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Abstract

Glycosylation is important for biological functions of proteins and greatly affected by diseases.
Exploring the glycosylation profile of the protein-specific glycosylation and/or the site-specific
glycosylation may help understand disease etiology, differentiate diseases and ultimately develop
therapeutics. Patients with multiple sclerosis (MS) and patients with neuromyelitis optica spectrum
disorder (NMOSD) are sometimes difficult to differentiate due to the similarity in their clinical
symptoms. The disease-related glycosylation profiles of MS and NMOSD have not yet been well
studied. Here, we analyzed site-specific glycan profiles of serum proteins of these patients by
using a recently developed mass spectrometry technique. A total of 286 glycopeptides from 49
serum glycoproteins were quantified and compared between healthy controls (n = 6), remitting MS
(n = 45) and remitting NMOSD (n = 23) patients. Significant differences in the levels of site-specific
N-glycans on inflammation-associated components [IgM, 1gG1, IgG2, complement components
8b (CO8B) and attractin], central nerve system-damage-related serum proteins [apolipoprotein D
(APOD), alpha-1-antitrypsin, plasma kallikrein and ADAMTS-like protein 3] were observed among
three study groups. We furthered demonstrated that site-specific N-glycans on APOD on site 98,
CO8B on sites 243 and 553 are potential markers to differentiate MS from NMOSD with an area
under receiver operating curve value > 0.75. All these observations indicate that remitting MS or
NMOSD patients possess a unique disease-associated glyco-signature in their serum proteins. We
conclude that monitoring one’s serum protein glycan profile using this high-throughput analysis
may provide an additional diagnostic criterion for differentiating diseases, monitoring disease
status and estimating response-to-treatment effect.
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Introduction

Glycosylation is the most common post-translational modification of
proteins, and the decoration of the protein with a variety of glycans
leads to the diversity of protein structures. Unlike protein and nucleic
acid biosynthesis, glycan synthesis is not template-driven, making
the complexity of glycans and leading to difficulty and challenge
for glycan analysis (Cummings et al. 2014). Studying the impacts of
glycans on biological/physiological functions has been hampered due
to the limitation of the technology. Recently, advanced technologies
have been developed and applied to the analysis of glycosylation of
proteins (Li et al. 2020) and led to understanding the diversity and
difference of glycans in certain protein, suggesting site-specific site of
glycosylation of the protein plays important roles in physiological
and pathological functions (Reily et al. 2019). Given that glycans
regulate the structure/conformation, stability and functionality of
proteins, glycans are thought to play important roles in the regulation
of various biological functions, such as protein—protein interactions
(Cummings 2019), leukocyte trafficking (Regal-McDonald et al.
2020), tissue homeostasis (Ohtsubo et al. 2006), pathogen recogni-
tion (Greco et al. 2006; Ohtsubo et al. 2006; Thompson et al. 2019),
immune cell regulation (Calarese et al. 2003; Nitschke 2014; Dias
et al. 2018), cancer cell migration and invasion (Julien et al. 2011;
Glavey et al. 2014; Stanczak et al. 2018) and so on. Alterations of
glycosylation have been observed in multiple diseases, such as cancers
(Pinho et al. 20155 Mereiter et al. 2019; Rodrigues et al. 2021),
autoimmune diseases (Lauc et al. 2013; Maverakis et al. 2015; Pagan
etal.2018; Martin et al. 2020) and congenital glycosylation disorders
(Medina-Cano et al. 2018; Ng et al. 2018). Thus, understanding
the glycosylation profile of a disease status will provide information
on the understanding of the disease etiology, the identification of
diagnostic and prognostic markers and the development of glyco-
therapeutics.

Multiple sclerosis (MS) and neuromyelitis optica spectrum
disorder (NMOSD) are relapsing-remitting neuro-inflammatory
autoimmune disorders with distinct etiology. MS is the most common
demyelinating disease of central nervous system (CNS) caused
by autoreactive T cells specific to myelin destroying the myelin
sheath of nerve cells (Olsson et al. 1990), whereas NMOSD is
a female-predominant disease mostly caused by the autoreactive
immunoglobulin (Ig) against aquaporin 4 (AQP-4) expressing on
astrocytes (Lennon et al. 2004). Although diagnosis criteria for MS
and NMOSD had been established (Wingerchuk et al. 20065 Polman
et al. 2011; Lalan et al. 2012), differentiating these diseases might
sometimes be problematic as these patients present very similar
clinical manifestations and magnetic resonance imaging (MRI)
findings. Supportive diagnoses for NMOSD include MRI evidence of
longitudinally extensive spinal cord lesion and the presence of serum
anti-AQP-4 antibody (Kim et al. 2017). Nevertheless, differential
diagnosis for patients with AQP-4 antibody seronegative is quite
challenging. Glycan profiles of serum/plasma proteins have been
shown to be altered in various diseases, for example, gastric cancer
(Kodar et al. 2012), lung cancer (Vasseur et al. 2012), colorectal
cancer (Doherty et al. 2018), ulcerative colitis (Miyahara et al. 2013),
Type 2 diabetes (Dotz et al. 2018), and inflammatory bowel diseases
(Clerc et al. 2018; Dotz et al. 2019). It has been observed that the
glycosylation patterns of IgG in the cerebrospinal fluid (CSF) in
patients with MS are altered as compared with healthy volunteers
and the levels of alteration of glycosylation is occurred shortly after
relapse (Wuhrer et al. 2015). However, a comprehensive comparison
of glycan profiles of serum proteins between these two diseases

has not been studied. As MS and NMOSD with different etiology
may display different glycan profiles, we believed that studying the
glycosylation in serum proteins may provide novel information to
differentiate these two diseases. In this study, we are interested in
identifying differential markers from blood sample, which is easy to
access, to improve the diagnostic accuracy for MS and NMOSD.

The majority of earlier studies on analyzing the glycosylation of
serum proteins were all focused on the analysis of total plasma N-
glycome (TPNG), in which the profile of total glycans released from
plasma proteins was analyzed. The drawback of TPNG analysis is
that it fails to reveal the site-specific glycan profile on a given serum/-
plasma protein. Of note, the site-specific glycosylation profile on a
given serum/plasma protein would be more informative compared
with TPNG. To this end, we took advantage of a recently developed
dynamic multiple reaction monitoring (IMRM) mass spectrometry
technique (Li et al. 2019) to analyze the site-specific glycan profiles of
serum glycoproteins from MS and NMOSD patients. To do this, the
measurement was performed at defined retention time (RT) of each
glycopeptide instead of monitoring throughout the chromatographic
run. Moreover, this measurement requires no sample enrichment
that may affect the quality of quantification (Li et al. 2019). In this
study, we quantified and compared the site-specific glycosylation on
serum proteins from healthy controls, patients with remitting MS and
patients with remitting NMOSD.

Results

Measurement of protein and glycopeptide quantities
with dMRM

The abundance (ion counts) of 286 glycopeptides on 49 serum
glycoproteins was measured and analyzed (Supplementary Table SI).
A complete list of transition of each glycopeptide and normalizing
peptide has been previously published (Supplementary File 1; Li
et al. 2019). A list of fragment areas of each glycopeptide and
normalizing peptides of each participant and some representative
extracted-ion chromatogram spectra are provided in Supplemen-
tary File 2 and Supplementary Figure S1, respectively. The protein
name, the site of asparagine conjugated with glycan and the gly-
can composition on that site in each protein are designated as
“protein name_glycosylation site_glycan composition” (Supplemen-
tary File 2). The composition of a glycan is referred according
to Hexosep HexNAcpFucosecNeuSAcp, and ABCD indicates the
number of different monosaccharides (Li et al. 2019). To study
the abundance of the glycopeptide on each specific site of a given
protein independent of the level of that protein, the abundance of
the glycopeptide was normalized to the abundance of the quantitated
peptide of that protein (response normalized to peptide, RNP). For
the sake of statistical analysis, only those glycopeptides, which were
detected in >80% of participants in each group with signal-to-noise
(S/N) ratio > 3 (limit of detection, LOD), were statistically analyzed.
As a result, a total of 135 glycopeptides (47% of total quantified
glycopeptides) were compared among participating groups.

Glycan profiles of participants

The 135 measured glycopeptides, whose ion counts were above the
LOD in >80% of participants in each group, were subjected to
statistical analyses. Given that the differences of both age and gender
of the three study groups (MS vs. NMOSD vs. Healthy controls)
are at borderline significances (Table I) and that levels of some
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Table I. Participants characteristics

No. of subjects Age (median years) Gender (% female)

Healthy 6 34.5 50
MS 45 33 68.89
MNOSD 23 39 91.3
P-value - 0.044* 0.049%

*Kruskal-Wiallis test. $Chi-Square test.

glycans on serum glycoproteins has been shown affected by age and
gender (Merleev et al. 2020), we thus analyzed levels of glycopeptides
between three study groups using analysis of covariance (ANCOVA)
after controlling age and gender as covariates (Figure 1, Supplemen-
tary Table SII). The glycopeptides shown significant differences (P-
value < 0.05) among three study groups were further analyzed by
ANCOVA adjusted with age and gender to determine which two
study groups were significantly different (Figure 1, Supplementary
Table SII). NMOSD and MS patients shared similar levels of the
5411, 5412 and 5501 glycan on N46 of IgM; however, those gly-
can levels were significantly lower in healthy donors. These results
may suggest that the increased levels of site-specific N-glycans of
IgM might be associated with neuro-inflammation. Interestingly, the
levels of the 4311 glycan on N46 of IgM (IgM_46_4311) in MS
and NMOSD patients were not only significantly altered as com-
pared with healthy controls, but also significantly differed between
NMOSD and MS patients (NMOSD > MS > Healthy). We speculate
that high levels of IgM_46_4311 might be associated with CNS
demyelinating autoimmune diseases, which might be more profound
in NMOSD patients as compared with MS patients. Furthermore, we
observed that site-specific glycans including the 5402 glycan on N271
of Alpha-1-antitrypsin (A1AT_271_5402), the 6610 glycan on N243
of complement component 8B (CO8B_243_6610), the 5400 glycan
on N180 of IgG1 (IgG1_180_5400) and the 5401 glycan on 127
of plasma kallikrein (KLKB1_127_5401) were significantly differed
only between NMOSD and MS patients but not between either MS
patients and healthy donors or NMOSD patients and healthy donors.
These results may suggest that these specific glycans on those proteins
might potentially differentiate NMOSD and MS.

Prediction models for differentiating MS and NMOSD
patients

Because we observed the dissimilarities of glycan levels between
NMOSD and MS, we further tested if these altered glycans could
be used as potential biomarkers for differentiating NMOSD from
MS. To this end, age, gender and eight variables which have a P-
value below 0.05 in both ANCOVA analysis between three study
groups and ANCOVA analysis between MS and NMOSD were
selected for logistic regression analysis (Table II). Area under curve
(AUC) of the receiver operating characteristic (ROC) analysis (MS vs.
NMOSD) of each variable could be increased when age and/or gender
were included in ROC analysis (Supplementary Table SIII). The best
prediction model with an AUC of 0.913 was constructed using step-
wise logistic regression analysis (Table III, Figure 2). This prediction
model (model 1) contains APOD_98_6520, IgG1_180_5400 and
IgG2_176_4510 with a sensitivity of 88.2% and a specificity of
80.6% (Table III and Figure 2). Of note, variables with the highest
AUC in univariate analysis (CO8B_243_6610 and CO8B_553_5402;
Table IT) were excluded in this model as these variables were signif-

icantly correlated with IgG1_180_5400 (Supplementary Table SIV).
Therefore, we further performed an age- and gender-adjusted mul-
tivariate logistic regression analysis with forced-in variables, which
have an AUC values > 0.75 (APOD_98_6520, CO8B_243_6610
and CO8B_553_5402). As CO8B_243_6610 and CO8B_553_5402
were significantly correlated (Supplementary Table SIV), they were
allocated into two prediction models (model 2 and model 3; Table IV,
Figure 3). As these site-specific glycans showed a high AUC in ROC
analyses, we speculate that these site-specific glycans in those serum
glycoproteins may be considered as potential indicators for differen-
tiating NMOSD from MS.

Discussion

In this study, by utilizing the dMRM mass spectrometry methods, we
quantified the site-specific glycan levels on serum proteins of healthy
controls, remitting MS and NMOSD patients. To our best knowledge,
this is the first report comparing the site-specific serum glycan
profiles of MS and NMOSD patients. Despite the fact that both
MS and NMOSD patients were at the remission phase of diseases,
we still observed alternations of multiple glycans between any two
study groups. Given that glycans play a role in leukocyte migration
and cell adhesion which are important for regulating inflammatory
autoimmune diseases, site-specific glycan profiles may provide one
more layer of information in addition to protein quantities for serving
as biomarkers to differentiate these two neuro-inflammatory autoim-
mune diseases for diagnosis purpose. However, the functions of these
altered glycans in the context of neuro-inflammatory autoimmune
diseases await further investigation. Of note, factors other than the
disease itself, such as gender and age (Knezevic et al. 20105 Catera
et al. 2016), ongoing immuno-modulatory treatments (Saldova et al.
2012) and additional diseases presented in these patients may as
well contribute to these glycan alternations (Gudelj et al. 2018).
Indeed, Merleev et al., has recently published that gender and age
may influence the glycan levels of some serum glycopeptides (Merleev
et al. 2020). Thus, we compared the levels of serum glycopeptides
between groups in consideration of age and gender as covariates.
In this pilot study, among serum proteins analyzed for site-specific
glycans, we found that site-specific glycan levels were altered in
inflammation-inducing determinants (IgG1, IgG2, IgM and COS8B,
attractin), and in pathology-related molecules (APOD, A1AT, plasma
kallikrein and ADAMTS-like protein 3), suggesting that the site-
specific glycan profiles on serum proteins may be potentially used for
differentiating NMOSD and MS. Hereby, we speculate that glycans
at CO8B (N243_6610 and N553_5402) and APOD (N98_6520),
which have a AUC value > 0.75 in univariate logistic regression
analysis, and variables in our three prediction models may be con-
sidered as potential differential diagnostic markers for distinguishing
NMOSD and MS patients.

Previously, studying glycosylations of plasma proteins mainly
analyzed TPNG, in which glycans released from all plasma proteins
were analyzed and quantified. Although TPNG representing the
global levels of glycans released from all plasma proteins may be
informative, the analysis of TPNG cannot provide the information on
the site-specific glycans of any specific plasma protein. Thus, in order
to gain a protein-specific glycan profile, we studied the glycan levels
changed at specific sites of any given serum protein using a recently
developed dMRM mass spectrometry technique (Li et al. 2019). This
may ultimately assist the investigation of the glycan functions of
any given specific protein. The advantages of this approach include
followings: (1) only a small volume of serum without enrichment is
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Fig. 1. Glycosylation profiles of serum proteins with significant site-specific glycan alterations between groups. X-axis shows the glycosylation site and glycan
structure of the serum protein (denoted as glycosylation site_glycan composition). Glycan composition is denoted as the number of different monosaccharides
(ABCD) according to HexoseaHexNAcgFucosecNeu5Acp. Y-axis shows the natural log-transformed value of the RNP. Only serum proteins with glycan levels
above the limit of detection (S/N > 3) in 80% of samples of each study group are shown. Differences between three groups and differences between any two
study-groups were analyzed with ANCOVA test adjusted with age and gender. The glycosylation site labeled with asterisks in the X-axis indicates statistical
differences among three study groups by ANCOVA test. The asterisk shown in the box-and-whisker plot indicates statistical differences between any two study
groups by ANCOVA test. %, P < 0.05; xx, P < 0.01 and #xx, P < 0.001. ANCOVA, analysis of covariance; RNP, response normalized to peptide.

required (2 pl of serum for each run); (2) samples are analyzed with
a high throughput method and (3) standardized analytic methods
can be used easily for clinical applications. However, this technique
is still at its preliminary stage and requires further optimizations,
such as methods to increase the detect sensitivity in order to detect
relatively low abundant glycopeptides and to obtain better signal-

to-noise ratio. Furthermore, it would be more informative if both
TPNG and site-specific glycosylation of serum samples are analyzed
simultaneously, in which glycan alterations in a global and site-
specific manner will be revealed, providing more information on
the identification of disease-specific glycan signatures of any given
specific serum proteins.
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Table Il. Logistic regression with variables which have significantly differences among three study groups and between MS and NMOSD

patients

Variable OR (95% CI) Z-value P-value AUC of ROC
Age 1.077 (1.019-1.146) 2.5051 0.0122 0.686
Gender 4.74 (1.163-32.216) 1.9281 0.0538 0.612
ATAT_271_5402 2.263 (1.098-5.391) 2.0321 0.0422 0.677
APOD_98_6520 0.229 (0.087-0.5238) -3.2350 0.0012 0.763
CO8B_243_6610 0.169 (0.054-0.427) -3.3973 0.0007 0.805
CO8B_553_5402 0.144 (0.036-0.422) —3.1401 0.0017 0.785
IgG1_180_5400 4.723 (1.837-14.284) 3.0035 0.0027 0.737
IgG2_176_4510 0.151 (0.024-0.787) —2.1445 0.0320 0.66
IgM_46_4311 7.55 (1.686-46.945) 2.4173 0.0156 0.702
KLKB1_127_5401 0.193 (0.053-0.566) —2.7641 0.0057 0.724

Abbreviations: AUC, area under curve; CI, confidence interval; OR, odd ratio; ROC, receiver operating characteristic.

Table lll. The best prediction model identified with stepwise logistic regression

Model 1

OR (95% CI) Z-value P-value AUC of ROC  Optimal probability level ~Sensitivity Specificity
APOD_98_6520 0.061 (0.006-0.302) —2.8426 0.0045 0.9134 0.3045 88.2% 80.6%
IgG1_180_5400 17.187 (3.202-231.97) 2.7356 0.0062
IgG2_176_4510 <0.001 (<0.001-0.084) —2.4906 0.0128

Abbreviations: AUC, area under curve; CI, confidence interval; OR, odd ratio; ROC, receiver operating characteristic.

MS and NMOSD are CNS autoimmune diseases, in which
immunoglobulins/antibodies and complements play important roles.
Despite that patients were at the remission phase of the disease, we
still observed changes in glycan levels on antibodies (IgM, IgG1 and
IgG2) and component of the complement system (CO8B) between
any two study groups. The Fab portion of antibodies recognizes
specific antigens while the Fc portion of antibodies determines
the effector functions of antibodies via interaction with specific
Fc receptors. It has been reported that glycans covalently attached
to Fc of antibodies significantly affect the conformation/structure
of antibodies interacting with Fc receptors or complements, thus
affecting effector functions of antibodies (Yamaguchi et al. 2020).
There are five N-glycosylation sites (N46, N209, N272, N279 and
N439) on IgM; glycans at N46, N209 and N272 are complex glycan
while N279 and N439 are high-mannose glycans (Chandler et al.
2019). We found that, of interest, the site-specific N-glycan of IgM
that showed a significant difference between NMOSD and MS is
located at N46, a site with complex glycans. A study showed that
the sialylation of IgM p chain results in suppression of inflammation
by inhibiting T-cell activation (Colucci et al. 2015). The increased
glycan levels at N46 of IgM (IgM_46_4311, 5411, 5412 and 5501)
in NMOSD and MS patients compared with healthy controls, were all
sialylated, suggesting that patients may be under immuno-suppressive
responses, which may be partly due to the effect of the immuno-
modulatory treatments.

The treatment of NMOSD patients focuses on suppressing anti-
body responses as NMOSD is caused by self-reactive anti-AQP-4
antibody (Kimbrough et al. 2012). The majority of pathogenic anti-
AQP-4 antibodies belongs to the IgG1 subtype (Reiber 1998; Hinson
et al. 2007; Kalluri et al. 2010). IgG1 carries only one glycosyla-
tion site at N180 in the Fc region and the N-glycan of IgGl is
structurally important for its stability and effector functions. For
example, fucosylation at the IgG glycan core structure reduces the [gG

binding affinity to Fcy RIIIA and FcyRIIIB, which results in reduced
antibody-dependent cellular cytotoxicity (ADCC) (Shinkawa et al.
2003; Nimmerjahn et al. 2008); increased sialylation of IgG pro-
motes anti-inflammatory effect due to the reduced binding affinity
of sialylated IgG to activating FcyRs (Kaneko et al. 2006; Seeling
et al. 2017); the agalactosylated IgG activates the complement system
and, as expected, an increase of agalactosylated IgG glycans has
been associated with inflammatory diseases (Gudelj et al. 2018).
Intriguingly, we observed an alteration in the levels of proinflamma-
tory nonsialylated glycans (5400) on IgG1 of NMOSD patients. It
is plausible that the exact function of the IgG1-linked glycans may
depend on the overall glycan structures and the specificity of the
antigen recognition. To understand the potential contribution of these
IgG1 glycan alterations to NMOSD, it would be worth studying the
glycan functions and the antigen-specificity of those IgG1.

The activation of the complement system has been shown to play
a role in the pathology of MS and NMOSD (Tatomir et al. 2017).
In NMOSD patients, it has also been reported that the destruction
of AQP-4-expressing astrocytes by AQP-4-IgG1 is a complement-
dependent response (Liu et al. 2017). Several complement proteins
such as clusterin have been shown to be increased in MS plaques and
may be potential biomarkers (Ingram et al. 2014). Here, we observed
that the levels of site-specific glycans on CO8B showed differences
between MS and NMOSD patients. CO8B is one of the components
of the membrane attack complex (MAC) and glycosylation of CO8
may play a role in MAC formation (Franc et al. 2018). The effect of
site-specific glycans on complement components in MS and NMOSD
warrants further investigation.

Both MS and NMOSD patients exhibit neuronal damages and
the critical repair may take place after the relapse phase of the
diseases. The increased oxidative stress and serum lipid peroxida-
tion, which may damage oligodendrocytes, have been observed in
NMOSD patients (Penton-Rol et al. 2009; Shu et al. 2017). The
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Fig. 2. Prediction diagnostic model for differentiating NMOSD and MS
patients constructed with stepwise logistic regression (model 1). Eight
variables showing significant differences between three study groups and
between NMOSD and MS patients, age and gender were included in a
stepwise logistic regression analysis. The resulting best model contains
APOD_98_6520, IgG1_180_5400 and IgG2_176_4510. Circle on the plot shows
the optimal cut-off point of the ROC curve, which was selected based on
Youden index analysis. AUC, area under curve; MS, multiple sclerosis;
NMOSD, neuromyelitis optic spectrum disorder; ROC, receiver operating
characteristic. (This figure is available in black and white in print and in color
at Glycobiol).

serum protein, APOD, which physically associates with high-density
lipoprotein (HDL) fractions (Rassart et al. 2000), is also expressed in
the central and peripheral nervous systems to protect brains from
lipid peroxidation (Provost et al. 1991; Seguin et al. 1995). Of
note, APOD located in the brain is less glycosylated compared with
serum APOD (Li et al. 2016). We found that NMOSD patients have
decreased glycosylation levels in APOD compared with MS patients
as well as healthy controls. There are two N-glycosylation sites on
APOD at N65 and N98 (Schindler et al. 1995). The altered glycan
at N98 of APOD may have some physiological impacts on NMOSD,
likely acting on brain lesions to reduce oxidative stress.

In this pilot study, using an advanced mass spectrometry tech-
nique, we have investigated the site-specific glycan profiles of serum
proteins in MS, NMOSD and healthy controls. We have demon-
strated that site-specific glycan alterations are found in many serum
proteins in MS and NMOSD patients compared with healthy con-
trols; however, the biological functions of the altered site-specific
glycans on serum proteins have been rarely studied and is worthy of
further investigation. Our study has also shown the differences of site-
specific glycans on some serum proteins between MS and NMOSD.
The differential glycan profiles might serve as a building block for
new diagnostic biomarkers in MS and NMOSD. In the future, the
site-specific glycan profiles from larger study cohorts will be required
for building up a glycan library of these diseases.

Materials and methods

Participants

Serum samples from a previously described study cohort, which
contained 45 MS patients and 23 NMOSD patients, were analyzed
in this study (Ip et al. 2018). MS and NMOSD were identified
in accordance with McDonald’s criteria (Polman et al. 2005) and
Wingerchuk’s criteria (Wingerchuk et al. 2006), respectively. In brief,
all patient participants were at the remission phase of diseases and
most of them were under immuno-modulating therapies. The general
characteristics of the participating patients were summarized in the
previous study (Ip et al. 2018). Serum samples from six healthy adults
were served as controls. All participants had agreed and signed a
written informed consent form prior to participation. This study
protocol was approved by the Ethic Committee of the National
Taiwan University Hospital, Taipei, Taiwan (201308022RINB) and
Academia Sinica, Taipei, Taiwan (AS-IRB-BM13070).

Mass spectrometry and data analysis

The detail procedures for glycoproteomics and glycopeptides quan-
titation were previously described (Li et al. 2019). In brief, a 2-pL
aliquot of each sample was transferred to a 96-well plate. Samples
were firstly reduced with 2 pL of 450 mM dithiothreitol (DTT) at
60°C for 50 min followed by the alkylation with 2 pL of 550 mM
iodoacetamide (IAA) at room temperature in the dark for 30 min.
Another 2 pL of DTT were added and mixed with samples for 1 min
to quench the alkylation. The reduced serum samples then were
subjected to trypsin digestion by adding 4 pg of trypsin was added to
each sample and incubated in a water bath at 37°C for 18 h. Digested
samples were acidified with formic acid (FA) to a final concentration
of 1% and then subjected to liquid chromatography-mass spec-
trometry (LC-MS) for peptide separation and quantitation. Tryptic
digested serum samples were separated with an Agilent 1290 infinity
ultra-high-pressure liquid chromatography (UHPLC) system, using
an Agilent Eclipse plus C18 (RRHD 1.8 pm, 2.1 mm x 150 mm)
column coupled to an Agilent Eclipse plus C18 (RRHD 1.8 pm,
2.1 mm x 5 mm) guard column. A 70-min binary gradient was
used for separation, with solvent A of water containing 3% of
acetonitrile (ACN), 0.1% of FA and solvent B containing 90% of
ACN and 0.1% of FA. Mass spectrometry analysis was conducted on
an Agilent 6495 triple quadrupole (QqQ) mass spectrometer and the
scan mode of the instrument used was dMRM. The delta retention
time (AR) of peptides were 1 min and that of glycopeptides varied
from 1.5 to 2 min. The cycle time is 500 ms and 15 points were
collected for each transition. The resolution of the Agilent QqQ
system was set as 0.7 u at full width half maximum (FWHM). RT
of each glycopeptide was predicted based on the hydrophobicities of
its peptide backbone and mapped by analyzing the RTs of synthesized
peptide standards. The dMRM data were analyzed using Agilent
MassHunter Quantitative Analysis B.5.0 software. The representa-
tive MS/MS spectra of Hemopexin glycopeptides (Hemo_187_5402
and Hemo_187_5421) and IGgl glycopeptides (IgG1_3410 and
IgG1_4410) identified with Thermo Q Exactive-Orbitrap Mass spec-
trometer are provided (Supplementary Figures S2 and S3). The RT on
the LC, fragmentation and the annotated fragments are shown on the
spectra.

Statistical analysis

Data were natural log transformed to remove skewness and the
normality of each variable was examined by the use of Kolmogorov—
Smirnov test. Only normally distributed variables were tested with
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Table IV. Prediction models with forced-in variables

Model 2
OR (95% CI) Z-value P-value AUC of ROC  Optimal probability level ~ Sensitivity ~Specificity
APOD_98_6520 0.346 (0.105-1.011) —1.8668 0.0619 0.8667 0.5022 69.6% 93.3%
CO8B_243_6610 0.163 (0.041-0.49) —2.8480 0.0044
Age 1.034 (0.966-1.114) 0.9326 0.3505
Gender 3.609 (0.477-41.875) 1.1602 0.2460
Model 3
OR (95% CI) Z-value P-value AUC of ROC  Optimal probability level ~ Sensitivity ~Specificity
APOD_98_6520 0.348 (0.104-1.019) —1.8432 0.0653 0.8500 0.4527 80.0% 90.2%
CO8B_553_5402 0.233 (0.053-0.742) —2.2170 0.0266
Age 1.044 (0.971-1.131) 1.1440 0.2524
Gender 2.572(0.279-58.712) 0.7548 0.4504
Abbreviations: AUC, area under curve; CI, confidence interval; OR, odd ratio; ROC, receiver operating characteristic.
A B
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Variables: APOD_98_6520, CO8B_243_6610, age and gender

AUC 0.8667
Sensitivity 69.6%
Specificity 93.3%

Optimal probability level  0.5022

Variables: APOD_98_ 6520, CO8B_553_5402, age and gender

AUC 0.8500
Sensitivity 80.0%
Specificity 90.2%

Optimal probability level  0.4527

Fig. 3. Prediction diagnostic models for differentiating NMOSD and MS patients constructed with forced-in variables. A Variables in model 2 are APOD_98_6520,
CO8B_243_6610, age and gender. B Variables in model 3 are APOD_98_6520, CO8B_553_5402, age and gender. Circle on the plot shows the optimal threshold
point of the ROC curve selected based on Youden index analysis. AUC, area under curve; MS, multiple sclerosis; NMOSD, neuromyelitis optic spectrum disorder;
ROC, receiver operating characteristic. (This figure is available in black and white in print and in color at Glycobiol).

ANCOVA. ANCOVA controlled with age and gender as covariates
was used to measure differences among three study groups (MS vs.
NMOSD vs. healthy controls) and differences between two study
groups (MS vs. NMOSD, MS vs. healthy controls and NMOSD
vs. healthy controls). Correlations between variables were measured
by Pearson correlation coefficient. Disease predicted value of dif-
ferentially expressed glycans was tested with logistic regression and
receiver operating curve (ROC). Prediction models were calculated
with stepwise logistic regression or with forced-in multivariate logis-
tic regression. The cut-off value having the largest Youden index
(sensitivity-specificity-1) was selected as the optimal cut-off of the

ROC analysis. Statistical analysis was performed using SAS software
(v.9.4) and Graphpad Prism software. The P-value <0.05 was con-
sidered significant different.

Supplementary data

Supplementary data are available at Glycobiology online.
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