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There is an urgent need to develop new tumor biomarkers for early cancer detection, but the variability of tumor-derived antigens has
been a limitation. Here we demonstrate a novel anti-Tn antibody microarray platform to detect Tn+ glycoproteins, a near universal
antigen in carcinoma-derived glycoproteins, for broad detection of cancer. The platform uses a specific recombinant IgG1 to the Tn
antigen (CD175) as a capture reagent and a recombinant IgM to the Tn antigen as a detecting reagent. These reagents were validated
by immunohistochemistry in recognizing the Tn antigen using hundreds of human tumor specimens. Using this approach, we could
detect Tn+ glycoproteins at subnanogram levels using cell lines and culture media, serum, and stool samples from mice engineered
to express the Tn antigen in intestinal epithelial cells. The development of a general cancer detection platform using recombinant
antibodies for detection of altered tumor glycoproteins expressing a unique antigen could have a significant impact on cancer detection
and monitoring.

Short summary: We have developed a novel anti-Tn antigen-based immuno-platform to detect Tn+ glycoproteins expressed by tumor
cells as a single reagent to promote early universal cancer detection.

Key words: antibody; glycoprotein; microarrays; Tn antigen; tumor-specific carbohydrate antigen.

Introduction

The early detection of cancer is paramount to successful
therapy, but few biomarker assays are available for detecting
specific antigens produced by tumors. Some that have shown
promise and are currently used clinically are carbohydrate
antigen CA19-9, CA125, prostate-specific antigen (PSA), and
carcinoembryonic antigen (CEA; Henry and Hayes 2012;
Lee et al. 2020; Giamougiannis et al. 2021; O’Neill and
Stoita 2021). However, most of these markers result from
distinct changes in individual glycoproteins associated with
very specific cancers, but they are also expressed by normal
cells and expression can vary widely. Although efforts to
combine protein and gene markers have had some success,
no single reagent is currently available for universal cancer
detection (Cohen et al. 2018). Alterations in posttranslational
modifications of proteins, such as those generated by glyco-
syltransferases, can result in altered glycosylation of multiple

glycoprotein targets. In this way, mutation, mis-localization,
and other forms of glycosyltransferase dysfunction that
accompany neoplastic transformation can result in the
expression of an altered, distinct, and specific glycan signature
on many different glycoproteins. This results in hundreds if
not thousands of glycoproteins that share such a signature, as
these would be amplified by each neoplastic cell.

While a variety of tumor-associated carbohydrate antigens
have been studied, the most well-known and commonly
expressed in human carcinomas is the Tn antigen, GalNAca 1-
Ser/Thr (CD175), a glycoprotein-associated carbohydrate
antigen consisting of GalNAc linked to Ser and/or Thr
residues. Expression of this antigen requires enzymes in
the polypeptide aGalNAc-transferase (GALNT) family, of
which at least 20 mammalian genes are known (Bennett
et al. 2012; de Las Rivas et al. 2019; Beaman et al. 2022;
Nielsen et al. 2022). The Tn antigen is a neoantigen, and
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various studies indicate expression on glycoproteins in most
human carcinomas and over half of colorectal cancers (CRC),
but not in healthy tissues (Sakai et al. 2010; Kudelka et al.
2015; Stowell et al. 2015; Chia et al. 2016; Kolbl et al.
2016; Sun et al. 2018; Cervoni et al. 2020; Romer et al.
2021). Using specific anti-Tn antibodies to evaluate CRC,
one recent study observed 51% of Tn-positivity (n = 140,
antibody 5F4), whereas another observed 98% Tn-positivity
(n = 43, antibody ReBaGs6; Romer et al. 2021; Dombek
etal.2022). The Tn antigen is a natural biosynthetic precursor
that is normally extended by the T-synthase enzyme with
addition of galactose to form the Galg1-3GalNAca1-Ser/Thr
disaccharide (core 1), followed by further elongation by a
suite of glycosyltransferases to form the normal repertoire of
extended mucin-type O-glycans (Sakai et al. 2010; Ju et al.
2013; Kudelka et al. 2016, 2018). Such normal O-glycans are
found in >80% of cell surface and secreted proteins (Steentoft
et al. 2013). However, genetic or epigenetic disruption of T-
synthase, its specific chaperone Cosmec, mislocalization of
polypeptide aGalNAc-transferases, or Zn2+ dysregulation
can lead to Tn expression on glycoproteins and a truncated
tumor glycocalyx (Xia et al. 2004; Gill et al. 2006; Ju et al.
2008, 2014; Kudelka et al. 2016; Romer et al. 2023). Because
it is a truncated precursor for all O-GalNAc glycans, the
Tn antigen is expressed on the majority of cell surface
glycoproteins in carcinomas, irrespective of the cellular
proteome that defines tissue type. Expression of the Tn
antigen in tumor cells has been shown to drive tumorigenesis
(Radhakrishnan et al. 2014; Thomas et al. 2019; Hofmann
et al. 2021). Thus, the Tn is a highly abundant cell surface
marker expressed in many different tumor glycoproteins and
important in tumor formation, making it an ideal candidate
biomarker for universal cancer detection.

Although all cancers could benefit from early detection,
a survival benefit has been demonstrated for CRC, making
CRC an ideal test-case for novel cancer detection platforms
(Mandel et al. 1993; Thomas et al. 1995; Hardcastle et al.
1996; Mandel et al. 2000; Segnan et al. 2002, 2011; Faivre
et al. 2004; Kronborg et al. 2004; Weissfeld et al. 2005;
Lindholm et al. 2008; Atkin et al. 2010; Malila et al. 2011;
Schoen et al. 2012; Scholefield et al. 2012; Shaukat et al. 2013;
Holme et al. 2014; Force et al. 2016). However, current non-
invasive fecal assays have poor sensitivities for detecting early
lesions (adenoma 1-5 mm: <20%), and invasive approaches,
i.e. colonoscopies, have poor adherence (38 versus 69% for
fecal occult blood test; Inadomi et al. 2012; Knudsen et al.
2016). This highlights the potential for a stool-based test that
detects early disease to have a major impact on patient care.
Not only is Tn highly expressed in colorectal adenocarcino-
mas but also at the earliest signs of cellular atypia, making it an
ideal target for early detection (Ju et al. 2013, 2014; Kudelka
et al. 2015; Cervoni et al. 2020).

Despite the potential of Tn antigen as a marker of neo-
plastic disease, reagents capable of specifically detecting this
modification on a wide variety of neoplastic lesions have been
lacking. The small size of the Tn antigen, potential impact of
adjacent protein motifs, and competing structures that may
interfere with detection (“Tn-like” structures that terminate
in GalNAc, e.g. blood group A) have made it challenging to
generate antibodies that specifically recognize Tn antigen irre-
spective of the glycoprotein and therefore type of neoplastic
cell responsible for generating this distinct modification (Sakai
et al. 2010; Kudelka et al. 2015; Loureiro et al. 2015). In
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addition, and most compromising for Tn detection as a tumor
biomarker, is the occurrence of the Tn antigen in human IgA1,
where it is abundantly expressed in the hinge region in natural
IgA1 glycoforms (Mestecky et al. 2008; Lehoux et al. 2014).
Although lectins have been used to detect the Tn antigen,
such as Helix pomatia agglutinin and Vicia villosa agglutinin
(VVA), these lectins bind to other glycans with terminal
GalNAc, such as blood group A, limiting their diagnostic
application (Borgert et al. 2012). To overcome these obstacles
and the potential confounding effect of IgA1 glycoforms, we
have exploited 2 novel recombinant monoclonal antibodies
we recently developed against the Tn antigen—recombinant
human IgG1 Remabé and recombinant murine I[gM ReBaGs6
(Matsumoto et al. 2020). Each has high specificity for Tn in
a variety of contexts, yet do not recognize the Tn antigen that
occurs in IgA1 glycoforms.

Here we have used these engineered anti-Tn antibodies
(Borgert et al. 2012; Matsumoto et al. 2020) to develop
an ultrasensitive anti-Tn antibody microarray (ATAM). We
demonstrate that these anti-Tn antibodies recognize the most
common human tumors but not healthy controls. We vali-
dated ATAM using a mouse model engineered to express Tn in
the intestinal epithelia and stool samples, and using engineered
human cell lines from various tissues, and defined glycopro-
teins. The results demonstrate subnanogram sensitivity for Tn
detection. Thus, ATAM represents a promising approach for
early detection of CRC and other carcinomas.

Results
Development of an ATAM

We developed this microarray-based early cancer detection
platform ATAM against the Tn antigen (CD175), utilizing
recently generated recombinant anti-Tn antibodies (see Mate-
rial and Methods; Borgert et al. 2012; Matsumoto et al. 2020).
Microarrays enable high-throughput, microscale analysis,
multi-analyte detection, printing of diverse macromolecules,
and easy combination of new tests with existing assays for
improved test characteristics. The 2 recombinant anti-Tn
antibodies Remab6 human IgG1 and ReBaGs6 murine IgM,
each have identical CDRs in their variable domains. Both
antibodies recognize Tn clusters rather than single GalNAc
residues, which reduces off-target binding and increases tumor
specificity (Hirohashi et al. 1985; Borgert et al. 2012). These
engineered IgG and IgM isotypes allowed us to optimize
printing density/avidity for optimal antibody—carbohydrate
interactions (Borgert et al. 2012; Matsumoto et al. 2020).
Most importantly, neither of these antibodies bind to human
IgA1, where some glycoforms contain the Tn antigen. Since
tumor-derived glycoproteins with mucin domains, such
as MUC2, contain hundreds of Tn epitopes, a sandwich
detection approach can be used with multiple Tn epitopes
contained within a single mucin domain (Kudelka et al.
2015,2016). We empirically evaluated varying concentrations
of printed anti-Tn IgG or IgM antibodies (200, 400, and
800 wug/mL) on a nitrocellulose slide. As outlined in Fig. 1a,
we found that printing Remabé at 0.8 mg/mL with detection
using biotinylated ReBaGs6 at 5 ug/mL, followed by cyanine-
5 streptavidin detection with a microarray scanner, provided
optimal sensitivity. In all of our assays, we also printed IgG
isotype controls in the same well as Remabé and included all
antibodies in 10 spot replicates in a 16 subwell format (i.e. 16
wells per slide for analysis of 16 individual samples per assay).



MR Kudelka and W Gu et al.

A

Cellular glycoprotein with normal

sialylated and extended O-glycans P g
o}
e
Po
L)
64 we
s a¥
Cellular sample g o
transformation \VY/ Y/
leading to Remab6 ] [
Tn expression
anti-Tn Control
s} IgG mAb 19G

569

.

V4

AT
vV

%
] idin
ReBaGs6 \\K\ ZfBloyStreptawdm Cy5

\

Printed array with 1° reagents

Glycoprotein
expressing Tn antigen

o

] JAs-BSM (Tn+)
100 - = Fetuin (Tn-)
D = BSA (non-glycosylated)
EL: 75 4 +
x aTn IgG
(W] 4
g 50
X 925
O = —a, e |=| o e o - =
5000 200 8 0

ng/ml protein

@

S -
//,/’ /% Biotinylated
4,‘\\\ \® anti-Tn IgM mAb
vy
Addmon of =
biotinylated ag ° !
2°anti-Tn \\V% N\
IgM antibody 1 [
e
O aTn IgG
100 + I = Control IgG
T
L 75
3
£ 50 -
= 25,
llalle LU U 1o
) > ) Q 0 (1/ b‘ ‘b Q
S O O O o N )
N "13‘"\ g T B (N

ng/ml As-BSM (Tn+)

Fig. 1. ATAM platform and analysis of defined glycoproteins. a) Tn containing glycoproteins are incubated on the antibody microarray with printed
Remab6 and isotype control. Tn antigen captured from the samples is probed with biotinylated ReBaGs6 in a sandwich format and detected with
fluorescently labeled streptavidin, which is read in a microarray scanner. Yellow square = GalNAc (Tn). b) ATAM analysis of Tn+ AsBSM, Tn(-) fetuin,
and non-glycosylated BSA at various concentrations. ¢) ATAM analysis of Tn+ AsBSM at various dilutions. Data were normalized to 100 wg/ml printed
AsBSM for each well and then to max RFU for each panel. Two independent repeats were performed for b) and c), error bars = £1 SD.

We assessed this array by incubating defined glycoproteins,
including the Tn+ glycoprotein standard asialo-bovine
submaxillary mucin (AsBSM), a Tn(—) glycoprotein fetal
bovine serum (FBS) fetuin, and a non-glycosylated protein
bovine serum albumin (BSA), at 5 ug/mL, 200 ng/mL,
8 ng/mL, and 0 ng/mL. We could detect bound AsBSM,
but not the negative controls, at all concentrations (Fig. 1b),
demonstrating the utility of the assay to identify Tn+ glyco-
proteins. To further characterize the sensitivity, we assayed
AsBSM at varying concentrations from 100 ug/mL to
1.28 ng/mL in 5-fold dilutions and found that AsBSM was
clearly detected as low as 6.4 ng/mL (Fig. 1c). Since we
incubated 150 uL of sample per well, we were able to
detect Tn antigen at 960 picograms of Tn+ glycoprotein.
We conclude that in this format, the sensitivity is in the
subnanogram range for Tn+ glycoprotein.

Detection of Tn-containing glycoproteins in feces

We used this platform on complex biological samples by
evaluating Tn-containing glycoproteins in feces, a potential
source for CRC detection. Feces contain glycosidases that are
produced from the microbiome to harvest and utilize host,
dietary, and microbial glycans (Gill et al. 2006). These glycosi-
dases could degrade Tn and remove GalNAc from Tn+ glyco-
proteins, limiting our ability to detect Tn in feces, yet this has
not yet been explored. To assess this, we incubated AsBSM

or the non-glycosylated protein BSA with WT mouse feces.
We evaluated Tn stability by anti-Tn western blot (Fig. S1a)
and protein stability with Coomassie Brilliant Blue (CBB)
staining after sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (Fig. S1b), respectively. Tn stain-
ing of AsBSM, as assessed by anti-Tn western blot, decreased
after incubation with WT fecal matter (Fig. S1a). Although
we could not directly analyze AsBSM protein stability by
CBB (CBB poorly stains heavily glycosylated proteins), BSA
stability was unperturbed by fecal incubation, suggesting that
loss of Tn staining was because of exoglycosidase activity,
e.g. a-N-acetylgalactosaminidase (¢« GalNAcase), rather than
general protease activity (Fig.S1b). To determine whether
an aGalNAcase was present, we incubated 4MU-aGalNAc
with stool (Fig.Slc). 4MU produces a fluorescent signal
when released from GalNAc, a property that can be used
to assay aGalNAcase activity (Ju et al. 2011). We observed
that incubation of 4MU-aGalNAc with feces resulted in
increased fluorescence compared with PBS alone, confirming
the presence of aGalNAcase activity in feces (Fig. S1c).

To inactivate the fecal «GalNAcase activity, which could
potentially interfere with our ability to detect Tn with ATAM,
we tested whether mild heat treatment could inactivate the
aGalNAcase activity in feces and preserve Tn on fecal gly-
coproteins for microarray detection. We preincubated WT
mouse feces at 95°C for 1 h or 10 min, at 80°C for 10 min, and
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Fig. 2. Validation of a genetically engineered mouse with Tn+ feces. a) Breeding strategy to generate intestinal epithelial-specific Cosmc male KO,
female mosaic, and WT mice. b) Western blot of male KO, female mosaic, and WT feces stained with ReBaGs6 (left), ReBaGs6 pre-blocked with

Tn+ AsBSM (right). c) Biotinylated VVA lectin plus streptavidin-HRP (left), or streptavidin-HRP alone (right). d) Western blot with ReBaGs6 antibody (left)
or PNA lectin (right) of WT and KO feces treated with T-synthase enzyme + UDP-gal. Two independent repeats were performed for b)-d).

at 65°C for 1 h or 10 min, and then added the treated mate-
rial to AsBSM (Fig. S1a), BSA (Fig. S1b), or 4MU-GalNAc
(Fig. S1c) to assess aGalNAcase activity and protein sta-
bility. All heat treatments prevented loss of Tn from the
Tn+ glycoprotein by western blot (Fig. S1a) and substan-
tially reduced aGalNAcase activity by 4MU-GalNAc assay
(Fig. S1c). Importantly, these treatments were sufficiently mild
to preserve protein stability, as BSA mass was unaltered by
CBB (Fig. S1b). In subsequent experiments, we heat-treated
feces at 80°C for 10 min, and found that this condition
completely eliminated aGalNAcase activity by western blot
and fluorescence assay. In summary, we identified optimal
conditions to detect Tn+ glycoprotein in feces and avoid
degradation by «GalNAcase.

We next validated Tn fecal detection using a physiologic
model of Tn expression. Intestinal epithelial cell-specific dele-
tion of Cosmic results in Tn expression throughout the GI-tract

(Kudelka et al. 2016; IEC-Cosmc KO mice). Since Cosmc is on
the X chromosome, we crossed Cosmc!!o¥flox with VilCre™
mice to generate VilCret; Cosmc!oY KO males, VilCre™;
Cosmc oY WT males, VilCret; Cosmc!'o¥+ mosaic females,
and VilCre™; Cosmcfo¥+ WT females (Fig. 2a). We previ-
ously showed that male IEC-Cosmc KO mice have >90%
deletion of Cosmc and expression of Tn in the small and large
intestine and that female mosaics have complete deletion of
Cosmc and expression of Tn in ~50% of crypts in the small
and large bowel because of random X-inactivation (Kudelka
et al. 2016).

Using this physiologic model of Tn expression in the
intestine, we assessed whether Tn+ glycoproteins could
be detected in feces from these mice. We collected and
homogenized feces from IEC-Cosmc KO male mice, mosaic
females, and age/gender-matched WT controls and per-
formed western blots with anti-Tn IgM antibody ReBaGsé6.
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IEC-Cosmc KO mice and mosaic fecal lysates had prominent
staining > 50 kDa compared with WT feces, with roughly
twice the intensity in IEC-Cosmc KO mice as compared with
mosaics (Fig. 2b, left). This staining was specific, as it was
blocked by preincubating ReBaGs6 with the inhibitor 1 mM
Tn+ AsBSM (Fig. 2b, right). Tn antigen was also detected in
a similar staining pattern with VVA, which recognizes single
Tn/GalNAc residues, in contrast to our anti-Tn mAbs that
recognize clusters of at least 2 Tn residues (Fig. 2c).

To further assess the specificity of our anti-Tn mAb CDRs
for Tn in IEC-Cosmc KO mice feces, we incubated KO and
WT feces with recombinant T-synthase enzyme, which masks
Tn by addition of galactose (Fig. 2d). As controls, we either
added T-synthase with or without its donor UDP-Gal or did
not add T-synthase. Incubating IEC-Cosmc KO mice feces
with T-synthase plus UDP-Gal, but not the negative controls,
resulted in complete loss of binding of ReBaGsé6 as well as
increased binding of peanut agglutinin (PNA), which recog-
nizes the T-synthase disaccharide product, core 1 or Galg1-
3GalNAca1-Ser/Thr (Fig. 2d). These results demonstrate that
our anti-Tn mAbs, with identical CDRs, specifically recognize
Tn+ glycoproteins in feces of IEC-Cosmc KO mice and mosaic
female mice.

We next determined whether we could detect Tn+ gly-
coproteins from IEC-Cosmc KO mice and mosaic female
mice. We collected stool and prepared fecal lysates by vortex
and sonication as described in the methods. Feces were

stored as lysates at —20°C for up to 1 month, then freshly
thawed, heat inactivated, and analyzed by ATAM. To detect
Tn from IEC-Cosmc KO mice feces, we pooled 5 KO and
separately 5 WT mice, assessed protein concentration by
BCA assay, and performed serial dilutions from 1,000 to
0.064 pg/mL (Fig. 3a). IEC-Cosmc KO mice feces were clearly
distinguishable from WT feces or printed isotype controls
at a concentration > 8 ug/mL (Fig. 3a). Using our earlier
observation that this assay can detect AsBSM down to
6.4 ng/mL, the results indicate that Tn+ glycoproteins
constitute ~0.1% of IEC-Cosmc KO mice feces. The
remaining fecal matter is presumably derived from the host,
diet, and microbiome.

Analysis of IEC-Cosmc KO mice feces is limited by the
fact that these animals express the Tn antigen on many
glycoproteins produced from the intestinal epithelium. To
assess the sensitivity of the assay in regard to more patient-
relevant samples in which both Tn+ and Tn(—) glycoproteins
are mixed, as would be potentially in stool samples from
colorectal patients, we pooled feces by mixing IEC-Cosmc
KO mice with WT feces at different dilutions ranging from
1:1 to 1:6,561 (Fig. 3b). We could detect Tn+ glycoproteins
down to a dilution of 1:2,186 with the WT feces (Fig. 3b).
Additionally, female mosaic mice that express Tn in ~50% of
crypts provided a unique opportunity to analyze Tn expressed
in a fraction of the intestine. We analyzed 1 mg/mL feces of
IEC-Cosmc KO, mosaic, and WT mice from 8 to 9 individual
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mice per group and detected Tn+ glycoproteins in IEC-
Cosmc KO mice and mosaic mice as compared with WT
and isotype controls (Fig. 3c). Notably, mosaic feces had a
~50% reduction in signal compared with KO mice indicating
a dose response (Fig. 3c). These results demonstrate sensitive
detection of Tn+ glycoproteins in feces in which there is a
high amount of Tn(—) glycoproteins.

Detection of Tn-containing glycoproteins in serum
We next investigated whether ATAM could detect Tn+ gly-
coproteins in the presence of serum, which could obviously
complicate detection of Tn+ glycoproteins, as IgA1 can also
carry the Tn antigen. However, we previously showed that
the recombinant antibodies ReBaGs6 and Remabé do not
bind Tn antigen on IgA1, because of the unusual nature of
the peptide sequence in the hinge region (Matsumoto et al.
2020), thus we predicted that IgA1 would not interfere with
our general detection of Tn+ glycoproteins.

For these studies, we utilized human cancer cell lines
engineered/selected to express Tn through Cosmic deletion/
mutation and their WT counterparts (Ju et al. 2008; Steentoft
et al. 2013). We chose cancer cells from diverse tissues,
including colorectal, breast, stomach, and kidney, to capture
the diversity of Tn expression in carcinomas (Fig. S2). Both the

ReBaGs6 (Fig. S2a) and Remabé (Fig. S2b) antibodies were
highly reactive against Tn expressing cells but not their WT
counterparts by fluorescence-activated cell sorting (FACS),
indicating that both isotypes with identical variable regions
recognize Tn in human cells, similar to mouse feces and
defined glycoproteins.

As a model to evaluate Tn detection in serum, we analyzed
conditioned media from Tn+ and Tn(—) human cancer cells
incubated with FBS. We seeded cells to ~20% confluency
and collected media at 80-90% confluency. Conditioned
media FBS was incubated at varying dilutions on the anti-Tn
microarray. Tn+ glycoproteins could be detected in culture
media at less diluted conditions with FBS from Tn+ cells but
not from their WT Tn(—) counterparts (Fig. 4). Interestingly,
different cell lines produced different amounts of Tn+ gly-
coprotein. Although MKN45 gastric and LS174T colorectal
carcinoma cells are Gl-derived and highly positive by flow
cytometry (Fig. S2), Tn+ glycoproteins could be detected to a
2,000-fold dilution for LS174T but only to a 100-fold dilution
for MKN45 (Fig. 4), suggesting that different cell lines and
possibly different tissues and/or tumors secrete different quan-
tities of Tn+ glycoprotein into serum. These data demonstrate
that ATAM can successfully detect Tn in culture media in the
presence of serum.
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Fig. 5. Serum, feces, and IgA1 do not interfere with anti-Tn detection. a) PBS, pooled human serum, pooled WT mouse serum, and pooled WT mouse
feces (pooled from 5 mice/humans) at 2 concentrations were incubated with or without Tn+ AsBSM and analyzed by anti-Tn microarray to assess
blocking activity. Error bars = £1 SD. b) Western blot with VVA lectin (left), ReBaGs6 (left middle), and Remab6 (right middle) of Tn(—)/Tn+ IgA1 from
parental/Cosmc-KO Dakiki cells, along with cell and protein controls (Tn+/Tn(—) Colo205 lysates, Tn+ AsBSM, and Tn(—) Fetuin) and silver stain loading

control (right). Two independent repeats were performed for a) and b).

We then evaluated whether serum factors could inhibit Tn
detection by ATAM. Although Tn was previously thought to
be expressed exclusively in cancers and not healthy tissues, a
significant fraction of IgA1 glycoforms from healthy donors
expresses Tn in the IgAl hinge region (Mestecky et al.
2008; Lehoux et al. 2014). This could potentially confound
ATAM detection of Tn+ stool or serum. We previously
assessed our anti-Tn antibodies on a glycopeptide array and
demonstrated antibody recognition of adjacent Tn glycans
in mucin-derived glycopeptides but not in IgAl-derived
glycopeptides, presumably because of intervening proline
residues in the hinge region (Borgert et al. 2012). To further
confirm that full-length IgA1 in serum or feces does not
interfere with our assay, we incubated human serum, WT
mouse serum, WT mouse feces, or PBS with AsBSM at 200
or 0 ng/mL (Fig. 5a). Neither human serum nor WT mouse
serum or feces interfered with AsBSM detection on ATAM,
suggesting that soluble IgA1 and other serum/fecal factors do
not interfere with Tn detection (Fig. 5a).

To further confirm that our anti-Tn antibodies do not
react with full-length Tn+ IgA1l, we isolated Tn(—) and

Tn+ IgAl from WT and Cosmc-KO Dakiki human B-cell
lines and performed western blots with anti-Tn antibodies
(Fig. 5b). We used Tn(—) and Tn+ cell lysates from WT
and Cosmc-KO Colo205 cells as well as Tn(—) fetuin and
Tn+ AsBSM glycoproteins as controls. Silver stain confirmed
equal loading. VVA lectin western blot verified that IgA1 from
KO cells but not WT Dakiki cells contained Tn antigen, as
expected (Fig. 5b). Importantly, neither Remabé nor ReBaGs6
bound WT or KO IgA1l despite recognizing Tn+ Colo205
cells and Tn+ AsBSM glycoproteins, thus demonstrating that
these anti-Tn antibodies do not recognize Tn+ human IgA1.
Collectively, these results demonstrate that bovine and human
serum, feces, and isolated IgA1 do not interfere with the
detection of Tn+ glycoproteins using ATAM.

Detection of Tn-containing glycoproteins in human
tumors

Prior studies evaluating Tn expression in human tumors are
limited by the use of reagents with poor specificity, for exam-
ple lectins that cross react with blood group antigens, as well
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Table 1. Tn antigen expression in neoplastic and normal tissue. Tn antigen
was detected with BaGs6 and is specifically expressed in a broad range of
neoplastic disease. The percent of all lesions examined for Tn positivity in
neoplastic disease or normal is shown with absolute quantities indicated
in parentheses as number of positives to total analyzed per tissue.
All endometrial, ovarian, and colon lesions were adenocarcinomas. All
breast lesions were infiltrating ductal carcinoma of the breast, except one
infiltrating lobular carcinoma of the breast. Neoplastic lung lesions were
57% adenocarcinoma and 43% squamous cell carcinoma.

% neoplasia Tn+ % normal Tn+

Endometrial 55(23/41) 0 (0/6)
Breast 56 (20/37) 0 (0/6)
Ovarian 74 (31/43) 0 (0/6)
Lung 53(25/48) 0 (0/6)
Colon 51 (34/67) 0 (0/6)

as assessment of limited tumor types. We performed immuno-
histochemistry with BaGs6 IgM antibody on 236 tumors aris-
ing from diverse tissues, including the endometrium, breast,
ovary, lung, and colon as well as 30 non-cancer controls from
matched tissue types (Table 1 and Fig. S3). The vast majority
of these tumors were adenocarcinomas. BaGs6 positively
stained 56% of all tumors and 0% of non-cancer controls.
When separated by tissue type, >50% of all tumors were
positive for Tn with Tn positivity ranging from 51 to 74%.
These data demonstrate that our anti-Tn Abs with identical
CDRs are able to detect the Tn antigen across a diverse array
of the most common human tumors.

Discussion

Cancer is the second leading cause of mortality worldwide;
however, many deaths could be avoided by early detection. To
this end, we developed a detection system termed ATAM using
tumor-specific anti-carbohydrate antibodies that recognize
the Tn antigen, which is expressed in a majority of the most
common carcinomas, but not healthy controls. As a proof
of concept, we validated our approach for stool-based early
CRC detection and serum-based pan-carcinoma detection.
Our approach represents the first assay utilizing an individual
target antigen for universal cancer detection with specific IgG
and IgM antibodies to the Tn antigen (CD175) and highlights
the potential of targeting the tumor glycocalyx and secreted
glycoproteins for cancer care.

Current cancer biomarkers target individual tumors rather
than a variety of tumor types. This is because different tis-
sues express distinct combinations of proteins. Consequently,
protein-based biomarkers are typically tissue specific. An
alternative approach is to target posttranslational modifica-
tions expressed across tissue types. Protein glycosylation is an
abundant posttranslational modification shared by all cells;
however, prior attempts to identify glycan biomarkers have
generally failed to identify universal, tumor-specific structures.
However, the Tn antigen (GalNAca1-Ser/Thr; CD175) is
unique in that it is an O-glycan precursor expressed in most
cancers on a majority of cell surface and secreted glycopro-
teins, but not in healthy tissues, except for IgA1. Although Tn
is tumor specific, “Tn-like” structures terminating in a-linked
GalNACc, such as blood group A, are abundant. We generated
a highly sensitive microarray platform that could distinguish
Tn in tumors from Tn in the IgA1 hinge region and “Tn-like”
structures in cells. Such a technology could transform early
cancer detection.

Anti-Tn antigen assay to detect Tn+ tumor cell glycoproteins

In contrast to specific biomarkers, such as PSA for prostate
cancer or fecal occult blood for CRC (Stamey et al. 1987
Hardcastle et al. 1996), few universal biomarkers have been
identified. Efforts at universal detection have utilized multiple
tumor-type-specific biomarkers or evaluated broad genomic
changes (Cohen et al. 2018; Sina et al. 2018). The former only
identify tumor types from which the individual biomarkers
are derived, but not for less common cancers that are not
traditionally included in population-based screening (Ahlquist
2018). Additionally, multi-analyte assays are limited by the
properties of the individual biomarkers. For example, CA19-
9 and CEA have limited utility individually for screening
but have been utilized in combination with other markers.
Furthermore, genomic markers require tumor cell shedding,
which may not occur at the earliest stages of cancer. The
development of ATAM to detect universal alterations in
secreted cancer glycoproteins could address these limitations,
while being easily combined with other biomarkers for multi-
analyte detection.

Some limitations of ATAM are important to note. Although
the Tn antigen is highly expressed in most solid tumors, some
cancers have infrequent expression (prostate, liver, leukemia,
and lymphoma) and thus would not be detected at a frequent
rate (Sasaki et al. 1999; Li et al. 2009; Kudelka et al. 2015).
We evaluated Tn expression in human adenocarcinomas;
however, premalignant lesions would also be important to
identify (Cervoni et al. 2020). This is partly addressed in prior
studies that have shown Tn expression in precursor lesions
(Kudelka et al. 2015). Furthermore, serum and feces contain
glycosidases that could inactivate Tn. We demonstrate here,
however, that serum does not interfere with ATAM and that
fecal glycosidases can be easily inactivated for Tn detection.
However, this issue would need to be addressed more fully in
the future using sera and fecal samples from multiple donors.
Additionally, although intratumor heterogeneity or low but
positive Tn expression could lead to lower absolute level of
Tn expression for detection, prior studies identified Tn in
over 50% of cells in the most common adenocarcinomas with
medium or high intensity staining in positive tumors (Romer
et al. 2021).

As cancer is a leading cause of death worldwide, and based
on the percent of Tn expression across tumors in our study
and reported cancer-associated deaths worldwide, we could
envision that early detection of cancer by ATAM could signif-
icantly impact cancer death rates (Sasaki et al. 1999; Li et al.
2009; Kudelka et al. 2015). In addition to screening, ATAM
could monitor disease burden or be applied for personalized
Tn-based therapies, for example in preselecting patients to
receive CAR-T MUCI-Tn therapy (Posey et al. 2016). In
contrast to HER2 expression for Herceptin, the data presented
here suggest the frequency and even the specificity of Tn
expression is broad and therefore likely to be therapeutically
relevant to a wide variety of neoplastic lesions. Thus, we
envision ATAM being used for universal cancer screening
in a primary care setting, as an assay to guide Tn-targeted
therapies through precision medicine, and as a biomarker to
follow treatment response.

Materials and methods
Animal and human samples

All mouse and human samples were collected in accordance
with the TACUC at Beth Israel Deaconess Medical Center
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under an approved protocol and the IRB at Emory University
under an approved protocol, following the guidelines in all
protocols.

Cell lines

Cell lines were a kind gift from Henrik Clausen (WT and
Cosmc-KO Colo 205, MDA-MB-231, HEK-293, MCF7,
MKN45), from Steven Itzkowitz (LSC, LSB), or derived from
Tn+/Tn, LS174T subclones (Sakai et al. 2010). Colo205 and
MKN45 were cultured in RPMI. MDA-MB-231, HEK293,
MCF7, LSC, LSB, and LS174T were cultured in DMEM.
All cells were supplemented with 10% FBS. MCF7 cells
were additionally supplemented with 0.01 mg/ml insulin. For
Fig. 4, cells were seeded at ~20% confluency and conditioned
media was collected several days later (depending on the cell
type) at 80-90% confluency.

Antibodies and reagents

ReBaGs6 (anti-Tn mouse IgM) and Remabs6 (anti-Tn human
IgG) were reverse engineered from BaGs6 (anti-Tn IgM, a kind
gift from Georg Springer) and biotinylated by ProtOn Biotin
Antibody and Labeling Kit (Vector Laboratories). Biotinylated
VVA and PNA were purchased from Vector Laboratories.
Mucin from bovine submaxillary gland (Sigma) was enzymati-
cally desialylated (neuraminidase, Roche) to generate AsBSM.

Antibody microarray printing

Noncontact antibody printing was performed using a
sciFLEXARRAYER S11 from Scienion AG. The average spot
volume was within 5% variation of 330 pl in phosphate-
buffered saline (Corning Cellgro). In all, 10 replicates of
0.8 mg/mL Remabsé (anti-Tn IgG) and isotype control human
IgG were printed in 16-pad Supernova nitrocellulose slides
(Grace Bio-Labs). The printed slides were desiccated at 4°C
overnight, blocked with Super G Plus Protein Preservative
Buffer (Grace Bio-Labs) as directed, and stored at —20°C
until use.

Anti-Tn microarray assay

Slides were removed from —20°C storage and dried at room
temperature for 10 min. A 16-chamber adaptor (Grace Bio-
Labs) was used to partition and seal each subwell. Each
subarray was washed 3 times with 200 ul TBST (50 mM
Tris-HCI, PH 7.4; 300 mM NaCl and 0.05% Tween 20) for
5 min to remove preservative buffer. 150 ul of sample was
added and incubated at 4°C overnight. Sample buffer varied
per sample (feces: PBS plus protease inhibitor; protein/glyco-
protein/serum: PBS; conditioned media: RPMI or DMEM).
After washing 3 times with 200 ul TBST for 10 min each,
the slide was blocked with 1% BSA in TBST for 30 min.
Block was removed and slides were incubated with 100 ul
of 5§ pg/mL biotinylated ReBaGs6 (anti-Tn IgM) in 0.5%
BSA in TBST 4°C overnight. Slides were then washed 3 times
with 200 ul TBST for 10 min each and 100 ul of 5 ug/mL
streptavidin-cyanine-5 in 0.5% BSA. TBST was added and
incubated for 30 min at room temperature and 2 h at 4°C. The
slides were then washed 3 times with 200 ul TBST for 10 min
each, washed once with 200 ul MilliQ water. After removing
all of the liquid, the adaptor was removed, the slide was
dried at room temperature, and the slides were scanned with
a GenePix 4300A Scanner (Molecular Devices) microarray
scanner at 635 nm excitation. The images were analyzed with
the GenePix Pro 7 software.
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Collection and preparation of feces

Five mice (age 2-4 months) per genotype were separated into
individual clean cages for 3 days. Dried feces were collected
and stored at —20°C. All procedures were performed on
ice or 4°C. 400 mg feces were preincubated in 4 mL lysis
buffer (10 mL PBS plus 1 tablet of protease inhibitor cocktail
(Roche)) for 30 min with vortex every 10 min, then sonicated
10 s 3 times each with 20 s of rest, and centrifuged at
4000 rpm for 20 min. The supernatants were collected and
removed to 1.5 mL tubes and recentrifuged at 16,000 x G
for 10 min. Final supernatants for each mouse were stored
in 150 pl aliquots at —20°C. For each set of experiments, a
fresh aliquot was thawed, diluted to 2 mg/mL, heat inactivated
at 80°C for 10 min, and then centrifuged at 13,000 x G
for 2 min.

Western blot

Fecal lysates were separated by SDS-PAGE gels under reducing
conditions and transferred to nitrocellulose membranes with
high molecular weight protocol (fixed 25 V, 10 min; Bio-
Rad Labs). Membranes were blocked in 5% BSA for 1 h at
room temperature and probed with primary antibodies (anti-
Tn IgG, IgM) or biotinylated lectins (VVA, PNA) followed by
incubation with secondary antibodies or streptavidin conju-
gated with HRP. Proteins were visualized with SuperSignal
West Pico Chemiluminescent Substrate (Thermo Fisher) and
developed.

Immunohistochemistry

Immunohistochemistry for Table 1 was performed with
anti-Tn IgM antibody as described (Kudelka et al. 2016;
Matsumoto et al. 2020) with some modifications, with
staining optimized based on positive (Tn+ LSC) and negative
(Tn(—) LSB) controls in formalin-fixed paraffin-embedded
cell blocks. Briefly, immunohistochemistry was performed
using standard heat-induced epitope retrieval in citrate buffer
pH 6. Slides were loaded on the DAKO Autostainer (Dako),
exposed to 3% hydrogen peroxide for 5 min, primary anti-
body for 30 min, labeled with polymer horseradish peroxidase
for 30 min (Envision + dual link; Dako), diaminobenzidine as
a chromogen for 5 min, and hematoxylin as a counterstain for
5 min. Incubations were performed at room temperature, and
between incubations sections were washed with Tris-buffered
saline. Human specimens were obtained from banked clinical
slides from the Emory University Department of Pathology
under appropriate IRB approval. Staining was graded by
positive or negative by expert pathologist review, and images
were taken at x40 magnification.

T-synthase enzyme reaction

Fecal lysates were heat inactivated at 80°C for 10 min
and dialyzed with a 10 kDa molecular weight cut-off
cassette (Thermo Fisher) into 50 mM 2-(N-morpholino)
ethanesulfonic acid (MES) buffer, pH 6.8 overnight at 4°C.
T-synthase mix (15 g fecal lysate, 50 mM pH 6.8 MES-
NaOH, 20 mM MnCl,, 1 mM UDP-Gal, 1x EDTA-free
protease inhibitor table) was added to 12.5 pug/mL T-synthase
to a total volume of 50 ul and incubated for 4 h at 37°C.
16.7 pl 4x sample buffer with B-mercaptoethanol was added
to the reaction mixture, boiled for 10 min, and analyzed by
western blot.
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aGalNAcase assay

aGalNAcase activity was assayed by reaction of 10 ul lysate
with 40 ul reaction mix (2.5 pul 5 mM GalNAc-a-(4MU),
5 ul 1M Tris-HCL (pH 7.8), 1 ul 10% Tx-100, and 31.5 ul
H,O) at 37°C for 1 h. The reaction was stopped with 100 ul
of cold (4°C) 1 M glycine-NaOH (pH 10) and fluorescence
was assayed with a fluorescence reader at excitation 355 nm,
emission 460 nm. No GalNAc-a-(4MU; replaced with H,O)
was used as a background control.

Flow cytometry

Adherent cells were suspended with 0.25% Trypsin and cen-
trifuged at 1,000 rpm for S min. 1 x 103 cells/sample tube
were incubated with biotinylated ReBaGs6, Remabsé, or iso-
type control antibodies (5 ug/mL) in 4 individual experiments
on ice for 30 min. Cells were centrifuged and washed 3 times
with cold PBS, followed by incubation with streptavidin-Cy$
for 30 min. After washing with cold PBS, the cells were
analyzed by FACS.

Data analysis

Data were analyzed and plotted with prism software.
Statistical tests and data normalization were performed
where applicable as described in figure legends. All data
points = mean £ 1 SD. Alpha = 0.05. At least 2 independent
repeats were performed for all experiments.
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