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Summary

Pancreatic cancer (PaC) is the deadliest of all tumours, with a 5-year survival below
12% and a mortality/incidence ratio of 94.5%. One of the main reasons behind
this dismal prognosis is the diagnosis of the disease at late stages, usually when
metastasis have already occurred and no effective therapies are available. Nowa-
days, there is no accurate tumour marker for the detection of PaC. Only the use
of the carbohydrate antigen 19-9 (CA19-9) is clinically validated for the manage-
ment and recurrence evaluation of the disease, but lacks specificity to be used as a
diagnostic test. For this reason, the discovery of novel biomarkers able to detect
PaC in early stages, when current therapies are still effective, is of utmost signifi-

cance for the research and medical communities.

Altered glycosylation, a common feature of cancer, stands as a potential source for
developing new tumour markers. However, a specific glycan signature to diagnose
PaC has not been described. As glycosylation is one of the main post-translational
modification of proteins, we hypothesise that the combinatorial analysis of tu-
mour-associated glycan structures on overexpressed PaC proteins could outper-
form the sensitivity and specificity of current methodologies. In this regard, we
have studied the glycosylation pattern of two neo-/ over-expressed proteins in PaC,
mesothelin (MSLN) and regenerating islet-derived protein 1 (REG1), and we have

assessed the potential of their glycoforms as PaC tumour markers.

On one hand, MSLN expression was assessed by western blotting (WB) on PaC
cell lines protein lysates and conditioned media. MSLN was observed in the seven
studied cell lines, with higher amounts on the secreted media. MSLN MN-glycosyl-
ation was characterised in those cell lines with higher expression (Capan-2, AsPC-
1 and HPAF-II). PNGasel' digestion, peptide mapping and total glycoprotein
mass analysis showed that the three MSLN N-glycan sites were occupied. The
structural characterisation of fluorescently labelled MSLN N-glycans by UPLC (in
a HILIC column) combined with several exoglycosidase digestions revealed the
expression of complex type sialylated structures, most of which were core fucosyl-

ated and highly branched. Next, the study of immunopurified MSLN MN-glycan
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determinants using lectins indicated the potential to use the lectins AAL (fucose
recognition), PhoSL (core fucose recognition), PHA-E (bisected GlcNAc recogni-
tion) and PHA-L (B81,6-antenna recognition) to detect specific glycan moieties on

MSLN.

MSLN expression was also assessed in pancreatic tissues corresponding to tumours
or healthy adjacent structures. MSLN expression was detected in 77.4% of tu-
mours, while just one non-tumour sample (10%) expressed the protein. Then, we
developed a methodology for the quantification of specific MSLIN glycoforms in
biological samples, as tissue lysates or blood serum. The method consisted in the
quantification of MSLN protein levels by an enzyme-linked immunosorbent assay
(ELISA) followed by the identification of specific core fucosylated MSLN (Cf-
MSLN) glycoforms in an enzyme-linked lectin assay (ELLA) using the PhoSL lec-
tin. Application of this methodology in a cohort of patients including PaC, chronic
pancreatitis and healthy individuals showed a significant decrease in Cf=MSLN
abundancy in PaC samples. Moreover, combination of this biomarker with CA19-
9 enhanced its potential to be used as a diagnostic tumour marker, yielding a sen-

sitivity and specificity of 93.3% and 81.2%, respectively.

On the other hand, REG1 expression was also assessed by WB on PaC cell lines
and pancreatic tissues. While no expression was observed in cultured PaC cell
lines, 90.9% of non-tumour tissues and 60.5-65.8% of PaCs expressed REG1. The
analysis of REG1 O-glycosylation through WB with lectins on immunopurified
REG]1 showed that, while the lectin PNA (galactose recognition) could only detect
control samples, the lectins SNA (a2,6-sialic acid recognition) and VVL (GalNAc
recognition) were only reactive in tumour samples. However, the development of
an ELLA assay using these lectins as detection probes to quantify REG1 gly-
coforms was not possible due to the lack of analytical sensitivity. To overcome this
limitation, probably caused by the use of lectins, we performed an in-depth anal-
ysis of REG1 glycoforms by mass spectrometry (MS). MALDI-Tof evaluation of
the total glycoprotein and its O-glycopeptide obtained after trypsin digestion

showed up to 16 different structures, which included the Tn antigen, core 1, core

X1V



2 and core 4 O-glycans. Next, we developed a LC-MS application consisting of a
hydrophilic interaction liquid chromatography (HILIC) separation of glycopep-
tides followed by their detection in a triple quadrupole under a selected reaction
monitoring (SRM) data acquisition to detect the most relevant glycoforms in com-
plex biological samples. This workflow has already been successful in analysing a
control and a PaC serum sample, and has shown the increased expression of sialyl-
T and sialyl-Tn antigens on REG 1A in malignant conditions. However, these are

still preliminary results, and validation in a cohort of patients is required.

To sum up, we have been able to perform a comprehensive analysis of MSLN and
REGI glycosylation in PaC. In addition, we have developed new strategies to
quantify their tumour-associated glycoforms. While the reduction of Cf-MSLN in
PaC patients holds a promising potential to detect PaC, the quantification of spe-
cific REG1 glycoforms still needs to be tested in more serum samples. Overall, this
work has provided candidate MSLN and REG1 glycoforms to be used as novel

PaC biomarkers, which will require further validation in large cohorts of patients.
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Resum

El cancer de pancrees (PaC) és el més mortifer de tots els tumors, amb una super-
viveéncia als 5 anys inferior al 12% 1 una relacié mortalitat/incidéncia del 94.5%.
Una de les principals raons darrera aquesta mala prognosis ¢s la diagnosis de la
malaltia en estadis avangats, normalment quan ha aparegut metastasi i no hi ha
terapies efectives disponibles. Actualment, no hi ha cap marcador tumoral prou
precis per detectar el PaC. Unicament 1’s de ’antigen carbohidrat 19-9 (CA19-
9) esta validat clinicament pel seguiment 1 recurréncia de la malaltia, pero li falta
especificitat per ser utilitzat com un test diagnostic. Per aquesta rad, el descobri-
ment de nous biomarcadors capacos de detectar el PaC en estadis primerencs,
quan les terapies actuals encara son efectives, és de gran importancia per la comu-

nitat medica 1 investigadora.

La glicosilaci6 alterada, una caracteristica comu del cancer, és una font potencial
per desenvolupar nous marcadors tumorals. Tot 1 aixi, no s’ha descrit un perfil
glucidic especific per diagnosticar el PaC. Ja que la glicosilacié és una de les prin-
cipals modificacions post-traduccionals de les proteines, la nostra hipotesis és que
I’analisi combinat d’estructures glucidiques associades a tumor en proteines sobre-
expressades en PaC podriar superar la sensibilitat 1 especificitat del les metodolo-
gies actuals. En aquest sentit, hem estudiat el patr6 de glicosilacié de dues protei-
nes sobreexpressades en PaC, la mesotelina (MSLN) i la proteina regeneradora 1
(REG]1), 1 hem avaluat el potencial de les seves glicoformes com a marcadors tu-

morals pel PaC.

D’una banda, Pexpressié de la MSLN va ser avaluada per western blotting (WB)
en lisats proteics 1 medis condicionats de linies cel lulars de PaC. La MSLN va ser
observada a les set linies cel lulars estudiades, en major quantitat al medi secretat.
La N-glicosialcié de la MSLN va ser caracteritzada en les linies cel lulars amb
major expressio (Capan-2, AsPC-1 1 HPAF-II). La digesti6 amb PNGasaF, el ma-
peig de glicopeptids 1 ’analisi de la massa de la proteina total van mostrar que els

tres llocs d’N-glicosilacié de al MSLN estaven ocupats. La caracteritzacié estruc-
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tural dels N-glicans de la MSLIN marcats fluorescentment per UPLC (en una co-
lumna HILIC) combinada amb varies digestions amb exoglicosidases va revelar
Pexpressié d’estructures complexes sialilades, la majoria d’elles amb fucosa core 1
altament ramificades. A continuacid, 'estudi dels determinants glucidics de la
MSLN va mostrar el potencial Gs de les lectines AAL (reconeix fucosa), PhoSL
(reconeix fucosa core), PHA-E (reconeix el bisected GIcNAc) 1 PHA-L (reconeix
P’antena B1,6) per detectar glicids especifics en MSLN.

L’expressié de la MSLN també es va avaluar en teixits de tumor de pancrees i
estructures sanes adjacents. Es va detectar expressi6 de MSLN en el 77.4% dels
tumors, mentre que només una mostra no tumoral (10%) expressava la proteina.
A continuaci6, vam desenvolupar una metodologia per quantificar glicoformes es-
pecifiques de MSLN en mostres biologiques complexes, com lisats de teixits o mos-
tres de serum sanguini. El metode consistia en la quantificacié dels nivells proteics
de MSLN per ELISA seguit per la identificacié de les glicoformes de MSLN amb
fucosa core (Cf~MSLN) amb un assaig de lectina lligada a enzim (ELLA) utilitzant
la lectina PhoSL. Las d’aquesta metodologia en una cohort de pacients que in-
clofa individus amb PaC, pancreatitis cronica 1 individus sans va mostrar una dis-
minuci6 significant en ’abundancia de Cf~-MSLN en les mostres de PaC. A més,
la combinaci6é d’aquest biomarcador amb el CA19-9 va millorar el seu potencial
per ser utilitzat com un marcador tumoral de diagnosi, amb una sensibilitat 1 es-

pecificitat del 93.3% 1 81.2%, respectivament.

Draltra banda, 'expressié de REG1 també va ser determinada per WB en linies
cel lulars de PaCi 1 teixits pancreatics. Mentre que no es va observar expressio en
linies cel lulars de PaC, es va veure REG1 en el 90.9% dels teixits no tumorals 1
el 60.5-65.8% dels teixits de PaC. L’analisi de I’O-glicosilacié de REG1 mitjangant
WB amb lectines sobre REG1 immunopurificada va mostrar que, mentre la lec-
tina PNA (reconeix galactosa) només podia recon¢ixer mostres control, les lectines
SNA (reconeix acid sialic en enllag a2,6) 1 VVL (reconeix GalNAc) només reacci-
onaven amb mostres tumorals. Tot 1 aixi, el desenvolupament d’un assaig ELLA

utilitzant aquestes lectines com a sonda de deteccio no va ser possible per falta de
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sensibilitat analitica. Per superar aquesta limitacid, probablement causada per I'as
de lectines, vam fer un analisi a fons de les glicoformes de REG1 per espectrome-
tria de masses (MS). L’avaluacié per MALDI-Tof de la glicoproteina i del seu O-
glicopeptid obtingut per digestié amb tripsina va mostrar fins a 16 estructures di-
ferents, que incloien I'antigen Tn, 1 O-glycans de core 1, core 2 1 core 4. A conti-
nuacié, vam desenvolupar una aplicacié LC-MS que consistia en la separacié de
glicopeptids en una cromatografia liquida d’interacci6é hidrofilica (HILIC) seguit
de la seva detecci6 en un triple quadrupol utilitzant el monitoreig de reaccions
seleccionades (SRM) com a metode d’adquirir les dades per detectarles glicofor-
mes més rellevants en mostres biologiques complexes. Aquest flux de treball ja ha
permes analitzar una mostra de sérum control 1 una de PaC amb éxit, 1 ha mostrat
Paugment d’expressio dels antigens sialil-T i sialil-Tn en la REG1A de condicions
malignes. Tot 1 aixi, aquests resultats encara son preliminars, 1 la seva validaci6 en

una cohort de pacients és necessaria.

En resum, hem sigut capagos de fer un analisi integral de la glicosilacié de la
MSLN 1 REGI en PaC. A més, hem desenvolupat noves estrategies per quantifi-
car les seves glicoformes associades a tumor. Mentre que la reduccié de la Cf-
MSLN en pacients de PaC té un potencial prometedor per detectar el PaC, la
quantificaci6 de glicoformes espepecifiques en REG1 encara necessita ser provada
en més mostres de serum. En general, aquest treball ha proporcionat glicoformes
de MSLN 1 REG1 com a candidates per ser utilitzades com nous biomarcadors

pel PaC, cosa que requerira futures validacions en grans cohorts de pacients.
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Resumen

El cancer de pancreas (PaC) es el mas mortifero de todos los tumores, con una
supervivencia a 5 afios inferior al 12% y una relacién mortalidad/incidencia del
94.5%. Una de las principales razones detras de esta mala prognosis es la diagnosis
de la enfermedad en estadios tardios, normalmente cuando ya ha aparecido me-
tastasis y no hay terapias efectivas disponibles. Actualmente, no hay ningn mar-
cador tumoral lo suficientemente preciso para detectar el PaC. Solo el uso del
antigeno carbohidrato 19-9 (CA19-9) esta validado clinicamente para el segui-
miento y recurrencia de la enfermedad, pero le falta especificidad para ser utili-
zado como test diagnoéstico. Por esta razon, el descubrimiento de nuevos biomar-
cadores capaces de detectar el PaC en estadios tempranos, cuando las terapias
actuales todavia son efectivas, es de gran importancia para la comunidad médica

e investigadora.

La glicosilacion alterada, una caracteristica comtn del cancer, es una fuente po-
tencial para desarrollar nuevos marcadores tumorales. Sin embargo, no se ha des-
crito ningtn perfil glucidico especifico para diagnosticar el PaC. Puesto que la
glicosilacién es una de las principales modificaciones post-traduccionales de las
proteinas, nuestra hipdtesis es que el analisis combinado de estructuras glucidicas
asociadas a tumor en proteinas sobreexpresadas en PaC podria superar la sensibi-
lidad y especificidad de las metodologias actuales. En este sentido, hemos estu-
diado el patron de glicosilacion de dos proteinas sobreexpresadas en PaC, la me-
sotelina (MSLN) y la proteina regeneradora 1 (REGI), y hemos evaluado el po-

tencial de sus glicoformas como marcadores tumorales para el PaC.

Por un lado, la expresiéon de la MSLN fue evaluada por western blotting (WB) en
lisados proteicos y medios condicionados de lineas celulares de PaC. La MSLN
fue observada en las siete lineas celulares estudiadas, en mayor cantidad en el me-
dio secretado. La N-glicosilacion de la MSLN fue caracterizada en las lineas celu-
lares con mayor expresiéon (Gapan-2, AsPC-1 y HPAF-II). La digestion con
PNGasal, el mapeo de glicopéptidos y el analisis de la masa de la proteina total

mostraron que los tres lugares de N-glicosilacién de la MSLN estaban ocupados.
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La caracterizacion estructural de los N-glicanos de la MSLN marcados fluorescen-
temente por UPLC (en una columna HILIC) combinada con varias digestiones
con exoglicosidasas revel6 la expresion de estructuras complejas sialiladas, la ma-
yoria de ellas con fucosa core y altamente ramificadas. A continuacién, el estudio
de los determinantes glucidicos de la MSLN mostré el potencial uso de las lectinas
AAL (reconoce fucosa), PhoSL (reconoce fucosa core), PHA-E (reconoce el bisec-
ted GlcNAc) y PHA-L (reconoce la antena 31,6) para detectar gltcidos especificos
en MSLN.

La expresion de la MSLN también se evalud en tejidos de tumor de pancreas y
estructuras sanas adyacentes. Se detecté expresion de MSLN en el 77.4% de los
tumores, mientras que s6lo una muestra no tumoral (10%) expresaba la proteina.
A continuacion, desarrollamos una metodologia para cuantificar glicoformas es-
pecificas de MSLN en muestras biologicas complejas, como lisados de tejidos o
muestras de suero sanguineo. El método consistié en la cuantificacién de los nive-
les proteicos de MSLN por ELISA seguido de la identificacion de las glicoformas
de MSLN con fucosa core (Cf~MSLN) con un ensayo de lectina ligada a enzima
(ELLA) utilizando la lectina PhoSL. El uso de esta metodologia en una cohorte de
pacientes que incluia a pacientes con PaC, pancreatitis crénica e individuos sanos
mostré una disminucién significante en la abundancia de CMSLN en las mues-
tras de PaC. Ademas, la combinacién de este biomarcador con el CA19-9 mejord
su potencial para ser utilizado como marcador tumoral de diagnosis, con una sen-

sibilidad y especificidad del 93.3% y 81.2%, respectivamente.

Por otra parte, la expresion de REG1 también fue determinada por WB en lineas
celulares de PaC y tejidos pancreaticos. Mientras que no se observo expresion en
lineas celulares de PaC, se vio REG1 en el 90.9% de los tejidos no tumorales y el
60.5-65.8% de los tejidos de PaC. El analisis de la O-glicosilaciéon de REG1 me-
diante WB con lectinas sobre REG1 inmunopurificada mostré que, mientras la
lectina PNA (reconoce galactosa) solo podia reconocer muestras control, las lecti-
nas SNA (reconoce acido sialico en enlace a2,6) y VVL (reconoce GalNAc) solo

reaccionaban con las muestras tumorales. Sin embargo, el desarrollo de un ensayo

XXII



ELLA utilizando estas lectinas como sonda de deteccion no fue posible por falta
de sensibilidad analitica. Para superar esta limitacion, probablemente causada por
el uso de lectinas, realizamos un analisis a fondo de las glicoformas de REG1 por
espectrometria de masas (MS). La evaluacion por MALDI-Tof de la glicoproteina
y de su O-glicopéptido obtenido por digestion con tripsina mostr6 hasta 16 estruc-
turas diferentes, que incluian el antigeno I'n, y O-glycanes de core 1, core 2 y core
4. A continuacién desarrollamos una aplicacién de LC-MS que consistia en la
separacion en de glicopéptidos en una cromatografia liquida de interaccion hidro-
filica (HILIC) seguido de su deteccion en un triple cuadrupolo utilizando el moni-
toreo de reacciones seleccionadas (SRM) como método de adquirir los datos para
detectar las glicoformas mas relevantes en muestras biolégicas complejas. Este
flujo de trabajo ya ha permitido analizar una muestra de suero control y una de
PaC con éxito, mostrando el aumento de expresion de los antigenos sialil-T'y sialil-
Tn en la REG1A de condiciones malignas. Sin embargo, estos resultados todavia

son preliminares, y su validaciéon en una cohorte de pacientes es necesaria.

En resumen, hemos sido capaces de realizar un analisis integral de la glicosilacion
de la MSLN y la REG1 en PaC. Ademas, hemos desarrollado nuevas estrategias
para cuantificar sus glicoformas asociadas a tumor. Mientras que la reduccién de
la Cf-MSLN en pacientes de PaC tiene un potencial prometedor para detectar el
PaC, la cuantificaciéon de glicoformas especificas en REG1 todavia necesita ser
probada en mas muestras de suero. En general, este trabajo ha proporcionado
glicoformas de MSLN y REG1 como candidatas para ser utilizadas como nuevos
biomarcadores para el PaC, lo que requerira futuras validaciones en grandes

cohortes de pacientes.
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Introduction

Cancer

The term cancer comprises a group of more than a hundred diseases characterised
by deregulated and sustained cell growth that causes the formation of cell masses
named tumours, which often cause organs malfunction and, in the worst cases,
death [1,2]. In addition, these cancerous cells can spread through the bloodstream
or lymphatic vessels to distant organs and form new tumours in a process called
metastasis [3,4]. In a more detailed manner, the carcinogenic process normally
begins with the accumulation of genetic alterations in oncogenes and tumour-sup-
pressor genes, those in control of the cell cycle regulation and deoxyribonucleic
acid (DNA) repair [5]. As a result, small cell masses start to grow. When reaching
a certain size, solid tumours require new vascularization to obtain nutrients for
their survival. At this point, new blood vessels are produced through angiogenesis,
a process driven by hypoxia in which anaerobic metabolism, cell survival and in-
vasion are induced [6]. Cells continue acquiring new capacities through mutations
accumulation, and some are able to escape the primary tumour and invade nearby
tissues. An epithelial-to-mesenchymal transition (EMT) is the most usual process
by which these cells detach from adjacent cells and achieve motility and migratory
abilities [7]. However, recent evidence supports alternative modes of dissemina-
tion as clustered-based migration, in which cells do not completely lose adhesion
nor express mesenchymal markers [8]. Finally, the tumour can disseminate to
other tissues as a result of the ability of malignant cells to intravasate into capillar-
ies or lymphatic vessels surrounding the tumour, and to circulate through them
avoiding the immune system. In the end, these cells can extravasate in a process
similar to that used by leukocytes [9], and may start proliferating in a new organ
to create a secondary tumour. The evasion of the immune system and the promo-

tion of angiogenesis will be crucial in the growth of the metastatic tumour [10].

Cancer types are usually classified by their tissue of origin and cell type, being most
of their characteristics different in each case. However, about twenty years ago,
Hanahan & Weinberg listed six common capabilities cells may gather to become

malignant, known as the hallmarks of cancer [11]. T'wo new capabilities and two
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enabling characteristics were included years later, and have been enlarged up to
fourteen hallmarks recently [12]. Some of these capacities include sustained pro-
liferative signalling, replicative immortality, cell death resistance, invasion and me-

tastasis activation or cell metabolism deregulation, among others (Figure 1).

Sustaining Evading
proliferative signaling growth suppressors

Unlocking
phenotypic plasticity

4

Nonmutational
epigenetic reprogramming

Deregulating
cellular
metabolism

Avoiding immune
destruction

Resisting cell Enabling
death replicative
immortality
Genome .
. - Tumor-promotin
instability & inflamrr?ation =
mutation
Senescent cells Q ﬂ Polymorphic
microbiomes
Inducing or accessing Activating invasion &
vasculature metastasis

Figure 1. Hallmarks of cancer. Functional capabilities and enabling characteristics acquired by
tumour cells in order to form malignant tumours. Extracted and modified from Hanahan, 2022 [12].
With about one in five deaths worldwide, cancer was the second cause of death in
2020 just behind cardiovascular diseases in both Europe and the US [13—15]. This
turns the disease into a global sanitary issue that must be of concern for the med-
ical and research community. In 2020, 19.3 million new cases and 9.9 million
deaths occurred worldwide, which are predicted to increase until 28.4 million di-
agnosed cancers in 2040 [16]. Prostate, breast, lung and colorectal cancers are the
principal diagnosed cancers in the United States [17]. These tumours also occupy
the top positions in the mortality causes ranking, together with pancreatic malig-

nancies rising to the second place. The situation is similar in Europe, with 4 million
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new cases and 1.9 million deaths. The same malignancies stay on the first positions
for incidence, but regarding mortality pancreatic neoplasms are found in the

fourth position, just above prostate cancer [18].
Pancreatic cancer

Epidemiology and problematics

Pancreatic cancer (PaC) comprises several malignancies, which can be classified
according to the cell type of origin: exocrine or neuroendocrine cells. Most of di-
agnosed PaC’s, about 90%, correspond to pancreatic ductal adenocarcinomas
(PDAC), an exocrine-based tumour with ductal epithelium phenotype [19-21].
For this reason, the general term PaC usually refers to PDAC, as will be in this
thesis. Other exocrine tumours include acinar cell carcinomas, intraductal papil-
lary-mucinous neoplasms and mucinous cystic neoplasms. The remaining neo-
plasms, corresponding to neuroendocrine tumours, can be distinguished between
functional (produce hormones) and non-functional (do not produce hormones),
being the latter the most common type [22]; or by their cell differentiation degree
[23,24].

(a) (b)
New cancer cases Cancer deaths
Breast (12.1%) )
Lung (19.6%)
Colorectum
Other cancers (11.8%) Other cancers
(43.2%) (39.3%)
Colorectum
Lung (10.9%) (12.5%)
Breast (7.3%)
Pancreas (3.2%) Prostate (10.8%) Liver (4.0%) Pancreas (6.8%)
Melanoma of Bladder (4.6%) Stomach (5.0%) Prostate (5.5%)

skin (3.4%)
Figure 2. Cancer statistics for the European population in 2020. Localisation and per-
centage of (a) diagnosed new cases and (b) cancer deaths in Europe in 2020. Modified from
GLOBOCAN 2020, Global Cancer Observatory: https://gco.iarc.fr [25].
PaC ranks seventh in cancer incidence by site in Europe (Figure 2.a) [18]. How-
ever, it is the fourth case of death (Figure 2.b), presenting a mortality/incidence

ratio of 94.5%. This raise in the ranking is due to a dismal 5-year survival rate of
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just 12%, the lowest for all cancer types. In addition, about half PaC cases are
diagnosed at distant stages, when survival is of just 3%, and only 15% PaCs are
detected at a localized phase, which present a 44% survival at 5 years [17]. Thus,
PaC management presents a dual problematic: it lacks proper tools for an early
diagnosis, when current treatments could be more efficient, as well as novel ther-

apeutic options to conveniently fight the disease [26,27].
Precursor lesions and disease development

The human pancreas is an organ with a dual role, with exocrine and endocrine
functions. The exocrine part, responsible of secreting digestive enzymes into the
gut, is made up of acinar cells and duct cells, which produce the enzymes and
sodium bicarbonate constituting the pancreatic juice, respectively. On the other
hand, the endocrine gland consists in five types of secretory islet cells which secrete
peptide hormones into the bloodstream to maintain glucose homeostasis [28].
Therefore, these secretory functions require a delicate regulation, as inappropriate

activation or inactivation can produce severe health impacts [29].

Anatomically, the pancreas is a retroperitoneal organ of about 15-25 cm in length
and 100-150g of weight which produces and pours around a kilogram of pancre-
atic juice daily into the duodenum. The organ is strongly vascularized by several
major arteries, i3 highly innervated, and is connected with other abdominal organs
as the stomach, duodenum, colon and spleen. Despite being basically divided in
three parts (head, body and tail), it can be considered as four structurally distinct
components: the exocrine pancreas, the endocrine pancreas, the blood vessels and
the extracellular space. The exocrine portion, which accounts for almost the 80%
of the total volume, is a blind-ended ductal system made up of several acini
grouped into lobules and connected by tubules. Highly orientated acinar cells
linked by gap junctions and with their apical membrane faced towards the central
lumen form each acinus. These cells secrete a-amylases, lipases and proteases,
which flow through ductal epithelial cells canaliculus and are finally discharged
into the duodenum [28]. Along with the digestive enzymes, the pancreatic juice is

enriched with sodium bicarbonate secreted by the duct cells, which neutralize the
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duodenum content and provides an optimal pH for pancreatic digestive enzymes

[30].

The endocrine pancreas is morphologically distinct from the exocrine part and is
composed of highly vascularized spherical clusters of cells known as the islets of
Langerhans. Accounting for the 1-2% of the pancreatic volume, these islets are
composed by five major cell types that secrete distinct hormones. Glucagon, insu-
lin, somatostatin, pancreatic polypeptide and ghrelin are produced by a-cells, B3-
cells, 8-cells, F-cells and &-cells, respectively [28]. Due to the lack of basal mem-
branes, the islets are found within the exocrine acini, so that its secretory products
can alter the acinar function [30]. In this regard, several exocrine diseases could

be launched by endocrine malfunction, and vice versa [31—-34].

The accepted PaC progression model defines a multi-step process originated by
non-malignant lesions that finally become malignant through the acquisition of
several genetic mutations (Figure 3). Morphologically, after an acinar-to-ductal
metaplasia event (in which acinar cells promote to a more ductal-like phenotype)
[35], pancreatic intraepithelial neoplasia (PanIN) occurs, followed by increased
desmoplasia, i situ carcinoma and finally invasive adenocarcinoma [36,37]. In
addition to PanINs, which are the most common precursor lesions, PaC can arise

from other precursor lesions including intraductal papillary mucinous neoplasms

(IPMNs) and mucinous cystic neoplasms (MCN) [38-40].

A PanlIN is a non-invasive microscopic (<5 mm) lesion in the smaller pancreatic
ducts which presents architectural atypia [39,41]. Depending on its cytological
and histological abnormality degree, these lesions can be classified into three
groups [39]. Low-grade lesions with minimal atypia compose PanIN-1 lesions,
which are further divided in PanIN-1A (flat epithelium) and PanIN-1B (papillary
epithelium). PanIN-2 show moderate cytological and architectural atypia with fre-
quent papillae and nuclear alterations. Finally, high-grade PanINs (PanIN-3), also
referred as in situ carcinoma, show severe atypia and dysplasia, usually with papil-

lary morphology. However, it must be noted that none of these lesions trespass the
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basement membrane, and thus an extra step is still necessary for them to become

nvasive.

Normal PanIN-1A PanIN-1B PaniIN-2 PaniIN-3 Infiltration

Metastastatic

Micrometastasis Colonization

- <

Epigenetic
Alterations

Metastatic Site

Figure 3. PaC progression model. Development of PaC from normal epithelia to invasive and
metastatic cancer, progressing through different PanIN grades thanks to the accumulation of differ-
ent genetic mutations that finally, together with other epigenetic alterations, let the tumour invade
distant tissues. Extracted and modified from Wang ¢t al., 2021 [42].

All these morphological changes are driven by some well-established genetic and
epigenetic changes [39-42]. Early mutation in the Kirsten rat sarcoma (KRAS)
gene is presumably the initiator of PaC [43]. Actually, more than 90% PaCs pre-
sent activating alterations in this gene, usually through point mutations in codon
12 or 13. This activation translates to enhanced proliferation through activation
of MAPK or PI3K transduction cascades, constituting a first step towards a more
malignant phenotype [44,45]. Telomer shortening is another initial event in PaC
transformation, which induces chromosome instability and promotes neoplastic

progression in cells [46].
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Progression to increased dysplasia and higher-grade PanIN is associated with the
loss of mainly three tumour suppressor genes. Inactivation of CDRN24 is already
detectable at PanIN-2, while loss of TP53 and SMAD4 is observed in PanIN-3
stages [47,48]. These alterations cause the deregulation of the cell cycle and apop-
tosis mechanisms, thus promoting cell division and impairing cell death. A number
of other genetic alterations, with lower prevalence, are also altered in PaCs [49—
51]. Finally, when becoming invasive, PaC cells experience a huge genomic insta-
bility that cause changes in structural variants and gene copy number affecting
known oncogenes and tumour-suppressor genes. They also undergo chromosomal
changes including polyploidisation and chromothripsis, which cause gains and

losses in PaC driver genes [36].

PaC cell-of-origin is a controversial topic, and contrarily to the presented acinar-
to-ductal metaplasia initiation and PanIN progression, several authors have de-
scribed a ductal origin for the malignancy which results in different PaC subtypes
[52]. Despite ARAS and TP53 remain as the driving genes [53], different progres-
sion models and phenotypes can be observed [54,55].

Many other genes present point mutations with much lower prevalence. These
can be aggregated into several molecular pathways including RAS signalling, reg-
ulation of the cell cycle, TGFf signalling, JUN aminoterminal kinase signalling,
integrin signalling, WNT—Notch signalling, Hedgehog signalling, apoptosis, DNA
damage control, small GTPase-dependent signalling, invasion and homophilic cell
adhesion and embryonic regulators of axon guidance [36]. All these possible ge-
netic alterations derive in a great heterogeneity of tumours [56]. Moreover, differ-
ences in the mutation landscape of single cells generate a remarkable intratumour
heterogeneity and the presence of several genetic (and transcriptomic) subpopula-
tions [57]. Interestingly, secondary tumour subpopulations are represented in the
original one, indicating a high mutational conservation between paired primary

and metastatic tumours [58].

Opposed to DNA mutations, PaC subtypes have also been classified based on its

transcriptional landscape. Classic and basal-like have emerged as two consensus
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groups, with a third “hybrid” capturing those with overlapping features [59].
There is potential to differentiate these into further subclasses, and multiple types
have potential to co-exist within individual tumours [60]. Actually, single-cell
RNA sequencing platforms have shown up to seven coexisting clusters of neo-
plastic cell subpopulations [61]. Interestingly, Peng and collaborators [57] found
two ductal cell types with different transcriptomic profiles, and also identified
novel genes participating in the carcinogenic process as EGIN3, MMP9 and
PLAU. Notably, recent clinical trials have shown that different transcriptional sub-
types present different responses to chemotherapy, and hence sorting of patients

could derive in a better selection on the therapeutic strategy [62].

Several evolutionary models to explain progression from normal ductal epithelium
to metastasis have been proposed, with special emphasis on the required time [36].
It is estimated that the time from the first somatic mutation until the origin of
invasive cells is about 12 years, with 7 more years to the development of metastatic
cells and 3 years from then until patient death [58]. Thus, according to this rela-

tively large time intervals, valuable opportunities for intervention are present.

Apart from all these reported alterations in pancreatic ductal cells, PaC is also
characterised by the presence of a dense stroma that occupies up to 80% of the
tumour volume and constitutes a supportive microenvironment for the tumour
growth [63]. It is mainly composed of cancer-associated fibroblasts, vascular struc-
tures and extracellular matrix rich in collagen, hyaluronan and fibronectin. This
stroma may promote cell proliferation and acts as a barrier that impairs drug de-
livery and cell infiltration, restraining chemotherapy and other therapies effective-
ness. On the other hand, PaC tumour microenvironment is also characterised by
the presence of immune cells such as myeloid-derived suppressor cells, tumour-
associated macrophages, neutrophils and regulatory T' cells, which release cyto-
kines and generate an immunosuppressive environment [59,64]. Hence, the tu-
mour microenvironment also plays a key role in PaG progression and must be

considered as a source of biomarkers and a target for therapy.
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Rusk factors and diagnosis

Several risk factors are associated with the development of PaC. As it generally
happens in cancer, PaC risk is increased with age. Gender and ethnicity may also
affect PaC risk. Increased incidence is observed in men respect women, and in
black versus white individuals [65]. Diabetes is another factor to consider, as well
as several genetic mutations (although family related PaC is uncommon). Genetic
syndromes involved in PaC include mutations in BRCAI/BRCA2, CDENZ2A,
PRSSI1, MLHI, MSHZ2, STK11 and other not known genes [66,67].

Tobacco use and body overweight stand as the principal risk factors that can be
modified. Smokers have 74% increased chance of undergoing PaC respect people
who have never smoked. In a similar way, obese people are more likely to develop
PaC. Chronic pancreatitis (ChP) also increases PaC risk. This factor, as obesity,
can be prevented through a controlled and varied diet, alcohol evasion and phys-
ical activity. Human microflora is another aspect to be aware of, which can also
be modifiable [66]. Finally, exposure to chemicals such as hydrocarbon com-

pounds, pesticides, heavy metals and fine particles may also increase PaC risk and

should thus be avoided [68].

PaC symptomatology is diffuse and mild, and by the time it is recognised, the tu-
mour is usually very large and has even expanded. Jaundice is the most prevalent
symptom [69,70], despite PaC is the less common cause of jaundice, which is
mainly induced by hepatocellular diseases, intrahepatic cholestasis and extrahe-
patic biliary tract obstruction [71]. Other generic symptoms that can be related to
PaC include abdominal or back pain, nausea, vomiting, poor appetite and weight

loss [70]. However, all these aspects are really unspecific, and can hardly be clini-

cally linked to PaC.

Due to the limited physical evidence, PaC diagnosis presents a great challenge.
However, several tests can be performed to diagnose it, most of which rely on
imaging methodologies. Ultrasonography is the easiest methodology, despite the
pancreas can be difficult to visualise, especially for small tumours [72]. Improved

sensitivity can be achieved by endoscopic ultrasonography, which is nowadays

11
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considered the most sensitive imaging modality for PaC detection [73]. Upon PaC
suspicion, computed tomography is the other preferred diagnostic tool, which can
report the tumour and invasive lesions. Magnetic resonance might also be per-
formed, despite it presents restrictions in distinguishing neoplastic from inflamma-
tory lesions [74]. These techniques can be combined with other methodologies,
and endoscopic ultrasonography-guided fine needle aspiration is a common
method to obtain tissue samples, which have shown great performance in detect-
ing PaC (90.8% sensitivity and 96.5% specificity) [75]. Unfortunately, tissue sam-
ples obtention is an invasive process (despite minimal in this methodology) that
optimal diagnostic tools should avoid. Finally, although positron emission tomog-
raphy may also be a useful tool, the often-used glucose analogue radiotracer pre-
sents low sensitivity and specificity for diagnosis, while it is effective for detecting

recurrence and metastasis [76].

A main problematic in PaC diagnosis is the absence of blood-based biomarkers,
which could be easily used as a screening methodology to detect the tumour in
asymptomatic stages. The only FDA-approved biomarker nowadays is the carbo-
hydrate antigen 19-9 (CA19-9), corresponding to the sialyl-Lewis a (sLe?) antigen
[77]. However, it is only recommended for therapy monitoring as it lacks accuracy
for PaC diagnosis [78]. Thus, at the very end most diagnoses are performed
through pancreatic biopsies, which can be percutaneous, endoscopic or surgical,
and subsequent microscope observation [79]. Overall, the lack of clear symptoms
and early diagnosis markers results in a late diagnosis, at which time the tumour

has already grown and less effective treatments are available.

Once diagnosed, PaC can be classified in different stages according to their pro-
gression, which will require different actions from the medical point-of-view. This
classification is based on the TNM system [80], which considers three key points:
tumour size (T), lymph nodes invasion (N) and presence of metastasis (M). Once
these parameters are established, pancreatic tumours can be sorted into stages I-

IV as shown in Table 1 [81].

12
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Table 1. Pancreatic cancer staging. Classification of PaC progression stage based on the TNM
system according to the Cancer Staging Manual of the American Joint Committee on Cancer [82].

A brief description is included for each situation.

PaC TNM

stage classification LGS R
1A TINOMO Tumour confined in the pancreas, no bigger than 2 cm.
1B T2NOMO Tumour confined in the pancreas, with a size between 2 and 4 cm.
ITA T3NOMO Tumour confined in the pancreas, larger than 4 cm.
TINIMO Th . fined in th : h
0B ToNIMO e tumour is confined in the pancreas (any size) and has spread to
—————— 1 to 3 lymph nodes.
T3NIMO
TIN2MO . . .
The tumour is confined in the pancreas (any size) and has spread to
T2N2MO
————— more than 3 lymph nodes.
I T3N2MO
T4N<MO The cancer is growing outside the pancreas. Lymph nodes invasion
may (or may not) occur.
v TxNxM] The cancer has spread to distant organs (metastasis). It can be any

size and any N.

Additionally, other aspects can be evaluated to determine tumour progression and
future outcomes, which include tumour grade and resectability. The former as-
sesses how histologically similar to normal pancreatic tissue the tumour is. Grade
1 (or well-differentiated) refers to tumour tissues that look very like normal pan-
creatic cells, where duct-like structures can still be observed. These tend to grow
slowly and are less likely to spread. On the other hand, grade 3 (or poorly differ-
entiated) show abnormal tissues, with cells embedded in the stroma without any
arrangement. Finally, grade 2 is found in between, showing abundant glands with
papillary patterns [83]. Regarding resectability, tumours are classified by the ca-
pacity of being surgically removed in resectable, borderline resectable or unresec-

table [84].
Treatment

Several therapeutic strategies are nowadays available for the management of PaC,
despite most of them lack effectivity. Actually, the National Comprehensive Can-
cer Network (NCCN) pancreatic adenocarcinoma panel suggests that enrolment

in a clinical trial may be the best option for PaC treatment [85].
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Surgical resection is the only option that offers a potential cure [86], and is usually
combined with chemotherapy in the adjuvant or neo-adjuvant setting. Three prin-
cipal strategies are available for such, the use of which will depend on the anatom-
ical location of the tumour. Pancreaticoduodenectomy (Whipple’s procedure) is
the first choice for resectable and borderline resectable PaC [87]. It consists in the
removal of the pancreas head, common bile duct and duodenum. It can also in-
clude gallbladder, lymph nodes and part of the stomach extirpation. Then, the
remaining pancreas and bile duct are reattached to the small intestine, which is
joined to the stomach. It is a rather complicated surgery that should be performed
in high-volume centres, and despite mortality rates have decreased it still causes
high morbidity [88]. Surgery is usually performed through an open technique,
despite laparoscopic methodologies are available and result in better postoperative

clinical outcomes [87].

Total or distal pancreatectomy are the remaining surgery options. Total pancre-
atectomy is still recommended in particular situations [89], but distal pancreatec-
tomy is much preferred, either in the open, laparoscopic or robotic approach
[90,91], being those minimally invasive methodologies more popular. Actually,
novel surgery options for pancreatectomy that include vessel reconstruction con-

stitute a group of candidates offering curative surgery to borderline resectable and

locally advanced PaC [92].

However, as stated before, most PaCs are diagnosed at late stages, when the tu-
mour is unresectable, and other strategies including systemic therapy are manda-
tory. The first-line therapy includes gemcitabine (mainly in combination with
other chemotherapeutic agents) or FOLFIRINOX [85,93]. Gemcitabine has been
the reference therapy drug for metastatic PaC since 1997, showing a clinical ben-
efit response in 23.8% of patients and a median survival time of 5.6 months [94].
Combination of gemcitabine with different biological or cytotoxic agents has been
tested, but increased overall survival has rarely been observed [95-97]. A meta-

analysis including more than 10000 patients with advanced PaC showed signifi-
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cant improvement on overall survival when using combined chemotherapy, de-
spite toxicity was also increased [98]. Gemcitabine combination with nab-
Paclitaxel has also shown significant improved clinical outcomes, again in ex-
penses of increased toxicity [99]. This is the reason why combination is just ac-

cepted for good performance status patients [85].

FOLFIRINOX was developed as a regimen that combines folinic acid, 5-fluoro-
acil, irinotecan and oxaliplatin, which should not present overlapping toxic effects.
It presents higher survival benefits compared to gemcitabine, but also increased
toxicity [100]. However, the use of FOLFIRINOX versus gemcitabine plus nab-
Paclitaxel improves survival while reducing post-treatment complications [101].
A modified version of FOLFIRINOX without 5-fluoroacil and including growth
factors has demonstrated improved safety while maintaining efficacy [102,103],
and constitute the first-line therapy preferred regiment together with classical
FOLFIRINOX and gemcitabine plus nab-Paclitaxel [85]. These chemotherapeu-
tic strategies are not just restricted to unresectable tumours, and both
FOLFIRINOX and gemcitabine plus nab-Paclitaxel have demonstrated efficacy
for resected malignancies in both the adjuvant [104-107] and neo-adjuvant

[105,108-110] therapy.

Novel approaches relying on targeted therapies have also been investigated
[111,112]. PaC targeted therapies have been directed towards growth factor re-
ceptors, K-ras pathway inhibition, angiogenesis, tumour-stroma interactions, can-
cer stem cells, DNA repair mechanisms and other targets [113,114]. Unfortu-
nately, while some have proven promising results in preclinical stages, none of
them have passed phase II/11II trials [113]. Immunotherapy, which has shown re-
ally positive effects in other cancer types, has also been explored in PaC, but en-
couraging results have not been obtained so far, mainly due to the barrier formed
by the tumour microenvironment [115]. The use of antibodies [116-118], anti-
body-drug conjugates [119-121], immunotoxins [122,123] or CAR-T cells [124]
have not significantly improved chemotherapy clinical outcomes. Recently, the

development of personalised RNA neoantigen vaccines have demonstrated T cells
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stimulation and improved free relapse survival in patients with surgically resected
tumours, but validation in a larger cohort is still needed to transfer the methodol-

ogy to the clinical routine [125].
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Glycobiology

Glycobiology comprises the study of the structure, biosynthesis, function, and bi-
ology of carbohydrates (also called glycans, saccharides, sugars, or sugar chains)
and their derivatives. These carbohydrates, widely distributed in nature, constitute
one of the major biomolecules of living organisms, with functions ranging from

structural components to signalling effectors [126].

Monosaccharides are the basic structural units from which glycans are assembled.
Chemically, simple monosaccharides are biomolecules with carbon, hydrogen and
oxygen atoms, with an empiric formula of Cy(H2O), with an aldehyde or ketone
group [126]. Monosaccharides are usually not found in their linear form but in a
cyclic one, resulted from the reaction of a hydroxyl group with the carbonyl of the
aldehyde or ketone to generate a hemiacetal group containing an anomeric car-

bon.

Despite several hundred monosaccharides have been described, only nine of them
are common in vertebrates, which are classified in pentoses (xylose), hexoses (glu-
cose (Glc), galactose (Gal), mannose (Man)), hexosamines (N-acetylglucosamine
(GlcNAc), N-acetylgalactosamine (GalNAc)), deoxyhexoses (fucose (Fuc)), uronic
acids (glucuronic acid) and nonulosonic acids (N-acetylneuraminic acid (Neu5Ac))

(Figure 4).

Monosaccharides link to each other through a glycosidic bond, an acetal linkage
which occurs between the anomeric carbon of a monosaccharide and a hydroxyl
group from another. This linkage let polysaccharides embrace different confor-
mations, which are essential for their biological activity. Many different unions
can occur between two monosaccharides, as the anomeric carbon form the first
can be an a- or 3- stereoisomer while the hydroxyl groups of the other monosac-
charide allow for various regioisomers [126]. The number of monosaccharides
forming a mature structure can also vary, from short disaccharides to enormous

structures (some models predict glycogen to have until 55000 glucose units [127]).
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In addition, structural diversity is further broadened by the possibility of mono-
saccharides to be involved in more than two glycosidic linkages and assemble

branched structures [126].
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HO HO
H&/OH Ho’&\/ OH HO&/OH HO&/OH
OH NHAC OH NHAC
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Figure 4. Most common monosaccharides in vertebrates. Common monosaccharides
found in vertebrates. N-Acetylneuraminic acid is the most common form of sialic acid (SA). Ex-
tracted from Varki et al., 2022 [126].

Glycan biosynthesis is a universal, complex and well-regulated process. Interest-
ingly, it is not directly genome encoded, and relies on the expression of several
enzymes, the bioavailability of glycan precursors, donors, transporters and grow-
ing structures, the steric impediments of the synthesised biomolecule and the lo-
cation of all the involved agents [126]. The main effectors that modify glycan
structures are enzymes that can be divided in two groups: those which add mon-
osaccharides (glycosyltransferases) and those removing them (glycosidases). Both
glycosyltransferases and glycosidases are extremely specific enzymes. Around 200
glycosyltransferases have been described, which can be further classified upon the
monosaccharide that add [128]. For example, galactosyltransferases catalyse the
addition of Gal, while sialyltransferases (S'T's) transfer a sialic acid (SA) monosac-

charide. They are also specific for the monosaccharide to which the bound is
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formed, and even to the specific carbon, making them linkage specific. The num-
ber of different glycosyltransferases is further increased by their redundancy, as
various enzymes can catalyse the same reaction. For instance, up to twenty ST
are described in mammals, which are classified in four groups depending on the
linkage and acceptor. Six of them, ST3Gall-VI, are responsible for the same re-
action: addition of a SA to a Gal in a2,3-linkage [129]. On the other hand, glyco-
sidases hydrolyse the glycosidic bond to remove monosaccharides. Equally, glyco-
sidases are both monosaccharide and linkage specific, despite some of them can

catalyse a broad spectrum of different linkages [128].

The addition of monosaccharides require their activation before being transferred
into the growing glycans. This activation is based on the phosphorylation of their
anomeric carbon in the form of a nucleoside triphosphate (generally UTP or GTP)
or CMP [126]. These will be recognized by glycosyltransferases and will be linked

to the corresponding growing glycan.

‘ Secretory Glycosylation ]
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Figure 5. Overview of the glycosylation process. Schematic representation of the secretory

(o-o Different Glycans J
°

glycosylation process, which is mostly restricted to the ER and Golgi. Activated monosaccharides
are transported to these compartments, were glycosyltransferases and glycosidases, responsible of
monosaccharides addition or digestion in the nascent glycan, will shape the final glycan structure.

Extracted and modified from Mehboob et al., 2021 [130].
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Glycosylation is a process with a clear cellular organisation, which is mainly de-
veloped inside the endoplasmic reticulum (ER) and Golgi apparatus (Figure 3).
Despite some structures can be preassembled outside this organelles before their
translocation and minor glycosylation processes occur in the nucleus or cytosol,
most glycosyltransferases are transmembrane proteins with the catalytic domain
faced towards the ER or Golgi lumen, where the modification of glycans will occur
during the secretory pathway. Thus, no specific instructions guide how glycans are
synthesised, nor a template can be used for such. It will ultimately depend on
which precursors, donors and enzymes meet inside the reticulum or Golgi. Hence,
while genomic alteration of glycosyltransferases and glycosidases expression can
vary these enzymes concentrations, the remaining aspects are more difficult to

control [126].

Although glycans conform one of the four main biomolecule families, they are
usually covalently linked to other biomolecules, forming glycoconjugates. Several
categories can be found, such as glycoproteins, glycolipids, glycosaminoglycans,
proteoglycans or lipopolysaccharides. The position of the glycan part in the other
molecule, the number of added glycans and its structural variation make glycocon-

jugates highly heterogenic molecules, which may present vast amounts of isomers.

The biological functions of glycans are extensive and can be divided in three broad
categories: structural contribution, energy metabolism and information carriers,
being the last one subdivided in intrinsic or extrinsic [126] (Figure 6). Carbohy-
drates are the main source of cell energy and their role in the metabolism have
already been widely reviewed [131]. Regarding their structural role, glycans pro-
vide physical structure and protection, modulate macromolecules solubility, mem-
brane and extracellular matrix organization, and modulation of membrane recep-
tors among others [132]. Actually, most cells present an outer-membrane layer
rich in glycoconjugates known as the glycocalyx, responsible for physical expulsion
of pathogens, protection from immune recognition or antiadhesive action. These
glycoconjugates may also act as signal transductors by recognising bacterial and

other parasites adhesins, toxins, agglutinins, molecular patterns and antigens, thus
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modulating the immune response. Intrinsic recognition is also relevant for glyco-

protein trafficking, intercellular signalling and adhesion or cell-matrix interactions

[132].
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Figure 6. Biological functions of glycans. Representation of glycans main functions, which
include structural, energetic and recognition activities. Extracted and modified from Hart et al., 2010

[133].
Protein glycosylation

Glycosylation is one of the main post-translational modifications of proteins,
which occurs in over 85% of secreted proteins [128]. Protein glycosylation is a
site-specific mechanism that, in general, reflects the glycosyltransferase repertoire
and glycosylation capacities of the producing cell, which can be affected by nu-
merous cellular and environmental factors. Thus, different glycosylation patterns

may occur on the proteins in a particular cell, which will result in protein isoforms

21



Duran Sidera, A.

(glycoforms) with modified properties/functions. In short, attachment of glycans
at different sites within a protein will result in macroheterogeneity, while different
processing of glycan structures on a particular site will provide glycan microheter-
ogeneity [134]. Thus, glycosylation broadens the proteome providing tenths to

hundreds of glycoforms for a single protein.

Glycosylation may influence protein folding, quality control, stability, transport
and function. Initiation of glycosylation in the ER guides protein folding and qual-
ity control. In addition, different glycans modify protein solubility, half-life time,
and interaction to assemble complex protein structures. At a cellular level, glycans
pay a crucial role in adhesion, receptor activation and cell-cell, cell-matrix and
cell-pathogen interactions. Glycans not only alter the affinity of interactions in-
volving proteins, as glucids themselves can be recognised by ligands and directly

participate in several recognition mechanisms [126].

Given the extensive functions of glycoproteins, minimal changes may alter cell
physiology. Actually, dysregulation of the glycan machinery, which finally results
in altered glycosylation, has been determined in several diseases including cancer
[135—137], neurological diseases such as Alzheimer’s [138,139], autoimmune dis-
cases [140,141], inflammatory diseases [142] and infectious diseases [143,144].
Thus, altered glycosylation raises as a source of potential therapeutic targets and

biological markers [145].

According to the residue to which glycans are attached and the structure of the
glycan itself, protein glycosylation can be sorted into various groups, being N-gly-
cosylation and O-glycosylation the major types. Minor glycosylation processes in-
clude C-glycosylation, S-glycosylation, phosphoglycosylation and glypiation [146],

but these will not be further discussed.
N-glycosylation

Protein MN-glycosylation is characterised by the covalent attachment of oligosac-
charides to the carboxamide on the side chain of asparagine (Asn) residues in pol-

ypeptide chains within the consensus sequence Asn-X-Ser/Thr, where X is any
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aminoacid except proline [147]. Three main steps summarise this process: the for-
mation of the oligosaccharide donor, the transfer to the nascent protein and the

final processing of the glycan chain in the ER-Golgi (Figure 7).

The first step starts with the synthesis of a common precursor (DolPPGlcNAco-
Mans) at the cytoplasmatic side of the ER. It consists in the transfer of a GlcNAc
onto a dolichol phosphate carrier, followed by the sequential addition of a second
GlcNAc and five Man to build a branched heptasaccharide. Then, specific ER
membrane proteins, flipases, promote the flip-flop of this precursor to the internal
part of the ER, where it is further elongated by four Man and three Glc residues,

yielding the oligosaccharide donor of 14 monosaccharides [126].

The oligosaccharyltransferase complex is the responsible to transfer this assembled
glycan of 14 monosaccharides to the Asn of the nascent polypeptide chain into the
ER lumen, specifically in an Asn-X-Ser/Thr consensus sequence. However, not
all N-glycosylation sequons are occupied within a protein. It is known that the
aminoacids surrounding the consensus sequence and the secondary structure of
the nascent polypeptide can modulate the affinity of the glycan precursor for the
Asn, mainly due to steric hindrances. For instance, there is a greater preference
for Asn-X-Thr over Asn-X-Ser sites, aromatic and aliphatic groups around the
sequon increase glycosylation efficiency while it is decreased by basic groups [148].
N-glycosylation is supported by turns and bends secondary structures and is less

favoured on buried or very exposed sequons.

Next, the processing of the 14-oligosaccharide glycan chain takes place, starting
with the digestion of Glc and Man residues in the ER and then with the removal
of more mannoses at the cis-Golgi, to finally form GlcNAcsMan;. However, some
glycoproteins can escape this process and express high mannose N-glycans [126]
(Figure 8). In the medial-Golgi, synthesis of complex structures is initiated by the
addition of GlcNAc by MGAT1. At this point, evasion of Man digestion by
MAN2AT or MAN2A2 will give rise to hybrid structures (Figure 8), while total
processing will digest two Man and add another GlcINAc, which will form the

precursor for complex biantennary structures. Additional branches can be started
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by addition of GIcNAc to Man by other N-acetylglucosaminyltransferases. Inter-
estingly, addition of GIcNAc to the B-Man of the core by MGAT3 will result in a
bisecting GlcNAc, which is usually not further elongated.

Final maturation of complex N-glycans in the trans-Golgi comprises sugar addi-
tion to the N-glycan core, branch elongation and terminal capping of these
branches. The main core modification is the addition of an al,6-Fuc residue to
the inner GlcNAc by the fucosyltransferase FUTS8. Branch elongation is per-
formed by addition of Gal to the initiated GlcNAc branches, usually forming a
GalB31,4GlcNAc block which can be found in tandem repeats named poly-N-
acetyllactosamine (poly-LacINAc). Common capping sugars include SA, Fuc, Gal
and GlcNAc, usually in a-linkage and with the ability to bond to different hydrox-
yls on the attached residue. It must be noted that all N-glycan structures are char-
acterised by a common pentasaccharide core (GlcNAc:Mans) (Figure 8), which is

maintained along the polysaccharide processing.

' . Complex Type
High-Mannose| HybridType |Biantennary Triantennary Tetrantennary

Type

...........

IN-glycan

Figure 8. Types of N-glycans. Representation of the N-glycan main structures that can be syn-
thesised along the glycosylation process, dividing N-glycans in high-mannose, hybrid or complex.
Among complex N-glycans, a further distinction in bi, tri- and tetra-antennary structures can be
observed. Remarkably, all N-glycans share a common core (dotted box). Glycans represented fol-

lowing the symbol nomenclature for glycans (SNFG) guidelines [149].

Many functions have already been described for carbohydrates. Among all them,
N-glycans have a key role in folding, structure, activity, antigenicity and suscepti-

bility to proteases of proteins [147].
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O-glycosylation

Protein O-glycosylation comprises the covalent linkage of glycans to the hydroxyl
group of Ser and Thr residues in polypeptides [126]. Several subtypes of O-glycans
can be found depending on the first residue attached to the Ser/Thr, namely O-
GalNAc, O-Fuc, O-Glc, O-GlcNAc, 0-Gal and O-Man. However, in this thesis we

will mainly focus on O-GalNAc glycans, which are the most abundant.

Unlike N-glycosylation, O-glycans are not processed from a common precursor
but are constructed by adding monosaccharides one by one. Moreover, no con-
sensus sequence is needed for the initiation of this process. Hence, the attachment
of the first GalNAc to a Ser or Thr residue is a crucial step, which is mediated by
a polypeptide GalNAc transferase [150]. Twenty isoenzymes of GalNAc transfer-
ases are described in humans [151], which select the glycosylation position based
on peptide sequence motifs and the presence of previous O-glycosylation. Depend-
ing on the preference for different substrates, each GalNAc transferase will display

different affinities and specificities, thus modulating O-glycosylation [152].

Once the first GalNAc is added, sequential transference of monosaccharides will
result in oligosaccharides of between 1 and 20 residues. A single GalNAc (known
as the Thomsen-nouveau (Tn) antigen) will rarely be found in normal glycopro-
teins, but it is usually overexpressed in tumour glycoproteins, suggesting that can-
cer somehow can stop O-glycan elongation. Addition of SA in a2,6-linkage by
ST6GalNAc] will form the sialyl-Tn antigen (STn), which cannot be further elon-

gated, and is also vastly expressed in advanced tumours [126].

In general, four different O-glycan cores can be synthesised and additionally ex-
tended (Figure 9). Attachment of 31,3-Gal generates core 1 structures (T antigen),
which similarly to the Tn antigen can be decorated with SA or extended with
other monosaccharides. Subsequent addition of B1,6-GIcNAc to the inner Gal-
NAc of core 1 results in core 2. These are the most common O-glycan cores found
in glycoproteins. Synthesis of core 3 O-glycans seems to be restricted to mucus
epithelia, and is driven by the addition of a 31,3-GlcNAc to the Tn antigen. Then,

the addition of B1,6-GIcNAc to the inner GalNAc will result in a core 4 structure.
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Synthesis of complex O-glycans through elongation of core structures is mediated
by the addition of B1,3-GlcNAc or 31,3/4-Gal, and are usually terminally capped
by the addition of SA or Fuc.

GalNAc Core
0-Glycans

p1-3 p1-6 13 1-6
Extended Core 2 €———— ——>» Extended Core 4

Ser/Thr Ser/Thr
Core2 Core 4

cGnriz3 A A c6nr2

B1-

13 3
Extended Core 1 €———— ————» Extended Core 3

Ser/Thr Ser/Thr

Core 1 Core3
C1GalT1/T synthase C3GnT1
a2-6
ST6GalNAc-I ppGalNAcT
< < ~~Ser/Thr.
s ST6GalNAC-II " UDP-GalNAc N
Ser/Thr Ser/Thr
Sialyl-Tn Antigen Tn Antigen

Figure 9. Common O-glycan cores. Synthesis pathways for the expression of the most common
0-GalNAc glycan structures. Extracted and modified from Wilkinson et al., 2020 [153].

O-glycosylation have many and varied functions. In proteins with many O-glycan
structures, it is involved in hydration, structural support and protection from pro-
teolysis. On the other hand, single O-glycosylation may regulate proprotein and
ectodomains cleavage, tissue formation and differentiation, and cell-cell, cell-ma-

trix and host-pathogen interactions [126].

As elongation and final maturation of N- and O-glycans occur simultaneously in
the same location, and is mediated by a number of glycosyltransferases, both N-
and O-glycans may share common terminal structures. The most external Glc-
NAcs found in cores are often galactosylated. Addition of Gal in 1,4-linkage will
generate type 2 chains (also called LacINAc). This can be further substituted with
another §1,3-GlcNAc, and again with B1,4-Gal to form poly-LacNAc chains. On
the other hand, addition of Gal in B1,3-linkage will generate type 1 structures.

Despite type 1 and type 2 chains can be found at both N- and O-glycans, in general
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terms type 1 chains are common to O-glycans, while type 2 are usually found in

N-glycans.

These elongated structures constitute a perfect backbone for the expression of ter-
minal determinants such as the ABO blood group or Lewis family antigens (Figure
10). Addition of al,2 Fuc to terminal Gal generates the H antigen. Further modi-
fication by A transferase or B transferase will result in the addition of an al,3-
GalNAc or al,3-Gal, respectively, to produce the A and B blood antigens
[126,154]. The genetic encoding of the glycosyltransferases responsible for the
specific addition of these monosaccharides, and thus their presence in the red

blood cells surface, will determine an individual blood group.

a b
( ) A Antigen ( )
Type-2 Lewis x Lewis v Sialyl-Lewis x
Le® (LeY SLe)
agz a2 a3
B4 Pla s Pla
Type-2 H@Bg?gn B B B
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B Transferase B B p
R R R R
B Antigen
Type-2

Figure 10. Fucosylated determinants expressed in human glycans. Representation and
synthesis of (a) ABO blood group and (b) Lewis family antigens, glycan determinants that can be
found in both N- and O-glycosylation. Extracted and modified from Varki et al., 2022 [126].

The Lewis family comprises a group of fucosylated structures that carry al,3/4Fuc
residues [126]. The different linkage depends on the attachment of the Fuc residue
to type 1 or type 2 chains. If a GalB1,4GlcNAc structure (type 2) is already formed,
addition of Fuc to GlcNAc will necessarily be in al,3-linkage to form the Lewis x
(Lex) antigen. On the other hand, addition of Fuc to type 1 chains will be in al,4-
linkage, resulting in the Lewis a (Le2) antigen. Further terminal Gal fucosylation
generates the Ley and LeP antigens, respectively. However, a2,3-sialylation of this

Gal results in the formation of sialyl-Lewis x (sLex) and sLe2. These determinants
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are of special interest as have been involved in malignant processes such as metas-

tasis and specific ligand recognition [155].
Altered glycosylation in cancer

Deregulation of the glycosylation process and altered glycan expression have been
vastly described in cancer [135-137,145,156—-159]. Its presence is so extensive that
several cancer associated glycans have been detected in almost all cancer types
(Figure 11) [135,157], with evidence supporting the implication of glycosylation in
all steps of tumour progression. Actually, despite not being considered a hallmark
of cancer itself, changes in glycosylation enable the acquisition of all the capabili-
ties summarised in the hallmarks of cancer [160].
Changes in protein glycosylation
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Figure 11. Altered glycosylation in cancer. Representation of the main changes in protein
glycosylation along the tumorigenic process. Pink-boxed areas highlight the presence of truncated
O-glycans (In, STn and T antigens) and the alteration of N-glycans branching and fucosylation,
including the Lewis antigens (sLex and sLe?). Extracted from Stowell ¢t al., 2015 [135].

There is an increasing interest to use altered glycosylation as biomarker and/or
therapeutic target, while understanding its implication in cancer development is
also crucial [158]. Cancer associated glycan determinants include short, truncated
O-glycan structures such as Tn, STn and T antigens [161]. The presence of the
Tn antigen has been detected in several cancers while it is rarely expressed in nor-
mal adult tissues. Its expression is correlated with metastatic potential and poor

prognosis and may modulate immunosuppressive effects and extravasation [126].
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Similar to Tn, the STn antigen is related to tumour growth and metastasis, pro-
moting the invasiveness potential of tumour cells. It is implicated in the cell-matrix
recognition, promoting cell disruption and migration. In addition, overexpression
of STn in secreted glycoproteins as mucins has shown to help the tumour escape
immunosurveillance [162]. In PaC, both Tn and STn promote EMT and stem-
ness properties [163]. The T antigen also plays a crucial role in cell adhesion via
interaction with galectins and may help in the establishment of metastatic tu-

mours. It also may have a role in cell proliferation and angiogenesis [164].

Concerning N-glycosylation, a general increase in branching (specially the Glc-
NAcB1,6Man branch), corresponding to tri- and tetra-antennary structures, is de-
tected in most malignancies [165]. MGAT5 overexpression leading to the synthesis
of 31,6-branching is related to migration, wound healing and EMT increase [166].
It also regulates tumour growth, cell adhesion, invasion and metastasis [145]. In
contrast, increased expression of the bisecting GlcNAc is associated with reduced
malignancy, mainly through inhibition of the B1,6-branch synthesis [166].
Branched WN-glycans usually are further elongated by poly-LacNAc repetitions,
which are involved in modulating cell adhesion and migration through interaction
with galectins [167]. These structures also increase the metastatic potential by spe-
cific binding with galectin-3 [168] and may serve as scaffold for the expression of

other tumour-associated carbohydrate antigens [169].

Increase in total sialylation and fucosylation has also been identified
[135,158,166]. Fucosylation may occur at both external residues and at the inner
N-glycan core, yielding the core fucose determinant. Actually, core fucose is
known to play a role in cancer progression. For instance, induction of the EMT
may involve core fucosylated E-cadherin [170] and TGF-8 receptor [166]. E-cad-
herin core fucosylation may also modulate cell-cell adhesion. Likewise, several
proteins external fucosylation with al,2-linked fucose promotes cancer stem cell

potency and tumour metastasis [145].

Increased sialylation has been vastly addressed [171]. As a terminal determinant,

SA plays a crucial role in signal interaction and recognition, and thus modification
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in its expression alters malignant cells behaviour and capabilities. Overexpression
of several ST has been associated with different cancers, both for the addition of
SA in a2,3- or a2,6-linkage [172—174]. Deregulation of sialidases is also critical
for differential sialylation [175,176]. Cell hypersialylation has been related to im-
mune system evasion, apoptosis and cell death escaping, adhesion and invasion
alteration, and circulation, extravasation and colonisation potential [177]. All
these functions are regulated through SA action as a ligand for siglecs and selectins
[178]. Recognition by siglecs, which are SA lectins preferentially expressed by im-
mune cells, enhance cancer progression and immune evasion [179]. On the other
hand, the interaction of sialylated structures with selectins (usually via the sLex
tetrasaccharide) modulate different steps in cancer progression, mainly metastatic
dissemination [180,181]. Sialylation of glycans may also alter the recognition by
galectins and modulate these lectins functions. The identification of galactose by
galectins is impaired by a2,6 sialylation, while a2,3-SA does not change their bind-
ing affinity [182]. In this regard, cancer sialylation may modulate galectin-1 role

in immune surveillance [183] and angiogenesis [184].

As already hinted, the differential expression of the Lewis family determinants is
also a characteristic feature of cancer cells, which 1s related with the overall upreg-
ulation in fucosylation and sialylation. Many tumours show the overexpression of
some of these antigens [185—187]. The fucosylated antigens Le*/y are involved in
adhesion activity, chemotherapy resistance, tumour progression and proliferation
[188-190]. On the other hand, sialylated structures such as sLex and sLe» are as-
sociated with tumour metastasis. It is well known that sLex act as a ligand for se-
lectins, and aids metastatic cells in the extravasation process by mimicking leuko-
cytes rolling [191]. SLe* may also interact with E-selectin and modify cell-matrix

recognition [192].

Specifically for PaC, glycosylation does not differ from general cancer glycan al-
terations, being the main observed features increased sLe? and sLe, truncated O-
glycans, sialylation, fucosylation and branched N-glycans [193—193]. For instance,

modulation of migratory and invasive abilities have been observed in PaC cells
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after upregulation [196,197], knockdown [198] and inhibition [199] of the ST's
involved in sLex formation. Also in PaC, expression of truncated O-glycans pro-
mote EMT and modulate AKT/mTOR or RAS/MAPK signalling pathways
[163,200]. The analysis of PaC patients’ serum /N-glycome has shown higher levels
of branching and antenna fucosylation, as well as a general increase in sialylation
[201,202]. Interestingly, Vreeker and collaborators [201] observed raised a2,6 si-
alylation in all kinds of structures, while a2,3-SA was only elevated in fucosylated

N-glycans (probably forming sialyl-Lewis structures).
Glycan analysis

Given the importance of glycosylation in human pathology, the study of glycans
and glycoconjugates is of great interest, and several methodologies for such have
been developed (Figure 12). It is interesting to note that many of these techniques
can be performed for a global glycan profiling or for a more targeted glycoprote-

omic analysis.

Global profiling Targeted structure analysis

Isolation of the targeted

glycoprotein (IP etc.) Glycopeptide

Released . .
glycan Glycopeptide Glycoprotein
Rz::s:re‘d Glycopeptide | | Glycoprotein
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CE-MS
Lectin array
Fluorescence HPLC Lectin blot
MALDI-TOF MS Lectin ELISA
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applications Lectin array
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applications (Targeted)

Figure 12. Current techniques for the study of protein glycosylation. Summary of avail-
able methodologies for the study of protein glycosylation under different strategies. Extracted and
modified from Haga et al., 2022 [158].

Since long ago, some particular glycan structures, such as red blood antigens, have
been detected with biological probes such as antibodies. However, due to the low

immunogenicity of most glycans, the use of lectins has been an alternative. Lectins
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are carbohydrate binding proteins found in nature which serve various biological
functions. Different lectins may recognise different carbohydrate structures (mon-
osaccharides or small oligosaccharides) and might be selective for its linkage (Table
2). Unfortunately, lectins affinities are lower than those of antibodies. In addition,
as most lectins only recognise terminal carbohydrates, combination with glyco-
sidases 1s sometimes mandatory to reveal complex structures. Many lectin-based
methodologies can be used, including lectin histochemistry, lectin microarrays,
lectin blotting, a range of immunoassays (as enzyme-linked lectin assay (ELLA))

and lectin-affinity liquid chromatography (LC) [158,203—203].

Lectins are easily usable in histochemistry studies to unveil the general glycosyla-
tion pattern of a particular sample. As for antibodies, conjugation of lectins with
fluorescent labels, enzyme labels or biotin let them be used as recognition probes
on tissue slides. Thus, differential glycosylation in distinct tissues, development
steps or physiological/pathological conditions may be mapped using this method-
ology [206]. A main limitation is the general staining of all glycoproteins bearing
a specific carbohydrate motif, being the study of a single glycoprotein a challenge.
However, dual lectin and antibody co-localisation may bring new insights to these
applications [207]. Furthermore, methodologies such as proximity ligation assay
arise as proper alternatives to identify protein post-translational modifications

thanks to its ability to detect two epitopes in close proximity [208].

A different approximation like lectin microarrays is also useful for analysing the
general glycomic profile of biological samples [209]. Lectin microarrays rely on
the fluorescent dying of glycoconjugates prior to incubation in a glass plate with
immobilised lectins, so that fluorescent spots will be observed for those lectins rec-
ognising a glycan [210]. Thus, several glycan structures can be detected in a single
analysis. Despite not providing the complete structure of glycans, lectin arrays
stand as a simple, high-sensitive and robust technique for comparative purposes

[211].
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Table 2. Commonly used lectins for the identification of glycan structures. Summary
of the main lectins used as probes for the detection of glycans, with a schematic representation of the
structure recognised following the SNFG guidelines. Data extracted from Varki ez al., 2022 [126]

and Vector Laboratories catalogue.

. Common Preferred
Lectin . . Detected structure
abbreviation glycan
A A
Aleuria aurantia AAL Fucose JRTPA7 -l A Ops,.‘“"ﬂ R ﬁe_ﬂ
Concavalin A ConA Mannose
a6
:;5‘6;54 Bia B acn
0\54.)52 ‘a?:
+- R RBG
Lens culinaris LCA N-glycans o+ AP o0 moat®|
P2a@3
+- R—
Maackia amurensis 1 MAL-I Galactose o2 mPn |00 mER
Maackia amurensis 11 MAL-IL Sialic acid *20P0%R
Peanut agglutinin PNA Galactose o®man
ol m
. > m
Phaseolus vuigaris PHA-E GlcNAc-B4 notpie
erythtroagglutinin e
o R—m
. rnLop?
+ R+@ R\@e
. | ~\B4gmp2
Phaseolus vulg.ar?s leu- PHALL GleNAC-86 +RTO ‘ae‘” .
coagglutinin v ROt me™
. Q’I"‘I/M
+ R
p6
. + R— IR,
Pholiota squarrosa PhoSL Core fucose *.Gﬁ pagC |
R .52‘/.13
Sambucus migra SNA Sialic acid 020 mbr
Ulex europaeus UEA Fucose a _(;:?3{4. .
Vicia villosa VVL GalNAc O“R
Wheat Germ WGA GlcNAc =R
Wistera floribunda WFA GalNAc =R

34



Introduction

As an extension of western blotting (WB), lectin blotting relies on the use of lectins
to detect glycoconjugates. This methodology, as other lectin-based protocols, re-
quires the optimisation of lectins dilution to avoid false-positive detection. The
main disadvantages include the need of previous protein purification for the study
of single proteins’ glycosylation pattern and the weak suitability to be used as a

routine diagnostics tool [204].

Lectins can also be used as probes in a whole range of immunoassays. Develop-
ment of an ELLA assay derive in a fast high-throughput methodology, which is
quantitative and very cost effective. Like enzyme-linked immunosorbent assays
(ELISAs), various ELLA approximations are feasible, such as direct detection of
glycoconjugates in the well surface or sandwich ELLAs to detect particular carbo-
hydrate structures. In addition, hybrid ELLA using an antibody for protein cap-
ture and a lectin for glycan recognition supports the quantification of specific pro-
teins glycoforms, although cross-reactivity of lectins with the glycans present in the

antibodies may represent a critical issue [212].

The ability of lectins to interact with carbohydrates can also be used for separation
of glycoconjugates by affinity chromatography. Hence, lectins can be immobilised
to a solid matrix to segregate glycoconjugates depending on their affinity to the
lectin. This methodology presents high affinity and does not require a pre-purifi-
cation step, but requires a large amount of sample, is time-consuming and only

allows for individual samples analysis [213].

The use of lectins may present a problem as affinities are not high and specificities
are not well defined for some of them. Fortunately, there are several strategies for
the study of glycans that do not rely on lectins. LC separation prior to their detec-
tion 1s a commonly used strategy [214]. Release of glycans from the protein back-
bone is mandatory, and is usually accomplished by enzymatic digestion with Pep-
tide:V-glycosydase F (PNGaseF) for N-glycans [215] and B-elimination or oxida-
tive release for O-glycans [153]. Once obtained, glycans require derivatisation

with fluorescent labels that will be detected after separation. Typical labels include
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2-aminobenzamide (2-AB), 2-aminobenzoic acid or procainamide [216—218]. Hy-
drophilic interaction liquid chromatography (HILIC) is the method of choice for
glycan separation, which presents high selectivity. Briefly, glycans interact with a
BEH amide column and are eluted with an acetonitrile (ACN) gradient, so glycans
are separated by size and hydrophilicity. Other columns such as reverse phase or
graphitised carbon may also be used, despite isomer separation and reproducibil-
ity may be compromised [218]. Ultra-performance liquid chromatography
(UPLC) is the choice for such separation over high performance liquid chroma-
tography (HPLC). UPLC allows the use of smaller beads size and higher pressures,
which turns into reduced separation time and better resolution [214]. Combina-
tion of this separation with exoglycosidase arrays with linkage and monosaccha-

ride specificity might allow accurate structural determination [219].

More detailed analyses can be performed with mass spectrometry (MS) tech-
niques, which have greatly improved in recent years [134,153,158]. Furthermore,
MS support the study of glycans and their corresponding glycoconjugates, in a
global or targeted strategy. Thus, a comprehensive view on the alterations of gly-
cosylation in a given sample can be assessed through glycomic and glycoproteomic
approaches. The most used techniques include matrix assisted laser desorp-
tion/ionisation (MALDI) MS and electrospray ionisation (ESI) MS. MALDI MS
(usually using a time-of-flight (Tof) detector) displays accurate mass determinations
and 1s usually used to determine released glycans o small glycopeptides. Glycopro-
tein heterogeneity can also be detected through this methodology. Unfortunately,
structural information as monosaccharide anomericity or site-specificity cannot be

obtained.

Capillary electrophoresis coupled to MS may escape these limitations [220]. Elec-
trophoretic separation, based on the charge and size of the analytes, can differen-
tiate structural isoforms, even SA linkage [221]. In addition, capillary electropho-
resis has demonstrated high sensitivity, high throughput, separation efficiency and
reliable quantification [222]. Further, the use of MS/MS applications and frag-

mentation is the responsible for a detailed glycan structure characterisation [223].
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The study of glycopeptides in a LC-MS tandem also lets the identification of dif-
ferent isoforms, which are separated in the chromatography, while site-specific
glycosylation is observed in the peptide part. LCG-ESI-MS/MS, often in triple
quadrupole (TQ), quadrupole time-of-flight (Q'T'of) or Orbitrap analysers, might
also provide glycans structural information thanks to fragmentation, being colli-
sion induced dissociation the main method used to get this information. These
strategies are extremely useful to detect already known glycoforms in complex ma-
trices with targeted approximations such as operating in selected reaction moni-
toring (SRM) mode, in which selected glycopeptides are isolated in Q1 reducing
interfering background signal, and allowing the identification and quantification

of selected glycoforms as diagnostic tools [223].
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Tumour markers

Biomarkers can be defined as functional/structural variants or quantitative/qual-
itative indexes of a biological process that predict or reflect the presence of, evolu-
tion of or predisposition to a disease, a clinical condition or a response to therapy
[224]. Most common biomarkers are biological molecules found in blood, other
body fluids or tissues that are a sign of a normal or abnormal process, or of a
condition or disease. These substances are specifically named tumour markers
when produced by cancer cells or other body cells in response to cancer, and thus

give information about that malignancy.

The story of cancer biomarkers started long ago. Nevertheless, it was not since
about two centuries that the use of tumour markers appeared in medicine, when
a protein in urine from multiple myeloma patients was defined by Sir Bence Jones.
More precisely, in 1847 the Bence-Jones protein was described as a light chain
antibody of immunoglobulin G produced in tumours, excreted in urine and iden-
tified by heat denaturation [225]. Nevertheless, it was not until 1988 that an im-
munodiagnostic test was approved for its detection, two years after its discovery in
blood samples [226,227]. Actually, tumour markers testing was transformed in the
1950s with the development of immunoassays and the use of polyclonal antibod-
ies. Development of monoclonal antibodies in 1975 and sandwich immunoassays
in 1982 expanded the field, which continued growing through recombinant anti-
body and other molecular biology techniques. At present, only very few tumour
markers have been validated for its clinical use in assessing disease diagnosis or
prognosis (T'able 3), although in recent years many reports describing new poten-

tial biomarkers have been published [227].

Recently, the US National Institute of Health (NIH) and the Food and Drugs Ad-
ministration (FDA) have listed up to seven categories of biomarkers: susceptibil-
ity /risk, diagnostic, monitoring, prognostic, predictive (outcomes and recurrence),
response and safety [228]. Thus, a wide range of applications may be attributed
to biomarkers, which can inform of a particular malignancy stage and be used in

personalized medicine.
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Table 3. Current commonly used tumour markers for the clinical management of
cancer. Uses and organ specificity of the main cancer biomarkers used in clinical practice. Data

extracted from [227,229,230].

Cancer biomarker Cancer type Applications
Prostate specific antigen Prostate Screening, diagnosis, monitoring
(PSA)
Prostate cancer antigen 3 .
(PCA3) Prostate Prognosis

Carbohydrate antigen 125 Ovari Diagnosis, prognosis, detecting re-
. varian L

(CA125) currence and monitoring therapy

Carcinoembryonic antigen Monitoring therapy, prognosis, de-

(CEA) Golorectal/hepatic tecting recurrence
Carbohyzl(‘r;xi Sa_lgt)igen 15-3 Breast Monitoring therapy
Estrogen, (Eﬁ)i?ée;;ﬁ) receptors Breast Patient stratification for therapy
HER?2 Breast Monitoring therapy
Carbohy((iéaAtZ;lgt(‘igen 27-29 Breast Monitoring

Human chronic gonadotropin- . Diagnosis, staging, detecting recur-
Testicular .
HCG-B) rence and monitoring therapy
Diagnosis, detecting recurrence

Alfa-fetoprotein Hepatocellular and monitoring therapy
Calcitonin Thyroid Diagnosis and monitoring therapy
Thyroglobulin Thyroid Monitoring
CAI19-9 Pancreatic Monitoring therapy
Nuclear matrix protein 22 Screening, monitoring and prog-
(NMP-QF‘;) Bladder § nosis i e
B32-microglobulin Multiple myeloma Diagnosis and prognosis

There are several considerations to bear in mind when developing a proper bi-
omarker. Imperatively, the measured variable must be present in the patient, and
must gather information about the irregular process. It needs to be evaluated with
an optimal assay, both in terms of standardization, reproducibility, and accuracy.
This means that tests performed in different hospitals/laboratories should always
provide the same values as a result of well-defined procedures, assay results must
be constant for a given sample, and small differences on the observed variant
should be detected. In addition, the assay must be acceptable for the patient, min-
imizing invasive interventions, or holding a high profit to risk rate if invasiveness
is unavoidable. Easily accessible fluids like serum or urine stand as the preferred
source of biomarkers analysis. Finally, the observation or quantification of the bi-
omarker should provide relevant clinical value, helping in the decision-making

process of the medical personnel [227].
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Biomarkers precision for discriminating between two conditions is assessed
through several concepts, summarized in Figure 13 [224,227,231]. Individuals are
usually considered “positive” when a condition (for instance being ill) is satisfied,
while they are “negative” when it is not met (being healthy). Given a population
where we know the actual condition of each individual and the predicted condi-
tion based on a biomarker value, each individual can be arranged in one of the

following four groups: true positive, true negative, false positive and false negative.

Predicted condition

Total population: P+N Positive Negative
o Sensitivi
g Positive (P) True positive | False negative e
o s TP
"g (1) (TF) EN) TPTEN Accuracy
s Specifici TP+ TN
"_‘é Negative (N) False positive | True negative Speciidly P+N
Q (non-ill) (FP) (TN) N
< TN + FP

Figure 13. Predictive analytics contingency matrix. Population groups according to actual
and predicted conditions, and the corresponding analytical metrics for the evaluation of a biomarker
potential.

True positives and true negatives gather people with concordant predicted and
actual condition. Those individuals actually negative that are predicted positive
integrate the false positive, while people actually positive and predicted as negative
conform the false negative. Mathematically, sensitivity refers to the probability of
correctly predict positive (ill/disease) conditions. Thus, high sensitivity tests would
result in reduced undiagnosed patients. On the other hand, specificity refers to the
probability of correctly predict negative outcomes (not ill). In this case, a higher
value coincides with limited overdiagnosing [232]. Other aspects to consider in-
clude the positive predictive value, which reflects how many predicted positive
tests are actually positive, and its opposite, the negative predictive value, which
indicates the proportion of true negatives among all predicted negatives. Finally,
the accuracy of a biomarker is defined by the number of correctly predicted cases

(both true positive and true negative) among the overall population.



Introduction

An ideal biomarker would distinguish the two conditions (ill and non-ill) with
100% sensitivity and specificity. However, this is never the real scenario, as perfect
separation is often not possible. Thus, there is always a need to define a biomarker
test cut-off value which maximizes both sensitivity and specificity (Figure 14.a).
Depending on the situation, improved sensitivity might be preferred at the cost of
decreased specificity, and vice versa. In these cases, a shift in the cut-off criteria
might alter the distribution of false-positives and false-negatives, and thus provide

new sensitivity and specificity values (Figure 14.b).

(a) (b)

People
without
disease
(TN)

People
without |
disease |

(TN)

(FP)

(FN)

|
!
t
|
45 60 75 45 55 75
Normal - Abnormal Normal Abnormal

02 o4 06 08 10
1 - Specificity

Figure 14. Optimisation of tumour markers accuracy. (a) Analytical grouping of a hypo-
thetic population distribution for patients with or without a disease. (b) Variation of the cut-off value
(vertical line) rearranges observed populations providing different sensitivity-specificity values. (c)
Example of a generic ROC curve, which indicates paired sensitivities and specificities at different
cut-offs. Extracted and modified from Nahm et al., 2022 [231].

Receiver operating characteristic (ROC) curves are an excellent tool for assessing
a biomarker performance [231]. In short, a ROC curve represents paired sensi-
tivity and 1-specificity values for a test at different cut-offs (Figure 14.c). The closer
the curve is to the upper left corner, the better accuracy of the test. Actually, an
area under the curve (AUC) can be calculated to determine the test accuracy, be-

ing AUGs over 0.8 generally considered acceptable. An optimal cut-off value can
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also be obtained from a ROC curve following diverse approximations. The
Youden’s J statistic defines the best cut-off at the point where the vertical distance
from the ROC curve to the 45° reference line is maximal. On the other hand, the
Euclidean distance establishes the cut-off at the point with minimal distance to the
upper left corner. Less common approaches include the index of union, the max-
imum product of sensitivity and specificity or the maximum sum of sensitivity and

specificity, among others [231].

Since long ago, the discovery of tumour markers has been focused on proteins
expressed at higher amounts in malignant cells than normal ones [227,233-242].
However, other biomolecules were rapidly acquiring interest in the field of cancer
biomarkers discovery, such as glycoproteins [243], glycans [244], metabolites
[245,246], nucleic acids [247] (with special attention to non-coding RNNAs [248],
micro-RNAs (mi-RINAs) [249] and circulating tumour DNA (ctDNAs) [250,251]),
or circulating tumour cells (CTCs) [252,253]. In addition, the evolution of ge-
nomic, metagenomic and transcriptomic profiling enlarge the spectrum of candi-

dates to develop new biomarkers [254—-257].

Despite the US national cancer institute lists almost a hundred commonly used
tumour markers [258], not even fifteen are routinely and consistently used in the
clinical practice [227,229], a number that has roughly increased in the last twenty
years. These cancer biomarkers have different applications including diagnosis,
prognosis and monitoring of patients. For instance, only five of them are used on
the diagnostic step, which has been described as a critical one for the management
of the disease [259]. Thus, the scientific and medical communities must gather
resources and efforts to expand the sum of available tumour markers, which could
improve cancer handling through earlier detection and improved decision-making
procedures. Nonetheless, it is not easy to overcome all the steps to develop a cancer
biomarker, which include discovery of the marker, development of an assessment
method, preliminary clinical potential analysis, standardisation of the assay and

final validation for clinical use [260].
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Current situation of PaC biomarkers and proposed candidates

As mentioned before for the specific case of PaC, there are no tumour markers for
detecting the disease in early stages, when the malignancy is asymptomatic
[26,261,262]. Therefore, it is mandatory to find novel biomarkers to apply better
management options. Only CA19-9 can be used in the clinical routine, helping in
monitoring patient’s response to therapy. Its potential use for PaC diagnosis has
been extensively assessed, but it displays moderate accuracy values not acceptable
for its clinical application. A meta-analysis containing 20.991 participants re-
ported a pooled sensitivity of 72%, specificity of 86% and AUC of 0.847 [78].
Reasons hampering the use of CA19-9 as an early diagnosis tumour marker in-
clude reduced specificity and raised false negative outcomes. CA19-9 is also found
in other cancers including gastrointestinal malignancies, ovarian mucinous carci-
noma or lung cancer, decreasing its specificity and making it useless for PaC diag-
nosis [263]. It is also increased in benign pathologies like ChP or renal failure. In
the clinical routine, choledocholithiasis and acute cholangitis are the main benign
conditions with CA19-9 elevation, and pose a challenge in the differential diagno-
sis with malignant pathologies [264]. On the other hand, CA19-9 cannot be syn-
thesized by genotypically deficient Le>b- individuals, that account for 5-10% of
general population, thus producing false negative outcomes [265]. This subpopu-
lation presents a poorer outcome when affected by PaC, with higher metastatic
rate than Lewis-positive patients [266]. Despite the impaired use for PaC diagno-
sis, CA19-9 correlates with the clinical response after pancreatectomy [77], mak-
ing it a good biomarker for patient following-up [267]. It can also inform on tu-

mour resectability, being 500 U/mL the consensus threshold for such application
[268].

Diverse combinations of CGA19-9 with other proteins have been proposed to en-
hance its performance in detecting PaC, but none of them has resulted in signifi-
cant improved discrimination. Slight gain is obtained with GA19-9 combination
with CEA, CA242, albumin or IGF-1 [269-271]. Combination with mHOXAI

and mSST improves diagnostic sensitivity [272], while CA19-9 combination with
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MUCSAC shows improved general accuracy [273]. CA19-9 has also been com-
bined with molecules other than proteins, and for instance combination with five

miRINAs has shown excellent results [274].

However, in the need to overcome CA19-9 use, many candidates have been pro-
posed for developing into novel PaC tumour markers. Actually, hundreds of mol-
ecules with differential expression between PaC and healthy conditions have al-
ready been described [275,276], most of which require further validation. For ex-
ample, while the use of a single protein such as PIM-1 has exhibited 95% sensitiv-
ity and 100% specificity [277], proteins as CA125 require combination with
CA19-9 to report adequate accuracy [278]. Other protein candidates include the
trefoil factors family [279], regenerating protein family [280-283] or apolipopro-
teins family [284,285].

Proteins and glycoproteins are not the only molecules found in serum samples that
can be used as tumour markers. The detection of non-coding RNAs have also
shown promising results [286]. Among them, miRNA profiling have detected sev-
eral species that could be useful for PaC diagnosis [287]. For instance, downregu-
lation of miR-92, miR-132, miR-148a, miR-216a and miR-217 has been detected
in PaC, contrarily to upregulation of miR-31, miR-143, miR-145, miR-146a,
miR-150, miR-155, miR-194, miR-196a, miR-196b, miR-210, miR-222 and
miR-223 [286]. Long non-coding RNAs like LINC01232 and HULC, among oth-
ers, may also become tumour markers [288-290], as well as some circRNAs in-

cluding circ_0007534 or circ-LDRAD3 [291,292].

Other approaches include serum liquid biopsies to detect differential expression
of exosomes, C'TCs and ctDNA [293], being exosomes the ones performing better
discrimination. For, instance, Lai and collaborators have reported a miRNA sig-
nature found in exosomes with superior diagnostic potential than CA19-9 [294].
The detection of ctDNA is also promising, being KRAS the main identified frag-
ment, together with ADAMTSI and BNC1 [295,296]. The performance of CTCs
to detect PaC still requires further validation, as their detection greatly varies de-

pending on the used enrichment method [297].
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Metabolomics is recently getting interest as a source of novel tumour markers.
Mayerle and collaborators have described a metabolic signature including 9 me-
tabolites and CA19-9 that can discriminate PaC patients from ChP with an AUC
of 0.96 [298]. Another study has shown metabolite panels with 4 to 12 analytes
that also yield promising results for PaC diagnosis [299]. Likewise, a seven-metab-
olite signature named CarboSign has been able to discriminate PaC from non-
oncologic patients with an AUC of 0.97, and is already patented under ref.
EP22382244.6 [300]. Novel methodologies are exploring the establishment of a
panel of volatile organic compounds to detect PaC, which can be detected in the
gas phase of urine samples [301] and even in the alveolar air [302]. These last
examples remind us that blood serum is not the only sampling source for bi-
omarkers detection, and other fluids such urine [303] or saliva [304,305] can be
used, as well as easily accessible samples like stool [254]. In the specific case of
PaC, minimally invasive obtention of pancreatic juice might also be considered to

find novel tumour markers [280,306].

Finally, since the glycosylation process is altered in the tumour situation, glycomic
approaches are also being explored to develop new biomarkers [201,307,308].
However, as exposed before, PaC altered glycosylation is similar to general cancer
glycosylation, and despite it can discriminate between PaC patients and healthy
individuals, glycomic analyses cannot distinguish different tumours. In this regard,
glycoproteomic biomarkers (based on glycosylation changes on specific proteins)
could be able to improve the potential of the proteins alone [230,309,310]. Several
glycoforms on specific proteins have been found increased in PaC patients. These
include core fucosylated RNasel [311], fucosylated haptoglobin [312-314], fuco-
sylated AGP [315], a2,6-sialylated alpha-1-8 glycoprotein [316,317], fucosylation
and sialylation of hemopexin, kininogen-1 and antithrombin-1II [318], or the
presence of sLex on MUC1, MUC5AC and MUCI16 [319,320] and sLex on ceru-
loplasmin [321], MUCSAC and MUCI [322], and MFAP4 [323], among others.
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New candidates as PaC biomarkers

As commented, the analysis of specific glycoforms in selected pancreas-derived
glycoproteins could outperform the biomarker accuracy of the protein levels.
Thus, this thesis has focused on analysing the glycosylation of two serum-secreted
glycoproteins, mesothelin and regenerating islet-derived 1 protein, which are neo-
or overexpressed in PaC, and evaluate the potential of their tumour-specific gly-

coforms as PaC tumour markers.
Mesothelin

Mesothelin (MSLN) is a glycoprotein neo-expressed in PaC that has been proposed
as a diagnostic biomarker and as a therapeutic target [324]. It was first described
by Chang & Pastan [325], who isolated a cDINA encoding a 40 kDa glycoprotein
on the surface of mesothelial cells recognized by the K1 antibody. MSLN is syn-
thesised as a 622-residue precursor of about 69 kDa, which is then cleaved to pro-
duce a C-terminal GPI-anchored 40 kDa mature form and a released 31 kDa
fragment named megakaryocyte-potentiating factor (MPF) [326] (Figure 15.a).
Eventually, the mature MSLN form can be released from the cell membrane and
reach the bloodstream by the action of various proteases [327] or due to the for-
mation of a soluble variant resulting from alternative splicing [328]. Actually,
splicing events can provide several isoforms. A minor form with 24 extra base pairs
in exon 13 has been detected in ovarian cancer transcripts, which results in a pro-
tein with eight extra aminoacidic residues [329]. The previously mentioned solu-
ble isoform results from the insertion of an 82-base pair fragment, corresponding
to intron 16, which produces a frameshift in the C-terminal region [330]. This
change disrupts the signal sequence for the GPI-anchor, leading to the direct se-

cretion of the protein.

At the structural level, MSLN and other members of its superfamily are predicted
to have superhelical structures with Armadillo-type repeats (Figure 15.b), which
are suggested to interact with carbohydrate moieties from other glycoproteins

[331]. MSLN presents three putative N-glycosylation sites (N-X-S/'T) according
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to its aminoacidic sequence. Moreover, MSLN MN-glycosylation has been con-
firmed by a molecular weight decrease in SDS-PAGE after the complete resection
of its N-glycans [332]. Even so, its N-glycans structural characterization has not
been performed up to date, and there is no detailed information about the carbo-
hydrate determinants that are more frequently displayed on MSLN under differ-
ent physiological conditions. Only Fujihira and collaborators, in a study with mes-

othelioma cell lines, have shown increase in bisecting GlcNAc [333].

(@ . )
54 GPI
N57 N388 N488 NS515
#w GPI
— N388 N488 N515
N57
MPF Mesothelin

Membrane
Figure 15. Synthesis, maturation and structure of MSLN. (a) MSLN is synthesised as a
622-aminoacid precursor, which is processed and attached to the cell membrane via a GPI anchor.
It is further cleaved to give two mature proteins: while MSLN is kept at the extracellular part of the
membrane, MPF is released. RR, precursor cleavage site; Nxxx, N-glycosylation site. Extracted and
modified from Hassan et al., 2004 [326]. (b) 3D predicted structure for MSLN based on its sequence
(Uniprot Q13421) using I-TASSER [334]. An N-glycan core on the three predicted N-glycosylation
sites is represented in blue, while the GPI anchor signal sequence is shown in red.
MSLN mediates cellular adhesion through binding to MUC16 [335], being the
glycosylation of the latter essential for such interaction [336]. In cancer, MSLN is
involved in several processes including resistance to cell death, cell proliferation,
invasive and metastatic potential, angiogenesis, apoptosis regulation and EMT
[337—341]. The expression of MSLN in healthy tissues is restricted to mesothelial
cells of the pericardium, peritoneum and pleura, while it is found in various ma-
lignancies apart from PaC, including ovarian cancer or mesothelioma [325,342—
344]. This limited expression in healthy tissues makes MSLN a useful target for
therapeutic strategies. In this regard, various clinical trials against MSLN involv-
ing immunotoxins, monoclonal antibodies, antibody-drug conjugates, vaccines, or
CAR-T cells have been conducted for PaC and other solid tumours
[338,344,345].
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The presence of MSLN in pancreatic tissues has been vastly examined by im-
munohistochemistry [346—-350]. Abundant expression (>85% specimens) has
been observed in PaC tissues, despite it is unrelated to cancer aggressiveness [351].
On the other hand, no presence has been found in normal pancreas or benign
alterations as ChP [352]. However, it is not clear in which moment of cancer de-
velopment MSLN expression begins: while PanINs does not show MSLN expres-
sion [346], MSLN is observed in intraductal papillary mucinous neoplasms [348],
with higher frequency in invasive lesions [349,353]. When released from the cell
membrane, MSLN can be detected in sera from different cancers patients
[342,343,354]. Actually, its quantification with the Mesomark® assay is routinely
used for the diagnosis of malignant pleural mesothelioma [355]. In addition, the
analysis of circulating MSLN levels in blood was proposed for PaC diagnosis.
However, despite MSLN was increased in PaC patients vs. healthy individuals
(from 0.58 nmol/mL to 0.66 nmol/mL) [356], it showed no utility in the diagnosis
of PaC due to low sensitivity and specificity values [354,357]. This slight increase
arises from the capacity of the tumour microenvironment to retain shed MSLN

and maintain its blood levels [358].

MSLN serum levels are not useful as a PaC biomarker. Here, we propose the study
of MSLN glycosylation to search for specific glycoforms associated to PaC that

could overcome the accuracy of current methodologies.
Regenerating islet-derived 1 proteins

Regenerating-islet derived (REG) proteins belong to a C-type lectin-like protein
family involved in multiple functional roles involving pro-proliferative, anti-apop-
totic and bactericidal activity. Since their discovery about forty years ago, REG
proteins have been associated with diverse pathologies, but their exact roles, un-
derlying mechanisms and expression regulation still remain elusive [359-361].
Based on their primary structure, REG proteins can be sorted into four groups:

REG1, REG2, REG3 and REG4.

Several groups independently discovered REG1 and reported it under various

names, including lithostathine, pancreatic stone protein (PSP), PTP or P19 [362].
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Humans express two proteins from this first group, REGIA and REG1B, which
are 89% homologous to each other [363]. REG2 is the most similar to REG1, but
it is only expressed in mouse. REG3A and REG3G are those proteins from the
third group produced in human cells. Finally, REG4 is the member that shows
the lowest similarity with the rest of REG proteins, as it contains one extra exon
and locates in a different chromosome [359]. Most human REG proteins have a
trypsin cleavage site next to its N-terminus. Digestion of this terminal peptide re-
sults in an insoluble fragment that forms fibrils resistant to further protease diges-

tion, in a similar way to those formed by B-amyloid fibres in Alzheimer’s disease.

REG proteins secretion is restricted to normal pancreatic cells, while they are also
expressed in lower levels in brain, liver and the gastrointestinal tract. REG1A/B
are secreted by pancreatic acinar cells, while no protein nor mRNA expression is
observed in pancreatic ducts [364—369]. Increased expression has been reported
during injury or inflammation, as well as in diabetes, ChP and PaC. In addition,
some REG proteins are linked to pathological conditions of the digestive tract, the
nervous and reproductive systems, and cancers including lung, breast, bladder or
colorectal [359]. For all these reasons, REG proteins have been proposed as ther-
apeutic targets and biomarkers. Especially, the use of REGIA appears to be suc-
cessful in the detection and management of sepsis [370,371]. In this work, we will
focus on the utility of REGIA and REGIB glycoforms as tumour markers for
PaC.

REGIA is a 16 kDa glycoprotein mainly secreted by pancreatic acinar cells, and
it is the most abundant non-enzymatic protein of pancreatic juice [372]. REG1A
mRNA encodes a 166-residue protein with a 22-aminoacid signal peptide which
is cleaved in the secreted form. The 144-residue mature form is stabilized by three
disulfide bridges and presents a highly trypsin-sensitive arginine at residue 11 (Fig-
ure 16.a-b) [359]. Interestingly, this 11-residue N-terminal peptide starts with a
pyroglutamic acid (5-oxiproline) and carries an O-linked glycan at Thr-5, which is
responsible for the different molecular weight bands observed by SDS-PAGE cor-
responding to REG1A [373]. The glycan part was first characterized by NMR in
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REGIA purified from the pancreatic juice of patients suffering diverse pancreatic
diseases [374]. Up to eleven glycoforms were detected, seven of which could be
fully sequenced. Most of them corresponded to an elongated core 2 structure (Glc-
NAc(B1,6)[Gal(B1,3)]GalNAca-), and ranged from 4 to 9 monosaccharide resi-
dues through elongation by N-acetyllactosamine units. Some structures carried a
terminal H antigen with al,2-linked Fuc, and all glycans except one presented
a2,3-SA. A single disialylated form was observed, corresponding to a di-sialyl core
1. The complete X-ray structure of REG1A has also shown the presence of an O-
glycan at the same position [375]. A 4-residue chain was detected and assigned to
the di-sialyl core 1 after building three of its residues (NeuAc(a2,6)[Gal(31-3)] Gal-
NAca-). As stated before, REG1B has 89% homology with REG1A (Figure 16.c).
REGIB is also a 166-aminoacid protein with 6 exons and 5 introns, with an O-
glycan present in its N-terminal undecapeptide (Figure 16.d). It is predominantly

expressed in human pancreas and gastrointestinal tract [367,369].

The exact roles of REG1A/B remain elusive. REG1 was first identified in pancre-
atic stones and assumed to inhibit its formation, but was later associated to its
production, as the tryptic cleavage of its 11-residue N-terminal peptide results in
an insoluble protein which causes protein aggregation, the first step of pancreatic
calculi formation [372]. REG]1 is also a promoter of islet B-cells growth in response
to inflammation and injury [372], and can even stimulate pancreatic ducts cell
proliferation in cancer [376]. In colorectal carcinoma, REG1B silencing inhibits
cancer cell proliferation and invasion [377]. The role of REG1 in cell differentia-

tion and apoptosis prevention has also been suggested [359].

REG]1 has been considered as a biomarker or therapeutic target due to its overex-
pression in diverse pathological conditions [359]. Immunohistochemistry analyses
have demonstrated REG1 expression in PaC. REG1A is present in tumour-adja-
cent acinar areas and stains strongly positive in cancer glands. REG1 is already
observed along the pancreatic carcinogenic process. REG1A expression increases
alongside PanIN progression, while REG1B is elevated since the first stages of the

process [378]. Studies involving other minor pancreatic tumours from Said ¢t al.
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[366] illustrated that REGIA shows diffuse strong cytoplasmatic staining in all
normal acinar cells, while expression in PaC is of 65%. Similar results were previ-
ously reported by Satomura and collaborators, who observed REG1 in the 100%
of normal pancreases and ChP, while it was found in 70% of PaC tissues [365].
The intensity pattern suggested a REG1 increase in mild pancreatic injuries and

a decrease in more severe injuries.

REG1A - QERQTELPQARISCPEGTNAYRSYCYYFNE
REG1B - QESQTELPNPRISCPEGTNAYRSYCYYFNE

REG1A - DRETWVDADLYCONMNSGNLVSVLTQAEGA
REG1B - DPETWVDADLYCQONMNSGNLVSVLTQAEGA

REG1A - FVASLIKESGTDDENVWIGLHDPKKNRRWH
REG1B - FVASLIKESSTDDSNVWIGLHDPKKNRRWH

REG1A - WSSGSLVSYKSWGIGAPSSVNPGYCVSLTS
REG1B - WSSGSLVSYKSWDTGSPSSANAGYCASLTS

REG1A - STGFQKWKDVPCEDKFSFVCKFEN
REG1B - CSGFEKWKDESCEKKFSFVCKFKN

Figure 16. REG family proteins’ structure. (a) Polypeptide representation of human
REGIA, which contains three disulfide bonds and one glycan chain. An arrow indicates the trypsin-
sensitive Arg-11. Extracted from De Reggi, 2001 [372]. (b) REG1A X-ray 3D model at 1.3A resolu-
tion (PDB: 1QDD) [375], with the three carbohydrate residues on its Thr-5 in blue. (c) Sequence
alignment between REG1A and REG1B (89% homology), with their distinct residues highlighted
in red. (d) 3D model for REG1B based on its sequence (Uniprot P48304) predicted with I-TASSER
[334]. The potentially O-glycosylated Thr-5 is coloured in blue.
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REGI levels may also be increased due to pathologic conditions in body fluids
such as blood or urine, and both REG1A and REG1B have been proposed to take
part in several biomarker panels. A three-protein panel including REG1A in urine
has shown promising results for the identification of PaC patients compared to
healthy subjects and ChP [379]. Regarding REG1A performance in urine, basal
levels of 113.8 ng/mL in controls are increased to 546.4 ng/mL in PaC, while
remain at 127.8 ng/mL in ChP. Following studies suggested that substituting
REGIA for REG1B in the proposed panel could enhance its performance [380].
REGIB levels in urine are of 41.3 ng/mL in control individuals, 64.2 ng/mL in
benign pancreatic-related conditions (including 78.9 ng/mlL for ChP) and 226.3
ng/mL in PaC patients. PancRISK, an algorithm that includes the urine bi-
omarkers LYVE], REG1B, TFF1 as well as age and creatinine, has been reported
as a promising approach to early detect PaC [380]. Recently, a prospective study
has demonstrated the use of this urinary panel in combination with plasma
CA19.9 to predict PaC up to 2 years before its actual diagnosis with an AUC of
0.77 [381].

REGI1A and B have also been detected in ductal fluid samples, and are increased
in PaC compared to normal conditions [382]. In addition, their band pattern on
the WB is different, suggesting that cancer samples present higher heterogeneity
with a larger number of isoforms that could be attributed to a different glycosyla-
tion pattern of REG1 proteins. REG1A protein has also been reported in pancre-
atic juice from PaC patients [280]. In this study, the authors showed that, in blood
serum, REG1 levels raised from 272.4 ng/mL in healthy individuals to 470.5
ng/mL and 481.7 ng/mL in ChP and PaC, respectively. Other authors have also
shown elevated REG1A in serum, from 3271.4 ng/mL in healthy individuals to
3669.8 ng/mL in ChP and 4614.2 in PaC [378]. The same authors also revealed
REGIB increased levels, from 134.1 ng/mL in normal conditions to 150.3 ng/mL
and 159.7 ng/mL in ChP and PaC, respectively. Makawita and collaborators
[281] also described increased serum REGIB in PaC patients, from 4582.0
ng/mL to 25380.0 ng/mL. They also reported elevated levels in benign pancre-
atic conditions (9344 ng/ml) and other cancers (16903 ng/mL), which included
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colon, liver and stomach. A more general study on the presence of REGIA in
serum from various cancers patients has also demonstrated its increase, from 32.9
ng/mL in non-cancer subjects to 60.6 ng/mL for those with cancer [383]. Dia-
betic people also present raised REG1A respect to control individuals, with levels
going from 10.7 ng/mL to 13.5 ng/mL in control and diabetes, respectively [384].
It must be noted that REG1A/B values vary considerably between studies, making
it challenging to find a reference level for each condition. Unfortunately, no con-
sensus method is established for REG1 determination, and different studies use
distinct ELISA methodologies, which can explain the variability in absolute serum
values of REG1. In addition, results vary remarkably in different studies which use
the same commercial assay, implying that lots of work are still needed in order to
standardize REG1 quantification. However, all studies point out in the same di-

rection, indicating an increase of REG1 in cancer conditions.

As stated, REG1 serum levels are altered in several diseases including both benign
and malignant pancreatic disorders, and therefore their use as a biomarker of PaC
is limited due to their low specificity. With the aim of overtaking this issue, we
propose the analysis of REG1 O-glycosylation to identify those REG1 glycoforms

that could be PaC-related and useful as PaC biomarkers.
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Aims & scopes

The need for a diagnostic test to detect PaC patients in the early stages of the
disease is crucial to improve patients’ survival. Protein glycosylation plays a fun-
damental role in the tumour process, being the aberrant expression of some glycan
determinants a key target for developing new tumour markers. However, neither
a single glycomic test nor any assay based on protein altered levels has yielded
enough accuracy to discriminate PaC patients up to date. In this regard, we hy-
pothesise that the combination of glycans and proteins detection, focusing on the
identification of unique tumour-associated glycoforms on specific glycoproteins,
could overcome the accuracy of current PaC biomarkers, mainly in terms of spec-
ificity. Thus, the main objective of this thesis is the assessment of tumour-associ-
ated glycoforms on MSLN and on REG]1 as potential tumour markers for PaC.
MSLN and REGT1 are two glycoproteins neo-expressed and overexpressed in PaC,
respectively, which can be detected in the bloodstream of PaC patients. To ac-

complish this aim, the following sub-objectives were proposed:

1. Determine the expression of both MSLN and REG1 in PaC cell lines

and pancreatic tissues.

2. Characterise MSLN and REG1 glycosylation in PaC cell lines and pan-
creatic tissues through MN-glycan sequencing, lectin blotting on the im-

munopurified proteins or MS-based methodologies.

3. Develop methodologies to immunpurify the selected glycoproteins from
blood serum samples to further analyse their tumour-associated gly-

coforms by sandwich ELLAs or LC-MS.

4. Evaluate the serum levels of the selected MSLN and REG1 glycoforms
in a cohort including PaC patients, ChP patients and healthy individuals

to determine their usefulness as PaC tumour markers.
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Materials & Methods

1. Samples

Recombinant protein standards were acquired and used as controls. A recombi-
nant human mesothelin standard (rMSLN) produced in a murine myeloma cell
line (NSO) and a recombinant human REGI1A (rREG1A) standard expressed on
human embryonic kidney cells (HEK293) were obtained from R&D Systems,
MN, USA. The recombinant human REG1B protein (rREG1B), also produced
in HEK293 cells, was obtained from Abcam, Cambridge, UK. A human pooled
serum (MP Biomedicals, Thermo Fisher Scientific, MA, USA) was obtained and

used as a biological matrix control.
1.1.  Human cell lines

Seven PaC cell lines from the American Type Culture Collection (ATCC) and
one ovarian cancer cell line (Ovcar-8) from the National Cancer Institute (NCI)
were used in this study (Table 4). Capan-1, Gapan-2, SW1990, BxPC-3 and
AsPC-1 were maintained in Dulbecco’s modified Eagle’s Medium (DMEM) from
Gibco (MA, USA), supplemented with 10% fetal bovine serum (FBS, Gibco) (20%
IFBS for Capan-1 cells), 1% penicillin/streptomycin and 2 mM L-glutamine
(Gibco). HPAF-II cells were maintained in Eagle’s Minimum Essential Medium
(EMEM) supplemented with 10% FBS and 1% penicillin/streptomycin and Panc
10.05 cells in Roswell Park Memorial Institute Medium (RPMI) (Lonza, Basel,
Switzerland) supplemented with 15% FBS, 1% penicillin/streptomycin and 10
U/mL insulin. Ovcar-8 cells were maintained in RPMI (Lonza) supplemented
with 10% FBS and 1% penicillin/streptomycin. All cells were cultured at 37°C in
a humidified atmosphere containing 5% COs. Cell growth and morphology were
assessed daily using an inverted microscope, and the absence of mycoplasma was
tested routinely with the Venor® GeM OneStep Mycoplasma Detection Kit (Mi-

nerva Biolabs, Berlin, Germany).
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Table 4. Cell lines characteristics. Histology, source and gene mutations in the principal PaC

affected genes. OvC: ovarian serous adenocarcinoma.

Cell line Histology Tumour source Mutant genes Reference
Capan-1 PaC Metastasis: liver KRAS, SMAD4, TP53 ATCC HTB-79
Capan-2 PaC Primary KRAS ATCC HTB-80
SW1990 PaC Metastasis: spleen KRAS, CDEN24 ATCC CRL-2172
BxPC-3 PaC Primary CDEN24, SMAD4, TP53 ~ ATCC CRL-1687
AsPC-1 PaC Metastasis: ascites KRAS, CDEN24, TP53 ATCC CRL-1682
HPAF-II PaC Metastasis: ascites KRAS, CDEN24, TP53 ATCC CRL-1997

Panc 10.05 PaC Primary KRAS, TP53 ATCC CRL-2547
Ovcar-8 OvC Primary KRAS, TP53 NCI-DTP OVCAR-8

1.1.1.  Cell proten lysates

Protein lysates were obtained from fresh cultures in a 100 mm plate. Following
medium aspiration and PBS washing, 500 pL of ice-cold RIPA buffer (50 mM Tris
pH 7.4, 150 mM NaCl, 0.1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 2 mM
EDTA, 50 mM NaF, 1 mM PMSF, 0.2 mM Na;VO,, and protease inhibitors
Complete ULTRA Tablets™ (Roche Diagnostics, Mannheim, Germany)) were
added. After 10 minutes incubation at 4 °C, plates were scratched and lysates re-
covered in 1.5mL tubes, for being next passed through a needle 25 times and in-
cubated for 15 extra minutes at 4 °C. Finally, lysates were centrifuged for 10
minutes at 14000 g, and the supernatant recovered and stored at -20 °C until its

use.

Total protein quantification was performed using the Bradford assay (Bio-Rad La-
boratories, CA, USA) following manufacturer’s instructions. Briefly, samples were
diluted and loaded in triplicates in a 96-well plate. A calibration curve from 0 to
25 pg/mL of bovine serum albumin (BSA) was prepared in the same buffer (and
dilution) than the samples to analyse and was also included in triplicates. After
adding the Bradford dye reagent to each well, plates were incubated for about 10

minutes before determining the optical density in a plate reader (Synergy 4, Bio-

Tek, V'I', USA) at A=595 nm with correction at A=579 nm.



Materials & Methods
1.1.2.  Conditioned media collection

For the study of cell secreted proteins, the conditioned media from the cell lines
was collected. In short, cells were washed with PBS when reached 80% conflu-
ence. Next, cells were grown in free-FBS medium, which was collected 48 hours
later and concentrated by centrifugation at 6500 rpm and 4 °C in 10 kDa filters
(Merck Millipore, MA, USA) previously passivated with 5% Brij-35. As for protein

lysates, total protein concentration was measured by Bradford assay.
1.2, Human samples

Human tissue and serum samples were provided by the Hospital Dr. Josep Trueta
(Girona, Spain) following the standard operation procedures of its ethics commit-
tee, in accordance with the current Declaration of Helsinki, the European Regu-
lation (EU) 2016/679 and the Spanish Organic Law 3/2018 on data protection.
The ethical approval for this study was obtained from the Comité de Etica de
Investigacion con Medicamentos Hospital Universitari Dr. Josep Trueta (Girona,
Spain), reference number 2021.005. Informed written consent was obtained from
all participants. Cancer tissue samples were confirmed by biopsy or image exami-
nation by the digestive and pathology units and were classified according to the

Tumor Node Metastasis Classification of Malignant Tumors of the International

Union Against Cancer (UICC) 8th edition.
1.2.1.  Pancreatic tissues

A small piece of resected pancreatic tissues was immediately frozen in liquid nitro-
gen and kept at -80 °C until its use for protein extraction. 55 frozen tissues were
used: 38 PaC tissues of different stage, 5 tissues from other gastrointestinal malig-
nancies and 12 control tissues (Table 5). Controls included 2 healthy pancreases
from autopsy and 10 pancreatic non-tumor (IN'T) tissues adjacent to the cancer
region (2 from cholangiocarcinomas, 2 from duodenum adenocarcinomas, 1 from

ampullary carcinoma and 5 from PaC).
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Table 5. Frozen pancreatic tissue pieces used for protein lysate obtention. Patient’s

clinico-pathological characteristics.

Male / Age Age
ey S Female N average  range
Healthy (from autopsi M : %0 )
ealthy (from autopsies) F ) 68 i
NT cholaned . M 1 78 -
cholangiocarcinoma F ) 7 i
Control NT duod d i M ’ ) ]
ontro uodenum adenocarcinoma F 9 75 79.78
. M 1 67 -
NT ampullary carcinoma
F 0 - -
M 4 70.3 64-77
NT PaC
F 1 64 -
M 1 -
B 76
F 0 - -
M 4 68.8 65-70
ITA
F 2 71 64-78
PaC: 1B M 11 69.7 57-79
: F 13 6L3  49-79
M 4 . 52-
I 63.3 52-73
F 0 - -
M 5 -
v 2 70.5 65-76
F 1 59 -
Cholane: . M 1 78 -
olangiocarcinoma F ) 7 i
Other gastroin- M 0 _ _
testinal malig- Duodenum adenocarcinoma _
nancies F 2 62 52-72
Ampull i M ; ) )
pullary carcinoma F 1 77 i

Whole protein homogenates were obtained through lysis with lysing matrix beads
D (MP Biomedicals, CA, USA) in a FastPrep-24 Instrument (MP Biomedicals,
CA, USA) in a modified RIPA buffer (50 mM Tris pH7.4, 150 mM NaCl, 0.1%
NP-40, 2 mM EDTA, 50 mM NaF, 1 mM PMSF, 0.2 mM Naz;VO,, protease
inhibitors Complete ULTRA Tablets™ (Roche Diagnostics, Mannheim, Ger-
many)). Total protein quantification was determined by the Bradford assay (Bio-

Rad Laboratories, CA, USA) following manufacturer’s instructions.
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1.2.2. Serum samples

Blood serum was collected from 49 individuals including 13 healthy donors, 13
ChP patients and 23 PaC patients of different stage (Table 6). Serum was collected
following standard procedures, aliquoted and stored at -80 °C until its use. CA19-
9 values of all samples were routinely determined by the Elecsys® CA19-9 assay
in a Cobas E801 Module (Roche, Mannheim, Germany) at the clinic laboratory
of the Hospital Universitari Josep Trueta. MSLN protein levels were quantified
with Mesomark® (Fujirebio Diagnostics, PA, USA) by Reference Laboratory,
Barcelona, Spain. Samples were immunopurified for specific proteins as detailed
below (section 5).

Table 6. Serum samples for specific glycoforms quantification. Clinico-pathological

characteristics of the population cohort.

Pathology Cases 1?: :’;:12 N Age average  Age range
. M 7 62.9 44-79
t
o Aty F 6 63.2 51-75
t
ontre i M 10 50.1 49:79
F 3 53.3 46-60
A M 9 66 61-71
F 3 69.3 64-78
. M 9 72.5 64-81
- F 4 73.3 70-78
a4 M 4 63.3 52-73
I
F 1 49 ;
v M 5 62.8 30-76
F 9 65.5 59-72

2.  Glycosidase digestion

Complete release of N-glycans from protein samples was achieved by digestion
with N-glycosidase I (PNGasel', New England Biolabs, MA, USA). Briefly, 1 pL.
PNGaseF was added to 10 pg of total protein in the manufacturer’s supplied buffer
conditions. The reaction took place at 37 °C overnight. For samples to be analysed
by MS, previous reduction in 10 mM DTT for 15 minutes at 65 °C followed by
alkylation in 50 mM IAA for 30 minutes in the dark was performed. 2 U PNGasel
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(Roche Diagnostics, Mannheim, Germany) per 10 pg protein were added and in-

cubated overnight at 37 °C.

SA was selectively digested with the use of different sialidases. For specific a2,3-
linkage digestion, Streptococcus pneumoniae neuraminidase (NAN1, Agilent Technol-
ogies, CA, USA) was used, and 50 mU were added to 10 pg total protein. The
reaction took place in 50 mM sodium phosphate pH 6 at 37 °C overnight. Diges-
tion of total SA (cleavage of SA both a2,3- and a2,6-linked) was achieved through
Arthobacter ureafaciens sialidase (ABS, Roche Diagnostics, Mannheim, Germany) di-
gestion. 10 mU ABS per 10 pg total protein were used and incubated in 20 mM
sodium phosphate buffer pH 7.2 at 37 °C overnight.

3. SDS-PAGE

Proteins were separated by discontinuous SDS-PAGE in order to assess their mo-
lecular weight. In brief, stacking gels were polymerized at 5% and separating gels
at 10% acrylamide for MSLN analyses and 15% for REG1 evaluation. Samples
were diluted in 4x Laemmli buffer (0.5 M Tris, 4% SDS, 40% glycerol, 0.1% bro-
mophenol blue) supplemented with 5% B-mercaptoethanol when reduced condi-
tions were required and heated at 95 °C for 5 min. Electrophoresis was run at

200V until the electrophoretic front escaped the gel.
3.1. Coomassie staining

Acrylamide gels were Coomassie stained following standard protocols. In short,
gels were incubated for 15 minutes in fixing solution (50% methanol, 7% acetic
acid) followed by 15 minutes incubation in Coomassie blue dye (0.25% Coomassie

blue (Merck Millipore, MA, USA), 50% methanol, 10% acetic acid). Gels were

destained in 7% acetic acid at shaking overnight.

Gels undergoing band excision and further N-glycan sequencing were stained for
2 hours in the same dye solution, incubated in destaining solution 1 (50% metha-
nol, 7% acetic acid) for 5 minutes and totally destained with destaining solution 2

(5% methanol, 7% acetic acid) until protein bands were clearly visible.
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3.2.  Silver staining

Proteins were fixed for 1 hour in 50% methanol, 12% acetic, 0.5 mL/L formal-
dehyde 37%. After three 20 minutes washes with 50% ethanol, gels were oxidized
for 1 minute with 0.2 g/L NasS»Os, followed by 20 minutes impregnation with 2
g/L AgNOs, 0.75 mL/L formaldehyde 37%. Samples were developed for about
10 minutes in 60 g/L NapsCOs, 4 mg/L NasS:0s, 0.5 mL/L formaldehyde 37%
until protein bands were observed. Gels were washed twice in water and develop-
ment was totally stopped with 50% methanol, 12% acetic for 10 minutes. Gels

were finally washed in 50% methanol for 20 minutes.

4. Western blotting

WB was performed following standard procedures. Briefly, protein samples were
loaded in Laemmli buffer and resolved by SDS-PAGE. Proteins were transferred
to previously activated PVDF membranes for 4 hours at 100V in Towbin buffer
(25 mM Tris, 192 mM glycine, 20% v/v methanol, pH 8.3) at 4°C. Membranes
were then blocked for 1 hour in 5% skimmed milk or 5% BSA in TBST (10 mM
Tris, 100 mM NaCl, 0.1% v/v Tween-20, pH 7.4) with shaking. After TBST
washing, membranes were incubated overnight at 4 °C with the corresponding
antibody: anti-MSLN, clone MN-1 (LifeSpan Biosciences, WA, USA) at 1 pg/mL
in TBST with 3% skimmed milk; anti-GAPDH, clone 1E6D9 (Proteintech, IL,
USA) at 0.1 pg/mL in TBST 5% skimmed milk.; anti-REG1A, ab47099 (Abcam,
Cambridge, UK) at 1 pg/mLin TBST 3% BSA; anti-REG1B, ab233210 (Abcam,
Cambridge, UK) at 0.5 pg/mL in TBST 3% BSA. Following short water and
TBST washing, membranes were then incubated for 1 hour with an HRP-
conjugated goat anti-mouse antibody (Merck Millipore, MA, USA) at 0.1 pg/mL
in TBST with 0.5% skimmed milk or goat anti-rabbit antibody (Thermo Fisher
Scientific, MA, USA) at 0.02 pg/mL in TBST with 0.5% BSA. Membranes were
then washed with water and TBST and were finally developed with Immobilon™
Western Chemiluminescent HRP substrate (Merck Millipore, MA, USA). Chem-
iluminescence was visualized using the imaging system Fluorchem SP (Alpha

Innotech, CA, USA) under non-saturating conditions.
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For glycan determinants detection, membranes were blocked in TBST with 2%
polyvinylpyrrolidone overnight with shaking at room temperature. They were
washed in TBST, and then incubated for 2 hours with different lectins (Table 7)
in lectin buffer (100 mM Tris, 150 mM NaCl, 1 mM CaCly, 1 mM MgCly, pH
7.6). After washing with water and TBST, depending on the label of the used lec-
tin, membranes were incubated for 1 hour with HRP-conjugated streptavidin (GE
Healthcare, IL, USA), anti-FI'TC HRP-conjugated antibodies or anti-DIG HRP-
conjugated antibodies (Roche Diagnostics, Mannheim, Germany) diluted in
TBST with 0.5% BSA. Following water and TBST washing, membranes were

developed as for protein detection.

Table 7. Lectins used in WB. Conjugated label, recognised glycan and concentration used for

each lectin in WB experiments.

Lectin Label Glycan determinant Concentration Reference
Sambucus migra Ag- - B-1305 (Vector
olutinin (SNA) Biotin Neu5Acab6Gal/GalNAc 2 pg/mL Laboratories)
Maackia amurensis - B-1265 (Vector

Lectin T (MAL-TI) Biotin Neu5Aca3GalB33GalNAc 2 pg/mL Laboratories)
Aleuria aurantia - B-1395 (Vector
Lectin (AAL) Biotin Fuca3/6GIcNAc 2 pg/mL Laboratories)
Pholiota squarrosa -
Lectin (PhoSL) Biotin Core fucose (al,6GlcNAc) 2 pg/mL [385]
. B-1075 (Vector
Peanut Agglutinin Biotin > ng/mlL Labora(torieq)
58 GalB3GalNAc (T antigen) y
(PNA) Disoxicenin 10 pe/mL 11210238 001
§OXI8 he (Roche)
Eh‘m"l“f ”1”%‘1’1’17"1’1 Biotin GalB4GIcNACB6(Gle- 5 e/ml  B-1075 (Vector
eug;gg_g © NAcB2Mana3)Mana3 hs Laboratories)

Phaseolus vulgarts GalB4GlcNAcB2Mana6(GleNAcR4)

FL-1121 (Vector

Erythroagglutinin Fluorescein ) A (g4 Mana3)ManB4 Zug/mb o oratories)
(PHA-E)

Ulex europacus Ag- . FL-1061 (Vector
glutinin (UEA) Fluorescein aluc (preferably al,2) 2 pg/mL Laboratorics)
Vicia villosa Lectin . . FL-1231 (Vector

(VL) Fluorescein ~ GalNAc (preferably Tn antigen) 2 pg/mL Laboratorics)
4.1. Stripping

Membranes were reblotted using standard stripping protocols. These were washed
with TBS (10 mM Tris, 100 mM NaCl pH 7.4) before incubation with Restore
Western Blot Stripping buffer (Thermo Fisher Scientific, MA, USA) for 10
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minutes at room temperature plus 10 minutes at 37 °C. Next, membranes were
washed with TBS and TBST and developed under the WB protocol starting from
the blocking step.

5. Protein immunopurification

Several immunopurification approaches were conducted throughout this thesis
depending on the target protein, sample origin and subsequent analysis method-
ology. Hence, this section has been structured based on the protein to be isolated:

MSLN or REGI.

5.1. MSLN

MSLN was immunopurified from cell lines conditioned media to determine its
glycosylation by (a) N-glycan sequencing and (b) WB using lectins. Samples con-
taining 2 pg of MSLN (for N-glycan sequencing analysis) or 100 pg total protein
(for WB analysis) were diluted in 300 pL incubation buffer (50 mM Tris pH 7.4,
150 mM NaCl, 2 mM EDTA, 1 mM PMSF, 0.2 mM Na;VO,, protease inhibitors

Complete ULTRA Tablets™ (Roche Diagnostics, Mannheim, Germany)) and
added to 100 pL protein G-sepharose beads (GE Healthcare, IL, USA), previously
washed with water and equilibrated with the same incubation buffer, in a spin-
tube (Costar, Corning Inc., NY, USA). Samples were incubated for 2 hours at
4 °C and were then centrifuged for 2 minutes at 5000 g to elute the precleared
fraction. In parallel, anti-MSLN antibody clone MN-1 (LifeSpan Biosciences,
WA, USA) was bound (a) to protein G-magnetic beads (SureBeads™, Bio-Rad
Laboratories) in TBST, 0.001% BSA buffer for 45 minutes at shaking or (b) to
protein G-sepharose beads (GE Healthcare, IL, USA) in TBST, 0.01% BSA for
2 hours at the roller mixer. Next, the previously precleared fractions were added
to the antibody-beads complex and were incubated for 4 hours at shaking at room
temperature. Samples were then eluted with (a) 40 pL 2x Laemmli buffer for
10 minutes at 70 °C before beads magnetization or (b) 70 pL 3x Laemmli buffer

for 5 minutes at 95 °C before centrifugation at 2000 g for 5 minutes.
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For MSLN analysis by ELISA/ELLA, MSLN was immunopurified from both tis-
sue protein lysates and blood serum samples. First, a mouse anti-MSLN antibody
(clone MN-1, LifeSpan Biosciences, WA, USA) was covalently bound to magnetic
beads (Dynabeads™ M-270 Epoxy, Thermo Fisher Scientific, MA, USA) follow-
ing the manufacturer’s procedures. Briefly, beads were washed with the supple-
mented buffer before addition of 7 pg antibody per mg of beads, which were in-
cubated at shaking overnight at 37 °C. Beads were washed, blocked and finally
resuspended at 10 mg/mL using the manufacturer’s buffers. For each sample, 50
pL of the antibody-beads complex were equilibrated twice with PBST (Phosphate
buffered saline, 0.05% Tween) with 0.1% BSA. Next, 50-80 pg of total protein
from tissue lysates (corresponding to 6 ng of MSLN) in 1 mL modified RIPA
buffer, or I mL blood serum were incubated for 1 hour at room temperature with
shaking. Tubes were magnetized, the supernatant removed, and beads washed
with PBST. MSLN was eluted in 44 pL citrate buffer 0.1 M, pH 3.1. After 2 min
incubation, tubes were magnetized, samples collected and neutralized in 16 pL
Tris 1 M pH 9. In the case of serum samples, this eluted fraction was diluted with
900 pL modified RIPA buffer and incubated again for 1 hour with the same anti-
body-beads complex previously equilibrated. Beads were washed and MSLN fi-

nally eluted following the same steps described before.
5.2. REGI

REG1 was immunopurified from tissue samples for the analysis of its glycans by
WB with lectins. 100 pg of total protein were diluted in 300 pL incubation buffer
and precleared for 2 hours at 4 °C in 100 pL protein A-sepharose beads (GE
Healthcare, IL, USA) previously washed with water and equilibrated in RIPA
buffer. In parallel, 4 pg anti-REG1A antibody (ab47099, Abcam, Cambridge,
UK) or anti-REG1B antibody (ab233210, Abcam, Cambridge, UK) were coupled
to 1 mg protein A-magnetic beads (Bio-Rad Laboratories, CA, USA) for 45
minutes at room temperature. Precleared samples were transferred to the anti-
body-magnetic beads complexes and incubated overnight at 4 °C. After magneti-

zation and washing in TBST, REG1 was eluted by incubation with 40 pL 2x
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Laemmli buffer (+2.5% B-mercaptoetanol) for 10 minutes at 70 °C before beads

magnetization.

Immunopurification of REGIA from serum samples was performed with two ob-
jectives: the quantification of specific glycoforms by ELISA/ELLA and the detec-
tion of particular glycopeptides by MS. A rabbit anti-REG1A antibody (ab47099,
Abcam, Cambridge, UK) was covalently bound to magnetic beads (Dynabeads™
M-270 Epoxy, Thermo Fisher Scientific, MA, USA) as briefly described above.
Then, 1 mL blood serum was incubated with 50 pL. of antibody-beads complex
for 1 hour at room temperature. After beads magnetisation, the supernatant was

removed and beads were washed three times with PBST.

For the subsequent analysis by ELISA/ELLA, elution of REG 1A was achieved by
incubation with 44 pL citrate buffer 0.1 M, pH 3.1 for 2 minutes. Samples were
neutralised in 16 pL Tris IM pH 9 after beads magnetisation. The eluted fraction
was diluted in 900 pL. RIPA and incubated for an extra hour with the same anti-
body-magnetic beads conjugate. Then, beads were magnetised, supernatant re-
moved and protein-antibody complexes washed with PBST. Final elution of
REGIA was performed again with 2 minutes incubation in 44 pL citrate buffer
which were neutralised with 16 pL Tris. On the other hand, for the analysis by
MS, REG 1A glycopeptides were eluted from the magnetic beads by digestion with
trypsin (Promega, WI, USA) at a 1:2 enzyme:substrate ratio in a total volume of
35 pL of 100 mM NaHCOs buffer for 15 minutes at 37 °C. Samples were kept at

4 °C until their analysis.

6. Mass spectrometry (MS) analysis

6.1. Ultra-performance liquid chromatography — Electrospray
ionisation — Quadrupole Time-of-flight (UPLC-ESI-Q'T'of)
6.1.1. Intact protein anabysis

MS analysis of intact MSLN was performed on rMSLN. Samples were prepared
in a total volume of 10 pL. and analysed with a Waters Acquity UPLC system
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coupled to a Waters XEvo G2 QTof under the control of MassLynx 4.1 software
(Waters, MA, USA). The chromatography separation was performed using an Ac-
quity UPLC Protein BEH C4 column, 300 A, 1.7 pm, 2.1x50 mm, set at 80 °C
with a flow rate of 0.2 mL/min. Mobile phases were [A] water and [B] acetonitrile
(ACN), both containing 0.1% formic acid (FA). A 25-minute linear gradient from
30 to 45% solvent B was used for protein separation. The mass spectrometer op-
erated in the positive ionization mode. The capillary voltage was set at 1.5 kV, the
cone voltage at 40 V and the extraction cone at 4.0 V. Source and desolvation
temperatures were set at 120 °C and 600 °C, respectively. Gas flows were
20 L/hour for the cone gas and 500 L/hour for the desolvation gas. The scan
range (500-5000 m/z) was calibrated with Nal. A lock mass correction with leu-
cine-enkephalin was used throughout the experiments. Extracted ion chromato-
grams were peak-detected and noise-reduced in both the LC and MS domains,

and then deconvoluted using the mMass software.
0.1.2.  Peptide analysis

MSLN peptide analyses were performed from both (a) solution and (b) gel digested
samples. For (a) solution digested samples, these were dried, resuspended in
NH.HCOs, DTT reduced and IAA alkylated before digestion with trypsin
(Promega, WI, USA) at a trypsin:protein ratio of 1:10 in 50 mM NH4HCOs for
16 hours at 37 °C. For (b) gel pieces, which were already reduced and alkylated,
gel bands were washed with 50 mM NH HCO3, dried with ACN, and rehydrated
with trypsin 1:50 under the same conditions described in (a). Peptides were ex-
tracted from the gel pieces with three washes by sonication in 200 pL
ACN:HO:FA 50:50:1. Samples were dried and resuspended in water containing

0.1% FA to the desired concentration.

Peptides were separated and detected in the same Acquity UPLC system used for
intact protein experiments, but using an Acqyuity UPLC Peptide BEH C18 col-
umn, 130 A, 1.7 pm, 2.1x150 mm. Mobil phases [A] and [B] were water 0.1% FA
and ACN 0.1% FA, respectively. Flow rate was set at 0.2 mL/min, and column

temperature at 40 °C. Peptides were separated in a 40-minute linear gradient from
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10 to 28% solvent B. The mass spectrometer operated in the positive ionization
mode. The capillary voltage was set at 3.0 kV, the cone voltage at 25 V and the
extraction cone at 4.0 V. Source and desolvation temperatures were set at 120 °C
and 350 °C, respectively. Gas flows were 2 L/hour for the cone gas and 800
L/hour for the desolvation gas. The scan range (200-2000 m/z) was calibrated
with leucine-enkephalin, which was also used for the lock mass correction. Ex-

tracted ion chromatograms were peak-detected and noise-reduced in both the LC

and MS domains.

6.2. Matrix-assisted laser desorption/ionisation — Time-of-

flicht (MALDI-Tof)

The analysis of rREGIA glycoforms was performed by MALDI-Tof both at the
whole protein and glycopeptide level. Samples were loaded on a MTP 384 target
plate ground steel BC and analysed in an Autoflex max MALDI-Tof-MS (smart-
beam™ II Nd: YAG solid state laser, 2000 Hz) under the command of FlexCon-
trol software (Bruker, MA, USA).

The evaluation of total rREG1A was performed mixing the commercial glycopro-
tein with a sinapinic acid matrix (10 g/Lin ACN, 0.1% TFA)in a 1:1 ratio before
loading 1 pL onto the plate and letting it dry at room temperature. Data acquisi-
tion was achieved in the positive lineal mode, accumulating mass scans in a range
of 10000-20000 m/z calibrated with Protein Standard I (Bruker). Laser intensity
was set at 75% and a minimum of 10 shots manually obtained over the spot were

acquired for each sample.

For the analysis of its glycopeptides, rREG 1A was digested with trypsin (Promega,
WI, USA) in an enzyme:substrate ratio of 1:10. The reaction was performed in
100 mM NaHCOs pH 7.6 for 15 minutes at 37 °C, generating the cleavage of
only the 11-residue N-terminal peptide. The obtained glycopeptides were purified
in a 96-well plate format hydrophilic interaction chromatography (Waters, MA,
USA). Briefly, the plate was conditioned with water and equilibrated with 90%
ACN before adding the samples also in 90% ACN. After 15 minutes, wells were
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washed with ACN and glycopeptides were finally eluted in 100mM NH;AcO.
These were totally dried in the vacuum centrifuge and finally resuspended with
10 pL. of a solution containing 40% ACN and 0.1% FA. An a-cyano-4-hy-
droxycinnamic acid matrix (10 g/L in 30% ACN, 0.1% TFA) was used for the
study of purified glycopeptides. Data acquisition was performed as for the total
protein, but in a mass scan range of 1000-3000 m/z calibrated with Peptide Stand-
ard I (Bruker). All the obtained data was processed and curated with the FlexA-
nalysis 3.4 software (Bruker, MA, USA).

6.3. Ultra-performance liquid chromatography — Electrospray
ionisation — Triple quadrupole (UPLC-ESI-TQ))

REGIA glycopeptides were additionally analysed by UPLC-TQ-MS. This meth-
odology presents a low background signalling due to the separation of compounds
in the liquid chromatography and the possibility to select specific mass-to-charge
transitions to be analysed at the quadrupole, reason why it was chosen to analyse
REGIA glycopeptides from serum samples. These glycopeptides were obtained
by trypsin digestion on rREGI1A or serum immunopurified REGIA as stated be-
fore in section 5.2, and 2 pL. were injected to a Waters Acquity UPLC system
coupled to a Waters XEvo TQ-S mass spectrometer under the control of Mass-
Lynx software (Waters, MA, USA). An Acquity Premier Glycoprotein BEH amide
column, 300 A, 1.7 pm, 2.1x150 mm was used, with a 0.3 mL/min flow at 55 °C.
Solvent A was 10mM ammonium formate with 0.04% FA and solvent B was 10
mM ammonium formate in 90% ACN. A 20-minute gradient from 80 to 55%
solvent B was used. The mass spectrometer operated in the positive ionization
mode, using nitrogen as a nebulising gas and argon as a collision gas. The capillary
voltage was set at 3.0 kV. Source and desolvation temperatures were set at 150 °C
and 600 °C, respectively, with their corresponding gas flows at 50 L/h in the cone
and 1200 L/h for desolvation. Data was acquired in a selected reaction monitor-
ing (SRM) acquisition mode, and processed using the TargetLynx XS application
manager (Waters, MA, USA). Selected transitions in SRM for each glycopeptide
were: non-glycosylated, 627.4 m/z; 3 NAcHex + Hex, 675.8 m/z; 3 NAcHex +
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Hex + Fuc, 724.5 m/z; NAcHex, 729.1 m/z; 3 NAcHex + Hex + NeubAc, 772.9
m/z; 3 NAcHex + Hex + Fuc + NeubAc, 821.6 m/z; NAcHex + NeubAc, 874.4
m/z; NAcHex + Hex + NeubAc, 955.7 m/z; NAcHex + Hex + 2 NeudAc,
1101.3 m/z.

7. N-glycan sequencing

MSLN N-glycans were sequenced using the methodology described by Royle et
al. [219] with slight modifications. Briefly, immunopurified MSLN was separated
on SDS-PAGE and stained with Coomassie blue. Bands corresponding to MSLN
were excised, washed with 20 mM NaHCOs; and ACN before reduction with
100 pL. 50 mM DT'T for 10 minutes at 65 °C and alkylation with 100 pL. 20 mM
IAA for 30 minutes in the dark. Then, gels were washed several times with ACN
and 20 mM NaHCOs. After totally drying gel pieces in the vacuum centrifuge,
100 pL. PNGaselF (New England Biolabs, MA, USA) diluted 1/400 in 20 mM
NaHCOs were added, plus 100 pL. extra 15 minutes later. Gels were topped up
with 20 mM NaHCOs buffer and incubated at 37 °C overnight. Glycans were
totally eluted with water and ACN sonication. They were then filtered and com-

pletely dried in the vacuum centrifuge overnight. N-glycans were then labelled

with (2-AB) as described in [386].

Derivatized 2-AB-N-glycans were digested for 16 hours at 37 °C using several ex-
oglycosidases from Prozyme unless stated otherwise, either alone or in combina-
tion: 0.5 U/mL ABS (Arthobacter ureafaciens sialidase, digests a2,3/6/8/9-SA),
5 U/mL NANTI (Sialidase S, digests a2,3-linked N-acetylneuraminic acid), 1 U/ml
BTG (Bovine testes 3-galactosidase, digests 51,3/4 galactose), 400 U/mL AMF
(Almond meal a-fucosidase, digests al,3/4 fucose; from New England Biolabs,
MA, USA), I U/mL BKF (Bovine kidney a-fucosidase, digests al,2/3/4/6 fucose,
also core fucose), 8 U/mL GUH (Streptococcus pneumoniae hexosaminidase, di-
gests B-N-acetylglucosamine) and 25 U/mL CBG (Coffee bean a-galactosidase,

digests al,3/4 galactose). Enzymes were added for a total volume of 10 pL in
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50 mM sodium acetate pH 5.5 buffer. After digestion, exoglycosidases were inac-
tivated at 65 °C for 15 minutes and removed through filtration in 10K microcen-

trifuge filtration devices (Pall Corporation, NY, USA).

2-AB labelled N-glycans were analysed by UPLC with fluorescence detection on
a Waters Acquity UPLC H-Class system consisting of a quaternary solvent man-
ager, sample manager and fluorescence detector under the control of Empower3
software (Waters, MA, USA). N-glycans were separated through HILIC in an Ac-
quity UPLC Glycan BEH amide column, 130 A, 1.7 pM, 2.1x150 mm. The tem-
perature of the column was set at 40 °C. Solvent A was 50 mM ammonium for-
mate pH 4.4 and solvent B was ACN. A 30-minute method with a linear gradient
70-53% solvent B at 0.56 mL/min was used. Samples were injected in 20 pL. 70%
ACN. The fluorescence excitation/emission wavelengths were A=330 nm and
Aem=420 nm, respectively. Retention times were converted into glucose units (GU)

by time-based standardization against a dextran ladder.

8. Enzyme-linked immunosorbent assay
(ELISA)

Sandwich ELISAs were developed to quantify MSLN and REG1A concentration.
ELISA 96-well plates (Thermo Fisher Scientific, MA, USA) were coated with 300
ng anti-MSLN rabbit polyclonal antibody (LifeSpan Biosciences, WA, USA) or
anti-REGI1A rabbit polyclonal antibody (Abcam, Cambridge, UK) in 100 pL
NasCO3-NaHCO3 pH 9.6 buffer at 4 °C overnight. After washing with saline so-
lution (0.9% NaCl, 0.05% Tween-20), wells were blocked with 400 pL. 1% BSA
PBST (Phosphate buffered saline, 0.05% Tween) for 1 hour. Then, samples di-
luted in PBST were incubated in triplicates for 2 hours. For MSLN quantification,
a calibration curve with rMSLN ranging from 0.25 ng/mL to 10 ng/mL in PBS-
T was included. For REGIA, the calibration curve with rREGIA ranged from
1 ng/mL to 40 ng/mL. Following washes, 100 pL anti-MSLN antibody clone
MN-1 (LifeSpan Biosciences, WA, USA) or anti-REGI1A antibody (MA5-29515,
Thermo Fisher Scientific, MA, USA) at 1 pg/mL in 1% BSA PBST were added

to each well and incubated for 2 hours. Next, HRP-conjugated goat anti-mouse
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antibody (Merck Millipore, MA, USA) at 0.33 pg/mL 1% BSA PBST was incu-
bated for 1 hour. All incubations were undergone in a humid chamber. Plates
were developed with 100 pL/well BM blue HRP substrate (Roche Diagnostics,
Mannheim, Germany), and the reaction was stopped after 10 minutes for MSLN
or 2 minutes for REG1A with 100 pL. IM HsSOy4. Optical density was determined
in a plate reader (Synergy 4, BioTek, VI, USA) at A=450 nm with correction at
A=690 nm. Negative controls were wells without sample or capture antibody. In-
tra-assay variation was calculated from the three technical replicates in all per-
formed experiments. Inter-assay variation was calculated for each sample with
data of at least two independent assays. Data for each sample is expressed as the

mean of at least two independent assays.

9. Enzyme-linked lectin assay (ELLA)
9.1. CfMSLN quantification

MSLN core fucosylated glycoforms were quantified using an enzyme-linked lectin
assay (ELLA). Protein G-coated ELISA plates (Thermo Fisher Scientific, MA,
USA) were washed with saline solution (0.9% NaCl, 0.05% Tween-20) and incu-
bated with 300 ng anti-MSLN antibody clone MIN-1 (LifeSpan Biosciences, WA,
USA) in 100 pL. PBST for | hour. After washing, plates were blocked with 400 pL
2% polyvinylpyrrolidone in PBS for 1 hour, followed by the incubation of samples
in triplicates diluted in PBST for 2 hours. A calibration curve with rMSLN ranging
from 1 ng/mL to 40 ng/mL was used. Next, 100 pL of biotinylated PhoSL [385]
at 1 pg/mL in lectin buffer (100 mM Tris pH 7.6, 150 mM NaCl, 1 mM CaCly,
1 mM MgCly) were added for 2 hours. Streptavidin-HRP conjugated from Vec-
tastain® ABC-HRP kit (Vector Laboratories, CA, USA) was used for signal am-
plification, following manufacturers’ procedures. All incubations were undergone
in a humid chamber. Wells were developed with 100 uL. BM blue HRP substrate
(Roche Diagnostics, Mannheim, Germany) for about 2 minutes before stopping
the reaction with 100 pL. 1 M HoSO4. Optical density was determined in a plate
reader (Synergy 4, BioTek, VT, USA) at A=450 nm with correction at A=690 nm.

Negative controls were wells without sample. Intra-assay variation was calculated
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from samples’ technical replicates in all performed experiments. Inter-assay vari-
ation was calculated for each sample with data of at least two independent assays.

Data for each sample is expressed as the mean of at least two independent assays.
9.2. REGIA-glycoforms quantification

Several REGIA glycoforms were attempted to be quantified by ELLAs. Trans-
parent (for colorimetric development) or white (for luminescence assays) ELISA
96-well plates (Thermo Fisher Scientific, MA, USA) were coated with 300 ng anti-
REGIA antibody (Abcam, Cambridge, UK) for in 100 pLL Na,CO3-NaHCOs pH
9.6 buffer at 4 °C overnight. After washing, wells were blocked with 400 pL. 2%
polyvinylpyrrolidone in PBS for 1 hour. Next, samples diluted in PBST were in-
cubated in triplicates for 2 hours, as well as different calibration curves with
rREGIA. Following washes, 100 pL detection lectins were added in lectin buffer
and incubated for 2 hours. The used lectins included: biotinylated MAL-II, bioti-
nylated, digoxigenin labelled and fluorescein labelled PNA, and fluorescein la-
belled VVL. Then, 100pL streptavidin-HRP conjugated from Vectastain® ABC-
HRP kit (Vector Laboratories, CA, USA) following manufacturers’ procedures,
anti-digoxigenin-HRP antibody (Roche Diagnostics, Mannheim, Germany) at
16.7 mU/mL in 1% BSA PBST or anti-fluorescein-HRP antibody (Roche Diag-
nostics, Mannheim, Germany) at 15> mU/mL in 1% BSA PBST were added for 1
hour. All incubations were performed in a humid chamber. Two development
strategies were applied: colorimetric development was achieved with 100 pL. BM
blue HRP substrate (Roche Diagnostics, Mannheim, Germany) for about 8
minutes before stopping the reaction with 100 pL. 1 M H2SO4. Optical density was
determined in a plate reader (Synergy 4, BioTek, VT, USA) at A=450 nm with
correction at A=690 nm. Luminescence acquisition was performed by adding
100 pLL Immobilon™ Western Chemiluminescent HRP substrate (Merck Milli-
pore, MA, USA) just before luminescence acquisition in the plate reader (1 second
integration time per well). Negative controls were wells without sample or capture

antibody.
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10. Statistics

Statistical analyses of the obtained results were performed using IBM SPSS Sta-
tistics, version 28 (IBM, NY, USA) and Prism 9 (GraphPad Software, CA, USA).
On WB analyses, differences in protein expression between groups were assessed
through the Pearson Chi-square test. Data from ELISA/ELLA involving bi-
omarkers quantification was analysed for normality with the Shapiro-Wilk test.
After meeting this criteria, one-way ANOVA with Tukey’s post-hoc comparison
was used when comparing three groups, while unpaired t test was performed for
two-groups mean comparison. For non-normally distributed data, Kruskal-Wallis
and Mann-Whitney tests were performed for the same comparisons. Correlation
ofindependent variables was determined by Pearson correlation when values were
normally distributed, and by Spearman correlation when this criteria was not met.
Combination of biomarkers was achieved through a multiple logistic regression
model in which the response variable corresponded to the probability of being
diagnosed with PaC (variable taking value 1) or being in the control group includ-
ing healthy and ChP individuals (variable taking value 0). Receiver operating char-
acteristic (ROC) curves were analysed for each biomarker to distinguish between
PaC and control groups. Comparison of the area under the curve (AUC) among
different ROC curves was performed with the DeLong’s method [387] using an
R statistical package with the pROC library [388]. For all the analyses, p<0.05
was considered statistically significant. Graphs were generated with Prism 9

(GraphPad Software, CA, USA).
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CHAPTER 1. Characterisation of mesothelin
glycosylation in pancreatic cancer: decreased
core fucosylated glycoforms in pancreatic can-

cer patients’ sera

Mesothelin expression in cell lines

As exposed above, the determination and quantification of MSLN glycoforms
could provide new biomarkers for PaC. In order to identify the best source for
MSLN glycans analysis, we first performed WB to evaluate its expression in a
panel of seven PaC cell lines of diverse differentiation degree and genetic back-
ground. MSLN was detected, at different intensities, in the protein lysates from all
the analysed PaC cell lines: SW1990, BxPC-3, Capan-1, Capan-2, AsPC-1, Panc
10.05 and HPAF-II (Figure 17.a). Recombinant mesothelin (rMSLN) and the
ovarian cancer cell line Ovcar-8, which has been found to express MSLN, were
used as MSLN expression controls. In some cell lines, MSLN precursor (a band
of around 70 kDa) was also detected in addition to the mature form of the protein.
It should be emphasised that mature MSLN showed up as a broad band (between
40 and 55 kDa), with modest molecular weight variations between cells, indicating

a potential range of isoforms.
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Figure 17. MSLN expression in PaC and ovarian cancer cell lines. (a) WB against MSLN
in cell lines lysates (top), stripping and reblotting with GAPDH as a loading control (bottom): 20 pg
of total protein loaded per lane. (b) WB against MSLN from cells conditioned media: 25 pg of total

protein loaded per lane. In both analyses, 25 ng of rMSLN were used as a positive control.
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Despite being a GPI-anchored glycoprotein, MSLN can be shed from cells yield-
ing the secreted mature form of the protein of around 40-55 kDa. In addition, this
secreted form is the most interesting from the perspective of the biomarker field,
as it should be more similar to the one found in serum. For this reason, we also
analysed the presence of secreted MSLN in the cell lines conditioned media (Fig-
ure 17.b). MSLN expression from cells’ conditioned media showed a similar pat-
tern than the one obtained for the whole protein lysates, but as expected, MSLN
precursor form was not observed in this case. MSLN abundance in the culture
supernatant was higher than that in the cell lysates when loading similar amounts
of total protein. Therefore, for further MSLN-specific glycosylation studies, we
selected the conditioned media of the cell lines with higher MSLN expression (Ca-
pan-2, AsPC-1 and HPAF-II PaC cells and Ovcar-8). The commercial rMSLN
used as a positive control was also added to the glycosylation analyses because it is
produced in a murine myeloma cell line (NSO-derived), which is likewise capable

of glycosylating its secreted proteins.
Characterisation of MSLN MN-glycosylation

MSLN immunopurification_from biological samples

The study of a protein specific glycosylation relies upon the ability of obtaining
pure proteins so that the detected glycans are those carried by the glycoprotein of
interest. Thus, MSLN purification was a crucial step to properly assess its glyco-
sylation. Several approaches to immunopurify MSLN from different sample
sources were used alongside this study, which depended on the amount of protein

needed and the analytical method to be subsequently performed.

Our first aim was to immunopurify MSLN from cell lines conditioned media using
specific antibodies against MSLN bound to protein G-agarose beads. Several steps
were considered in order to optimise the purification protocol. Two different an-
tibodies were proposed for the purification. While a commercial agarose-bound
antibody (clone K1, SantaCruz) was not able to capture MSLN, the use of the

clone MN-1 bound to protein G-sepharose beads displayed promising results with
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the presence of the protein in the purified fraction (Figure 18.a-b). However, the
addition of B-mercaptoethanol as a reducing agent in the elution buffer repre-
sented a problem due to the release of the capture antibody heavy chains, which
could provide potential signal interferences with the purified MSLN. Hence, sam-
ples were finally eluted with Laemmli buffer under non reducing conditions. This
provided good protein recovery and specificity, as observed by WB (Figure 18.c).
This protocol was used to purify MSLN from cell lines conditioned media before

the analysis of its N-glycan determinants by WB with lectins.

Next, we required to purify higher amounts of MSLN to perform MN-glycan se-
quencing, which needs a clear and defined Coomassie band of minimum 1-2 pg
in order to perform the N-glycans extraction. The first approximation continued
with the use of coupled antibodies to protein G-agarose beads, scaling the quanti-
ties of sample and antibody used. WB on the obtained purified and unbound frac-
tions showed poor MSLN recovery with antibody:antigen mass ratios of 5:1, 4:1
and 3:1 (Figure 18.d). Even a 10:1 ratio was not successful in capturing all the
loaded sample, providing diffuse faint Coomassie bands and loss of protein in the
unbound fraction (Figure 18.d-e). Next, we modified the methodology replacing
agarose beads with protein G-magnetic beads . Despite the new approach contin-
ued leaving too much MSLN in the unbound fraction, the possibility to elute the
purified sample in a minor volume displayed a clearer and more intense MSLN
Coomassie band (Figure 18.f). Thus, we decided to perform the immunopurifica-
tion of MSLN from the cell lines conditioned media using this last approximation.
In order to optimise MSLN recovery yield, the flowthrough of the first immuno-
purification was subjected to a second purification step using the same beads and
protocol. Coomassie staining reported high specificity as only a solid single band
corresponding to MSLN; in addition to the used capture antibody, was observed
on the immunopurified fractions (Figure 18.1). Interestingly, while Capan-2 and
Ovcar-8 required this extra step, all MSLN was captured from AsPC-1 and

HPAF-II in a single immunopurification step.
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Figure 18. Optimisation of MSLN immunopurification from cell lines conditioned
media. (a) Anti-MSLN WB of the obtained fractions during MSLN immunopurification from
AsPC-1 using the K1 antibody bound to agarose beads; UB: unbound fraction, IP: immunopurified
fraction. (b) Anti-MSLN WB of the obtained fractions during MSLN immunopurification from Ca-
pan-2 using the MN-1 antibody bound to agarose beads. (¢) Anti-MSLN WB of the obtained frac-
tions during MSLN immunopurification from AsPC-1 using the MN-1 antibody bound to agarose
beads and eluting the samples under non-reducing conditions. (d) Anti-MSLN WB of the obtained
fractions during high amounts MSLN immunopurification from Capan-2 with protein G-sepharose
beads using different antibody:antigen mass ratios. (e) Coomassie staining of immunopurified
MSLN from Capan-2 conditioned media using protein G-sepharose beads and a 10:1 antibody:an-
tigen ratio. (f) Representative Coomassie staining of immunopurified MSLN from cell lines condi-

tioned media (Ovcar-8) with protein G-magnetic beads.

MSLN immunopurification from biological samples presented a new challenge,
as tissue lysates and serum samples comprise a rather complex biological matrix.

To quantify specific MSLN glycoforms with an ELISA-like methodology, we
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needed to pre-purify the samples in order to lower the background. In addition,
we required to elute the sample in its native conformation, and to avoid the co-
elution of the sample and the capture antibody together. This was achieved by
covalently binding the antibody against MSLN to magnetic beads. After optimi-
sation of the beads:antibody:sample ratios, incubation times, incubation buffers
and elution method (acidic elution with citrate buffer 0.1 M, pH 3.1), the recovery
and purity of the immunopurification process were checked by WB and silver
staining over rMSLN spiked in a control tissue lysate not expressing MSLN (50 ng
rMSLN in 943 pg total protein (I mL tissue lysate) (Figure 19.a). Most MSLN was
observed in the immunopurified fraction (IP), while very little was lost in the un-
bound fraction (UB). In addition, a main protein band at 43 kDa was observed by

silver staining in the IP fraction, confirming high MSLN purity.
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Figure 19. Patients’ samples pre-purification before Cf-MSLN quantification by
ELISA/ELLA. (a) MSLN immunopurification from PaC tissue lysates. WB with anti-MSLN anti-
body of rMSLN spiked in a tissue lysate (input), unbound (UB) and immunopurified (IP) fractions
(left); and silver staining of the immunopurified (IP) fraction (right). (b) MSLN immunopurification
from blood serum. Silver staining of rMSLN spiked in serum after one (IP1) or two (IP2) successive
immunopurification steps (left); and WB with anti-MSLN antibody of the double immunopurified
(IP2) fraction (right).

Protein concentration and matrix complexity is much higher in blood serum than
in tissue lysates. For this reason, the pre-purification step proposed for tissue lysates

was unable to properly purify MSLN and avoid background in serum samples
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(Figure 19.b, IP1). Thus, a double pre-purification process was needed on these
samples, which consisted in a second MSLN immunopurification using the same
antibody-magnetic beads conjugates. As a result, the second immunopurification

reduced impurities and background without losing much protein in the process

(Figure 19.b, IP2).
Mesothelin N-glycosylation: site occupancy

N-glycan digestion with PNGasel” was first used to assess MSLN N-glycosylation.
After PNGasel treatment, a molecular weight decrease of about 20 kDa was ob-
served by WB against MSLN, indicating that N-glycans were removed in the four
selected cell lines protein lysates and in rMSLN (Figure 20.a). In addition, N-gly-
cans release from rMSLN was confirmed by WB with AAL (specific lectin for
Fucal,3/6GlcNAc detection), which binds to fucosylated glycans of rMSLN as
shown below. A single band at the molecular weight of glycosylated rMSLN was
detected in the untreated sample, while no signal was observed after PNGasel’
digestion, confirming the removal of N-glycans in the digested sample (Figure
20.b).
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Figure 20. Digestion of MSLN N-glycans with PNGaseF. (a) WB of 10 pg protein lysates or
25 ng rtMSLN digested (D) or not-digested (ND) with PNGasel" and detected with an anti-MSLN
antibody (clone MN-1) under reducing conditions. (b) WB of 50 ng rMSLN detected with Aleuria
aurantia lectin (Fucose detection) under non-reducing conditions.

In cell lines, glycosylated MSLIN was detected as a single broad band with a mass
between 40 to 55 kDa, indicating the presence of several isoforms. A single band

at around 35 kDa was detected after PNGaseF digestion, which corresponds with
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the computed mass for the human MSLN polypeptide sequence (Uniprot refer-
ence Q13421, 296-606aa). Regarding rMSLN, a major band of 43 kDa and a
faint band of 39 kDa were shifted to 33 kDa after PNGasel" digestion, which is the
theoretical mass of non-glycosylated rMSLN. The molecular weight change fol-
lowing PNGasel digestion for both the cell lines and rMSLN confirmed the pres-
ence of N-glycans on MSLN and suggested a relatively high glycosylation rate be-

cause of the remarkable mobility shift.

The exact mass change on the commercial IMSLN before and after PNGaseF
digestion was determined through intact protein analysis by MS (ESI-QTof). The
glycoprotein mass shifted from 43.9 kDa to 33.3 kDa due to N-glycan release upon
PNGaseF digestion, confirming the results obtained by WB (Figure 20). According
to this 10.6 kDa reduction, rMSLN would probably have the three potential N-
glycan sites occupied with highly branched and elongated structures, as the masses

for complex core fucosylated and sialylated bi-/tri-/tetra-antennary glycan chains

are 2368.84 kDa, 3025.07 kDa and 3681.29 kDa, respectively.

We next examined the occupancy percentage of the three theoretical MSLN N-
glycosylation sites by peptide mapping (T'able 8). For that, immunopurified MSLN
SDS-PAGE bands from all samples (Figure 18.f) were excised and in-gel digested
with PNGaseF to remove N-glycans, and then peptides were generated by trypsin
digestion. The removal of N-glycans by PNGaseF causes the deamidation of the
glycan-linked asparagine (N) to aspartic acid (D) in the resulting peptides, which
induces a +0.98 Da shift in their molecular weight compared to the not glycosyl-
ated peptide. Whether the asparagine was glycosylated or not is determined by the
detection (or lack thereof) of this mass shift in a peptide containing a potential N-

glycosylation site.

The three potentially N-glycosylated peptides (peptide 92-101, peptide 187-200
and peptide 215-230) were detected in rMSLN by UPLC-ESI-QTof MS. All three
were only identified with a mass corresponding to the D-X-S/T sequence, indi-
cating that all the N-glycan sites were fully occupied (Table 8). Concerning MSLN

secreted in the cell lines conditioned media, peptide 92-101 was detected in all
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samples with full occupancy. Peptide 187-200 was also found in Capan-2 and was
again completely occupied, but could not be detected in the rest of samples. Pep-
tide 215-230 could not be identified in any form. Low MSLN quantities and
weaker 1onisation of peptides 187-200 and 215-230 compared to peptide 92-101
could explain the difficulty to detect them.

Table 8. MSLN tryptic peptides containing an N-glycosylation motif (N-X-S/T). Ex-
pected masses for non-glycosylated peptides (N) or de-N-glycosylated peptides (D) after PNGaseF

digestion. Crossed boxes correspond to the identified peptides on Capan-2 (C), AsPC-1 (A), HPAF-
II (H), Ovcar-8 (O) and rMSLN (r) after PNGaseF digestion of the corresponding MSLN bands.

N D Identification
Peptide ID Sequence mass mass N D
(Da) (Da)
CAHOr CAHOTC~
92-101 WNVTSLETLK 1189.64 1190.62 XX XXX
187-200 LAFQNMNGSEYFVK 1646.78 1647.76 X X
215-230 ALSQONVSMDIATFMK 1782.87 1783.85 X

To confirm that the gel digested bands corresponded only to MSLN, we searched
for all its peptides. Fourteen peptides in rMSLN (52.3% coverage) and nine pep-
tides in cancer cell lines (ten in the case of Capan-2) were identified, with a se-

quence coverage of 30.7% and 35.3% respectively (Table 9), corroborating
MSLN presence.

N-glycan sequencing by HILIC-UPLC

N-glycan sequencing was used to characterise MSLN exact N-glycan structures
from the different cancer cell lines and rMSLN. Glycan sequencing consisted in
the release, purification and fluorescent labelling of N-glycans, followed by their
separation in a hydrophilic column. The more polar N-glycans are, the more re-
tained in the chromatographic column. Before the chromatographic analysis, pu-
rified N-glycans were digested using linkage- and saccharide-specific exoglyco-
sidases. The decrease in the retention time of a peak (measured in glucose units
(GU) obtained from standardisation with a dextran ladder) after an exoglycosidase
digestion indicated the number of the specific monosaccharides present in that
glycan structure. Subsequent treatments with the corresponding specific exogly-

cosidases could digest the structure until the basic N-glycan core. Finally, stacking
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of all the obtained chromatograms and analysis of GU shifts let the reconstruction
of glycan structures, being the areas under each peak the relative abundance of
that particular N-glycan. Furthermore, to confirm the ascribed structures, the ac-
quired GUs were further confirmed with our N-glycan GU database, Glycostore
(https://glycostore.org) [389,390].

Table 9. MSLN tryptic peptides detected by UPLC-ESI-QTof. Crossed boxes indicate pep-
tides identified in Capan-2 (C), AsPC-1 (A), HPAF-II (H), Ovcar-8 (H), rMSLN (rM) and deglyco-

sylated rMSLN (dM).
Peptide S Retention Theoretical Experimental Mass Identification
ID equence time (min) mass (Da) mass (Da) deviation C A H O rM dM
84-90 MSPEDIR 06 863905 48;06;0?82&) +0.0133 X X
’ - 785.4818
102-108 ALLEVNK 8.94 785.4647 (393.7487 + 2H") +0.0171 X X XX X X
1061.6517
247-256 LLGPHVEGLK 12.11 1061.6233 (354.8917 + 3H*) +0.028¢ X X XX X X
- 974.5490 -
177-184 QLDVLYPK 15.16 974.5437 (488.2893 + 9HY) +0.0053 X X XX X X
’ 1552.7793
109-122  GHEMSPQVATLIDR 17.05 1552.7667 (518.6000 + SH*) +0.0126 X X
266-270 DWILR 17.57 701.3860 (35177011(;;0382H+) +0.0198 X X XX X X
1474.7676
201-214  IQSFLGGAPTEDLK 22.15 1474.7667 (738.3916 + 2H +0.0009 X X XX X X
1482.8290
233-246  TDAVLPLTVAEVQK 24.67 1482.8293 (742.4293 + 9HY) -0.0003 X XXX X X
1647.7828
187-200 LAFQNMNGSEYFVK 26.14 1646.7763 (824.8992 + 9H*) +1.0065 X X
1190.6230
92-101 WNVTSLETLK 27.01 1189.6343 (596.3193 + 2H) +0.9887 X X X X X
15-24 EIDESLIFYK 27.12 1255.6336 (6281?332'6?3_33H+) 10.0000 X X X X
13-24% APEIDESLIFYK 28.40 1423.7235 (7121;%3273_83H+) -0.0047 X X
1783.8636
215-230 ALSQONVSMDILATFMK  34.27 1782.8644 (505.6290 + 3H +0.9992 X
- 1748.9320
44-58  VNAIPFTYEQLDVLK 35.96 1748.9348 (875.4738 + 2HY) -0.0028 X X XX X X
WELEACVDAALLATQM - 2090.9950
26-43 DR 42.51 2090.9765 (698.0062 + SH*) +0.0185 X X
LDELYPQGYPESVIQHL ) - 2721.3921
61-83 GYLFLK 46.30 2721.4053 (908.1385 + 3H*) -0.0132 X

*MSLN contains a residue swap in position 14 (arginine to proline) which removes a cleavage site

for trypsin, thus giving rise a different peptide that the one observed in cell lines.
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A key point for such analyses was the obtention of pure MSLN, which was accom-
plished by immunopurification with anti-MSLN antibodies coupled to protein G-
magnetic beads, as stated before (Figure 18.f). As expected for their distinct origin,
N-glycan sequencing clearly showed different structures between MSLN purified
from human cancer cell lines and rMSLN, produced in murine cells. Throughout
this results’ section, structures will be denoted as follows: F at the start of the ab-
breviation indicates a core Fuc al,6-linked to the inner GlcNAc; Ax, the number
(x) of antenna (GIcINAc) on the trimannosyl core: Al, mono-antennary; A2, bi-
antennary with both GlcNAcs B1,2-linked; A3, tri-antennary with two GlcNAc
linked (1,2 to both mannoses and the third GlcNAc linked 31,4 to the al,3-linked
mannose; A4, tetra-antennary with GlcNAcs linked as in A3, and with an addi-
tional GIcNAc 81,6-linked to al,6-mannose; B indicates bisecting GlcNAc linked
31,4 to the B-mannose of the N-glycan core; Fx, number (x) of Fuc linked al,3/4
to antenna GlcNAc; Gx, number (x) of 81,3/4-linked Gal on antenna; Lacx, num-
ber (x) of N-Acetyllactosamine (LacNAc) repeats; Gax, number (x) of terminal al,3-
Gal; Sx, number (x) of SA linked to Gal and (3),(6) indicates the SA linkage, 02,3
or 02,6 respectively. Structures’ relative abundance, calculated by the area under
each peak, is represented by their percentage among all assigned structures. A
schematic representation for all the assigned structures, their retention time and
relative abundance in every profile is shown in Table 10, Table 11 and Table 12,
at the end of this chapter.

The complete identification of rMSLN MN-glycans through exoglycosidase diges-
tions showed several complex core fucosylated (al,6-linked) tri-antennary struc-
tures with terminal al,3-Gal moieties, differing in the number and position of
these terminal al,3-Gal and the presence or absence of external Fuc and SA (Fig-

ure 21).
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Figure 21. HILIC-UPLC profiling of rMSLN N-glycans. From top to bottom, chromato-
grams for the undigested profile (UND) and after digestion with the specified exoglycosidases. Re-
tention times were standardised against a dextran hydrolysate with glucose units (GU). Most abun-
dant N-glycan structures are shown and represented following symbol nomenclature for glycans
(SNFG) guidelines. Dotted arrows represent main peaks mobility after subsequent exoglycosidases

digestions. All glycans with their corresponding GUs and abundance are depicted in Table 10. »
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SA was found on 42.2% of structures, with a predominance of NeudGc (31.2%)
over NeubAc (11.0%). NeudGce presents an extra carbonyl group than NeudAc,
making it more polar. Accordingly, the digestion of Neu5Gc produces a higher
GU decrease, which enables its differential assignment. Regarding the SA linkage,
a2,3-SA was overexpressed against a2,6-linked SA (23.3% vs. 15.3%). SA a2,3-
or a2,6-linked were assigned by differential shift after NAN1 or ABS digestion,
which remove a2,3-SA or both a2,3-SA and a2,3-SA, respectively. A single dis-
ialylated structure carried both a2,3- and a2,6-SA (3.6%). We also observed sev-
eral N-glycans with external fucosylation on Gal (27.1%), as well as a structure
carrying a LacNAc repeat (4.0%). Identification of N-glycan isomers consisting of
tetra-antennary vs. tri-antennary structures containing LacNAc repeats were per-
formed by analysing their GU shifts after BT'G digestion, as those structures with

the LacNAc motif have one less terminal Gal to be digested.

Regarding human MSLN from cells’ conditioned media, most structures corre-
sponded to complex core fucosylated MN-glycans with terminal sialylation. The
main glycans were assigned from the identification obtained after specific exogly-
cosidases digestion. Conditioned media from Ovcar-8 cells yielded higher amount
of MSLN N-glycans than the one obtained from PaC cells, and this allowed to
perform a complete panel of exoglycosidase digestions to characterise Ovcar-8
glycans (Figure 22). The undigested profile showed high N-glycan heterogeneity,
mainly due to differences in SA as the sialidase treatment gave rise to a more re-
duced number of complex N-glycans. Actually, sialylation confered such a massive
heterogeneity that N-glycan structures could poorly be assigned in the undigested
profile. SA was mainly found in a2,3 linkage, as the digested profile for NANI
(a2,3-SA digestion) only differed in a single peak (GU=11.16, 18.3%) from ABS
digestion (both a2,3- and a2,6-SA digestion). The main peak obtained after ABS
digestion was at GU=10.11, which contained a core fucosylated tetra-antennary
structure (23.1%) together with its bisected form (8.0%). The relative quantifica-
tion of these two glycans was performed in further digestions (+ABS+BTG+BKF)
that yielded two separate peaks corresponding to these two structures. In addition,

core fucosylated tetra-antennary N-glycans with a LacNNAc repeat were identified
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Figure 22. HILIC-UPLC profiling of MSLN N-glycans from Ovcar-8 conditioned me-
dia. From top to bottom, chromatograms for the undigested profile (UND) and after digestion with
the specified exoglycosidases. Retention times were standardised against a dextran hydrolysate with
glucose units (GU). Most abundant N-glycan structures are shown and represented following SNIFG

guidelines. All glycans with their corresponding GUs are depicted in Table 11.
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(15.1%), as well as other non-core fucosylated tetra-antennary structures (11.6%).
In total, tetra-antennary N-glycans accounted for about 57.8% of all glycans.
Complex bi- and tri-antennary structures were less prevalent, accounting for
about 13.5% and 28.7%, respectively. Approximately two thirds of these tri-an-
tennary glycans carried a LacNAc repeat. The bisecting GlcNAc determinant was
also present in tri- and bi-antennary glycans, and in total accounted for about the
28% of all N-glycans. Core fucosylation was found in most glycans (about 86%),
which digested to the unfucosylated ones after BKI' digestion. Some glycans
(19.5%) also showed outer arm fucosylation, as shown by the digestion with AMF

that do not digests core-fucosylated ones.

MSLN N-glycans from PaC cells were analysed after ABS digestion (Figure 23)
because terminal sialylation caused such heterogeneity in the undigested profile
that most structures could not be distinguished from background in that profile
(data not shown), which points out the vast extension of sialylated structures. The
major neutral structures obtained after ABS digestion were assigned from their
GUs in Glycostore and through comparison with the structures obtained in the
ABS digestion of Ovcar-8 cells. We observed several complex fucosylated N-gly-
can structures assigned to bi-, tri- and tetra-antennary N-glycans, but none of them
were as prevalent as the core fucosylated tetra-antennary structure found in
Ovcar-8 cells after ABS digestion. Capan-2 and AsPC-1 MSLN shared a similar
N-glycan profile, which highly differed from that of HPAF-II. The latter only dis-
played three main structures, which could not be assigned, and so results’ inter-
pretation is focused on the formers. In Capan-2 and AsPC-1, only complex core
fucosylated structures were identified: approximately 8.5% bi-antennary
(10.5/6.7), 21.5% tri-antennary (21.8/21.1) and 70% tetra-antennary (67.7/72.1)
N-glycans. Among these tetra-antennary structures, 23% (15.0/31.0) carried a
LacNAc repeat and 21% (27.1/14.5) carriedtwo repetitions, while the remaining
26% (25.7/26.7) were not elongated by these repetitions. The low levels of N-gly-
cans precluded further exoglycosidase digestions and therefore the presence of

outer arm fucosylation could not be assessed on PaC samples.
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Figure 23. HILIC-UPLC profiling of MSLN N-glycans from the different cancer cell

lines after ABS digestion. Retention times were standardised against a dextran hydrolysate with

glucose units (GU). Most abundant N-glycan structures are shown and represented following SNIFG

guidelines. All glycans with their corresponding GUs are depicted in Table 12.
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Glycan determinants’ expression by WB with lectins and sialidase digestion

Although the characterisation of MSLN MN-glycans showed the major structural
glucidic/carbohydrate components on MSLN, it is not an option for a regular
clinical PaC diagnosis assay based on specific MSLN glycoforms due to the ina-
bility to obtain sufficient amounts of purified MSLN from human serum or tissue.
Thus, we focused on using specific lectins to analyse those MSLN glycan determi-
nants previously described by N-glycan sequencing, in particular sialylation, fuco-
sylation, antenna branching and bisecting GIcINAc. The selected lectins were
SNA, which binds to a2,6-SA; MAL-II, which recognises most a2,3-SA glycans;
AAL, which binds to Fuc determinants; PhoSL, which is specific for core fucosyl-
ation; PHA-L, which recognises 31,6-antenna on tri- and tetra-antennary struc-
tures; and PHA-E, which binds to bisecting GlcNAc structures. We also used
PNA, which recognises Gal33GalNAc, including the T antigen.

All these glycosylation determinants were analysed on immunopurified MSLN,
which was obtained using protein G-agarose beads coupled with anti-MSLN an-
tibodies. Immunopurified proteins were then separated by SDS-PAGE, blotted,
and detected with the specified lectins. All membranes were stripped and reblotted
for MSLN, confirming the co-localisation of both glycans and protein. To assess
how much carbohydrate determinant was present on each sample, the intensity of
lectin-positive bands was qualitatively relativised against the corresponding
MSLN protein band. As a result, we could evaluate the level of the specific carbo-
hydrate structures’ expression on the cell lines' MSLN, as well as on rMSLN.
MSLN sialylation was analysed using SNA and MAL-II lectins (Figure 24.a-b). To
detect a2,6-SA using SNA, samples had to be previously reduced. Under this con-
dition, a2,6-SA could be detected in rMSLN, but not in the immunoprecipitated
MSLN from the cell lines’ conditioned media. The quantity of MSLN detected
after reblotting the membranes with anti-MSLN antibodies was higher in the
rMSLN lane than in those of the cell lines, which could indicate that higher

amounts of the immunopurified MSLN were required to detect a2,6-SA MSLN
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glycans with SNA. Regarding MAL-II, none of the MSLN samples showed bind-
ing to this lectin. As N-glycan sequencing had shown SA on MSLN N-glycans in
all samples, we attempted to confirm SA presence through specific sialidase diges-
tions with NAN1 and ABS followed by WB with anti-MSLN antibodies (Figure
24.c). The results showed that, in all cell lines except for HPAF-II, digestion of
a2,3-SA by NAN1 decreased MSLN molecular weight as much as total release of
SA with ABS digestion. This indicated that MSLN from all samples, excluding
HPAF-II, was sialylated, primarily presenting a2,3-linked SA as was described for
Ovcar-8 in the N-glycan sequencing. Only neutral structures were found in HPAF-

II since sialidase digestions failed to reveal any molecular weight shift.
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Figure 24. Analysis of sialylation on immunopurified MSLN from cell lines condi-
tioned media by WB with lectins and sialidases digestion. Samples loaded under reducing
conditions except for panel (c). For each lectin, top panel shows the specific glycan determinant
recognition while bottom panel shows the result after membrane stripping and MSLN detection.
Mw M: molecular weight marker -with the 43 kDa line represented-, C+: protein lysate used as
positive control for glycan-lectin recognition. (a) SNA for a2,6-SA. (b) MAL-II for a2,3-SA. (c)
WB of MSLN from conditioned media treated with sialidases. UND: undigested, +NAN1: a2,3-SA
digestion, +ABS: all SA digestion.

To go further in the cancer cell lines MSLN glycophenotyping, we also assessed
the levels of fucosylation, branching and bisecting GlcNAc using lectins (Figure

25). All cell lines were found to have core fucosylation, detected with PhoSL (spe-
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cific for core fucosylation). Overall fucosylation (detected by AAL) was also ob-
served in all cells except for AsPC-1. Antenna branching was assessed through the
detection with PHA-L, which detected the 31-6 ramification in branched N-gly-
cans (GalB4GlcNAcB6(GlcNAcB2Mana3)Mana3). This feature was shown in all
cell lines, being especially remarkable in AsPC-1. Bisecting GIcNAc, evaluated
with PHA-E, was also found on MSLN from all cell lines at different degrees. Fi-
nally, the presence of terminal Gal with the PNA lectin, which preferentially binds
to GalB33GalNAc, could not be detected (Figure 25.¢). Altogether, PhoSL, PHA-
L and PHA-E stood as the best options to develop a specific assay to detect core

fucose, antenna branching and bisecting GIcNAc on MSLN, respectively.
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Figure 25. Analysis of glycan determinants on immunopurified MSLN from cell lines
conditioned media by WB with lectins. Samples loaded under non-reducing conditions. For
each lectin, top panel shows the specific glycan determinant recognition, while bottom panel shows
the result after membrane stripping and MSLN detection. Mw M: molecular weight marker -with
the 43kDa line represented-, C+: protein lysate used as positive control for glycan-lectin recognition.
(a) PhoSL for core Fuc. (b) AAL for Fuc. (¢) PHA-L for 81,6-antenna. (d) PHA-E for bisecting
GlcNAc. (e) PNA for terminal Gal.
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Mesothelin expression in pancreatic tissues

After the characterisation of MSLN N-glycans from PaC cell lines, we assessed the
presence of specific MSLN glycoforms in PaC tissues. First, MSLN expression was
evaluated by WB on tissue lysates corresponding to different staging PaC patients
(n=31) and control individuals (n=10) (Figure 26). MSLN was found in 77.4% (24
out of 31) of the PaC tissues and only in one control tissue, which was a non-
tumour tissue adjacent to a pancreatic tumour. In two tissues from other gastroin-
testinal cancers, MSLN was also slightly expressed. MSLN bands in PaC samples
were observedin 5/6 (83.3%), 16/21 (76.2%), 2/2 (100%) and 1/2 (50%) of stages
ITA, IIB, IIT and IV patients, respectively. Thereby, MSLN was significatively ex-
pressed in PaC tissues, despite no differences were detected between staging

groups.
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Figure 26. MSLN expression in pancreatic tissue lysates. WB under non-reducing condi-
tions on 20 pg total protein from pancreatic tissue lysates. Each number represents a different patient
in each condition. 25 ng rMSLN were used as a positive control. All membranes were equally ex-
posed to chemiluminescence for lane comparison. Control samples included two healthy pancreas
(H); pancreatic non-tumour tissues adjacent to the cancer region from: two cholangiocarcinomas
(C), two duodenum adenocarcinomas (D), one ampuloma (A) and three PaC (NT). Cancer tissues
included thirty-one PaC of different stage (IIA, IIB, III and IV) and other tumours: one ampuloma

(A) and one cholangiocarcinoma (C)).
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Core fucosylated mesothelin abundance in pancreatic tissues

After examining MSLN expression in pancreatic tissues, we attempted to deter-
mine its specific glycoforms in those tissue samples with higher MSLN expression
using lectins. As WB is a semiquantitative methodology, we aimed to develop a
combined ELISA/ELLA assay to quantify the specific MSLN glycoforms. A sand-
wich ELISA was developed to measure MSLIN concentration and an ELLA to
determine particular glycan levels on MSLN. The abundance of a particular gly-
can on MSLN would correspond to the ratio of the MSLN glycan to MSLN pro-

teln concentration.

In the light of previous results with cell lines using lectins, fucosylation, branching
and bisecting GIcNAc expression using the lectins AAL/PhoSL, PHA-L and
PHA-E, respectively, stood as the best options to develop the methodology. Pre-
liminary assays using PHA-E on rMSLN did not provide enough sensitivity to
detect MSLN glycoforms with bisecting GlcNAc. A calibration curve with a mod-
est slope (Figure 27.a), combined with the low signal obtained in WB bands (Figure
25.d), refrained us from further explore this detection. Similar problems were met
when using PHA-L to detect B1,6-branched structures, where the slope of the cal-
ibration curve was even lower (Figure 27.b). In order to enhance the detection,
protein G-coated ELISA plates were used, which facilitate the proper orientation
of the capture antibody. However, no improvement was observed. We next tried
to quantify MSLN sialylated glycoforms, despite no signal had been previously
obtained by WB on the MSLN from the cell lines. Detection of a2,3-SA with
MAL-II was again unsuccessful in providing a calibration curve with a satisfactory
slope (Figure 27.c). Moreover, plate development faced rapid saturation at low
absorbance levels. On the other hand, the use of SNA to quantify a2,6-sialylated
MSLN glycoforms yielded promising results, with sufficient slope on the calibra-
tion curve (Figure 27.d). Unfortunately, the analysis of such glycoforms in condi-
tioned media from the four studied cell lines was not possible, as the limit of de-
tection (LOD) was too high and not enough amounts of MSLN could be loaded

for its analysis.
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Finally, we assessed MSLN fucosylation, and specific core fucosylation, with AAL

and PhoSL. The former displayed a modest slope in the calibration curve (Figure

127.e), while the use of PhoSL reported almost a 6-fold slope increase (Figure 27.1).

Thus, we optimised the calibration curve, antibody/lectin dilution and incubation

times for an assay using PhoSL to determine core fucosylated MSLN (C{-MSLN).

(b)

(a) PHA-E

Abs. (ua)

y=0.0057x + 0.025
R?2=0.995

0 50 100
MSLN (ng/mL)
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150 200

y=0.0054x + 0.065
R?=0.993

0 10 20 30
MSLN (ng/mL)

(e) AAL

40 50

y=0.0156x + 0.043
R2=0.960

0 50
MSLN (ng/mL)

Figure 27. Calibration curves for ELLAs with different lectins. Representative calibration
curves obtained during the development of ELLA assays to quantify specific MSLN glycoforms with
a panel of lectins including (a) PHA-E, (b) PHA-L, (c) MAL-II, (d) SNA, (e) AAL and (f) PhoSL.

For each curve, the equation of its linear range and the coefficient of determination (R?) are indi-

cated.
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An 8-point calibration curve (0-10 ng/ml) was used for the ELISA to quantify
MSLN. The LOD was 0.11 ng/mlL, and linearity was demonstrated across 0.25-
5 ng/mL. Intra- and inter-assay variation was of <5% and <17%, respectively. A
different 8-point calibration curve was used for the detection of Cf-MSLN with
PhoSL (0-40 ng/mL). The LOD was 0.41 ng/mL and the lineal range 1-10

ng/mL. There was <4% and <19% intra- and inter-assay variation, respectively.

This ELISA/ELLA methodology was used to quantify Gf~-MSLN in 8 tissue sam-
ples (2 IIA (patients 3, 6), 6 IIB (patients 2, 4, 7, 16, 17, 20)), which had previously
shown high MSLN expression by WB (Figure 26). Before the analysis of the sam-
ples, a pre-purification step to lower the background, especially needed for the
detection with the lectin, was accomplished by immunoprecipitation with anti-
MSLN antibodies covalently coupled to magnetic beads. GEMSLN from PaC tis-
sue lysates was quantified and relativised to MSLN protein levels. The Cf-
MSLN/MSLN ratio (0.66x0.26 and 0.41+0.11 for IIA and IIB patients, respec-
tively) was lower than the obtained for rMSLN, which was used as standard (Fig-
ure 28). Comparison with a healthy group was not possible as healthy pancreatic
tissues do not express MSLN. Our results suggested that Cf=MSLN abundance in
PaC tissues could decrease along the disease progression, as levels in 1IB patients
were inferior to those in ITA individuals, despite no conclusions could be obtained
due to the low number of samples. However, the determination of Cf=MSLN levels
on immunopurified MSLN from human PaC tissues using ELISA/ELLA pro-

vided the methodological basis to analyse them in serum samples.

1.0

0.8
E —_—
7 0.6
s -t
P
O 0.4 —4 — Figure 28. Analysis of Cf~MSLN in PaC tis-
- sues. Results obtained for the quantification of Cf-
0.2
MSLN in eight PaC samples with the developed
0.0 . . ELISA/ELLA methodology, represented as the
A 11B
Stage mean £ SD for each PaC stage.



Results — Chapter 1
Serum core fucosylated mesothelin as a PaC biomarker

As MSLN is shed from the cell membrane, we next analysed Cf=MSLN abun-
dance on serum samples from 15 PaC patients and compared it with the levels of
5 healthy donors and 11 ChP patients. As in the case of tissue samples, a pre-
purification step was mandatory to reduce background. Due to its higher protein
concentration, serum samples required a double immunopurification process with

antibodies covalently coupled to magnetic beads.

The analysis of the ratio Cf-MSLN/MSLN on immunopurified MSLN from se-
rum samples showed that PaC patients’ serum C{-MSLN ratio was significantly
decreased respect the control groups (from 0.93%0.13 to 0.74£0.20) (Figure 29.a).
When dividing the control group in healthy individuals and ChP patients, statisti-
cal differences were observed between the latter and PaC patients, while not
among healthy and PaC patients, which could be attributed to the lack of statistic
power caused by the low numbers of healthy individuals (p=0.053). No differences
were observed among PaC staging. A ROC curve was calculated to determine the
diagnostic potential of GEMSLN, which could discriminate PaC patients from the
rest of control individuals with an AUC of 0.806. Reported sensitivity and speci-
ficity with a cut-off value of 0.84 (determined by the Euclidean distance) was of
73.3% and 75.0%, respectively (Figure 29.d).

Cf-MSLN ratio performance was compared to that of MSLN protein levels in the
studied cohort. These were quantified with the commercial ELISA kit
Mesomark®, which recognises soluble MSLN related peptides. In this case, no
significant differences were observed between healthy, ChP and PaC individuals
(Figure 29.b,e) and, as described, MSLN levels were not useful for PaC diagnosis.
It must be noted that MSLN levels in serum correlated with MSLN protein levels
quantified after immunopurification (Figure 29.g), indicating that no bias was in-
duced during samples’ processing. Altogether, while Cf~-MSLN had the potential
to discriminate PaC from control patients, MSLN protein levels did not have this

ability.
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Figure 29. Biomarkers analysis in serum samples from PaC patients and controls.

group. *¥*p<0.01, #*¥p<(0.001. (b) MSLN protein levels for healthy, ChP and PaC patients, repre-
sented as the mean  SD for each group. No significant differences were detected among groups. (c)
CA19-9 levels for healthy, ChP and PaC patients, represented as the mean + SD for each group.
*p<0.05, #*#p<0.01, #**p<0.001. (d) ROC curve for discriminating between PaC and control group
using C-MSLN ratios. (¢) ROC curve for discriminating between PaC and control group using
MSLN protein levels. (f) ROC curve for discriminating between PaC and control group using

purification. (h) ROC curve for discriminating between PaC and control group using a combinatory
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Results — Chapter 1

Next, CEMSLN diagnostic accuracy was confronted to the current PaC bi-
omarker, CA19-9. As previously reported, elevated CA19-9 was observed in PaC
patients versus control groups (Figure 29.c). Unusually, no significant differences
were seen between healthy and ChP individuals. PaC patients were differentiated
from controls with a sensitivity of 73.3% and a specificity of 94.1% using the stand-
ardised 37 U/mL cut-off value (Figure 29.1). In our study cohort, a cut-off value
of 22 U/mL (established by the Euclidean distance) yielded a sensitivity and spec-
ificity of 86.7% and 88.2%, respectively. Therefore, CfEMSLN could not outper-

form CA19-9 accuracy, which presented higher specificity at equal sensitivity.

Finally, we investigated whether the combination of both biomarkers could en-
hance their clinical value and diagnostic potential. A multiple logistic regression
incorporating CA19-9 and Cf~MSLN was performed to assess the risk of suffering
PaC. This model yielded 93.3% and 81.2% sensitivity and specificity, respectively,
with an AUC of 0.904 (Figure 29.h). Interestingly, the analysis of paired values for
individual samples demonstrated that the use of Gf-MSLN could correct the mis-
placement of several individuals. The only ChP patient with elevated CA19-9
(89.65 U/mL) would not be assigned as PaC due to high Cf~-MSLN (0.97). On the
other hand, three PaC patients with low CA19-9 (<37 U/mL) would be correctly
assigned regarding their Gf-MSLN values (<0.84). Only one patient, correspond-
ing to a IIA PaC, would be misdiagnosed for both biomarkers, as it presented low

CA19-9 and high Cf-MSLN.

In summary, this study showed the potential of CfEMSLN as a biomarker for PaC.
However, it should be further validated in studies involving a larger cohort of pa-
tients, which include sera from other benign pancreatic disorders, individuals from

risk groups and other types of cancers in order to assess its specificity.
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Table 10. N-glycans identified in rMSLN for each exoglycosidase digestion. Structures
arranged by retention time (GU), representation following symbol nomenclature for glycans (SNFG)
guidelines [149] and abundance expressed as the percentage among all assigned MN-glycans in that

profile. Sialic acid form: NeudA¢, NeudGe.

et Structure Representation Slbnribrngs
time (GU) s (%)
UNDIGESTED profile
9.25 A3G2Ga2 Q50— 1.14
9.58 FA3G3Gal @ 0.88
F
9.92 FA3F1G3Gal 0.48
Oss
10.02 FA3F3G3 2.18
xp—
10.25 FA3F2G3Gal 3.26
@
2p—
10.30 A3F2G381(6) 1.52
. oo
10.48 FA3G3Ga2 2QOsz I 2.85
>_
10.80 FA3F1G3Ga2 13.56
»Osr
10.93 FA3G353(3,3,3) w3 1.38
L e
11.06 FA3G382818)Gal 6.80
@
11.39 FA3G3Ga3 T3 29.44
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F

11.39 FA3F1G3S1(3)Gal Oar 3.49
Os=
>_

11.59 FA3F1G3S1(6)Gal O 2.61
Os=
Oz

11.67 FA3G3S1(3)Ga2 11.64
>Osz
O

12.08 FA3G3S1(6)Ga2 9.89
>Os7

12.28 FA3G3S3(6,6,6) e 1.26
e

12.38 FA3G3S52(3,6)Gal Or 3.58
Oss
O=0—M—

12.67 FA3G3LaclGa3 4.05
=Ogz

+NAN1 digestion profile

8.76 FA3G3 1.53

9.25 A3G2Ga2 20750— 1.46

9.58 FA3G3Gal O 7.20
k

9.92 FA3F1G3Gal 3.95
Osr

10.02 FA3F3G3 2.12
xp—

10.25 FA3F2G3Gal 2.97
Os=
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xp—

10.30 A3F2G3S1(6) 1.46
L ca

10.48 FA3G3Ga2 ZXOﬁI 16.35
>_

10.80 FA3F1G3Ga2 12.50
=@
Ows

11.32 FA3G3S1(6)Gal 3.86
Os=

11.39 FA3G3Ga3 =3 31.20
F

11.59 FA3F1G3S1(6)Gal Osw 2.28
Os=
oy

12.08 FA3G3S1(6)Ga2 8.59
2Os7

12.28 FA3G353(6,6,6) = 1.25
O=0—M—

12.67 FA3G3LaclGa3 3.27
x@7

+ABS digestion profile

8.76 FA3G3 3.37

9.13 A3F2G3 oPp— 1.50

9.25 A3G2Ga2 2O0a0— 1.47
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9.58 FA3G3Gal Os= 13.32
>_
9.92 FA3F1G3Gal 6.66
Os=
10.02 FA3F3G3 2.34
xPp—
10.25 FA3F2G3Gal 3.41
Os=
10.48 FA3G3Ga2 2Ogz 24.10
F
10.80 FA3F1G3Ga2 12.55
=@
11.39 FA3G3Ga3 CE 28.16
O=0—M—
12.67 FA3G3LaclGa3 3.13
=Ogz
+ABS+BTG digestion profile
6.20 FA3 3.82
7.78 FA3G1Gal Ox=0— 10.39
8.24 A3F2G2 >p—0— 1.12
Ox0—
8.97 7.06

FA3F1G2Gal T
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9.25 A3G2Ga2 Q50— 1.60

9.58 FA3G2Ga2 2O50— 23.63

10.02 FA3F3G3 2.37
xp—

10.25 FA3F2G3Gal 3.31
O
>—

10.80 FA3F1G3Ga2 13.09
=Ozz

11.39 FA3G3Ga3 w3 29.79
O=0—M—

12.67 FA3G3LaclGa3 3.83
Zx%

+ABS+BTG+BKF digestion profile

5.79 A3 6.94

7.46 A3G1Gal Oe50— 20.54

9.25 A3G2Ga2 2O0zz0— 37.48

11.04 A3G3Ga3 CE 31.08
Om=0O——

12.35 A3G3LaclGa3 3.97
»Os7
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+ABS+BTG+BKF+GUH digestion profile

4.30 M3 :>0—I—I—( 7.12

6.66 AlG1Gal O=0—— { :>.—I—H 90.88

8.88 A2G2Ga2 a 38.34

11.04 A3G3Ga3 - 30.22
OOl

12.35 A3G3LaclGa3 3.44

2Osz
+ABS+BTG+BKF+GUH+CBG digestion profile
4.30 M3 :>0—I—I—4 100.00
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Table 11. N-glycans identified in MSLN from Ovcar-8 conditioned media for each ex-
oglycosidase digestion. Structures ordered by retention time (GU), representation following

SNFG guidelines [149] and abundance expressed as the percentage among all assigned N-glycans in

that profile.
Retention Y ——
. R .
e (GU) Structure epresentation (%)

+NAN1 digestion profile
7.55 FA2G2 i : :>. = I 2.12

7.59 FA2BG2 2.12

8.32 FA2F1G2 e { g:}kl—‘ 92.95

*Fuc linked to antenna GlcNAc

8.32 A3G3 3.50
8.72 FA3G3 441
8.72 FA2G2S1(6) o ‘ ml_‘ 2.41
8.72 FA2BG2S1(6) o 113
8.92 FA3BG3 2.94
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9.00 FA2F2G2 : 2.89
9.53 A4G4 %FF 5.55
10.11 FA4G4 ?IAL 18.73
10.11 FA4BG4 %—IL 8.67
o
10.67 FA3F1G3Lacl >— 5.58
*Fuc linked to antenna GlcNAc
oO——
10.83 FA3BF1G3Lacl >— 2.06
*Fuc linked to antenna GlcNAc
>
10.83 A4F2G4 P 6.01
*2 Fuc linked to Gal
*Fuc linked to antenna GlcNAc
L o
11.16 FA3G3LaclS1(6) 8.05
O
L oy
11.16 FA3BG3LaclS1(6) 2.94
o
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11.16 FA4G4S1(6) * 7.35
11.37 FA4G4Lacl O 5.16
11.45 FA4BG4Lacl o 5.64
+ABS digestion profile
7.55 FA2G2 m 4.49
7.59 FA2BG2 3.17
8.32 FA2F1G2 3.20
8.32 A3G3 3.50
8.72 FA3G3 4.44
8.92 FA3BG3 2.73
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9.00 FA2F2G2 > 2.71
9.53 A4G4 %—I—F 3.69
10.11 FA4G4 @IL 23.12
10.11 FA4BG4 %—IL 8.03
10.23 FA3G3Lacl o = 8.19
10.23 FA3BG3Lacl o = 2.60
o
10.67 FA3F1G3Lacl - 5.28
*Fuc linked to antenna GlcNAc
o= ==
10.83 FA3BF1G3Lacl > 2.01
*Fuc linked to antenna GlcNAc
P
10.83 A4F2G4 P 7.76

*2 Fuc linked to Gal
*Fuc linked to antenna GlcNAc
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11.37 FA4G4Lacl o @—IL 5.71
11.45 FA4BG4Lacl o %—IL 9.37
+ABS+BTG digestion profile
5.82 FA2 : :>. - I 4.40
5.82 FA2B :}—I—I— 3.16
5.82 A3 b._._._ 1.76
6.25 FA3 b_._l_ 4.98
6.54 Al bm 4.03
6.93 FA4 ?—IL 93.30
6.98 FA4B ?—IL 8.88
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:

7.44 FA2F1G1 3.23

7.65 FA3G1GIcNAcl B O EE>.+L 8.87

7.68 FA3BG1GIcNAcl I—O—E E;. - I ( 4.54

8.08 FA4G1GlcNAcl l—(%l?—lL 5.14

8.17 FA4BG1GIlcNAcl l—O—{?—IL 8.75
O

8.43 FA3F1G1GIcNAcl 4.86
k
BO—

8.49 FA3BF1G1GIcNAcl 2.00
F

9.00 FA2F2G2 > 3.10
—O—

9.08 A4F2G2 & 6.55
F

*Gal and *Fuc linked to same GIcNAc

119



Duran Sidera, A.

+ABS+BTG+AMF digestion profile

5.82 FA2 : :>. - I 9.75
5.82 FA2B :}—IL 3.24
5.82 A3 % 1.60
6.25 FA3 bF.L 4.60
6.38 FA3B E E> = I 9.52
6.54 Al ?—I—F 3.23
6.93 FA4 ?—IL 93.00
6.98 FA4B ?—IL 10.84
7.65 FA3G1GIcNAcl mOo— bFFL 11.08
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7.68 FA3BG1GIecNAcl E E> & I 6.64
7.68 A4FIGI {b.# 7.77
8.08 FA4G1GIcNAcl l bIL 5.62
8.17 FA4BG1GIcNAcl ?—# 10.11
+ABS+BTG+BKF digestion profile
5.36 A2 ::..>O—I—H 10.13
5.48 A2B :::I>Q—I—h 3.37
5.82 A3 bkh 5.68
5.86 A3B E E> o 2.61
6.54 A4 ?—I—h 33.86
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6.62 A4B ?m 10.91
7.29 A3G1GIcNAcl mOo— Eb._._k 11.16
7.41 A3BGIGIcNAcl WE E;. i 6.83
7.73 A4G1GIeNAcl O ?—I+ 5.48
7.84 A4BGI1GIeNAcl O ?Hﬁ 9.97
+ABS+BTG+BKF+GUH digestion profile
4.25 M3 :>0—I—I—¢ 67.03
4.65 M3B %—I—I— 12.46
6.59 A4B ?Iaﬁ 20.51
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Table 12. N-glycans identified in MSLN from PaC cell lines conditioned media after
ABS digestion. Structures ordered by retention time (GU), representation following SNFG guide-

lines [149] and abundance expressed as the percentage among all assigned N-glycans.

Retention Structur Revresentation Abundance (%)
. 1
time (GU) raeture P Capan-2 AsPC-1

7.55 FA2G2 gk_::;’_._L 10.49 6.74
8.72 FA3G3 ;Eb.alﬁ 21.80 91.12
10.11 FA4GA4 @—IL 95.66 96.69
11.37 FA4G4Lacl  O—M— @—IL 14.98 30.94
12.61 FA4G4Lac2  »O—M— @—IL 97.07 14.51
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CHAPTER 2. Analysis of Regenerating islet-de-
rived protein 1 (REGI) altered glycosylation in

pancreatic cancer

REGT expression in pancreatic cells

REGI] is overexpressed in a large number of conditions, which reduces its speci-
ficity when proposed as a biomarker for PaC. In this regard, we have hypothesized
that REG1 glycosylation could be more specific and could provide new bi-

omarkers based on tumour specific REG1 glycoforms.

First, the expression of REG1A was assessed by WB in cell lysates from seven duc-
tal PaC cell lines and a control pancreas lysate obtained from a healthy donor

(Figure 30.a).
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Figure 30. REG1 expression in PaC cell lines. WB analysis for REG1A and REG1B detection
on PaC cell lines (20 pg of total protein). Analysis of (a) REG1A and (¢) REG1B on PaC cell lines
lysates and analysis of (b) REG1A and (d) REG1B on PaC cell lines conditioned media. All samples

were loaded in Laemmli buffer under reducing conditions. H1: healthy pancreas tissue lysate.

None of the PaC cell lines expressed the glycoprotein while the pancreas lysate
showed high REGIA expression. As REG1A is secreted, we also analysed its pres-
ence in the conditioned media of these PaC cells. Again, no bands were observed

by WB (Figure 30.b), indicating that malignant ductal cells did not express it. The
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same methodology was performed to analyse REG1B expression. Similar results
were obtained, with no observed bands in protein lysates (Figure 30.c) or condi-
tioned media (Figure 30.d), but there was a high expression in the healthy pancreas
lysate. Despite no signal was observed in cell lines, REG1 expression was assessed

in pancreatic tissue lysates (Figure 31).
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Figure 31. REGI1 expression on healthy and cancerous pancreatic tissues. Detection of
(a) REG1A and (b) REG1B by WB on 10 pg total protein. Samples loaded in Laemmli buffer under
reducing conditions. Each number represents a different patient in each condition. Control samples
included one healthy pancreas (H) and pancreatic non-tumour tissues adjacent to the cancer region
from cholangiocarcinomas (C), from duodenum adenocarcinomas (D), from ampuloma (A) and from
PaC (NT). Cancer tissues included forty-one PaC of different stage and other tumours: one cholan-
giocarcinoma (C), one duodenum adenocarcinoma (D) and one ampuloma (A). 5 pg of the healthy
pancreas (H1) tissue lysate were loaded at all membranes as a control, which were equally exposed

to chemiluminescence for lane comparison.

We observed REG1A expression in 60.5% (n=38) of PaC tissues (Figure 31.a). No
differences were detected between different cancer stages, but there was a trend
depending on the differentiation degree. While well differentiated tissues only pre-
sented 33.3% REGIA positivity, REG1A expression increased to 62.1% in mod-

erately differentiated and to 80.0% in poorly differentiated samples. The full
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length REG1A band, over 15 kDa, was predominant in most samples, being quite
heterogenous in many of them. Three samples (PaC IIB 7, PaC IIB 13 and PaC
IIB 22) only showed the truncated form (a band around 13-14 kDa). Regarding
the healthy tissues, 90.9% (n=11) showed the presence of the glycoprotein. These
results sustained that REG1A was produced and secreted by acinar cells, vastly
represented in healthy tissues, while the predominance of ductal cells in the tu-

mour tissue decreased REG1A presence in these samples.

Regarding REG1B, similar results were obtained (Figure 31.b). Different expres-
sion (presence/absence) was only observed in samples D1, PaC IIA 3, IIB 16, IV
2 and IV 3. This was translated into a slight increase of REG1B expression com-
pared to REGI1A in PaC samples (65.8% vs. 60.5%). However, overall expression
trends did not vary.

The similar expression pattern obtained by WB for REG1A and REG1B moved
us to analyse if there could be cross-reactivity between the used anti-REG1A and
anti-REG1B antibodies. For that, we tested both antibodies with recombinant
REGIA (rREGIA) and recombinant REGIB (rREGI1B) (Figure 32). Both anti-
bodies recognized both rREGIA and rREG1B protein bands, contrary to manu-

facturers’ specifications.

(a) (b)
rREGIA rREG1B rREGIA rREG1B
lOIBDa 10ng 100ng 10ng 100ng IOIE)Da 10ng 100ng 10ng 100ng
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35— 35—
25— 25—

15— _.‘3. 15— - .':‘.

10— 10 =——

Figure 32. Analysis of REG1 antibodies cross-reactivity. Evaluation of REG1A (ab47099)
and REG1B (ab233210) antibodies reactivity by WB. (a) WB with anti-REG1A antibody on
rREG1A and rREG1B. (b) WB with anti-REG1B antibody on rREG1A and rREG1B.
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Regardless of their similarity, rREG1A and rREG1B showed a different band pat-
tern. A single band at 15 kDa was observed for rREG 1A, which should correspond
to residues 23-166 according to the product datasheet. On the other hand,
rREG1B presented two bands. The lower one, slightly above rREG1A, could cor-
respond to the protein with the His tag, while the upper one could be the protein
maintaining its signal peptide (aa 1-22). However, the manufacturer indicated dif-

ferential glycosylation as the source of this double band.

Considering these results, we could not assure if we were detecting REGIA,
REGI1B or both when using these antibodies. Therefore, from here on, we will
refer to general REG1 expression without specifying whether it is REGIA or
REGI1B.

REGTI glycan analysis from pancreatic tissues

REG] 15 a glycoprotein with sialylated glycans

Once stated the expression of REGI in PaC tissues, we focused on analysing its
glycosylation using exoglycosidases and lectins. First, we performed specific sial-
idase digestions using NAN1 (only digests terminal a2,3-SA) and ABS (digests all
terminal SA) to check the presence of terminal SA on the O-glycan chain. For that,
we determined whether REG1 electrophoretic mobility was increased after sial-
idase digestions, since the removal of the negatively charged terminal SA contrib-

utes to increased mobility in SDS-PAGE (Figure 33).

The removal of SA caused a decrease in REG1 molecular weight, confirming the
presence of sialylated glycoforms. The selective digestion of a2,3-SA showed a
slight increase in the mobility of upper REG1 band compared to the undigested
samples. Total SA digestion (ABS) did not yield significant change in band mobil-
ity compared to NANI digestion, which indicated that most (if not all) SA was
a2,3-linked. Interestingly, SA digestion was unable to reduce the glycoform heter-
ogeneity observed in the samples, thus suggesting that complex structures differing
in monosaccharides other than SA were present in REG1. It is also important to

note that the low REG1 band at 14 kDa did not vary after SA removal, confirming
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that the O-glycan was found at the N-terminal peptide (Thr-5) (which is absent in
this truncated form).

HI Control C1 PaC IIB 9
kDa UND +NANI +ABS UND +NANI +ABS UND +NANI +ABS

25 —

s e RS-
—

10 —

Figure 33. SA analysis of REG1 from pancreatic tissue lysates. WB using anti-REGIA
antibody on pancreatic tissue lysates (3 pg total protein) after digestion of SA with specific sialidases.
UND: undigested, +NANTI: a2,3-SA digestion, +ABS: all SA digestion. Samples were loaded in
Laemmli buffer under reducing conditions. Samples numeration corresponds to samples in Figure
31; Hl: healthy pancreas; Control C1: non-tumour tissue adjacent to a cholangiocarcinoma; PaC

1IB 9: PaC IIB tumour.

REG] glycan determinants analysis on pancreatic tissues

To obtain more information on REG1 glycosylation, we next analysed its glycan
determinants through WB using specific lectins. Thus, we first set-up an immu-
noaffinity method to purify REG1. For that, we compared three protocols using
anti-REG1A or anti-REG1B antibodies (Abcam, Cambridge, UK), either coupled
(1) to protein A-sepharose beads, (2) to protein A-magnetic beads, or (3) covalently
bounded to magnetic beads. REG1-reactive tissue lysates were incubated with the
antibody-beads complexes, and the glycoprotein was then eluted in Laemmli
buffer under reducing conditions. Obtained fractions were evaluated by WB and
silver staining to assess the protein recovery and purity for each immunoaftinity
method (Figure 34). WB results of immunoaflinity purification using anti-REG1A
antibodies showed similar recoveries for the three approaches, with a positive
band around 15 kDa corresponding to REG1 (plus two bands at 55 and 25 kDa,
from the heavy and light chains of the capture antibody, respectively). However,
when using the antibody covalently bounded to magnetic beads, some REG1 was

still found in the unbound fraction and this protocol was thus discarded. Silver
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staining showed a distinct band at 15 kDa corresponding to REG1 as well as the
bands of the capture antibody. Although the use of protein A-sepharose beads and
protein A magnetic beads yielded quite similar results, the later was more straight-

forward to perform and was selected for REG1 immunopurification from tissues.

(@) anti-REG1A IP
kDa IP1 P2 IP3 Ab UB1 UB2 UB3 kDa UBI IPI UB2 1IP2 UB3 IP3 Ab
100— , .
- 100— - ‘
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40— -~ 2= ¢
35— 35—
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Figure 34. REG1 immunopurification from pancreatic tissues. REG1 was immunopuri-
fied from 100 pg total protein of the HI tissue lysate (used as control along the study) following
different methodologies. The obtained fractions for immunopurification with (a) anti-REG1A anti-
body or (b) anti-REG1B antibody were analysed by WB with anti-REG1A and anti-REG1B anti-
bodies respectively (left panels), and by silver staining (right panels). IP1: immunopurification with
protein A-sepharose beads, IP2: immunopurification with protein A-magnetic beads, IP3: immuno-
purification with antibodies covalently coupled to magnetic beads, UB1/UB2/UB3: corresponding
unbound fractions, Ab: capture antibody (anti-REGIA ab47099; anti-REG1B «6235210), Ab Hc:
capture antibody heavy chain, Ab Lc: capture antibody light chain.

On the other hand, immunopurification using the anti-REG1B antibody only
yielded low amounts of REG1 in the immunopurified fractions while the unbound
fractions still showed substantial REG1 protein amounts by WB (Figure 34.b).

These results indicated that the antibody was not able to capture all the protein
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present in the lysates. In addition, silver staining was also unable to detect the

purified protein.

Next, using the anti-REGI1A antibody, REG1 was immunopurified from seven
pancreatic tissues which were selected based on their high expression levels of
REGI (Figure 31). These included one non-tumour pancreatic tissue (N'T' 3), one
healthy tissue adjacent to a cholangiocarcinoma (C1) and five pancreatic tumours
of different stage (one IB, three IIB (patients 9, 11 and 12) and one IV (patient 1)).
Immunopurified REG1 was blotted with several lectins to determine its specific
glycan determinants. Those lectins were selected based on previous results that
showed the presence of SA on REG1 (Figure 33) and previous studies underlying
REGIA glycosylation [374,375]. They were MAL-II which recognises a2,3-SA,
SNA for a2,6-SA, VVL for aGalNAc (In antigen), PNA that binds terminal
GalB1,3GalNAc and UEA for al,2-fucose. Then, membranes underwent a strip-
ping protocol and were reblotted for REG1, thus confirming their colocalization

and protein load.

Regarding sialylated O-glycans, we detected a2,3-SA in all samples (Figure 35.a),
corroborating the results obtained by WB after sialidases digestions (Figure 33).
Different expression levels were observed among samples, which did not correlate
with the presence of tumour or PaC staging. On the other hand, no a2,6-SA ex-
pression was detected in healthy tissues, while three out of five PaC tissues con-
tained this structure on REG1 (Figure 35.b). Terminal GalNAc was only observed
in some PaC samples, although its expression was very weak (Figure 35.c). Re-
garding terminal Gal, an opposite trend was detected, being it exclusively present
in non-PaC tissues (Figure 35.d). Finally, O-glycans with terminal al,2-fucose de-
tected with UEA were observed in all samples except one tumour (PaC IIB 11)
(Figure 35.¢), being the amount of this residue much higher in PaC IV 1 over the
rest of samples. In summary, a2,6-sialylated glycoforms, as well as those presenting
terminal Gal or GallNAc, stood out as the best options to discriminate PaC from

control specimens. Interestingly, the heterogeneous pattern of REG1 upper band

131



132

Duran Sidera, A.

at 15 kDa when detecting REG1 was much more simplified when recognised with

lectins (especially remarkable in sample PaC IIB 9).
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Figure 35. Analysis of glycan determinants by WB with lectins on REG1 immunopuri-

fied from tissue samples. For each lectin, top panel shows the specific glycan determinant recog-
nition, while bottom panel shows the result after membrane stripping with anti-REG1A antibodies.
(a) MAL-II for a2,3-SA. (b) SNA for a2,6-SA. (¢) VVL for aGalNAc. (d) PNA for GalB1,3Gal-
NAc. (e) UEA for al,2-fucose. Samples numeration correspond to samples in Figure 31; NT3: non-
tumour tissue adjacent to PaC; Control C1: non-tumour tissue adjacent to a cholangiocarcinoma;

PaC: different stage PaC tissues.

Evaluation of blood serum REG1 glycoforms

Punification of REG1 from blood serum samples

REGI] is a secreted glycoprotein. Thus, we next focused on developing a method-
ology to properly measure the protein and its specific glycoforms levels in blood

serum samples, which reduces the invasiveness of sample collection and gets closer
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to the clinical translation. As WB is just a semiquantitative methodology that re-
quires relatively high amounts of protein, we chose to develop an ELISA-type im-
munoassay using the previously assayed lectins that better discriminated between

PaC and non-tumour pancreatic tissues.
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Figure 36. REG1 immunopurification from serum samples. Evaluation by WB of the ob-
tained fractions after REG1 immunopurification from (a) a control serum spiked with 50 ng of
rREG1A and (b) a serum form a PaC patient (stage IIB). (c) Silver staining analysis of the obtained
fractions for REG1 purification from the PaC serum. rREG1A: 25 ng recombinant REG1A, UB1:
unbound fraction, IP1: immunopurified fraction, UB2: unbound fraction after the second incuba-
tion, IP2: immunopurified fraction after two consecutive incubations. All samples were loaded in
Laemmli buffer under reducing conditions. Arrows indicate REG1 bands.

Due to the complexity and high glycoprotein concentration found in blood serum
samples, a pre-purification step was mandatory to avoid the interference of other
glycoproteins, especially when using lectins to quantify glycans. For that, the im-
munopurification of REG1 was performed using the anti-REG1A antibodies co-
valently bound to magnetic beads to avoid the elution of antibodies that could
interfere in the subsequent REG1 glycan detection using lectins. A double incu-
bation with the antibody-beads conjugate was needed to properly deplete major
serum proteins and to obtain a fraction containing highly enriched REG1. WB of
the obtained fractions after one (IP1) or two (IP2) incubation steps showed high
REGI recovery, while very few REG1 amounts were lost in the unbound fraction
(Figure 36). Regarding the specificity of the purification protocol, silver staining of

the purified fractions still revealed the presence of several proteins after the first
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immunopurification step (IP1), which were mostly removed after the second incu-
bation (IP2). Altogether, these results endorse the use of this methodology as a
previous step to determine serum REGTI glycans. Thus, REG] was immunopuri-
fied using this methodology on 41 serum samples from healthy individuals, ChP

and PaC patients for its subsequent glycan quantification.

Development of sandwich ELISA/ELLA assays for REGI and its glycoforms quantifi-

cation

Measurement of REG1 concentration was performed after the establishment of
an appropriate ELISA protocol using two commercial antibodies against the pro-
tein: a rabbit polyclonal anti-REG 1A antibody for the capture and a mouse mon-
oclonal anti-REG1A antibody as detection. An 8-point calibration curve ranging
from 0-40 ng/mL rREG1A was used, with linearity between 2.5-20 ng/mL. The
LOQ was 0.52 ng/mL, while intra-assay variation was of <6%. This methodology
was used to quantify REGI levels in blood serum samples in order to determine

the amount loaded for the detection with lectins, and to normalise the results ob-

tained by ELLA.

We next developed several sandwich ELLAs using a capture antibody against
REGIA and a specific labelled lectin to determine the glycan determinants on
REGI. As mentioned before, the determination of a2,6-sialylated REG1 gly-
coforms stood as the best choice to discriminate PaC patients, as well as the deter-
mination of terminal Gal or GalNAc residues. Thus, we selected the lectins SNA,
PNA and VVL,, respectively, which recognize these glycan moieties, to be used as
detection probes in the ELLA assays. To explore these lectins applicability in the
ELLA assay we first determined by WB whether the potential antibodies used to
capture REG1A (rabbit polyclonal (ab47099, Abcam) or mouse monoclonal (MA5-
29515, Thermo Fisher Scientific)) expressed the glycan moiety recognized by the lec-
tin. In that case, this lectin could not be used due to its binding to the capture
antibodies, what would cause a background noise. In addition, we determined the
binding of those lectins to the rREG 1A that would be used for the assay calibration
curve (Figure 37). They should react with rREGI1A to be used in the ELLA.
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As shown in Figure 37.a, SNA was not suitable for the ELLA because it was reac-
tive with both REG1A antibodies and it could not detect rREGI1A. Despite pre-
sumably presenting a lower discriminative potential, the use of MAL-II to detect
a2,3-SA was also investigated. The analysis by WB showed that this lectin could
detect rREGIA and was not recognising the antibodies (Figure 37.b). However,
its use in an ELLA assay resulted in a calibration curve with elevated background

signalling, reason why it was also discarded.
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Figure 37. Glycosylation patterns of rREGIA and anti-REGIA antibodies. Analysis by
WB of the expression of several glycan determinants on rREGIA (500 ng) and two anti-REGIA
antibodies (300 ng) that could be used as capture antibodies in an ELLA assay under reducing (+8-
ME) or non-reducing (-8-ME) conditions. (a) SNA for a2,6-SA. (b) MAL-II for a2,3-SA. (c) PNA
for Gal33GalNAc. (d) VVL for aGalNAc. rAb: rabbit anti-REG1A antibody (ab47099, Abcam),
mAb: mouse anti-REG1A antibody (MA5-29515, Thermo).

PNA, which detects terminal Gal (T antigen), presented high reactivity with
rREGIA and was not reactive with the rabbit capture antibody (Figure 37.c).
Therefore, a sandwich ELLA was developed using a biotinylated PNA lectin.
However, no signal was observed either using normal plates or protein G-coated
ones (designed to bind the Fc region of the antibody ensuring maximum exposure
of the antigen binding site). An ELLA with biotinylated PNA but without capture
antibody could neither detect rREGIA. To improve the sensitivity of the assay,
several streptavidin-peroxidase conjugates were tested, but no reactivity with
rREGIA was detected. A distinct PNA, labelled with digoxigenin, was reactive
with rREGIA in ELLA, although the sensitivity of the assay was poor due to the

low slope of the calibration curve. To increase it, we got back to the sandwich

135



Duran Sidera, A.

ELLA method and we changed the peroxidase substrate from a colorimetric to a
chemiluminescent one. Under the assayed conditions, this change resulted in high
signalling but also increased background signal, leaving a too short luminescence
units’ range for sample testing. Dilution of capture antibody, lectin or peroxidase
anti-digoxigenin secondary antibody did not show any improvement, always pro-
ducing the loss of the standard rREGIA signalling but not blank noise reduction.
The use of different development substrates neither improved the results. A final
attempt using fluorescein isothiocyanate (FI'TC)-labelled PNA was performed, as
other lectins with this labelling had worked properly in our lab. However, this

change did not alter previously observed outcomes.

Since the determination of REG1 terminal Gal with PNA was not successful, we
finally tested the use of VVL to detect terminal GalNAc residues, which is reactive
with truncated O-glycans such as the Tn antigen. WB analysis of rREG1A and
anti-REG1A antibodies showed that the standard could be detected with VVL,
while faint bands were detected on the tested antibodies (Figure 37.d). As for PNA,
an ELLA to detect rREGIA with FITC-labelled VVL showed poor sensitivity.
Progression to a sandwich ELLA, on this occasion, did show more promising re-
sults when using the rabbit antibody (less reactive to VVL) and a chemilumines-
cent substrate. A calibration curve from 0-100 ng/mL rREGI1A was established,
with a lineal range from 20 to 100 ng/mL. The LOQ) was 9.87 ng/mlL, with intra-
assay variations of <7%. However, serum samples could not be quantified. Values
similar to the blank were obtained in all cases (even loading a sample at 200
ng/mL of immunopurified REG1), suggesting that human REG1 glycoforms with
terminal GalNAc were not predominant and that the developed methodology was

not sensitive enough.

As REGT1 glycoforms quantification was not possible with an ELLA approxima-
tion, we explored the feasibility of performing a semi-quantitative detection
through WB with lectins on the immunopurified serum samples. However, quan-
tification of REG1 protein levels from the tissue samples used for the glycan de-

terminants characterization above (Figure 35) showed that immunopurified
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REG1 amounts from the serum were not enough to perform WB analyses. While
we obtained between 15 and 75 ng of REG1 from 1 ml blood serum, between 70

and over 200 ng were required for the lectin recognition by WB.

Whatever the case, the use of lectins presented serious limitations for the detection
of REG1 glycoforms. A different approach was considered in order to evaluate
the glycan moieties carried on this interesting glycoprotein, as distinct determi-
nants had been observed in pancreatic tissues. In this regard, it must be noted that
a collection of about forty immunopurified REG1 samples was quantified and is

ready-to-use as soon as a suitable methodology allows its glycoforms analysis.

REGIA glycoforms analysis by MS

Determination of rREG1A glycoforms by MALDI-Tof

Due to the limitations to develop a proper immunoassay to quantify REG1 gly-
coforms, a different approach to detect them was considered by using mass spec-
trometry-based methodologies. Therefore, we could get back to the analysis of a
specific REG1 protein, REGIA in this case, as the polypeptide sequence varia-

tions could be detected in the mass spectrometer.

First, we focused on detecting the different glycoforms by MALDI-Tof. The direct
analysis of rREG1A allowed the identification of 14 peaks, indicating that several
glycoforms could be detected (Figure 38). In addition, selective digestion of
REGI1A sialylation with NAN1 and ABS before its analysis yielded a new peak
(peak 8) and changes in the proportion of most peaks, which helped in the struc-

tures’ assignments and also in the identification of the SA linkages.

According to the mass shift respect to the non-glycosylated protein (16.247 kDa,
Peak 1), the glycan moiety of these diverse glycoforms could be assigned. Although
the MS data obtained did not allow the exact identification of glycan isomers that
could differ in their type of monosaccharide (as for instance N-acetylglucosamine
and N-acetylgalactosamine have the same molecular mass), their position or link-
age, various structures were proposed (Table 13) based on previous rREGIA gly-

coprotemic analyses [374,375] and on common O-glycan structures. On one side,
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we found the truncated Tn-antigen (Peak 2) and core 1 glycoforms corresponding
to the T-antigen (Peak 3), sialyl core 1 (Peak 7), di-sialyl T-antigen (Peak 12) and
a minor elongated core 1 (Peak 10), being the sialylated forms the most abundant.
On the other hand, glycans corresponding to core 2 (Peaks 13 and 17) and core 4

(Peaks 9, 11, 14, 15 and 16) structures, with prevalence of the latter, were found.

1 2 34 567 8910 12 14 16 17
11 13, 15
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Figure 38. Analysis of rREGIA heterogeneity by MS. Aligned MALDI-Tof mass spectras of
undigested rREG1A (UND) and after sialidase digestion with NAN1 (a2,3-SA) and ABS (total SA).

Assigned peaks mass and proposed structures can be found at Table 13.
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Next, in order to improve the resolution of rREGI1A glycoforms to confirm those
previous assignments, we performed the analysis of the glycopeptides obtained by
trypsin digestion-sensitive cleavage site at the aminoacidic residue R11 of the pro-
tein. A short 15-minute digestion with trypsin showed the complete release of the
N-terminal rREGIA glycopeptide, while the rest of the protein remained undi-
gested and detected in a main peak at 15015.79 Da (theoretical mass 15013.05
Da) (Figure 39.a). The presence of this peak corroborated that the previously ob-
served TREGI1A heterogeneity mainly corresponded to different glycoforms at
Thr-5, now contained in the digested glycopeptide. MALDI-Tof-MS analysis of
the released rREGIA glycopeptide displayed several peaks, which corresponded
to the previous detected glycoforms on the whole glycoprotein (Figure 39.b), with
similar intensity ratios. Just two peaks were not found (Peaks 10 and 15), while

three new ones were detected (Peaks 5, 6 and 8) (Table 13).
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Figure 39. Analysis of trypsin-digested rREG1A. (a) Determination of rREG1A by MALDI-
Tof after digestion of its N-terminal glycopeptide with trypsin. (b) Detection of rREGIA glycopep-
tides obtained after trypsin digestion and HILIC purification. Assigned peaks correspond to the same

glycoforms observed in Figure 38 and detailed in Table 13.
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Analysis of REGIA glycopeptides from biological samples by LC-MS

Glycopeptide analysis by MALDI-Tof was a good approach to detect different
glycoforms, which served for the assignment of many glycan structures on
rREG1A. However, it presented some limitations, being the most critical its ap-
plication for the study of complex biological samples such as serum because it is
necessary to have the target protein purified in order to avoid signals from other
proteins. To overcome this limitation, we next developed a methodology to detect
such TREGIA glycoforms in complex biological samples (blood serum) by com-
bining glycopeptides separation in a UPLC system (equipped with an HILIC col-
umn) with their detection in a triple quadrupole after electrospray ionisation
(UPLC-ESI-TQ), a methodology that should confer enhanced sensitivity and re-
duced background.

First, we checked whether the rREG1A glycoforms on the N-terminal glycopep-
tide identified in the MALDI-Tof instrument could also be detected by this UPLC-
ESI-TQ methodology. In a sample of trypsin-digested pure rREGIA; we could
identify all the main glycoforms (Peaks 1, 2, 7,9, 11, 12, 14 and 16) except two of
them (Peaks 3 and 5) using a selected reaction monitoring (SRM) data acquisition
mode (Figure 40). Some of these glycoforms masses contained more than one iso-
mer, as shown by two or more different retention time peaks in the chromatogram.
This is the case of peak 2, which contained two isomers with the most abundant
probably corresponding to the Tn antigen. Peak 7 also contained two isomers, the
most abundant assigned to sialyl core 1 and the other to sialyl T-antigen, as a2,3-
SA presents a lower retention time than a2,6-SA. Furthermore, these results
agreed with those observed by MALDI-Tof] in which the sialyl core 1 (which was
majoritarian and presented a2,6-SA) was identified. Peak 9 contained two isomers
with diverse NAcHex and Hex arrangements. Peak 14 also contained 2 isomers.
Considering their separation and relative abundance, the addition of a SA did not

add any heterogeneity, indicating that it was always included in the same linkage

(a2,3-SA according to MALDI-Tof).
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Interestingly, some transitions displayed more peaks than the expected possible
isoforms for a selected mass. This phenomenon was caused by the fragmentation
of larger structures, that were detected as smaller ones after being partially reduced
in the ionisation source. These were identified through the observation of the
larger glycoform in the same retention time for a different transition and were
therefore not considered (peaks in white in Figure 40). It is also important to note
that all analysed glycopeptides could generate a 1253.3 m/z fragment, corre-
sponding to the non-glycosylated peptide, thus we could confirm that they were
specific rREGIA glycopeptides. Finally, optimization of the solvation tempera-
ture, HILIC chromatographic gradient and mobile phase led to the detection of
all these rREG1A glycoforms from just 18 ng rREGI1A.

Next, we focused on the analysis of the glycoprotein in a complex matrix. The first
step was the obtention of the REGIA glycopeptide from serum, which was
achieved through REG1 immunopurification using magnetic beads and subse-
quent trypsin digestion. We evaluated two different protocols to isolate the glyco-
peptides: trypsin digestion on the immunopurified REG1, previously eluted from
the magnetic beads using acidic citrate buffer (pH 3.1), neutralised with Tris 1M
pH 9 and desalted with centrifugal filters; or trypsin digestion on the magnetic
beads bound REGI. This way, we could recover the generated glycopeptide in
solution without additional steps. When comparing both methodologies, the for-
mer yielded a poor glycopeptide recovery, which was 4-fold lower than the latter
(Table 14). Then, we tested three different trypsin:substrate ratios, starting from
1:10 (used previously to generate the REG1 glycopeptide for MALDI-Tof anal-
yses) and increasing the ratio to 1:2 and 1:1 to ensure enough enzyme activity
when working with 100 ng of rREG1A spiked in 1 mL of pooled serum (as a ma-
trix). The enzyme:substrate ratio 1:2 increased approximately 2-fold the MS signal
of the different glycosylated peptides compared to 1:10 ratio, while the ratio 1:1
did not show any significant improvement compared with 1:2. When analysing
100 ng rREG1A in 1 mL serum following the previously described methodology,
we were able to detect all glycopeptides, but only the isomer 2 of the glycopeptide
contained in peak 7 (Table 14).
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To assess whether the pooled serum contained endogenous REGIA that could
interfere with the analysed rREGIA glycopeptides, REG1 levels of this pooled
serum were quantified by ELISA and showed a concentration of 58.5 ng/mL. The
analysis of 1 mL of this serum by LC-MS following the described methodology for
serum samples showed only one glycopeptide, corresponding to peak 12, with very
low intensity. These results indicated that the endogenous REG1 levels of this se-

rum should not affect rREGIA glycopeptides quantification.

The next step was to determine these glycopeptides in real samples from patients.
We first addressed the sensitivity of the methodology. While the addition of 100
ng rREGIA to 1 mL of healthy pooled serum (matrix) yielded quantifiable inten-
sities for all selected glycopeptides, 50 ng rREGIA spiked in serum just allowed
the detection of peaks 1, 2.1, 11, 12, 14.2 and 16 (Table 14).

Opverall, these results suggested that, at this stage, we required about 150 ng/mL
REGI1A to obtain enough sensitivity to quantify the different REG1 glycopeptides
by LC-MS. Thus, we needed to improve the sensitivity before analysing real sam-
ples, which could have lower REG1 levels (as the commercial pooled serum). To
increase the REG1 concentration, we focused on reducing the final volume of the
sample after REG 1A immunopurification. In a sample of 50 ng of rREG1A in 1
mL serum, we changed the trypsin elution buffer from NaHCO3; to NH{HCOs3,
so that samples could be completely dried (either by lyophilisation or in a vacuum
centrifuge) and further resuspended in just 15 pL. NH4HCOjs instead of 35 pL.. We
observed that both methodologies yielded higher peak intensities than the previous
protocol, being the vacuum centrifuge the best option with at least an approxi-

mately 4-fold increase (Table 14).

A pilot test with one control sample (commercial pooled serum, 58.5 ng/mlL
REGI) and one PaC IIB sample (217.2 ng/mL REG1) was performed to analyse
REGIA glycopeptides in patients’ samples. To guarantee the detection of glyco-
peptides, REG1 was initially immunopurified from 2 mL serum. The control se-
rum underwent the concentration processing by lyophilisation, while the PaC

sample was not concentrated. Several glycopeptides could be detected (Table 14),
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corresponding to the non-glycosylated (peak 1), the peak 2.1, peak 11, peak 12 and
peak 16. Peak 14.2 was only observed in the control serum, while both isoforms of
peak 7 were exclusively observed in the tumour sample. The SRM method in-
cluded a new transition, corresponding to the STn structure, not previously ob-
served in rREGI1A (either by MALDI-Tof or LC-MS) nor the pooled serum, but
with biologic significance and possible overexpression in cancer samples. Actually,
this structure was only observed in the PaC serum. Another interesting feature of
this PaC sample was observed in peak 7, which presented an altered isoform ratio
respect the rREG1A, translated in the increase of the sialyl T-antigen (isomer 7.1).
Thus, serum REGIA glycopeptides in a PaC IIB patient were characterised by
the increase in STn and sialyl-T antigens, two structures widely related to cancer

progression.

These results demonstrated that this methodology was successful in analysing pa-
tients’ serum and paved the way for the analysis of REG1A glycoforms in a panel
of samples. Unfortunately, the optimisation of the analytical method with a re-
combinant standard directed the SRM acquisition to the structures more abun-
dantly found in this, overlooking other glycans that could be found in natural hu-
man produced REGI1A. In this regard, assuring that the SRM method can detect
all relevant REG1A glycoforms (those expressed in rREG1A and those expressed
by humans in healthy and malignant conditions) is the last step before the analysis

of a cohort of patients.
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Discussion

Despite overall advances in cancer diagnosis and treatment in the last decades,
which have reduced the mortality of most malignancies, PaC still pose a worldwide
healthcare issue, currently being the fourth cause of cancer death in western coun-
tries and the tumour with the worst prognosis [17]. In addition, it is projected to
be the second cause of death in the US by 2030 [391]. The lack of tumour markers
for its early diagnosis [26,262] and adequate therapeutic strategies for late stages

of the disease [112] are responsible for the poorest survival among all cancers.

As previously stated, despite a high number of molecules and assays have been
proposed for the diagnosis of PaC [275,276], none of them have been validated
by the FDA, which still presents CA19-9 as the only option for PaC management
[392]. Actually, the development of new non-invasive biomarkers has proven to
be extremely challenging in recent years, and the number of clinically relevant
tumour markers has barely raised [229,393]. It must be noted that it is not easy
for a biomarker to progress from the laboratory to the clinical practice. Research-
ers do not just need to find a molecule differently expressed among healthy and
pathologic individuals, but also a proper analytical method with enough sensitivity
to discriminate both populations. Once accomplished, years of validation studies
(including protocol optimisation and standardisation, high-throughput adapta-
tion, retrospective clinical studies, prospective screening studies and randomised

control trials) will eventually confirm the use of such biomarker [260,394].

It is difficult to imagine that a single biomarker can provide optimal sensitivity and
specificity for the detection of PaC. While organ-specific molecules may be altered
in other pancreatic disorders, those more cancer-specific might be found in several
cancer types. Additionally, population genetic variation may block the synthesis of
tumour-associated variants, like the inhibition of CA19-9 expression in 5-10%
population [154]. In this regard, the use of biomarker combinations, panels or
clinical nomograms is acquiring interest to compensate the limitations given by a
single analyte and yield better accuracy. An alternative methodology relies on the
detection of biomolecules that can bear double information. Glycoproteins may

fulfil this requisite, as the protein part may be organ-specific while alteration in
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glycosylation could be cancer-associated [230]. Actually, the study of altered gly-
cosylation on glycoproteins, which had already been validated by the FDA as can-
cer biomarkers, was proposed long ago to enhance the accuracy of such tumour
markers [395]. Other authors have also reviewed the potential of altered glycosyl-
ation on specific glycoproteins as biomarkers, and even the need to combine sev-

eral glycoproteomic markers to develop a clinically relevant diagnostic tool

[230,243,396,397].

Previous studies have already been successful in developing a cancer biomarker
based on the altered glycosylation of a specific protein. This is the case of alpha-
fetoprotein (AFP), which is a glycoprotein overexpressed in hepatocellular carci-
noma, but also in other cancers and benign liver disorders [398]. Nowadays, it still
remains as the most used method for hepatocellular carcinoma diagnosis despite
a sensitivity and specificity of just 41-65% and 80-94%, respectively [399]. A spe-
cific core fucosylated AFP glycoform, reactive with the lectin Lens culinaris aggluti-
nin (LCA) and named AFP-L3, has demonstrated enhanced accuracy for assessing
the risk of developing hepatocellular carcinoma [400]. Moreover, AFP-L3 has
been combined with other parameters to develop the GALAD score, which has

been approved by the FDA as an early diagnosis tool for hepatocarcinoma [401].

Similarly, altered glycoforms are being studied in other cancers, such as altered
PSA glycoforms in prostate cancer including altered a2,3-sialylation, LacdiNAc
and core fucosylation [402—410]. Another example is found over specific CA125
glycoforms bearing the STn antigen, which also hold a promising potential to im-

prove the diagnosis of ovarian cancer [411].

In this thesis, we have focused on the development of new methodologies to iden-
tify novel biomarkers for PaC based on the altered glycosylation of two glycopro-
tein candidates, MSLN and REG1. For such, we have assessed their cell and tissue
expression, characterised their glycan moieties and developed new methodologies
to detect and quantify, in blood serum, those PaC-related glycoforms which could

be useful as tumour markers.



Discussion

The analysis of single proteins glycosylation posed several challenges compared to
the evaluation of the overall glycophenotype on a given situation, being the puri-
fication of the glycoprotein of interest a crucial step for that purpose. Almost all
methods for the structural glycan analysis of a target protein, including lectin,
chromatographic or MS-based methodologies, require the isolation of such glyco-
protein [158]. If not properly isolated, obtained results would be masked by the
glycan component of other glycoconjugates. Only glycopeptide targeted MS
methods may skip this purification step, despite it is recommended for reducing
background signalling. Several strategies are available for the separation of glyco-
proteins, being chromatographic techniques those featuring higher resolution
[412]. For subsequential glycan analysis, which requires really accurate isolation,
the use of immunoaffinity chromatography is the standard methodology of use
[413]. In this thesis we have performed protein immunoprecipitation, which main-
tain the advantages of the immunoaffinity chromatography regarding specificity

while being a less time-consuming and cost-effective method.

Main considerations for designing an immunoaffinity protocol include the immo-
bilisation of the antibody and the conditions for the elution of the protein, which
will depend on the following analytical technique. Coupling of antibodies to pro-
tein A/G beads is the most classical approach [414,415]. However, co-elution of
the antibody might limit further analysis. Covalent binding of the antibody to the
beads is a choice to overcome this issue [415]. Common elution conditions include
pH variation, chaotropic agents (usually high salt concentrations), denaturing ef-
fects and competitive ligands [413]. Again, the preferential method relies on the

sample post-processing.

Unfortunately, purification methodologies not always display high yields, so gly-
coprotein recovery is usually poor and subsequent analyses might be compro-
mised. The obtention of enough purified protein quantity is crucial to reach pos-
terior analytical sensitivity, a not so frequent problem in the analysis of global gly-

cosylation profiles.
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MSLN glycoforms as PaC tumour markers

MSLN is a glycoprotein de novo expressed in a number of cancers including PaC
[344], which makes it attractive as a diagnostic and therapeutic target [337]. De-
spite its role in the malignant transformation is not totally understood, several au-
thors have proved its influence in the invasive and metastatic potential, growth

and apoptosis regulation and EMT in PaC [338].

Due to its limited expression in healthy tissues, MSLN has grown into a therapeu-
tic target for different types of cancers and therapeutic strategies, like vaccines
[416], immunotoxins [417—420], monoclonal antibodies [421,422], antibody-
drug conjugates [122,423] or CAR-T cells [424]. On the other hand, MSLN has
also been proposed as a biomarker for various malignancies. Actually, there is an
FDA-approved test for the diagnosis of malignant pleural mesothelioma based on
soluble MSLN related peptides serum levels [342,355,425]. Nonetheless, it has not
been useful to diagnose other cancers, including PaC [354,426], as we also showed

in the cohort of patients analysed in this work.

The expression of MSLN and the analysis of its glycosylation from PaC cells and
tissues was addressed in this study to determine the main MSLN glycan determi-
nants in malignant conditions (Figure 41). The acquired knowledge might not only
be useful as a discriminatory tool between patient conditions, but it may also aid
in the development of new MSLN-based targeted therapies [324,344]. It is known
that differential glycosylation, apart from a target itself, may vary the affinity of an
antibody for a given glycoprotein, as has been previously observed [427,428].
Thus, when designing antibodies for a directed therapy, it is crucial to understand
how the target glycosylation can affect the therapeutic agent. For instance, in the
case of MSLN; the recognition by the antibody MORADb-009 is independent of
MSLN glycosylation [429]. MORAb-009 identifies a non-linear epitope in the N-
terminal region [430], before the first N-glycosylation sequon (Asn388). The mon-
oclonal antibody used in this work, MN-1, recognises an epitope in the same re-

gion with much higher affinity [431], so MSLN glycosylation should not interfere
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in its recognition. However, other antibodies binding different epitopes might be

affected.

In this work, we showed that PaC cell lines express MSLN, which is in agreement
with other authors [421,432]. In addition, MSLN expression was also analysed in
PaC tissue lysates, which were mainly positive by WB (77%). This percentage is in
accordance with other studies that report high expression levels in PaC (60-95%),
while the presence in normal pancreatic tissues or other controls was scarce [349—
351,433-437]. Unfortunately, the need to biopsy these tissues make this differen-

tiation ineffective for a routinely clinical test.

PNGasel digestion on MSLN from PaC cells confirmed the existence of N-glycans
as previously described [438]. The molecular weight difference from the glycosyl-
ated to the PNGaseF digested MSLN, observed by SDS-PAGE and MS, suggested
a full occupancy of the three N-glycosylation sites and was confirmed by peptide
mapping after PNGasel digestion. However, these N-glycans had not been char-
acterised up to date. Only Fujihira and collaborators [333], in a study regarding
mesothelioma, had assessed MSLN glycosylation before. A lectin microarray
showed increased expression of bisecting GlcNAc in MSLN from mesothelioma
cell lines versus normal mesothelial cells. Glycopeptide analysis on H226 meso-
thelioma cell line showed the presence of N-glycans in the three N-glycosylation
motifs, which were complex, sialylated and core fucosylated. Bi-, tri- and tetra-
antennary structures were observed, being the N-glycan at position Asn388 the

one bearing the higher number of structures including the bisecting GIcNAc.

The N-glycans from PaC cell lines immunopurified MSLN, which were charac-
terised by MN-glycan sequencing and by WB with several lectins, also showed to be
complex-type and sialylated, most of which highly branched and with core fuco-
sylation (Figure 41). a2,3-SA was predominant on MSLN glycans for all cell lines
except for HPAF-II, which only showed neutral N-glycan structures. These glycan
determinants coincide with the overall pattern found in the PaC glycome, which
has been extensively reviewed [193,307,439,440]. Interestingly, MSLN N-glyco-

sylation was highly conserved in AsPC-1 and Capan-2, despite these two cell lines
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present quite different properties. While AsPC-1 cells are poorly differentiated and
derive from the ascites of a female with metastasis, Capan-2 cells are well differ-
entiated and come from the primary tumour of a male without metastasis [441].
Thus, it seems that MSLN glycosylation could be independent of the differentia-

tion degree and metastatic potential of the tumour.

The N-glycans detected in the commercial recombinant MSLN standard, pro-
duced in NSO-derived cells, were totally different from those in human cells
MSLN, being the presence of terminal a-Gal and N-glycoylneuraminic acid
(Neu5Gec) the most remarkable features. Actually, these epitopes are not naturally
found in human, and are responsible for inflammation when identified by the im-
mune system [442]. The absence of NeudGce in human glycans is due to the loss
of function of CMAH, the enzyme responsible for the conversion of NeudAc to
Neu5Gc [443]. However, by means of unknown mechanisms, dietary NeubGce
can be incorporated into human glycans, despite its abundance is 10000 times
lower than NeubAc [444]. Similarly, inactivation of the GGTAI gene in primates
precludes the synthesis of a-Gal in humans [445,446]. Additionally, this is a highly
immunogenic epitope, being anti-Gal the most abundant antibody in humans and
accounting for about 1% of total immunoglobulins [447]. However, murine mye-
loma cell lines (such as NSO), which are often used as a production platform for
recombinant glycoproteins, yield considerably high levels of terminal a-Gal and
NeudGec, with sialylation predominantly in a2,6-linkage [448]. Recombinant
MSLN glycosylation mostly agreed with all these statements, except for the SA

linkage, which was mainly a2,3-linked.

In order to evaluate MSLN glycoforms from PaC tissues and serum, a quantitative
methodology based on an antibody-lectin immunoassay was developed aiming to
analyse those glycoforms previously identified in PaC cells (Figure 41). The main
challenge was overcoming the low-binding affinity of lectins, found at the low mil-
limolar range (while antibody-antigen interactions are usually around the nano-

molar range) [449]. Despite optimisation of several conditions including capture
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antibody and lectins dilution, buffers compositions, incubation times and temper-
atures, this issue could not be solved for several lectins. However, in the case of
PhoSL, a core fucose-specific lectin with a dissociation constant of 3 pM [385],
proper analytical sensitivity was achieved. Hence, the analysis of core fucosylated

MSLN glycoforms was assessed.

Cf-MSLN levels were lower in PaC tissues than the full core fucosylated rMSLN.
When analysing the ratio of Cf=MSLN/MSLN in serum samples from PaC pa-
tients, other pancreatic disorders and healthy volunteers, a significant decrease in
Cf-MSLN glycoforms was observed in malignant stages, which agreed with the
low Cf-MSLN levels described in PaC tissues.

Characterization of mesothelin glycosylation in pancreatic cancer (PaC):
decreased core fucosylated glycoforms in PaC patients’ sera

MSLN is expressed in PaC cells Glycan characterization from
Cell N . purified PaC cells MSLN 111¢¢
lysalcs :\f g‘? )\j‘\ )\‘I ¢ > \\\\ N ;:
< a5 € O < e All three MSLN N-glycan sites are occupied '.. Vs
‘ // - - N-glycans are complex-type, mostly core N
;™ 0w - fucosylated and sialylated .
PaC cell lines (Ondﬂloﬂed . ucosylated and sialylate .
media
Design of ELLA to quantify core fucosylated MSLN Decrease of Cf-MSLN in PaC samples vs. controls
(CE-MSLN)
¥
] b y
. PhoSL
14 W ’0.. m’“(‘. ®e

CEMSLN

- ;@, ol =

P!  MSLN .
A R N
XN\ Ab <MSLN> o.
Core fucosylated MSLN

Figure 41. Flowchart of the main findings of MSLN glycosylation in PaC. Schematic

representation of the methodology followed and main findings regarding the analysis of MSLN gly-
cosylation as a PaC biomarker, which include the analysis of MSLN expression, characterisation of
its N-glycans, development of a methodology for the quantification of Cf£MSLN and validation of
its discriminatory potential in a cohort of blood serum samples.

Other authors have also described changes in the core fucosylation degree of se-
rum proteins in PaC patients. This is the case for haptoglobin, a glycoprotein
mainly produced by the liver with increased fucosylation in PaC patients com-
pared to healthy individuals [312,313,450]. Specifically, core fucosylated hapto-
globin, assessed through a sandwich ELLA using PhoSL (as we have performed

Cf-MSLN detection), showed increased levels in PaC patients, and even higher in
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ChP [451]. Improvement of the methodology, adding high urea concentration to
denaturalise the protein and facilitate lectin detection, displayed higher levels of
core fucosylated haptoglobin in PaC [452]. However, elevated levels in ChP, chol-
angiocarcinoma and hepatocellular carcinoma impaired its usefulness as a PaC

biomarker.

Elevated haptoglobin core fucosylation coincides with the general increase in core
fucosylation observed in the PaC serum glycome [201], mainly in tri- and tetra-
antennary structures, while CfMSLN levels follow a contrary trend. These con-
troversial results are suitable to illustrate the complexity of the glycosylation pro-
cess and, as detailed in this thesis introduction, understand that all the agents in-
volved in protein glycosylation can distinctly glycosylate two proteins in similar
conditions. Hence, it is important to emphasise that a single glycoprotein does not

necessarily reflect the overall glycome features from PaC glycoproteins.

We demonstrated that Cf-MSLN had the potential to discriminate PaC from con-
trol patients, and 93.3% sensitivity and 81.2% specificity was obtained with the
combination with CA19-9. On the other hand, MSLN protein levels did not show
this ability in the same patients cohort, as reported previously by other authors
[354,357]. Recent studies suggest that low MSLN serum levels in PaC patients
result from the glycoprotein retention in the tumour microenvironment via colla-
gen density and MUCI16 interaction [358]. This condition, which is impairing
MSLN usefulness as a PaC biomarker, enhances its potential as a target for di-

rected therapeutic strategies.

Considering the prevalence of PaC in Europe, which is of 0.0138% [25], the pos-
itive predictive value (PPV) and negative predictive value (NPV) of the combina-
tion of Cf-MSLN and CA19.9 were 6.5% and 99.6%, respectively. Despite proper
accuracy for the combination of Gf-MLSN + CA19-9, a low PPV of just 6.5%
impairs its use in a general population screening approach. However, the faecal
immunochemical test, widely used to screen for colorectal cancer, presents a sim-
ilar PPV of 7% in low-risk population [453]. This shows the need to narrow the

population group to screen. Considering the increased prevalence of PaC in the
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population at risk, as those patients over 50 years with diabetes [454], patients
with ChP [455] or first-degree relatives of PaC patients [456], higher PPVs would
be obtained. Thus, a diagnostic test for PaC could really be useful to screen pop-
ulation at risk of suffering PaC and help in the selection of patients to undergo

further confirmation of the disease with imaging techniques.

It would be interesting to compare the accuracy of this newly proposed biomarker
combination with that of other biomarker panels which are in the way of valida-
tion by international consortiums, such as the UroPanc test, based on a three uri-
nary-biomarkers panel plus plasma CA19-9 [380], or the IMMray PanCan-d test,
based on a 9-plex biomarker signature [457]. However, it is difficult to compare
biomarkers accuracy assayed in different cohorts, because they could provide dif-
ferent sensitivity and specificity values depending on the type of cohorts analysed.
For instance, UroPanc separately compares healthy and benign conditions versus
PaC. Regarding the IMMray PanCan-d test, the presented results do not include
benign pancreatic conditions. Ideally, cohorts comprising the groups at PaC risk
and patients with benign pancreatic disorders should be included and tested to-

gether to compare biomarkers test accuracy.

Altogether, the obtained results emphasise the need for further studies evaluating
serum Cf-MSLN in a larger cohort of patients which include sera from other
group of patients with high PaC risk as well as other types of cancers, thus aiding
in the evaluation of Cf-MSLN specificity for PaC. Moreover, further optimisation
of the current protocol to increase its methodological sensitivity and high-through-
putness would be needed for its clinical translation. In this regard, with the arrival
of new glycoproteomic strategies [458,459], we consider that the development of

an MS-based glycoproteomic pipeline could provide this improvement.

REG]1 glycoforms as PaC tumour markers

REG] glycoproteins, secreted by pancreatic acinar cells, are the principal non-
enzymatic component of pancreatic juice [372]. Increased expression is observed
in several pathological conditions of the pancreas, digestive tract, nervous system

and a number of cancers [359], reason why they have been studied as potential
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biomarkers. The exact function of REGI is not clearly understood. In normal sit-
uation, it is related with pancreatic calcium calculi formation and regeneration of
brain and pancreas tissues [372]. It might also play a role in differentiation induc-

tion and have mitogenic and antiapoptotic activity [460].

In this work, the expression of REG1A and REG1B was assessed in PaC cell lines
and pancreatic tissues (Figure 42). Unfortunately, due to the high similarity be-
tween both glycoproteins (89% of homology [363]), differential assessment was
not possible. Despite denying any cross-reactivity, the commercial antibodies
tested in this work could recognise both glycoproteins, which led us to the general
analysis of REG1 glycoproteins. We did not detect REG1 in either the protein
lysates or secreted media of seven different PaC cell lines, in contrast with previous
studies reporting REG1B expression in Capan-1 [363] or REG1A expression in
BxPC-3 and SW1990 [376]. However, it must be noted that these last studies re-
lied on an immunised rabbit antisera dilution and a currently discontinued anti-

body, respectively, so results should be carefully interpreted.

Regarding REG1 expression in pancreatic tissues, it was observed in 60.5-65.8%
of PaC tissue lysates and 90.9% of healthy tissues. Previous immunohistochemistry
studies reported similar results: 100% staining in control tissues and 65-70% in
PaC [365,366]. Interestingly, the study of Satomura and collaborators observed a
correlation between samples staining grade and tissue differentiation degree [365].
Staining was strong in well-differentiated tissues and mild in poorly differentiated
cells, contrarily to the trend observed in this work. However, we must be careful
when comparing immunohistochemistry and WB determinations. While the for-
mer provide detailed information of protein expression on different observed tis-
sue/cell structures within a slide, the latter relied on the lysis of tissue pieces with
unknown abundancies of pancreatic tumour cells, tumour stroma, new blood ves-

sels or adjacent healthy cells.
The study of REG1A glycosylation is of utmost interest given the crucial role it
might play in its physiological activity. Digestion of the REG1 N-terminal peptide

derives in an insoluble form that can induce fibril-like structures formation in brain
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[461]. Lebart and collaborators have recently described that REG1A can be di-
gested by calpain-2, a protease with a cleavage site between GIn4 and Thr) [462].
Interestingly, this cleavage depends on REGIA glycosylation status, and only the
non-glycosylated protein is cleaved. However, no fibril formation has been ob-
served i vitro after this digestion. Nevertheless, this study illustrates how REG1A

glycosylation can modulate its activity and points the importance of its study.

Due to the limited sample availability, REG1 O-glycosylation could not be as-
sessed through glycan sequencing in a UPLC system and it was first evaluated by
lectin detection on immunopurified REG1 from pancreatic tissues and glycosidase
digestions (Figure 42). SA digestion with NAN1 and ABS revealed the presence of
SA, mainly in a2,3-linkage. WB with lectins also showed the presence of a2,3-SA,
in varying amounts depending on the sample, while a2,6-SA was only observed in
some tumour samples. Accordingly, those samples that did not show a molecular
mass decrease due to a2,6-SA digestion could not be detected with SNA. These
results agreed with previous published works underlying REG1 glycosylation
[374], which also showed a predominance of a2,3-SA. Similarly, expression of

terminal al,2-Fuc was also observed with the lectin UEA.

Our results showed the presence of terminal a2,6-SA and GalNAc only in PaC
samples, while terminal Gal was exclusively observed in controls. We hypothesised
that the observed GalNAc in PaC REGI could correspond to the Tn antigen,
which is widely expressed in tumour conditions [161]. The expression of a2,6-SA
could also be related to the hypersialylation normally observed in malignant situ-
ations [202,463], while the absence of this SA would reveal the subterminal galac-

tose detected in control samples.

The quantitative analysis of these REG1 glycoforms required the development of
ELISA and ELLA immunoassays to properly measure the protein and its specific
glycoforms, respectively. Our optimised ELISA protocol reported a LOD of 0.16
ng/ml, slightly higher than other developed or commercial available kits, which
showed LODs ranging from 0.01 to 0.09 ng/mL (USCN, China; MyBioSource,
CA, USA; Novus Biological, MN, USA; [383,464]). As no consensus nor validated
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ELISA kit is predominant in the published literature, our developed protocol

seemed good enough to quantify REG].

Analysis of Regenerating islet-derived protein 1 (REG1) altered
glycosylation in pancreatic cancer

. . cell REG]1 is expressed in control Design of a methodology to quantify
PaCcell lines 0\ pancreas and 60% PaC tissues REG]1 glycoforms
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Figure 42. Flowchart of the main findings of REG1 glycosylation in PaC. Schematic rep-
resentation of the used methodology and main findings regarding the analysis of REG1 glycosylation
as a PaCi biomarker, which include the analysis of REG1 expression, characterisation of its O-glycans
and development of a method for the quantification of REG1 tumour-associated glycoforms.

On the other hand, we were not successful in developing an ELLA assay for de-
tecting REG1 specific glycoforms. As mentioned before for the case of MSLN,
lectin low-binding affinities may pose a challenge for its use in the detection of
glycoproteins, especially in proteins with short glycan structures and a single gly-
cosylation site as REG1. Only the detection of rREG1 glycoforms with terminal
GalNAc using the lectin VVL yielded an accurate calibration curve, despite all the
assayed serum samples did not reach the LOQ), Regarding the other tested lectins,
increased background or poor analytical sensitivity (by means of low calibration

curve slope) was observed.

To overcome lectins limitations, we performed the analysis of REG1 glycans by
MS, starting from the characterisation of rREGI1A in a MALDI-Tof application
(Figure 42). This MS methodology also presented some limitations, being the dif-
ferentiation of isoforms with the same molecular mass the main issue. However,
based on general described O-glycan structures and results obtained after specific

sialidase digestions, several structures could be proposed. We observed truncated
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core 1 structures, as well as core 2 and core 4 O-glycans, with prevalence of the
latter. These structures did not agree with previous studies regarding REG1A gly-
cosylation, which mainly showed core 2 O-glycans [374]. Only the di-sialyl T was
detected in both studies. However, it was not rare to find these differences in gly-
cosylation. We must bear in mind that rREGIA is expressed in kidney cells
(HEK293), which may present a glycosylation machinery regulation different
from human pancreatic samples. HEK293 cells O-glycosylation is mainly charac-
terised by the expression of mono- and di-sialylated T, followed by the T antigen
and other core 2 structures [465,466]. We also detected these structures, in the
addition to core 4 O-glycans. Nevertheless, comparison of the general O-glycan
pattern with that of a single protein is controversial, even more considering that

rREGI1A is being expressed in a cell type that does not express it normally.

A LC-MS method was developed to reduce background signalling and provide a
sensitive and specific methodology for the analysis of REG1 glycopeptides from
serum samples. The study of rREGIA glycopeptides in a LC (HILIC)-TQ) oper-
ating in SRM mode with the transitions selected from the MALDI-Tof results
could detect all the main glycoforms except the T antigen. In addition, different
1soforms were observed in several masses, that could be attributed to different SA

linkage or Gal/GlcNAc branching arrangement.

Interestingly, some selected masses showed a quite large number of isoforms, even
more than the expected for the number and possible linkage between monomers.
We observed that, in most cases, additional peaks were observed due to fragmen-
tation of terminal SA. Large structures, with relatively high retention times, could
loss a SA in the ionisation source and provide signals for lower masses at unex-
pected retention times. Optimisation of the source temperature could not totally
prevent this event, as maximal signal of the 1onised glycopeptides was preferred to
yield enough analytical sensitivity. Reduction of SA loss also resulted in a decrease

in the glycopeptides ionisation and corresponding signal intensity.

163



Duran Sidera, A.

Actually, SA analysis by MS is quite challenging [467]. The negative charge and
unique structure of SA provide properties such as instability, ionisation discrimi-
nation and mixed adducts, which alter MS results, especially in MALDI ionisa-
tion. These problematics could explain why we observed the T antigen in
MALDI-Tof and only its sialylated variants in the LG-ESI-T'(Q) analyses. Common
strategies to overcome these issues include sialoglycoforms enrichment (not appli-
cable if the detection of neutral glycoforms is also desired) or SA derivatisation.
Several methodologies are currently available, and are used to avoid the loss of
SA, enhance the ionisation efficiency and facilitate isomers profiling. For example,
derivatisation with dimethylamine in the presence of EDC and HOBEt results in
lactonization and dimethylamidation of a2,3- and a2,6-SA, respectively, yielding
different glycopeptide masses and enhancing the stability [468]. Other derivatisa-
tion methodologies include ethyl esterification and amidation of sialoglycans
[469], SA alkylamidation [470] or permethylation [471]. However, our attempts

to analyse dimethylamine derivatised REG1A glycopeptides were unsuccessful.

The analysis of sialylated glycopeptides by MALDI-Tof is recommended in the
negative-ion mode using 3-Aminoquinoline/p-Coumaric acid as a matrix [472].
However, we obtained no signal in the negative-ion mode with the use of a-cyano-
4-hydroxycinnamic acid, another commonly used matrix for the detection of gly-
copeptides [473], reason why we needed to operate in the positive-ion mode.
Other common used methodologies for the separation and differential analysis of
a2,3- and a2,6-SA include capillary electrophoresis coupled to MS [221] or LC-
MS approaches using chromatographic columns with the ability to separate si-
alylated glycopeptide isoforms, for instance with a HILIC column [474,475], as

we used 1n this study.

We optimised a workflow for human serum samples analysis consisting of the im-
munopurification of REGIA from 2 mL serum followed by elution with trypsin,
concentration and LC-MS analysis. The study of a control and a PaC IIB sample
showed differences in the abundancy of some glycoforms, being the most relevant

the increase of sialyl-T and STn antigens in the tumour sample. Thus, REGIA
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O-glycosylation in the PaC patient serum corresponded with the tumour-associ-
ated structures found in O-glycans [476,477]. Analyses of more PaC and control
samples are required to confirm the presence of these tumour-associated gly-

coforms in most PaC samples and their differential expression from control ones.

Concluding remarks and future directions

The study of specific glycoforms on glycoproteins with altered expression in PaC
could yield novel tumour markers for its diagnosis. In this work, we in-depth ana-
lysed the glycan structures carried by two glycoproteins (MSLN and REG1) in
diverse physiological conditions. Moreover, we designed new assays for the deter-
mination of those glycoforms able to discriminate between benign and malignant

conditions.

Cf-MSLN showed promising results in diagnosing PaC when combined with
CA19-9 levels. The usefulness of this biomarker should be further validated in a
larger cohort of patients including other cancer types as well as other benign situ-
ations. Development of other strategies for the assessment of Gf~-MSLN, minimis-
ing sample handling, would also be appreciated for its translation into the clinical
routine. Many other glycan determinants were detected in MSLN apart from its
core fucosylation, such as highly branched and sialylated structures. In this regard,
the development of other assays to evaluate these glycoforms could also yield en-

couraging results.

A MS strategy for determining several REGIA glycoforms in biological samples
was developed and could be used to analyse a large number of serum samples in
a high-throughput and automated mode. Glycopeptide analysis of REG1A by MS
provided the identification of various particular glycan structures in contraposition
to the use of biological probes such as lectins, which have intrinsic limited affinity
and specificity. The increase in REGIA glycopeptides containing sialyl-T and
STn in a PaC sample pointed the potential of these glycoforms as tumour markers.
Hence, the analysis of REG1A glycoforms in a cohort of patients and control in-
dividuals to determine their accuracy in detecting PaC should be regarded as the

next step in this research line.
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To summarise, this thesis provides novel knowledge on the structure of MSLN
and REG]1 glycosylation in PaC and describes useful methodologies for their anal-
ysis in complex biological samples such as blood serum. At the same time, it opens
the way to their future validation as PaC diagnostic tests based on these glycopro-

teins altered glycosylation.
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Conclusions

In regard to the analysis of MSLN glycoforms as PaC tumour markers:

L.

MSLN is vastly expressed in PaC cell lines, both in protein lysates and
their secreted media, being the concentration in the latter much higher.
MSLN is also expressed in 77.4% of PaC tissues and only in 10% of

healthy pancreas lysates.

At the macroheterogeneity level, MSLN MN-glycosylation is found at its
three potential N-glycosylation sites. Regarding its microheterogeneity,
MSLN N-glycans from PaC cell lines are mainly composed of sialylated
complex-type structures, most of which with core fucosylation and highly

branched.

A sandwich ELISA for the quantification of MSLN and a hybrid ELLA
immunoassay to specifically quantify core fucosylated MSLN glycoforms
(Cf-MSLN) in complex biological samples have been established. The for-
mer relies in the use of two different species anti-MSLN antibodies, while
the latter requires an anti-MSLN capture antibody and the PhoSL lectin

as the detection probe.

The analysis of serum Gf-MSLN in a cohort of healthy individuals, ChP
and PaC patients has shown a decrease of C{~MSLN glycoforms in PaC
patients. This novel test can discriminate PaC patients from ChP patients
and healthy individuals with a sensitivity and specificity of 73.3% and
75%, respectively. Combination of CEMSLN with CA19-9 increase the
accuracy of the biomarker up to 93.3% and 81.2% sensitivity and speci-

ficity.
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Related to the analysis of REG1 glycoforms as PaC tumour markers:

d.

10.

REGI] is not expressed in the analysed PaC cell lines, either in protein
lysates or secretion media. In tissues, MSLN is expressed in 60.5-65.8%

of PaC samples and 90.9% of control tissues.

Pancreatic tissues REG1 O-glycans analysis with lectins has shown them
to be sialylated and fucosylated. The expression of terminal Gal is only
observed in control tissues, while the expression of GalNAc and a2,6-SA

is only detected in PaC tissues.

The development of an ELLA assay to quantify those REG1 glycoforms
differentially expressed in benign and malignant situations has not been
possible due to the lack of affinity and sensitivity of commercially available
lectins and secondary reagents. Nonetheless, a sandwich ELISA to quan-

tify REG1 has been established.

The analysis of a recombinant REG1A standard O-glycosylation by MS-
based glycoproteomic approaches has showenup to 16 glycan structures,

including truncated, core 2 and core 4 O-glycans.

A targeted LC-MS methodology consisting in a HILIC separation, ESI
ionisation and TQ detection (with SRM data acquisition) to analyse
REGIA glycopeptides from complex biological samples has detected up
to eight REG1A glycoforms.

REGIA glycoforms that contain tumour-associated glycans (STn and si-
alyl-T) are neo- and over-expressed in a PaC serum sample compared to a
pooled control serum. Therefore, these REG1A glycoforms stand as can-

didates for PaC biomarkers.
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