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Abstract 18 

Guillain-Barré syndrome is an acute polyradiculoneuropathy in which preceding infections often 19 

elicit the production of antibodies that target peripheral nerve antigens, principally gangliosides. 20 

Anti-ganglioside antibodies are thought to play a key role in the clinical diversity of the disease 21 

and can be helpful in clinical practice. Extensive research into clinical associations of individual 22 

anti-ganglioside antibody specificities has been performed. Recent research has highlighted 23 

glycolipid complexes, glycolipid combinations that may alter antibody binding, as targets. In this 24 ACCEPTED M
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study, we investigated antibody reactivity patterns to glycolipids and glycolipid complexes using 1 

combinatorial array, in relation to clinical features in Guillain-Barré syndrome. 2 

 In total, 1413 patients from the observational International Guillain-Barré syndrome 3 

Outcome Study (0-91 years, 60.3% male) and 1061 controls (healthy, family, infectious, 4 

vaccination, other neurological disease) were included. Acute-phase sera from patients were 5 

screened for IgM, IgG, and IgA reactivity against 15 glycolipids and one phospholipid and their 6 

heteromeric complexes, similarly to archived control sera. Antibody specificities and reactivity 7 

patterns were analysed in relation to clinical features. 8 

 Of all patients, 1309 (92.6%) were positive for at least one anti-glycolipid (complex) 9 

antibody. Anti-GM1 and anti-GQ1b (complex) antibodies best distinguished motor Guillain-Barré 10 

syndrome and Miller Fisher syndrome from controls, with antibodies to glycolipid complexes 11 

outperforming antibodies to single glycolipids. Three models consisting of anti-glycolipid  12 

(complex) antibodies distinguished patients with Guillain-Barré syndrome, the motor variant, and 13 

Miller Fisher syndrome from controls with high sensitivity and specificity, performing better than 14 

antibodies to single glycolipids used in clinical practice. Seven patient clusters with particular 15 

antibody reactivity patterns were identified. These clusters were distinguished by geographical 16 

region, clinical variants, preceding Campylobacter jejuni infection, electrophysiological subtypes, 17 

the Medical Research Council sum score at study entry, and the ability to walk 10 meters unaided 18 

at 26 weeks. Two patient clusters with distinct anti-GM1 (complex) reactivity (broad versus 19 

restricted) differed in frequency of the axonal subtype. In cumulative incidence analyses, 15 anti-20 

glycolipid (complex) antibodies were associated with the time required to regain the ability to walk 21 

10 meters unaided. After adjustment for known prognostic factors, IgG anti-GQ1b:GM4, 22 

GQ1b:PS, and GQ1b:Sulphatide remained associated with faster recovery. Addition of anti-23 

glycolipid antibodies to clinical prognostic models slightly improved their discriminative capacity, 24 

though insufficiently to improve the models. 25 

 Measurement of anti-glycolipid antibodies by combinatorial array increases the diagnostic 26 

yield compared to assaying single glycolipids, identifies clinically relevant antibody reactivity 27 

patterns to glycolipids and glycolipid complexes, and may be useful in outcome prediction in 28 

Guillain-Barré syndrome. 29 

 30 
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Introduction  9 

Guillain-Barré syndrome (GBS) is an acute immune-mediated polyradiculoneuropathy with an 10 

incidence of approximately 1-2 cases per 100.000 person-years.1 Patients most typically present 11 

with rapidly progressive limb weakness accompanied by additional neurological symptoms 12 

including cranial nerve involvement, sensory deficits, autonomic dysfunction, and respiratory 13 

insufficiency.2 Disease severity may range from mild limb weakness to complete tetraparalysis 14 

with respiratory failure.2 This heterogeneity in clinical presentation complicates early diagnosis 15 

and predictions of treatment response, clinical course, and outcomes. Whilst the detailed 16 

pathophysiological and immunological factors underlying this clinical diversity remain largely 17 

unsolved, one major area of progress has been in the field of antibodies to glycolipids, principally 18 

gangliosides.3 19 

In approximately two-thirds of patients with GBS, neurological symptoms are preceded by 20 

an infection.4 Preceding infections, notably Campylobacter jejuni, elicit the production of 21 

antibodies that cross-react with peripheral nerve gangliosides as a result of structural identity, often 22 

termed molecular mimicry.5 Gangliosides are sialylated glycolipids that are abundantly present in 23 

nerve cell membranes throughout the peripheral nervous system, with roles in nerve cell structure 24 

and physiology.6 The binding of antibodies to these gangliosides in peripheral nerves leads to 25 

complement-mediated disruption of nerve membranes in axonal and Schwann cell membranes, 26 

notably at nodes of Ranvier.3, 6 Consequently, nerve damage ultimately results in 27 

neurophysiological changes and the development of clinical features.3, 6 28 
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 Clinical associations of antibodies to gangliosides and other glycolipids in GBS have been 1 

extensively investigated since their first discovery 40 years ago.3, 7 Most prominently, associations 2 

of anti-GM1 antibodies with motor-dominant GBS and anti-GQ1b antibodies with Miller Fisher 3 

syndrome (MFS) have been repeatedly described.3 Antibodies to glycolipid complexes are a more 4 

recent important development.3, 8, 9 Existing studies have generally covered a limited range of 5 

antibody specificities in small, geographically defined populations and especially antibodies to 6 

glycolipid heteromeric complexes remain less extensively studied.3 Therefore, comprehensive 7 

clinical associations of antibody binding patterns to both single glycolipids and glycolipid  8 

complexes are lacking, limiting its current impact on the clinical evaluation of patients with GBS.    9 

Combinatorial glyco-arrays, in which both single and heteromeric arrangements of 10 

glycolipids are spotted onto microarrays, are a relatively new and efficient method allowing for 11 

the testing of a vast repertoire of anti-glycolipid (complex) antibodies (AGAb) in a large number 12 

of samples.10 Biophysical interactions between two glycolipids/gangliosides occur due to their 13 

clustering properties when spotted onto artificial membranes or surfaces. This ganglioside 14 

clustering is an important element of screening platform design and antibody discovery in this 15 

field. When two gangliosides interact to form a heteromeric cluster, this may alter the binding 16 

capacity of an antibody to either of the single gangliosides, causing enhancement or attenuation, 17 

or may not affect binding capacity (complex independence).8, 9 For example, an antibody to GM1, 18 

when presented as a single ganglioside, may fail to bind GM1 when clustered with GD1a; 19 

alternatively, antibodies can be detected that only bind a GM1:GD1a complex but bind neither 20 

ganglioside alone; lastly, an anti-GM1 antibody may bind GM1 irrespective of the presence or 21 

absence of GD1a. 22 

In this study, we used the biobank and clinical database of the International Guillain-Barré 23 

syndrome Outcome Study (IGOS) to investigate on a large scale the presence of AGAb in glyco-24 

arrays, in relation to clinical subtypes and characteristics, preceding infections, clinical course, and 25 

outcomes in patients with GBS. In addition to studying single glycolipids, the added diagnostic 26 

and categorical value of combinatorial array over single array was investigated. 27 

 28 
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Materials and methods  1 

Study population 2 

Clinical data and serum samples were acquired from patients included in IGOS, a prospective 3 

multicentre cohort study including patients with GBS irrespective of the clinical variant, 4 

electrophysiological subtype, and disease severity (Supplementary Fig. 1).11, 12 Patients with a final 5 

diagnosis other than GBS, insufficient clinical data, more than 17 days between onset of disease 6 

and inclusion, or protocol violations were excluded. Clinical data and serum samples were 7 

gathered at study entry and at standard time points during at least one year of follow-up. Only 8 

patients with a serum sample from study entry or week 1 available were included in analyses 9 

(n=1413; Supplementary Fig. 1 and Supplementary Table 1). Clinical data that were used for 10 

analyses included demographics, clinical variants and features, disease severity, and 11 

electrophysiological subtypes. Preceding infections associated with GBS were determined as 12 

described previously.4 Electrophysiological subtypes were classified according to Hadden criteria 13 

and determined for the first 1500 patients included in IGOS.13, 14 The control population consisted 14 

of 1061 healthy (6.8%), family (27.3%), pre- and postvaccination (16.8%), infectious (Zika virus, 15 

without neurological symptoms; 15.3%), and other neurological disease controls (multiple 16 

sclerosis and other inflammatory neurological diseases; 33.8%) from geographically diverse 17 

historical cohorts, including the United Kingdom (UK), United States of America, Bangladesh, 18 

and Colombia.15, 16 Control samples were used to determine AGAb positivity in patients with GBS 19 

and to identify AGAb that can distinguish patients from controls.  20 

All patients provided written informed consent. IGOS was approved by the Institutional 21 

Review Board of the Erasmus MC University Medical Center Rotterdam (The Netherlands; MEC-22 

2011-477) and by local review boards from each participating centre. 23 

 24 

Antibody testing in glyco-array 25 

Patient sera were tested for IgM, IgG and IgA against 15 individual glycolipids, including major 26 

gangliosides, and one phospholipid (GM1, GM2, phosphatidylserine [PS], GM4, GA1, GD1a, 27 
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GD1b, GT1a, GT1b, GQ1b, GD3, sulphated glucuronyl paragloboside [SGPG], LM1, N-1 

acetylgalactosaminyl GD1a [GalNAc-GD1a], galactocerebroside [GalC], and sulphatide) and all 2 

possible 1:1 (volume:volume) glycolipid complexes in glyco-arrays (136 targets; 408 antibodies), 3 

as described previously.10 Sera from the control cohorts had been screened previously, some for 4 

only a subset of the glycolipid targets.15, 16 Of the 136 IgG targets included on the glyco-array 5 

panel for patients (Fig. 2), 55 (40.4% of total targets) had been tested in all controls, 65 (47.8% of 6 

total targets; GM2, GM4, GT1a, GT1b, and GD3 complexes) only in non-Bangladeshi controls (n 7 

= 482; 45.4% of total controls), and 16 (11.8% of total targets; GalNAc-GD1a complexes) only in 8 

UK controls (n = 178; 16.8% of total controls). IgM and IgA were screened against all 136 targets 9 

in UK controls only (n = 98; 9.2% of total controls). 10 

In brief, array slides were printed in-house with each unique single or complex glycolipid  11 

target duplicated per array.10 Slides were blocked with 2% bovine serum albumin (BSA) in 12 

phosphate buffered saline solution (PBS) prior to application of individual serum samples diluted 13 

one in 50 in 1% BSA in PBS.10 Following washing of unbound antibody, arrays were probed 14 

concomitantly with the following fluorescently conjugated, heavy chain specific, detection 15 

antibodies; anti-human IgG-Alexa Fluor 647 (Jackson Immuno Research Laboratories USA, 109-16 

605-008; 3 ug/mL), anti-human IgM-TRITC (Southern Biotech, USA, 2020-03; 3 ug/mL), and 17 

anti-human IgA-FITC (Southern Biotech, USA, 2050-02; 3 ug/mL). Glyco-arrays were then 18 

washed and air dried. Fluorescent signals were sequentially detected with a GenePix 4300A 19 

microarray scanner (Molecular Devices, USA) equipped with three lasers. For each antigen target 20 

on the array, the median fluorescent signal per immunoglobulin class was calculated, from which 21 

the local background signal was subtracted. As all unique targets were printed in duplicate, the 22 

mean of the two values were used for all subsequent analysis. Values ranged from 150 to 65535 23 

fluorescence intensity units. 24 

 25 

Statistical analyses 26 

Comparative analyses 27 

Comparative analyses for AGAb fluorescence intensities and clinical features were performed with 28 

Chi-square, Fisher’s exact, Mann-Whitney U, Kruskal-Wallis tests, and univariable logistic 29 
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regression analyses (for the latter, associations were described with odds ratios [OR] and their 95% 1 

confidence intervals [CI]). Generally, an OR >1 indicates higher fluorescence intensities in the 2 

group of interest, whereas an OR <1 indicates lower fluorescence intensities. Multiple comparisons 3 

following Kruskal-Wallis tests were performed with post-hoc Dunn’s tests. Correlations were 4 

analysed with the Pearson correlation coefficient (r). 5 

 6 

Assessment of the diagnostic value 7 

Diagnostic value of AGAb in the diagnosis of GBS was assessed with logistic regression and 8 

Receiver-Operator Characteristic (ROC) curve analyses. Discriminative performance was 9 

evaluated based on the Area Under the Curve (AUC), for which a cut-off value of 0.75 was set to 10 

be classified as a clinically relevant test with high sensitivity and specificity.17 In addition, 11 

bootstrapping was applied to acquire optimism-corrected C-statistics (C) and the goodness of fit 12 

(R2) of each model. The dataset was split into derivation and validation datasets for validation 13 

(derivation: 80% of patients [n = 1134] and controls [n = 845]; validation: 20% of patients [n = 14 

279] and controls [n = 216]). Fluorescence intensities were log-transformed. 15 

Univariable logistic regression analyses were employed to investigate associations of 16 

AGAb with GBS, motor GBS, or MFS, and multivariable analyses were applied to explore whether 17 

combinations of AGAb could further improve the diagnostic value of AGAb. Final multivariable 18 

models were acquired through backward variable selection of an initial model containing AGAb 19 

that remained after univariable analyses in the derivation dataset and were tested in all controls. 20 

Forward variable selection was applied to compare and validate models acquired from backward 21 

variable selection. Principal components were created to adjust for multicollinearity across 22 

predictors in multivariable models. Generated models were validated in the validation and 23 

complete datasets, and were compared to each other and to models based on antibodies currently 24 

used in clinical practice (GBS: IgG and IgM against GM1, GM2, GD1a, GD1b, and GQ1b; motor 25 

GBS: IgG against GM1; MFS: IgG against GQ1b).18 Since IgM and IgA were only tested in a 26 

relatively small subset of controls, we did not include these in model generation and model 27 

comparison as this would limit statistical power in complete-case analyses. Model comparison was 28 

performed through analysis of variance (ANOVA) for nested models and based on the Akaike 29 

information criterion (AIC) for non-nested models.  30 
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 1 

Clustering and heat map generation 2 

Unsupervised hierarchical clustering was employed to explore whether AGAb reactivity patterns 3 

occur in patients with GBS. Ward’s method (Ward D2) was applied to cluster both patients and 4 

AGAb based on min-max normalised (0-1) fluorescence intensities. Clusters were identified using 5 

dendrograms resulting from clustering. The optimal number of clusters was determined based on 6 

a combination of results from 26 distinct indices that each determine the optimal number of 7 

clusters, using the ‘NbClust’ package in RStudio, and clinical relevance.19 For visualization in 8 

heatmaps, fluorescence intensities were capped at a value of 0.2. 9 

 10 

Associations of complex interactions with electrophysiological subtypes 11 

Complex interactions between glycolipids were investigated in relation to electrophysiological 12 

subtypes according to Hadden criteria (normal, demyelinating, axonal, inexcitable, or equivocal).14 13 

Complex enhancement was defined as an increased fluorescence intensity of anti-complex 14 

antibodies compared to the summed fluorescence intensities of antibodies to individual complex 15 

constituents (equation 1). Complex attenuation was defined as a decreased fluorescence intensity 16 

of anti-complex antibodies (equation 2). Anti-complex antibodies with unaltered fluorescence 17 

intensities were defined as complex independent. 18 

𝑐𝑜𝑚𝑝𝑙𝑒𝑥 > (2 × (𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡  1 + 𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡  2)) (1) 19 

𝑐𝑜𝑚𝑝𝑙𝑒𝑥 < (0.5 × (𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡  1 + 𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡  2)) (2) 20 

Patients with fluorescence intensities below 500 U for antibodies against both complex 21 

constituents and the complex were excluded from these analyses with the concerning complex. 22 

This  threshold was chosen based on experience from previous studies, with the lower limit of 23 

reliable and valid detection (150 U) and assay variability taken into account. 24 

 25 
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Assessment of prognostic value 1 

The time required to regain the ability to walk 10 meters unaided was compared between patients 2 

classified as positive or negative for each AGAb using cumulative incidence analyses and log-rank 3 

tests. Correction for known prognostic factors (age, preceding diarrhoea and the Medical Research 4 

Council [MRC] sum score at entry) was performed for log-transformed fluorescence intensities in 5 

Cox regression.20, 21 Relative effects of variables in Cox regression were presented as Hazard 6 

Ratios (HR), along with their 95% CI. HR values >1 indicate a higher probability to recover sooner, 7 

whereas values <1 indicate a higher probability to recover more slowly. In addition, we 8 

investigated the predictive performance of AGAb and their added value to existing clinical 9 

prognostic models for the prediction of regaining the ability to walk unaided by comparing the 10 

discriminative capacity (Erasmus GBS Outcome Score [EGOS] and modified EGOS 11 

[mEGOS]).20-22 Validation was performed in the derivation and validation datasets. 12 

 13 

Data processing and software 14 

Cut-off values for antibody positivity were based on the 97.5th percentile of fluorescence intensities 15 

in controls. Two-sided P values <0.05 were considered statistically significant. Bonferroni 16 

corrections were applied for multiple comparisons. Missing data were not imputed. The highest 17 

percent missing data in clinical variables was 47.9% (MRC sum score at week 13). 18 

Statistical analyses were performed in RStudio version 2023.03.0 and GraphPad Prism 19 

version 9.5.1. Used RStudio packages include ‘stats’, ‘FSA’, ‘rms’, ‘pROC’, “epiR”, ‘NbClust’, 20 

‘ComplexHeatmap’, and ‘survival’. 21 

 22 
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Results  1 

Anti-glycolipid (complex) antibodies discriminate patients from 2 

controls 3 

Several AGAb reactivities were able to distinguish subgroups of patients from controls, for which 4 

antibodies to glycolipid complexes generally performed better than antibodies to single 5 

glycolipids. Of all patients, 1309 (92.6%) were positive for at least one of the 408 investigated 6 

IgG, IgM, and IgA antibody reactivities. In univariable analyses on the complete dataset, higher 7 

fluorescence intensities of 125 AGAb (121 IgG and four IgA) and lower fluorescence intensities 8 

of 22 AGAb (two IgG and 20 IgM) were associated with GBS (Table 1 and Supplementary Fig. 9 

2). Several AGAb were able to discriminate specific subgroups of patients with GBS from controls 10 

with high sensitivity and specificity. Higher fluorescence intensities of 113 AGAb and lower 11 

intensities of 18 AGAb were associated with motor GBS and higher intensities of 118 AGAb and 12 

lower intensities of 16 AGAb with MFS (n = 311 and 153 patients, respectively; Table 1 and 13 

Supplementary Fig. 2). For patients with motor GBS and MFS, anti-GM1 and -GQ1b (complex) 14 

antibodies respectively best distinguished them from controls. Most antibodies to GM1 and GQ1b 15 

complexes performed better than antibodies to GM1 or GQ1b alone (Fig. 1A-B). Addition of 16 

sulphatide and GT1a to GM1 resulted in the highest performance increase for motor GBS, whereas 17 

addition of phosphatidylserine and sulphatide to GQ1b most improved the performance for MFS. 18 

Validation of these univariable analyses was performed using the derivation and validation 19 

datasets (Supplementary File 1). 20 

 Combinations of AGAb in multivariable models further improved the diagnostic value of 21 

AGAb. Backward selection of the AGAb that resulted from univariable analyses and were tested 22 

in all patients and controls resulted in three models to discriminate GBS, motor GBS, or MFS from 23 

controls in the derivation dataset (GBS: seven AGAb, motor GBS: two AGAb, MFS: two AGAb; 24 

Supplementary Table 2). The newly created models performed better than current models based 25 

on antibodies to single gangliosides (GBS: AIC = 2038 vs. 2825; motor GBS: AIC = 892 vs. 1175; 26 

MFS: AIC = 417 vs. 714). At optimal thresholds, new models showed an increase in sensitivity 27 

compared to current models (GBS: from 62% to 83%; motor GBS: from 53% to 72%; MFS: from 28 

58% to 83%) while maintaining high specificity (GBS: from 79% to 81%; motor GBS: from 93% 29 
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to 89%; MFS: from 92% to 91%). Consequently, an additional 222/1413 (15.7%) patients with 1 

GBS, 58/311 (18.6%) patients with motor GBS, and 39/153 (25.5%) patients with MFS were 2 

diagnosed correctly using the newly created models when compared to the currently used models. 3 

When applying forward instead of backward selection to create the final models, similar models 4 

with comparable performance were acquired (GBS: three of seven AGAb differed [IgG against 5 

GD1b:SGPG, GD1a:Sulphatide, and GA1:SGPG instead of GD1b, GM1:GD1a, and GA1:LM1], 6 

AIC = 2077; motor GBS: one of two AGAb differed [IgG against GM1:Sulphatide instead of 7 

GM1:GD1a], AIC = 911; MFS: two of two AGAb differed [IgG against GQ1b:SGPG and 8 

GQ1b:Sulphatide instead of GQ1b:GA1 and GQ1b:GalC], AIC = 419). Notably, each of the 9 

constituent AGAb of the models acquired from backward selection were also among the most 10 

strongly associated AGAb for each step of the forward selection. Application of all models 11 

acquired from backward selection in the validation and complete (derivation and validation cohort 12 

together) datasets resulted in similar findings (Fig. 1C-E, Table 2, and Supplementary Table 2). 13 

 14 

Associations of anti-glycolipid (complex) antibodies with preceding 15 

infections and clinical features 16 

A subset of AGAb was associated with clinical features in GBS (Fig. 2, Supplementary Fig. 3-5). 17 

Several anti-GM1, -GalNAc-GD1a, and -GA1 (complex) antibodies were associated with 18 

preceding diarrhoea, preceding C. jejuni infection, motor GBS, and the inability to walk 10m 19 

unaided at 26 weeks. Patients with preceding Mycoplasma pneumoniae or cytomegalovirus 20 

infections had higher fluorescence intensities of several anti-GalC and IgM anti-GM2 (complex) 21 

antibodies, respectively. Anti-GQ1b and -GT1a (complex) antibodies were associated with 22 

preceding upper respiratory tract infections and MFS. Higher fluorescence intensities of several 23 

antibodies to GM1, GA1, GD1a, GD1b, GT1a, GT1b, GalNAc-GD1a, and SGPG (complexes) 24 

correlated with lower MRC sum scores at each time point during follow-up (range of r: -0.28 to -25 

0.10). Correlations were strongest for anti-GD1a and -GT1a (complex) antibodies. In contrast, 26 

higher levels of antibodies targeted to GQ1b:Sulphatide, GQ1b:PS, and GQ1b:GalC correlated 27 

with higher MRC sum scores in the acute phase (range of r: 0.12 to 0.17). When excluding patients 28 

with MFS, the latter correlations were no longer present. 29 
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Cluster analysis of anti-glycolipid (complex) antibodies and clinical 1 

associations of clusters 2 

Following clustering based on fluorescence intensities, seven patient clusters with particular IgG 3 

AGAb reactivity patterns were identified (A: broad-ranging GalNAc-GD1a reactivity, B: restricted 4 

GA1 and broad-ranging GM1 reactivity, C: restricted GalNAc-GD1a reactivity, D: restricted GA1, 5 

GD1b, and GM1 reactivity, E: nonspecific, F: restricted GQ1b and GT1a reactivity, and G: broad -6 

ranging GT1a reactivity; Fig. 3). Broad-ranging clusters had reactivity against the majority of 7 

complexes containing a specific glycolipid, whereas restricted clusters had reactivity against 8 

specific glycolipids in the presence of sulphatide and PS. All patients that were negative for all 9 

investigated AGAb (n = 104, 7.4%) were included in the nonspecific cluster E. In the other clusters, 10 

all patients had antibody reactivity against at least 17 AGAb. Patient clusters were clinically 11 

distinct, differing in geographical regions, proportions of GBS forms and variants, preceding 12 

infection serology, cranial nerve involvement at study entry, and the clinical course (Table 3). 13 

Cluster G consisted of a relatively high proportion of Argentinian patients that were included 14 

between 2013 and 2015 (n = 11, 28.2%), of which the majority had a preceding C. jejuni infection 15 

(10/11, 90.9%). Furthermore, patients in cluster G were younger than patients in clusters A, B, D, 16 

E, and F (median age: 28 vs 48 – 54; range of P = < 0.001 – 0.014) and patients in cluster E had 17 

higher MRC sum scores at study entry than patients in clusters B, D, and G (median: 48 vs 32 – 18 

37; range of P = < 0.001 – 0.002) and patients in cluster F had higher MRC sum scores at study 19 

entry than patients in all other clusters (median: 60 vs 32-48; P < 0.001). Notably, two clusters 20 

with particular anti-GM1 (complex) antibody reactivity patterns (clusters B and D) were clinically 21 

distinct. Three clusters predominantly containing patients with motor GBS (clusters A, C, and D) 22 

also had distinct clinical features. 23 

When further investigating patients from cluster E, including patients without a particular 24 

AGAb reactivity pattern and with predominantly motor-sensory GBS, several subclusters were 25 

identified (E-a: nonspecific, E-b: broad-ranging GalC reactivity, E-c: restricted GD1a and GT1a 26 

reactivity, E-d: restricted reactivity to GM1:GT1a, and E-e: restricted reactivity to GM1 and GA1; 27 

Supplementary Fig. 6). All patients that were negative for all investigated AGAb were included in 28 

the nonspecific cluster E-a. Most notable among these subclusters was a cluster with AGAb 29 

reactivity against GalC complexes (cluster E-b), which was associated with positive M. 30 
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pneumoniae serology (Supplementary Table 3). When performing clustering analyses using 1 

antibodies to GD1b, GT1a, GT1b, GQ1b, GD3, and LM1 (complexes) only, still no patient clusters 2 

specific for any of these antibody reactivities could be found.  3 

 4 

Distinction of electrophysiological subtypes based on anti-glycolipid 5 

(complex) antibodies 6 

Electrophysiological subtypes were associated with various AGAb (Fig. 2, Supplementary Fig. 3-7 

5). Patients with normal and equivocal nerve conduction studies had higher fluorescence intensities 8 

of some anti-GQ1b and -GT1a (complex) antibodies (IgG against GT1a:PS, GQ1b:PS, 9 

GQ1b:GM4, GQ1b:GT1a, GT1a:GalC, GT1a:Sulph, GQ1b:GT1b, GT1b:Sulph, GQ1b:GD3, 10 

GQ1b:SGPG, GQ1b:LM1, GQ1b:GalC, and GQ1b:Sulph; IgA against GQ1b:GalC and 11 

GQ1b:Sulph), the demyelinating subtype was associated with lower intensities of these same 12 

AGAb groups (IgG against GQ1b:PS, GT1a:PS, GT1a:GM4, GQ1b:GM4, GT1a:GA1, 13 

GQ1b:GA1, GQ1b:GD1a, GQ1b:GD1b, GD1b:Sulph, GT1a:GalC, GT1a:Sulph, GQ1b:GT1b, 14 

GQ1b:GD3, GQ1b:LM1, GQ1b:GalC, and GQ1b:Sulph), and the axonal and inexcitable subtypes 15 

were associated with the presence of anti-GM1, -GA1 and -GalNAc-GD1a (complex) antibodies 16 

(IgG against GM1, GA1, GM1:GM2, GM1:PS, GM1:GM4, GM1:GA1, GM1:GD1a, GM1:GD1b, 17 

GM1:GT1b, GM1:GQ1b, GM1:GD3, GM1:SGPG, GM1:GalNAc-GD1a, GM1:GalC, 18 

GM1:Sulph, GA1:PS, GA1:GM4, GA1:GalNAc-GD1a, GA1:Sulph, GalNAc-GD1a:GD1b, 19 

GalNAc-GD1a:GT1a, and SGPG:Sulph; IgM against GM1:PS, GM1:GM4, GM1:Sulph, 20 

GA1:GM4, and GA1:GalNAc-GD1a; IgA against GM1:PS and GM1:Sulph). Anti-GM1 21 

(complex) antibody fluorescence intensities differed across electrophysiological subtypes (Fig. 22 

4A). Notably, these antibodies occurred in each subtype with broad ranges of intensities. 23 

Moreover, proportions of electrophysiological subtypes differed across patient clusters based on 24 

antibody reactivity patterns and also across the two patient clusters with particular anti-GM1 25 

(complex) reactivity (all clusters: P < 0.001 anti-GM1 clusters: P = 0.008, Fig. 4B; Table 3). 26 

The complex interaction of GM1 with GD1a varied across patients with different 27 

electrophysiological subtypes (Fig. 4C). However, the proportions of these subtypes did not differ 28 

between groups based on complex interaction (Fig. 4D). Proportions of electrophysiological 29 
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subtypes did differ for complex interactions of GM1 with PS (enhanced: 21.8% axonal, attenuated: 1 

6.6% axonal, independent: 9.6% axonal; P = 0.001). 2 

 3 

Prognostic value of anti-glycolipid (complex) antibodies 4 

Positivity of 15 AGAb was associated with the time required to regain the ability to walk 10 meters 5 

unaided. Patients positive for IgG antibodies against GM1:Sulphatide, GM1:SGPG, GM1:GD1b, 6 

GM1:GalC, GM1:GalNAc-GD1a, GalNAc-GD1a:GalC, GM1:GD3, GM1:GM4, GA1:PS, 7 

GM1:GT1b, and GalNAc-GD1a:GD1b as well as IgA against GM1:Sulphatide required more time 8 

to regain this ability, whereas patients positive for IgG against GQ1b:GM4, GQ1b:PS, and 9 

GQ1b:Sulphatide reached this end point more rapidly (range of P = 0.045 – <0.001; Fig. 5A-C). 10 

Following adjustment of fluorescence intensities for known prognostic factors (age, preceding 11 

diarrhoea, MRC sum score at entry), associations remained for IgG antibodies against GQ1b:GM4, 12 

GQ1b:PS, and GQ1b:Sulphatide (HR [95% CI] = 1.56 [1.28-1.92], 1.50 [1.27-1.77], and 1.36 13 

[1.15-1.60]; P < 0.001, < 0.001, and 0.004). When excluding patients with MFS, positivity of four 14 

AGAb was associated with requiring more time to regain the ability to walk 10 meters unaided 15 

(IgG antibodies against GM1:Sulphatide, GM1:GD1b, GM1:SGPG, and GM1:GalC; range of P = 16 

0.049 – 0.011). Yet, none of these associations remained after adjusting for known prognostic 17 

factors, mainly due to the prognostic value of the MRC sum score at entry. Across patient clusters 18 

acquired from hierarchical clustering, the time required to regain the ability to walk 10 meters 19 

unaided was different (Fig. 5D).  20 

A subset of AGAb was associated with the inability to walk 10 meters unaided at 4 and 26 21 

weeks in the complete dataset (at 4 weeks [n = 4]: IgG antibodies against GQ1b:PS, 22 

GQ1b:Sulphatide, GQ1b:GalC, and GQ1b:GM4; at 26 weeks [n = 17, top four]: IgG antibodies 23 

against GM1:GalC, GM1:Sulphatide, GM1, and GM1:SGPG). Replication of these analyses in the 24 

derivation and validation datasets provided similar results in the derivation dataset but not in the 25 

validation dataset. Addition of 110 AGAb to the mEGOS at week 1 predicting the inability to walk 26 

10 meters unaided at 26 weeks increased the AUC of the model in the derivation, validation, and 27 

complete datasets (highest ∆AUC in the complete dataset = 0.01 [0.83 to 0.84; IgA anti-GM2:PS]. 28 

Similarly, addition of 199 AGAb to the mEGOS at study entry and 285 AGAb to the EGOS 29 
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increased their AUC for the same outcome in all three datasets (mEGOS at study entry: highest 1 

∆AUC in the complete dataset = 0.01 [0.78 to 0.79; IgG anti-GQ1b:PS], EGOS: highest ∆AUC in 2 

the complete dataset = 0.02 [0.87 to 0.89; IgG anti-GM1:GalC]). However, these increases were 3 

insufficient to improve the predictive value. 4 

 5 

Discussion 6 

In this study, we determined an extensive repertoire of AGAb on glyco-array in a large prospective 7 

cohort of patients with GBS and related these to the diagnosis, clinical variants, 8 

electrophysiological subtypes, clinical course, and outcome. We found that several antibodies 9 

against glycolipid complexes were able to distinguish motor GBS and MFS from controls more 10 

accurately than antibodies to single glycolipids. Moreover, combining multiple AGAb further 11 

improved their discriminative capacity, outperforming AGAb currently tested in clinical practice. 12 

Notably, we identified seven particular AGAb reactivity patterns with broad or restricted 13 

reactivities and distinct clinical phenotypes, of which two had specific anti-GM1 (complex) 14 

reactivity. Anti-GM1 (complex) antibodies were distributed amongst patients with all 15 

electrophysiological subtypes. Positivity of a subset of AGAb was associated with the clinical 16 

course and outcome, and the addition of several AGAb slightly improved the predictive value of 17 

current clinical prognostic models. 18 

Several previous studies with comparable methodology have reported similar findings.16, 19 
23, 24  In these studies, glyco-arrays with varying AGAb panels, also including antibodies to 20 

glycolipid complexes, were employed to assess the occurrence of AGAb in patients with GBS. A 21 

subset of the tested AGAb was associated with GBS. Although the exact AGAb for which these 22 

associations were found differed between studies and from our study, the trend in specific 23 

glycolipids within glycolipid complexes was reproducible. For example, there was a consistently 24 

observed association between the type of preceding infection (with C. jejuni, M. pneumoniae, and 25 

CMV) and AGAb (to GM1/GQ1b, GalC, and GM2, respectively). Moreover, several clinical 26 

associations of AGAb subsets were described previously, which were similar to the current 27 

findings. In our study, we were able to test sera from a large, diverse, prospective, clinically well-28 

defined cohort of patients for an AGAb panel including additional gangliosides and other 29 
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glycolipids for IgG, IgM, and IgA. As a result of this increased statistical power, previous findings 1 

could be confirmed and additional analyses could be performed.  2 

Taken together, our study and previous studies provide evidence that not only one or a 3 

limited set of antibody specificities may play a role in the pathophysiology of GBS variants, but 4 

rather reactivity to a large number of antibody specificities together (including glycolipid  5 

complexes). Notably, antibodies to glycolipid complexes often had stronger clinical associations 6 

than antibodies to single glycolipids and may thus play an important role in the pathophysiology. 7 

Sulphatide and PS repeatedly appeared to enhance complex reactivity most potently, which may 8 

result from an inherently high ability to modify the accessibility or conformation of epitopes or 9 

from their anatomical distribution alongside gangliosides.3, 8, 9  10 

Despite the identification of clear antibody reactivity patterns, some overlap in antibody 11 

reactivity was present across patient clusters. This could be a limitation of the applied clustering 12 

method. Since a limited number of antibody reactivity clusters were created, the algorithm may 13 

have preferentially clustered some AGAb over others. Though further clustering into a higher 14 

number of clusters may have provided even more specific clusters, this would have reduced 15 

statistical power and would have introduced clinically irrelevant clusters. Alternatively, the 16 

overlap in antibody reactivities could indicate that multiple clones of antibodies may be involved 17 

in the pathophysiology of GBS, but further research into this hypothesis is required. 18 

The variety of AGAb specificities found in the current study may challenge their role in 19 

the pathogenesis of GBS, since they could reflect an epiphenomenon resulting from nerve damage 20 

or generally increased immune activity following a preceding infection.3 An alternative viewpoint 21 

for the pathogenesis of GBS is that neuronal damage is a consequence of endoneurial ischemia 22 

resulting from inflammatory oedema in nerve trunks with epi-perineurium.25 However, the 23 

numerous clinical associations of AGAb in GBS in the current and previous studies substantiate 24 

existing evidence for the pathogenicity of AGAb in GBS. Extensive studies into the pathogenicity 25 

of these antibodies have been performed in recent decades, using in vitro, ex vivo, and in vivo 26 

animal models and human studies.3 Several studies have looked into the pathogenicity of anti-27 

GM1 antibodies, showing that these antibodies cause GBS-like syndromes in rabbits and mice.26-28 
30 Other antibodies that have been shown to induce symptoms similar to GBS in animal models 29 

include anti-GD1a, anti-GalC, anti-GD1b, and anti-GQ1b antibodies.31-37 Although some studies 30 
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have looked into anti-complex antibodies, the pathogenicity of these antibodies remains to be 1 

further studied in animal models.3 Importantly, it should not be assumed that any or all of the 2 

described glycolipid complexes exist in vivo. Rather, the molecular shapes of glycolipids that 3 

allow for antibody binding can be manipulated in a wide variety of ways by cooperative lipids.38, 4 
39 The biophysical basis for this phenomenon in living neural membranes has not been studied in 5 

detail. All evidence considered, at least for a subset of AGAb there is strong evidence that they are 6 

pathogenic.  7 

Due to the focus of pathogenicity studies on IgG antibodies, it remains unclear whether 8 

IgM and IgA antibodies could be pathogenic in GBS. Interestingly, we found that patients with 9 

GBS had lower fluorescence intensities of multiple IgM antibodies than controls and that 10 

fluorescence intensities of several IgM and IgA antibodies were associated with clinical features 11 

in this study. The lower IgM fluorescence intensities in patients with GBS could be explained by 12 

the nature of included controls, since a natural occurrence of IgM AGAb has been described in 13 

healthy adults and IgM AGAb have been shown to be elevated in other neurological diseases such 14 

as multifocal motor neuropathy.40-42 Alternatively, IgM could be downregulated in patients with 15 

GBS due to the relative upregulation of IgG, or could be consumed or cleared from the circulation 16 

following antigen binding, but this remains to be further investigated. Although research on the 17 

role of IgA antibodies in GBS remains scarce, our study and several other studies provide evidence 18 

for a role of this isotype in the pathophysiology.5, 43, 44 These IgA clinical associations may be 19 

specifically related to preceding (gastro-intestinal) infections. 20 

Despite the presence of patient clusters with specific antibody reactivity patterns, the 21 

majority of patients in this study clustered in a cluster without characterizing antibody reactivity 22 

(cluster E-a). Patients in this cluster were predominantly included from Europe, frequently had 23 

motorsensory and demyelinating GBS, and had a low frequency of preceding infections. Relatively 24 

low frequencies of specific triggers or host factors for certain antibody reactivity patterns in some 25 

(European) regions may explain the absence of these patterns in this group of patients. Moreover, 26 

the pathophysiology of GBS in these patients may differ from patients with antibody reactivity 27 

patterns. Other anti-glycolipid antibodies, or antibodies against other types of targets, that were 28 

not included in the antibody panel that we tested for this study may be involved. Alternatively, 29 

antibodies that may play a role in the pathophysiology of these patients could potentially be better 30 

detected with different ratios of complexes (e.g. 1:2 [volume:volume]) or an increased number of 31 
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glycolipids in complex (e.g. three glycolipids). On the other hand, these patients may have a more 1 

T-cell driven pathophysiology instead of one driven by pathogenic antibodies.45 Further studies 2 

are required to elucidate the pathophysiological mechanisms occurring in this group of patients 3 

with GBS. 4 

Altogether, we describe several findings that could potentially improve diagnostics, 5 

prognostics, and treatment strategies for patients with GBS. Firstly, AGAb may be useful in 6 

patients with an atypical clinical presentation or differential diagnoses. Several antibodies to single 7 

gangliosides are already being tested in these cases.18 However, their sensitivity and specificity are 8 

limited, and antibodies to glycolipid complexes could have a higher diagnostic value according to 9 

our findings. Secondly, our findings challenge the historical concept that anti-GM1 (complex) 10 

antibodies predominantly cause axonal GBS.3 We found that these antibodies occur in all 11 

electrophysiological subtypes with a broad range of fluorescence intensities and that the proportion 12 

of patients with the axonal subtype differed across antibody reactivity patterns (including two anti-13 

GM1 (complex) reactivity patterns). These findings could be explained by the differential 14 

anatomical distribution of different GM1 complexes on the axon and myelin or by differences in 15 

disease severity across electrophysiological subtypes.3, 8, 9 Thirdly, AGAb may potentially be 16 

useful in improving outcome prediction in patients with GBS, alongside or in combination with 17 

current clinical prognostic models.20, 21 In our study, AGAb only slightly increased the AUC of 18 

current prognostic models ([m]EGOS), which may be related to their associations with 19 

incorporated clinical features. Their predictive potential could be further explored using other 20 

methods (such as machine learning), by addition of multiple AGAb, or by combining AGAb with 21 

other clinical features. Fourthly, AGAb reactivity patterns may reflect endemics of microbes that 22 

are able to elicit the production of cross-reactive antibodies and subsequently cause GBS, as we 23 

described for the relatively high proportion of Argentinian patients with a preceding C. jejuni 24 

infection in patient cluster G (broad GT1a reactivity). Lastly, determining AGAb reactivity 25 

patterns could potentially help identify patients who may benefit from additional or alternative 26 

treatments. 27 

Future implementation of antibody testing for the AGAb that we found to be clinically 28 

relevant into clinical practice could be feasible, though additional studies are required. For 29 

diagnostic purposes, a set of antibodies could be confined to nine AGAb to distinguish GBS, motor 30 

GBS, and MFS from controls (GD1b, GQ1b, SGPG, GM1:GD1a, GA1:LM1, GA1:Sulph, 31 
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GalC:LM1, GQ1b:GA1, and GQ1b:GalC). Alternatively, addition of sulphatide or PS to 1 

gangliosides currently used in clinical practice, such as GM1, could already improve their 2 

diagnostic value. In addition, some of these nine and several other AGAb, as well as AGAb 3 

reactivity patterns, could potentially be used for the other described purposes, such as improving 4 

prognostics and treatment strategies. Testing these antibodies on glyco-array could be feasible, 5 

though antibody detection in enzyme-linked immunosorbent assay (ELISA) may be more 6 

accessible for clinical practice, as the vast majority of laboratories are conversant with this method. 7 

Generally, results from both methods correlate, though in a small number of cases a different result 8 

could be obtained. Validation of our findings in ELISA would therefore be required prior to 9 

implementation into clinical routines.  10 

Our study had several limitations. Firstly, missing clinical data and serum samples in 11 

subsets of patients and controls may have led to some selection bias and to limited statistical power. 12 

Likewise, the use of week 1 samples if study entry samples were not available may also have 13 

introduced some bias. However, in preliminary subgroup analyses, AGAb fluorescence intensities 14 

did not differ between the sets of samples from study entry versus week 1 and were only higher 15 

for IgG anti-GM2 and IgG anti-Sulphatide in posttreatment versus pretreatment samples. 16 

Secondly, the applicability of our control cohorts in diagnostics was limited. Patients with diseases 17 

that specifically mimic GBS variants would be preferred controls for diagnostic analyses over 18 

healthy, family, vaccination, and other neurological disease controls. Moreover, including IgM 19 

and IgA AGAb from control cohorts with sufficient statistical power could provide further 20 

possibilities to improve diagnostic models. Thirdly, a high proportion of patients with GBS, in 21 

particular those with viral preceding infections, have no detectable AGAb. These patients may 22 

have an alternative immunological mechanism.45 Likewise, functional characteristics of antibodies 23 

that could affect the found associations, such as affinity, subclass, and the ability to elicit 24 

complement activation, were not studied. 25 

In conclusion, combinatorial array has added value over single array in diagnostics, enabled 26 

the identification of AGAb reactivity patterns with distinct clinical phenotypes, and may have 27 

added value in prognostics. Importantly, anti-GM1 (complex) antibodies occur in patients with 28 

any electrophysiological subtype, despite their particular association with axonal pathology. 29 

Further studies are required to validate these finding externally. 30 
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Data availability  1 

Data of patients included in IGOS will be used for future studies and may be made available on 2 

reasonable request after consulting the IGOS Steering Committee. Raw AGAb fluorescence 3 

intensity unit data may be made available on reasonable request through the IGOS website 4 

(https://www.igosresearch.com/). 5 
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 3 

Figure legends 4 

Figure 1 Comparison of receiver operating characteristic curves for models distinguishing 5 

patients with Guillain-Barré syndrome, motor Guillain-Barré syndrome, or Miller Fisher 6 

syndrome from controls. Receiver operating characteristic curves are shown with associated 7 

values for the area under the receiver operating characteristic curve, for univariable models (A and 8 

B) and multivariable models (C-E). Using univariable models, the differentiating performance of 9 

IgG anti-GM1 complex antibodies and IgG anti-GQ1b complex antibodies were compared to IgG 10 

antibodies to GM1 or GQ1b alone for the distinction of motor Guillain-Barré syndrome (A) or 11 

Miller Fisher syndrome (B) from controls. Additionally, newly created multivariable models 12 

containing antibodies to both single gangliosides and ganglioside complexes were compared to 13 

currently used multivariable models based on antibodies to single gangliosides, for the distinction 14 

of Guillain-Barré syndrome (C), motor Guillain-Barré syndrome (D), or Miller Fisher syndrome 15 

(E) from controls. GBS: Guillain-Barré syndrome, Sulph: sulphatide, GN-GD1a: N-16 

acetylgalactosaminyl GD1a, PS: phosphatidylserine, GalC: galactocerebroside, SGPG: sulphated 17 

glucuronyl paragloboside, MFS: Miller Fisher syndrome, AUC: area under the receiver operator 18 

characteristic curve. 19 

 20 

Figure 2 Forest plots depicting the top five anti-glycolipid (complex) antibodies associated 21 

with several clinical features in patients with Guillain-Barré syndrome. Associations of anti-22 

glycolipid antibodies with motor Guillain-Barré syndrome, Miller Fisher syndrome, bulbar palsy 23 

at study entry, the axonal subtype, and preceding Campylobacter jejuni and Mycoplasma 24 

pneumoniae infections. Values indicate the odds ratio with their 95% confidence interval per anti-25 

glycolipid antibody. Antibodies were ranked based on the p value resulting from univariable 26 

logistic regression analyses. GBS: Guillain-Barré syndrome, PS: phosphatidylserine, GalNAc-27 

GD1a: N-acetylgalactosaminyl GD1a, Sulph: sulphatide, MFS: Miller Fisher syndrome, GalC: 28 

galactocerebroside, CJ: Campylobacter jejuni, MP: Mycoplasma pneumoniae. 29 
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 1 

Figure 3 Heat map depicting patient clusters with particular IgG anti-glycolipid antibody 2 

reactivity patterns derived from unsupervised hierarchical clustering of anti-glycolipid 3 

antibodies in patients with Guillain-Barré syndrome. Patients were clustered on the Y-axis (A-4 

G) and anti-glycolipid antibodies were clustered on the X-axis. The clusters are separated by white 5 

lines. Each patient cluster is characterised by a distinct antibody reactivity pattern (A: broad -6 

ranging GalNAc-GD1a reactivity, B: restricted GA1 and broad-ranging GM1 reactivity, C: 7 

restricted GalNAc-GD1a reactivity, D: restricted GA1, GD1b, and GM1 reactivity, E: nonspecific, 8 

F: restricted GQ1b and GT1a reactivity, and G: broad-ranging GT1a reactivity). GN-GD1a: N-9 

acetylgalactosaminyl GD1a, Sulph: sulphatide, SGPG: sulphated glucuronyl paragloboside, PS: 10 

phosphatidylserine, GalC: galactocerebroside. 11 

 12 

Figure 4 Dot plots and stacked bar plots illustrating the associations between anti-glycolipid 13 

antibodies (reactivity patterns) and electrophysiological subtypes in Guillain-Barré 14 

syndrome. (A) Box plots with individual anti-GM1 (left) and anti-GM1:Sulphatide (right) 15 

fluorescence intensities across electrophysiological subtypes. (B) Stacked bar plot depicting the 16 

distribution of electrophysiological subtypes across patient clusters based on anti-glycolipid  17 

antibody reactivity patterns. (C) Dot plot illustrating the interaction of GM1 with GD1a in patients, 18 

by comparing the sum of fluorescence intensities of anti-GM1 and anti-GD1a (anti-GM1 + anti-19 

GD1a) with the fluorescence intensity of the anti-complex antibody anti-GM1:GD1a per 20 

individual patient. Each line connects the fluorescence intensity of anti-GM1 + anti-GD1a to the 21 

fluorescence intensity of anti-GM1:GD1a of one patient. Groups are based on electrophysiological 22 

subtypes. (D) Stacked bar plot showing the distribution of electrophysiological subtypes across 23 

three groups based on the interaction of GM1 with GD1a (complex independent, enhanced or 24 

attenuated). * p <0.05, ** p <0.01, *** p <0.001. FI: fluorescence intensity, U: units, Sulph: 25 

sulphatide. 26 

 27 

Figure 5 Cumulative incidence curves for the time to regain the ability to walk unaided in 28 

relation to anti-glycolipid antibody reactivity. Cumulative incidence curves are shown for IgG 29 

anti-GQ1b:GM4 (A), IgG anti-GM1:Sulphatide (B), IgA anti-GM1:Sulphatide (C), and patient 30 
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clusters based on anti-glycolipid antibody reactivity patterns (D). Pos.: positive, Neg.: negative, 1 

Sulph: sulphatide. 2 
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Table 1 Odds ratios with associated 95% confidence intervals for the top five anti-glycolipid antibodies in distinguishing Guillain-1 
Barré syndrome, motor Guillain-Barré syndrome, or Miller Fisher syndrome from controls 2 

GBS vs controls Motor GBS vs controls MFS vs controls 

Top five AGAb OR (95% CI) Top five AGAb OR (95% CI) Top five AGAb OR (95% CI) 

Anti-GA1:Sulph 2.01 (1.85–2.20) Anti–GA1:Sulph 2.34 (2.11–2.60) Anti–GQ1b:SGPG 3.32 (2.79–4.00) 

Anti-GA1:PS 1.83 (1.68–2.00) Anti–GA1:PS 2.26 (2.05–2.52) Anti–GQ1b:LM1 6.63 (5.01–9.04) 

Anti-GA1:GalC 2.10 (1.89–2.35) Anti–GM1:SGPG 2.94 (2.52–3.45) Anti–GQ1b:Sulph 4.49 (3.58–5.79) 

Anti-GM1:Sulph 3.90 (3.19–4.87) Anti–GM1:Sulph 4.30 (3.47–5.45) Anti–GQ1b:GalC 5.05 (3.93–6.78) 

Anti-GD1b:Sulph 4.25 (3.41–5.45) Anti–GA1:GalC 2.21 (1.96–2.52) Anti–GQ1b:GD1b 7.19 (5.25–10.18) 

All described anti-glycolipid antibodies are of the IgG isotype. Ranking of anti-glycolipid antibodies was based on P in univariable logistic 3 
regression analyses on the complete dataset. GBS = Guillain-Barré syndrome; MFS = Miller Fisher syndrome; AGAb = anti-glycolipid antibodies; 4 
OR = odds ratio; CI = confidence interval; Sulph = sulphatide; PS = phosphatidylserine; GalC = galactocerebroside; SGPG = sulphated 5 
glucuronyl paragloboside. 6 
 7 

Table 2 Model performance statistics for models distinguishing Guillain-Barré syndrome, motor Guillain-Barré syndrome, or 8 
Miller Fisher syndrome from controls 9 
 10 

Group Model Constituent IgG anti-glycolipid antibodies C-statistic R2 

GBS Current GM1, GD1a, GD1b, GQ1b 0.76 (0.74–0.78) 0.27 (0.22–0.32) 

New GD1b, GQ1b, SGPG, GM1:GD1a, GA1:LM1, GA1:Sulph, 

GalC:LM1 

0.89 (0.88–0.91) 0.56 (0.52–0.61) 

Motor GBS Current GM1 0.74 (0.71–0.78) 0.30 (0.23–0.37) 

New GM1:GD1a, GA1:Sulph 0.87 (0.84–0.90) 0.52 (0.45–0.59) 

MFS Current GQ1b 0.76 (0.70–0.80) 0.30 (0.21–0.39) 

New GQ1b:GA1, GQ1b:GalC 0.91 (0.87–0.95) 0.64 (0.56–0.73) 

Analyses were performed in the complete dataset. Data are presented as value (95% confidence interval). The C-statistic and R2 were optimism-11 
corrected. GBS = Guillain-Barré syndrome; SGPG = sulphated glucuronyl paragloboside; Sulph = sulphatide; GalC = galactocerebroside; MFS = 12 
Miller Fisher syndrome. 13 
 14 

Table 3 Clinical features of patient clusters derived from unsupervised hierarchical clustering of anti -glycolipid antibody 15 
fluorescence intensities in patients with Guillain-Barré syndrome 16 

Variable Cluster A 
(n=38) 

GalNAc-

GD1a (b) 

Cluster B 
(n=43) 

GM1 (b), 

GA1 (r) 

Cluster C 
(n=18) 

GalNAc-

GD1a (r) 

Cluster D 
(n=50) 

GM1, GA1, 

GD1b (r) 

Cluster E 
(n=1155) 

Non-specific 

Cluster F 
(n=70) 
GQ1b, 

GT1a (r) 

Cluster G 
(n=39) 

GT1a (b) 

Geographical region 

Europe 21 (55.3) 19 (44.2) 9 (50.0) 33 (66.0)g 713 (61.7)g 34 (48.6) 12 (30.8) 

Americas 5 (13.2) 7 (16.3) 1 (5.6) 4 (8.0) 193 (16.7) 21 (30.0)d,e 13 (33.3)d 

Africa 2 (5.3) 0 (0) 0 (0) 2 (4.0) 20 (1.7) 1 (1.4) 5 (12.8)e 

Asia without 

Bangladesh 

3 (7.9) 3 (7.0) 2 (11.1) 4 (8.0) 75 (6.5) 14 (20.0)e 3 (7.7) 

Bangladesh 7 (18.4) 14 (32.6)e 6 (33.3) 7 (14.0) 154 (13.3) 0 (0) 6 (15.4) 

Clinical variant 

Motorsensory 14 (36.8) 22 (51.2)f 2 (11.1) 19 (38.0) 738 
(63.9)a,c,d,f,g 

12 (17.1) 9 (23.1) 

Motor 24 (63.2)e 18 (41.9)e 15 (83.3)b,e 25 (50.0)e 212 (18.4) 0 (0) 17 (43.6)e 

Miller Fisher syndromeh 0 (0) 2 (4.7) 1 (5.6) 2 (4.0) 85 (7.4) 53 

(75.7)b,c,d,e,g 

10 (25.6)e 

Preceding infection 

Campylobacter jejuni  34/38 

(89.5)b,d,e,f 

26 

(60.5)e,f 

11 (61.1)e,f 20 (40.0) 295/1153 

(25.6) 

18 (25.7) 29 

(74.4)d,e,f 

Mycoplasma pneumoniae  4/38 (10.5) 6 (14.0) 1 (5.6) 6 (12.0) 111/1153 
(9.6) 

5 (7.1) 8 (20.5) 

Cytomegalovirus  0 (0) 0 (0) 0 (0) 0 (0) 53/1150 (4.6) 1 (1.4) 0 (0) 

Hepatitis E virus 0 (0) 0 (0) 0 (0) 2 (4.0) 29/1153 (2.5) 0 (0) 1 (2.6) 

Epstein-Barr virus  1/37 (2.6) 0 (0) 0 (0) 0 (0) 10/1151 (0.9) 0 (0) 1 (2.6) 
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Cranial nerve palsy at study entry 

Facial 2 (5.3) 4 (9.3) 5 (27.8) 10 (20.0) 350/1143 

(30.6)a,b 

19 (27.1) 8 (20.5) 

Bulbar 2 (5.3) 6 (14.0) 3 (16.7) 7 (14.0) 275/1143 
(24.1) 

28 
(40.0)a,b,d,e 

16 
(41.0)a,d 

Oculomotor 0 (0) 5 (11.6) 1 (5.6) 6 (12.0) 115/1143 

(10.1) 

55 

(78.6)b,c,d,e,g 

14 (35.9)e 

Electrophysiological subtype 

Normal 0 (0) 1/28 (3.6) 0 (0) 0 (0) 41/749 (5.5) 16/53 (30.2)e 1/20 (5.0) 

Demyelinating 17/32 
(53.1)f 

8/28 (28.6) 6/17 (35.3) 30/46 
(65.2)b,f 

452/749 
(60.3)b,f 

10/53 (18.9) 13/20 
(65.0)f 

Axonal 9/32 

(28.1)e,f 

11/28 

(39.3)e,f 

3/17 (17.6) 7/46 (15.2) 59/749 (7.9) 2/53 (3.8) 1/20 (5.0) 

Inexcitable 2/32 (6.3) 2/28 (7.1) 2/17 (11.8) 1/46 (2.2) 22/749 (2.9) 0 (0) 1/20 (5.0) 

Equivocal 4/32 (12.5) 6/28 (21.4) 6/17 (35.3) 8/46 (17.4) 175/749 

(23.4) 

25/53 

(47.2)a,d,e 

4/20 (20.0) 

Disease course 

Mechanical ventilation 1 (2.6) 6 (14.0) 4 (22.2) 9 (18.0) 210 (18.2) 9 (12.9) 7 (17.9) 

Disability score ≥3 at 
nadir 

29/37 (78.4) 33/38 
(86.8) 

15 (83.3) 39/49 (79.6) 871/1095 
(79.5) 

48/67 (71.6) 36/38 
(94.7) 

Disability score ≥3 at 
26 weeks 

10/35 
(28.6)f 

12/34 
(35.3)f 

3/16 (18.8) 10/40 (25.0) 161/894 
(18.0) 

2/52 (3.8) 6/33 (18.2) 

Data are presented as count (%). Each cluster was compared to other clusters in logistic regression analyses. Significant differences between two 1 
clusters are indicated (bolded) for one of two clusters. Data to which logistic regression analyses were not applicable (due to all patients being in 2 
the same group) are presented in italics. GalNAc-GD1a = N-acetylgalactosaminyl GD1a; (b) = broad-ranging reactivity; (r) = restricted reactivity. 3 
a-gDiffers from cluster A, B, C, D, E, F, or G, respectively.  4 
hIncluding overlap with Guillain-Barré syndrome.  5 
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