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924 A. Shubhakar et al.

A2F0S0G, A2FS0G, A3F, and A3FS distinguished both CD 
and UC from controls alone (area under the curve [AUC] 
<0.85) with combinations of up to seven derived glycan 
traits [AUC <0.88] improving model performance. The 
best single derived trait for distinguishing between CD and 
UC was FA2[r6]G1 [AUC 0.62] and the best overall model 
[AUC 0.75] used a combination of �ve glycan markers; see 
Supplementary Table 8.

3.7.  Prediction of IBD treatment escalation using 
glycomic markers
Data on escalation of therapy, including biologics and sur-
gery, during follow-up were available for 91 IBD patients in 
the discovery cohort [Figure 2]. Patients were recruited over 
a period of 4 years and followed up until escalation, loss to 
follow-up, or the end of the study period. All escalation events 
occurring within follow-up were considered with no horizon. 
For non-escalators, the median follow-up was 441 days with 
a range of follow-up days between 29 to 797 days. For es-
calators, the average number of follow-up days was 63, with 
a range of follow-up between 1 to 615 days. An endpoint 

of �treatment escalation� was de�ned as the requirement for 
either biologics or ciclosporin [n=13, median time to event 
203 days], or surgery [n=11, median time to event 10 days]. 
Cox proportional hazard models including all combinations 
of up to seven derived glycan traits were created in this 
subset and ranked by the AUC from leave one out [LOO] 
cross-validation. A2F0S yielded the highest AUC [0.73] for a 
single derived trait, whereas A2F0S0G + A2FS for two traits 
and A2F0S0G + FA2[r6]B0G1 + FA2[r6]BG1 for three traits 
both had AUC of 0.84. All the other combination of markers 
that yielded the highest putative AUC for each length are pre-
sented in Supplementary Table 9.

In the discovery cohort, the optimal biomarker for predic-
tion of disease escalation in IBD produced an AUC of 0.94 
[Figures 4A and 7] including the traits A4F, A2B, A2F0B, 
A2S0B, A2F0SB, A2S0G, and A2F0S. Addition of naivety 
to the IBD glycomics biomarker did not improve the results 
[AUC = 0.84]. Considering CD and UC diagnoses separately, 
the optimal biomarkers included A2F0B and A2S0G with an 
AUC of 0.96 [Figures 2 and 4C] and A2B, A2S0B, A2F0S0B, 
A2F0SB, A2FS, and FA2[r6]G1 with an AUC of 0.97 [Figures 

����������������������������������������������




�����������������n���
		

��

��

��

��


�

�
��

��
��

��
��

��
���

�

��

	�

��

�	�����

���

�
�� �›�
���n������� ����n������� ����n�������

�
��

��
��

��
��

��
���

�

��

��

��

��

��

��

��

��

�	��


�
�� �›�

���n������� ����n������� ����n�������

�
��

��
��

��
��

��
���

�

��

��

��

��

��

��

��

��

��	����
���

�
�� �›�

���n������� ����n������� ����n�������

�
��

��
��

��
��

��
���

�


�

��

��

��

��

��

�
�� �›�

�������������������›��������������������

���������������� ��›���������������

�������������������������������� ��������������������������������

 ������
�
��
��

�
����›����������������n����


�

		
	�
�

��������������������������


�����������››��������������������������
�������������������
��������������›��������
�������

��������������������������������������������
�����������������������������������
����������������		���������
��
�
������������


���������������������������
�

����������������������������������
���›����������������������������
������������������������n�������������
���������������������

����
�

�����


����


����


���� ����
�

����
�

	����

�����

	���� ���
��

		��� �
��
�

���n������� ����n������� ����n�������

	

 ������
�
�� ���
�� �	


�
�� ��

 ����
�������� ���

�� �	�
�� ��

�����������������������›�����������������
�������

Figure 2. Infographic illustrating the breakdown of total number of samples used for different analysis in the discovery cohort and replication cohort. 
A] Depicts the sample numbers used to study the glycan associations of derived traits in the discovery cohort. B] Escalation follow-up data showing 
complete sample sets [ie, varying sample numbers used for the best model testing in �n� individuals across three disease states] within the discovery 
cohort and replication cohort.

D
ow

nloaded from
 https://academ

ic.oup.com
/ecco-jcc/article/17/6/919/7000718 by U

trecht U
niversity Library user on 06 February 2024



Serum N-Glycans Predict IBD Treatment Escalation 925

4E and 6] respectively. Kaplan-Meier plots for the optimal 
biomarkers for IBD, CD, and UC are depicted in Figure 4B, 
D, and F illustrating prediction of treatment escalation be-
tween high-risk and low-risk individuals. In the discovery co-
hort, the glycomics biomarkers for treatment escalation gave 
hazard ratios [HR] of 23.7 (p-value 6.8 × 10-6; 95% con�-
dence interval [CI] 6.1�91.96) for CD, 30.8 [p-value 1.9 × 
10-4; 95% CI, 7.9�120.4] for UC, and 25.9 [p-value1.1 × 10-

12; 95% CI, 8.52�78.78] in a combined IBD biomarker [See 
Supplementary Table 10]. Analysis of Schoenfeld residuals 
was evaluated and showed no signi�cant time-dependent ef-
fects [see Supplementary Figure 7]. Addition of hsCRP to the 
best glycomics biomarker did not improve the results (IBD es-
calation HR = 9.0, p-value of 7.0 × 10-12; 95% CI, 6.84�11.85 
Supplementary Table 11]).

For comparison with glycomics markers, Cox proportional 
hazard models using clinical in�ammatory markers were 
tested, none of which outperformed the glycomics markers 
[Supplementary Table 12 and Supplementary Figure 8].

3.8.  Validation of IBD treatment escalation using 
glycomic markers
The best performing glycomics biomarker for predicting 
treatment escalation in all IBD patients was reapplied to an 
independent cohort using an age, sex, and age-sex interaction 
corrected Cox model (AUC 0.76, p-value 1.1 × 10-5, HR = 

5.1; 95% CI, 2.54�10.1; Figure 5]). Addition of naivety to 
the IBD glycomics biomarker in the validation cohort did not 
improve the results [AUC 0.74]. Individual analyses of CD 
and UC were not possible without a larger replication cohort. 
The impact of the collection centre was evaluated using prin-
cipal component analysis [PCA], which showed a small effect. 
Patient age was the largest contributor to the observed effect. 
A Student�s t test was used to evaluate the effect of patient 
age, which showed that it was not signi�cant [p-value 0.987]. 
[Supplementary Figure 9].

4.  Discussion
We performed glycosylation analysis of total serum N�glycans 
from 422 samples using an automated sample processing 
method including glycan release, enrichment, labelling with 
procainamide tag, and post-labelling clean-up followed 
by UHPLC analysis.34 Our work�ow did not involve time-
consuming sample processing steps such as IgG puri�cation 
and has the added advantage of providing an overview of 
glycosylation changes in the total serum N-glycome.

Using this robust analytical method,35 we identi�ed the 
differences in derived glycan traits between IBD and con-
trols, as well as associations with clinical markers. The ad-
vantages of using derived traits are that they are calculated 
from enzymatically related glycans and are representative 

Table 2. TSNG-derived trait associations with controls and IBD

Derived trait C
[RI %]

CD
[RI %]

UC
[RI %]

p-value
[C-CD]

D p-value
[C-UC]

D p-value
[CD-UC]

D

A2F 32.8 32.7 32.1 8.7 × 10-1 - 2.8 × 10-1 - 3.2 × 10-1 -
A3F 56.8 58.8 59.1 3.5×10-5 � 8.5×10-7 � 4.4 × 10-1 -
A4F 15.9 18.1 17.0 1.5×10-5 � 6.2 × 10-2 - 3.3 × 10-2 -
A2B 16.3 16.4 16.2 4.9 × 10-1 - 7.1 × 10-1 - 4.6 × 10-1 -
A2F0B 8.3 8.8 8.7 3.3 × 10-2 - 1.1 × 10-1 - 9.2 × 10-1 -
A2FB 36.6 34.2 34.3 4.9×10-6 � 5.2×10-7 � 7.8 × 10-1 -
A2S0B 64.1 67.8 67.3 9.0×10-12 � 1.5×10-9 � 2.7 × 10-1 -
A2F0S0B 83.8 85.3 85.9 1.1×10-4 � 6.1×10-8 � 7.4 × 10-2 -
A2FS0B 18.9 17.7 17.2 1.1 × 10-2 - 3.3×10-5 � 1.1 × 10-1 -
A2SB 11.1 11.0 10.5 8.8 × 10-1 - 9.3 × 10-3 � 6.2 × 10-2 -
A2F0SB 2.5 2.5 2.3 9.8 × 10-1 - 1.4×10-5 � 1.1 × 10-3 -
A2FSB 36.1 35.3 35.4 2.0 × 10-1 - 9.5 × 10-2 - 8.2 × 10-1 -
A2S0G 56.2 46.6 47.5 5.0×10-15 � 3.1×10-14 � 3.5 × 10-1 -
A2F0S0G 56.5 41.2 42.8 8.4×10-16 � 9.1×10-15 � 2.6 × 10-1 -
A2FS0G 51.8 42.0 43.1 4.4×10-15 � 8.8×10-14 � 2.4 × 10-1 -
A2S 80.7 81.2 81.1 2.9 × 10-1 - 2.7 × 10-1 - 9.8 × 10-1 -
A2F0S 84.9 84.4 84.5 7.4 × 10-2 - 3.9 × 10-1 - 7.1 × 10-1 -
A2FS 55.2 56.7 55.2 6.5 × 10-3 - 8.1 × 10-1 - 1.1 × 10-2 -
A3S 100.5 99.5 101.2 5.7 × 10-1 - 7.7 × 10-2 - 3.2 × 10-2 -
A3F0S 97.4 95.5 98.1 2.9 × 10-1 - 1.2 × 10-1 - 2.1 × 10-2 -
A3FS 134.3 128.7 131.2 6.3×10-5 � 5.7 × 10-2 - 4.0 × 10-2 -
FA2[r6]G1 56.8 56.2 58.1 2.8 × 10-1 - 6.3 × 10-3 - 3.3×10-4 �
FA2[r6]B0G1 73.2 72.6 74.4 2.9 × 10-1 - 1.5 × 10-3 - 1.7×10-4 �
FA2[r6]BG1 33.8 33.4 33.9 7.3 × 10-1 - 9.2 × 10-1 - 7.5 × 10-1 -

TSNG-derived trait comparison table displaying the average relative intensity [RI] for each sample type. grey background. The p-value of the age, sex, and 
age-sex interaction corrected generalised linear model and the direction [D] of change are shown for each comparison (controls [C] vs. CD, C vs. UC and 
CD vs. UC). Signi�cant results are highlighted with bold text and a light grey background.
TSNG, total serum N-glycans; IBD, in�ammatory bowel disease; CD, Crohn�s disease; UC, ulcerative colitis.
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Figure 3. Association of derived glycan traits in controls, CD and UC patients. The notch represents 95% con�dence interval for the median, the box 
represents the interquartile range, the dots within the upper and lower whiskers represent an individual�s relative abundance for the trait, and dots 
outside the whiskers are possible outliers. The n = x shown on the x-axis represents the number of measurements whose relative abundance was 
plotted for each group within the cohort. These age- and sex- corrected GLM boxplots with signi�cant results are marked with a line, and coloured 
p-values [red indicates a negative slope and green indicates a positive slope] are shown inside each plot. [A] A2S0G = galactosylation of non-
sialylated diantennary glycans, [B] A2F0S0G = galactosylation of non-sialylated non-fucosylated diantennary glycans, [C] A2FS0G = galactosylation of 
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