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ABSTRACT

Consumption of boiled crayfish may lead to Haff disease (HD), which is considered to result from an
unidentified toxin, although the etiology is still obscure. Profiling of the N-glycome in HD would assist
in deciphering the underlying molecular mechanism of the disease, whereas HD-associated glycosylation
has never been explored. Herein, we enrolled 90 serum samples with HD patients and healthy controls
from the Wuhan Center for Disease Control & Prevention between 2019 and 2020. N-glycome profiles
of both serum and serum-derived immunoglobulin G (IgG) in HD were characterized by means of
high-throughput-based orthogonal mass spectrometry. It was observed that HD is associated with an
increase in the core fucosylation and mono-galactosylation of total serum glycoproteins. The serum level
of IgG was found to serve as a good indicator for HD patients. In addition, differential galactosylation and
sialylation of IgG were strongly correlated with HD. It was notable that the changes in the galactosylation
and sialylation of [gG1 and IgG2 were subclass specific. Interestingly, altered sialylation and galactosyla-
tion of IgG2 or IgG3/4 strongly correlated with clinical markers for HD. Our study reveals the association
of differential IgG N-glycosylation with HD, providing new insight into the etiology of this rare disease.

© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Haff disease (HD) is an unexplained syndrome of myalgia and
rhabdomyolysis occurring within 24 h after the consumption of
cooked seafood [1]. HD was first discovered near the Baltic Sea in
1924, and the number of patients has increased with an upward
trend [2]. Recently, this disease has spread in an increasing number
of countries and regions, including Japan [3] and China [4]. In gen-
eral, the consumption of boiled seafood, such as crayfish, is the pri-
mary cause of HD [5]. More specifically, the accepted view of the
cause of HD is that an unidentified heat-stable toxin targets the
transverse muscle upon entering the body, resulting in rhabdomyo-
lysis, which is accompanied by the release of creatine kinase (CK)
and other muscle cell enzymes. However, after more than 70 years
of investigation and research, we still know very little about the
pathogenic mechanism or etiology of HD. Given the gradual spread
of the disease and the difficulty of preventing and monitoring it,
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there is a need to explore its potential molecular mechanisms for
the future diagnosis and treatment of HD.

The common symptoms in HD patients are myalgia and rhab-
domyolysis, and HD’s clinical manifestations include abnormal
renal function, multi-organ failure, and prolonged myopathy [6].
Many studies have reported the vital role of protein glycosylation
in the pathogenesis of muscle diseases [7]. In addition, organ dam-
age is associated with glycosylation changes, and abnormal glycan
structures in the circulation can be detected and serve as a biomar-
ker for disease monitoring [8]. Indeed, the glycan composition also
affects kidney function in health and disease [9], although the rela-
tionship between alterations in glycosylation and the development
of HD is unknown. Understanding the glycosylation change that
occurs in HD can reveal the potential molecular mechanisms of
disease and mine possible disease markers.

Glycosylation of total serum glycoproteins was found to be
strongly associated with inflammatory response and disease pro-
gression, revealing the potential value of N-glycans for disease
stratification [10]. Significantly, further characterization of the gly-
come profile of a target glycoprotein can improve diagnostic perfor-
mance and increase our understanding of the fundamental roles
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played by glycoconjugates in nearly all aspects of physiology and
pathophysiology [11-13]. Given that HD is likely to be an acute dis-
ease caused by food toxins [14], we speculated that it is associated
with the immune regulatory response in this disease development.
Hence, the full immunological profile was characterized, including
two complement components (C3 and C4) and three principal
immunoglobulins (IgG, IgA, and IgM). It is notable that IgG pos-
sesses the ability to neutralize pathogens or toxins [15]. In addition,
as the most abundant glycoprotein in the serum, IgG is involved in
the body’s adaptive immune response and immune regulation [16].
IgG glycosylation is involved in the modulation of the inflammatory
response and is strongly correlated with disease progression [17].
An in-depth mapping of the IgG glycome in HD would reveal the
immunological profile of this rare disease, providing a new clue to
the underlying molecular mechanism.

In fact, IgG has four subclasses—IgG1, I1gG2, 1gG3, and IgG4—
each of which has a unique profile and different effector functions.
IgG1 demonstrates the highest affinity for all Fcy receptors (FcyRs)
and is a potent activator of antibody-dependent cellular cytotoxic-
ity (ADCC) and antibody-dependent cellular phagocytosis (ADCP)
[18].1gG2 has a high affinity for the H131 form of FcyRIIA but weak
affinity for other FcyRs. IgG2 plays an important role in the defense
against certain bacterial infections [19]. Being a potent proinflam-
matory antibody, I[gG3 demonstrates a high affinity for most FcyRs
and may restrict excessive inflammatory responses due to its
shorter half-life. IgG4 only has a high affinity for FcyRI and has
weak affinity for all other receptors; thus, it represents the domi-
nant antibody subclass following repeated or long-term exposure
to an antigen in a non-infectious setting or in immune responses
to therapeutic proteins [20]. Due to the distinct functions of differ-
ent IgG subclasses, we considered it necessary to further character-
ize the subclass-specific IgG N-glycome profile in HD patients.

In this study, we performed a comparative study by mapping
the immunological profile and N-glycome at different levels, with
the aim of revealing the pathogenic mechanism of HD caused by
crayfish and providing a potential marker for HD detection or mon-
itoring. For the global profiling of potential serological indicators in
HD, the serum N-glycome from HD patients and normal individu-
als was analyzed by means of high-throughput matrix-assisted
laser desorption ionization (MALDI) time-of-flight (TOF) mass
spectrometry (MALDI-TOF-MS; AB SCIEX, Canada). Furthermore,
the levels of five immunological proteins were measured using
commercial assays. Considering the significant difference in IgG
concentrations between healthy controls (HC) and HD, the IgG N-
glycome—including the total IgG glycome and subclass-specific
IgG glycosylation—was further investigated. This study reveals
the strong correlation between HD and glycosylation changes,
especially for IgG N-glycosylation, providing a novel insight into
the etiology of this rare disease.

2. Materials and methods
2.1. Study populations

Samples were donated from the Wuhan Center for Disease Con-
trol & Prevention. The samples were collected from individuals
who had developed symptoms of HD after eating crayfish. Simulta-
neously, we collected serum samples from healthy people whose
age and sex matched those of the HD patients. The participants
were aware of the follow-up experimental study and signed the
relevant informed material. The study was carried out in accor-
dance with the Helsinki Declaration of 1975, and all the experimen-
tal content was approved by the Professional Ethics Committee of
Huazhong University of Science and Technology and the Wuhan
Center for Disease Control & Prevention. Detailed sample informa-
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tion is listed in Table 1. Serological tests of five common markers
for HD showed probably significant alterations in aspartate amino
transferase (AST), alanine aminotransferase (ALT), CK, and lactate
dehydrogenase (LDH).

2.2. Measurement of five immunological indicators

Human IgG, IgA, IgM, complement component 3 (C3), and com-
plement component 5 (C5) quantitation kits were purchased from
Roche Diagnostics (Indianapolis, USA). Serum concentrations of
these immunological indicators, including IgG, IgA, IgM, C3, and
C5, were analyzed using an immunoturbidimetric assay via an
autoanalyzer (TBA-30FR; Toshiba, Japan) according to the manu-
facturer’s instructions.

2.3. IgG purification and desalting

A commercial Hitrap Protein G (GE Healthcare, USA) pre-packed
column was used to isolate IgG from serum via affinity chromatog-
raphy by means of an AKTA prime plus purifier system (GE
Healthcare). In brief, serum samples (50 pL) were diluted with
loading buffer and filtered through a syringe filter prior to injecting
into the column. Subsequently, neutralizing buffer was added to
the purified fractions to keep the IgG fractions stable. Next, the
protein solution was desalted using a desalting column (GE Health-
care) and then lyophilized under a vacuum. It should be noted that,
in order to prevent a batch effect from being generated during the
batch processing, all samples were randomly selected. The abun-
dance of each sample was obtained throughout the process via a
detector. In addition, the purity of the collected fractions was elu-
cidated by means of sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE).

2.4. N-glycan release and derivatization

N-glycans from human serum or serum-derived IgG were
released by means of peptide-N-glycosidase F (PNGaseF) digestion
using Protein Deglycosylation Mix II (New England Biolabs, USA),
followed by separation and purification of the glycans through
solid-phase extraction (SPE) as described previously [21]. In brief,
10 pL of serum and IgG fractions were dissolved in ultra-purified

Table 1
Clinical characteristics of the demographic information in this study.
Clinical characteristic Normal HD P
(N = 46) (N =44) value

Age (years), median (IQR) 34 (30, 37) 34 (30, 40) 0.23

Gender (male) (proportion) 18 (39.1%) 14 (31.8%) 0.47

Symptom (proportion)
Weakness — 15 (34.1%) —
Myalgia — 32 (72.7%) —
Nausea — 6 (13.6%) —
Abdominal pain — 7 (15.9%) —
Diarrhea — 4 (9.1%) —
Chest pain - 9 (20.5%) -
Dyspnea — 10 (22.7%) —
Back or body pain - 26 (59.1%) -
Hematuria - 0 -
Neuron numbness - 3 (6.8%) -

Serological test, median (IQR)
AST (U.L™1) 0-40 91.0 (60.0, 99.5) -
ALT (U.L™1) 0-40 39.0 (29.0,110.0) —
CK (U-L™) 18-198 3660.0 (1664.5, -

13749.8)

LDH (U-L) 101-245 193.0(174.0,227.0) —
Creatinine (pumol.L™") 44-133 47.0 (38.7, 60.4) -

IQR: inter-quartile range; AST: aspartate amino transferase; ALT: alanine amino-
transferase; LDH: lactate dehydrogenase; U: unit.
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water to reach a volume of 94 pL. An additional 3.6 pL of PNGaseF
buffer and 2.4 puL of denaturing buffer were sequentially added to
the mixture. After the mixture was denatured in a Thermo-Shaker
(Ningbo Hinotek Technology Co., Ltd., China) and cooled to room
temperature, 12 pL of Nonidet P-40 (NP-40) was added, followed
by the addition of 5 units of PNGaseF. After incubation at 37 °C
overnight, the glycans were captured by means of porous graphi-
tized carbon (PGC)-based (Sigma-Aldrich, USA) SPE and were then
further concentrated under a vacuum concentrator (Eppendorf,
Germany). To avoid the loss of sialic acid during the MALDI-TOF-
MS test, the glycans were derivatized with methylamidation
according to our previous study [22]. In brief, the sample was dis-
solved in 25 pL of dimethyl sulfoxide (DMSO; Sigma-Aldrich) con-
taining 1 mol-L~! methylamine hydrochloride and 0.5 mol-L™! N-
methylmorpholine, followed by the addition of 25 pL of DMSO
containing 50 mmol-L™! (7-azabenzotriazol-1-yloxy)tris-pyrroli-
dino-phosphonium  hexa-fluorophosphate  (PyAOP;  Sigma-
Aldrich). The mixture was incubated at room temperature for
30 min. Then, the derivatized glycans were purified through micro-
crystalline cellulose (MCC)-based (Sigma-Aldrich) SPE following
procedures in the previous literature [23].

2.5. IgG glycopeptides enrichment

Based on the methods in our recent report [24], IgG glycopep-
tides were obtained by tryptic digestion followed by glycopeptide
enrichment via MCC-based SPE. The dried IgG was dissolved in
100 pL of freshly made 50 mmol-L™! ammonium bicarbonate and
was then denatured in Thermo-Shaker. Following the addition of
trypsin to the enzyme with a ratio of 1:50, the mixture was incu-
bated at 37 °C overnight. Before loading the samples to the MCC
cartridge, the SPE tubes (BonnaAgela Technologies Inc., China)
were pre-washed with 3 mL of ultra-pure water (Rephile
Bioscience, USA) and equilibrated with the same volume of 80%
acetonitrile (ACN; Merck KGaA, Germany) containing 0.1% trifluo-
roacetic acid (TFA; Sigma-Aldrich). The glycopeptides were eluted
with 1 mL of ultra-pure water and concentrated by evaporation;
they were then stored at -20 °C until use.

2.6. MALDI-TOF-MS analysis

After the serum and IgG-derived N-glycans were purified by
means of SPE, the glycome spectrum of each sample was analyzed
using 5800 MALDI-TOF-MS. Except for the mass-to-charge ratio
(m/z), a similar scheme was conducted as described previously
[21]. In brief, the sample was dissolved in 50% ACN, one tenth of
which was added to the MALDI plate. After air drying, an equal
amount of 10 mgmL~' 2,5-dihydroxybenzoic acid (Sigma-
Aldrich) containing 50 mmol-L™! sodium acetate (Sigma-Aldrich)
was added to the sample. The range of m/z was set at 1000-3000
and 1000-4500 for IgG and serum N-glycans, respectively. A total
of 1000 laser shots were applied to each sample spot. The data
were acquired in the positive ion reflector mode using a 5800
MALDI-TOF-MS (AB Sciex). To overcome the batch effect, all sam-
ples were randomly spotted onto the plate in triplicate. Glycan
structures were assigned with the aid of the glycobioinformatics
tool GlycoMod and the published literature [25-27]. The N-
glycan structures were also confirmed by PGC combined with
nanoflow liquid chromatography (nano-LC)-electrospray ioniza-
tion (ESI)-tandem mass spectrometry (PGC-nano-LC-ESI-MS/MS)
[21,22]. All the glycan structures were visualized using
GlycoWorkBench 2.1 software.
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2.7. Nano-LC-ESI-MS/MS analysis

Considering the importance of the glycoproteomic analysis of
IgG in disease [28], liquid chromatography-mass spectrometry
(LC-MS) was further used to analyze the subclass-specific IgG gly-
cosylation in HD. To avoid the batch effect, all clinical samples
were randomly injected in triplicate. Detailed information about
the glycopeptide analysis is described in a previous study [24].
Separation was achieved on a NanoLC Ultra System (Agilent
Technologies, USA) using a trap column (Beijing Proteomics Front,
China) and analytical column (Beijing Proteomics Front), with C18
as the stationary phase. The glycopeptides were eluted with a
linear gradient of 5% ACN/0.1% TFA in water (Buffer A) and 5%
water/0.1% TFA in ACN (Buffer B) at a flow rate of 2.0 and
0.3 pL-min~! for the loading pump and gradient pump, respec-
tively. EIS-mass spectrometry (ESI-MS) and collision-induced dis-
sociation tandem mass spectrometry (CID MS/MS) analysis were
performed in the positive ion and high-sensitivity mode with a tri-
ple TOF 5600 system (AB Sciex). MS data were collected in infor-
mation dependent acquisition (IDA) mode.

2.8. Data processing and statistics

The mass spectrometry raw glycomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD033345. The data from
MALDI-TOF-MS and LC-MS were preprocessed via Data Explorer
and PeakView software, respectively, and exported with txt forms.
With the self-developed code in matrix laboratory (MATLAB) solu-
tion, all exported MS data can be processed automatically and
rapidly, as well as being integrated for subsequent statistical anal-
ysis. The MALDI-TOF-MS data were processed by Mass Master [29],
and the LC-MS data were processed by AreaProportion_Simple
[24]. The significant difference in the serum IgG concentration
and glycan profile between the HC and HD patients was examined
using the Mann-Whitney U test. False discovery rate (FDR) was
controlled using the Benjamini—-Hochberg procedure with the
FDR set to 0.05 [30], and an adjusted P value of less than 0.05
was considered to be significantly different. Subsequently, for the
significantly different variables, a receiver operating characteristic
(ROC) analysis was performed to evaluate the diagnostic perfor-
mance. Through orthogonal projections to latent structures dis-
criminant analysis (OPLS-DA), we also tested the contribution
rate of different types of glycosylation to the development of HD.
The Mann-Whitney U test and ROC analysis were conducted using
GraphPad Prism 8; OPLS-DA was performed via SIMCA 13.0.

3. Results
3.1. Serological test of five immunological indicators

We observed that all the immunological indicators were
decreased in HD patients compared with HC (Fig. 1(a)), especially
C3, IgG, and IgM, suggesting inhibition of the humoral immune
system in HD. The ROC analysis showed that the IgG concentration
had a moderately accurate area under the curve (AUC) score of 0.71
for differentiating HD from HC, with a sensitivity of 60.5% and a
specificity of 72.0% (Fig. 1(b)), demonstrating the great importance
of IgG concentration in this disease.

3.2. Characterization of the N-glycome profile from serum and IgG

The schematic workflow of the glycome study is illustrated in
Fig. 2. 1gG was isolated from the serum of HC and HD using a Pro-
tein G column by means of affinity chromatography (Figs. S1(a)—(c)
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Fig. 1. Evaluation of serological criteria for the differentiation of HD patients from HC. (a) Scatter plot of the serum levels of five immunological indicators in HC and HD; (b)
diagnostic performance of those indicators for the diagnosis of HD patients. The Mann-Whitney U test followed by Benjamini-Hochberg multiple tests correction were

performed, with *P < 0.05 and ***P < 0.005. NS: no significance.
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in Appendix A) and desalted using a size exclusion chromatograph
(Figs. S1(d) in Appendix A). The purity of the IgG fractions was elu-
cidated by SDS-PAGE (Fig. S1(e) in Appendix A). To prevent the loss
of sialic acid contained in the sialylated glycans during the analysis
of MALDI-TOF-MS, methylamidation of the carboxyl group was
first performed. To evaluate the repeatability and robustness of
this method, quality control was conducted interday and intraday
by randomly analyzing three normal serum samples, revealing the
coefficient variances (CVs) of the six major N-glycans to be less
than 20% (Fig. S2 in Appendix A). The representative MALDI-TOF-
MS spectra or base peak chromatograms (BPCs) of normal and
HD patients are presented in Fig. 3. We identified a total of 55
serum glycans, including 54 N-glycans listed in Table S1 in Appen-
dix A and one unusual sialylated glycan (H3N3S1). The results are
consistent with Refs. [10,25,31], covering all the typical glycan fea-
tures including high-mannose, complex-, and hybrid-type compo-
sitions. In addition, 28 IgG N-glycans (Table S2 in Appendix A) and
47 IgG glycopeptides (Table S3 in Appendix A) were identified as
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described previously [21,24]. The glycan-derived traits were calcu-
lated by grouping together the compositions with similar glycan
structures (Tables S4-S6 in Appendix A), including high mannosy-
lation (Man), bisecting N-acetylglucosamine (B), fucosylation (F),
galactosylation (G), and sialylation (S).

3.3. Association between serum N-glycosylation and the development
of HD

We analyzed the differential glycosylation in HD patients from
two perspectives: glycan features and individual glycan. In terms
of glycan features, statistical analysis showed that two different
types of serum N-glycosylation changed significantly in HD
patients (Fig. 4(a) and Table S7 in Appendix A). More specifically,
total fucosylation (F total) and mono-galactosylation (G1) were
obviously increased in the disease compared with the HC. Further
analysis revealed the uninformatic value (AUC < 0.70) of these two
glycosylation types for the prediction of HD, although their AUC
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Fig. 3. Representative N-glycome profile of serum, IgG, and subclass-specific IgG from HC and individuals with HD. (a) Representative MALDI-TOF-MS spectra of serum N-
glycans from HC and HD; (b) representative MALDI-TOF-MS spectra of IgG N-glycans from HC and HD; (c) representative nano-LC-ESI-MS/MS BPC of subclass-specific IgG N-

glycans in HC or HD.

scores were close to being sufficient for diagnosis (Fig. 4 (b)). To
explore potential glycan indicators for this disease, we analyzed
the individual glycan profile in HD, and found that none of the
N-glycans were significantly different between HD and HC. How-
ever, the differential expression in HD patients of the glycan com-
positions of H3N3S1, H4N5F1, and H5N4S2 indicate that these may
play an important role in HD progression (Table S8 and Fig. S3 in
Appendix A), warranting further investigation into the serum N-
glycome in HD cohorts.
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3.4. IgG N-glycome in HD

As shown in Fig. 5(a) and Fig. S4 in Appendix A, neutral bisec-
tion (B neutral) was significantly increased in HD, while there
was a slight difference in sialylated bisection or total bisection
between HC and HD. In addition, IgG total agalactosylation (GO
total) was markedly increased in HD, while galactosylation was
decreased. IgG sialylation was decreased in HD compared with
the HC, especially for total mono-sialylation (S1 total). Further
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Fig. 4. Glycosylation level of the serum N-glycome in HC and HD. Each scatter represents the individual sample. The Mann-Whitney U test followed by Benjamini-Hochberg
multiple tests correction were performed, with *P < 0.05. F total: total fucosylation; G1: mono-galactosylation.
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Fig. 5. Glycosylation level of the IgG N-glycome in HC and HD. (a) Box plot of three significantly changed IgG glycan features with the comparison between HC and HD;
(b) diagnostic performance of N-glycan compositions for HD. The Mann-Whitney U test followed by Benjamini-Hochberg multiple tests correction were performed, with
***P < 0.005. B neutral: neutral bisection; GO total: total agalactosylation; S1 total: total mono-sialylation.
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ROC analysis showed moderately accurate AUC scores for B neu-
tral, GO total, and S1 total (Fig. 5(b)). These findings may be
reflected by further analysis of individual IgG N-glycans (Table S9
in Appendix A), showing significantly changed neutral bisected
N-glycans, agalactosylated N-glycans, and mono-sialylated N-
glycans in HD.

3.5. Subclass-specific IgG glycosylation in HD

We classified the structures of IgG glycopeptides in different
subclasses and calculated the change in different glycosylation in
HD (Table 2). Sialylation (S) of IgG1 was distinctly increased in
HD. Moreover, sialylation per antenna on diantennary glycans
(A2S) was also significantly increased in the patients, demonstrat-
ing the importance of sialylation in the disease pathogenesis. Con-
currently, we observed that sialylation (S) of IgG1 was markedly
increased in HD. In addition, sialylation (S) of IgG2 was markedly
increased in HD, particularly for sialylation per galactose on
diantennary glycans (A2GS), indicating that the changes in sialic
acid were independent of the effect of galactose. Because sialyla-
tion (S) of the total IgG N-glycome showed a gentle decrease in
HD patients compared with the HC, we consider that this change
may be subclass-specific. Total monogalactosylated glycans (G1
total) and total agalactosylated glycans (GO total) of 1gG3/4 were
significantly increased and decreased in HD, respectively. In addi-
tion, biantennary fucosylated galactosylation (A2FG) of IgG3/4
showed overexpression, suggesting a strong correlation between
IgG galactosylation and HD.

Engineering 26 (2023) 63-73

3.6. Correlation between levels of serological markers and N-
glycosylation levels

Notably, we observed that the alterations in the levels of AST
and ALT were strongly correlated with the glycosylation changes
of subclass-specific IgG N-glycosylation (Table 3 and Fig. S5 in
Appendix A). More specifically, sialylation (S) of IgG2 was posi-
tively correlated with AST (r = 0.72, P = 0.0439). Galactosylation
per antenna on diantennary glycans (A2G, r = 0.80, P = 0.0314)
and digalactosylation (G2, r = 0.81, P = 0.0275) of IgG2 were posi-
tively correlated with ALT, while agalactosylation (GO) of IgG2 was
negatively correlated with ALT (r = -0.78, P = 0.0396). In addition,
the G2 (r = 0.89, P = 0.0079) and A2FG (r = 0.90, P = 0.0051) of
IgG3/4 were positively correlated with ALT.

4. Discussion

In this study, the underlying mechanism of HD was deciphered
at the N-glycome level for the first time. Moreover, the full
immunological profile of HD was characterized by measuring five
immune proteins in serum. As the most abundant glycoprotein in
serum, IgG was found to be significantly changed in HD and possi-
bly serves as a marker for disease progression. Given the crucial
role of IgG in adaptive immunology, our data may demonstrate
the immune responses in HD development. Importantly, the effec-
tor functions of IgG are different in different subclasses and are
regulated by the attached glycans [32], warranting the investiga-
tion of the IgG N-glycome in this disease. Glycans are involved in
almost all fundamental molecular and cellular processes in

Table 2
Relative intensity of subclass-specific derived traits of IgG N-glycans in the comparison between HC and HD patients.
Glycan features HC HD
Mean + SD Mean * SD 95% ClI P Pagj

IgG1
GO 25.80 +9.19 23.23 +8.27 -1.220, 6.340 0.180 0.230
G1 42.86 + 6.66 42.15 £ 6.45 -2.130, 3.540 0.620 0.620
G2 31.34+11.94 34.61 +9.91 -8.040, 1.490 0.176 0.230
S 10.72 + 6.49 14.40 + 8.15 -6.840, -0.520 0.023 0.110
B 15.76 + 5.60 18.29 £7.31 -5.380, 0.310 0.079 0.180
F 90.22 + 5.52 88.78 + 4.92 -0.830, 3.700 0.210 0.240
A2G 52.22 +10.22 55.21 + 8.48 -7.070, 1.090 0.149 0.230
A2S 532 +3.24 7.13 £4.05 -3.380, 0.230 0.025 0.110
A2GS 0.10 £ 0.06 0.13 £ 0.06 -0.050, 0.003 0.081 0.180

1gG2
GO 31.83 +8.43 31.01 £ 7.76 -2.690, 4.330 0.642 0.640
G1 43.02 + 3.00 41.96 + 4.35 -0.540, 2.660 0.190 0.437
G2 25.15 + 8.68 27.04 + 8.22 -5.540, 1.770 0310 0.465
S 1449 £ 6.29 17.10 £+ 5.34 -5.150, -0.080 0.440 0.495
B 1334 £3.10 12.54 £ 3.16 -0.550, 2.150 0.243 0.437
F 97.49 + 1.52 97.01 + 2.00 -0.280, 1.240 0.216 0.437
A2G 46.04 + 8.44 47.44 + 7.66 -4.890, 2.100 0.428 0.495
A2S 7.54 £ 3.19 9.08 £ 2.87 -2.860, -0.230 0.022 0.099
A2GS 0.16 £ 0.05 0.19 £ 0.04 -0.050, -0.010 0.004 0.036

IgG 3/4
GO 43.02 + 11.91 34.72 + 14.32 2.640, 13.960 0.005 0.020
G1 27.93 +8.35 35.16 £ 13.72 -12.230, -2.23 0.005 0.020
G2 29.05 + 10.77 30.12 £ 12.13 -6.010, 3.870 0.667 0.889
S 10.24 £ 5.97 1038 £5.24 -2.580, 2.290 0.905 0.905
A2FB 18.80 £ 5.50 16.43 £ 8.91 -0.790, 5.530 0.139 0.371
A2FG 43.01 + 10.56 47.70 + 11.36 -9.420, 0.040 0.052 0.832
A2FS 5.12 +2.99 5.19 £ 2.62 -1.290, 1.150 0.905 0.905
A2FGS 0.12 £ 0.05 0.11 £ 0.04 -0.010, 0.030 0.496 0.832

P,qi: adjusted P value; SD: standard deviation; CI: confidence interval; GO: agalactosylated glycans; G1: monogalactosylated glycans; G2: digalactosylated glycans;
A2G: galactosylation per antenna on diantennary glycans; A2S: sialylation per antenna on diantennary glycans; A2GS: sialylation per galactose on diantennary glycans;
A2FG: biantennary fucosylated galactosylation; A2FB: bisection of fucosylated diantennary glycans; A2FS: sialylation per antenna on fucosylated diantennary glycans;

A2FGS: sialylation per galactose on fucosylated diantennary glycans.
Significant difference is in bold.
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Table 3
Pearson correlation of IgG glycosylation with common serological markers for HD.
Variables AST ALT CK LDH Creatinine
r 95% CI R>  Pvalue r 95% Cl R®> Pvalue r 95% Cl R>  Pvalue r 95% Cl R>  Pvalue r 95% CI R?>  Pvalue
Total IgG N-glycosylation
F total -0.03 -0.6495, 0.6089 0 09270 0.17 -0.5546,0.7510 0.03 0.6560 0.18 -0.4136,0.6638 0.03 0.561 0.16 -0.4877,0.6925 0.03 0.642 -0.30 -0.7479,0.3260 0.09 0.3350
F neutral -0.16 -0.7170,0.5228 0.03 0.6600 -0.23 -0.7749,0.5138 0.05 0.5550 -0.11 -0.6203,0.4731 0.01 0732 0.11 -0.5279,0.6633 0.01 0.758 0.16 -0.4584,0.6703 0.02 0.6270
F sialo -0.03 -0.6472,0.6114 0 09350 0.27 -0.4807,0.7919 0.07 0.4830 0.09 -0.4888,0.6076 0.01 0.782 028 -0.3809, 0.7552 0.08 0.398 -0.28 -0.7381,0.3456 0.08 0.3700
B total -0.06 -0.6665, 0.5897 0 0.8620 -0.38 -0.8339,0.3796 0.14 0.3130 -0.05 -0.5869, 0.5129 0 0.863 -0.19 -0.7074, 0.4652 0.03 0.582 030 -0.3274,0.7473 0.09 0.3370
B neutral -0.07 -0.6675,0.5885 0 0.8580 -0.36 -0.8270,0.3983 0.13 0.3390 -0.13 -0.6384, 0.4495 0.02 0.660 -0.18 -0.7020, 0.4735 0.03 0.604 0.29 -0.3373,0.7423 0.09 0.3550
B sialo -0.28 -0.7729,0.4252 0.08 0.4350 -0.44 -0.8533,0.3205 0.19 0.2400 -0.04 -0.5785,0.5223 0 0.896 -0.10 -0.6598,0.5323 0.01 0.772 030 -0.3323,0.7448 0.09 0.3460
GO total -0.27 -0.7702, 0.4307 0.07 0.4460 -0.34 -0.8189,0.4192 0.12 03720 045 -0.1294,0.8039 021 0.119 -0.01 -0.6075,0.5921 O 0972 -0.08 -0.6275,0.5149 0.01 0.7960
G1 total 0.13 -0.5427,0.7032 0.02 0.7160 0.19 -0.5448,0.7571 0.03 0.6300 0.25 -0.3467,0.7054 0.06 0.405 0.23 -0.4261,0.7310 0.05 0490 -0.38 -0.7820,0.2506 0.14 0.2260
G2 total 036 -0.3495,0.8064 0.13 0.3080 0.65 -0.0290,0.9172 0.42 0.0593 -0.18 -0.6677,0.4079 0.03 0546 0.23 -0.4277,0.7301 0.05 0493 -0.16 -0.6707,0.4579 0.02 0.6250
S total -0.04 -0.6533,0.6047 0 09120 -0.10 -0.7150,0.6062 0.01 0.8040 -0.30 -0.7311,0.2991 0.09 0.317 -0.16 -0.6909, 0.4902 0.02 0.648 031 -0.3201,0.7508 0.10 0.3250
S1total -0.01 -0.6360,0.6231 0 09770 -0.07 -0.6992,0.6259 0 0.8670 -0.30 -0.7304,0.3004 0.09 0319 -0.04 -0.6260,0.5724 0 0.903 0.42 -0.2030,0.8008 0.18 0.1740
S2 total -0.06 -0.6632,0.5936 0 08750 -0.11 -0.7214,0.5979 0.01 0.7780 -0.29 -0.7235,0.3137 0.08 0.342 -0.29 -0.7601, 0.3709 0.09 0.379 0.13 -0.4771,0.6569 0.02 0.6800
IgG1 N-glycosylation
GO -0.31 -0.8321,0.5066 0.09 0.4580 -0.62 -0.9360,0.2501 0.38 0.1380 0.23 -0.4297,0.7289 0.05 0.498 -0.32 -0.8130, 0.4338 0.10 0.396 0.11 -0.5610,0.6897 0.01 0.7700
G1 -0.39 -0.8596,0.4310 0.15 0.3350 -0.47 -0.9024,0.4420 022 02920 0.38 -0.2836,0.7984 0.15 0.248 044 -0.3154,0.8548 0.19 0.235 0.14 -0.5393,0.7056 0.02 0.7060
G2 0.46 -0.3631,0.8793 0.21 0.2530 0.74 -0.0350,0.9583 0.54 0.0585 -0.40 -0.8045,0.2680 0.16 0.229 -0.06 -0.6938,0.6321 0 0.888 -0.16 -0.7188,0.5200 0.03 0.6530
S 0.44 -0.3801,0.8747 0.20 0.2710 0.61 -0.2700,0.9333 037 0.1490 -0.08 -0.6461,0.5493 0.01 0.825 -0.24 -0.7778,0.5084 0.06 0.543 0.04 -0.6072,0.6510 0O 0.9210
B -0.12 -0.7614, 0.6372 0.02 0.7730 -0.25 -0.8441,0.6197 0.06 0.5890 0.17 -0.4806,0.6973 0.03 0.622 0.24 -0.5030,0.7806 0.06 0.531 0.02 -0.6183,0.6407 0 0.9600
F 0.13 -0.6327,0.7646 0.02 0.7590 -0.30 -0.8585,0.5864 0.09 0.5160 0.24 -0.4193,0.7348 0.06 0475 0.22 -0.5218,0.7705 0.05 0.574 0.23 -0.4663,0.7514 0.05 0.5210
A2G 0.40 -0.4272,0.8608 0.16 0.3300 0.71 -0.0957,0.9530 0.50 0.0748 -0.34 -0.7803,0.3273 0.12 0308 0.10 -0.6035,0.7171 0.01 0.796 -0.14 -0.7058,0.5391 0.02 0.7060
A2S 0.42 -0.3995,0.8692 0.18 0.2940 0.61 -0.2661,0.9338 0.37 0.1470 -0.08 -0.6482,0.5467 0.01 0.817 -0.23 -0.7744,0.5146 0.05 0.557 0.04 -0.6044, 0.6536 0 0.9110
A2GS 0.24 -0.5564,0.8094 0.06 0.5610 0.42 -0.4840,0.8920 0.18 0.3440 0 -0.5988, 0.6009 0 0996 -0.34 -0.8186,0.4200 0.11 0.373 0.14 -0.5379,0.7066 0.02 0.7020
IgG2 N-glycosylation
GO -0.62 -0.9219,0.1504 0.38 0.1010 -0.78 -0.9654,-0.0593 0.60 0.0396 0.24 -0.4229,0.7328 0.06 0.483 -0.23 -0.7742,0.5150 0.05 0.558 0.33 -0.3816,0.7931 0.11 0.3570
G1 -0.14 -0.7703, 0.6243 0.02 0.7350 -0.54 -0.9197,0.3565 0.29 0.2090 0.47 -0.1838,0.8337 0.22 0.147 0.05 -0.6328,0.6933 0 0.890 0.24 -0.4596, 0.7551 0.06 0.5060
G2 0.57 -0.2241,0.9096 0.33 0.1400 0.81 0.1435, 0.9707 0.65 0.0275 -0.33 -0.7778,0.3330 0.11 0316 0.17 -0.5539,0.7515 0.03 0.654 -0.33 -0.7950,0.3770 0.11 0.3500
S 0.72 0.0318,0.9452 0.52 0.0439 0.59 -0.2996,0.9290 0.34 0.1670 -0.08 -0.6463,0.5491 0.01 0.825 034 -0.4189,0.8190 0.12 0371 -030 -0.7820,0.4062 0.09 0.3990
B -0.34 -0.8421,0.4814 0.11 0.4130 -0.54 -0.9200, 0.3549 030 0.2070 -0.04 -0.6234,0.5752 0 0913 -030 -0.8046,0.4532 0.09 0430 -035 -0.8039,0.3559 0.12 0.3170
F 0.16 -0.6146,0.7766 0.03 0.7070 -0.23 -0.8393,0.6299 0.05 0.6130 047 -0.1791,0.8351 022 0.143 035 -0.4129,0.8214 0.12 0362 -0.28 -0.7722,0.4266 0.08 0.4380
A2G 0.60 -0.1852,0.9163 0.36 0.1180 0.80 0.1134, 0.9689 0.64 0.0314 -0.29 -0.7577,0.3757 0.08 0.388 0.20 -0.5329,0.7642 0.04 0.600 -0.33 -0.7945,0.3783 0.11 0.3520
A2S 0.65 -0.1002,0.9292 0.42 0.0808 0.60 -0.2803,0.9318 0.36 0.1550 -0.31 -0.7677,0.3551 0.10 0352 0.07 -0.6216,0.7027 0.01 0.853 -0.04 -0.6514, 0.6068 0 0.9190
A2GS 0.55 -0.2577,0.9032 0.30 0.1610 0.33 -0.5609,0.8682 0.11 0.4660 -0.23 -0.7288,0.4299 0.05 0.498 -0.03 -0.6793,0.6484 0 0.944 0.25 -0.4533,0.7585 0.06 0.4920
1gG3/4 N-glycosylation
GO -0.25 -0.8125,0.5503 0.06 0.5470 -0.63 -0.9388,0.2277 0.40 0.1260 0.22 -0.4381,0.7240 0.05 0.517 -0.12 -0.7253,0.5925 0.01 0.762 0.27 -0.4320,0.7696 0.07 0.4480
G1 -0.11 -0.7546, 0.6466 0.01 0.8010 -0.19 -0.8261,0.6551 0.04 0.6780 -0.04 -0.6239,0.5747 0O 0911 -0.20 -0.7644,0.5325 0.04 0.599 0.26 -0.4460, 0.7624 0.07 0.4760
G2 039 -0.4364,0.8579 0.15 0.3430 0.89 0.3998, 0.9831 0.79 0.0079 -0.18 -0.7049, 0.4691 0.03 0.592 035 -0.4108,0.8223 0.12 0.358 -0.58 -0.8862,0.0774 0.34 0.0785
S -0.42 -0.8669, 0.4075 0.17 03040 O -0.7535,0.7526 0 0.9980 -0.11 -0.6668,0.5234 0.01 0.744 0.02 -0.6507,0.6771 O 0.952 0.11 -0.5587,0.6914 0.01 0.7630
A2FB -0.15 -0.7730, 0.6202 0.02 0.7230 048 -0.9055,0.4285 023 02770 0.15 -0.4919,0.6897 0.02 0.653 0 -0.6667, 0.6615 0 0.991 0.01 -0.6230,0.6362 0 0.9760
A2FG 0.38 -0.4448,0.8551 0.14 0.3550 0.90 0.4754, 0.9860 0.82 0.0051 -0.25 -0.7371,0.4152 0.06 0.466 0.28 -0.4704,0.7968 0.08 0.463 -0.52 -0.8660, 0.1631 0.27 0.1240
A2FS -0.42 -0.8669, 0.4075 0.17 03040 O -0.7535,0.7526 0 0.9980 -0.11 -0.6668,0.5234 0.01 0.744 0.02 -0.6507,0.6771 0O 0.952 0.11 0.5587,0.6914 0.01 0.7630
A2FGS -0.47 -0.8830, 03486 0.22 0.2380 -0.16 -0.8163,0.6719 0.03 0.7250 0.01 -0.5947,0.6050 O 0981 0.09 -0.6096,0.7124 0.01 0.815 0.16 -0.5251,0.7154 0.02 0.6670
F neutral: neutral fucosylation; F sialo: sialylated fucosylation; F total: total fucosylation; B neutral: neutral bisection; B sialo: sialylated bisection; B total: total bisection; GO total: total agalactosylation; G1 total: total

monogalactosylation; G2 total: total digalactosylation; S total: total sialylation; S1 total: total mono-sialylation; S2 total: total disialylation. r: correlation coefficient;

Significant difference is in bold.

R%: regression square.
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diseases, so revealing the full aspects of the glycome could improve
our understanding of pathogenesis [33]. Therefore, we sought to
decipher the potential etiology of HD by characterizing the N-
glycome profile in serum, serum-derived IgG, and subclass-
specific IgG.

It has been reported that HD is caused by an unknown heat-
stable toxin whose invasion leads to a sharp increase in CK
[34,35]. Thus, a significant increase in CK has been listed as the cri-
terion for the diagnosis and detection of HD in clinics and labora-
tory [36], even though little is known about other molecular
changes in HD patients at the serum level. A recent study used liver
function tests to demonstrate that particular enzymes were also
increased in HD patients [37], suggesting a difference between
HD and gastroenterology diseases. In addition to the digestive sys-
tem response, immune responses against food antigens associated
with noxious substrates play an important role in the development
of diseases [38]. In this work, we attempted to explore the full
immunological profile of HD and to determine whether these
changes of immunological indicators could be used as other crite-
ria for the detection of HD. Our data showed decreased C3 and C4
in HD patients, which aligned with the observation that young ath-
letic men exhibited a lower level of C3 and C4 [39]. Due to the con-
tribution of intense exercise to HD, additional research on exercise-
induced HD may assist in revealing the disease-specific molecular
mechanism. Indeed, the results suggest that complement system
activation is involved in crayfish-induced HD. Uniform decreases
in the levels of IgA, IgM, and IgG in HD patients compared with
HC suggest that immunoglobulins from immune niches are inhib-
ited during HD progression. This result is, to some extent, consis-
tent with a previous report that aerobic exercise triggered the de
novo synthesis of immunoglobulins [40], indicating a negative
impact of HD on the immune system. According to a report that
a reduction or absence of IgG predisposes individuals to recurring
infections [41], we presumed a similar molecular mechanism in
infectious disease. Importantly, it has been reported that the serum
IgG concentration was lower in patients with rheumatoid arthritis
(RA) compared with HC [42], indicating a possible similarity
between HD and autoimmune disease. This is the first evidence
showing the humoral immune feature of patients with HD and
indicating that the levels of IgG may be complementary to clinical
criteria for HD diagnosis.

Initially, our data showed that the fucosylation and galactosyla-
tion of serum were elevated in HD; however, the resulting score
lacked information that could be used to distinguish HD patients
from controls. In addition, it was unclear which protein glycosyla-
tion changed or what metabolic product was secreted, due to the
complexity of the total serum, which suggested that priority
should be given to the IgG N-glycome analysis in this disease.
Notably, our previous study demonstrated that environmental tox-
ins probably lead to an immune response and are involved in phys-
iological activities, resulting in altered IgG glycosylation [43].
Considering the great impact of glycosylation on IgG effector func-
tions in immune responses, we performed a comprehensive study
on the IgG glycome in HD. It was found that increased bisection
and agalactosylation and decreased sialylation of [gG were strongly
associated with HD and could be used to obtain at least a moder-
ately accurate diagnosis for HD. Depending on the extent of glyco-
sylation, IgG glycosylation could activate ADCC or promote
inflammatory activity [44,45|, demonstrating potential processes
in the development of HD. In particular, IgG sialylation binds to
the carbohydrate area of dendritic cell-specific intercellular adhe-
sion molecule-3 grabbing non-integrin (DC-SIGN), subsequently
activating the antibody-mediated anti-inflammatory signaling
pathway [46]. Due to the activation of ADCC or the complement-
dependent cytotoxicity (CDC) activities and anti-inflammatory
effect caused by up-regulated IgG sialylation in the disease pro-
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gression [47], we consider HD to be associated with IgG-
mediated inflammation or a complement-mediated immune
response. Similarly, decreased core fucosylation of IgG significantly
improved its affinity to FcyRIIIA and reduced ADCC activity [48]. In
parallel, IgG agalactosylation was significantly increased while
galactosylation was decreased in HD, which was in agreement with
inflammatory diseases, autoimmune diseases, and cancers [49].
Although increased neutral bisection has been observed in disease
patients, the impact of bisecting GIcNAc on ADCC activity was
attributed to the steric hindrance of core fucose [50]. Hence, fur-
ther studies on the role of IgG bisection in HD progression are sig-
nificant. Overall, these results indicate an association between
aberrant IgG glycosylation and the development of HD, suggesting
that HD is associated with proinflammatory effects.

The functional significance of IgG glycosylation in diseases is
impacted by subclass-specific changes, as demonstrated in differ-
ent models [51]. Obtaining an in-depth understanding of the land-
scape of subclass-specific IgG glycosylation in health and disease
may provide critical new insights into disease pathogenesis and
disease-specific stratification [52]. Herein, we explored the glycan
profiling of different IgG subclasses in controls and HD patients.
Interestingly, it was found that sialylation of IgG1 and IgG2 was
up-regulated in HD, which is contrast to the changes in the total
IgG N-glycome. These results may indicate a differential function
between the total IgG glycome and subclass-specific IgG N-
glycosylation in HD. However, the agalactosylation and mono-
galactosylation of I1gG3/4 were significantly decreased and
increased in HD, respectively, which was opposite to the trend in
the total IgG N-glycome, suggesting that the change in IgG galacto-
sylation may be subclass-specific. Therefore, we noted that the
subclass-specific glycosylation profile was superior in revealing
the underlying mechanism behind the disease.

The clinical characteristics of the subjects in this study showed
a substantial increase in AST and ALT, significantly impacting liver
function. Considering the strong association between abnormal
liver function and glycosylation changes [52], it is anticipated that
this change may result in alteration of the glycome profile. Indeed,
we observed that the galactosylation and sialylation of IgG2 or
IgG3/4 were strongly correlated with the serum levels of AST or
ALT, two common indicators for HD. Due to the great impact of
IgG sialylation or galactosylation on inflammatory activities, our
findings indicate the molecular events of inflammation in HD.
These findings may bridge the gap between IgG glycosylation
changes and HD progression, warranting further investigation of
the regulation mechanism of glycosylation in this rare disease.

Integrating our observations with the biological functions of IgG
subclasses, we propose a possible pathogenic mechanism of HD.
Upon the consumption of boiled crayfish, an unexplained toxin
enters the body, and its chemical composition induces a secondary
immune reaction into preferential patterns of class switching. Trig-
gered by the antigens contained in the toxin, B-cells go through
antibody class switching, particularly for IgG. Given the signifi-
cantly decreased IgG protein level in HD patients, which is likely
to be hypogammaglobulinemia, it is speculated that IgG1 com-
prises the predominant contribution to the total IgG level, as
IgG1 is the most abundant subclass. Down-regulated IgG1 is
involved in the inflammatory signaling pathway through
sialylation-mediated ADCC. Similarly, as IgG2 is the second most
abundant subclass, IgG2 deficiency leads to increased susceptibil-
ity to the pathogen, which is also modulated by dysregulated sia-
lylation. Lower levels of 1gG3/4 are accompanied by antibody
responses to the antigen, resulting in a reduction of effector func-
tions modulated by differential galactosylation. The shorter half-
life of IgG3 and the relatively short-term exposure to the toxin
may compromise the anti-inflammatory activity of the
up-regulated galactosylation of IgG. The crayfish-derived toxin
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activates the humoral immune reaction, inducing IgG-subclass
deficiency-mediated inflammatory activities modulated by the dif-
ferential sialylation of IgG1/2 and galactosylation of 1gG3/4.

In conclusion, this study indicates that the IgG N-glycome dis-
plays higher diagnostic merit than the total serum N-glycome for
discriminating between HD patients and HC. The glycan features
of IgG core fucosylation, galactosylation, and sialylation were
found to be strongly correlated with the clinical inflammatory
markers and showed good diagnostic performance for HD. For
the first time, the glycome profile of HD has been comprehensively
characterized, improving our understanding of the etiology of this
unexplained rare disease. Further larger scale studies are needed to
investigate the casual relationship between glycosylation changes
and HD initiation, in order to reveal the underlying molecular
mechanism of this disease.
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