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Abstract

The Tn antigen is a neoantigen abnormally expressed in many human carcinomas and expression
correlates with metastasis and poor survival. To explore its biomarker potential, new antibodies
are needed that specifically recognize this antigen in tumors. Here we generated two recombinant
antibodies to the Tn antigen, Remab6 as a chimeric human IgG1 antibody and ReBaGs6 as a
murine IgM antibody and characterized their specificities using multiple biochemical and biological
approaches. Both Remab6 and ReBaGs6 recognize clustered Tn structures, but most importantly do
not recognize glycoforms of human IgA1 that contain potential cross-reactive Tn antigen structures.
In flow cytometry and immunofluorescence analyses, Remab6 recognizes human cancer cell lines
expressing the Tn antigen, but not their Tn-negative counterparts. In immunohistochemistry (IHC),
Remab6 stains many human cancers in tissue array format but rarely stains normal tissues and
then mostly intracellularly. We used these antibodies to identify several unique Tn-containing
glycoproteins in Tn-positive Colo205 cells, indicating their utility for glycoproteomics in future
biomarker studies. Thus, recombinant Remab6 and ReBaGs6 are useful for biochemical characteri-
zation of cancer cells and IHC of tumors and represent promising tools for Tn biomarker discovery
independently of recognition of IgA1.
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Statement of Significance: Recombinant engineered versions of
anti-Tn antigen antibodies specifically recognize Tn on glycoproteins
from tumor cells and tumor tissues but not on normal tissue or IgA1,
creating potential for biomarker and therapeutic avenues.

Introduction

Altered glycosylation is a hallmark of cancer, and aberrant glycan
structures, or tumor-associated carbohydrate antigens (TACAs),
are biomarkers of tumor progression (Hakomori 2001; Fuster and
Esko 2005). A highly relevant TACA is the Tn antigen (GalNAca1-
Ser/Thr), which is a truncated form of O-GalNAc mucin-type
O-glycans. The expression of the Tn antigen and sialylTn (STn) in
tumors represent potential markers associated with poor prognosis
and tumor metastasis (Ju et al. 2013; Ju et al. 2014; Kudelka et al.
2015; Stowell et al. 2015; Chia et al. 2016). The Tn antigen is
a biosynthetic precursor to all extended O-GalNAc glycans in
human cell glycoproteins and is generated by 1 of 20 polypeptide
N-acetylgalactosaminyltransferases (ppGalNAc-Ts) (Bennett et al.
2012). In normal tissues, the Tn antigen is not expressed on mature
surface membrane glycoproteins, as it is efficiently modified by a
single enzyme, the T-synthase (encoded by C1GALT1), which in the
Golgi apparatus transfers a galactose residue onto Tn to form the
core 1 O-glycan structure (GalB1-3GalNAca1-Ser/Thr) that can be
further modified with other sugars (Ju and Cummings 2002a, b). The
biosynthesis of active T-synthase requires a specific molecular chap-
erone, Cosmc (encoded by the X-linked C1GALT1C1), which func-
tions in the endoplasmic reticulum to assist folding and activity of the
T-synthase. Importantly, acquired mutations or alterations in Cosmc
expression have been associated with many human cancers, including
pancreatic cancer, where the Tn antigen is typically highly expressed
(Ju et al. 2008; Radhakrishnan et al. 2014; Jiang et al. 2018).

In many studies, the expression of the Tn antigen is examined
using plant lectins, but some use monoclonal antibodies, whose speci-
ficities may not be limited to the Tn antigen (Yuan 1989; Itzkowitz
et al. 1992; Schumacher et al. 1994; Mitchell and Schumacher
1999; Kudelka et al. 2015). Another complication is that many anti-
Tn reagents recognize terminal a-linked GalNAc residues and could
possibly bind to that residue in blood group A (BGA), Forssman-
related antigens and IgA1. The latter is a confounding factor to the
potential use of the Tn antigen as a tumor biomarker, as circulating
glycoforms of human IgA1l contain the Tn antigen in the hinge
region (Lehoux et al. 2014). Thus, any antibody that binds the Tn
antigen and also Tn-positive IgA1 glycoforms would have limited
usefulness. Furthermore, while several potentially Tn-positive glyco-
proteins, such as mucins CA15-3 (MUC1) and CA125 (MUC16),
have been developed for clinical use to follow cancer progression
(Aithal et al. 2018; Taylor-Papadimitriou et al. 2018), the expression
and identification of the mucin protein epitopes are not specific
enough for use in cancer diagnosis. As the Tn antigen might be
present in several tumor-specific Tn-positive glycoproteins released
into plasma, we sought to generate specific antibodies with restricted
specificity to the Tn antigen on glycoproteins and lacking recognition
of IgA1.

To this end, we generated a novel, recombinant human chimeric
IgG1 anti-Tn antibody, named Remabé, derived in part from an
original murine anti-Tn ascites (Ca3638, BaGs6) (Springer et al.
1990). We also generated a recombinant murine IgM of this antibody,
ReBaGs6, which allows direct comparison of the experimental results
obtained with the ascites to those obtained with the recombinant
ReBaGs6. Our studies show that these antibodies have high affinity
and are remarkably specific for the Tn antigen with no recognition

of human IgA1, and are useful in immunohistochemistry (IHC) with
a variety of human cancers. Thus, these antibodies represent new
useful reagents to detect Tn-positive glycoproteins as a biomarker
for human carcinomas and may also be a novel therapeutic agent for
targeted cancer treatment.

Results

Affinity purification of the Tn-reactive IgM from

BaGs6 ascites

BaGsé6 is a murine IgM arising from immunization with Tn-positive
cells and available only as a mouse ascites fluid (Springer et al. 1990).
Our previous microarray studies demonstrated that among all types
of potential anti-Tn monoclonal antibodies we screened, BaGs6 was
the most specific and recognized di- and tri-Tn clustered structures
on mucin glycopeptides (Borgert et al. 2012). Flow cytometry data
also demonstrated that BaGsé6 specifically interacts with Tn-positive
LS174T and MDA-MB-231 cells, similarly to the lectin Vicia vil-
losa agglutinin (VVA), which indiscriminately recognizes terminal
a-linked GalNAc on most types of glycoconjugates (Tollefsen and
Kornfeld 1983) (Supplementary Fig. S1A). However, unlike VVA,
binding of BaGs6 was incompletely inhibited by GalNAc, but was
efficiently inhibited by Asialo-BSM, a mucin that contains a high
density of Tn sites (Tsuji 1986) (Supplementary Fig. S1B). Although
VVA was also inhibited by Asialo-BSM, inhibition was only observed
at the highest concentration tested. Neither BaGs6 nor VVA were
inhibited by lactose. A western blot showed that both BaGs6 and
VVA bind to multiple species with different molecular masses in
Tn-positive cells (Supplementary Fig. S1C). This demonstrates that
BaGs6 and VVA differ in their recognition of glycoproteins.

To isolate BaGs6 from the ascites fluid, we conjugated Asialo-
BSM at highest densities to UltraLink beads to generate a high
avidity Tn-rich resin (Figure 1A). The ability of the affinity resin to
bind BaGs6 was characterized by fluorescence microscopy, which
demonstrated that the ascites-derived BaGs6 strongly interacted
with Asialo-BSM resin, little with BSM resin, and did not interact
with the unconjugated control beads (as detected by anti-IgM
secondary antibody alone) (Figure 1B). BaGs6 was successfully
affinity-purified from the ascitic fluid and appeared homogeneous
by Coomassie staining (Figure 1C). The affinity-purified BaGs6 was
sequenced de novo using LC-MS/MS to generate a predicted amino
acid sequence. Because of the uncertainty regarding the presence
of leucine/isoleucine and some other residues, we engineered a
recombinant antibody with an appropriately chosen amino acid
sequence; the sequence for the complementarity determining regions
(CDRs) within its variable regions are shown in Figure 1D. The
CDRs of BaGs6 were compared to those in three other known anti-
Tn antibodies, 83D4 (Pancino et al. 1990), MLS128 (Numata et al.
1990) and SES (Sorensen et al. 2006). CDR3 is generally considered
to be an essential region to determine the specificity of an antibody
(Xu 2000). Interestingly, CDR3 in heavy chain and CDR1-3 in
light chain of BaGsé6 exhibited significant diversity from the other
available sequenced anti-Tn antibodies (Figure 1D), suggesting that
the binding specificity of BaGs6 will be somewhat different from the
other antibodies.

Generation of Remab6, a chimeric anti-Tn IgG1 and
ReBaGs6, a mouse anti-Tn IgM

Using the sequence information, we generated a recombinant anti-
body designated Remabé6, which is a chimeric IgG1 and contains
partial sequences of the mouse variable region from BaGsé6 and the
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Fig. 1. Overview of the experimental workflow and identification of complete amino acid sequence of BaGs6. (A) Mouse ascites BaGs6 (IgM) antibody, reactive
to Tn antigen and used in a number of publications as a cancer biomarker, was purified using affinity chromatography with immobilized Asialo-BSM which
carries a high density of Tn antigen. From complete amino acid sequences, the recombinant Tn antigen-specific human IgG1, named Remab6, was purified and
characterized. (B) Asialo-BSM beads were prepared by neuraminidase treatment of BSM beads. High-density Asialo-BSM beads were stained with ascites or
anti-STn antibody confirmed by microscopy analysis. (C) BaGs6-containing mouse ascites were affinity-purified with Asialo-BSM beads. (D) Complete amino
acid sequences were determined by proteomic de novo sequencing and CDRs of H chain (top) and L chain (bottom) were compared between three established
anti-Tn antibodies (83D4, MLS128 and 5E5). * indicates identical residues in all four antibodies. Red boxes indicate different residues between BaGs6 and one

or more of the antibodies.

human constant region of IgG1. We chose to first generate IgG1, due
to its high utility in a number of biochemical assays, as well as ease of
analysis and coupling to Protein A/G-Sepharose. It is also specifically
recognized by common anti-human Ig reagents, making it useful in
murine studies where no interference with murine Ig would occur.
Furthermore, we also generated recombinant BaGs6 (ReBaGs6), a
murine IgM (mIgM), which includes the mouse variable region and
the mouse constant region of IgM. Both Remabé and ReBaGs6 were
expressed in human HEK293 cells and purified (Figure 2A).

Microarray studies of Remab6 and ReBaGs6 show
specificity to a subset of Tn glycopeptides

We compared the specificity of Remab6é and ReBaGs6 on a Tn
glycopeptide microarray (Table I), which contains many peptides
with one or more Tn antigens, including peptides modeled after
the hinge region of human IgA1. These antibodies showed similar
recognition patterns to that of the original mouse ascites (Figure 2B).
Both Remabé and ReBaGsé recognized di- and tri-Tn clustered
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Fig. 2. Remabé is specific for Tn glycopeptides, but not Tn on IgA1, STn, T glycopeptides, BGA or glycans expressing terminal GalNAc. (A) Remab6 and ReBaGs6
were recombinantly expressed in the HEK293 freestyle expression system. The purified Remab6 and ReBaGs6 were separated by SDS-PAGE and stained by
CBB solution. (B) Tn glycopeptide (GP) array was probed with ReBaGs6 (middle) and Remabé (right) to compare to the specificity of the original mouse ascites
(left). Chart ID corresponds to Table I. (C) Western blots with IgA1 purified from four individual healthy donor serum (control: Asialo-BSM) were probed with
ReBaGs6, Remab6, lectin VVA and goat anti-human IgA antibody. (D-E) Enzymatically remodeled Tn glycopeptide array slides to create STn (D) and T (E)
antigen glycopeptides (ID1-8). STn and T glycopeptide arrays were probed with Remab6. Error bars represent £1 SD of four replicates. (F) Affinity constants
were measured for ReBaGs6 (left), Remab6 (middle) and VVA (right) by Asialo-BSM-coated plate. Circle (nontreated), square (pretreated with 100 mM GalNAc)
and triangle (pretreated with 100 mM GIcNAc) were plotted. Error bars represent SD of two replicates. RFU = relative fluorescence units.

structures on mucin-derived glycopeptides, but only weakly inter-
acted with synthetic glycopeptides containing the Tn antigen on IgA1
(Figure 2B). As circulating IgA1 has two distinct glycoforms as previ-
ously described (Helix pomatia agglutinin (HPA)+/Peanut agglutinin
(PNA)—, which are Tn/STn-positive; HPA—/PNA+, which represent
extended O-glycans) (Lehoux et al. 2014), we tested whether both
Remab6 and ReBaGs6 bound to Tn antigen on IgA1 from Dakiki
B cells in which the Cosmc gene was deleted and thus express Tn
antigen on the cell surface as well as on their secreted IgA1. IgA1l in
total cell extracts was examined for its binding to Remabé, ReBaGs6
and VVA. Consistent with Tn glycopeptides array results, both
Remab6 and ReBaGs6 bound only to Tn-expressing glycoproteins
in Cosmc KO Dakiki cell extracts, but not the Tn antigen on IgA1,
whereas VVA bound well to IgA1 (Supplementary Fig. S2). We also
tested the binding of both Remab6é and ReBaGsé towards native
human IgA1l from four donors by western blot and observed no
binding (Figure 2C). These results demonstrate that both Remabé
and ReBaGsé6 bind glycoproteins expressing the Tn antigen, but are
unable to bind to IgA1 glycoforms expressing the Tn antigen.

We also defined interactions of Remabé with Tn derivatives, e.g.
STn (NeuSAca2-6GalNAca1-Ser/Thr) and T (Galp1-3GalNAcal-
Ser/Thr) antigens, by enzymatically synthesizing them directly on
the Tn glycopeptide array (Supplementary Fig. S3). Partial sialylation

of Tn antigen with recombinant ST6GalNAc-I to generate STn
significantly decreased binding of Remabé, with the signal remain-
ing above background only for the MUC2 glycopeptide contain-
ing three consecutive Tn sites (ID7) (Figure 2D). In the microarray
platform, we suspected that perhaps the three adjacent Tn sites
could not be efficiently sialylated, compared to the same peptide
sequence with two adjacent Tn sites (ID6), and therefore the bind-
ing signal observed after sialylation was due to the incomplete Tn
sialylation reaction. To test this hypothesis, we characterized the
reaction product after sialylation in solution by MALDI-TOF MS
analysis and found that the triple-Tn-MUC2 (ID7) substrate was
much less efficiently sialylated than the double-Tn-MUC2 (ID6)
substrate (Supplementary Fig. S3A). In fact, a strong signal from
the nonsialylated peptide was present after the reaction. We also
enzymatically synthesized a T glycopeptide array by incubating the
Tn glycopeptide array slides with recombinant T-synthase, thus mod-
ifying the Tn antigen by addition of B1,3-linked galactose. This
modification inhibited Remabé binding (Figure 2E, Supplementary
Fig. S3B). Furthermore, both Remabé binding and ReBaGs6 binding
to Asialo-BSM were inhibited by addition of soluble GalNAc, but not
GlcNAc.

More importantly, ReBaGs6 exhibited a relatively strong binding
to glycoproteins with the Tn antigen (Kg = 5.43 x 1078 M), while
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Table I. Structures printed on the Tn glycopeptide array

Chart ID Detail Sequence

1 A-MUC2 Ac-PT+TTPLK-NH2

2 B-MUC2 Ac-PTT+TPLK-NH2

3 C-MUC2 Ac-PTTT*PLK-NH2

4 D-MUC2 Ac-PT+T+«TPLK-NH2

N E-MUC2 Ac-PT*+TT*PLK-NH2

6 F-MUC2 Ac-PTT+T*PLK-NH2

7 G-MUC2 Ac-PT«T«T«PLK-NH2

8 R-MUC2 Ac-PTTTPLK-NH2

9 a-Dystroglycan Ac-PPTTTTKKP-NH2

10 MUCSAC H2N-GTTPSPVPT*TSTTSAP-OH
11 EA2 Ac-PTTDSTT*PAPTTK-NH2
12 EA2-R Ac-PTTDSTTPAPTTK-NH2

13 a-Dystroglycan Ac-PPT+T*T+T+xKKP-HN2

14 MUC1-1 H2N-TSAPDT«RDAP-NH2

15 MUC1-1R H2N-TSAPDTRDAP-NH2

16 MUC1-2 H2N-APGS*T+APP-NH2

17 MUC1-2R H2N-APGSTAPP-NH2

18 PADRE Tn3b H2N-GaKcVAAWTLKAAaT+T«T«G-CONH2
19 Tn3 linker Ac-T+T*T*x-NH(CH2)3NH2
20 Tn linker Ac-T+-NH(CH2)3NH2

21 Peptide-4 H2N-KTTT-CONH2

22 Peptide-5 H2N-KTTTG-CONH2

23 Ser-GalNAc1 H2N-Ser(a-D-GalNAc)-NH2
24 Ser-GalNAc2 H2N-Ser(a-D-GalNAc)-OH

25 Thr-GalNAc1 H2N-Thr(a-D-GalNAc)-NH2
26 Thr-GalNAc2 H2N-Thr(a-D-GalNAc¢)-OH

27 IgA-Pep01 H2N-KPVPST+PPT+PSxC-OH
28 IgA-Pep02 H2N-KPVPSTPPTPSC-OH

29 IgA-Pep03 H2N-KPVPS«TPPTPSC-OH

30 IgA-Pep04 H2N-KPST*PPT+PS«xPS+C-OH
31 IgA-Pep0S5 H2N-KPSTPPTPSPSC-OH

32 IgA-Pep06 H2N-KT+PPT«PS«PS+TPC-OH
33 IgA-Pep07 H2N-KTPPTPSPSTPC-OH

34 IgA-Pep08 H2N-KTPPTPSPST+PC-OH

35 IgA-Pep09 H2N-KPT#PS#«PS«TPPT+C-OH
36 IgA-Pep10 H2N-KPSPSTPPTPSC-OH

37 IgA-Pepl1l H2N-KPS+PS+«TPPT+«PSC-OH
38 IgA-Pep12 H2N-KPSTPPTPSPSC-OH

39 IgA-Pep13 H2N-KPS+TPPT*PSPSC-OH
40 IgA-Pep14 H2N-KPSTPPTPSPSC-OH

41 IgA-Pepl$5 H2N-KPST+PPTPS+PS+C-OH
42 IgA-Pepl6 H2N-KPSTPPTPS+PSC-OH

43 IgA-Pep17 H2N-KPSTPPTPSPS+C-OH

44 IgA-Pep18 H2N-KPST*PPTPSPSC-OH

45 Phosphate Buffer

* GalNAc on serine or threonine. For PADRE Tn3b; a=D-alanin, c=Cyclohexylalanine.

Remabé as a chimeric human IgG1 showed a slightly lower binding
affinity (Kg = 8.29 x 1077 M). The binding constant of ReBaGs6
is close to that of VVA (Figure 2F). Finally, the CFG mammalian
glycan microarray results show that Remabé does not bind to BGA,
Tn-related glycans or other glycans expressing terminal a-GalNAc
(Supplementary Fig. S4). These results demonstrate that Remabé is
highly specific to the Tn antigen, especially in the clustered Tn-
glycopeptide form, but does not detectably interact with STn antigen,
T antigen or Tn antigen on human IgA1.

Remab6 robustness in flow cytometry and
immunofluorescence applications

Like BaGs6, Remabé stained a variety of Tn-positive Simple Cell
lines by flow cytometry, but not their Tn-negative counterparts for
LSC/LSB, LS174T, Colo205, MDA-MB-231, MKN-45 and Jurkat
cell lines (Figure 3A). Confocal microscopy analysis with Remabé
showed similar selectivity to Tn-positive cells in the MDA-MB-231
cell line. Staining was observed on the cell surface and intracellular
compartments, which was less co-localized in cis-medial Golgi
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Fig. 3. Binding profiles and distribution of Tn-carrying molecules within cells. (A) Flow cytometry profiles using Remab6 (top) and anti-STn antibody (bottom)
without (NT) or with treatment with neuraminidase (+Neu) on colorectal, breast, gastric carcinoma and leukemic cell lines. (B) Immunofluorescence studies
showing localization of Tn+ staining with respect to nuclear (DAPI), cis-medial Golgi (Giantin; top), trans Golgi (TGN46; middle) and ER (Calnexin; bottom) of
Tn-positive (left) and Tn-negative (right) MDA-MB-231 cell lines. Images were collected by confocal microscopy (Zeiss).

than trans Golgi apparatus but not co-localized in ER (Figure 3B

and Supplementary Fig. S5). These data demonstrate that Remabé

is a specific reagent for a variety of biochemical assays and can

be used to distinguish intracellular vs. extracellular Tn antigen

presentation.

Golgi
(cis-medial)

Immunohistochemical staining in IEC-Cosmc KO mice
and human cancer cell block sections and human
cancer tissue array

To further define the specificity of Remab6 using mammalian
tissues, and whether Remabé is specific to tissues expressing the
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Fig. 4. Immunohistochemical staining in [EC-Cosmc KO mice and human cancer cell block sections, and human cancer tissue array. (A) IHC staining with Remab6
using small intestine-colon-rectum sections in villi-specific Cosmc KO mice (male; KO Cosmc™", female; KO Cosmct/~) compared to WT. Scale bar represents
100 pm. (B) Cell block section staining with Remab6 of Tn-positive or Tn-negative populations of human carcinoma cell lines (LS174T, MDA-MB-231 and MKN-45).
Scale bar represents 10 um. (C) Human cancer tissue array (FDA808k-1/2, US Biomax Inc.), including normal and tumor tissues as indicated, with Remab6-Fab-
HRP reagent. Squares represent Tn-positive staining sites with high magnification. Brownish-red indicates Tn staining with antibody, and blue indicates nuclear

staining.

Tn antigen on glycoproteins, we exploited our prior development
of the IEC-Cosmc KO mice, which abundantly express the
Tn and STn truncated O-glycans in the colorectum and small
intestine in male KO and exhibit ~50% expression in female
mosaics (Kudelka et al. 2016). Immunohistochemical staining
with Remabé showed highly positive staining in Cosmc KO
tissues, but not normal tissues (Figure 4A). Immunohistochemical
staining in IEC-Cosmc KO mice with Remab6-HRP and Remabé-
Fab-HRP also showed focused, strong Tn staining in small
intestine—colon—-rectum sections in IEC- Cosmc KO mice compared
to WT (Supplementary Fig. S6).

We also assessed immunohistochemical staining using human
cancer cell block sections including human colorectal, breast and
gastric cancer cell lines, in which Remabé specifically stained those
previously identified as being potentially Tn-positive (Figure 4B).
Finally, Remabé was screened on a large set of normal and malignant
samples on tissue arrays. The results demonstrate that Remab6
stains breast, gastrointestinal, prostate, ovarian, cervical and pan-

creatic and pancreatic tissues of tumor origin, but rarely stained
normal tissues (Figure 4C, Supplementary Fig. S7, Table IIa and IIb).
In tabulating the Tn staining data using the cancer tissue array,
27 tumor tissue types were tested and 12 showed positive staining
(44% of tumor tissue types tested), compared to the 30 normal
tissue types tested where only 3 showed positive staining (10%
of normal tissue types) (Table III). Interestingly, however, in these
normal tissues, when positive, staining was only observed intracel-
lularly, not on the cell surface, whereas malignant tissue stained
both intra- and extracellularly. Intracellular staining of normal tissue
represents immature glycoproteins in transit during biosynthesis
where the Tn antigen is an intermediate. In addition, the extent and
intensity of Tn expression were significantly greater in malignant
tissues compared to normal tissue from the same organ, noting that
these arrays contain multiple cell types in both normal and tumor
tissues. These data demonstrate that Remabé is specific for the Tn
antigen in tumor cell surfaces and thus may be useful for detecting
carcinomas.


https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwz095#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwz095#supplementary-data

Development of anti-Tn mAb as a diagnostic biomarker

289

Table lla. FDA808k-1 multiple-organ normal tissue array, including the pathology diagnosis and results of Tn expression studies by IHC

FDAS808k-1
No Age Sex Organ/Anatomic Site  Pathology diagnosis TNM?* Grade Stage Type® Tn
expression
Al 49 M Cerebrum Cerebrum tissue - - - Normal -
A2 38 F Cerebrum Cerebrum tissue - - - Normal -
A3 50 F Cerebrum Cerebrum tissue - - - Normal -
A4 24 F Cerebellum Cerebellum tissue - - - Normal -
AS 32 M Cerebellum Cerebellum tissue - - - Normal -
A6 45 M Cerebellum Cerebellum tissue - - - Normal -
A7 45 M Adrenal gland Adrenal gland tissue - - - Normal -
A8 27 M Adrenal gland Adrenal gland tissue - - - Normal -
A9 43 M Adrenal gland Adrenal gland tissue - - - Normal -
B1 45 F Ovary Adjacent normal ovary tissue - - - NAT -
B2 35 F Ovary Adjacent normal ovary tissue - - - NAT -
B3 64 F Ovary Adjacent normal ovary tissue - - - NAT -
B4 40 F Pancreas Pancreas tissue - - - Normal -
BS 21 F Pancreas Pancreas tissue - - - Normal -
Bé6 27 M Pancreas Pancreas tissue - - - Normal -
B7 41 F Lymph node Lymph node tissue - - - Normal -
B8 43 M Lymph node Lymph node tissue - - - Normal -
B9 35 M Lymph node Lymph node tissue - - - Normal -
C1 - - Hypophysis Hypophysis tissue - - - Normal -
Cc2 34 M Hypophysis Hypophysis tissue - - - Normal -
C3 21 F Hypophysis Hypophysis tissue - - - Normal -
C4 35 M Testis Testis tissue - - - Normal -
C5 65 M Testis Adjacent normal testis tissue - - - NAT -
Cé6 74 M Testis Adjacent normal testis tissue - - - NAT -
Cc7 22 M Thyroid gland Thyroid gland tissue - - - Normal -
C8 40 F Thyroid gland Thyroid gland tissue - - - Normal -
C9 35 M Thyroid gland Thyroid gland tissue - - - Normal -
D1 29 F Breast Cancer adjacent breast tissue - - - AT -
D2 21 F Breast Breast tissue - - - Normal -
D3 35 F Breast Adjacent normal breast tissue - - - NAT -
D4 38 M Spleen Spleen tissue - - - Normal -
D5 21 F Spleen Spleen tissue - - - Normal -
D6 23 M Spleen Spleen tissue - - - Normal -
D7 34 M Tonsil Tonsil tissue - - - Normal -
D8 21 F Tonsil Tonsil tissue - - - Normal -
D9 45 M Tonsil Tonsil tissue - - - Normal -
E1l 16 M Thymus gland Thymus gland tissue - - - Normal -
E2 0.7 M Thymus gland Adjacent normal thymus gland tissue - - - NAT -
E3 15 F Thymus gland Thymus gland tissue - - - Normal -
E4 21 F Bone marrow Bone marrow tissue - - - Normal -
ES 61 F Bone marrow Adjacent normal bone marrow tissue - - - NAT -
E6 70 M Bone marrow Adjacent normal bone marrow tissue - - - NAT -
E7 16 F Lung Lung tissue - - - Normal -
E8 30 M Lung Lung tissue - - - Normal -
E9 21 F Lung Lung tissue - - - Normal -
F1 35 F Heart Cardiac muscle tissue - - - Normal -
F2 26 M Heart Cardiac muscle tissue - - - Normal -
F3 40 M Heart Cardiac muscle tissue - - - Normal -
F4 34 M Esophagus Esophagus tissue - - - Normal -
FS 30 M Esophagus Esophagus tissue - - - Normal -
Fé 24 M Esophagus Esophagus tissue - - - Normal -
F7 24 M Stomach Stomach tissue - - - Normal  Positives
F8 30 M Stomach Stomach tissue - - - Normal -
F9 38 M Stomach Stomach tissue - - - Normal -
Gl 45 M Small intestine Small intestine tissue - - - Normal  Positives

(Continued)
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Table lla. Continued.

FDAS808k-1

No Age Sex Organ/Anatomic Site  Pathology diagnosis TNM? Grade Stage  Type® Tn
expression®

G2 45 M Small intestine Small intestine tissue - - - Normal  Positivex

G3 21 F Small intestine Small intestine tissue - - - Normal -

G4 30 M Colon Colon tissue - - - Normal  Positives

GS 45 M Colon Colon tissue - - - Normal -

G6 35 M Colon Colon tissue - - - Normal -

G7 43 M Liver Liver tissue - - - Normal -

G8 35 M Liver Liver tissue - - - Normal -

G9 40 M Liver Liver tissue - - - Normal -

H1 40 M Tongue Salivary gland tissue - - - Normal -

H2 35 M Tongue Salivary gland tissue - - - Normal -

H3 54 F Tongue Adjacent normal salivary gland - - - NAT -

tissue

H4 38 M Kidney Kidney tissue - - - Normal -

HS 47 M Kidney Kidney tissue - - - Normal -

Heé 50 M Kidney Kidney tissue - - - Normal -

H7 43 M Prostate Prostate tissue - - - Normal -

HS 31 M Prostate Prostate tissue - - - Normal -

H9 35 M Prostate Adjacent normal prostate tissue - - - NAT -

H10 42 M Adrenal gland Pheochromocytoma (tissue marker) - - - Malig -

ATNM grading T—Primary tumor, Tx—Primary tumor cannot be assessed, T0—No evidence of primary tumor, Tis—Carcinoma in situ; intraepithelial or invasion of lamina propria,
T1—Tumor invades submucosa, T2—Tumor invades muscularis propria, T3—Tumor invades through muscularis propria into subserosa or into non-peritonealized pericolic or perirectal
tissues, T4—Tumor directly invades other organs or structures and/or perforate visceral peritoneum, N—Regional lymph nodes, Nx—Regional lymph nodes cannot be assessed, NO—No
regional lymph node metastasis, N1—Metastasis in 1 to 3 regional lymph nodes, N2—Metastasis in 4 or more regional lymph nodes, M—Distant metastasis, Mx—Distant metastasis
cannot be assessed, MO—No distant metastasis, M1—Distant metastasis, N—Regional lymph nodes, Nx—Regional lymph nodes cannot be assessed, NO—No regional lymph node
metastasis, N1—Metastasis in 1 to 3 regional lymph nodes, N2—Metastasis in 4 or more regional lymph nodes, M — Distant metastasis, Mx—Distant metastasis cannot be assessed,
MO0—No distant metastasis, M1—Distant metastasis

bType, Normal—Normal tissue, NAT—Normal adjacent tissue, AT—Adjacent tissue, Malig—Malignant tissue

¢Tn expression, Indicates positive or negative staining in IHC

*Intracellular staining

Table lIb. FDA808k-1 multiple-organ cancer tissue array, including the pathology diagnosis and results of Tn expression studies by IHC

FDAS808k-2
No Age Sex Organ/Anatomic Site  Pathology diagnosis TNM? Grade Stage  Type® Tn
expression®

Al 48 F Uterus Adjacent normal endometrium tissue - - - NAT -

A2 18 F Uterus Endometrium tissue - - - Normal -

A3 41 F Cervix Adjacent normal endometrium tissue - - - NAT -

A4 36 F Cervix Cancer adjacent cervical canals - - - AT -
tissue

AS 72 F Cervix Adjacent normal cervix tissue - - - NAT -

A6 65 F Cervix Adjacent normal cervical canals - - - NAT -
tissue with squamous metaplasia

A7 40 M Skeletal muscle Skeletal muscle tissue - - - Normal -

A8 49 F Skeletal muscle Adjacent normal skeletal muscle - - - NAT -
tissue

A9 50 M Skeletal muscle Skeletal muscle tissue - - - Normal -

B1 34 M Skin Skin tissue of chest part - - - Normal -

B2 21 M Skin Skin tissue - - - Normal -

B3 35 M Skin Skin tissue of abdomen part - - - Normal -

(Continued)
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Table llb. Continued.

FDAS08k-2

No Age Sex Organ/Anatomic Site  Pathology diagnosis TNM? Grade Stage  Type® Tn

expression®

B4 23 M Nerve Peripheral nerve tissue - - - Normal -

BS 25 M Nerve Peripheral nerve tissue - - - Normal -

B6 50 M Nerve Peripheral nerve tissue - - - Normal -

B7 33 M Lung Diaphragm tissue and mesothelial - - - Normal -
tissue

B8 19 M Cardiac pericardium Pericardium tissue and mesothelium - - - Normal -
tissue

B9 43 M Cardiac pericardium Diaphragm tissue and mesothelial - - - Normal -
tissue

C1 17 M Cerebrum Glioblastoma - 4 - Malig -

C2 65 F Cerebrum Atypical meningioma - - - Malig -

C3 40 F Cerebrum Glioblastoma - 4 - Malig -

C4 39 F Cerebrum Oligodendroglioma - 2 - Malig -

CSs 62 F Ovary Endometrioid carcinoma T2NOMO 3 I Malig Positive

C6 29 F Ovary Mucinous adenocarcinoma T3NOMO 3 I Malig Positive

Cc7 16 F Pancreas Islet cell tumor - - - Malig -

C8 64 M Pancreas Adenocarcinoma T3INOMO 3 IIA  Malig Positive

C9 32 M Testis Seminoma TINOMO - IA Malig -

D1 30 M Testis Embryonal carcinoma T2NOMO - 1B Malig -

D2 33 F Thyroid gland Medullary carcinoma T3NOMO - I Malig -

D3 46 F Thyroid gland Papillary carcinoma T4NOMO - IVA  Malig -

D4 67 F Breast Intraductal carcinoma TisNOMO - 0 Malig -

DS 58 F Breast Invasive ductal carcinoma T3NIMO 2 A Malig Positive

D6 42 F Breast Invasive ductal carcinoma T2N1IMO 3 1B Malig Positive

D7 21 M Spleen Diffuse B-cell lymphoma - - - Malig -

D8 61 M Lung Small cell undifferentiated T2NOMO - IB Malig -
carcinoma

D9 64 M Lung Squamous cell carcinoma T2NOMO 3 1B Malig -

E1l 42 M Lung Adenocarcinoma T2NOMO 3 IB  Malig -

E2 58 M Esophagus Squamous cell carcinoma T3NIMO 2 A  Malig Positive

E3 63 M Esophagus Adenocarcinoma T3INOMO 3 ITA  Malig Positive

E4 73 F Stomach Adenocarcinoma T2N1MO 3 A  Malig Positive

ES 64 F Small intestine Adenocarcinoma T4NOMO 3 IIB  Malig Positive

E6 71 F Small intestine Malignant mesenchymoma T2NOMO - I Malig -

E7 72 F Colon Adenocarcinoma T4NOMO 2 IVA  Malig Positive

E8 54 M Colon Mesenchymoma T2NOMO - I Malig -

E9 36 M Rectum Adenocarcinoma T2NOMO 2 I Malig -

F1 63 F Rectum Malignant mesenchymoma T2NOMO - I Malig -

F2 55 F Liver Hepatocellular carcinoma T3NOMO 2 A  Malig -

F3 17 F Liver Hepatoblastoma - - - Malig -

F4 60 M Kidney Clear cell carcinoma T2NOMO 1 II Malig -

Fs 80 M Prostate Adenocarcinoma (Gleason grade:4) T3NOMO 3 I Malig Positive

F6 77 M Prostate Adenocarcinoma (Gleason grade:5) T2NOMO 3 IIB  Malig Positive

F7 56 F Uterus Lowly malignant leiomyosarcoma ~ T2NOMO - I Malig -

F8 50 F Uterus Endometrioid adenocarcinoma T1bNOMO 1 IB  Malig Positive

F9 57 F Uterus Clear cell carcinoma T1bNOMO - 1B Malig Positive

Gl 36 F Cervix Squamous cell carcinoma T1bNOMO 3 1B Malig Positive

G2 49 F Cervix Squamous cell carcinoma T2NOMO 3 II Malig Positive

G3 20 F Skeletal muscle Embryonal rhabdomyosarc-oma of T1aNOMO - 1A Malig -
left leg

G4 70 F Rectum Malignant melanoma - - - Malig -

GS 85 F Skin Basal cell carcinoma of left face T2NOMO - I Malig -

G6 64 M Skin Squamous cell carcinoma of chest ~ T3NOMO 2 I Malig -

wall

(Continued)
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Table llb. Continued.

FDAS808k-2
No Age Sex Organ/Anatomic Site  Pathology diagnosis TNM? Grade Stage  Type® Tn
expression®

G7 21 M Nerve Neurofibroma of back - - - Malig -

G8 1 F Retroperitoneum Neuroblastoma - - - Malig -

G9 60 M Peritoneum Malignant mesothelioma T2NOMO - II Malig Positive

H1 55 M Lymph node Diffuse B cell lymphoma of armpit - - - Malig -

H2 50 F Lymph node Diffuse B cell lymphoma of right - - - Malig -
thigh

H3 27 M Lymph node Mixed cell type Hodgkin‘s - - - Malig -
lymphoma of left groin

H4 36 M Lymph node Anaplastic large cell lymphoma of - - - Malig -
left groin

HS 58 F Bladder High grade urothelial carcinoma T2NOMO - I Malig Positive

Hé 62 M Bladder Leiomyosarcoma T2NOMO - II Malig -

H7 37 F Cartilage Osteosarcoma of left femur lower ~ T2NOMO - 1B Malig -
section

H8 48 F Retroperitoneum Highly malignant pleomorphic T2NOMO - IIB  Malig -
rhabdomysarcoma

H9 60 F Smooth muscle Moderate malignant T2NOMO - IIB  Malig -
leiomyosarcoma of left buttock

H10 42 M Adrenal gland Pheochromocytoma (tissue marker) - - - Malig -

2TNM grading, T—Primary tumor, Tx—Primary tumor cannot be assessed, T0—No evidence of primary tumor, Tis—Carcinoma in situ; intraepithelial or invasion of lamina propria,
T1—Tumor invades submucosa, T2—Tumor invades muscularis propria, T3—Tumor invades through muscularis propria into subserosa or into non-peritonealized pericolic or perirectal
tissues, T4—Tumor directly invades other organs or structures and/or perforate visceral peritoneum, N—Regional lymph nodes, Nx—Regional lymph nodes cannot be assessed, NO—No
regional lymph node metastasis, N1—Metastasis in 1 to 3 regional lymph nodes, N2—Metastasis in 4 or more regional lymph nodes, M—Distant metastasis, Mx—Distant metastasis
cannot be assessed, MO—No distant metastasis, M1—Distant metastasis, N—Regional lymph nodes, Nx—Regional lymph nodes cannot be assessed, NO—No regional lymph node
metastasis, N1—Metastasis in 1 to 3 regional lymph nodes, N2—Metastasis in 4 or more regional lymph nodes, M—Distant metastasis, Mx—Distant metastasis cannot be assessed,
MO0—No distant metastasis, M1—Distant metastasis

bType, Normal—Normal tissue, NAT—Normal adjacent tissue, AT—Adjacent tissue, Malig—Malignant tissue

€Tn expression, Indicates positive or negative staining in IHC

*Intracellular staining

Table lll. Summary of Tn staining in normal and cancer tissue arrays

Tissue Malignant Normal Tissue Malignant Normal
Cerebrum 0/4 0/3 Esophagus 2/2 0/3
Cerebellum - 0/3 Stomach 111 1/3*
Hypophysis - 0/3 Small intestine 172 2/3*
Nerve 0/1 0/3 Colon 1/2 1/3*
Tongue - 0/3 Rectum 0/2 -
Tonsil - 0/3 Kidney 0/1 0/3
Cartilage 0/1 - Adrenal gland 0/2 0/3
Thyroid 0/2 0/3 Bone marrow - 0/3
Thymus - 0/3 Prostate 2/2 0/3
Heart - 0/3 Bladder 12 -
Cardiac pericardium - 0/2 Testis 0/2 0/3
Lymph node 0/4 0/3 Ovarian 2/2 0/3
Lung 0/3 0/3 Uterus 2/3 0/1
Breast 2/3 0/3 Cervix 2/2 0/3
Liver 0/2 0/3 Peritoneum 1/3 -
Spleen 0/1 0/3 Skin 0/3 0/3
Pancreas 12 0/3 Skeletal muscle 0/1 0/3
Smooth muscle 0/1 -

* Intracellular staining
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Fig. 5. LC-MS analysis to identify Tn-containing glycoproteins in colorectal carcinoma cell line. (A ) Immunoprecipitated glycoproteins with ReBaGs6 in Colo205
Simple Cell line (Tn-positive) were analyzed by western blot using Remab6. (B) The numbers of Tn-positive glycoproteins were identified by LC/ESI-MS/MS
analysis using immunoprecipitates with ReBaGs6 in the Colo205 Simple Cell line (Tn-positive).

Table IV. Identification of peptide sequences by LC/ESI-MS/MS

No. Entry Peptide/glycopeptide Peptide/glycopeptide Peptide/glycopeptide sequence #3
name sequence #1 sequence #2
1 APOE ALMDET* MKELK LRARMEEMGS* RT* R S* WFEPLVEDMQRQWAGLVEK
MUC16 TEALSLGRT* ST* DT* FNDSAAPQST* ISTSAPLSSS* AS* VLDNK
PGPAQSTIS TWPETSPR
3 APP LALENY* IT* FLHQERMDVCETHLHWHT* PAADRGLTTR?
ALQAVPPRPR VAKETCSEK
4 AGRN TTAAPTTRRPPT* T* TTAAPTTRR® KDFRSVR*
APSRVPGR
S CD44 KPS* GLNGEAS* KS* SQEMVHLVNK* RMDMDSSHSITLQPT*
QEMVHLVNK ANPNTGLVEDLDR
6 TGFB2 LSSTWET* GK EHPCVES* MK IFPY* EEY* ASWKTEK
SLC2A12 SS$* LM** PLR GCS* LEQISMELAKVNY* Y*MFGLVIPLGVLQAIAMY
VKNNICFMSH- FLPPS*PRFLVMKGQEGAASK
HQEELVPK
8 NID2 KALEGLQY* PFAVT* IEVAKLDGT* QR IESALLDGSER®
SYGK
9 CALU MDLRQFLMCLSLCTAFALS* IDGDKDGFVT* TFDQLTPEESKER®
KPT* EK VDELKDWIK
10 S1PR1 YIT* MLK IMS* CCK T* CDILFR
11 MUC13 HS* MAYQDLHSEITS* CAFGY* S* GLDCKDK STGFTNLGAEGSVFPK*
LFKDVF
12 ITAS ERQVAT* AVQWT* K HPGNFSS* LS* CDY* RSLPYGTAMEK*

FAVNQSR

*GalNAc on serine, threonine or tyrosine; ** Oxidation on methionine; Not identified site-specific GalNAcylation

Identification of Tn-containing glycoproteins in
colorectal cancer cell line by LC/ESI-MS/MS

We sought to use ReBaGsé to identify Tn-containing glycoproteins
that might be useful in analyses for biomarkers, as well as
to explore potential mechanisms by which Tn antigen may be
involved in tumor progression. To this end, we examined the
glycoproteins recognized by ReBaGs6 in Colo205 Simple Cells
(Tn-positive) engineered by deletion of the Cosmc gene from
parental Colo205 cells. ReBaGs6 was conjugated to UltraLink
beads and the conjugate was used for immunoprecipitation

experiments using Colo205 Simple Cell (Tn-positive) lysates. A
number of Tn-containing glycoproteins were captured, as identified
by subsequent western blot using Remabé (Figure 5A). As a control,
we also examined glycopeptide sequences from Asialo-BSM. Several
Tn-containing peptide sequences were identified from Asialo-
BSM under multiple higher collision dissociation (HCD) energies
(Supplementary Fig. S8). The monoisotopic precursor isotopic
pattern was matched against the theoretical peptide for several
peptide spectral matches identified via decoy database search with
SEQUEST.


https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwz095#supplementary-data
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With success in these control studies on Asialo-BSM, we used
similar instrument settings to identify tryptic glycopeptides using
immunoprecipitates in Colo205 Simple Cells (Tn-positive). Using this
approach, we identified several unique glycoproteins and unique pep-
tide sequences with GalNAc¢ modifications from the Colo205 Simple
Cell line (Tn-positive), but not the control Tn-negative Colo205 cell
line (Figure 5B). GO annotation of the identified glycopeptides is spe-
cific to either membrane glycoproteins or their secreted counterparts,
and a number of such tryptic glycopeptides containing GalNAc are
listed (Table IV). Interestingly, we also observed GalNAc on tyrosine
residues in several glycopeptides. This modification was observed in a
recent study (Vakhrushev et al. 2013), but there have been few reports
of its presence. These Tn-containing glycoproteins also included
several sites predicted to be O-glycosylated, but not yet proven
by chemical analysis, such as LC-MS/MS or western blot analysis.
Together, our results indicate that both Remabé and ReBaGsé6 do not
require specific amino acid backbones for recognition and that these
antibodies specifically recognize the Tn antigen on several unique
glycoproteins in Colo205 cells. These unique glycoproteins will be
useful in future biomarker studies.

Discussion

Here we have presented our development of a novel set of recom-
binant anti-Tn monoclonal antibodies, human IgG1 Remabé and
murine IgM ReBaGs6. These antibodies are specific for the Tn
antigen in glycoproteins and do not simply recognize terminal a-
linked GalNAc residues, as may occur in BGA and other types of
glycans. Importantly, the engineered antibodies do not recognize
the Tn antigen present in the hinge region of IgA1l. Furthermore,
in normal murine tissues we did not observe binding of Remabé,
whereas in murine tissues from mice engineered to lack Cosmc
and express the Tn antigen, we observed extensive staining. The
recombinant anti-Tn antibodies also allowed identification of novel
Tn-positive glycoproteins in a human tumor cell line.

Anti-glycan antibodies

Alteration of glycan structures in cancer is a common feature and has
led to the development of glycoprotein-based biomarkers, including
glycan- or glycoprotein-targeted antibodies, such as CA19-9, CA15-
3, CA125 and CA72-4 (Chen et al. 2018). Several antibodies against
those targets have been developed, but not all glycan structures are
equally immunogenic, biasing the production of antibodies. Glycan
determinants recognized by antibodies and other glycan-binding pro-
teins (GBPs) minimally contain two to six monosaccharides, limiting
the generation of mAbs against single monosaccharides, such as
GalNAc (Cummings 2009). From the traditional immunology view-
point, glycans alone elicit T cell-independent immunity, whereas gly-
copeptides elicit glycopeptide-MHC-II interactions for presentation
and T-cell dependency (Singh et al. 2011). Interestingly, while some
Tn-containing MUC1 glycopeptides elicit T cell-dependent immune
response, other glycopeptides with identical aglycon backbones but
distinct Tn attachment sites do not, despite being endocytosed by
dendritic cells, suggesting that the selection of glycosylation sites is
a critical key for immunogen design (Vlad et al. 2002).

This complexity in the immune response has prompted many lab-
oratories to generate monoclonal antibodies against the Tn antigen
by immunizing with whole cancer cells (Springer et al. 1988; Bigbee
et al. 1990; King et al. 1991; Brooks et al. 2010; Welinder et al. 2011;
Blixt et al. 2012), membrane proteins/cultured supernatants from

cancer cells (Hirohashi et al. 1985; Springer et al. 1988; Takahashi
et al. 1988; Numata et al. 1990; King et al. 1991; Huang et al.
1992; Osinaga et al. 2000; Ando et al. 2008), Tn-linker molecules
and synthesized Tn glycopeptides as an immunogen (Longenecker
et al. 1987; Thurnher et al. 1993; Reis et al. 1998; Sorensen et al.
2006; Danussi et al. 2009; Mazal et al. 2013; Naito et al. 2017;
Persson et al. 2017) and phage display (Kubota et al. 2010; Sakai et al.
2010). Some of these anti-Tn antibodies have been demonstrated to
inhibit the growth of colon and breast cancer cell lines (Morita et al.
2009), tumor rejection (Hubert et al. 2011) and anti-tumor activity
in vitro and in vivo (Avichezer et al. 1997; Ando et al. 2008; Kubota
et al. 2010; Welinder et al. 20115 Sedlik et al. 2016) and used for in
vivo imaging (Nakamoto et al. 1998; Danussi et al. 2009). However,
monoclonal antibodies to the Tn antigen are notably difficult to
generate and are expensive to produce, and their specificities are
often not well characterized, especially in regard to whether the anti-
Tn antibodies recognize the Tn-positive IgA1 glycoform (Lehoux et
al. 2014). This latter feature is generally not tested nor appreciated.
Therefore, our engineered antibodies that do not recognize IgAl
provide a valuable alternative that can be reproducibly made on a
large scale and retain the fine specificity that we have characterized.
Our previous study has demonstrated that Tn-modified glycopep-
tides show drastic conformational changes, which might give rise to
unpredicted immunogenic epitopes (Borgert et al. 2012). As both
Remabé6 and ReBaGsé6 do not show cross reactivity to Tn antigen
on IgA1 and can recognize tumor cell-expressed glycoproteins, the
results suggest that these antibodies could be promising therapeutics
and diagnostics in cancer.

Remabé is specific for Tn antigen on multiple unique
glycoproteins in cancer

Remabé was functional in multiple types of assays and provided clues
to understand the mechanisms by which Tn-containing glycoproteins
could be involved in cancer progression by LC/ESI-MS/MS analysis
with immunoprecipitation (Figure 5). Consistent with prior studies,
some of the Tn-containing glycoproteins we identified have been seen
previously using VVA lectin chromatography with a Cosmc knockout
cell line and LC-MS" analysis (Radhakrishnan et al. 2014; Campos
etal.2015), and the established GlycoDomainViewer database (Joshi
et al. 2018). We also identified several glycoproteins, such as APOE,
MUC16, AGRN, CD44 and ITAS, which were identified using VVA
lectin chromatography (Vakhrushev et al. 2013). In our study, how-
ever, we also identified several additional and novel Tn-containing
glycoproteins (Figure 5B, Table IV). Among the novel proteins in
the list, the unique glycopeptides in APP (Amyloid beta A4) were
first identified in our study, although APP was identified as an O-
glycosylated glycoprotein in a prior study (Steentoft et al. 2011).
Among the novel O-glycosylated glycoproteins we identified are
TGFB2, SLC2A12, NID2, CALU, S1PR1 and MUC13, all of which
have suggested roles in colorectal cancer.

For example, TGFB2 is associated with the hypoxic tumor
microenvironment to promote cancer cell stemness and chemoresis-
tance in colorectal carcinoma (Tang et al. 2018). SLC2A12 (GLUT12)
is correlated with the androgen receptor (AR) in multiple clinical
cohorts and is required for maximal androgen-mediated glucose
uptake to promote cell growth in prostate cancer (White et al.
2018). NID2 is characterized as a tumor suppressor gene and
serves to maintain the extracellular matrix environment, to suppress
liver metastasis by regulating EGFR/Akt and Integrin/FAK/PLCc
pathways (Chai et al. 2016). CALU is an extracellular molecule
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and stabilizes fibulin-1 and regulates cell migration via the ERK1/2
signaling pathway in hepatocellular and pancreatic carcinomas
(Wang et al. 2015). SIPR1 is an important factor in promoting
metastasis via the tumor microenvironment in multiple carcinomas
(Rostami et al. 2019). MUC13 is known to play a protective role in
colorectal cancer by activating the NF-«B pathway, whereas another
well-known mucin MUC16 plays an opposite role in extending tumor
metastasis (Sheng et al. 2017).

Of note, tyrosine O-GalNAcylation has been reported for a
handful of glycopeptides in a recent study (Vakhrushev et al. 2013).
In addition to the more well-known PTM identifications on tyro-
sine such as phosphorylation and sulfation, tyrosine glycosylation
is typically not considered for data analysis as commonly as serine
and threonine, as is evident from our report and others that routine
mining of tyrosine GalNAc residue should be considered for all future
MS analyses. This tyrosine GalNAcylation could be orchestrated with
serine or threonine GalNAcylation to affect oncogenic properties, but
that remains to be studied. Thus, using the specific anti-Tn antibody
in immunoprecipitation studies, we identified both several novel O-
glycosylated glycoproteins and novel tyrosine O-GalNAcylation sites
on peptides.

Overall, the results demonstrate that Remabé does not recognize
any particular amino acid backbone, yet the peptide expression is
required for antigen expression and some peptide presentations may
not be recognized by Remabé6. The inhibition data indicate that
Asialo-BSM is a better inhibitor of BaGs6, compared to VVA, and
the monosaccharide GalNAc only weakly inhibits BaGs6 (Supple-
mentary Fig. S1B). This suggests that there is little cross-reactivity
with other glycan structures terminating in «-linked GalNAc, in
contrast to VVA and HPA, which simply recognize terminal o-linked
GalNAc-R residues. This is in line with the requirement for multiple
clustered sites (Figure 2B), and as shown in previous binding studies
with BaGs6 (Borgert et al. 2012), and the sequence requirements
suggest the peptide backbone plays a role or is an important factor
for spatially orienting the sugar residues. To date, several groups
have demonstrated that Tn-containing glycoproteins modulate cell
proliferation, invasion, metastatic potential and immunosurveillance
in some types of cancers (Wagner et al. 2007; Kanoh et al. 2008; Park
et al. 2010; Park et al. 2011; Taniuchi et al. 2011; Wu et al. 2011;
Saeland et al. 2012; Matsumoto et al. 2013; Ho et al. 2014; Hofmann
et al. 2015; Song et al. 2015; Niang et al. 2016; Song et al. 2016;
Lin et al. 2017). The surface expression of Tn-positive glycopro-
teins in tumor cells suggests that Remabé could exhibit anti-tumor
efficacy.

Remabé is useful as a diagnostic biomarker in several

types of cancer, as well as a potential targeted therapy
Remabé has potential as a diagnostic marker to detect Tn-carrying
mucins in the serum or feces of cancer patients. Our results with
a human cancer tissue array indicate that Remabé could be useful
for the detection of Tn-expressing human carcinomas using biopsies
with patients or CT/MRI imaging with limited off-target effects, since
there was little reactivity on the surface of normal tissues (Figure 4C,
Supplementary Fig. S7). Using the recombinant antibodies described
here, we can imagine several therapeutic applications, including (1)
antibody-drug conjugate (ADC) technique, (2) CAR-T cell engi-
neering, (3) antibody-dependent cellular cytotoxicity/complement-
dependent cytotoxicity-based immunotherapy and (4) bispecific anti-
body (bsAb) technology. Recently, ADC with Chi-Tn, a mouse/human
chimeric antibody for Tn antigen, showed anti-tumor efficacy when

the antibody was internalized, and the cytotoxic drug is active in early
and recycling endosomes (Sedlik et al. 2016). MUC1-Tn engineering
CAR-T cells have been established and showed a potent antitumor
efficacy in xenograft models of T cell leukemia and pancreatic cancer
(Posey et al. 2016). These data indicate that Remabé is a promising
tool for detection, diagnosis and therapeutic treatment in human

carcinomas.

Materials and methods

Cell culture

Human colorectal carcinoma LSC and LSB cells were a kind gift from
Dr. Steven Itzkowitz (Mount Sinai School of Medicine) (Brockhausen
et al. 1998). Human colorectal carcinoma LS174T, and acute T cell
leukemia Jurkat cells, which carry a Cosmc mutation and express
the Tn antigen (Ju and Cummings 2002), were purchased from
American Type Culture Collection (ATCC). Tn-positive and -negative
populations in LS174T cells were isolated previously (Ju et al. 2008).
The human colon adenocarcinoma Colo205 cell line, human breast
adenocarcinoma MDA-MB-231 cell line, human gastric adenocarci-
noma MKN-45 cell line and the corresponding Tn-positive Simple
Cells of each cell line, which were generated by deletion of the
Cosmc gene, were a kind gift from Dr. Henrik Clausen (University of
Copenhagen) (Steentoft et al. 2013). LSC, LSB, LS174T and MDA-
MB-231 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Corning®) supplemented with 10% (vol/vol) fetal bovine
serum and 200 units/mL penicillin—streptomycin at 37°C and 5%
CO;. Jurkat, Colo205 and MKN-45 cells were cultured in RPMI
1640 medium (Corning®) supplemented with 10% (vol/vol) fetal
bovine serum and 200 units/mL penicillin-streptomycin at 37°C and
5% CO,.

Preparation of Asialo-BSM affinity resin

Bovine submaxillary mucin (BSM) (Sigma) was coupled with
UltraLink™  Biosupport resin (Thermo Fisher Scientific) as
previously described (Ju et al. 2002a). The coupled BSM beads were
desialylated by the addition of 50 mU of Arthrobacter ureafaciens
neuraminidase (Roche) in 50 mM sodium acetate (pH 5.0) for 1 h
at 37°C. The resin was washed with PBS three times, and the beads
were collected and desialylated once more to completely remove the
sialic acid, to generate desialylated BSM (Asialo-BSM) beads.

Immunofluorescence of Asialo-BSM beads

BSM beads, Asialo-BSM beads or beads alone were incubated with
ascites fluid containing the anti-Tn IgM BaGs6 (diluted 1:100 in PBS)
or mouse anti-STn mAb (SCBT, B72.3, diluted to 1 pg/mL in PBS)
for 1 h on ice. The beads were washed three times with 1 M NaCl
and incubated with Alexa Fluor® 488-goat anti-mouse IgM or IgG
secondary (Thermo Fisher Scientific) at 1:400 dilution in PBS for 1 h
on ice in the dark. The beads were washed three times with PBS
and analyzed using a microscope (Zeiss; Axio Imager M1). Isotype
antibodies, mouse IgM and IgG, were used as controls, for the ascites
and anti-STn mAD, respectively.

Affinity purification and sequencing of anti-Tn
antibody from mouse ascites

An ascites fluid containing BaGs6 (8 mg/mL), a murine IgM mon-
oclonal antibody, was a kind gift from the late Georg Springer, but
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no hybridoma exists. To purify BaGsé, the ascites fluid was mixed
with Asialo-BSM beads and rotated overnight in a cold room. After
the mixture was washed six times with 1 M NaCl on the column,
bound material was eluted by 0.1 M glycine-NaOH (pH 10.5) and
neutralized with 1 M glycine-HCI (pH 2.7). The concentration of
purified mAb was determined by Pierce!™ BCA assay kit (Thermo
Fisher Scientific) following the manufacturer’s instructions with BSA
as a standard. Each fraction was analyzed on SDS-PAGE (GenScript)
and stained with Coomassie. The affinity-purified antibody was de
novo sequenced by LC-MS/MS* with multiple proteolytic approaches
at Digital Proteomics Inc. (San Diego, CA). Using this informa-
tion, we then constructed genes encoding the heavy and light chain
and complementarity-determining regions (CDR) with appropriate
proprietary amino acid substitutions. For large-scale production,
ReBaGsé6 was outsourced to LakePharma Inc. (San Carlo, CA) for
production and purification.

Cloning and expression of recombinant human
chimeric anti-Tn mAb (Remab6, hlgG1)

DNA fragments engineered to represent the heavy mu chain and
kappa light chain-variable domains in BaGs6 were synthesized by
Genewiz, Inc. (South Plainfield, NJ) into the pUCS57 vector. Syn-
thetic DNA fragments representing aspects of the variable domains
of BaGs6 were subcloned into pFUSEss-CHIg-hG1 and pFUSE2ss-
CLIg-hk vectors (InvivoGen), respectively. HEK293 Freestyle cells
were grown to a density of 2.5 x 10° cells/mL in Freestyle Expression
Medium (Life Technologies) in suspension on a platform shaker
in a humidified 37°C incubator. Before transfection, the cells were
harvested at 300xg for 10 min and resuspended in fresh medium.
Then, the cells were co-transfected with 3 pg/mL in total of plasmid
vectors expressing heavy chain and light chain (2:3 ratio), and with
9 pL/mL of polyethylenimine (PEI) at a final concentration of 0.5 pg
DNAs or PEI/pL media in transfection solution. After 24 h, the cells
were diluted 1:1 with fresh media supplemented with valproic acid
(Sigma-Aldrich) at a final concentration of 2.2 mM. After 7 d post-
transfection, cultured supernatant was collected after centrifugation
at 300 x g for 10 min.

Purification of Remab6 using Protein A affinity
chromatography

The culture supernatant was applied to a Protein A-Agarose column
(Roche) equilibrated with 100 mM Tris, pH 8.0. After the column
was washed with 100 mM Tris—-HCI, pH 8.0, once, and 10 mM
Tris-HCI, pH 8.0, twice, Remabé6 was eluted by 0.1 M glycine-HCl,
pH 2.7, and neutralized with 1 M Tris=HCI, pH 9. The concentration
of purified Remab6 was determined with the Pierce /M BCA assay kit.

Tn glycopeptide microarray and CFG microarray

The Tn glycopeptide microarray was prepared as previously
described (Borgert et al. 2012). The list of glycopeptides printed
on the microarray is given in Table I. The Consortium for Functional
Glycomics (CFG) glycan microarray version 5.0 was used (www.
functionalglycomics.org) (Heimburg-Molinaro et al. 2011). Briefly,
Remabé (diluted to 5 pg/mL), ReBaGsé6 (diluted to 20 and 2 pg/mL)
or mouse ascites (diluted 1:200) in TSM binding buffer (20 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM CacCl,, 2 mM MgCl,, with
1% BSA and 0.05% Tween-20) were added to the array slides for
1 h at RT. Slides were washed four times with TSM wash buffer 1
(20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM CaCl,, 2 mM
MgCly and 0.05% Tween-20) and washed four times with TSM

wash buffer 2 (20 mM Tris—-HCI, pH 7.4, 150 mM NaCl, 2 mM
CaCl, and 2 mM MgCly). Alexa Fluor® 488-labeled goat anti-
human IgG or goat anti-mouse IgM secondary (diluted to 5 pg/mL)
were used for detection. After washing as above, slides were washed
once in water and dried before being read on a GenePix® 4300A
microarray scanner (Molecular Devices). Images were analyzed with
quantitation software (GenePix® Pro Microarray Analysis Software
Ver. 7, Molecular Devices).

Preparation of remodeled glycopeptide arrays—STn
and T glycopeptide array

The STn glycopeptide array was generated by incubating the Tn
glycopeptide microarray slides (ID1-8) with the sialyltransferase,
ST6GalNAc-1, and 1 mM of 5'-biotinylated CMP-Neu5Ac (Chemily,
LLC, custom order) in reaction buffer (150 mM NaCl, 20 mM
cacodylate, pH 6.8, 10 mM CaCly, 10 mM MgCly, 10 mM MnCl,
and 0.05% Tween-20) at 37°C overnight. Slides were washed four
times with TSM wash buffer 1 and TSM wash buffer 2 before
use. The T glycopeptide array was generated by incubating the
Tn glycopeptide microarray slide with T-synthase with 1 mM of
UDP-Gal in reaction buffer at 37°C overnight. Slides were washed
four times with TSM wash buffer 1 and TSM wash buffer 2, and
microarrays were probed with Remabé.

Preparation of IgA1 from CosmcKO Dakiki cells and cell
extracts

CosmcKO Dakiki cells were generated using the CRISPR/Cas9 sys-
tem, which allowed us to delete the functional Cosmic gene on the
X-chromosome. Purification of IgA1 from Dakiki cells was previ-
ously described (Lehoux et al. 2014). For cell extracts, approxi-
mately, 5 x 10° cells were harvested and lysed with 500 pL of
lysis buffer (150 mM NaCl, 20 mM Tris-HCI, pH 7.5, 2.5 mM
sodium pyrophosphate, 1 mM NayEDTA, 1 mM EGTA, 1 mM
B-glycerophosphate, 1 mM sodium orthovanadate and 1% Triton
X-100) containing protease inhibitors (Roche, cOmpleteTM, Mini
Protease Inhibitor Cocktail). After sonication, cell extract was col-
lected from the supernatant after centrifugation at 15,000 rpm for
10 min.

Western and lectin blots

The protein concentration in purified IgA1 and cell extracts was
determined by Pierce BCA kit. Asialo-BSM was prepared from BSM
with neuraminidases as described in “Preparation of Asialo-BSM
affinity resin”. Proteins (purified IgA; 0.3 pg/lane, cell extracts;
30 pg/lane, and Asialo-BSM; 2.5 pg/lane) were analyzed on SDS-
PAGE gel (GenScript) and transferred to a nitrocellulose membrane
(Thermo Fisher Scientific). After blocking with 5% (w/vol) BSA
in TBS + 0.05% Tween-20 (TTBS) for 1 h at RT, western and
lectin blots were analyzed with Remabé and ReBaGsé6 (diluted at
S pg/mL, 2 pg/mL in TTBS, respectively), biotinylated VVA (Vector
Laboratories, diluted at 1 pg/mL in TTBS) or horseradish peroxidase
(HRP)-labeled goat anti-human IgA (alpha) antibody (Sigma, diluted
at 1:5000 in TTBS) as a primary staining. Secondary detection
was performed with HRP-labeled goat anti-human IgG antibody,
goat anti-mouse IgM antibody (KPL) and streptavidin-HRP (Vector
Laboratories) at 1:5000 dilution in TTBS, using SuperSignalT™
West Pico Chemiluminescent Substrate (Thermo Fisher Scientific),
then analyzed on an Amersham™ Imager 600 (GE Healthcare Life
Sciences).
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Binding and inhibition assays

Asialo-BSM (0.5 pg/well) was immobilized with immobilization
buffer (NaHCO3/Nay,CO3, pH 9.6) in a 96-well plate (Thermo
Fisher Scientific, PolySorp) overnight at 4°C. The plate was washed
with TTBS and added with 5% (w/v) BSA in TTBS for 1 h at RT. The
plate was incubated with a serial dilution of ReBaGs6 and Remabé6
and biotinylated VVA in TTBS for 1 h at RT. The plate was washed
with TTBS and incubated with Alexa Fluor® 488-labeled goat anti-
mouse IgM, goat anti-human IgG or streptavidin at 1:1000 dilution in
TTBS for 1 h at RT in the dark. The plate was washed with TTBS and
read on an ImageXpress® Pico (Molecular Devices). Affinity constant
was calculated with GraphPad Prism 6.0 (GraphPad Software, Inc.).
For inhibition assay, ReBaGs6, Remabé6 and biotinylated VVA were
preincubated with 100 mM GalNAc or 100 mM GlcNAc for 30 min
at RT.

Flow cytometry

Cells were collected and washed with cold PBS twice, then 5 x 10°
cells were transferred into tubes. Cells were treated with 50 mU of
neuraminidases in PBS for 1 h at 37°C, then washed, and incubated
with 100 pL of Remabé (diluted to 5 pg/mL in PBS) or mouse anti-
STn mAD (diluted to 1 pg/mL in PBS) for 1 h on ice. For controls,
cells were incubated with 100 pL of human IgG or mouse IgG
(SouthernBiotech) for 1 h on ice. Cells were washed twice with cold
PBS, and incubated with 100 pL of Alexa Fluor® 488-labeled goat
anti-human IgG or goat anti-mouse IgG (Thermo Fisher Scientific) at
1:400 dilution in PBS for 1 h on ice in the dark. Cells were washed
twice with cold PBS, resuspended in 500 pL of PBS and analyzed on
a flow cytometer (FACSCaliburTM, Becton Dickinson).

Confocal microscope imaging

For immunofluorescence with cultured cells, cells were fixed with
4% (vol/vol) paraformaldehyde (PFA) in PBS for 30 min on ice,
permeabilized with 0.1% (vol/vol) Triton X-100 in PBS for 10 min
on ice. After blocking with 5% (w/vol) BSA in PBS for 1 h at
4°C, cells were co-stained with Remabé (diluted to 5 pg/mL in
PBS + 0.5% BSA) and rabbit anti-Calnexin mAb (CST, 1:100 dilution
in PBS + 0.5% BSA), rabbit anti-Giantin pAb (Abcam, 1:500 dilution
in PBS + 0.5% BSA) or sheep anti-TGN46 pAb (Bio-Rad, 1:500
dilution in PBS + 0.5% BSA) for 1 h at 4°C. Cells were washed
three times with PBS and co-stained with Alexa Fluor® 488-labeled
goat anti-human IgG and Alexa Fluor® 568-labeled goat anti-rabbit
IgG or Alexa Fluor® 568-labeled donkey anti-sheep IgG secondaries
(Thermo Fisher Scientific) at 1:400 dilution in PBS + 0.5% BSA for
1 h at 4°C in the dark. Cells were washed three times with PBS and
stained with DAPI for 10 min at RT in the dark, then cells were
analyzed by confocal microscope (Zeiss; Axioimager Z1). Isotype
antibodies (human IgG, rabbit IgG or sheep IgG) (Southern Biotech)
were co-stained as controls.

Immunoprecipitation and western blot

Cell extracts were prepared as described in “Preparation of IgAl
from Cosmc-KO Dakiki cells and cell extracts”. Cell extracts from
the Colo205 simple cell line (Tn-positive) were immunoprecipi-
tated with ReBaGsé6 or isotype control mouse IgM-conjugated with
UltraLink ™ beads overnight at 4°C. Immunoprecipitates were ana-
lyzed by western blot as described in “Western and lectin blots”.
Remabé6 (2 pg/mL in TTBS) and horseradish peroxidase (HRP)

labeled with goat anti-human IgG antibody (KPL) at 1:5000 dilution
in TTBS were used for detection.

LC/ESI-MS/MS mass spectrometry analysis

Immunoprecipitates in Coomassie-stained gel were de-stained and
washed with a series of three washing buffers (50 mM ammonium
bicarbonate, 50% acetonitrile and 80% acetonitrile). The bound
proteins were reduced with 1 mL of 40 mM dithiothreitol for
25 min at 56°C. The pieces of gel were rinsed with 1 mL of
50 mM ammonium bicarbonate buffer, and the reduced proteins
were alkylated with 1 mL of 50 mM iodoacetamide for 30 min at
25°C in the dark with gentle mixing. lodoacetamide was discarded,
and the gel-bound proteins were digested with 0.5 mL of trypsin
(Promega, diluted at 20 ng/pL) in 50 mM ammonium bicarbonate
buffer at 37°C with gentle mixing for 12 h. After digestion, the tryptic
fractions were collected, and the gels were washed with 50 mM
ammonium bicarbonate to collect any remaining tryptic peptides.
The eluents containing tryptic peptides were dried using a Speed-
Vac apparatus (Thermo Fisher Scientific) and stored at 4°C prior
to mass spectrometric analysis. The dried samples were dissolved
with 20 pL of 0.1% formic acid/water. Two microliters of each
sample was analyzed by LC/ESI-MS/MS using a Fusion ™ LumosT™
(Thermo Fisher) mass spectrometer (MS) with a Dionex LC system
using data-dependent acquisition with dynamic exclusion (DE = 1)
settings. The data-dependent acquisition settings were a top 12
higher energy collision-induced dissociation (HCD) for the Fusion '™
Lumos™ MS. The resolving power for Fusion™ Lumos™ was
set at 120,000 for the full MS scan and 35,000 for the MS/MS scan
at m/z 200. LC/ESI-MS/MS analyses were conducted using a C18
column (75 pm x 150 pm). The mobile phases for the reversed-
phase chromatography were (A) 0.1% HCOOH/water, and (B) 0.1%
HCOOH in acetonitrile. A four-step linear gradient was used for
the LC separation (2% to 30% B in the first 47 min, followed by
80% B in the next 1 min and holding at 80% B for 12 min). The
SEQUEST algorithm was used to identify peptides from the resulting
MS/MS spectra by searching against the combined human protein
database (22,673 proteins in total) extracted from Swiss-Prot (version
57) using taxonomy “Homo sapiens” using Proteome Discoverer ['M
(Thermo Scientific, version 1.4). Searching parameters for parent
and fragment ion tolerances were set as 15 ppm and 30 mmu for
the Fusion™ Lumos ™. Other parameters were used as a fixed
modification of carbamidomethylation (C), variable modifications of
acetylation (K), HexNAc (S, T) and oxidation (Met). Trypsin was set
as the protease with a maximum of two missed cleavages. Raw files
were searched against top 6 O-glycans using Byonic!™ (Bern et al.
2007) with a peptide tolerance of 15 ppm and an MS/MS tolerance
of 20 ppm for HCD data and the carbamidomethylated cysteine as
fixed modification and oxidation of methionine and acetylation (K)
as variable modifications. ByonicI™
whether modifications are confidently localized.

scoring gives an indication of

Immunohistochemical staining in IEC-Cosmc KO mice
sections and human cancer cell blocks

Intestines from WT and IEC-Cosmc KO mice were dissected and
prepared by Swiss-roll as previously described (Kudelka et al. 2016),
following all approved IACUC protocols and guidelines. Formalin-
fixed paraffin-embedded (FFPE) sections were deparaffinized and
retrieved by boiling for 10 min in retrieval buffer (10 mM citrate,
pH 6). After cooling down, sections were treated with 0.3% H;O;
for 10 min and blocked with 5% (vol/vol) goat serum (Gibco) in
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TBS for 1 h at RT. Sections were stained with Remabé (5 pg/mL in
TBS + 0.1% Triton X-100, TBSTx) overnight at 4°C. HRP-labeled
goat anti-human IgG antibody (KPL) at 1:400 dilution in TBSTx
was added for 1 h at RT, then staining was visualized using an
AEC single solution (Invitrogen), which generates a brownish-red
deposit where binding occurs in the tissue. Nuclear staining was
performed with hematoxylin. Images were analyzed by microscope
(Zeiss; Axioimager M1). Isotype human IgG was used as a control.

For human cancer cell block sections, harvested cells were col-
lected and suspended in 10 mL of 10% neutral buffered formalin
(Midland Scientific Inc.) overnight at RT. Cell pellets were suspended
in 1% warm agarose solution and added to respective Eppendorf
tubes with agar plug. After hardening of the agar for 15 min, agar
with cells was fixed again in 10% neutral buffered formalin overnight
at 4°C. Agar with cells was extruded into the immersed cassette
by cutting off the bottom of the tube with a razor blade, then
paraffinized.

Preparation of Remab6-Fab and conjugation with HRP
Remabé6 was cleaved with papain enzyme and prepared following the
manufacturer’s instructions (Thermo Fisher Scientific). Conjugation
with HRP to Remabé6-Fab was prepared following the manufacturer’s
instructions (Abcam). Remabé6-Fab-HRP binding to IEC-Cosmc KO
and WT tissues was assessed, and as a control, isotype-matched
human IgG-Fab-HRP was prepared and used for the assay.

Immunohistochemical staining in human cancer tissue
array

Tissue array sides (FDA808k-1, and k-2) were purchased from US
Biomax Inc. The list of tissues is given in Table Ila and IIb. Inmuno-
histochemical staining with Remab6-Fab-HRP was performed as
described in “Immunohistochemical staining”. Isotype human IgG-
Fab-HRP was used as a control.
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