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ously suggested that the extension of antibody reactivities to HNK-1-bearing proteins other than MAG
was associated with treatment resistance, without statistical analyses. In this study, we established an
ELISA method with recombinant proteins to test binding specificities of currently available monoclonal

antibodies to MAG and another HNK-1-bearing protein, phosphacan. Using this system, we found the

Keywords:

Anti-MAG neuropathy
HNK-1

Phosphacan

distinct binding specificities of anti-MAG antibody in 19 patients with anti-MAG neuropathy. Their clin-
ical relevance was then determined retrospectively with the adjusted 10-points INCAT disability score
(0=normal and 10 =highly disable). The results showed that strong reactivities of anti-MAG antibodies
to phosphacan were significantly associated with treatment resistance or progressive clinical courses,

indicating a possible clinical relevance of the binding specificities.
© 2014 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

1. Introduction

Accumulating evidence suggests the causal relationship
between IgM monoclonal gammopathy and peripheral neurop-
athy (Steck et al., 2006). A review article described that 1.5% of
patients with neuropathy were associated with IgM monoclonal
gammopathy (Nemni et al., 1994). Among such patients, 50-60% of
patients have antibody activity to myelin-associated glycoprotein
(MAG) (Nemni et al,, 1994). IgM anti-MAG-antibody-associated
neuropathy (anti-MAG neuropathy) is a chronic demyelinating
neuropathy that predominantly affects sensory nerves initially but
later involves the motor system, and thus referred also to dis-
tal acquired demyelinating sensory (DADS) polyneuropathy (Steck
et al., 2006). No specific therapeutic option has been established
by large-scale studies, however, intravenous immunoglobulin infu-
sion (IVIg), plasma exchange (PE) and rituximab therapy have been
effective in some patients (Nobile-Orazio et al., 2000). This fact may
suggest that such treatment-responsiveness or prognosis may not

* Corresponding author at: Department of Neurology, Kinki University Faculty of
Medicine, 377-2 Ohno-Higashi, Osaka-Sayama, Osaka 589-8511, Japan.
Tel.: +81 072 366 0221; fax: +81 072 368 4846.
E-mail address: kusunoki-tky@umin.ac.jp (S. Kusunoki).

http://dx.doi.org/10.1016/j.neures.2014.09.010

be attributed to the certain treatment itself, but may depend on
other unknown factors.

The antigenic region of MAG is the human natural killer-1
(HNK-1) carbohydrate, comprising three sugar residues with sul-
fated modification. HNK~1 is also present in sulfated glucuronyl
paragloboside (SGPG), PO, PMP-22, and phosphacan. Thus, such
glycoconjugates other than MAG might be recognized or targeted
by anti-MAG antibodies. Experimentally-raised HNK-1-binding
monoclonal antibodies, such as HNK-1 and Cat-315, recognized
multiple HNK-1 bearing proteins, however, fine specificities of
these antibodies differed considerably (Dino et al., 2006). Con-
sistent with this experimental finding, we and others previously
suggested that the extension of antibody reactivities to various
HNK-1-bearing proteins other than MAG might be associated with
treatment resistance (Shiina et al.,, 2001; Weiss et al., 1999). For
example, antibody reactivities to PO and PMP22 other than MAG
tended to be associated with poor responsiveness to immunother-
apy. However, both studies used the human brain and peripheral
nerves, and lacked statistical analyses, indicating the difficulties in
application to a large-scale analysis and possibly in reproducibility.

In this study, we established an ELISA method with recombinant
proteins to test binding specificities of three available monoclonal
antibodies to HNK-1-bearing proteins, such as MAG and phospha-
can. Using essentially the same assay method, we found the distinct
binding specificities of anti-MAG antibody in 19 patients with

0168-0102/© 2014 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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anti-MAG neuropathy. Their clinical relevance was then deter-
mined retrospectively with the adjusted 10-points INCAT disability
score (0=normal and 10=highly disable) (Hughes et al,, 2001).
Effectiveness of treatment or clinical progression was evaluated
with the AINCAT score (the increase in INCAT score) and with the
INCAT score progression index (AINCAT score per month).

2. Methods
2.1. Monoclonal antibodies

The monoclonal antibody HNK-1 was purchased from the Amer-
ican Type Culture Collection. Cat-315 was purchased from Millipore
(MAB1581). 6B4 was kindly provided from Dr. N. Maeda (Tokyo
Metropolitan Institute of Medical Science). 6B4 and Cat-315 had
been thought to recognize phosphacan and aggrecan, respectively.
But later these antibodies were found to react the HNK-1 carbohy-
drate and thus other HNK-1-bearing proteins (Morise et al., 2014).

2.2. Antigens

The expression plasmid pIRES-GIcAT-P/HNK-1ST (pIRES-P/ST),
which expresses rate-limiting enzymes for production of the
HNK-1 epitope, has been described previously (Kizuka et al.,
2006). Human IgG Fc-tagged MAG (MAG-Fc) and phosphacan
(phosphacan-Fc) were prepared by subcloning of extracellular
domains of mouse MAG and full length rat phosphacan ¢cDNA
amplified by PCR into pEF-Fc to give pEF-MAG-Fc and pEF-
phosphacan-Fc, respectively. COS-1 cells were cultured in DMEM
supplemented with 10% fetal bovine serum at 37 °C until 50-70%
confluent. After culture medium was replaced with Opti-MEM I
(GIBCO), cells were transfected with a combination of pEF-MAG-
Fc or pEF-phosphacan-Fc in the presence or absence of pIRES-P/ST,
using Lipofectamine 2000 (Invitrogen). After transfection for 6 h,
Opti-MEM I was replaced with ASF Medium 104 (Ajinomoto).

' Cells were incubated for another 4 days to obtain culture medium
containing secreted proteins. MAG-Fc and phosphacan-Fc with or
without HNK-1 carbohydrate epitope were purified with a pro-
tein G-Sepharose TM4 Fast Flow column (GE Healthcare), which
exhibits high affinity for the human IgG Fc region. The presence of
the HNK-1 epitope on the prepared antigens was confirmed by the
monoclonal antibodies (HNK-1, Cat-315, and 6B4). By contrast, the
antigens without the HNK-1 epitope were not recognized by any of
those monoclonal antibodies. Each antigen was aliquoted and kept
frozen until use.

2.3. ELISA

For examinations of monoclonal antibodies, wells of an ELISA
plate were coated with 50 ng antigen (phosphacan or MAG). Phos-
phacan and MAG with no expression of the HNK-1 epitope were
used as controls. Nonspecific binding sites on the wells were satu-~
rated with 3% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) for 60 min at room temperature. 1st antibodies diluted
1:2000 in 3% BSA/PBS was added to the antigen-coated, after which
the plates were incubated for 120 min at room temperature. The
wells were washed three times with 0.1% TritonX-100 in PBS
and incubated for 90 min at room temperature with peroxidase-
conjugated rabbit anti-mouse IgM antibody (Zymed Laboratories,
South San Francisco, CA, USA) diluted 1:50,000 in 3% BSA in PBS
and washed three times with 0.1% TritonX-100 in PBS. Then the
plates were incubated with SureBlue™ TMB Microwell Peroxidase
Substrate (KPL, Gaithersburg, MD, USA). The reaction was stopped
by addition of 0.5N HCL The color reaction was read at 450 nm
with Infinite M200 (Tecan, San Jose, CA, USA). The wash buffer

containing 0.1% Tween 20 instead of 0.1% TritonX-100 was also used
in our experiment, the result of which was essentially the same.
For examinations of patients’ sera, wells of an ELISA plate were
coated with 25 pg antigen (phosphacan or MAG). Phosphacan or
MAG with no expression of the HNK-1 epitope was also coated
in different wells. Uncoated wells were used as controls. Nonspe-
cific binding sites on the wells were saturated with 1% bovine
serum albumin (BSA) in phosphate-buffered saline (PBS) for 30 min
at room temperature. A 50 pl serum sample diluted 1:400 in 1%
BSA in PBS was added to the antigen-coated and uncoated wells,
after which the plates were incubated for 120 min at room tem-
perature. The wells were washed three times with 0.1% BSA in
PBS and incubated for 90min at room temperature with 50 pl
of peroxidase-conjugated goat anti-human IgM antibody (Jackson
ImmunoResearch, West Grove, PA, USA) diluted 1:10,000 in 1% BSA
in PBS and washed three times with 0.1% BSA in PBS. Then the plates
were incubated with 40 mg/dl o-phenylenediamine dihydrochlo-
ride and 0.006% H, 0, in phosphate-citrate buffer, pH 5.0, for 2 min.
The reaction was stopped by addition of 50 I of 8 N HySO4. The
color reaction was read at 492 nm with an ELISA reader (BioRad,
Hercules, CA, USA). The optical density at 492 nm (OD 492) of the
uncoated well was subtracted from that of the antigen-coated well.
The difference in OD was considered to indicate the antibody activ-
ity against MAG or phosphacan. The ratios of anti-phosphacan to
anti-MAG antibody activities (P/M ratio) were calculated.

2.4. Patients

We examined sera from patients diagnosed with neuropathy
associated with IgM monoclonal gammopathy from January 2005
to December 2011, using methods described previously (Shiina
et al.,, 2001). Anti-SGPG and anti-MAG IgM antibodies were found
in 36 patients. The clinical features and details of medical treat-
ment were obtained for 24 of these patients (20 men and 4 women)
from attending physicians. Among those 24 patients, the observa-
tion period for one patient was only one month, 3 patients were
not treated, and one patient also had IgG antibodies against multi-
ple gangliosides such as GM1, GM2, GM3, GD1a, GT1b, and GQ1b.
These 5 patients were excluded, leaving data for 19 patients (16
men and 3 women) for analysis.

2.5. (linical features

Clinical features including initial symptoms, cerebrospinal fluid
(CSF) protein levels, serum IgM levels, treatment periods, the
adjusted 10-points INCAT scores before treatment, and latest INCAT
scores were obtained retrospectively. Effectiveness of treatment or
clinical progression was evaluated with AINCAT score and with the
INCAT score progression index.

2.6. Statistical analysis

Differences in percentages were tested by Chi-square test
or Fisher exact test. Differences in medians were examined by
Mann-Whitney U test. Two-tailed p-values <0.05 were considered
significant. Correlation was tested by Spearman rank correlation
analysis. All calculations were performed using SPSS v.20 (IBM

Japan).
3. Results
3.1. Reactivities of monoclonal antibodies
For examination of the preferential reactivity of the monoclonal

antibodies HNK-1, 6B4, and Cat-315, we prepared MAG or phos-
phacan as a carrier protein with a different type of the HNK-1
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Fig. 1. Preferential immunoreactivity of the monoclonal antibodies HNK-1, 6B4,
and Cat-315 against the HNK-1 carbohydrate epitope expressed on phosphacan
and MAG. Wells of an ELISA plate were coated with phosphacan and MAG. The
immunoreactivity of HNK-1, 6B4, and Cat-315 were measured as described in Sec-
tion 2. The relative reactivity of each monoclonal antibody against phosphacan to
MAG (P/M ratio) was calculated. Bar graphs showed the relative reactivity of 6B4
(gray bar) and Cat-315 (black bar) normalized by that of HNK-1 (white bar). Data
show relative ratio-£SD.

carbohydrate antigen. Both 6B4 and Cat-315 preferentially recog-
nized the HNK-1 carbohydrate epitope on phosphacan than that on
MAG (Fig. 1).

3.2. Reactivities of sera from patients with anti-MAG neuropathy

The clinical features of the 19 patients and antibody activities
against MAG and phosphacan are shown in Table 1. Reactivities
of patients’ sera to MAG and phosphacan with the HNK-1 epi-
tope were detectable with considerable variation, while those to
MAG or phosphacan without the HNK-1 epitope were undetectable.
The mean antibody activities against MAG and phosphacan were
0.35+0.20 and 0.3040.20, respectively, and the mean ratio of
anti-phosphacan to anti-MAG antibody activities (P/M ratio) was
0.85 £0.40.

3.3. (linical information and relevance of the antibody
specificities

The initial symptom was leg dysesthesia in 16 patients, mus-
cle weakness in 2, and gait disturbance in one patient. Seventeen
patients were treated with IVIg, 9 with prednisolone, 4 with rit-
uximab, and 3 with plasma exchange (Table 2). The INCAT scores
were 3.264+1.19 (mean +SD) at the time of serum sampling and
3.57+2.29 at the latest examination, giving a mean change in
INCAT score during the interval of 0.31 4 2.08 (Table 2). There was
no association between the anti-MAG or anti-phosphacan antibody
titers and the clinical features of the patients. However, the P/M
ratio of the 19 cases showed a positive correlation with the AINCAT
score and the INCAT progression index (Fig. 2).

The patients were divided into two groups with a P/M ratio >1
(n=6)and <1 (n=13). The AINCAT score and the INCAT progression
index were significantly higher in P/M ratio >1 than in <1 (p <0.05)
(Fig. 3).

4. Discussion

We established the ELISA method with recombinant proteins. In
addition to MAG, we used phosphacan as a representative antigen
for HNK-1-bearing glycoproteins, because this protein was solu-
ble enough to be useful for our ELISA system. By contrast, some of
HNK-1-bearing glycoproteins associated with neuropathy, such as
PMP22, are highly insoluble. Our ELISA system revealed that cur-
rently available mouse monoclonal antibodies reactive with the
HNK-1 epitope showed differential binding activities to MAG and
phosphacan. Using this system, the serum IgMs from patients with

Table 1
Clinical information and ELISA results of patients with anti-MAG neuropathy.
Patients Sex Age Neuropathy Initial symptom Serum IgM CSF protein Phosphacan MAG P/M ratio
duration (mg/dl) (mg/dl)
(years)
1 M 70 16 Muscle weakness 1340 47 0.12 0.19 0.63
2 F 79 10 Gait disturbance 855 106 0.14 0.10 1.35
3 M 83 5 Leg dysesthesia 638 ND 0.35 0.48 0.73
4 M 67 11 Leg dysesthesia 747 107 0.42 0.53 0.80
5 M 60 6 Leg dysesthesia 1172 71 0.08 0.18 0.46
6 M 66 5 Leg dysesthesia 878 507 0.44 0.71 0.61
7 M 70 4 Leg dysesthesia ND 92 0.72 0.44 1.64
8 M 83 5 Leg dysesthesia 2079 103 0.35 0.21 1.71
9 M 61 6 Leg dysesthesia 1862 239 0.24 0.36 0.67
10 M 58 4 Leg dysesthesia 486 48 0.31 0.27 1.18
11 F 63 3 Leg dysesthesia 518 92 0.27 0.36 0.76
12 M 65 2 Leg dysesthesia 714 184 0.05 0.15 0.30
13 M 76 5 Leg dysesthesia 446 74 0.02 0.14 0.17
14 M 77 1 Leg dysesthesia ND 69 0.05 0.05 1.00
15 F 75 2 Leg dysesthesia 514 ND 0.36 0.37 0.98
16 M 75 1 Leg dysesthesia 294 138 0.72 0.81 0.89
17 M 58 2 Leg dysesthesia 207 36 0.28 0.45 0.62
18 M 80 3 Muscle weakness 585 94 0.41 0.40 1.05
19 M 59 1 Leg dysesthesia 507 59 0.36 0.53 0.67

Phosphacan, titers of anti-phosphacan antibody; MAG, titers of anti-MAG antibody.
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