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Quantitative site-specific N-glycosylation
analysis reveals IgG glyco-signatures
for pancreatic cancer diagnosis

Yi Jin®", Ran HU", Yufan Gu', Ailin Wei?, Ang Li**" and Yong Zhang""

Abstract

Background Pancreatic cancer is a highly aggressive tumor with a poor prognosis due to a low early detection rate
and a lack of biomarkers. Most of pancreatic cancer is pancreatic ductal adenocarcinoma (PDAC). Alterations in the
N-glycosylation of plasma immunoglobulin G (IgG) have been shown to be closely associated with the onset and
development of several cancers and could be used as biomarkers for diagnosis. The study aimed to explore intact
N-glycosylation profile of IgG in patients with PDAC and find relation between intact N-glycosylation profile of IgG
and clinical information such as diagnosis and prognosis.

Methods In this study, we employed a well-evaluated approach (termed GlycoQuant) to assess the site-specific
N-glycosylation profile of human plasma IgG in both healthy individuals and patients with pancreatic ductal
adenocarcinoma (PDAC). The datasets generated and analyzed during the current study are available in the
ProteomeXchange Consortium (http://www.proteomexchange.org/) via the iProX partner repository, with the dataset
identifier PXD051436.

Results The analysis of rapidly purified IgG samples from 100 patients with different stages of PDAC, in addition

to 30 healthy controls, revealed that the combination of carbohydrate antigen 19—-9 (CA19-9), IgG1-GP05 (IgG1-
TKPREEQYNSTYR-HexNAc [4]Hex [5]Fuc [1]NeuAc [1]), and IgG4-GP04 (IgG4-EEQFNSTYR- HexNAc [4]Hex [5]Fuc [1]
NeuAc [1]) can be used to distinguish between PDAC patients and healthy individuals (AUC=0.988). In addition, cross
validation of the diagnosis model showed satisfactory result.

Conclusions The study demonstrated that the integrated quantitative method can be utilized for large-scale clinical
N-glycosylation research to identify novel N-glycosylated biomarkers. This could facilitate the development of clinical
glycoproteomics.
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Introduction

Pancreatic cancer is a highly malignant solid tumor with
an overall five-year survival rate of less than 10% [1].
Additionally, the five-year survival rate for patients with
metastasis is less than 3% [2]. It is important to note that
more than 90% of pancreatic cancers are pancreatic duc-
tal adenocarcinoma (PDAC) [3], and surgical resection
is the only way to completely cure PDAC [4]. However,
PDAC is often asymptomatic, and early symptoms are
not typical. As a result, most patients are already in the
advanced or distant metastatic stage at the time of diag-
nosis, missing the best surgical opportunity, or metas-
tasizing and dying within one year of surgery [5]. Early
diagnosis and timely treatment can effectively improve
the surgical resection rate of PDAC and, consequently,
improve the five-year survival rate of patients.

Changes to the structure or quantity of proteins can
directly impact normal physiological activities and even
lead to neoplastic lesions. Glycosylation is a crucial and
intricate post-translational modification, with over half
of all human proteins requiring glycosylation [6]. Glyco-
sylation directly involves in almost all human diseases,
including inflammation, infectious diseases, cancer,
diabetes, and neurodegeneration [7-10]. In malignant
tumors, some glycoproteins have abnormal glycosyl-
ation patterns and are involved in various processes of
tumorigenesis, such as protein folding and degradation,
angiogenesis, differentiation, cell growth, tumor cell dis-
sociation, invasion, epithelial-mesenchymal transforma-
tion and metastasis [11]. Studies have shown that the
response of glycosylation modification to disease may be
earlier and more obvious compared to changes in protein
expression [12]. Additionally, altered glycoproteins in
cancer cells could be released into the blood, and conse-
quently, easy to be detected. It is important to note that
these findings are objective and not based on subjective
evaluations. Therefore, the glycosylation related to spe-
cific tumor may become specific cancer biomarker [13].
The use of advanced glycoproteomics technology to iden-
tify characteristic changes in this process may provide
key information for disease diagnosis, early detection,
treatment, and prognosis assessment.

Traditionally, tumor biomarkers refer to molecules
(such as nucleic acids, proteins, and metabolites) that are
produced either directly by malignant cells or by other
cells in response to certain malignant or non-malignant
conditions. Currently, the biomarker commonly used for
the diagnosis, therapeutic efficacy evaluation, benign and
malignant screening, and prognostic evaluation of PDAC
is serum carbohydrate antigen 19-9 (CA199) [14]. How-
ever, the specificity and sensitivity of CA19-9 in diagnos-
ing PDAC were only 78.9% and 69.9%, respectively [15].
What'’s more, the positive expression of CA19-9 is only
found in the later stages of tumor progression, making it
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difficult to detect PDAC early. Furthermore, CA19-9 lev-
els may also increase in the presence of jaundice, pancre-
atitis, bile duct obstruction, and other malignant tumors
such as colon, stomach, and lung cancer, leading to insuf-
ficient specificity [16—19]. Additionally, the expression of
CA19-9 requires the presence of Lewis antigen. And in
about 5-10% of patients, the lack of Lewis antigen results
in the phenomenon of false negative [20]. Therefore, the
exploration of new tumor biomarkers for PDAC in order
to achieve more accurate and early diagnosis remains the
focus and difficulty of current clinical research.

Plasma immunoglobulin G (IgG) is the most abun-
dant immunoglobulin in the circulatory system. It plays
an important role in antigen neutralization, phagocyto-
sis, cytotoxicity, and maintenance of immune homeosta-
sis. The pattern and level of N-glycosylation in the IgG
Fc fragment are crucial for most of these IgG-mediated
protective immune responses [21]. Changes in N-gly-
cosylation are associated with various diseases, includ-
ing autoimmune diseases, infections, and cancer [22].
N-glycosylation of IgG has attracted attention as a poten-
tial biomarker for the diagnosis of various diseases such
as prostate carcinoma, type 2 diabetes and chronic kid-
ney diseases [22-24]. However, to our knowledge, it has
not been studied systematacially in PDAC. Thus, it is
worthwhile to study the IgG glycosylation modification
in PDAC and we hypothesize that N-glycosylation of
IgG could have the potential to assist CA19-9 in PDAC
diagnosis.

In this study, we used a well-evaluated approach
(termed GlycoQuant), which integrated fast IgG prepa-
ration method, combined electron-transfer/higher-
energy collisional dissociation (EThcD) and stepped
collision energy/higher-energy collisional dissociation
(sceHCD) dissociation method EThcD-sceHCD and
updated PANDA software tool to enable the quantifica-
tion of intact N-glycopeptides [25]. GlycoQuant is a set
of processes designed by our research team [25] to com-
plete intact N-glycopeptide quantification, including
sample preparation, LC-MS/MS analysis, identification,
quantification, and bioinformatics analysis. Moreover, in
previous study, we confirmed that ETHCD-sceHCD can
quantify more intact N-glycopeptides than EThcD or sce-
HCD alone, and the average proportion of missing values
is lowest, which has strong applicability in clinical N-gly-
coproteomics studies. Based on GlycoQuant, the site-
specific N-glycosylation modifications of human plasma
IgG in healthy people and patients with PDAC were char-
acterized. When combined with some clinical indicators,
the differentially expressed intact N-glycopeptides of IgG
may be utilized as accurate diagnostic tools.
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Materials and methods

Biospecimen collection

The study was conducted in adherence to the Decla-
ration of Helsinki and approved by the medical ethics
committee at the West China Hospital, Sichuan Uni-
versity. Plasma samples were collected from healthy
controls (HC=30) and patients with pancreatic cancer
(PDAC=100) and stored at -80 ‘C before use. Written
informed consent was obtained from all participants.

This prospective observational study collected plasma
samples from patients admitted to the Department of
Pancreatic Surgery of West China Hospital between June
2020 and May 2022. The inclusion criteria were as fol-
lows: (1) be over 18 years of age, (2) have accurate Chi-
nese character writing ability, (3) be proficient in oral
expression, (4) have no history of mental illness, (5)
understand the purpose and content of the study, (6) be
able to sign informed consent, and (7) have been diag-
nosed with PDAC for the first time in the Department
of Pancreatic Surgery at West China Hospital of Sichuan
University. The diagnostic gold standard was based on
pathological diagnosis of intraoperative tissue samples.
The exclusion criteria were as follows: (1) those with non-
primary pancreatic tumors or with two or more types
of tumors including pancreatic cancer, (2) those with a
history of tumor or chemoradiotherapy, (3) those who
need to take immunosuppressants or hormones for an
extended period due to disease, and (4) those diagnosed
with kidney disease such as nephrotic syndrome, IgA
nephropathy, acute or chronic renal insufficiency, etc.
(5) other pancreatic borderline or benign tumors include
intraductal papillary mucinous neoplasm, pancreatic
serous or mucinous cystadenoma, solid pseudopapillary
tumor of the pancreas, and pancreatic neuroendocrine
tumor.

Plasma samples were collected from patients diag-
nosed with PDAC prior to surgery. Mass spectrometry
was performed after postoperative pathological diagnosis
confirmed PDAC, with the consent of patients and their
families.

Clinical data collection

The clinical data collected from patients included their
age, sex, body mass index (BMI), hypertension, diabetes,
smoking and drinking habits, jaundice, CA19-9 levels,
tumor size, tumor location (head of pancreas, uncinate
process of pancreas, neck of pancreas, body of pancreas,
and tail of pancreas), and stage of PDAC. The classifica-
tion and staging of PDAC were performed according
to the (tumor—-node—metastasis) TNM staging and the
American joint committee on cancer (AJCC) staging
(stage I, 11, I1I, IV), edition 8 [26].
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Preparation of IgG

Plasma IgG from 130 samples were purified using our
optimized method previously described. In brief, we
mixed 20 pL of plasma in a microcentrifuge tube with
40 pL of equilibrated immobilized protein A/G agarose.
The mixture was then incubated with 200 uL of binding
buffer (25 mM tristate buffer, 150 mM sodium chloride,
pH7.2) for 2 h at 4 C on a rotator. After a brief centrif-
ugation, the supernatant was discarded, and we added
approximately 500 pL of binding buffer to wash the
unbound proteins. Subsequently, 50 pL of elution buffer
(0.1 M formic acid) was added to release the captured
plasma IgGs. The tube was incubated for 5 min at 25 C
on a rotator, and then briefly centrifuged to collect puri-
fied IgGs. Quantification was performed using the bicin-
choninic acid protein assay at 562 nm.

Denature, reduction, alkylation and digestion

The 20 pg of IgGs was added to 200 pL of 50 mM ammo-
nium bicarbonate (ABC) buffer (pH8.5), and the mix-
ture was denatured by heating at 95 ‘C for 10 min. The
protein was then reduced and alkylated by adding 4 pL
of 1 M dithiothreitol for 45 min at 56 C, followed by 10
uL of 1 M iodoacetamide (IAM) for 30 min at 25 C in
the dark. The resulting mixture was then loaded into a
10 kDa ultrafiltration tube (Millipore Corporation, Bil-
lerica). The agents were subsequently replaced with ABC
buffer three times and centrifuged at 13,000 g for 10 min.
Next, approximately 500 ng of trypsin and 100 uL of ABC
were added and oscillated overnight at 37 C. The digests
were collected by centrifugation at 13,000 g for 10 min at
4 °C. Finally, the peptides were dried using the SpeedVac
and stored at -80 ‘C for further analysis.

LC-MS/MS analysis

The peptides from each sample were resuspended in
40 pL of 0.1% formic acid. Subsequently, 1 pL of pep-
tides was separated on a ReproSil-Pur C18-AQ col-
umn (1.9 um, 100 pm inner diameter, length 25 c¢cm; Dr
Maisch) using a 30-min gradient (0-2 min, 5-12% B;
2-7 min, 12-22% B; 7-21 min, 22-32% B; 21-22 min,
32-90% B; 22-30 min, 90% B) at a flow rate of 350 nL/
min. Finally, the separated peptides were analyzed using
an Orbitrap Fusion Lumos Mass Spectrometer (Thermo
Fisher, USA).

An alternative fragmentation between the EThcD and
sceHCD modes was used in a duty cycle of 3 s for EThcD-
sceHCD-MS/MS. During the EThcD duty cycle of 2 s,
MS1 was analyzed at an Orbitrap resolution of 60,000
within the 400-1600 m/z range. The RF lens, AGC tar-
get, MIT, and exclusion duration were set to 40%, 2.0 e5,
50 ms, and 15 s, respectively. MS2 was analyzed at an
Orbitrap resolution of 30,000 with 2 m/z. The AGC tar-
get, MIT, and EThcD type were standard, 150 ms, and
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35%, respectively. During the sceHCD duty cycle of 1 s,
MS]1 was analyzed using a range of 400—-1600 m/z at an
Orbitrap resolution of 60,000. The RF lens, AGC target,
MIT, and exclusion duration were set to 40%, standard,
auto, and 15 s, respectively. MS2 was analyzed with a res-
olution of 30,000 at 1.6 m/z. The AGC target, MIT, and
HCD collision energies were set to standard, auto, and
30%, respectively. Additionally, the sceHCD mode was
enabled with an energy difference of +10% (20-30-40%).

Data analysis and bioinformatics

Byonic software (version 3.10.10, Protein Metrics, Inc.)
was used to search the RAW data files. The human IgG
Uniprot database was selected. Precursor and fragment
ion mass tolerances were set as =6 ppm and +20 ppm,
respectively. The fragmentation type was set to “Both
HCD & EThcD” Two missed cleavage sites were allowed.
Carbamidomethyl (C) was set as a fixed modification,
while Oxidation (M) and Acetyl (Protein N-term) were
set as variable modifications. The N-glycan modification
was set as the “182 human N-glycans” Protein groups
were filtered to 1% FDR. Quality control methods for
identifying intact N-glycopeptides included a Byonic
score of over 200 and at least 5 amino acids. Each spec-
trum of intact N-glycopeptide should be confirmed
manually. Abnormal data were initially excluded based
on the spectral shape and TIC information. The remain-
ing data was classified into five groups (HC, PDAC [,
PDAC II, PDAC III, and PDAC 1V) according to clinical
information.

The intact N-glycopeptides were quantified using
PANDA software (v.1.2.5) in label-free quantification
mode with or without the match between runs (MBR)
function. Both MS raw files and “output.spectra” files
(intact glycopeptide identification files obtained from
the Byonic search results) were imported. Default val-
ues were used for all other parameters. The batch search
results were compiled into a file named “Peptides_F1”
using PANDA. The file can be used for qualitative com-
parison without MBR. To compare the detection rate of
N-glycopeptide between HC and PDAC patients, those
glycopeptides whose detection rate<50% in both of the
two groups were removed, and Chi-square was employed
to calculate the p-value. For remaining glycopeptides,
MBR was selected to supplement missing quantitative
values. In addition, the remaining missing values were
filled with the minimum value. Furtherly, the data of each
column was normalized (the ratio of glycopeptide expres-
sion to total expression per column can be calculated as
the glycopeptide ratio). Finally, glycopeptides were accu-
mulated by site-specificity for further analysis.

There were two groups, HC and PDAC. The study
compared the expression level of four glycopeptides
subclasses and intact N- glycopeptides obtained by
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site-specific accumulation in the two groups using
grouped boxplots. Hypothesis testing was then used to
compare the expression of glycopeptides between the
two groups in the Wukong platform. Statistical signifi-
cance was defined as p<0.05. FC (fold change) >1.5 indi-
cates up-regulated expression, while FC<0.67 indicates
down-regulated expression. The boxplots with statistical
significance were marked. The correlation between dif-
ferential glycopeptides and clinical information including
serum CA19-9 level, BMI, and age was analyzed using
the Spearman correlation method in Origin (2021). The
patients were divided into two groups based on gen-
der and jaundice. The t-test (p<0.05) and fold change
(FC>1.5 or <0.67) were used to determine whether there
was a difference in the expression of differential glyco-
peptides between two groups. Binary logistic regression
was used to perform univariate and multivariate analy-
ses in SPSS (v.27) to establish a diagnostic model for
PDAC patients compared to HC. Besides, K-fold cross
validation was used to evaluate the model (k=10). Sub-
sequently, the multivariate diagnosis of pancreatic cancer
was performed using receiver operating characteristic
(ROC) analysis. Patients were followed up until Janu-
ary 31st, 2024. The Cox proportional hazards model was
employed to analyze factors associated with prognosis.
Statistical significance was defined as p<0.05.

Results

Basic characteristics of the included population

A total of 130 plasma samples were collected, consisting
of 30 healthy individuals and 100 patients with PDAC
at stages I (PDAC 1=30), II (PDAC II=15), III (PDAC
I11=21), and IV (PDAC IV=34). As shown in Table 1, the
average age of the two groups was 62.38+10.95 years and
61.43+8.89 years, respectively, while the average BMI of
the two groups was 23.51+2.04 and 23.08+2.11, respec-
tively. For most of the patients, the tumors ranged in
size from 2 to 4 cm, and their serum CA19-9 levels were
between 30 and 300 U/mL. A small number of patients
were diagnosed with jaundice. The primary tumor loca-
tion was most frequently in the pancreatic head. There
was no statistical difference on the baseline data of the
two groups, except for the CA19-9 value and jaundice
(seen Additional file 1).

Qualitative analysis of intact N-glycopeptides from plasma
lgGs

Based on our GlycoQuant method, a total of 94 intact
N-glycopeptides from plasma IgGs were identified (seen
Additional file 2). To ensure the reliability of subsequent
analysis, only intact N-glycopeptides with a quantita-
tive deletion value of less than 50% in both groups (HC
and PDAC) were retained (#=32). The detection rates
of these intact N-glycopeptides in HC and PDAC were
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Table 1 Demographic characteristics of the two groups of individuals included
Variate PDAC HC p (T-test)
Age (years) 62.38+10.95 61.43+8.89 0.070
BMI 23.51+£2.04 23.08+2.11 0.994
Gender Male 54 14 0481
Female 46 16
Chronic disease Hypertension 33 11 0.710
Diabetes 25 6 0573
Living habit smoking 49 14 0.823
Drinking 49 14 0.823
Size (cm) <2 12
2<d<4 57
>4 31
CA19-9 (U/mL) <30 19 30 <0.001
30<CA19-9<300 45 0
300<CA19-9< 1,000 33 0
>1,000 3 0
Jaundice None 72 30 0.001
Yes 28 0
Location head 45
Uncinate process 1
Neck 8
Body 25
Tail 1
AJCC stage I 30
I 15
I 21
% 34
Number of samples 100 30

PDAC, pancreatic ductal adenocarcinoma; HC, healthy control; BMI, body mass index; CA19-9, carbohydrate antigen 19—9; AJCC, American joint committee on

cancer

compared using a Chi-square test, with statistical sig-
nificance defined as p<0.05. Finally, a total of 15 intact
N-glycopeptides exhibited statistical differences between
the two groups (seen Additional file 3). The file includes
the peptide sequences, glycan compositions and P value
(Chi-square test).

Quantitative analysis of intact N-glycopeptides from
plasma IgGs

The updated PANDA software (v.1.2.5) was used to
quantify intact N-glycopeptides of plasma IgGs in label-
free quantification mode with the match between runs
(MBR) function. After filling with minimum values and
normalization, a total of 32 intact N-glycopeptides were
quantified (seen Additional file 4). Following the removal
of redundancy, 22 site-specific N-glycopeptides with
accession numbers were determined for further analysis
(Table 2).

The results showed no difference in expression when
comparing the total expression of four subclasses of IgG
in both HC and PDAC groups (Fig. 1A). In addition, to
investigate the N-glycosylation variations associated with
PDAC, we compared the 22 site-specific N-glycopeptides

from the HC group with those from the PDAC group.
Four N-glycopeptides (IgG1-GP05, IgG2-GP01, IgG3-
GP03, IgG4-GP04) showed differential expression, and
only IgG2-GP01 (IgG2-EEQFNSTFR-HexNAc [3]Hex [3]
Fuc [1]) showed high expression in PDAC group signifi-
cantly (FC=1.71, p<0.001) (Fig. 1B and C).

Clinical correlation analysis

The study utilized the Spearman correlation method to
examine the correlation between these four site-specific
N-glycopeptides and the clinical information includ-
ing age, serum CA19-9 levels, and BMI of the people
enrolled (Fig. 2A). The results revealed a strong posi-
tive correlation between IgG3-GP03 and IgG4-GP04
(0.76). Additionally, there were moderate negative cor-
relations between IgG2-GP0l and IgG1-GPO05, IgG3-
GPO03, and IgG4-GP04, with correlation coefficients of
-0.49, -0.49, and —0.46, respectively. Besides, the T-test
analysis results showed no significant difference in the
expression levels of differential glycopeptides between
the two gender groups. However, there was a differ-
ence in the expression of IgG1-GP05 between the jaun-
dice and non-jaundice groups. Specifically, individuals
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Table 2 Quantified site-specific N-glycopeptides from IgGs

Accession Sequence N-glycan composition
number

IgG1-GPO1 EEQYNSTYR HexNAc(4)Hex(3)Fuc(1)
I9gG1-GP02 EEQYNSTYR HexNAc(4)Hex(4)

IgG1-GPO3 EEQYNSTYR HexNAc(4)Hex(4)Fuc(1)
IgG1-GP04 EEQYNSTYR HexNAc(4)Hex(5)Fuc(1)
IgG1-GP05 TKPREEQYNSTYR HexNAc(4)Hex(5)Fuc(1)NeuAc(1)
IgG1-GP06 EEQYNSTYR HexNAc(5)Hex(4)Fuc(1)
I9gG2-GPO1 EEQFNSTFR HexNAc(3)Hex(3)Fuc(1)
IgG2-GP02 EEQFNSTFR HexNAc(4)Hex(3)Fuc(1)
lgG2-GP03 EEQFNSTFR HexNAc(4)Hex(4)Fuc(1)
19gG2-GP04 EEQFNSTFR HexNAc(4)Hex(4)Fuc(1)NeuAc(1)
lgG2-GP05 EEQFNSTFR HexNAc(4)Hex(5)Fuc(1)
19G2-GP06 EEQFNSTFR HexNAc(4)Hex(5)Fuc(1)NeuAc(1)
IgG2-GP07 EEQFNSTFR HexNAc(5)Hex(3)Fuc(1)
lgG2-GP08 EEQFNSTFR HexNAc(5)Hex(4)Fuc(1)
IgG3-GPO1 EEQYNSTFR HexNAc(4)Hex(3)Fuc(1)
IgG3-GP02 EEQYNSTFR HexNAc(4)Hex(4)Fuc(1)
IgG3-GP03 EEQYNSTFR HexNAc(4)Hex(5)Fuc(1)
IgG3-GP04 EEQYNSTFR HexNAc(5)Hex(3)Fuc(1)
lgG4-GPO1 EEQFNSTYR HexNAc(4)Hex(3)Fuc(1)
IgG4-GP02 EEQFNSTYR HexNAc(4)Hex(4)Fuc(1)
IgG4-GP03 TKPREEQFNSTYR HexNAc(4)Hex(4)Fuc(1)
lgG4-GP04 EEQFNSTYR HexNAc(4)Hex(5)Fuc(1)NeuAc(1)

without jaundice had a higher expression of IgG1-GP05
(p<0.001) by 2.38 times compared to those diagnosed
with jaundice. (seen Additional file 5 and Additional file
6).

Regression analysis and ROC between HC and PDAC group

As demonstrated in the univariate analysis, CA19-9,
IgG1-GP05, 1gG2-GPO01, IgG3-GP03, and IgG4-GP04
have an impact on the diagnosis. The multivariate anal-
ysis shows that the final model includes CA19-9, IgG1-
GPO05, and IgG4-GP04 (Table 3). The Chi-square of the
Hosmer and Lemeshow Test was 0.246, with a p-value of
1.00>0.05, indicating that the model was well established.
The ROC curve for multivariate diagnosis is presented
below. The area under the curve (AUC) is 0.988 the max-
imum Jorden index is 0.937, the sensitivity is 0.970, the
specificity is 0.967, and the optimal cut-off value is 0.616
(Fig. 2B). The results of cross-validation showed that
RMSE was 0.332, R? was 0.428, and MAE was 0.248, indi-
cating that the model had a good diagnostic efficiency. It
is regrettable that the results of the univariate analysis of
the Cox proportional hazards model, as presented in the
Additional file 7, did not identify any prognostic factors
related to pancreatic cancer.

Discussion

Compared to the genome and proteome which have
a template, glycans are produced through a complex
non-template-driven process. This process involves the
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competition of enzymes that extend the nascent chain,
with the addition of each monosaccharide dictated by the
one before. Additionally, there is no “completed” struc-
ture, as the glycans may exit anywhere along the glyco-
sylation pathway, producing a range of structures that
vary in terms of linkages, length, number of antennae,
and composition [27]. The analysis of glycoproteomic
is more challenging than that of other biopolymers due
to the importance of selecting the appropriate fragment
mode, which directly impacts the accuracy and quantity
of intact glycopeptide recognition. The traditional frag-
mentation method sceHCD or EThcD has been used in
many studies [28]. We proposed a new mass spectrome-
try fragmentation method, EThcD-sceHCD, which offers
the benefits of both approaches and provides a higher
spectral quality and identification depth compared with
the traditional methods [29, 30]. Besides, we proposed
an innovative approach named GlycoQuant, which inte-
grated fast IgG preparation method, EThcD-sceHCD and
updated PANDA software tool together to enable the
quantification of intact N-glycopeptides [25].

IgG is the most abundant class of immunoglobulins in
the circulatory system. It plays an important role in anti-
gen neutralization, phagocytosis, cytotoxicity, and main-
tenance of immune homeostasis. The pattern and level
of N-glycosylation in IgG Fc fragments determine most
of these IgG-mediated protective immune responses.
Changes in N-glycosylation are associated with different
diseases, such as autoimmune diseases, infections, and
cancer. Our team has demonstrated the reliability and
practicability of our proposed approach, EThcD-sceHCD
and GlycoQuant in a variety of research of different dis-
ease. For instance, we analyzed tryptic peptides without
enrichment of intact N-glycopeptides of human plasma
IgG from 58 healthy people and 111 patients with chronic
kidney disease via EThcD-sceHCD. Finally, the new
approach resulted in higher spectral quality, more infor-
mative fragment ions, higher Byonic score, and almost
twice the depth of intact N-glycopeptide identification
than sceHCD or EThcD alone. Besides, the results of the
study also revealed that intact N-glycopeptides were dif-
ferentially expressed in healthy people and chronic kid-
ney disease patients, which therefore, can be a diagnostic
tool [23]. In another study, we identified site-specific
N-glycosylation of the human immunodeficiency virus
type 1 (HIV-1) Env protein gp120 via EThcD-sceHCD. It
has proven to increase the number of identified glycopep-
tides compared with EThcD, and produce more fragment
ions than sceHCD [30]. Additionally, in a recent study,
we combined EThcD-sceHCD and an intact N-glyco-
peptide batch quantifcation software tool (the upgraded
PANDA v.1.2.5) together to analyze intact N-glycopep-
tides of plasma IgGs from 58 healthy people, 48 patients
with membranous nephropathy, and 35 patients with IgA
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Fig. 1 Differentially expressed site-specific N-glycopeptides between HC and PDAC groups. (A), differentially expressed N-glycopeptides subclasses be-
tween HC and PDAC groups; (B) and (C), differentially expressed site-specific N-glycopeptides between HC and PDAC groups; HC, healthy control; PDAC,
pancreatic ductal adenocarcinoma; IgG, immunoglobulin G; *, p<0.05; **, p<0.01

nephropathy. The final results identified several quanti-
fied intact N-glycopeptides which could distinguish not
only between chronic kidney disease and healthy people,
but also between different types of chronic kidney disease
(membranous nephropathy and IgA nephropathy) and
served as a diagnostic tool for renal tubular function [25].
These researches demonstrated the feasibility of the new
approach we proposed and as well, reveal the potential of
intact N-glycopeptides of IgG for disease diagnosis.

IgG glycosylation has also been investigated as a poten-
tial source of markers for pancreatic cancer. A study
analyzed the serum IgG-glycosylation from 86 autoim-
mune pancreatitis patients, 115 PDAC patients and 57
healthy people. The study suggested that IgGs had dif-
ferent rations of glycosylation type between autoim-
mune pancreatitis patients and PDAC patients, with a
higher agalactosylation ratio of IgG1 and a higher aga-
lactosylation ratio of IgG2 for PDAC patients, and a
higher sialylation ratio of IgG subclasses 1, 2 and 4 for

autoimmune pancreatitis patients. However, this study
did not explore specific glycosylation patterns, nor did
it involve quantitative studies of specific glycopeptide
expression [31]. Additionally, another study analyzed
six fucosylated glycoforms of IgG2 in the plasma of 75
healthy people, 75 pancreatitis patients and 75 PDAC
patients. The results showed significant increases in aga-
lactosylated glycoforms and decreases in galactosylated
glycoforms for pancreatitis and PDAC patients com-
pared with healthy controls [32]. However, the study just
focused on the IgG2, and similarly, didn’t involve quanti-
tative studies of specific glycopeptide expression. In addi-
tion, another study utilized a novel method to determine
the glycosylation of IgG subclasses. They identified seven
glycopeptides that have high potential in differentiating
between autoimmune pancreatitis and PDAC. The gly-
copeptides that identified in the study were not the same
as ours, which maybe because that the study didn’t point
out the specific glycosylation pattern, N-glycosylation or
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Fig. 2 Clinical correlation analysis including Spearman correlation analysis and ROC of PDAC diagnosis. (A), Spearman correlation analysis of serum CA19-
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the absolute value; (B), ROC of CA19-9, IgG1-GP05, and IgG4-GP04 combined diagnosis for patients with PDAC; binary logistics regression was used for
ROC analysis. HC, healthy control; PDAC, pancreatic ductal adenocarcinoma; IgG, immunoglobulin G; CA199, carbohydrate antigen 19— 9; BMI, body mass

index; ROC, receiver operating characteristic

Table 3 Univariate and multivariate analysis of diagnosis between HC and PDAC group

Variate Univariate analysis Multivariate analysis

HR (95% Cl) p B HR (95% Cl) p
age 1.01 (0.97-1.05) 0.664 - - -
Gender 1.34(0.59-3.04) 0481 - - -
BMI 1.11(0.91-1.36) 0307 - - -
Hypertension 0.85 (0.36-1.99) 0.710 - - -
Diabetes 1.33(0.49-3.63) 0574 - - -
Smoking 1.10 (0.49-2.49) 0.823 - - -
Drinking 1.10 (0.49-2.49) 0.823 - - -
CA19-9 1.14 (1.06-1.23) <0.001 0.12 1.12(1.04-1.22) 0.005
IgG1-GPO5 0.02 (0.004-0.09) <0.001 -7.61 0.00 (0.00-0.15) 0.009
IgG2-GPO1 44.72 (7.42-269.40) <0.001 - - -
IgG3-GP03 0.30(0.16-0.58) <0.001 - - -
IgG4-GP04 0.012 (0.001-0.097) <0.001 -6.24 0.00(0.00-0.63) 0.034

HR, hazard ratio; BMI, body mass index; CA19-9, carbohydrate antigen 19-9

O-glycosylation or others. Besides, the study involved in
30 clinical samples, 10 PDAC patients, 10 autoimmune
pancreatitis patients and 10 healthy people, which may
need more samples [33]. Compared with these researches
mentioned above, our research conducted a more
detailed and comprehensive investigation into IgG intact
N-glycopeptides and their correlation with clinical infor-
mation for the first time.

We identified four intact N-glycopeptides that showed
statistically difference between PDAC patients and
healthy individuals. Among the four N-glycopeptides,
IgG2-GPO1 has a different expression trend in patients
with PDAC than the other three, which is consistent
with the result of Spearman correlation analysis that

IgG2-GPO1 had a negative correlation with the other
three N-glycopeptides. Furthermore, the AUC val-
ues for the multifactor combined diagnosis ROC curve
were 0.988 for patients with PDAC, which is higher than
CA19-91 along, 0.926. Besides, the result of cross vali-
dation showed that the diagnosis model had a good effi-
ciency. This satisfactory result suggests that IgG1-GP05
and IgG4-GP04 have the potential to assist CA19-9 in
PDAC diagnosis. What’s more, clinical correlation analy-
sis didn’t show that IgG1-GP05 or 1gG4-GP04 had cor-
relation with clinical information except for jaundice,
which indicated that these glycopeptides were stable
indicators that were not influenced by clinical factors.
We didn’t identify any prognostic factors related to
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pancreatic cancer. It may be because that the study of
pancreatic cancer prognosis is a multifaceted and com-
plex process. It is influenced not only by the stage and
severity of the disease itself but also by various external
factors including the surgeon’s surgical technique, the
surgical approach employed, post-operative chemo-
therapy, genetic mutations of the patient, and even the
patient’s psychological state. Given the numerous vari-
ables involved, future research on prognosis should aim
to control for these confounding factors to ensure more
reliable and precise outcomes.

There are also some limitations in our research. Larger
sample size is needed for verification of the four differ-
entially expressed intact N-glycopeptides we identified.
Additionally, our study only examined the expression
of IgG intact N-glycopeptide in HC and patients with
PDAC. Future studies should include more samples from
other pancreatic diseases, such as pancreatitis, benign
and borderline pancreas tumors.

Conclusion

Our study used a well-evaluated approach (termed Gly-
coQuant) for the site-specific N-glycosylation profile of
human plasma IgG in both HC and PDAC groups. There
were four intact N-glycopeptides were found differen-
tially expressed in HC and patients with PDAC. These
findings provide potential target N-glycopeptides for
further studies with larger sample size. The ROC curve
obtained in our study offers a new approach for the diag-
nosis of PDAC. However, our study was unable to iden-
tify the exact factors that affect the prognosis of PDAC
due to the diverse range of factors, such as surgical tech-
niques, postoperative complications, and patients’ physi-
cal conditions. Further research is required to investigate
this.
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