 3 ¥, Celloopt (ACTH, IVIG)
dose dexamethasone; 6MP: 6-mercaptopurine; =~ 100} l o 100¢ < (Cellcept
Pred: prednisone; R: relapse of OMS; RTX: 8 8 ACTH, IVIG)
rituximab. Parentheses indicate continuing Oo 10 20 30 40 50 60 70 00 10 20 30 40 50
treatments. Months Months
432 © 2013 British Society for Immunology, Clinical and Experimental Immunology, 172: 427-436



(@)

10000.. ANOVA P=0-33 C. Controls (56)
=7000 | K-W P=0-35 1. Untreated OMS (29)
£4000 n=289 2.ACTH (31)

S 1000 . _
£ 600 3. Steroid (16)
5 4.VIG (17)
O 5. ACTH+IVIG (29)
Q 400 6. Steroid+VIG (23)
e 7. ACTH+other (25)
€ 200 8. Steroid-+other (9)
3 % é ? j 9. No current Rx (41)
0. 0IND (13)
> 34567890
OMS groups

(b)

800+ ANOVA P=0.06  C.(94)
_ K-W P=0-0007  1.(36)
£ 600r n=308 2.(28)
2 400f 3.(
& 200t 4.
3 2007 5.(
35 1503 :

£ 100}
>
& 50

0

(c)

ANOVA P=026  C.(35)
— K-WP=0.04 =  1.(22)
£ n=140 2.(14)
g 3.(5)
= 4.(13)
| 5.(11)
8 . 6.(9)
E . . + 7.(8)

S * . 8.(5)
o 9.(12)
4]

) &Ll E B 0. (6)
34567890

OMS groups

Fig. 4. Serum concentrations of CXCL10 (a), CXCL9 (b), and
CXCLI11 (c). The other inflammatory neurological disorders
(OIND)group, not used for statistical analysis, is shown for
comparison. The asterisk denotes statistical significance on the Dunn’s
post-hoc test.

enriched significantly in CSF compared to blood, as
reflected in representative dot-plots (Fig. 5a), in both con-
trols (61% versus 14%) and OMS (79% wversus 20%)
(Table 3). However, the percentage of CXCR3" T cells did

Table 3. Frequency of CXCR3-expressing CD4" T cells.

CXCR3 and its ligands in OMS

not differ significantly between controls and untreated
OMS in either CSF or blood. Conventional immuno-
therapy, such as ACTH, steroids or IVIG, also had no sig-
nificant impact on the percentage of CXCR3" T cells in CSF
or blood. The frequency of CXCR3-expressing CD4" T cells
was not significantly higher in the tumour group. In CSE,
CD4'CXCR3* T cell frequency and CXCL10 concentration
were not correlated (P = 0-64). Also, blood CD4*CXCR3* T
cell frequency did not correlate with serum CXCL10 con-
centration (P = 0-39).

Discussion

Not demonstrated previously in a paraneoplastic disorder,
the concentration of CSF CXCL10 was found to be elevated
in paediatric OMS using two different methodologies. The
CSF/serum CXCL10 ratio in untreated OMS exceeded that
in controls, indicating intrathecal or central overproduc-
tion. The association with CSF leucocytosis and up-
regulation of BAFF and CXCL13 in the ‘high’® CXCL10
subgroup underscores the presence of CSF inflammation in
OMS. Elevated CSF CXCL10 is also noteworthy, because the
source of CXCL10 in multiple sclerosis and the experimen-
tal autoimmune encephalomyelitis (EAE) animal model has
been shown to be the reactive astrocyte [16], which plays a
role in the recruitment of inflammatory cells. Whether the
same holds true for OMS is unknown. In CSFE, our focus
was on CXCL10 because it is the only one of the CXCR3
ligands to be present in robust concentration [17], and
disease-associated changes in CXCL10 may not be accom-
panied by changes in CXCL9 or CXCL11 [18].

The overall lack of capacity exhibited by various
common immunotherapies to modulate CSF CXCL10
concentration was disappointing. Although, in the cross-
sectional study, the ACTH monotherapy group had the
lowest CSF CXCL10 concentration, patients treated with
ACTH combination therapies showed no effect in cross-
sectional or longitudinal studies. There are few published
data on whether immunotherapy alters CXCL10 concentra-
tion in other contexts. In 14 adults with active MS, i.v.
methylprednisolone (500 mg x 5 days) reduced median CSF
CXCL10 from 279 to 31 pg/ml in 30 days with no effect on

Controls Untreated OMS Treated OMS P-value Tumour No tumour P-value
CSF (%) 61-0 =22 789 £ 10 72:3 £ 15 0-2 81:5 % 42 777 £ 8 0-08
Blood (%) 13-7 * 4.7° 19:6 + 101 16:6 + 8-2F 0-5 15-2 * 7-0° 20 + 10" 0-1
CSF : blood 4-1 = 2.7 4.9 *+ 2.5 53 + 25 0-2 54 *+ 2-8 4-8 + 2.3 0-5
n 4 5 35 19 21
Age (year) 2:8 £2:0 2:7 +0-23 46 £ 3-8 0-4 4.9 £ 42 3.7 =28 0-3
Gender (male/female) 1/3 4/1 19/16 0-2 8/9 15/8 0-2
Mean = s.d.

fSignificant difference compared to cerebrospinal fluid (CSF) by t-test. Statistical tests: analysis of variance (aNova) to compare controls,

untreated opsoclonus—myoclonus syndrome (OMS), treated OMS; unpaired ¢-test to compare tumour and no tumour groups; Fisher’s exact test for

gender comparisons between groups; s.d.: standard deviation.
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Fig. 5. Representative two-colour immunofluorescence analysis of
CXCR3*CD4" T cells in (a) cerebrospinal fluid (CSF) and (b) blood
from a patient with untreated opsoclonus—myoclonus syndrome
(OMS). (c) Correlation of CSF and blood CXCR3*CD4" T cells.

serum CXCL10 concentration [19]. In another study of 38
acute and 25 stable MS patients, methylprednisolone
therapy did not alter the concentration of circulating
CXCL10 [20]. We found no studies about the effects of
ACTH or steroids on CXCL10 in children. In vitro, both
ACTH and hydrocortisone inhibited only cytokine-induced
CXCL10 secretion in human zona fasciculata cells [21].

The increase in CSF CXCL10 we found is not specific for
OMS, but comparable in magnitude to that reported in

several other diseases, such as multiple sclerosis (3—28-fold)
[19,22,23], subacute sclerosing panencephalitis (21-fold)
[24], systemic lupus erythematosis (6-3-fold) [25], optic
neuritis (1-7-fold) [26], neuroborreliosis [27] and mild
Alzheimer disease (2-1-fold) [28]. Our paediatric control
CSF data fall within the range of adult controls (10688 pg/
ml) [19,24,26]. In a study of healthy children, the median
CXCL10 serum concentration in those aged < 10 years was
slightly lower than in those aged >10 years [29], although
we found no significant age effect in our neurological
controls. However, those medians (85-98 pg/ml) were
similar to our control median of 70 pg/ml in 125 paediatric
neurological controls.

CSF CXCL10 studies to date have utilized ELISA, but
the multiplexed fluorescent bead-based immunoassay is
often used for screening various cytokines. We found no
other study using Luminex technology. Our study shows a
strong correlation between the two methods, but an
approximately 11-fold difference in the results for CSF
and twofold for serum. Both methods appear to be valid,
but not interchangeable, as has been observed for some
cytokines [30].

The CXCR3 receptor, discovered in 1996, is expressed
within the CNS in a variety of neuroinflammatory disorders
with prominent T cell responses [31]. CXCR3-A is the
classic form, although other variants exist [32,33]. Localiza-
tion to reactive astrocytes and cerebellar Purkinje cells has
been demonstrated [4]. Our finding of a higher frequency
of CXCR3-bearing CD4" T cells in control CSF than blood
in our study is similar to reports on adults: 64% versus 27%,
respectively [26]. In CSE the percentage of CXCR3-
expressing CD4* T cells was not increased in optic neuritis
compared to controls [26]. In blood of patients with MS,
increases, decreases or no changes in the percentage of
CXCR3-expressing CD4" T cells have been found depend-
ing on clinical variables [22,23,34-36]. Little information is
available on the effect of immunotherapy on CXCR3
expression in neuroinflammatory disorders. In asthmatics, a
2-week treatment with low-dose oral prednisolone (20 mg/
day) did not change the percentage of CXCR3" T cells in
blood, although it was sufficient to alter the frequency of
CCR4" T cells [37].

In our study, the CSF concentration of CXCL10 did not
change greatly over time or with treatment, as also reported
in MS [38]. As a result, CSF CXCL10 did not correlate with
clinical severity of OMS. Our analysis of serial data in indi-
vidual patients identified some in whom there appeared to
be a clinical-immunological relationship. Whether this
information could be used to personalize their immuno-
therapy remains interesting, but untested.

Attenuation of inflammation by blocking CXCR3
remains an attractive therapeutic goal. Discovery of CXCR3
antagonists has been an ongoing process, with efficacy in
preclinical disease models for some [39]. Our study, in iden-
tifying CNS over-production of CXCL10 that responds little
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to immunotherapy, suggests that a pilot trial of CXCR3
blocker therapy might be considered in paediatric OMS.

Given the disconnect between Thl cell parameters and
OMS parameters, CXCL10 may play alternative roles in
OMS. CXCR3 is also expressed on a substantial proportion
of B cells in humans [40]. Because rituximab effectively
depletes CSF and circulating B cell subsets with clinical
benefit, it is possible that CXCL10 action in OMS may be
more pertinent to B cells. Also, CXCR3 is expressed highly
on effector CD8" T cells [14]. Measurement of both
CXCR3" cell types in OMS would be of interest.
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