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ARTICLE INFO ABSTRACT

Keywords: Circulating levels of IgM anti-CD64, an immunosuppressive antibody recently identified in long-term stable
Multiple sclerosis multiple sclerosis (MS) patients, were found to fluctuate over time in MS patients. Antibody-positive patients
gM showed a significantly lower annualized relapse rate value as well as reached sustained disability worsening and
CD64 had a relapse in a significantly longer median time than those without antibody. Disease-modifying therapies
Eie::gisg y (DMTs) only were the covariate influencing both the relapse occurrence and the disability accrual. Serum IgM
Biomarkers anti-CD64 levels are associated with maintenance of clinical stability in MS and may be tested as a candidate

biomarker predictive of benign course and favourable long-term response to DMTs treatment.

1. Introduction

There is wide evidence that subgroups of patients with multiple
sclerosis (MS) may have a benign course (Lublin et al., 2014; Lublin and
Reingold, 1996) or at least be clinically stable in a frequency ranging
from 5 to 40% (Hutchinson, 1986; Pittock et al., 2004; Poser and
Wikstrom, 1979). However, this favourable outcome exhausts over time
in 50% of these patients after 10 years from disease onset (Hawkins and
McDonnell, 1999). However, as patients showing clinical stability prior
to the advent of the DMTs era as well as long-term stable patients de-
laying the start of DMTs exist, it is reasonable to hypothesize that any
immunological factors underlying the maintenance of clinical stability
status in MS might concur with this outcome and have therefore to be
searched for. Recently, a monoclonal antibody (mAb) IgM to the high
affinity Ig Fc-receptor I (CD64) with immunosuppressive properties has
been isolated from Epstein-Barr virus* B cell clones of long-term stable
relapsing-remitting (RR) and secondary progressive MS patients
(Annunziata et al., 2013). Moreover, these patients also showed high
levels of circulating polyclonal IgM anti-CD64 displaying the same in
vitro immunosuppressive activity as the mAb. These im-
munosuppressive properties include inhibition of myelin antigen-driven
T cell lines and non-antigen dependent T cell proliferation. Moreover,
this antibody induced in monocytes up-regulation and release of in-
terleukin-10 (IL-10), an anti-inflammatory cytokine, and down-regula-
tion of IL-12, a powerful pro-inflammatory cytokine, and was found to
bind to CD64 transfected cells showing capability to bind native CD64

(Annunziata et al., 2013). However, data on possible fluctuation of
these antibodies in relation to disease activity and their capability of
maintaining the clinical stability status over time are lacking. To ad-
dress these issues, we searched for circulating IgM anti-CD64 over
disease course in a cohort of MS patients undergoing periodical clinical
and magnetic resonance imaging (MRI) examinations over a long time
of observation. In this cohort, we tested whether circulating anti-CD64
IgM levels might change over time and play a role in influencing the
disease activity and disability progression in association or less with a
number of clinical parameters thought to be associated with benign
course such as disease duration (Zivadinov et al., 2016), age at disease
onset (Poser et al., 1986), prior relapse rate (Weinshenker et al., 1991),
considering also the role of MRI lesion load accumulation as well as of
immunomodulatory treatments.

2. Methods
2.1. Patients and clinical features

Ninety-two patients with definite RRMS according to the established
criteria of McDonald et al. (2001) were consecutively recruited for this
study. Baseline demographic and clinical characteristics are shown in
supplementary table 1. These patients had regular periodical neurolo-
gical evaluations (at least three-months) at the Clinical Neuroimmu-
nology Unit of the Medical School of the University of Siena and un-
derwent multiple brain and spinal cord MRI examinations at 1.5T at
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the Neuroradiology Unit of the Medical School of the University of
Siena in a time period ranging from 1998 to 2015. The MRI scans were
obtained at the time of periodical radiological monitoring according to
routine clinical practice (at a median time among the different scans of
18 months, interquartile range [IQR] = 12-27). All clinical features
including relapses and disability assessed with EDSS (Kurtzke, 1983)
were prospectively recorded and retrospectively analyzed. Brain and
spinal cord MRI findings were recorded and new or enlarging T2-
weighted and T1 gadolinium-enhancing lesions were counted. Clinical
relapses were defined as occurrence of new neurological symptoms or
signs not associated with infections or fever and lasting > 24 h. Sus-
tained disability progression was defined as occurrence of disability
worsening by at least 1 point on the EDSS assessed after the first blood
sample collection and definitively confirmed in the subsequent ex-
aminations and not ameliorating during the entire clinical follow-up up
to the last visit recorded within December 2015. The median follow-up
time was 166 months (IQR = 96-204). All patients underwent two
different blood sample collections for monitoring blood chemistry at
the time of any clinical relapse prior to any treatment with high dose
intravenous methylprednisolone or of clinical stability during a median
follow-up time of 54 months (IQR = 31-88). Clinical stability was de-
fined as absence of any clinically documented relapse or disability
worsening by at least one year and with no new lesions at the last MRI
performed within the last 3 months. As control group, 47 sex- and age-
matched normal healthy subjects (NHS) blood donors at the Blood
Transfusion Centre of the Siena University Medical School were in-
cluded and their demographic characteristics are reported in supple-
mentary Table 1. All serum samples were stored frozen in aliquots at
—80 °C until the analysis. All patients and normal subjects gave written
informed consent. The study was conducted according to the Declara-
tion of Helsinki and was approved by the Ethics Committee of the Siena
University Medical School.

2.2. Serum anti-CD64 antibody assay

Anti-CD64 IgG and IgM were measured by ELISA using microplates
coated with CD64 222-228 peptide (synthesized by PRIMM, Italy) as
previously described (Annunziata et al., 2013). In particular, serum
samples were assayed at 1:500 dilution chosen on the basis of findings
of a titration curve (Supplementary Fig. 1A) and in order to minimize
any eventual role of different serum total IgM levels among samples.
The assay specificity was established with a competitive ELISA asses-
sing inhibition of binding of serum anti-CD64 IgM in the presence of
different concentrations of CD64 222-228 peptide or scrambled CD64
peptide (Annunziata et al., 2013) (Supplementary Fig. 1B). For all pa-
tients, both serum samples were simultaneously assayed in triplicate in
the same microplate and all assays were performed blindly to the
clinical characteristics. Inter-assay coefficient variability (CV) (n = 10)
was 8.6%, and intra-assay CV (n = 10) was 8.4%.

2.3. Statistical analysis

To establish a cut-off value distinguishing patients with anti-CD64
IgM from those without, a receiver-operator curve (ROC) analysis of
absorbance values of MS patients at the first blood collection and NHS
was performed. Comparison of the antibody levels and clinical variables
was made with the non-parametric Mann-Whitney test for unpaired
values and Wilcoxon matched-pairs signed rank test for paired values.
Analysis of the frequency of clinical variables was made with Fisher's
exact test. The sustained disability progression and the time to have the
first clinical relapse from the first serum sample collection with respect
to presence or absence of serum anti-CD64 IgM were analyzed with
survival analysis using Kaplan-Meier method. To analyze the role of
other covariates continuous such as age at disease onset, disease
duration defined as the time from disease onset to the first blood sample
collection, annualized relapse rate (ARR) prior to the first blood
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sampling, number of new MRI lesions/year (calculated dividing the
total new lesion number by the years of the time interval from the first
blood sample collection to the last recorded visit in order to minimize
the possible bias effect of different follow-up times among patients) and
categorical such as current immunomodulatory treatment with DMTs
with respect to the antibody status, the Cox proportional hazard sur-
vival regression was used. For all statistical analyses a significance of
P < .05 was chosen. All statistics was performed with GraphPad
PRISM 7.02 software, SanDiego, CA, USA except for Cox proportional
hazard regression performed with Javastat (http://statpages.org/
prophaz.html).

3. Results
3.1. Serum anti-CD64 antibody assay

Based on the results of ROC analysis, a cut-off absorbance value
0.074 (sensitivity 70.6%, specificity 100%, area under the curve [AUC]
0.86, p < .0001) was chosen for distinguishing patients with or
without serum anti-CD64 IgM (supplementary fig. 2). Sixty-four of 92
patients (69.5%) had serum anti-CD64 IgM but not IgG. In the antibody-
positive patients, two subgroups showing high and low levels, respec-
tively, (above and below median: 0.183, respectively) were identified
(Fig. 1A). Of 64 antibody-positive patients, at the second blood sam-
pling, 47 (73%) had a very significant level decline (mainly above the
cut-off value) (P < .0001) whereas 17 (26.5%), showing lower ab-
sorbance values, remained unchanged (P = .75). However, in 2 of 64
antibody-positive patients (3.1%), at the second blood sampling, anti-
body declined below cut-off value (Fig. 1B).

3.2. Clinical characteristics and IgM anti-CD64 at the first blood sampling

Forty-seven of 92 (51%) patients underwent first blood sample
collection at the time of a clinical relapse in a median time of 13 days
(IQR = 6-21) and 45 of 92 (49%) at the time of clinical stability. The
clinical characteristics of the MS patients with respect to the anti-CD64
IgM status at the first blood sampling, are shown in Table 1. There was
no significant difference in terms of number of patients on relapse
(P = .36) or clinical stability with respect to the antibody status
(P = .17). There was also no significant difference between antibody
levels of patients with respect to the presence or absence of relapse at
the first blood sampling time: (0O.D. mean *+ SD) 0.294 *= 0.13 and
0.256 + 0.12, respectively; (P = .34). Patients with anti-CD64 IgM
had a significantly higher age at disease onset compared with those
without (P = .014). However, there was no correlation between CD64
IgM levels at the first blood sampling, and age at disease onset
(r = 0.16; P = .12) indicating no role of age in determining antibody
levels. There were no significant differences with regard to the disease
duration, annualized relapse rate as well as EDSS score and the number
of patients on or without DMT treatment at the time of first blood
sampling. With regard to DMTs, of 37 patients with anti-CD64 IgM at
the first blood sampling, 17 were on interferon beta-la (2 shifted to
glatiramer acetate during the follow-up), 20 on interferon beta-1b (6
shifted to fingolimod, 3 at and 3 after the second blood sampling, 1 to
dimethyl fumarate at the second sampling). However, of 16 patients
without anti-CD64 IgM, 6 were on interferon beta-la (1 shifted to
glatiramer acetate at the second blood sampling), 10 on interferon beta-
1b (1 shifted to glatiramer acetate).

3.3. Follow-up disease activity and IgM anti-CD64

At the end of follow-up, antibody-positive patients showed a sig-
nificantly lower ARR value compared with antibody-negative subjects
(P = .0086). A statistical trend towards a lower EDSS value in patients
with anti-CD64 antibody was observed (P = .06). Conversely, there
were no significant differences both in total new T2-weighted/ T1
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Fig. 1. Serum IgM and IgG anti-CD64 assay. (A) Serum levels of IgM and IgG
anti-CD64 in multiple sclerosis (MS) patients and normal healthy subjects
(NHS). The levels are expressed as optical density (O.D.) values of serum
samples (1:500). Horizontal and vertical line indicate median and 75% per-
centile, respectively. The dotted line indicates the cut-off normal value estab-
lished as described in methods.(B) Changes of anti-CD64 IgM levels in antibody-
positive MS patients (n = 64) at the time of two different blood sample col-
lections (sample 1 and 2) during clinical follow-up at a median time of
54 months. The dotted line indicates the cut-off normal value established as
described in methods. * = statistical significance established with the Mann-
Whitney test (A) and Wilcoxon matched-pairs signed rank test (B), respectively.

Table 1
Clinical characteristics and serum IgM anti-CD64 at the first blood sampling.
Anti-CD64 * Anti-CD64 ~ P value
(n=64) (n = 28)
Relapse ", n, (percentage) 36 (56) 11 (39) 0.36"
Clinical stability*, n, (percentage) 28 (44) 17 (61) 0.17¢
Age at onset, mean (SD), y 29 (8) 25 (9) 0.014"
Disease duration, mean (SD), y 8.2 (9) 7.8 (5) 0.35"
ARR, mean (SD) 0.47 (0.6) 0.39 (0.3) 0.64°
EDSS, mean (SD) 1.9 (0.9) 191 0.87°
DMTs treatment ", n, (percentage) 39 (61) 16 (57) 0.82°
Abbreviations:  anti-CD64 " = patients with  anti-CD64 IgM; anti-

CD64~ = patients without anti-CD64 IgM; n = number of subjects; re-
lapse* = patients on relapse; clinical stability* = patients on clinical stability;
SD = standard deviation; y = years; ARR = annualized relapse rate;
EDSS = expanded disability status scale; DMTs treatment™ = patients on
treatment with disease-modifying therapies.

@ Fisher's exact test.

> Mann-Whitney test.
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Table 2
Follow-up disease activity and serum IgM anti-CD64.
Anti-CD64 " Anti-CD64 "~ P value
(n =64) (n = 28)
ARR?, mean (SD) 0.15 (0.18) 0.23 (0.17) 0.0086"
EDSS?, mean (SD) 2.6 (2.2) 3.2 (24 0.06°
Total new MRI lesions, mean (SD) 5.0 (6.7) 3.5 (3.4 0.67"
New MRI lesions/yr, mean (SD) 0.50 (0.68) 0.45 (0.39) 0.44"
Abbreviations: ~ anti-CD64" = patients with anti-CD64 IgM; anti-
CD64~ = patients without anti-CD64 IgM; n = number of subjects;
SD = standard deviation; yr = year; ARR = annualized relapse rate;

EDSS = expanded disability status scale; MRI = magnetic resonance imaging.
# Calculated from the time of the first blood sample collection to the end of
follow-up.
> Mann-Whitney test.

gadolinium enhancing (GAD™) lesions and new T2/T1 GAD" / year
with respect to the antibody status (Table 2). However, in 2 antibody-
positive patients showing antibody decline below cut-off value at the
second blood sampling, a dramatic increase in disability reaching an
EDSS score 6.0 and 7.0, respectively, was observed.

3.4. Time to disability progression and clinical relapse

The antibody-positive patients reached sustained disability wor-
sening from the first blood sampling in a significantly longer median
time than that of antibody-negative subjects (239 and 96 months, re-
spectively, chi-square = 10.4, P = .0012; hazard ratio [HR] = 0.36,
95% CI, 0.17-0.79) (Fig. 2A). The antibody-positive patients also ex-
perienced a clinical relapse from the first blood sampling in a sig-
nificantly longer median time compared to that of antibody-negative
group (39 and 32months, respectively, chi-square = 4.6, P = .03;
HR = 0.6; 95% CI, 0.36-1.02) (Fig. 2B). The statistical significance of
this difference was however weaker than that of disability and became
a statistical trend (Chi-square 3.618, P = .057; HR = 0.59; 95% CI,
0.35-1.01) when performing the analysis up to 100 months of ob-
servation. There was no significant difference in the time to reach
disability progression (chi-square = 0.69; P = .40) or to experience a
relapse (chi-square = 1.49; P = .22) between patients with high and
low antibody levels, respectively. When analyzing the role of any
covariates thought to be associated with disease outcome, we observed
a significant involvement of DMTs in influencing the relapse occurrence
(OR = 1.03; 95% CI 1.01-1.06; P = .0007) as well as the disability
progression (OR = 1.03; 95% CI 1.01-1.05; P = .0008). A statistical
trend towards a significant role of disease duration in influencing the
disability progression was observed (OR = 1.04; 95% CI 0.99-1.09;
P = .07) (Table 3).

4. Discussion

In this study, we demonstrated that serum anti-CD64 IgM was
present in the majority of a cohort of MS patients with a bi-modal ex-
pression identifying two subgroups characterized by high and low an-
tibody levels, respectively, and independent of relapse or clinical sta-
bility. However, this antibody was unchanged in low-level patients,
while in those with high levels, decreased over time reaching, even
though rarely, cut-off values. This antibody recognizing the 222-228
sequence of the extracellular domain of the high affinity im-
munoglobulin gamma Fc-receptor (CD64), was previously isolated from
a cohort of long-term stable MS patients and found to exert important in
vitro immunosuppressive effects (Annunziata et al., 2013).

A number of clinical and demographic factors have been identified
in the MS natural history both in the pre- and DMTs era such as gender,
age at onset and disease onset symptoms (Runmarker and Andersen,
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Fig. 2. Time to disability progression and clinical relapse. (A) Time to sustained
disability progression from the first blood sample collection calculated with
Kaplan-Meier analysis in the total cohort with respect to presence or absence of
anti-CD64 IgM. (B) Time to the first clinical relapse from the first blood sample
collection in the total cohort with respect to presence or absence of anti-CD64
IgM. CD64 " = patients with anti-CD64 IgM; CD64~ = patients without anti-
CD64 IgM.

Table 3
Analysis of covariates on the time to relapse occurrence and disability pro-
gression.

Covariate OR 95% CI P
Relapse occurrence

Age at onset 1.00 0.97-1.04 0.63
Disease duration 1.01 0.98-1.05 0.34
ARR 0.78 0.42-1.44 0.43
New MRI lesions/y 0.89 0.51-1.55 0.67
DMTs treatment 1.035 1.01-1.06 0.0007
Disability progression

Age at onset 1.02 0.98-1.06 0.34
Disease duration 1.04 1.00-1.09 0.07
ARR 0.94 0.44-2.02 0.89
New MRI lesions/y 1.19 0.64-2.20 0.58
DMTs treatment 1.03 1.01-1.05 0.0008

Abbreviations: OR = odds ratio; CI = confidence intervals; ARR = annualized
relapse rate prior to the time of the first blood sample collection;
MRI = magnetic resonance imaging; DMTs = disease-modifying therapies;
y = years.
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1993; Scalfari et al., 2011) and long-term prognostic impact of DMTs as
well as of vitamin D levels has also been analyzed (Cree et al., 2016;
Jokubaitis et al., 2016) but, to date, evidence for the involvement of
any immunological factors is lacking although some immunological
prognostic indicators may derive from the mechanisms of action of the
DMTs (reviewed by Damal et al., 2013). In our study, we demonstrated,
for the first time, that serum levels of an immunosuppressive antibody
mainly fluctuate over the disease course raising the hypothesis of a
synthesizing mechanism exhausting over time with eventual loss of
protective activity. The demonstration of protective activity of this
antibody, even at low circulating levels, could be explained by the
pentameric structure of IgM antibodies displaying high avidity to the
related antigen (reviewed by Lutz, 2007). We provided evidence for a
role of IgM anti-CD64 on the capability of influencing the MS disease
activity in terms of reduction of relapse rate, supporting its role in the
maintenance of clinical stability independent of the MRI activity in
terms of number of new lesions. This apparently contradictory finding
is consistent with the previous demonstration that clinical benign
course in MS may be maintained despite a large T2 lesion load accu-
mulation and presence of brain tissue loss as assessed by quantitative
MRI techniques such as magnetization transfer as well as magnetic re-
sonance spectroscopy (Strasser-Fuchs et al., 2008). However, we can't
rule out that this antibody could influence other MRI parameters such
as lesion volume or cortical lesions. This possibility is further suggested
by the presence of monocytes/macrophages (the cell target of IgM anti-
CD64) in the early active demyelinating lesions (Bruck et al., 1995;
Henderson et al., 2009) contributing to the process of MS lesion for-
mation and progression.

The relationship between relapse and disability in MS has been
subject of several investigations in the last two decades with hetero-
geneous findings. The number of relapses in the first 5 years was found
to significantly predict the disability progression over time (Confavreux
et al., 2003) as well as severity of relapses was of value (Lublin et al.,
2003). Moreover, other studies failed to assign to relapses a significant
role in the natural disease course (Confavreux et al., 2000; Scalfari
et al., 2010; Tremlett et al., 2009). Although at the early stages of MS,
disability depends on inflammatory demyelination, it is known that
disability accumulation over time correlates with axonal loss patholo-
gically documented (Bjartmar et al., 2000) and is due to an early
neurodegenerative process (Trapp et al., 1999). Our study has demon-
strated a significant role of IgM anti-CD64 in delaying the disability
progression as well as in reducing the relapse rate rather than the time
to relapse occurrence over a long time of observation supporting any
relationship between relapses, more related to inflammation, and dis-
ability accumulation mainly related to neurodegeneration. Of interest is
the observation that in some patients of our cohort, the exhaustion of
the circulating antibody was associated with a dramatic increase and
irreversible acceleration of disability progression. The evidence for a
role of DMTs as the main covariate in influencing the delaying of re-
lapses as well as of disability progression is consistent with previous
extension studies of pivotal trials on first-line DMTs demonstrating a
long-term decrease of relapses as well as disability accrual (Ford et al.,
2006); Kappos et al., 2015) and suggests a possible synergism of anti-
CD64 IgM with DMTs in maintaining a favourable outcome over long
time. This hypothesis is supported by the immunological activity of this
antibody able to induce in vitro up-regulation of interleukin-10 (IL-10),
a powerful anti-inflammatory cytokine, in monocytes and to inhibit
activated T cell proliferation resembling the anti-inflammatory effects
induced by first-line and oral DMTs such as interferon beta (Rudick
et al., 1998; Weber et al., 1999), glatiramer acetate (Gran et al., 2000),
dimethyl fumarate (Albrecht et al., 2012) and fingolimod (Blumenfeld
et al., 2016). The retrospective nature of our study may be a limita-
tion partially mitigated by the fact that the data were prospectively
collected and all patients were diagnosed and constantly monitored in a
single center by the same neurologists. The use of other quantitative
MRI measures such as brain volume (Sanfilipo et al., 2005), atrophy
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(Bermel and Bakshi, 2006) or detection of cortical lesions (Van Munster
et al., 2015) and cognitive assessment (Penner, 2016) thought to better
assess the clinical outcome in MS could be taken into account. In our
cohort, the absence of differences in baseline clinical characteristics
including relapse rate and disability except for higher age at disease
onset in antibody-positive patients, that however is considered a bad
prognostic factor (Poser et al., 1986), excludes an eventual original bias
in the patient selection. Moreover, the presence of 40% of DMT-free
patients in this cohort limits the impact of different immunomodulatory
therapies in assessing the long-term clinical outcome.

We demonstrated a primary role of the circulating
munosuppressive IgM anti-CD64, in synergism with DMTs, in main-
taining the clinical stability over time. However, a larger multicenter
study is warranted to draw definitive conclusions on IgM anti-CD64 as a
candidate biomarker predictive of benign course and favourable long-
term response to treatment with DMTs in MS.

im-

Funding

This work was supported by an institutional grant from University
of Siena to P.A. The sponsor had no role in the collection, analysis and
interpretation of the data neither in the writing of the manuscript nor in
the decision to submit to this journal.

Disclosures

P.A. reports personal fees for speaking and participation in scientific
boards from Novartis, Biogen and Almirall, outside the submitted work;
C.C., and G.M.declare no competing interests.

Contributorship statement

P.A designed the study, recruited and monitored the patients, con-
tributed to the analysis of data and drafted the manuscript. G.M.
monitored the patients and contributed to the analysis of data. C.C,,
performed the assays and contributed to the analysis of data. All au-
thors reviewed and approved the final version of the manuscript.

Data sharing
There are no additional unpublished data related to this manuscript.
Acknowledgements

We are grateful to Prof. Gabriele Cevenini (Department of Medical
Biotechnologies, University of Siena) for helpful suggestions on statis-
tical analysis.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jneuroim.2019.03.005.

References

Albrecht, P., Bouchachia, 1., Goebels, N., Henke, N., Hofstetter, H.H., Issberner, A.,
Kovacs, Z., Lewerenz, J., Lisak, D., Maher, P., Mausberg, A.K., Quasthoff, K.,
Zimmermann, C., Hartung, H.P., Methner, A., 2012. Effects of dimethyl fumarate on
neuroprotection and immunomodulation. J. Neuroinflammation 9, 163.

Annunziata, P., Cioni, C., Cantalupo, L., Di Genova, G., Gori Savellini, G., Cusi, G., 2013.
Immunosuppressive monoclonal antibody to CD64 from patients with long-term
stable multiple sclerosis. J. Neuroimmunol. 256, 62-70.

Bermel, R.A., Bakshi, R., 2006. The measurement and clinical relevance of brain atrophy
in multiple sclerosis. Lancet Neurol. 5, 158-170.

Bjartmar, C., Kidd, G., Mork, S., Rudick, R., Trapp, B.D., 2000. Neurological disability
correlates with spinal cord axonal loss and reduced N-acetyl aspartate in chronic
multiple sclerosis patients. Ann. Neurol. 48, 893-901.

Blumenfeld, S., Staun-Ram, E., Miller, A., 2016. Fingolimod therapy modulates circu-
lating B cell composition, increases B regulatory subsets and production of IL-10 and

134

Journal of Neuroimmunology 330 (2019) 130-135

TGFp in patients with multiple sclerosis. J. Autoimmun. 70, 40-51.

Bruck, W., Porada, P., Poser, S., Rieckmann, P., Hanefeld, F., Kretzschmar, H.A.,
Lassmann, H., 1995. Monocyte/macrophage differentiation in early multiple sclerosis
lesions. Ann. Neurol. 38, 788-796.

Confavreux, C., Vukusic, S., Moreau, T., Adeleine, P., 2000. Relapses and progression of
disability in multiple sclerosis. N. Engl. J.Med. 343, 1430-1438.

Confavreux, C., Vukusic, S., Adeleine, P., 2003. Early clinical predictors and progression
of irreversible disability in multiple sclerosis: an amnesic process. Brain 126,
770-782.

Cree, B.A., Gourraud, P.A., Oksenberg, J.R., Bevan, C., Crabtree-Hartman, E., Gelfand,
J.M., Goodin, D.S., Graves, J., Green, A.J., Mowry, E., Okuda, D.T., Pelletier, D., von
Biidingen, H.C., Zamvil, S.S., Agrawal, A., Caillier, S., Ciocca, C., Gomez, R., Kanner,
R., Lincoln, R., Lize, A., Qualley, P., Santaniello, A., Suleiman, L., Bucci, M., Panara,
V., Papinutto, N., Stern, W.A., Zhu, A.H., Cutter, G.R., Baranzini, S., Henry, R.G.,
Hauser, S.L., 2016. Long-term evolution of multiple sclerosis disability in the treat-
ment era. Ann. Neurol. 80, 499-510.

Damal, K., Stoker, E., Foley, J.F., 2013. Optimizing therapeutics in the management of
patients with multiple sclerosis: a review of drug efficacy,dosing, and mechanisms of
action. Biologics 7, 247-258.

Ford, C.C., Johnson, K.P., Lisak, R.P., Panitch, H.S., Shifronis, G., Wolinsky, J.S.,
Copaxone Study Group, 2006. A prospective open-label study of glatiramer acetate:
over a decade of continuous use in multiple sclerosis patients. Mult. Scler. 12,
309-320.

Gran, B., Tranquill, L.R., Chen, M., Bielekova, B., Zhou, W., Dhib-Jalbut, S., Martin, R.,
2000. Mechanisms of immunomodulation by glatiramer acetate. Neurology 55,
1704-1714.

Hawkins, S.A., McDonnell, G.V., 1999. Benign multiple sclerosis? Clinical course, long
term follow up, and assessment of prognostic factors. J. Neurol. Neurosurg.
Psychiatry 67, 148-152.

Henderson, A.P., Barnett, M.H., Parratt, J.D., Prineas, J.W., 2009. Multiple sclerosi: dis-
tribution of inflammatory cells in newly forming lesions. Ann. Neurol. 66, 739-753.

Hutchinson, M., 1986. Disability due to multiple sclerosis: a community-based study of an
Irish country. Ir. Med. J. 79, 48-50.

Jokubaitis, V.G., Spelman, T., Kalincik, T., Lorscheider, J., Havrdov, A.E., Horakova, D.,
Dugquette, P., Girard, M., Prat, A., Izquierdo, G., Grammond, P., Van Pesch, V., Pucci,
E., Grand'Maison, F., Hupperts, R., Granella, F., Sola, P., Bergamaschi, R., Iuliano, G.,
Spitaleri, D., Boz, C., Hodgkinson, S., Olascoaga, J., Verheul, F., McCombe, P.,
Petersen, T., Rozsa, C., Lechner-Scott, J., Saladino, M.L., Farina, D., Iaffaldano, P.,
Paolicelli, D., Butzkueven, H., Lugaresi, A., Trojano, M., MSBase Study Group, 2016.
Predictors of long-term disability accrual in relapse-onset multiple sclerosis. Ann.
Neurol. 80, 89-100.

Kappos, L., Kuhle, J., Multanen, J., Kremenchutzky, M., Verdun di Cantogno, E.,
Cornelisse, P., Lehr, L., Casset-Semanaz, F., Issard, D., Uitdehaag, B.M., 2015. Factors
influencing long-term outcomes in relapsing-remitting multiple sclerosis: PRISMS 15.
J. Neurol. Neurosurg. Psychiatry 86, 1202-1207.

Kurtzke, J.F., 1983. Rating neurologic impairment in multiple sclerosis: an expanded
disability scale (EDSS). Neurology 33, 1444-1452.

Lublin, F.D., Reingold, S.C., 1996. Defining the clinical course of multiple sclerosis: re-
sults of an international survey. Neurology 46, 907-911.

Lublin, F.D., Baier, M., Cutter, G., 2003. Effect of relapses on development of residual
deficit in multiple sclerosis. Neurology 61, 1528-1532.

Lublin, F.D., Reingold, S.C., Cohen, J.A., Cutter, G.R., Sgrensen, P.S., Thompson, A.J.,
Wolinsky, J.S., Balcer, L.J., Banwell, B., Barkhof, F., Bebo Jr., B., Calabresi, P.A.,
Clanet, M., Comi, G., Fox, R.J., Freedman, M.S., Goodman, A.D., Inglese, M., Kappos,
L., Kieseier, B.C., Lincoln, J.A., Lubetzki, C., Miller, A.E., Montalban, X., O'Connor,
P.W., Petkau, J., Pozzilli, C., Rudick, R.A., Sormani, M.P., Stiive, O., Waubant, E.,
Polman, C.H., 2014. Defining the clinical course of multiple sclerosis. The 2013 re-
visions. Neurology 83, 278-286.

Lutz, H.U., 2007. Homeostatic roles of naturally occurring antibodies: an overview. J.
Autoimmun. 29, 287-294.

McDonald, W.I., Compston, A., Edan, G., Goodkin, D., Hartung, H.P., Lublin, F.D.,
McFarland, H.F., Paty, D.W., Polman, C.H., Reingold, S.C., Sandberg-Wollheim, M.,
Sibley, W., Thompson, A., van den Noort, S., Weinshenker, B.Y., Wolinsky, J.S., 2001.
Recommended diagnostic criteria for multiple sclerosis: guidelines from the
International Panel on the diagnosis of multiple sclerosis. Ann. Neurol. 50, 121-127.

Penner, LK., 2016. Evaluation of cognition and fatigue in multiple sclerosis: daily practice
and future directions. Acta Neurol. Scand. 134 (Suppl. 200), 19-23.

Pittock, S.J., McClelland, R.L., Mayr, W.T., Jorgensen, N.W., Weinshenker, B.G.,
Noseworthy, J., Rodriguez, M., 2004. Clinical implications of benign multiple
sclerosis: a 20-year population-based follow-up study. Ann. Neurol. 56, 303-306.

Poser, S., Wikstrom, J., Bauer,H.J. 1979. Clinical data and the identification of special
forms of multiple sclerosis in 1271 cases studied with a standardized documentation
system. J. Neurol. Sc. 40, 159-168.

Poser, S., Poser, W., Schlaf, G., Firnhaber, W., Lauer, K., Wolter, M., Evers, P., 1986.
Prognostic indicators in multiple sclerosis. Acta Neurol. Scand. 74, 387-392.

Rudick, R.A., Ransohoff, R.M., Lee, J.C., Peppler, R., Yu, M., Mathisen, P.M., Tuohy, V.K.,
1998. In vivo effects of interferon beta-1a on immunosuppressive cytokines in mul-
tiple sclerosis. Neurology 50, 1294-1300.

Runmarker, B., Andersen, O., 1993. Prognostic factors in a multiple sclerosis incidence
cohort with twenty-five years of follow-up. Brain 116, 117-134.

Sanfilipo, M.P., Benedict, R.H., Sharma, J., Weinstock-Guttman, B., Bakshi, R., 2005. The
relationship between whole brain volume and disability in multiple sclerosis: a
comparison of normalized gray vs. white matter with misclassification correction.
Neuroimage 26, 1068-1077.

Scalfari, A., Neuhaus, A., Degenhardt, A., Rice, G.P., Muraro, P.A., Daumer, M., Ebers,
G.C., 2010. The natural history of multiple sclerosis a geographically based study 10:


https://doi.org/10.1016/j.jneuroim.2019.03.005
https://doi.org/10.1016/j.jneuroim.2019.03.005
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0005
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0005
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0005
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0005
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0010
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0010
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0010
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0015
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0015
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0020
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0020
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0020
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0025
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0025
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0025
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0030
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0030
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0030
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0035
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0035
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0040
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0040
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0040
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0045
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0045
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0045
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0045
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0045
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0045
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0045
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0050
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0050
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0050
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0055
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0055
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0055
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0055
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0060
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0060
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0060
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0065
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0065
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0065
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0070
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0070
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0075
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0075
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0080
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0080
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0080
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0080
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0080
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0080
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0080
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0080
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0085
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0085
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0085
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0085
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0090
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0090
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0095
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0095
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0100
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0100
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0105
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0105
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0105
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0105
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0105
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0105
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0105
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0110
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0110
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0115
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0115
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0115
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0115
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0115
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0120
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0120
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0125
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0125
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0125
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0130
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0130
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0135
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0135
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0135
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0140
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0140
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0145
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0145
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0145
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0145
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0150
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0150

P. Annungziata, et al.

relapses and long-term disability. Brain 133, 1914-1929.

Scalfari, A., Neuhaus, A., Daumer, M., 2011. Age and disability accumulation in multiple
sclerosis. Neurology 77, 1246-1252.

Strasser-Fuchs, S., Enzinger, C., Ropele, S., Wallner, M., Fazekas, F., 2008. Clinically
benign multiple sclerosis despite large T2 lesion load: can we explain this paradox?
Mult. Scler. 14, 205-211.

Trapp, B.D., Ransohoff, R.M., Rudick, R.A., 1999. Axonal pathology in multiple sclerosis:
relationship to neurological disability. Curr. Opin. Neurol. 12, 295-302.

Tremlett, H., Yousefi, M., Devonshire, V., Rieckmann, P., Zhao, Y., Neurologists, U.B.C.,
2009. Impact of multiple sclerosis relapses on progression diminishes with time.
Neurology 73, 1616-1623.

Van Munster, C.E., Jonkman, L.E., Weinstein, H.C., Uitdehaag, B.M., Geurts, J.J., 2015.
Gray matter damage in multiple sclerosis: impact on clinical symptoms. Neuroscience

Journal of Neuroimmunology 330 (2019) 130-135

303, 446-461.
Weber, F., Janovskaja, J., Polak, T., Poser, S., Rieckmann, P., 1999. Effect of interferon

beta on human myelin basic protein-specific T-cell lines: comparison of IFNbeta-1a
and IFNbeta-1b. Neurology 52, 1069-1071.

Weinshenker, B.G., Rice, G.P.A., Noseworthy, J.H., Carriere, W., Baskerville, J., Ebers,
G.C., 1991. The natural history of multiple sclerosis: a geographically based study. 3.
Multivariate analysis of predictive factors and model of outcome. Brain. 114,
1045-1056.

Zivadinov, R., Cookfair, D.L., Krupp, L., Miller, A.E., Lava, N., Coyl, P.K., Goodman, A.D.,
Jubelt, B., Lenihan, M., Herbert, J., Gottesman, M., Snyder, D.H., Apatoff, B.R., Teter,
B.E., Perel, A.B., Munschauer, F., Weinstock-Guttman, B., 2016. Factors associated
with benign multiple sclerosis in the New York state MS consortium (NYSMSC). BMC

Neurol. 16, 102.


http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0150
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0155
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0155
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0160
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0160
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0160
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0165
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0165
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0170
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0170
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0170
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0175
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0175
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0175
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0180
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0180
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0180
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0185
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0185
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0185
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0185
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0190
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0190
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0190
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0190
http://refhub.elsevier.com/S0165-5728(18)30548-4/rf0190

	Association of circulating anti-CD64 IgM levels with favourable long-term clinical outcomes in multiple sclerosis patients
	Introduction
	Methods
	Patients and clinical features
	Serum anti-CD64 antibody assay
	Statistical analysis

	Results
	Serum anti-CD64 antibody assay
	Clinical characteristics and IgM anti-CD64 at the first blood sampling
	Follow-up disease activity and IgM anti-CD64
	Time to disability progression and clinical relapse

	Discussion
	Funding
	Disclosures
	Contributorship statement
	Data sharing
	Acknowledgements
	Supplementary data
	References




