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Abstract

Background: B-cell depleting drugs show promise for treating multiple sclerosis.

Objective: We sought predictors of optimal response to rituximab, a B-cell depleting antibody, to help

guide therapy selection.

Methods: We performed a post hoc study of 30 relapsing multiple sclerosis patients with breakthrough

disease while on beta-interferon or glatiramer acetate who were treated with add-on rituximab.

Standardized neurologic examinations, brain magnetic resonance imaging, and cerebrospinal fluid were

obtained before and after rituximab. Tissue biomarkers were measured. Optimal responders were

defined as having no evidence of disease activity.

Results: At baseline, optimal responders with no evidence of disease activity had higher IgG indices

(P¼ 0.041), and higher CXCL13 indices ((cerebrospinal fluid CXCL13/serum CXCL13)/albumin index;

P¼ 0.024), more contrast enhancing lesions (P¼ 0.002), better 25 foot timed walk (P¼ 0.001), and

Expanded Disability Status Scale (P¼ 0.002). Rituximab treatment led to reduced cerebrospinal fluid

biomarkers of tissue destruction: myelin basic protein (P¼ 0.046), neurofilament light chain

(P< 0.001), and of inflammation (CXCL13 index; P¼ 0.042).

Conclusions: Multiple sclerosis patients with optimal response to rituximab had higher cerebrospinal

fluid IgG and CXCL13 indices, more gadolinium-enhancing lesions, and less disability at baseline.

Rituximab treatment led to decreased markers of inflammation and tissue damage. If validated, these

results will help identify multiple sclerosis patients who will respond optimally to B-cell depletion.
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Introduction

Multiple sclerosis (MS) is an autoimmune disease of

the central nervous system affecting 2.3 million

people worldwide.1 Given the growing number of dis-

ease modifying treatments (DMTs) with diverse

mechanisms of action for relapsing forms of MS, the

treatment goal of achieving ‘no evidence of disease

activity’ (NEDA) has emerged. Unfortunately, the

choice of DMT for an individual remains largely heur-

istic. Biomarkers predictive of response to a particular

therapy would improve care by minimizing further

relapses and limiting associated disability and costs.

Clinical disease characteristics, demographics, mag-

netic resonance imaging (MRI) parameters, and bio-

markers in serum and cerebrospinal fluid (CSF) have

been advanced as predictors of prognosis and

response to treatment. Studies suggest that DMTs

are more effective when started earlier in the disease

course, in younger patients, and in those with more

enhancing lesions, presumably when MS is most

inflammatory.2 Individual biomarkers have not yet

been shown to predict response to specific DMTs,

except for the negative relationship with neutralizing

antibodies to interferons and natalizumab.3
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Biomarkers of tissue damage have been shown to

correlate with (a) disability (neurofilament light;

NFL),4 (neurofilament heavy; NFH);5 (b) contrast-

enhancing lesions (CELs);6 myelin basic protein

(MBP);7 and (c) CSF inflammation (CXCL13),8

and osteopontin.9�13 These markers have been

hypothesized to provide information on responses

to treatment,14 and have sometimes been used as

endpoints in clinical trials.15

We utilized samples and data collected during a pro-

spective, MRI-blinded phase II trial of rituximab as

an add-on treatment for relapsing MS16 to evaluate

predictors of treatment response. Rituximab, a B

lymphocyte depleting monoclonal antibody targeting

CD20, decreased numbers of CELs and relapses in

early phase trials, including as an add-on therapy to

platform DMTs.16�18 CSF B and T lymphocytes and

levels of serum and CSF CXCL1319 were also

reduced. In our add-on trial in suboptimal responders

to beta-interferon or glatiramer acetate platform

therapies, 30 patients were treated with 4-weekly

intravenous rituximab doses of 375 mg/m2.

A subset of 24 patients had CSF and serum obtained

prior to and approximately 24 weeks after treatment.

Using NEDA criteria, we identified all ‘optimal

responders’ and sought baseline laboratory, imaging

and clinical biomarkers associated with NEDA after

rituximab treatment.

Methods

Standard protocol approvals, setting and patient

selection

The phase II trial of rituximab as add-on therapy

from which the current study derived was reported

previously.16 The trial started at a time when ritux-

imab was only used for non-Hodgkin’s lymphoma

and thus the dose used was 4-weekly infusions of

375 mg/m2, the standard oncological dosing regimen

at that time. Oral acetaminophen and diphenhydra-

mine, but no corticosteroids, were given as pre-

treatment before each infusion. The Washington

University in Saint Louis Human Research

Protection Office approved this study. Informed con-

sent was obtained from each patient at enrollment.

Twenty-four of the 30 subjects had CSF and serum

collected one week prior to the initial rituximab infu-

sion and again approximately 24 weeks after the first

infusion. Baseline MRI prior to initial infusion, per-

formed within one week of pre-treatment CSF col-

lection and all post-treatment MRIs were evaluated.

MRI and clinical safety assessments were also per-

formed at week 52 when most subjects had detect-

able circulating B cells.

Determination of NEDA in response to treatment

Optimal responders with NEDA were identified prior

to assessment of any putative biomarkers. NEDA

was defined as having no new or enhancing lesions

and either stable or improved clinically with no

relapses and no disability worsening as measured

using the Expanded Disability Status Scale (EDSS)

during the 6 months of B-cell depletion following

rituximab treatment. Non-NEDA subjects had

relapsed or had clinical deterioration, or had a new

or active lesion on any of three brain MRIs per-

formed at weeks 12, 16, and 20 weeks after B-cell

depletion.

Sample processing

CSF was immediately placed on ice at the time of

lumbar puncture. CSF and serum samples were each

centrifuged at 1250g for 15 minutes at 4�C, ali-

quoted, and stored at �80�C. CSF cell count, protein,

glucose, and IgG index were performed by the

Barnes-Jewish Hospital clinical laboratory.19

Enzyme-linked immunosorbent assay

CSF levels of MBP, NFH, and NFL were determined

per manufacturer’s instructions by human MBP,

human phosphorylated NFH, and human NFL

enzyme-linked immunosorbent assay (ELISA) kits

(Beckman Coulter, Brea, CA, USA; and BioVendor,

Modrice, Czech Republic; Uman Diagnostics, Umea,

Sweden, respectively). CXCL13, CCL19, and, B-cell

activating factor (BAFF) in serum and CSF were mea-

sured using human Quantikine ELISA kits (all from

R&D Systems, Minneapolis, MN, USA). Antibodies

to recombinant myelin oligodendrocyte glycoprotein

(rMOG) were measured using a homemade ELISA as

described.20 Index values for CXCL13 and BAFF

were calculated similarly to IgG index using the fol-

lowing equation:

Index¼ (CSF level/serum level)7(CSF albumin/

serum albumin)

Statistical analysis

For comparisons between patient groups, Fisher’s

exact test and the Wilcoxon test were used. For cor-

relation analyses, the Spearman correlation coeffi-

cient (rs) by rank was used. To evaluate the

validity of a test, receiver operating characteristic

analysis was performed. A P value of less than

0.05 was considered significant. As these were

exploratory correlations, no corrections for multiple

testing were performed. Tests were done using

PASW Statistics Gradpack 22 (SPSS, Armonk,

NY, USA) and GraphPad Prism 4.0 (GraphPad

Software, San Diego, CA, USA).
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Results

Patient demographics and response

Thirty subjects were enrolled into the original study,

24 with both CSF and serum available for biomarker

analyses.16, 21 Among the 30, we identified nine

responders who met the criteria for NEDA (six

with CSF and serum samples available) and 21 sub-

jects were classified as non-NEDA (18 with CSF and

serum) (Table 1). Lack of achieving NEDA was due

to an enhancing lesion on any of the three post-ritux-

imab brain MRIs in 11 subjects, clinical relapse plus

a gadolinium-enhaning lesion on a post-rituximab

brain MRI in three subjects, or clinical relapse, gado-

linium-enhancing lesion, plus decline on 25 foot

timed walk (25FTW) in one, or clinical relapse

plus deterioration on the 25FTW in two, or clinical

relapse alone in one, or decline in EDSS in one sub-

ject, or deterioration by more than 20% on nine-hole

peg test in two. Thus, 21 subjects did not fully

achieve NEDA. Notably, 83% (25/30) of subjects

in the study met the original predefined positive

response of 50% or greater reduction in enhancing

lesion numbers after treatment.

Demographic, clinical, and imaging predictors of

optimal treatment response

None of the eight male subjects met the criteria for

NEDA, whereas all nine of those achieving NEDA

were women (P¼ 0.067) (Table 1). Race, age, prior

history of progression and disease duration did not

help identify optimal responders (P¼ 0.999, 0.820,

0.286, and 0.329, respectively). Compared to the

non-NEDA subjects, at baseline those with NEDA

had faster nine-hole peg test times with the dominant

hand (median 19.6 seconds for NEDA responders

versus 28.3 seconds for non-NEDA responders,

P¼ 0.007; Figure 1(a)), non-dominant hand (median

19.9 seconds versus 31.3 seconds, P¼ 0.001), 25FTW

times (median 5.5 seconds in optimal responders

versus 9.2 in non-NEDA subjects, P¼ 0.001; Figure

1(b)) and lower EDSS (median of 3.0 in the optimal

responders versus 6.0 in the non-NEDA group,

P¼ 0.002; Figure 1(c)). Optimal responders had a

higher baseline number of CELs than the non-

NEDA group (median of four CELs in NEDA

versus one for non-NEDA, P¼ 0.002; Figure 1(d)).

Seven of eight patients (88%) with four or more CELs

on the baseline MRI immediately prior to rituximab

treatment were ideal responders. Neither the number

nor the volume of fluid-attenuated inversion recovery

lesions or T1 hypointensities were different between

responder groups.

Biomarker predictors of ideal treatment response

CSF and serum samples were evaluated for potential

biomarkers of tissue destruction, including MBP,

NFH, and NFL, and for B-cell biomarkers including

CXCL13, a B-cell chemoattractant that is critical for

the development of lymphoid follicles, CCL19

Table 1. Baseline demographic and disease characteristics.

Non-NEDA NEDA All subjects

CSF available All CSF available All CSF available All

Number 18 21 6 9 24 30

Age, years (mean±SD) 41.9±6.7 42.2±6.2 38.0±11.4 39.7±10.2 40.9±7.8 41.5±7.5

Gender (% female) 55.6 61.9 100 100 66.7 73.3

Race (% Caucasian,

% black)

88.9, 11.1 90.5, 9.5 100, 0 100, 0 91.7, 8.3 93.3, 6.7

Duration of disease,

years (mean±SD)

10.9±7.9 10.6±7.6 9.2±8.3 8.4±7.2 10.5±7.8 10.0±7.4

MS type (% RRMS,

% SPMS)

72.2, 27.8 76.2, 23.8 100, 0 100, 0 79.2, 20.8 83.3, 16.7

Baseline number

of enhancing

lesions (mean±SD)

1.4±1.7 1.3±1.6 4.8±3.3 6.0±5.0 2.29±2.6 2.7±3.6

EDSS, median

(minimum, maximum)

6.0 (3.0, 6.5) 6.0 (3.0, 6.5) 3.5 (3.0, 6.0) 3.0 (2.0, 6.0) 5.8 (3.0, 6.5) 4.0 (2.0, 6.5)

NEDA: no evidence of disease activity; CSF: cerebrospinal fluid; EDSS: Expanded Disability Status Scale; MS: multiple sclerosis; RRMS:
relapsing�remitting multiple sclerosis; PPMS: primary progressive multiple sclerosis; SD: standard deviation.

Alvarez et al.

www.sagepub.com/msjetc 3



Figure 1. At baseline, optimal responders were better clinically, with faster (a) nine-hole peg test times (dominant hand,

P¼ 0.007) and (b) 25 foot timed walk times (P¼ 0.001). Optimal responders also had (c) lower Expanded Disability Status

Scale (EDSS, P¼ 0.002) and (d) a higher number of contrast-enhancing lesions (P¼ 0.002). (e) Intrathecally synthesized

CXCL13 calculated by the ‘CXCL13 index’ predicted optimal response to rituximab (P¼ 0.028). (f) The BAFF index did not

predict optimal responders. NEDA: no evidence of disease activity.
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which attracts activated B cells and other cell types,

and BAFF, a B-cell activator. MBP, NFH, and NFL

levels were mostly undetectable in serum.

At baseline, the CSF median IgG index was signifi-

cantly higher in the NEDA patients (1.17 versus

0.67, P¼ 0.041). Five of the nine CSF parameters

were larger in magnitude in the NEDA patients,

although not significantly (MBP 1.99 ng/ml for opti-

mal responders versus 0.79 ng/ml in the non-NEDA

group, NFL 3064.0 pg/ml versus 876.2 pg/ml,

CXCL13 40.5 pg/ml versus 9.9 pg/ml, BAFF

121.7 pg/ml versus 102.2 pg/ml, CCL19 528.3 pg/

ml versus 305.9 pg/ml). No differences were noted

for CSF NFH (157.8 pg/ml in NEDA responders

versus 185.1 pg/ml in non-NEDA), CSF antibodies

to rMOG (0.26 versus 0.31), and albumin index (5.2

versus 6.9). Serum CXCL13 and BAFF levels were

not significantly higher in optimal responders than

non-NEDA subjects (129.9 pg/ml versus 69.8 pg/ml

and 1163.9 pg/ml versus 1100.1 pg/ml, respectively).

Optimal responders had higher baseline CEL num-

bers. Because CXCL13 CSF levels may be increased

due to the transfer of serum CXCL13 across the

damaged blood brain barrier, a ‘CXCL13 index’

was created to estimate CXCL13 derived by intra-

thecal production. The CXCL13 index in the optimal

responders was greater (mean 0.071) than in the non-

NEDA group (0.024, P¼ 0.028; Figure 1(e)). A

BAFF index created similarly was not significantly

different between groups (0.025 for NEDA group

versus 0.018; Figure 1(f)).

To examine how well these tests could predict

patients who achieve NEDA, a receiver operating

characteristic analysis was conducted. The area

under the curve for the CXCL13 index was 0.806,

indicating that this test alone could predict an opti-

mal response to rituximab 81% of the time. Clinical

measures had equally strong predictive power, with

the nine-hole peg test (non-dominant hand) predict-

ing an optimal response 88% of the time, 25FTW in

88%, CELs in 86%, and EDSS in 86%.

The NEDA group was all female relapsing�remitting

MS patients. To examine the effect of gender and

MS subtype disparities between the two groups, the

NEDA group was compared with the subset of non-

NEDA consisting of only female relapsing�remit-

ting MS patients. This reduced the sample size to

19 and lowered the power to detect differences.

Two baseline predictors were significant, higher

CSF NFL and CEL number, with a strong trend

towards the CSF CXCL13 index being predictive

as well.

Effect of treatment with rituximab on biomarkers

The effect of rituximab treatment on potential bio-

markers was examined to determine if these bio-

markers could act as surrogates of treatment

response. We also considered that normalization of

the biomarkers of tissue destruction and inflamma-

tion might complement the definition of NEDA.

Several putative biomarkers of tissue destruction

decreased following rituximab treatment; CSF MBP

(1.09 ng/ml at baseline versus 0.51 ng/ml after treat-

ment, P¼ 0.046; Figure 2(a)) and NFL (1423.1 pg/ml

versus 656.0 pg/ml, P< 0.001; Figure 2(b)). These

differences were proportionally larger in the NEDA

cohort. In the NEDA cohort CSF MBP decreased

from 1.99 ng/ml at baseline to 0.47 ng/ml after treat-

ment (P¼ 0.028) and NFL decreased from 3064.0 pg/

ml to 931.3 pg/ml (P¼ 0.028). In the non-NEDA

group, CSF MBP decreased non-significantly from

0.79 ng/ml at baseline to 0.53 ng/ml after treatment

(P¼ 0.320), and NFL decreased from 876.2 pg/ml to

564.2 pg/ml (P¼ 0.001). For all subjects, NFH levels

decreased non-significantly from 178.3 pg/ml to

146.2 pg/ml (P¼ 0.067; Figure 2(c)). However, in

the NEDA group NFH was significantly reduced

post-rituximab (157.8 pg/ml pretreatment to 84.6 pg/

ml after treatment, P¼ 0.046; Figure 2(c)), whereas

the reduction was not significant in the non-NEDA

group (185.1 pg/ml to 166.7 pg/ml, P¼ 0.446).

Given that rituximab depletes circulating B cells,

B-cell biomarkers were compared pre versus post-

treatment. After treatment, CXCL13 levels decreased

in CSF from 17.5 pg/ml to 7.00 pg/ml (P< 0.001;

Figure 2(d)) and in serum from 79.0 pg/ml to

42.6 pg/ml (P< 0.001). The CXCL13 index also

decreased from 0.036 pg/ml to 0.026 pg/ml

(P¼ 0.042; Figure 2(f)). After treatment, BAFF

levels increased in CSF from 107.1 pg/ml to

114.4 pg/ml (P¼ 0.037) and in serum from 1116.3

to 2549.8 (P< 0.001), and the BAFF index fell

(0.020�0.010, P< 0.001). As previously reported,

the IgG index did not change significantly post-

treatment.20

To understand better the changes in the putative bio-

markers, they were compared with MRI and disabil-

ity scores. CSF NFH did not correlate with NFL or

MBP, whereas CSF NFL and MBP correlated with

each other (r¼ 0.476, P¼ 0.019). NFL and MBP

also correlated with the number of CELs

(r¼ 0.473, P¼ 0.020; r¼ 0.710, P< 0.001,

Alvarez et al.
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respectively), supporting the theory that each is

affected by inflammatory lesions. Meanwhile, NFH

correlated with disability measured by EDSS

(r¼ 0.459, P¼ 0.024). The decrease in NFH in the

NEDA cohort corresponded with EDSS improve-

ment; EDSS improved in the NEDA group from

3.0 (2.0�6.0) to 2.0 (1.5�4.5) (P¼ 0.007) after

treatment.

Discussion

An expanding number of DMT formulations for

relapsing MS with different mechanisms of action

has led to increased expectations of treatment bene-

fits. Thus, the treatment target of ‘no evidence of

disease activity’ has emerged.22 Choice of DMT

for an individual patient remains largely empirical.

In this study, we examined factors related to achiev-

ing NEDA on the addition of rituximab in a group of

30 relapsing patients with active MS even though

they were taking beta-interferons or glatiramer acet-

ate. Despite their sub-optimal response to standard

therapies, one third of subjects who enrolled in our

phase II study responded remarkably well to B-cell

depletion and achieved the target of NEDA during

the 6 months of follow-up.

Optimal responders who achieved NEDA had less

disability and more evidence of inflammation at

baseline. Better performance on most of the clinical

measures was predictive of NEDA, including the

nine-hole peg test, 25FTW, and EDSS, with each

able to predict NEDA over 80% of the time.

Baseline numbers of CELs were greater in optimal

responders; seven of eight patients with four or more

CELs at baseline achieved NEDA. Treatment with

rituximab was associated with reduced putative bio-

markers of tissue destruction of both oligodendrocyte

and neuronal origin by decreasing MBP, NFL, and

NFH levels in CSF, with the NEDA cohort generally

displaying larger reductions. As in prior work, NFL

and NFH were found not to correlate with each

other; our results support another study indicating

that NFL fluctuates more with disease activity com-

pared to NFH, which better reflects the level of

disability.23

Because rituximab depletes circulating B cells, we

assessed factors related to B-cell activity. Previously,

we reported that at 6 months after rituximab

therapy, CSF B and T cells decreased by 95% and

50%, respectively, while IgG concentration, IgG

Figure 2. Rituximab reduced levels of biomarkers of tissue damage and inflammation. Levels of (a) CSF MBP, (b) NFL, (c) NFH,

and (d) CSF CXCL13 are shown before and after treatment with rituximab. Optimal responders meeting NEDA are shown with

solid lines and non-NEDA responders with dotted lines. In NEDA subjects, MBP, NFL, and NFH levels were stable or decreased.

CSF: cerebrospinal fluid; MBP: myelin basic protein; NFL: neurofilament light; NFH: neurofilament heavy; NEDA: no evidence of

disease activity.
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index, and oligoclonal bands did not change.19 We

measured CXCL13 because it is a strong chemo-

attractant for B cells and activated T cells.

Elevated CSF CXCL13 has been predictive of an

increased relapse rate and conversion from clinically

isolated syndrome to MS.24 Using a cutoff of

22.9 pg/ml (meanþ 3 standard deviations of non-

inflammatory controls in our prior work),8 after

treatment CSF CXCL13 returned to normal in 23

of the 24 patients with CSF available for analysis.

Thus, we hypothesized that elevated CSF CXCL13

at baseline might predict response to B-cell deple-

tion. Indeed, a higher CXCL13 index, to reflect

intrathecal production of CXCL13, was predictive

of achieving NEDA in this small cohort. A similar

index for BAFF was not predictive of NEDA,

although BAFF levels in blood and CSF increased

after B-cell depletion. This suggests that the poten-

tial predictive value of a higher CXCL13 index was

not an artifact of creation of these indices.

This clinical trial was begun prior to the knowledge

that B-cell depletion would benefit relapsing MS, at

a time when rituximab was approved only for non-

Hodgkin’s lymphoma. Our original protocol criteria

of ‘response’ were less stringent than NEDA.16 The

definition of NEDA used here includes no measur-

able clinical activity or new lesions on MRI. An even

more stringent definition of NEDA has been pro-

posed to include no accelerated brain volume loss,

but our study duration was insufficient to include

this. We considered whether biomarkers of tissue

destruction might further add to the definition of

NEDA. We included analysis for NFL, NFH, MBP,

and CXCL13. Of these, NFL might further refine our

current definition of NEDA, because two of nine

subjects with NEDA continued to have elevated

CSF NFL after rituximab (a cutoff for normal

levels of 900 ng/ml for NFL was used, based on

normal meanþ 3 standard deviations determined by

Villar and colleagues).25

We report findings from a study with 30 subjects of

whom 24 had pre and post-rituximab CSF and serum

samples. We describe several potential predictors of

an optimal response, and the subsequent reduction of

biomarkers of tissue damage in association with

NEDA. The predictive factors followed a theme

that less disabled patients with more central nervous

system inflammation were most responsive to ritux-

imab. Baseline age and duration of disease did not

differ statistically among responder groups although

the NEDA group tended to be younger, female, and

earlier into their disease. Notably, the much larger

OLYMPUS trial of rituximab in primary progressive

MS also found a better response to rituximab in

younger patients, but did not observe a better

response in female subjects. In our study all patients

achieving NEDA were women, but this may have

been a consequence of the low number of subjects.

An elevated CSF CXCL13 index to reflect intra-

thecally produced CXCL13 provided a provisional

baseline biologic predictor of optimal response to

rituximab. In addition, treatment with rituximab

was associated with reduced tissue damage and

inflammation proportionately more in the NEDA

responders, suggesting a possible role of these puta-

tive biomarkers in future definitions of NEDA.

Studies in a larger validation cohort are needed to

support the use of these factors as biomarkers. We

advocate that analyses such as these be included in

future clinical trials of B-cell depleting agents in MS

patients.
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