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Abstract

Background: Clinicians caring for patients with Multiple Sclerosis (MS) need improved biomarkers to
aid them in disease management.

Objective: We assessed the predictive value of the candidate biomarker CXCL13 index in comparison
to oligoclonal bands (OCBs) and CSF neurofilament light (NfL) concentration, examining the ability of
each biomarker to predict future disease activity in clinically and radiologically isolated syndromes,
relapsing-remitting MS, and progressive MS.

Methods: Matched serum and CSF samples were obtained from 67 non-inflammatory neurologic dis-
ease patients and 67 MS patients. CSF and serum CXCL13 and CSF NfL were analyzed by Luminex and
ELISA, respectively. CXCL13 data were also analyzed as CSF/serum ratios and indices. Electronic
medical records were accessed to determine diagnosis, CSF profiles, and disease activity after the
lumbar puncture.

Results: Among CXCL13 measures, CXCL13 index was the best predictor of future disease activity in
MS patients (AUC = 0.82; CI =0.69-0.95; p=0.0002). CXCL13 index values were significantly ele-
vated in activity-positive MS patients compared to activity-negative patients (p < 0.0001). As a single
predictor, CXCL13 index outperformed both OCBs and CSF NfL in sensitivity, specificity, and positive
and negative predictive value, for future disease activity in MS patients. Moreover, combining CXCL13
index and CSF NfL status improved sensitivity and predictive values for disease activity in MS patients.
Conclusions: The CXCL13 index is an excellent candidate prognostic biomarker for disease activity in
patients with MS.
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Introduction

Clinically isolated syndrome (CIS) may be an isolat-
ed neuroinflammatory event or the first occurrence
of relapsing-remitting multiple sclerosis (RRMS).'
Early treatment may be considered to lower the
risks of future episodes in CIS patients, delaying
conversion to clinically definite MS. Conversely,
there appears to be no benefit to treating CIS patients
who will remain monophasic. Thus, the challenge is
to identify those CIS patients at higher risk of future

to predict future disease activity would also be help-
ful in management. Ideally, a molecular biomarker
could assist in addressing this challenge.

A logical candidate biomarker would be a
molecule(s) involved in B lymphocyte biology
since B cells are highly involved in MS pathogene-
sis.> CSF oligoclonal bands (OCBs) have been suc-
cessfully used in initial diagnosis,* but their

disease activity.” In other forms of disease within the
MS spectrum, such as primary-progressive MS
(PPMS), secondary-progressive MS (SPMS), or
radiologically isolated syndrome (RIS), the ability

predictive value for future neuroinflammation is
suboptimal.” An alternative candidate may be the
conventional lymphoid chemokine CXCLI13, as
CXCL13 is aberrantly elevated in CSF from MS
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patients and its intrathecal production was recently
shown to provide diagnostic and prognostic value in
MS patients.® In contrast to measuring only CSF
CXCLI13, quantifying intrathecal synthesis of
CXCL13 (CXCL13 index -Icxcri3), similar to use
of the IgG index in MS patients, corrects for differ-
ences in both serum CXCL13 and blood-CSF barrier
(BCSFB) integrity between MS patients’® which
can influence passive transfer of serum CXCL13
into the CSF. In non-inflammatory neurological dis-
eases and normals, CXCL13 may be produced in the
periphery, but not intrathecally.

In the current study, we aimed to test the hypothesis
that Icxcp13 is a powerful predictor of future disease
activity in MS patients. We sought to compare
Icxcr1s’s predictive ability to other biomarkers,
including various CXCL13 measures (serum, CSF,
CSF/serum ratio), the diagnostic biomarker OCB,
and the emerging biomarker neurofilament light
(NfL) in patients with MS.

Methods

Specimens

Patients at Dartmouth-Hitchcock Medical Center
(DHMC) underwent diagnostic lumbar puncture
(LP) during routine care. Matched sera were
obtained within a few hours of the LP. All patients
included in the study underwent a full diagnostic
work-up, including history, examination, routine
CSF/serum analyses (DHMC), and OCB determina-
tion and immunoglobulin G (IgG) index (Mayo
Clinic; Rochester, MN).

Standard protocol approvals, registrations, and
patient consents

Written informed consent was obtained from all study
participants for the inclusion of their CSF and serum
into the DHMC’s Department of Neurology CSF bio-
bank. The study adhered to the Declaration of
Helsinki and was approved by the ethical standards
committee at DHMC (STUDY00029241).

Patient selection

A provisional diagnosis was given at the time of the
LP and later confirmed at the time of analysis by
verifying the patient’s diagnosis in DHMC’s elec-
tronic medical record system. Demyelinating dis-
eases within the MS spectrum based on the revised
2017 McDonald Criteria'® -CIS, RRMS, RIS,
PPMS, and SPMS- were generally considered as
“MS”. For patients with an initial demyelinating
event, the diagnosis at the time of the LP prior to

imaging and OCB determination was used; thus, if a
patient presented with an initial demyelinating event
and had a lumbar puncture performed at this time,
they would be diagnosed with CIS'® regardless of
future MRI and OCB findings near the time of pre-
sentation, even if MRI and OCB findings near the
time of the lumbar puncture fulfilled McDonald
2017 criteria for RRMS.'? 27 of the 41 CIS patients
met McDonald 2017 criteria for RRMS after evalu-
ation of their CIS episode, the majority meeting dis-
semination in time criteria by the presence of
oligoclonal bands in the CSF.

Inclusion criteria for this study included age 18-
75 years, no corticosteroid therapy 30 days before
the LP, and determination of OCBs and IgG index.

Sixty-seven patients within the MS spectrum met the
inclusion criteria (Table 1). Five patients had a
follow-up of less than 0.5 years and were excluded
from activity-bases analyses, including the only
patient in the study on an immunomodulatory treat-
ment at the LP.

Sixty-seven NIND patients were considered as con-
trols. NIND diagnoses included: headache syn-
dromes (n=28), non-inflammatory neuropathies
(n=16), cognitive dysfunction (n=26), epilepsy
(n=13), and other non-inflammatory neurological ill-
nesses (n=14) including Arnold-Chiari deformity
(n=1), dizziness (n=1), Horner syndrome (n=1),
facial numbness (n=2), fasciculation (n=1), leg
weakness (n=3), movement disorders (n=2),
post-concussive syndrome (n=1), and ischemic
stroke (n=2). All NIND patients had non-
inflammatory CSF profiles (Table 1).

Determination of inflammatory activity

Clinicians identifying clinical and radiographic dis-
ease activity were blinded to the biomarker data. The
following definition was used to determine activity
after LP: the presence of clinical relapses or new
gadolinium-enhancing lesions, or new or unequivo-
cally enlarging T2 lesions.” Activity status was
defined as a binary outcome i.e. activity positive or
activity negative, based on the presence or absence
of one or more of the above described activity
parameters.

In pMS patients, none of the patients experienced
progression during the course of the follow-up and
activity in these patients was similarly based on clin-
ical or MRI activity.
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Table 1. Patient demographics and CSF profiles.

Disease activity during the follow-up period was
present in both untreated patients and patients
treated with immunomodulatory or immunosuppres-
sive therapies. Treatment types during the follow-up
period are described in Table 1.

Determination of CXCLI3 index

Fifty-five MS patients had matched CSF and serum
available, while 12 MS patients only had CSF.
Sixty-five NIND patients had matched CSF and
serum available and were tested for CXCLI13.
CXCL13 concentrations were determined in undi-
Iuted CSF and serum diluted 1:4 by Luminex tech-
nology, utilizing a commercial CXCL13 assay
(#171BK12MR2; Bio-Rad, Hercules, CA) and fol-
lowing the manufacturer’s directions (lower limit of
quantitation 0.7 pg/ml).

CSF/serum ratios were expressed as Qcxcris-
Iexcris was calculated as (CSFcxcrs/
serumexcr13)/(CSFaibumin/S€rUMaibumin) = Qexcr 13/
Qalbumin-

Determination of CSF NfL levels
CSF NfL levels were analyzed using a commercial
sandwich ELISA (Uman Diagnostics, Umea,
Sweden) according to the manufacturer’s instruc-
tions (n=64 MS; n=15 NIND).

Statistical analysis

Non-parametric analyses were used for data analy-
sis, including Mann-Whitney U test, Kruskal Wallis
one—way analysis of variance and posthoc corrected
Dunn’s multiple comparisons test, and Spearman’s
rank-order correlation. Predictive discriminating
values were calculated by receiver operating curve
(ROC) analysis. Kaplan-Meier survival analysis uti-
lized log-rank (Mantel-Cox) tests to compare surviv-
al curves and logrank methods for hazard ratio
calculations.

All statistical analyses were performed using
GraphPad Prism version 7.00 (GraphPad, San
Diego, CA). P-values < 0.05 were deemed to be sta-
tistically significant.

Results

Serum and CSF CXCLI13 in NIND and MS patients
In MS patients, both serum CXCL13 and CSF
CXCLI13 concentrations were significantly elevated
compared to NIND controls (p < 0.0001; Figure 1;
Supplemental Table 1). CSF CXCL13 levels were
positively correlated with serum CXCL13 levels in
NIND (r=0.52, p<0.0001) and MS patients
(r=0.33, p=0.01). Moreover, CSF levels positively
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Figure 1. Serum and CSF CXCL13 measures are elevated in MS patients. CXCL13 levels in the serum (a) and CSF (b)
and calculated Qcxcr 13 (¢) and Icxcr 13 (d) values for NIND or MS patients. MS patients include CIS, RIS, RRMS, and
PMS subtypes. Bars indicate median values. Comparisons were made using a Mann Whitney U test. **** P < (0.0001.
Qcxcriz= (CSF CXCL13/serum CXCL13); Icxcriz = (CSF CXCL13/serum CXCL13)/(CSF albumin/serum albumin);
NIND = non-inflammatory neurologic diseases; MS = Multiple Sclerosis.

correlated with Qgupumin in MS patients (r=0.32;
p=0.01). CXCL13 Qcxcriz (CSF/serum ratio)
values were also significantly increased in MS
patients compared to NIND controls (p <0.0001).
Iexcriz values were calculated to adjust for
Qabumin  variability (Table 1) among patients.
Icxcrs values were significantly higher in MS com-
pared to NIND patients (p <0.0001), indicating
intrathecal CXCL13 synthesis in MS.

CXCLI13 performance in discriminating future
disease activity

CXCLI13 measures were evaluated in MS patients
with or without disease activity during the follow-
up period (Figure 2(a); Supplemental Table 1). For
all activity-based analyses, only patients with a
follow-up period of greater than 0.5years were
included (Table 1; Supplemental Table 1). Serum
CXCL13 was significantly decreased in activity-
positive  vs.  activity-negative = MS  patients
(p =0.005). Conversely, CSF CXCL13 (p=0.02),
Qcxcriz (p=0.0005), and Icxcriz (p<0.0001)
were all increased in the activity-positive compared
to the activity-negative group.

In MS patients, serum and CSF CXCL13 concentra-
tions, Qcxcriz, and Iexcr 13 were all tested for their
individual ability to discriminate future disease
activity by ROC analysis (Figure 2(b)). Among all
CXCLI13 measures, Icxcr 13 Was the best predictor of
activity,'! generating the highest area under the
curve (AUC=0.82; CI=0.69-0.95; p=0.0002)

compared to serum CXCL13 (AUC=0.76;
p=0.002; CI=0.62-0.90), CSF CXCL13
(AUC=0.66; p=0.03; CI=0.52-0.80), and

Qexcris (AUC =0.75; p = 0.004; CI = 0.60-0.89).

Icxer s cut-off values in determining future activity
ROC analysis (Figure 2(b)) was also used to deter-
mine an optimal cut-off to identify elevated Icxcr 13
values in MS patients. A cut-off value of 18.06
(Figure 3(a)) was chosen to maximize the sensitivity
(91%; CI=72-98%) with a minimal reduction in
specificity (64%; CI =44-80%).

Icxcris values were then compared between NIND
and MS patient subtypes (Figure 3(a) and (b)).
Considering the entire MS population, both CIS
and RRMS patients displayed significantly increased
Iexcer1z values compared to NIND patients (both
p<0.0001) (Figure 3(b)). All 8 RRMS patients

www.sagepub.com/msjetc



DiSano et al.

(a) Serum CXCL13 CSF CXCL‘! 3 QCML13  —
o EREK
o *k ook kK
10007 —— 1000 . 10 Ak 1000+
- & 100 5 s . y
e 13 Ut 1 1 1 . . ‘gt
I P VY | 1 i 100+ ot
it 1 ; . : o . 1o
S w @ o e g o B
. i 0.1 - 0.01 A e
105 0.01 . 1] .
> e 0.001 Py
1 . . I 0.0001 - . ' 0.0001 —_ . 1 0.1 ¥ . r
Q & o Q Y o & Y Y s
& & § & 8 & & S ¢
¥ @ ¥ @ N ¥ §
(b) Serum CXCL13 CSF CXCL13 QcxcLis lexcrta
100+ 100 100~ 100
32 804 = 80 2 80+ 2 804
= = = 2
S 60 S 60 S 60 S 60
@ a0 2 4 g 40 i
7] 7] o] [
0 20 0 2 N 204 N 20
AUC=0.76 AUC= 0.66 AUC=0.75 « AUC=0.82
0 T T T T 1 T T T T T 1 0 T T T T 1 ol T T T T 1
0 20 40 80 B0 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

100% - Specificity%

100% - Specificity%

100% - Specificity%

100% - Specificity%

Figure 2. Elevated Icxcp 13 1S a strong predictor of disease activity in MS patients. (a) CXCL13 levels in the serum (pg/ml) or CSF (pg/ml) and
calculated Qcxcr1s and Icxcr s values for NIND or MS activity-negative (MS Activ-) or activity-positive (MS Activ+) patients. MS patients
include CIS, RIS, RRMS, and PMS subtypes. Comparisons of different patient groups were made using a Kruskal-Wallis one-way analysis of
variance and Dunn’s multiple comparisons test. Adjusted p values are indicated as *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001. (b)
ROC analyses comparing serum CXCL13, CSF CXCL13, Qcxcri13, Of Iexcr1s values from MS activity-negative and MS activity-positive

patients. AUC = Area under the curve.

exhibited disease activity during the follow-up
period (mean=3.1years) and elevated Icxcris
values. Among the 11 PPMS patients, 3 experienced
disease  activity after LP (mean follow-
up =2.4years) and 2 of these patients had elevated
Icxcris- All RIS  patients with a follow-up
>0.5 years had future disease activity and elevated
Icxcris values. In CIS patients (mean follow-
up =2.6years), 9/10 patients who experienced
future disease activity had elevated Icxcr13 values.
Further analysis of the 28 CIS patients divided by
activity status revealed CIS activity-positive (n = 10)
patients show significantly increased Icxcp 13 values
compared to activity-negative CIS patients (n=18)
(p=0.035) and NIND controls (p < 0.0001) (Figure
3(b)).

Icxer 3 Status and time to disease activity

We used Kaplan-Meier survival analysis to assess
the time to disease activity among Icxcr 13-negative
or Icxcpis-positive MS patients. Results showed a
significant difference in the survival curves
(p=0.001), indicating a 20-month event free

survival of 27% in Icxcpi3-positive patients com-
pared to 82% in Icxcpi3-negative patients (Figure
3(c)). Iexcriz-positive patients had a significantly
higher hazard ratio of developing disease activity
over the follow-up period (HR 7.5; CI=3.2-17.5),
demonstrating Icxcpi3-positive patients were on
average 7.5-times more likely to develop disease
activity over the follow-up period.

Association of CSF NfL levels with disease activity
and Ic-ycp ;3 Status

CSF NfL measurements confirmed previous findings
of elevated NfL in MS patients compared to NIND
controls (p < 0.01) (Figure 4(a)). In our MS patient
cohort (mean age =41.8 = 1.7) NfL did not correlate
with age (r=0.04; p=0.73) or activity latency (r=
—0.12; p=0.39). Further analysis of MS patients by
OCBs (Figure 4(b)) revealed that OCB-positive MS
patients had increased CSF NfL compared to NIND
(p =0.0048), although there was no significant dif-
ference between OCB-negative and OCB-positive
MS patients. Conversely, MS patients divided by
their activity status (Figure 4(c)) or Icxcris value
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Figure 3. Intrathecal CXCL13 production is elevated in
MS patients with evident disease activity. (a) Icxcris
values among NIND controls and MS patient groups.
Optimal cut-off (>18.06; sensitivity 91%, specificity 64%)
for determining Icxcr 13 elevation was determined by ROC
analysis (red line). Disease activity status is indicated by
activity-negative (black dots), activity-positive (red dots),
or data not available due to a follow-up < 0.5 years (black
x). (b) The table displays P-values from a Kruskal-Wallis
one-way analysis of variance and Dunn’s multiple com-
parisons test comparing the different patient groups as
indicated. Adjusted P-values < 0.05 were considered sig-
nificant and are indicated in red. CIS = clinically isolated
syndrome with no activity (CIS Act-) or with activity (CIS
Act+); RIS =radiologically isolated syndrome;

RRMS = relapsing-remitting MS; PMS = progressive MS
(n=13 primary progressive MS; n=1 secondary pro-
gressive MS). C) Kaplan-Meier curve displaying proba-
bility of event free survival and time to first activity in
months comparing all MS patients (CIS, RIS, RRMS, and
PMS) (black), Icxcriz- MS patients (blue) and Iexcrize
patients (red) with a follow up greater than 0.5 years.

(Figure 4(d)) revealed CSF NfL was significantly
increased in activity-positive (p <0.0001) and
Iexceriz-positive  (p=0.001) MS compared to
NIND patients. CSF NfL levels were also signifi-
cantly increased in activity-positive vs. activity-
negative (p=0.013) and Icxcpiz-positive vs.
Iexcriz-negative (p=0.011) MS patients. A spear-
man’s correlation of CSF NfL and Icxcp i3 values
identified a significant positive correlation between
Icxcr1z and CSF NfL in MS patients (r=0.42; CI
=0.16-0.62; p=10.002).

Evaluating the predictive value of individual
biomarkers in determining future disease activity
The individual predictive value of Icxcr 13, OCBs,
and CSF NfL in discriminating disease activity was
evaluated by sensitivity, specificity, positive predic-
tive value (PPV), and negative predictive value
(NPV) for each measure in MS patients (Table 2)
and CIS patients only (Table 3). The Icxcp 13 cut-off
18.06 was used to determine Icxcp13 positivity.

An optimal cut-off value for elevated CSF NfL was
determined by ROC analysis. A value >1105 pg/ml
was established as cut-off (AUC =0.73; CI=0.59-
0.86; p=0.003), providing the highest sensitivity
(67%) while minimizing reductions in specificity
(69%) for discrimination'' of activity-negative vs.
-positive individuals.

In MS patients, [cxcr 13 outperformed both OCBs
and CSF NfL values in predictive ability (Table 2).
For Icxcris, the PPV was 69% and the NPV was
89%, outperforming both OCBs (PPV =48%;
NPV=67%) and CSF NfL (PPV=062%;
NPV =73%), with higher sensitivity and specificity
for predicting future disease activity. Also, with only
two exceptions, MS patients who developed activity
had Icxcp1z values >18.06 cut-off (Figure 3(a)),
confirming Icxcp13’s strong NPV.

In analyzing only CIS patients, Icxcp13 also proved
to be a better predictor of disease activity, with a
sensitivity of 90%, a specificity of 56%, PPV of
53% and NPV of 91% (Table 3). OCBs had a
lower sensitivity (64%), specificity (29%), PPV
(29%) and NPV (64%). CSF NfL only showed
better specificity (74%), with lower sensitivity
(55%), PPV (50%) and NPV (77%).

Icxcris false-positives

The Icxcri3 cut-off 18.06 generated high sensitivity
(91%) for identifying patients with future disease
activity, although specificity was sacrificed (64%).
The cut-off value with higher sensitivity resulted in a
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Figure 4. CSF NfL levels are elevated in Icxcr i3+ MS patients. NfL concentrations (pg/ml) in CSF of NIND controls
and total MS patients (a) and MS patients analyzed by OCB (b), activity determined by follow-up of > 0.5 years (c), and
Iexcris (d) negativity or positivity. MS patient subtypes indicated by the following symbols: RIS (O), CIS (A), RRMS
(¢), and PMS (). Bars indicate median values. Line indicates optimal cut-off of >1105 pg/ml (sensitivity 67%, spe-
cificity 69%) for determining elevated NfL levels as determined by ROC analysis comparing MS activity-negative and
MS activity-positive patients. P values were determined using a Mann Whitney U test (A) comparing NIND vs total MS
(** p<0.01), RRMS (## p < 0.01), or PMS (" p < 0.05) and a Kruskal Wallis one-way analysis of variance and Dunn’s
multiple comparison test (b—d) comparing NIND, MS activity-negative (MS Activ-), and MS activity-positive (MS
Activ+) patient groups (Adjusted p values indicated as * p < 0.05; ** p < 0.01; **** p <0.0001).

slight increase in the percentage of false-positives
(31%; Table 2; Figure 3(a)) compared to selecting
a cut-off with a more balanced sensitivity (77%) and
specificity (72%). To further discern whether an
IexcLi3-positive/activity-negative status (false-posi-
tive) was due to an insufficient follow-up period, we
examined the average follow-up length compared to
true-positive MS patients. We also assessed OCBs
and CSF NfL profiles of true-positives, true-
negatives, false-positives, and false-negatives, to
determine if false-positives had a pattern similar to
the true-positive or true-negative group (Table 4).
Iexcriz  true-positive patients (mean follow-up
length =2.4 years; median =2.2 years), with 80%
OCB-positive, and 60% CSF NfL-positive. The
IexcrLis  true-negative  patients (mean follow-
up=1.4years) were also mostly OCB-positive
(56%), but in contrast to the true-positives, patients
were mainly CSF NfL-negative (87%). In compari-
son, false-positive patients had a relatively short
follow-up period (mean=2.2years; median=
1.8 years), were mostly OCB positive (88%), and

CSF NfL-positive (55%), similar to true-positive
patients. Further analysis revealed 62% of Icxcr 13-
positive patients were also CSF NfL-positive.

Combined biomarkers in predicting future disease
activity

The high number of Icxcpi3-positive MS patients
who were also CSF NfL-positive, the increase of
both CSF NfL and Icxcpis in activity-positive
patients, and the significant positive correlation of
Iexcr1z with CSF NfL led us to examine if combin-
ing Icxcris, NfL, and OCB status, would enhance
the predictive value for discriminating future disease
activity.

In total MS patients, Icxcp13 combined with NfL
(Table 2), proved to enhance sensitivity (100%),
specificity (72%), PPV (71%), and NPV (100%)
compared to either Icxcpiz or NfL alone.
Iexcri3+NfL  predictive  values  outperformed
NfL+OCBs, Icxcr13+0OCBs, and Icxcr 13+ OCBs+
NfL combined predictive analyses. Notably, the
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Table 2. Sensitivity, specificity, positive (PPV), and negative (NPV) predictive value, false-positive and false-negative in percent
(exact 95% confidence interval in brackets) for disease activity in MS patients (CIS, RIS, RRMS, PMS) utilizing CSF Icxcr 13,
OCB, or NFL status alone, or in combination as indicated. All patients included had a minimum follow-up of >0.5 years.

(m=47) (=57) (=56) (n=25) (n=32) (n=30) (n=19)
Sensitivity 91 (69-98) 81 (60-93) 67 (45-84) 100 (68-100) 94 (69-100) 100 (60-100) 100 (60—100)
Specificity 64 (43-81) 30 (16-49) 69 (50-83) 50 (24-76) 47 (22-73) 72 (46-89) 55 (25-82)
PPV 69 (49-84) 48 (33-63) 62 (41-79) 61 (36-82) 67 (45-84) 71 (44-89) 62 (32-85)
False-positive 31 (16-51) 52 (37-67) 38 (21-59) 39 (18-64) 33 (16-55) 29 (11-56) 38 (15-68)
NPV 89 (64-98) 67 (39-87) 73 (54-87) 100 (56-100) 88 (47-99) 100 (72-100) 100 (52-100)
False-negative 11 (2-36) 33 (13-61) 27 (13-46) 0 (0-44) 13 (1-53) 0 (0-28) 0 (0-48)

Table 3. Sensitivity, specificity, positive (PPV), and negative (NPV) predictive value, false-positive and false-negative in percent
(exact 95% confidence interval in brackets) for disease activity in CIS patients utilizing CSF Icxcr 13, OCB, or NFL status alone, or
in combination as indicated. All patients included had a minimum follow-up of >0.5 years.

ICXCLIS OCB NfL NfL +OCB ICXCLIS - OCB ICXCL13 + NFL ICXCL13 =F OCB - NfL
m=28) (=35 (=34 (=18) (n=18) (n=17) (n=9)
Sensitivity 90 (54-99) 64 (32-88) 55 (25-82) 100 (20-100) 80 (30-99) 100 (40-100) 100 (50-100)
Specificity 56 (31-78) 29 (13-51) 74 (51-89) 56 (23-85) 46 (20-74) 69 (39-90) 50 (17-100)
PPV 53 (29-76) 29 (13-51) 50 (22-78) 33 (6-76) 36 (12-68) 50 (17-83) 20 (1-70)
False-positive 47 (24-71) 71 (49-87) 50 (22-78) 67 (24-94) 64 (32-88) 50 (17-83) 80 (30-99)
NPV 91 (57-100) 64 (32-88) 77 (54-91) 100 (46-100) 86 (42-99) 100 (56-100) 100 (40—100)
False-negative 9 (0-43) 36 (12-68) 23 (9-46) 0 (0-54) 14 (1-58) 0 (0-44) 0 (0-60)

addition of OCBs decreased the specificity and PPV
for discriminating future disease activity.

In CIS patients, Icxcpiz+NfL predictive values
enhanced sensitivity (100%) and NPV (100%)
(Table 3). PPV was modestly lower in
Iexcriz+NfL (50%) vs. Iexcris (53%) alone.
Specificity was also lower in Icxcp3+NfL (69%)
compared to NfL alone (74%). Inclusion of OCBs,
i.e., NfL4+OCBs, Icxcriz+OCBs, and Icxcrpiz+
OCBs+NfL, reduced PPV for discriminating future
disease activity in CIS patients.

Discussion

The course of MS is highly unpredictable, and
molecular biomarkers are urgently needed to assist
neurologists in caring for these patients,'* especially
at the time of the first neurological event. Currently,
the primary clinically useful molecular biomarker
has been the presence of OCBs, which identifies
intrathecally produced IgG, a manifestation of
abnormal B cell biology in the CNS."* Because of
the value of OCBs in predicting the development

of future neuroinflammatory events,"* OCBs have
been incorporated into the McDonald 2017 criteria
for the diagnosis of RRMS in patients who would
have been classified as CIS with previous criteria.
Although the inclusion of OCBs in the revised criteria
significantly increases the overall sensitivity, specific-
ity is sacrificed, and the PPV for the conversion of CIS
to RRMS using these new criteria is suboptimal.'>"
Thus, there is a clear need for better prognostic bio-
markers in MS, both in CIS and other forms of MS.

In the current study, we compared 67 NIND and 67
MS patients to identify an alternative biomarker
capable of outperforming both OCBs and CSF NfL
in detecting future disease activity. CXCL13, a mol-
ecule implicated in B cell biology, is a logical can-
didate biomarker for predicting disease activity, as B
cells are highly involved in MS pathogenesis,'® and
depletion therapies targeting B cells, including the
CD20-depleting antibodies rituximab, ocrelizumab,
and ofatumumab, are effective treatments for MS.?

Multiple laboratories have demonstrated elevations
of CXCL13 in the CSF of MS patients relative to
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Table 4. Profiles of Icxcyr 13 true positive, true negative, false positive, and false negative MS patients.

True positive

True negative

False Positive False negative

(n=20) (n=16) (n="9) (n=2)
Follow-up (yrs) 2.4 (0.5-4.8) 1.4 (0.5-3.2) 2.2 (0.7-3.3) 2.7 (2.1-3.2)
OCB + 16/20 9/16 8/9 12

(80%) (56%) (88%) (50%)
CSF NfL + 12/20 (60%) 2/16 (13%) 5/9 (55%) 1 (%)

Follow-up is expressed as the mean value with the minimum to maximum value range in parentheses. True
positive = Icxcr 13 T Activity ™ True negative = Icxcr 13 Activity * False positive = Icxcr 13 T Activity * False neg-
ative = Icxcris Activity ™. * indicates only 1 of 2 false-negative patients were tested for CSF NfL concentration. MS

patients include CIS, RIS, RRMS, and PMS.

controls. However, few studies have calculated the
CSF indices for this protein, i.e., the most reliable
measure of intrathecal production of an analyte,®”'*
or tested Icxcriz as a prognostic biomarker.
Neurologists utilize the IgG index as a measure of
intrathecal production of IgG; similarly, the
CXCLI13 index is a measure of intrathecal produc-
tion of CXCL13. Both measures correct for the dif-
fusion of the analyte in the serum across a variably
intact BCSFB as approximated by Q,pumin- In our
study CSF CXCL13 levels correlated with serum
CXCL13 and Qgpumin, suggesting serum CXCL13
and BCSFB integrity may both impact CSF
CXCLI13 levels. Additionally, in our analysis,
Iexcr1z shows stronger sensitivity, specificity, and
predictive values for future disease activity than CSF
levels alone.” The calculation of indices improves
the prognostic potential of CXCL13 by taking into
consideration the serum CXCL13 concentration and
the movement of CXCL13 across the BCSFB. Since
MS patients can present varying Qapumin values,”” a
correction for it is crucial.

Results in this study demonstrate that in MS patients,
an elevated Icxcp 3 is predictive of future disease
activity as assessed by MRI measures and/or clinical
relapses. Conversely, a normal Icxcy 13 is highly pre-
dictive of the absence of future events. Overall, our
present study identifies Icxcp 13 as a single biomark-
er superior to both OCBs and CSF NfL in the pre-
diction of future neuroinflammatory activity in MS
patients. Elevated Icxcri3 also outperforms OCBs
and CSF NfL in predicting the conversion from
CIS to MS.

Although both Icxcr 13 and OCBs have good sensi-
tivities, Icxcr13 presents much better specificity and
predictive values. Our findings, similar to previous
studies,” 7 confirmed that OCBs result in low
specificity and PPV for future disease activity.

The higher performance of Icxcp i3 would remedy
the poor specificity and low PPV for the conversion
of CIS to MS in the 2017 McDonald criteria
throughout the diagnostic process of MS.>!>!7

CXCL13 may also serve as a more relevant bio-
marker for future disease activity as compared to
NfL. Nonetheless, CXCL13 and NfL may have dif-
fering, but complementary roles for assessing MS
disease course. In our study, we found considering
Iexcerz and NfL status together increased sensitivi-
ty, specificity, PPV, and NPV for future disease
activity in MS patients. Increased CSF NfL corre-
lates with the conversion from CIS to MS,*°
increased clinical disease activity,”! worse brain
atrophy,”” and disability progression.”*** However,
it remains unclear if multiple neuroinflammatory
events are required to detect elevations in NfL. In
MS, CSF NfL analysis may be best utilized as a
sensitive measure of ongoing CNS damage and as
a predictor of disease progression. Unlike NfL,
CXCL13 is not typically produced in the CNS in
the absence of inflammatory processes** and may
therefore be a more reliable indicator of neuroin-
flammation. Although Icxcp 13 was the best single
predictor of disease activity, improved sensitivity
and predictive values utilizing both Icxcpi3 and
CSF NfL status indicates future studies should
examine the utility of combining these two emerging
biomarkers to predict disease activity.

Beyond Icxcr13’s predictive value for neuroinflam-
matory activity, it is interesting to note that Icxcr 13
positive patients had significantly higher NfL levels
than Icxcpi3 negative patients, another indication
that elevated intrathecal CXCL13 relates to disease
activity and potential CNS damage. Accordingly, in
MS patients, elevated CSF CXCL13 is associated
with more severe cortical thinning.”> CXCL13 is
produced in actively demyelinating MS lesions, but
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not in chronic inactive lesions or in the CNS of
subjects who had no neurological disease.?
Moreover, meningeal B cell aggregates containing
CXCLI13 have been associated with subpial cortical
lesions in progressive MS patients.?’

CXCL13, which can be produced by peripherally-
derived immune cells or CNS resident cells during
neuroinﬂammation,m’z8’29 is crucial for the recruit-
ment, and possibly maintenance, of CXCRS5™
immune cells, including B cells, memory T cells*®
and follicular helper T cells,*® to sites of inflamma-
tion. CXCL13 may also be essential for establishing
and maintaining structures resembling ectopic lym-
phoid follicles within the CNS associated with cor-
tical demyelination, neuronal injury, and worse
disease progression.”’! Our finding that intrathecal
production of CXCL13 occurs very early in MS and
predicts future disease activity may indicate that the
development of these structures arises early in the
disease, and not just in the later progressive forms.
Thus, the absence of an elevated Ic-xcy 15 early in the
disease may predict a low risk of neuroinflammatory
events and a lower likelihood of disability
progression.

Our finding, that serum CXCL13 was lower in those
patients who experienced future MS activity relative
to those patients who did not, was interesting, but
difficult to interpret and caution is indicated regard-
ing the use of serum CXCLI13 elevations as a read-
out for disease activity in MS. In the periphery,
CXCL13 is expressed on high endothelial venules
and is important for recruiting B cells into secondary
lymphoid tissue.*> Furthermore, CXCLI13 is
expressed in germinal center (GC) reactions aiding
in GC organization and production of antibody
secreting cells.** Elevations in plasma CXCL13 are
linked to germinal center induction in secondary
lymphoid tissue in both mouse and macaque stud-
ies.>> If serum CXCL13 elevations are indicative of
GC responses, this may explain the disparity among
findings in the literature as GC are transient struc-
tures and elevations in blood will be highly depen-
dent on unpredictable variables. Since it is possible
that intercurrent infection, even subclinical infec-
tion,*® can elevate serum CXCL13 levels, the role
of infections in serum CXCL13 levels and thus
Icxcriz calculations in MS patients needs further
study.

Icxer13 may serve a role in routine clinical practice
to assist clinicians in making treatment decisions in
patients with MS including selecting optimal

responders to therapy, determining therapeutic
response, and identifying CIS or MS patients at a
higher risk of inflammatory attacks who would ben-
efit from immunomodulators. In a previous study,
Alvarez et. al demonstrated Icxcr 13 was crucial in
identifying “optimal responders” to rituximab.?’
Moreover, reductions in Icxcp 13 following rituximab
treatment associated with decreased biomarkers of
tissue destruction including CSF myelin basic pro-
tein and NfL, implying Icxcr13 may be useful as an
indicator of treatment response. Although further
studies are necessary to evaluate the role of
Icxcris in treatment decisions, these findings pro-
vide promising results that Icxcp 13 may be an opti-
mal biomarker for monitoring CNS inflammation.

Limitations

Our present study has a few weaknesses: a limited
follow-up period after LP, a possible selection bias
toward a restricted MS patient population, and find-
ings of elevated Icxcris in other inflammatory,
although not demyelinating, neurological diseases.®

The average follow-up for all MS patients was
2.6 years, a time window that may be insufficient
to effectively monitor the course of MS and which
may increase the reported Icxcpi3 false-positives
(median follow-up = 1.8 years). However, in a
recent study, more than 80% of CIS patients who
had developed activity defined by either MRI or
clinical evidence of relapse had done so by two
years.*® Similarly, in our study the majority of MS
patients developed activity within the first 20 months
of the follow-up period.

Since this was not a controlled study in which all MS
patients underwent an LP and were enrolled, there
may have been a selection bias toward only some
types of MS patients undergoing an LP in routine
clinical practice primarily for diagnostic purposes,
including those experiencing an initial neurological
event or seeking confirmation of diagnosis. For
instance, most patients in the CIS group underwent
LPs within a few months after the CIS event.
However, also in the CIS group, 7 patients under-
went LP not for an initial evaluation of a CIS event,
but for determination of whether a CSF profile con-
sistent with MS still existed after a long period, an
average of 6years after the CIS, with no activity.
The inclusion of these patients with a long disease
duration prior to the LP elevated the mean disease
duration after the LP, and also increased the propor-
tion of patients without activity. Predictive values
generated therefore best apply to patient populations
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undergoing diagnostic LPs as a whole, and might not
be relevant to all subpopulations within the MS
umbrella. Additionally, international differences in
lumbar puncture practice also might influence pre-
dictive values of Icxcris. Future studies should
address both limitations by utilizing more extended
clinical follow-up periods and randomized clinical
trial methodology to include more PPMS, RRMS
and SPMS patients at various disease stages.

Finally, elevated intrathecal CXCL13 synthesis may
occur in other neuroinflammatory diseases, e.g.,
Lyme neuroborreliosis and viral meningoencephali-
tis.® Generally, MS is clinically distinguishable from
other neuroinflammatory and non-demyelinating
diseases. In patients where this distinction is diffi-
cult, further analysis of CSF and serum biomarkers
using Luminex assays for cytokines and immunoglo-
bulins can be helpful in diagnosis.®

Conclusions

Iexcr1z is an excellent molecular biomarker for the
prediction of future disease activity in MS patients.
As a single predictor, Icxcy 13 outperforms both CSF
OCBs and CSF NfL in identifying future disease
activity. This study lays the groundwork for future
studies examining the utility of Icxcp 13 in the man-
agement of MS patients.
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