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BACKGROUND: Novel immunotherapies targeting cancer-associated truncated O-glycans Tn (GalNAca-Ser/Thr) and STn
(Neu5Aca2-6GalNaca-Ser/Thr) are promising strategies for cancer treatment. However, no comprehensive, antibody-based
mapping of truncated O-glycans in tumours exist to guide drug development.

METHODS: We used monoclonal antibodies to map the expression of truncated O-glycans in >700 tissue cores representing
healthy and tumour tissues originating from breast, colon, lung, pancreas, skin, CNS and mesenchymal tissue. Patient-derived
xenografts were used to evaluate Tn expression upon tumour engraftment.

RESULTS: The Tn-antigen was highly expressed in breast (57%, n = 64), colorectal (51%, n = 140) and pancreatic (53%, n = 108)
tumours, while STn was mainly observed in colorectal (80%, n = 140) and pancreatic (56%, n = 108) tumours. We observed no
truncated O-glycans in mesenchymal tumours (n = 32) and low expression of Tn (5%, n = 87) and STn (1%, n = 75) in CNS tumours.
No Tn-antigen was found in normal tissue (n = 124) while STn was occasionally observed in healthy gastrointestinal tissue. Surface
expression of Tn-antigen was identified across several cancers. Tn and STn expression decreased with tumour grade, but not with

cancer stage. Numerous xenografts maintained Tn expression.

CONCLUSIONS: Surface expression of truncated O-glycans is limited to cancers of epithelial origin, making Tn and STn attractive

immunological targets in the treatment of human carcinomas.
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BACKGROUND

Novel immunological therapies such as Chimeric Antigen Recep-
tor (CAR) T cells, Bi-specific T-cell Engagers (BiTEs), and
antibody-drug conjugates (ADCs) are promising strategies for
cancer treatment. Nevertheless, treatment of solid tumours, as
well as severe toxic reactions, are still substantial challenges [1, 2].
In order to improve therapy, identification of tumour-antigens
that are both highly and specifically expressed in tumours is
needed. Much research is currently focused on targeting aberrant
protein expression arising from mutations occurring in the tumour
genome [3]. However, pursuing the tumour glycome provides a
complimentary and attractive route for cancer-antigen discovery
and therapy by enabling simultaneous, highly specific targeting of
tumour-associated glycans and proteins [4, 5].

Glycosylation of proteins is one of the most abundant and
diverse post-translational modifications and aberrant glycosylation
is a common feature of cancer cells [6-8]. Notably, most FDA-
approved biomarkers in cancer diagnostics detected by antibodies
are either glycans or glycoproteins [9]. The two most common
classes of glycans found on proteins are N-linked glycans, which
are attached to asparagine residues, and GalNAc-type O-linked

glycans, often attached to serine and threonine or, occasionally,
tyrosine residues (from here on referred to as “O-glycans”) [10].
O-glycosylation is known to occur at ~85% of surface presented or
secreted proteins [11, 12] and alterations in O-glycosylation is
associated with malignancy [13]. In healthy human tissue,
O-glycosylation is initiated when GalNAc (N-acetylgalactosamine)
residues are attached to a polypeptide, which is followed by
further elongation, branching and capping to form elaborate
structures (Fig. 1). However, in many human cancers, incomplete
O-glycosylation results in surface expression of truncated
O-glycans that usually reside as intermediates in the secretory
pathway [6, 14-17]. These include the Tn-antigen (Thomsen-
nouveau; GalNAca-Ser/Thr), its sialylated version the STn-antigen
(sialyl-Tn; Neu5Aca2-6GalNAca-Ser/Thr) and the elongated
T-antigen (Thomsen-Friedenreich; GalB1-3GalNAca-Ser/Thr).

As early as 1969, researchers identified the Tn-antigen on the
surface of tumour cells using the Helix pomatia lectin (HPL) [18].
Seminal work was done by Springer et al. in the 70s and 80s,
establishing the Tn-antigen as a pan-cancer marker in human
cancers [13]. In parallel, the STn-antigen attracted much attention,
especially in the 80s and 90s, with an STn-targeted anticancer
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Fig. 1 O-glycan biosynthesis and structure. Overview of the biosynthesis of core 1, 2, 3 and 4 O-GalNAc glycans (adapted from Varki et al.

[15]). Black backbones depict proteins, black lines depict glycosidic bonds with the type of bond assigned. Arrows illustrate enzymatic
elongation of glycan structures catalysed by assigned transferases. Structures highlighted in the grey box are the cancer-associated glycans
mapped in this study. The graphic depiction is in accordance with the Symbol Nomenclature for the Graphical Representation of Glycans [80].
Yellow square = GalNAc. Pink square = Sialic acid (Neu5Ac). Blue square = Glucose. Yellow circle = Galactose. Tn-antigen = Thomsen-nouveau
antigen, STn-antigen = sialyl-Tn antigen, T-antigen = Thomsen-Friedenreich antigen, Ser/Thr = serine/threonine.

vaccine entering Phase lll clinical trials [19]. The STn-based vaccine
was well tolerated in patients, but the Phase Il clinical trial failed
to demonstrate improved median time to disease progression,
possibly due to the fact that patients had not been evaluated for
STn expression prior to enrolment [20-22]. In contrast, the T-
antigen, although expressed on many cancer cells, is not regarded
as a cancer-specific antigen due to its expression in healthy tissue,
e.g. hematopoietic stem cells and skin keratinocytes, and has
attracted less attention as a therapeutic target [6, 19, 23].

The relevance of truncated O-glycans as targets for treatment is
underscored by the fact that expression of truncated O-glycans
contribute to several hallmarks of cancer and correlates with
clinical outcome [6, 24, 25]. Expression of truncated O-glycans
directly induces oncogenic features such as a change in
differentiation, increased invasion and impaired adhesion in skin
organoids [23, 26, 27] and intestinal cancers in murine models
[28, 29]. In addition, elongation of the Tn-antigen confers
resistance to the immunological killing of tumour cells [30].
Furthermore, truncated O-glycans have been found in the early
stages of tumorigenesis, e.g. in polyps, pre-malignant lesions and
cancer-adjacent tissue [31, 32]. In a clinical setting, investigators
have found that the expression of truncated glycans correlates
with poor clinical outcomes amongst patients with urinary bladder
carcinomas and colorectal cancer [33, 34]. Similarly, Tn expression
has been found to correlate positively with higher pathological
tumour-node metastasis (pTNM) stages, shortened disease-free
intervals and positive lymph node status in breast cancer patients

[35, 36], while changes in O-glycosylation of mucins correlate with
the progression of pancreatic cancer and influence oncogenic
properties in pancreatic tumour cells [37, 38]. In addition, levels of
STn in carcinomas or sera of patients with gastric, colorectal, and
ovarian cancer correlates with poor prognosis while autoantibodies
against aberrantly glycosylated mucins have been found in
colorectal cancer patients [39-42]. Taken together, these findings
suggest that truncated O-glycans induce oncogenic features,
contribute to tumour severity, and affect tumour-immune interac-
tions—and thus, escaping potential treatments targeting truncated
O-glycans may come with a severe fitness cost for cancer cells.
Despite being identified as tumour markers almost half a
century ago, no FDA-approved drugs target truncated O-glycans.
Even so, the emergence of novel immunological therapies aiming
at the tumour glycome is predicted to change the status quo and
enable us to harness the therapeutic potential of cancer-
associated truncated O-glycans. However, this requires a revisited
and updated characterisation of the expression of truncated
O-glycans in human cancers. The literature on Tn, STn and cancer
is vast [6, 19]. Still, many studies do not directly address the
subcellular location of the Tn, STn or T-antigens on the cell surface
vis-a-vis solely as intracellular, biosynthetic intermediates in the
secretory pathway, or the heterogeneity of the antigen expression
within single tumours. Furthermore, mapping of truncated
O-glycans has been hampered by methodological challenges,
such as distinguishing between the blood type antigens (blood
type a; GalNAc-a) and the Tn epitope (i.e. GalNAc attached to a
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protein) when using lectins such as HPL—a challenge that well-
executed, antibody-based strategies potentially resolves [43]. In
this paper, we provide a reference mapping of Tn, STn and
T-expression in a range of human cancers of epithelial and non-
epithelial origin using well-characterised monoclonal antibodies
for the guidance of modern, therapeutic strategies targeting
truncated O-glycans in cancers.

METHODS

Tumour microarrays

Tumour microarrays were acquired through US Biomax, Inc.,, USA, and a
total of 769 tumour cores were probed for expression of truncated
O-glycans. The following microarrays were used in this study: BC0813b,
CO1501, LC806, PA2081c, Hski-C072PT-01, GL803¢, GL151, T291b, T261a
and FDA999v. Patient specifications (age and sex), as well as tumour grade,
stage, organ of origin, pathological diagnosis, and tissue type (adjacent,
inflammation, malignant, metastasis or normal), were included in the
dataset based on information from the US Biomax Inc. website (https://
www.biomax.us/). Individual tumour cores that were lost during staining
procedures were excluded from the analyses and n-numbers used in
results indicate the number of remaining samples reliably stained.

Immunohistochemistry of tumour microarrays

Tumour microarrays were deparaffinated and heat-induced epitope retrieval
was conducted using Tris-EDTA buffer (pH=09). The microarrays were
stained for immunohistochemistry (IHC) using the monoclonal murine
antibodies 5F4 (HB-Tn, anti-Tn, IgM), 3F1 (HB-STn, anti-STn, IgG1), or 3C9 (HB-
T, anti-T, IgM) at 4 °C overnight. All three antibodies were produced from
hybridoma cells in our own laboratory and have been thoroughly
characterised [30, 44-49]. Staining was performed using the EnVision
System-HRP (cat# K400111-2, Agilent, Glostrup, DK) according to the
manufacturer’s instructions. Samples were mounted with Pertex (Sigma-
Aldrich, Sgborg, DK) using the manufacturer's instructions and scanned
using Axio Scan Z1. Each core was manually evaluated by at least two
individuals independently, including a trained pathologist. The final scoring
was achieved by averaging the scores, and cores with large discrepancies
were re-evaluated. The intensity of staining was graded from 0-4 and the
percentage of the tumour stained was noted (excluding non-tumour tissue).
Images scoring 3 or 4, with 210% of the tumour being positive, and with
membranous accentuation, were annotated as positive for truncated
O-glycan surface expression. Images scoring 0-2, with <10% of the tumour
staining positive, or with only cytosolic staining, were annotated as negative.

Confocal microscopy and co-localisation analysis

Sections were deparaffinized and heat-induced epitope retrieval was
conducted using Tris-EDTA buffer (pH = 9). Indirect immunofluorescence
was performed using biotinylated Vicia Villosa Lectin (VVA; cat# B-1235-2,
Vector Laboratories, Burlingame, CA, USA) and polyclonal rabbit anti-
Desmocollin-2 antibody (DSC2; cat# 13876-1-AP, Proteintech, Manchester,
UK) followed by secondary streptavidin Alexa Fluor 488-conjugate (cat#
S$11223, ThermoFischer Scientific) and Alexa Fluor 594-conjugated goat
anti-rabbit IgG (H + L) antibody (cat# A-11012, ThermoFischer Scientific).
Nuclei were stained with DAPI and sections were mounted with ProLong
Gold Antifade Mountant (ThermoFischer Scientific). Confocal images were
captured on a Zeiss LSM 710 using a 405-nm diode laser for the DAPI
channel, a 488-nm argon laser for the Alexa Fluor 488 channel and a 561-
nm solid-state laser for the Alexa Fluor 594 channel. Exposure was set for
the optimal signal-to-noise ratio for each image. Confocal images were
used for co-localisation analysis using the Image) addon Coloc 2. The
background was subtracted from the individual channels, and the Pearson
correlation coefficient, Costes’ P value, and Mander’s co-localisation
coefficients tM1 and tM2 values were determined using the Costes’
automatic threshold algorithm. Costes’ P value was calculated using 200
randomisations [50-52]. Costes’ P value >0.95 was considered significant.

Patient-derived xenograft models

Studies using a low-passage Patient-Derived Xenograft (PDX) model for
various primary tumours were carried out at Champions Oncology. Briefly,
patient-derived tumour cells derived from endometrial, non-small-cell lung
carcinoma (NSCLC), bladder, hepatocellular carcinoma, pancreatic, gastric,
ovarian, uterine, breast, colorectal, cholangiocarcinoma (CCA), head and
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neck, sarcoma and oesophageal cancers were expanded in nu/nu mice.
When tumour size fell within the range of 150-300 mm?>, tumours were
fixed in neutral buffered formalin, embedded in paraffin, and processed for
IHC using the 5F4 antibody, as described above. The histochemical score
(H-score) was calculated for each PDX core using the QuPath software [53].
The diameters of each core were automatically set to 1.2 mm. Cells were
detected using the following parameters: pixel size 1 um, background
radius = 10 um, sigma = 1.5 um, minimum area = 10 ym?, maximum area
=400 umz, threshold = 0.1, maximum background intensity = 2, and cell
expansion = 15 ym. Cancer cells, stromal cells and immune cells were
detected by training the object classifier. The staining intensity was
determined by the mean intensity and was classified as either high
intensity (>75th percentile), medium intensity (50th—75th percentile), low
intensity (25th-50th percentile), and negative (<25th percentile). H-scores
were reported between 0-300, with 300 being homogenous, high-
intensity stain. The cellular surface stain was scored manually. Cores were
scored positive only if 210% of the core stained medium or high and if
they were annotated for surface staining.

Statistics, image analysis and code availability

Statistical analysis was conducted in R and the source code is included in
the supplementary materials [54]. Briefly, odds ratios and confidence
intervals were calculated using logistic regression. Correlation tests were
performed by calculating the Pearson correlation coefficient and its
associated P value. The Wilcoxon rank-sum test was used to test for
significant differences in H-scores, percent positivity and staining intensity
of PDX cores annotated with surface staining or non-surface staining. Two-
tailed P values <0.05 were regarded as statistically significant.

RESULTS

Tumours of epithelial origin express high levels of truncated
O-glycans

We scored all IHC stained cores as either positive (medium or
high staining intensity, with >10% positivity, and with membra-
nous accentuation) or negative (weak staining intensity, <10%
positivity, no surface staining, or pure cytosolic staining).
Both the Tn-antigen (GalNAca-Ser/Thr) and the STn-antigen
(Neu5Aca2-6GalNAca-Ser/Thr) showed high levels of surface
expression in a large fraction of the tumours derived from
epithelial tissue of the breast, colon, lung, skin and pancreas
(Table 1 and Fig. 2a—c). In contrast, lower surface expression levels
of the T-antigen was observed (Table 1 and Fig. 2a, d). More
specifically, the Tn-antigen was detected in 57% of all breast
cancer cores, while the STn-antigen was detected in 33%; of which
the majority were invasive ductal carcinomas. In colorectal
adenocarcinomas, we found surface expression of the Tn-
antigen in 51% of the cases, while STn was seen in 80% of the
cases. In pancreatic cancer, we found 53% Tn-positive and 56%
STn-positive cases, with an almost even distribution among the
examined subtypes. The Tn-antigen was identified in only 16% of
all lung cancers, while STn was detected in 33% of lung cancers.
Surface-localised Tn-antigen was detected in 33% of all skin
tumours from both squamous and basal carcinomas, while STn
was detected in 24% of the skin tumours. Reactivity against
truncated O-glycans was also prominent in the cytosol of all
tumour types, often showing supranuclear staining indicative of
Golgi localisation, whereas nuclear staining was not observed
(Fig. 2a, e). Using confocal microscopy, we confirmed co-
localisation of the Tn-antigen and the cell surface marker
desmocollin-2 in a subset of tumours from skin (n=4), colon
(n=4) and pancreatic (n =4) cancers (Fig. 2e—g). Co-localisation
analysis revealed a weak but significant correlation between
desmocollin-2 and Tn-antigen staining with an average Pearson
correlation coefficient of 0.27 (SD=0.12) for skin cancer, 0.15
(SD = 0.05) for colon cancer and 0.16 (SD = 0.08) for pancreatic
cancer, all with Costes’ P values of 1. Calculation of Manders’ co-
localisation coefficients showed that, on average, 49% (SD = 16%),
46% (SD=28%) or 41% (SD=30%) of all desmocollin-2 signal
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Table 1.

Breast cancer, total

Colorectal cancer, total

Lung cancer, total

Skin cancer, total

Pancreatic cancer, total

Osteosarcoma, total

Bone marrow cancers

Truncated O-glycans in human cancer.

Invasive ductal carcinoma

Medullary carcinoma

Adenocarcinoma
Signet-ring cell carcinoma

Adenocarcinoma

Bronchioloalveolar carcinoma

Large cell undifferentiated carcinoma
Papillary adenocarcinoma

Squamous cell carcinoma

Small cell carcinoma

Squamous cell carcinoma
Basal cell carcinoma

Adenocarcinoma
Adenosquamous carcinoma

Duct adenocarcinoma

Islet cell tumour

Mucinous adenocarcinoma
Neuroendocrine tumour
Undifferentiated adenocarcinoma

Chondroblastic
Osteoblastic

Plasma cell myeloma

Tumours of the CNS, total

Glioblastoma
Ependymoma
Astrocytoma
Oligoastrocytoma
Oligodendroglioma
Medulloblastoma

Positive/Total (% positive)

Tn STn T

35/64 (57%) 22/68 (33%) 18/57 (32%)
32/55 (58%) 22/59 (37%) 15/48 (31%)
3/9 (33%) 0/9 (0%) 3/9 (33%)
71/140 (51%) 112/140 (80%) 26/128 (20%)
69/136 (51%) 110/135 (81%) 26/124 (21%)
2/4 (50%) 2/4 (50%) 0/4 (0%)
13/80 (16%) 26/79 (33%) 8/79 (10%)
2/17 (12%) 8/17 (47%) 1/16 (6%)
1/9 (11%) 1/9 (11%) 1/9 (11%)
2/8 (25%) 2/8 (25%) 1/8 (13%)
3/9 (33%) 6/9 (67%) 2/9 (22%)
5/31 (16%) 10/31 (32%) 3/31 (10%)
0/5 (0%) 0/4 (0%) 0/5 (0%)
13/39 (33%) 9/37 (24%) 6/24 (25%)
4/18 (22%) 9/18 (50%) 4/15 (27%)
7/15 (47%) 0/15 (0%) 2/13 (15%)
57/108 (53%) 60/108 (56%) 17/108 (16%)
7/12 (58%) 8/12 (67%) 2/12 (19%)
5/6 (83%) 5/6 (83%) 0/6 (0%)
36/54 (67%) 41/54 (76%) 10/54 (19%)
0/20 (0%) 0/20 (0%) 2/20 (10%)
2/2 (100%) 2/2 (100%) 1/2 (50%)
1/2 (50%) 0/2 (0%) 0/2 (0%)
1/2 (50%) 0/2 (0%) 0/2 (0%)
0/8 (0%) N/D 0/8 (0%)
0/4 (0%) 0/4 (0%)
0/4 (0%) 0/4 (0%)
0/8 (0%) 0/8 (0%) N/D

0/8 (0%) 0/8 (0%)

4/87 (5%) 1/75 (1%) 17/75 (23%)
4/40 (10%) 0/40 (0%) 6/40 (15%)
0/16 (0%) 0/4 (0%) 2/4 (50%)
0/15 (0%) 0/15 (0%) 6/15 (40%)
0/4 (0%) 0/4 (0%) 1/4 (25%)
0/9 (0%) 1/9 (11%) 2/9 (22%)
0/3 (0%) 0/3 (0%) 0/3 (0%)

Tn Thomsen-nouveau antigen, GalNAca-Ser/Thr, STn sialyl-Tn antigen, Neu5Aca2-6GalNAca -Ser/Thr. T Thomsen-Friedenreich antigen, Galp1-3GalNAca-Ser/

Thr. N/D not determined, i.e. samples were not available for analysis.

The number of tumour cores classified as positive for Tn-, STn- or T-expression defined as (a) strong staining, (b) membranous accentuation and (c) >10 % of
the tumour being strongly stained using IHC (before /) relative to the total number of tumour cores sampled (after /). The percentage of positive tumour cores
is given in brackets. Bold values are aggregated results from all tumor core of a specific tumor type (e.g. “Breast cancer”) whereas results from tumor subclasses
(e.g. “Medullary carcinoma”) are not bold.

above threshold co-localised with Tn-antigen for skin, colon and
pancreatic cancers, respectively, while 48% (SD=18%), 44%
(SD=16%), or 51% (SD=24%) of all Tn-antigen signal above
threshold co-localised with desmocollin-2 (Fig. 2g).

None or few tumours originating from the CNS or
mesenchymal tissue express truncated O-glycans
When probing expression of truncated O-glycans in tumours of
the CNS or mesenchymal tissue, little surface expression was
observed (Table 1 and Supplementary Fig. 1). Importantly, we
observed surface expression of the Tn-antigen in a subset of

glioblastoma cancers (10%), while STn expression was only
detected in a single oligodendroglioma case. T-expression was
in general more predominant in tumours of the CNS and was
observed in 23% of the samples. We found no expression of
truncated O-glycans in cancers of mesenchymal origin.

Tn is not expressed in healthy, human tissue, whereas STn and
T are occasionally detected

To probe the expression of truncated O-glycans outside a cancer
context, we analysed the expression of Tn-antigen, STn-antigen
and T-antigen in normal tissue, tumour-adjacent tissue and

British Journal of Cancer (2021) 125:1239-1250



Colon Breast Skin

Colon cancer Skin cancer

Pancreatic cancer

T.B. Romer et al.

Pancreas
5 Tn-positive tumors

Colon 51%
Breast 57%
Skin[ 3%
Lung [ ] 16%
Pancreas | ]s3%

0% 20% 40% 60% 80% 100%

|

c STn-positive tumors

Colon 80%

Breast 33
Skin 24%
Lung 33

Pancreas 56%

|

0% 20% 40% 60% 80% 100%

d T-positive tumors

Colon 20%
Breast [ |s2%
Skin
Lung [_]10%
Pancreas || 16%

0% 20% 40% 60% 80% 100%

25%

|

Skin cancer g Skin cancer (n = 4)
1.00 —

0.50
025 @]
0.00

Red channel intensity M1 tM2  Pearson Costes
DSC2)

Green channel intensity
(Tn)

Colon cancer Colon cancer (n = 4)

1.00 ™

0.50

0.25
- L
Red channel intensity M1 tM2  Pearson Costes
(DSC2)

Pancreatic cancer Pancreatic cancer (n = 4)
1.00 L

0.50
0.25
0.00 @

Red channel intensity M1 tM2  Pearson Costes
(DSC2)

Green channel intensity
(Tn)

Green channel intensity
(Tn)

Fig.2 Truncated O-glycans are surface exposed in tumours of epithelial origin. a Representative micrographic pictures at x40 magnification
and x400 magnification (black box) of five different epithelial tumour samples IHC stained using monoclonal antibodies against the Tn- (5F4),
STn- (3F1) and T-antigens (3C9). Arrows highlight membranous accentuation. b-d Graphic illustrations of the percentage of each stained type
of cancer staining positive for the given glycan structure. e Representative confocal images of skin, colon and pancreatic tumours stained for
the Tn-antigen using the VVA lectin (green) and desmocollin-2 (DSC2, red). Nuclear staining was done using DAPI. From left to right: combined
channel image, green channel image (Tn), red channel image (DSC2) and the grayscale image showing only co-localised pixels following co-
localisation analysis. f Representative fluorograms, dot plots showing the green and red intensity of each individual pixel of the image.
Thresholds for the green and red channels are indicated as horizontal and vertical lines, respectively, and a trendline for the correlation has
been drawn as a diagonal line. g Barplot representing mean + SD of calculated Manders' co-localisation coefficients (tM1 and tM2), Pearson
correlation coefficients, Costes’ P values from confocal images of skin (n =4), colon (n =4) and pancreatic (n = 4) tumours.

inflamed tissue (Fig. 3 and Supplementary Table 1). We did
not find Tn surface expression in any healthy, normal tissues and
only found Tn surface expression in a single sample of tumour-
adjacent breast tissue. Surface STn expression was observed in
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tissue from healthy gastrointestinal tracts, with 31% of colon
samples being STn-positive and reactivity observed in oesopha-
geal, laryngeal and tonsillar tissue. Importantly, STn surface
expression was only observed in suprabasal cells of oesophageal
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Fig. 3 Truncated O-glycans are rarely surface exposed in healthy tissue. Representative micrographic pictures at x40 magnification and
x400 magnification (black box) of healthy tissue IHC stained using monoclonal antibodies against the Tn- (5F4), STn- (3F1) and

T-antigens (3C9).

and laryngeal tissues, while STn expression in the basal cells was
confined to the intracellular compartment. Likewise, STn expres-
sion in the healthy colon was localised to the apical cell
membrane and was not found in the basal membrane of the
cells. The T-antigen was surface exposed in normal skin and
pancreatic tissue and in tumour-adjacent tissue in the breast and
pancreas, with minute detection in healthy laryngeal and colon
tissue.

Truncated O-glycans are heterogeneously expressed within
single tumours

A substantial level of intratumor heterogeneity was observed
within Tn, STn and T-positive tumours of the breast, colon, lung,
pancreas and skin, ranging from a small subset of positive cells to
the entire tumour core showing surface expression of truncated
O-glycans (Figs. 4a and 2a). Across Tn-positive tumours, breast
tumours showed the most consistently tumour-wide Tn expres-
sion, with an average of 84% of the cancer cells being positive.
Likewise, the T-antigen was expressed in a high percentage of
cancer cells in T-positive breast tumours, averaging at 77%,
whereas the STn-antigen was expressed, on average, by just 46%
of the cancer cells of STn-positive breast tumours. A high
proportion of positive cancer cells was seen in STn-positive colon
tumours, with an average of 73% of the cancer cells being STn
positive. In lung and pancreatic tumours, Tn-positive tumours
showed similar average proportions of cancer cells carrying Tn-
antigen (60% in pancreatic and 56% in lung tumours), while the

proportion of positive cancer cells in T-positive tumours were
relatively low for both tumour types.

Truncated O-glycans are expressed in all stages of cancer
development, but decrease with tumour grade

Cancers with truncated O-glycans were found throughout different
tumour grades and stages (Fig. 4b). By calculating odds ratios
comparing the odds for expression of truncated O-glycans in cancer
grades 2, 3 and 4 to grade 1, we found a statistically significant lower
odds ratio for Tn surface expression in grade 4 cancers (OR=0.22,
95% Cl =0.07-0.54, P value =0.002), indicating that Tn surface
expression may decrease in high-grade cancer. Furthermore, we
found a gradual reduction in the odds ratio for STn surface
expression with increasing cancer grades (grade 2 OR = 0.43, 95%
Cl =0.22-0.81, P value = 0.01; grade 3 OR = 0.25, 95% Cl =0.11-0.54,
P value <0.001; grade 4 OR=0.01, 95% Cl=0.002-0.05, P value
<0.001). However, we did not observe any significant association
between tumour grade and surface expression of T-structures.
Likewise, no significant association was observed in this dataset
between tumour stage and surface expression of truncated
O-glycans. When controlled for grade, stage and sex, no statistically
significant association was seen between age and surface expres-
sion of truncated O-glycans. Neither Tn nor STn expression was
associated with gender when controlled for the grade, stage and
age, but we did find a statistically significant lower odds ratio for the
surface expression of the T-antigen in males compared to females
(OR =0.38, 95% Cl =0.15-0.89, P value = 0.03).

British Journal of Cancer (2021) 125:1239-1250



T.B. Rgmer et al.

a b
B3 Tn STn T Tn STn T
[ T T
100 Grade 1 - ? 1 :
| 'y |
24 @~ —— H—
| | |
| wkx | |
*] -+ = e
75 | - | |
.‘é‘ 4 A —e— | — | —s—
= L | | |
2 Stage 1 + { }
o I I I
<] - —d —l
£ o0 2 T | |
s 3 —ok —e- —
c
= | | |
B3 4 - —— ——— -
] | I
| | |
25 T Female ° I I
| | I
Male »—QI~ »—:—~ ;l
| | I
| |
Age ¢ 1 1
0 T T T T T T I T T T I T T T I T
Breast Colon Lung Pancreas 0.01 0.1 1 10 0.01 0.1 1 10 0.01 0.1 1 10
Odds ratio (95% Cl)
c d
Co-occurrence
T
|
| *hx
I
Tn~STn A : e
I
|
|
[
|
Tn~T 1 : o
I
|
|
\ i
|
4 STn~T - ro
T I
B '
0.1 1 10
Odds ratio (95% Cl)
e R=0.124, p=0.156 R=0.289, p=0.039 R=-0.094, p=0.548
100 + o de gl o gt 0 P 100 .o L3 100 1 *» .
§ e o L) .o...-= . = ¥ e %0 < o o o » .
g 2 I
2 80qe ot gt oF 0 e < 801 .o ~ < 80q9° ° c e,
= . - s £ . .
8 601 : .t 2 601 g 60— -
- o ln e . . s o . .
€ 40dc 1t e e 4o 3 40 3 40, .
S IS £ o
= . e 3 3 1 &
204 o et a e . =20 A = 204 . 2
o So . .~ 3 ° e e % . . L c . .
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Tn tumour positivity (%) Tn tumour positivity (%) STn tumour positivity (%)
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The Tn- and STn-antigens often co-occur in the same tumours
Out of the 769 tissue cores from both healthy and cancerous
tissues that were analysed in this work, 674 cores were stained for
expression of the Tn-, STn- and T-antigen in parallel to test for co-
occurrence of these truncated O-glycans. Of these, a total of 325
cores were stained positively for at least one of these three
antigens (Fig. 4c). Of the 181 Tn-positive tumour cores, 129 (71%)
also stained positive for STn-antigen, whereas only 52 (29%)
stained positive for T-antigen. For the 227 STn-positive tumour
cores, 129 (57%) also express Tn-antigen whereas only 46 (20%)
showed simultaneous T-expression. In the 109 T-positive tumour
cores, Tn-antigen and STn-antigen were observed in 52 (48%) and
46 (42%) of the same cores, respectively. Of all the stained tissue
cores, 35 stained positive for the Tn-, STn- and T-antigens
simultaneously. We found a statistically significant association
between Tn- and STn-antigen expression (OR=10.3, 95% Cl
=7-15.37, P value <0.001) and between Tn- and T-antigen
expression (OR=2.99, 95% Cl=1.96-4.57, P value <0.001), but
not STn- and T-antigen expression (Fig. 4d). We next tested the
linear correlation between the percentage of positive cancer cells
for Tn-, STn- and T-antigens within each of the analysed tumours
and found a significant correlation between the percentage of
cells positive for the Tn- and T-antigens (R =0.289, P value =
0.039) (Fig. 4e).

Patient-derived xenografts express truncated O-glycans after
engraftment and tumour growth

To investigate whether truncated O-glycans are expressed after
grafting of tumour cells in a new microenvironment, we examined
PDX models with implanted tumour cells from patients into nu/nu
nude mice (Fig. 5). We probed Tn expression in xenografts of 14
different types of human tumours with the 5F4 antibody and
evaluated the level of membrane staining (Fig. 5a). Tn expression
(>10% medium-high intensity, surface staining) was observed in
multiple xenografts from 13 out of 14 types of cancer, with a varying
proportion of the xenografts staining positive within each cancer type
(Fig. 5b, c). The tumours with the highest percentage of Tn-positive
xenografts were endometrial cancers (30%, n=30) followed by
NSCLC (19%, n = 215), gastric cancers (18%, n = 50), ovarian cancers
(15%, n=108), uterine cancers (14%, n=21), pancreatic cancers
(14%, n = 163), breast cancers (14%, n = 178), bladder cancers (13%,
n = 30), colorectal cancers (8%, n=53), head and neck cancers (7%,
n=15), cholangiocarcinomas (CCA; 6%, n=32), hepatocellular
carcinomas (4%, n=25), and sarcomas (1%, n=267). No surface-
localised Tn expression was observed in oesophageal cancers (n=
31). The intratumor staining patterns were heterogenous, with some
tumours showing surface staining of individual cancer cells in a
diffuse pattern (e.g, colorectal cancer), others showing a patched
staining pattern (e.g, head and neck cancer) and some cancers
showing near total Tn surface expression (e.g. NSCLC) (Fig. 5a, c).

DISCUSSION
Despite improving clinical outcomes and representing conceptual
innovations, immunotherapeutic strategies are currently ham-
pered by a lack of efficacy against solid tumours and severe side
effects. For example, patients undergoing therapy with CART cells
experience cytokine release syndrome in 40-80% of cases and up
to 50% experience neurological side effects ranging from transient
aphasia to cerebral oedema and death [2]. Some toxic reactions
are directly associated with damage to healthy cells expressing
targeted antigens [55, 56]. Targeting the cancer-associated
truncated O-glycans provides an attractive route to improve
immunotherapies, but requires robust knowledge of the expres-
sion level, heterogeneity and subcellular location of O-glycans in
different types of cancer.

Our study provides a reference mapping of truncated O-glycans
in a range of human tumours derived from both epithelial and

non-epithelial tissues using well-characterised monoclonal anti-
bodies and more than 700 tumour cores. We found high
expression levels of Tn- and STn-antigen in human cancers
derived from epithelial tissue, such as tumours of the breast,
colon, lung, pancreas, and skin (Fig. 2a-d and Table 1). These
findings are in agreement with the literature, where cancers of
epithelial origin in several studies have been identified as
expressing truncated O-glycans [13, 31, 35, 57]. Of note, we found
distinct variation in the expression of truncated O-glycans
between different cancer types from the same organ. In breast
cancer, ductal carcinomas often expressed both Tn- and STn-
antigen, with lesser reactivity observed in medullary carcinomas
(Table 1). Regarding lung cancer subtypes, adenocarcinomas and
squamous cell carcinomas often showed STn expression, but
rarely Tn-expression, whereas pancreatic tumours almost exclu-
sively showed expression of truncated O-glycans in adenocarci-
nomas and never in islet cell tumours (Table 1). These findings
could be due to different tissue or cell-specific mechanisms
driving cancer development and further studies correlating
molecular subtypes of cancers to the expression of truncated
O-glycans would be of interest. In contrast to epithelial tumours,
we found only limited expression of truncated O-glycans on the
cell surface in the vast majority of cancers derived from the CNS,
except for a subset (10%) of glioblastomas positive for the Tn-
antigen (Table 1 and Supplementary Fig. S1). Similarly, our analysis
of cancers derived from mesenchymal tissues suggests that the
expression of truncated O-glycans in cancer is a phenomenon
largely restricted to cancers of epithelial origin, and more
specifically to adenocarcinomas and squamous cell carcinomas
(Table 1 and Supplementary Fig. S1).

From an immunotherapeutic standpoint, the presence of
truncated glycans on the surface of cancer cells is paramount
for efficient targeting. Because of this, we included clear surface
accentuation as a criterium marking a tumour core positive for Tn-,
STn- or T-antigen in our immunohistochemical analysis. In order to
provide further evidence of true surface localisation of these
glycan structures in cancer cells, we conducted a co-localisation
analysis between the Tn-antigen and the surface adhesion protein
desmocollin-2 using confocal microscopy. We found variable, but
significant, co-localisation between the two channels across
multiple cancers (Fig. 2e-g). In addition, we found a low Pearson
correlation coefficient, despite a clear membrane localisation of
the Tn-staining in several tumour cores. Most likely, this
discrepancy occurs when cancer cells with evident surface
expression also have a high intracellular accumulation of Tn,
which results in low tM2 coefficients. In addition, we observed that
cancer cells with surface expression of the Tn-antigen tend to lose
expression of desmocollin-2, which is consistent with our previous
finding that Tn expression correlates with decreased cell-cell
interactions [23]. We can therefore conclude that the Tn-antigen is
localised to the plasma membrane in cancer cells, but the choice
of desmocollin-2 as a surface marker is clearly suboptimal. For
future endeavours, alternative methods, such as proximity ligation
assays, may be more reliable to quantify the amount of truncated
O-glycan structures localised to the plasma membrane. Indeed,
the proximity ligation assay has previously been used to
successfully detect the co-localisation of truncated Tn, STn and T
glycans to the MUC16 and MUC1 mucins of ovarian cancers [58].

In our analysis, we set a threshold of >10% tumour positivity
before a tumour core is annotated as positive. However, it should
be emphasised that a large proportion of the examined tumours
have >75% Tn surface positivity (20%, 42%, 5% and 19% of colon,
breast, lung and pancreas tumours, respectively). The same is the
case for STn, where we find 50% and 19%, respectively, of colon
and pancreas tumours to have =75% STn positivity. Our findings
are based on tumour microarrays (TMAs) and clinicopathological
findings in TMAs have been shown to correlate well with findings
in classical, pathological samples [59, 60]. Furthermore, we show
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that expression of Tn and STn is reduced with increasing tumour
grade. This could indicate that truncation of O-glycans occurs at
an early stage in the dedifferentiation of cancer cells, which is in
agreement with studies finding that truncated of O-glycans drive
early tumour development [28, 29] and that expression levels of
T-synthase increase with tumour grade [61]. It could be
hypothesised that truncated of O-glycans might provide prolif-
erative or immune-shielding advantages to the tumour that is not
needed when mutations accumulate and dedifferentiation drives
additional growth.

Importantly, we did not identify surface expression of the Tn-
antigen in 30 different healthy human tissues (Supplementary
Table S1). We found noteworthy expression of STn-antigen in the
healthy gastrointestinal tract and T-expression in pancreas and
skin samples, but in all cases found the staining to be either
intracellular or localised to suprabasal cells of the laryngeal and
oesophageal epithelium or to the apical membrane of colon cells
(Fig. 3). The interrogation of truncated O-glycans expression in
healthy human tissue is important for any translational endeavour.
Previous studies have found occasional reactivity with antibodies
and lectins towards Tn-antigen in normal, colonic mucosa [57]. In
addition, Tn-antigen has been found in human pancreatic acinar
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cells when using the VA lectin [62]. However, lectins show lower
specificity as compared to antibodies and furthermore, the
samples were derived from tumour-adjacent tissue of patients
undergoing surgery for pancreatic cancer, and thus samples were
likely to be of pre-malignant character. A recent study has
furthermore identified STn-antigen in the gastric epithelia of
canines [63], while deacetylation has been found to expose STn-
antigen on human colonic epithelia, but neither gastric nor
pancreatic tissue [64]. However, the relevance of these findings is
questionable in a clinical setting due to low expression levels, the
use of non-specific lectins, acetyl masking of epitopes in human
tissue, or insecure localisation of epitopes to the extra- versus
intracellular milieu. Hence, there is continued interest and need to
target short O-glycans possible combined with cancer-associated
proteins in therapeutic strategies.

Interestingly, we found expression of Tn-antigen in 13 out of 14
tumour types in our PDX models (Fig. 5), indicating that cells
carrying truncated O-glycans are maintained upon engraftment.
Similar to the pattern observed in primary tumours, we observed a
heterogenous staining pattern in the xenografts, with varying
degrees of staining intensity and coverage of the graft. This
heterogenous expression pattern implies that cells carrying
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truncated O-glycans might have a distinct function in tumorigen-
esis. Previously, we observed that induction of truncated
O-glycans promotes invasion in a human organotypic model,
possibly explaining the remaining Tn-expression upon engraft-
ment and tumour growth [23]. With the use of xenografts as a
model for metastasis and tumour growth, this could suggest that
tumour cells carrying truncated O-glycans play a role in the
seeding of cancer cells in a secondary microenvironment.
However, comparing the percentage of PDX models with surface
expression of the Tn-antigen to that of primary tumours, there
seems to be a decreased expression of the Tn-antigen in xenograft
tissues. One possibility is that this discrepancy could be induced
by the culturing of the cancer cells prior to xenografting them into
the mice, as cells that express Tn-antigen has been shown to have
decreased adherence [23, 26]. In addition, it is very likely that the
lack of an immunological selective pressure in the nude mice
decreases the Tn expression, as it has been shown that Tn-antigen
may be directly involved in immunosuppression through interac-
tion with MGL [65, 66].

Furthermore, we found that most individual tumours show
intratumor heterogeneity in Tn, STn and T-expression patterns
(Fig. 4a). Many tumours show only partial Tn, STn or T positivity,
suggesting that only a subset of tumour cells carry truncated
O-glycans at a given point of time in tumour development. These
findings are in agreement with previous studies that report a
heterogenous expression pattern of e.g. the STn-antigen in gastric
and colonic cancer [67]. In concert with the poor clinical prognosis
of Tn or STn-positive tumours and the oncogenic features induces
by O-glycans truncation, these findings might suggest that
truncation of O-glycans occur in a crucial subpopulation of
tumour cells, potentially driving cancer growth.

We found a significant association between the presence of
different truncated O-glycans within the same tumour (Fig. 4c, d).
Interestingly, even though Tn-antigen expression was found to be
a predictor of both STn- and T-antigen expression, we only found
a significant but weak correlation between the percentage of
cancer cells positive for both the Tn- and T-antigens. In addition,
we did not find a significant association between the STn- and
T-antigens either. These findings indicate that while the Tn-, STn-
and T-antigens will likely co-occur in some tumours that express
truncated O-glycans, the tumour predominantly expresses one
specific structure. This is in agreement with the apparent lack of a
universal mechanism for induction of truncated O-glycan expres-
sion in cancers [16]. Loss-of-function mutations in the chaperone
Cosmc/C1GALT1CT (required for the proper functioning of the
enzyme T -Synthase/C1GALT1) disrupt elongation from the initial
GalNAc-residues and result in expression of Tn and STn (see Fig. 1)
[68-70]. Studies have found that the Cosmc promotor is
hypermethylated in a subset of Tn-positive pancreatic tumours
[23], while other findings indicate no downregulation of neither
Cosmc nor T-Synthase in Tn-positive colorectal cancers [31].
Meanwhile, pre-malignant lesions and tumours of the gastro-
intestinal tract are known to express the STn-antigen, a process in
which the ST6GalNAc-I enzyme has been shown to be a key player
[71]. As such, it can be speculated that the affinity of tumours
towards specific truncated glycan structures arise due to
competition of the Tn-antigen as the substrate for multiple
elongation pathways. Our findings support this hypothesis, as we
observed a significant association between Tn-antigen and
respectively STn- and T-antigen, both of which are direct
elongations of the Tn-antigen, but not between STn-antigen and
T-antigen that are mutually exclusive elongations of Tn-antigen.
Other findings suggest that pH regulation [72, 73] and re-
localisation of glycosyltransferases in the secretory pathway
[74, 75] contribute to truncation of O-glycans, but these findings
are primarily ex vivo. Changes in the expression pattern of
glycosyltransferases have also been found to influence the
expression of truncated O-glycans, and upregulation of certain

ppGalNAc-Ts induce oncogenic features [76-78], while mutations
in BRAF have also been correlated to the expression of Tn [79].
None of these hypotheses has yet to—individually or combined—
explain more than a limited subset of cases or provide any models
that translate into clinical practice. In this study, we find that 29%
of Tn-positive tumours also express T-antigen, suggesting that the
surface expression of Tn-antigen does not result from a global
obliteration of Tn-elongation in all cancers. Understanding
truncation of O-glycans universally—or in the context of individual
cancers—is important for the assessment of truncated O-glycans
as potential targets for anticancer treatments.

In conclusion, our study provides a reference mapping of
truncated O-glycan expression in human cancers including
tumours of the breast, colon, lung, pancreas, and skin. We report
that cancers of epithelial origin display high expression levels of
Tn- and STn-antigen, with either the entire tumour or a subset of
tumour cells carrying truncated O-glycans. In addition, we
conducted a co-localisation analysis of confocal microscopy
images to successfully verify surface localisation of the Tn-
antigen in epithelial cancer cells. However, we found little surface
expression of Tn- and STn-antigen in tumours of the CNS and no
detectable truncated O-glycans in tumours of mesenchymal
tissue. We found no surface expression of Tn-antigen when
surveying 30 different types of healthy, human tissue and limited
expression of STn- and T-antigen. These findings underscore the
importance of considering truncated O-glycans as potential
targets for the treatment of epithelial cancers in the era of
immunological, antigen-targeted therapies.

DATA AVAILABILITY
All data included in the study are available upon request to the corresponding
author.
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