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Tumor-Associated Carbohydrate Antigen 19-9 (CA 19-9), a
Promising Target for Antibody-Based Detection, Diagnosis,
and Immunotherapy of Cancer

Athar Nakisa, ™" Lorenzo F. Sempere,? Xi Chen," Linda T. Qu, Daniel Woldring,® "
Howard C. Crawford,”” " and Xuefei Huang*™ "

Carbohydrate antigen 19-9 (CA 19-9) also known as sialyl Lewis
A is a tetrasaccharide overexpressed on a wide range of
cancerous cells. CA 19-9 has been detected at elevated levels in
sera of patients with various types of malignancies, most
prominently pancreatic ductal adenocarcinoma. After its identi-
fication in 1979, multiple studies have highlighted the signifi-
cant roles of CA 19-9 in cancer progression, including
facilitating extravasation and eventually metastases, prolifera-

Introduction

Glycosylation installs complex glycan moieties as part of
glycoproteins and glycolipids on cell surface."? The glycosyla-
tion patterns on cancerous cells can change significantly
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tion of cancer cells, and suppression of the immune system.
Therefore, CA 19-9 has been considered an attractive target for
cancer diagnosis, prognosis, and therapy. This review discusses
the synthesis of CA 19-9 antigen, elicitation of antibodies
through vaccination, development of anti-CA 19-9 monoclonal
antibodies, and their applications as imaging tracers and
therapeutics for a variety of CA 19-9-positive cancer.

compared to those on normal counterpart cells, altering multi-
ple cellular signaling events, and facilitating cancer
progression.®~! These changes result in the formation of tumor-
associated carbohydrate antigens (TACAs).®” A representative
TACA is sialyl Lewis A (sLe?) also known as carbohydrate antigen
19-9 (CA 19-9), which is both a local (anchored on cell surface
or tumor site) and shed (in systemic circulation) antigen. CA 19—
9 is expressed at low levels in normal tissues but overexpressed
in cancer cells.”! Elevated serum levels of CA 19-9 have been
detected in a wide range of cancers including pancreatic,
biliary, hepatocellular, gastrointestinal, urological, pulmonary,
gynecological, thyroid, and salivary gland cancers but most
prominently, pancreatic ductal adenocarcinoma (PDAC).”"
While the CA 19-9 level in human sera is not reliable for tumor
detection,"¥ it is the only Food and Drug Administration (FDA)-
approved serum biomarker to help manage patients with
confirmed PDAC and serially monitor their responses to therapy
and disease progression.”

CA 19-9 was discovered in 1979 as a tumor antigen due to
its recognition by the monoclonal antibody (mAb) 1116NS-
19."" Many studies have since shown that an increase in the
expression of sialylated glycans, such as CA 19-9, promotes
tumor metastasis through increased binding of circulating
tumor cells to E-selectin on endothelial cells.** A recent
ground-breaking study reported that the expression of CA 19-9
in mice resulted in severe pancreatitis, due to the hyper-
activation of epidermal growth factor receptor (EGFR)
signaling.?” Furthermore, CA 19-9 can cooperate with the
Kras®'® oncogene to produce aggressive PDAC.*¥ Another
study demonstrated the immunosuppressive behavior of CA
19-9 for its ability to lead to T-cell apoptosis.”™ Therefore, with
its important roles in cancer initiation and progression, CA 19-9
is an attractive target for cancer diagnosis, prognosis, and
therapy.

© 2024 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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In this review, we first discuss chemical and chemo-
enzymatic strategies for the synthesis of CA 19-9. This is
followed by the development of CA 19-9-based vaccines, anti-
CA 19-9 mAbs, and their variants. Subsequently, the applica-
tions of anti-CA 19-9 mAbs in imaging and treatment of a
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variety of CA 19-9-positive malignancies in preclinical studies
and clinical trials are discussed to stimulate further studies to
address the dire needs in cancer detection and therapy. We will
not focus on the applications of CA 19-9 as a biomarker,
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predictor, and promoter of cancer as there are multiple reviews
summarizing those areas.”*="

Overview of the Structure and Biosynthesis of
the CA 19-9 Antigen

Cellular production of CA 19-9 follows a multi-step pathway.
CA 19-9 is a branched tetrasaccharide consisting of N-
acetylneuraminic acid (Neu5Ac), galactose (Gal), fucose (Fuc),
and N-acetyl glucosamine (GIcNAc) monosaccharides with the
sequence of Neu5Aca2-3 Galf1-3(Fucal-4)GIcNAcB1- covalently
linked to glycoproteins®® or glycolipids®® (Compound 1, Fig-
ure 1a). In nature, CA 19-9 is biosynthesized by the transfer of
Neu5Ac to the 3-O of the terminal Gal at the non-reducing end
in type | N-acetyllactosamine (type | LacNAc, GalB1-3GlcNAc) by
sialyltransferase ST3 Gal lll, which is followed by a1,4 fucosyla-
tion of the GIcNAc in the resulting molecule by the fucosyl-
transferase 3 (FUT3) (Figure 1b).*¥ After recognition of the
importance of CA 19-9 as a potential target in cancer therapy
and the challenges in isolating sufficient quantities of it from
natural sources, synthesis has become the preferred method to
prepare CA 19-9 to enable biological investigations.

Chemical Synthesis of the CA 19-9 Antigen

While the chemical synthesis of a CA 19-9 analog dated back to
1994 by the Hasegawa group,®” the first total synthesis of CA
19-9 was reported in 2000 by Kunz and coworkers.®® They
designed a protected CA 19-9 tetrasaccharide 2 bearing an
azido group at the reducing end to facilitate the conjugation of
the carbohydrate to an asparagine residue in peptides
(Scheme 1a).”® This synthesis strategy started from the glyco-
sylation of N-acetyl and 4,6-O-benzylidine protected azido f-
glucosamine 3 by 6-O-benzyl protected a-galactosyl bromide 4
to yield the azido type | LacNAc 5. After protective group
manipulation, the resulting disaccharide was fucosylated using
O-benzylated ethylthio-fucoside 6 activated by
copper(ll)bromide and tetrabutylammonium bromide under the
in situ anomerization condition to form the a1-4-fucosyl linkage

a) Fue JOH
HO
NeuSAc Gal
wo. P, com on oH OH GicNAc
5 o O
HO oH NHAG
CA19-9 orsLe®,1 R =protein or lipid
b)
OH
OH_oH CMP-Neu5Ac OH OH
HO S
0 Ho O_or >
HO 0} ST3Gal lll AcHN
OH NHAc sialyltransferase HO

Type | LacNAc

(Lewis A or Le® trisaccharide 7). The O-acetyl moieties of 7 were
removed and the resulting triol was glycosylated by the
phenylthioglycoside of protected N-acetyl-neuraminic acid
methyl ester donor 8 to form 2 in a modest yield of 44% even
with 2.7 eq of the donor, which was subsequently deprotected
for conjugation with an aspartic acid to form an N-linked
asparagine.

The second reported chemical synthesis of CA 19-9 as
pentenyl glycoside of CA 19-9 hexasaccharide 9 was by the
Optimer Pharmaceuticals to facilitate their vaccine studies.””
While many of the synthesis details were not published, the
synthetic route was based on the glycosylation of Neu5Ac-Gal
disaccharide donor 10 with a glucosamine acceptor 11 followed
by fucosylation (Scheme 1b). In 2023, in their quest for a CA 19-
9 based vaccine, Huang group reported the chemical synthesis
of CA 19-9 tetrasaccharide 13 (Scheme 1c).®¥ To overcome the
low yields in the sialylation reaction, rather than the late stage
sialylation of the Le® trisaccharide shown in Scheme 1a, the
Huang group performed early sialylation in the synthesis. A
new sialyl donor 14 bearing the trifluoroacetyl (TFA) group as
the N-protective group and N-phenyl trifluoroacetimidate as the
anomeric leaving group was designed. Selective activation of
14 over thiogalactosyl acceptor 15 led to the desired
disaccharide 16 with the 02-3 sialyl linkage in 75% yield.
Subsequent protective group manipulation followed by glyco-
sylation with glucosamine acceptor 17 and fucosylation with 18
resulted in tetrasaccharide 19, which was subsequently depro-
tected to obtain CA 19-9 tetrasaccharide 13 bearing an amino
propyl linker at the reducing end ready for conjugation.
Recently, Yang and coworkers reported a new chemical syn-
thesis of CA 19-9 tetrasaccharide 13 (Scheme 1d).*¥ They
discovered that sialylation of Le® trisaccharide 20 by the sialyl
donor 21 was not successful. Interestingly, removal of the 4'-
benzyl (Bn) group from 20 (Le® triol 22) led to successful
glycosylation by donor 21 in 75% yield presumably due to the
reduced steric hinderance of the triol acceptor 22. Subsequent
deprotection of the resulting tetrasaccharide 23 produced CA
19-9 tetrasaccharide 13.

OH

CcooH OH_-OH o GDP-Fuc
NHAG a1,4-fucosyl

OH transferase FUT3

Figure 1. a) The structure of CA 19-9 tetrasaccharide epitope; b) the biosynthetic process and enzymes involved for CA 19-9.
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Scheme 1. Chemical synthesis pathways of CA 19-9. Syntheses of a) protected CA 19-9 tetrasaccharide 2; b) pentenyl CA 19-9 hexasaccharide 9; c) CA 19-9
tetrasaccharide 13 with an amino propyl linker at the reducing end; and d) a second synthesis of CA 19-9 tetrasaccharide 13.
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Chemoenzymatic Synthesis

As chemical synthesis of CA 19-9 requires multiple steps of
protection and deprotection, chemoenzymatic synthesis
presents an attractive alternative to enhance the overall
synthetic efficiency. Inspired by biosynthesis of CA 19-9, various
enzymes have been explored to facilitate its assembly. Multiple
a2-3-sialyltransferases have been examined such as EC 2.4.99.5
purified from rat liver,*” EC 2.4.99.4 from porcine submaxillary
glands,”"” and recombinant enzymes.”? The a1-4-fucosylation of
the sialylated type | LacNAc has been achieved by human-milk
a(l-3/4)-fucosyltransferase using guanosine 5’-diphosphate-fu-
cose (GDP-Fuc) as the donor.""” Baisch et. al. reported the
synthesis of various CA 19-9 analogs by taking advantage of
the substrate promiscuity of a recombinant fucosyl-transferase
Il tolerating non-natural GDP donors as well as a wide range of
non-reducing C-4 amide substituted sialylated type | LacNAc as
acceptor.®

Chemoenzymatic synthesis of CA 19-9 was reported for the
first time by Kiso and coworkers using a sialidase from
Salmonella typhimurium LT2 (Scheme 2a).** They used chemi-
cally synthesized p-nitrophenyl sialyl glycoside 24 as the
glycosyl donor and Le® trisaccharide 25 as the glycosyl acceptor.
While the sialidase installed the a2-3 sialyl linkage highly
regioselectively, the reaction yield was low at 12%. In 2018, a
highly efficient chemoenzymatic synthesis of a library of CA 19—
9 was reported by the Chen group.* The process started with
the gram-scale chemical synthesis of azido propyl functional-
ized GIcNAc 27 from GlcNAc followed by enzymatic synthesis of
disaccharide GalB1-3GIcNAcfProN; 28 using a one-pot multi-
enzyme (OPME) galactosylation strategy by incubating chemi-

a) HO,

o L OH COZH/@/NOz Hoigﬁ OH
R OH
AcHN—LL7 O + o Oé&ﬂ,
HO HO o OH
24

HO NHAc

b)

NHAc

27 SpGalK, BiGalHexNAcp  HO

90% HO

HO
ManNAc, pyruvic
acid, PmNanA, CTP,

OH
iéﬁOH o
HO _oH O&&/ NMCSS _
Q ) N
HO\%S/O Rt
NHAC PmMST1 M144D

HO

29 85%
c)
HO _oH QK CSTH
o HoO Q_OR _ CMP-NeuSAc
HO 0
0,
Ho NHAc 5/0

31 R %\/\/NHz

a2-3 sialidase
from Salmonella

typhimurium LT2 on §OHHO o
—_— B
12% AcHN /L 0\%&/00 OH
OH
HOH&&/O\/\/M galactose, ATP Ho&oé/HO ﬁv
(0]

HO OH GOH HO 5 oé&/
AcHN Q O&S/o
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cally synthesized GIctNAcProN; 27 with galactose, and adeno-
sine 5'-triphosphate (ATP) in the presence of recombinant
bacterial enzymes Streptococcus pneumoniae galactokinase
(SpGalK) and Bifidobacterium infantis D-galactosyl-p1-3-N-acetyl-
D-hexosamine phosphorylase (BiGalHexNAcP) (Scheme 2b).*?
Unlike a galactosyl transferase requiring the uridine 5'-diphos-
phate-galactose (UDP-Gal) as the donor, the BiGalHexNAcP can
efficiently transfer the Gal unit from Gal-1-phosphate leading to
the type | LacNAc 28 in an excellent yield of 90%. Interestingly,
rather than following the biosynthetic route of CA 19-9, they
performed fucosylation first by incubating disaccharide 28, L-
fucose, ATP, and GTP with recombinant Helicobacter pylori a.1-3/
4-fucosyltransferase (Hp3/4FT), Bacteroides fragilis enzyme with
both L-fucokinase and GDP-Fuc pyrophosphorylase activities
(BfFKP), and Pasteurella multocida inorganic pyrophosphatase
(PmPpA) as a OPME fucosylation system, which formed Le®
trisaccharide 29 in 91% yield. Subsequently, CA 19-9 30 was
prepared by incubating Le® trisaccharide 29 with N-acetyl
mannosamine (ManNAc) in an OPME sialylation system includ-
ing Pasteurella multocida sialic acid aldolase (PmNanA) for in situ
synthesis of Neu5Ac, Neisseria meningitidis CMP-sialic acid
synthetase (NmCSS) for insitu formation of the cytidine-5'-
monophospho-N-acetylneuraminic acid (CMP-Neu5Ac) donor
and Pasteurella multocida o2-3-sialyltransferase 1 M144D mu-
tant (PmST1 M144D)."” PmST1 M144D was able to install
Neu5Ac onto the Le® trisaccharide 29. This route represents an
efficient synthesis of CA 19-9 with gram quantity preparation of
Le® trisaccharide and the production of multiple CA 19-9
analogs bearing diverse modifications on the terminal sialic
acid component. In an alternative chemoenzymatic synthesis,
the Yang group sialylated the type | LacNAc 31 first with

HO,

OH
OH
o OH
OH

OH

Ho NHAc
26 HO
OH fucose, ATP, GTP
S o N3 >
~ N BfFKP, PmPpA,
NHAc Hp3/4FT
28 91%

HOoH
OH
OH N OH
OH
O~ Ns

HO HO
30

FUT-3

HO COzH HO _oH &/
O HO GDP-Fuc
W or _OOPFRue_ 43
NHAc 81°/

Scheme 2. a) Sialidase catalyzed synthesis of CA 19-9 26; b) one pot multi-enzyme (OPME) synthesis of CA 19-9 30; and ¢) chemoenzymatic enzymatic

synthesis of CA 19-9 13.
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Campylobacter  jejuni  a2,3-sialyltransferase I (Cst-l)  subsequent binding of CD40 on B cells with CD40 ligand

(Scheme 2¢).% The resulting trisaccharide 32 was fucosylated

with FUT3 leading to CA 19-9 tetrasaccharide 13 demonstrating
that enzymatic sialylation and fucosylation do not interfere with
each other.

Development of CA 19-9 Based Cancer
Vaccines

Cancer vaccines are a form of immunotherapy, which can
induce immune responses in vaccinated subjects to recognize
and eliminate cancer cells potentially with few side effects.”®>"
As a result, cancer vaccines can complement current chemo-,
radiation-, and immune therapies. With their high levels of
expression on many types of tumors, TACAs are attractive
antigenic targets for vaccine development.*” However, admin-
istration of TACAs alone can only generate low levels of IgM
antibodies, not capable of providing long-term protection
against tumor development (Figure 2a). This is due to the weak
immunogenicity of TACAs and their inability to activate helper
T (T,) cells or CD4* T cells. To overcome this challenge, TACAs
need to be conjugated to immunogenic carriers to boost the
immune responses. After binding of antigens (TACAs conju-
gated on protein carriers) to the B cell receptor (BCR), the
conjugate is endocytosed and digested inside the cells. The
peptide epitopes released are then presented to CD4" T, cells
via MHC Il molecules on B cell surface. Binding of T cell
receptors (TCRs) on T, cells to peptide antigens presented on
MHC 1l molecules results in the activation of T, cells with the

a)

y

| — 11

f\ /,f BCRs ’\\‘}

b)

TCR MHCII

B cell

Thcell

- \j y Y

(CD40 L) on T, cells. These interactions result in the release of
cytokines such as IL-4 and IL-21 from T, cells, which can further
activate B cells leading to antibody isotype switching to IgG. As
a result, B cells can differentiate to become plasma cells for IgG
antibody production and memory cells®" (Figure 2b).

The first CA 19-9-based vaccine was reported in 2009.5”
The pentenyl glycoside of CA 19-9 compound 9 was subjected
to ozonolysis to introduce an aldehyde at its reducing end,
which was subsequently coupled to a thiolated protein carrier,
Keyhole Limpet Hemocyanin (KLH) (Scheme 3a). Mice were
immunized with the resulting KLH-CA 19-9 conjugate four
times together with GPI-0100, a semi-synthetic mix of saponin
fractions as the adjuvant. Analysis of the post-immune sera
indicated that administration of CA 19-9 or admixture of CA
19-9 with KLH failed to produce any anti-CA 19-9 IgG or IgM
antibodies in most mice, confirming the low immunogenicity of
CA 19-9 as a standalone antigen. In contrast, mice vaccinated
with the KLH-CA 19-9 conjugate produced IgG antibodies
against CA 19-9, which were able to bind to CA 19-9-positive
ovarian cancer cells SW626. Inclusion of GPI-0100 adjuvant in
vaccination greatly improved the anti-CA 19-9 antibody
responses. The antibodies could kill tumor cells via comple-
ment-dependent cytotoxicity, highlighting the potential of the
vaccine. A human clinical trial confirmed the safety and
immunogenicity of the KLH-CA 19-9 conjugate. However, to
date, no tumor protection efficacy results have been reported
in humans or animal models for this construct.””

To enhance the immune responses against CA 19-9,
alternative carriers such as virus-like particles (VLPs) have been
investigated. VLPs typically consist of repeating units, arranged

P _,\\‘:l(l Antigen

®
ﬁ

Plasma Cell IgG

Memory Cell

Figure 2. Activation of B cells a) in the absence of Th cell binding through low-affinity binding of TACA to B cell receptors to secret IgM, and b) in the
presence of Th cell binding through high-affinity cross-binding of TACA to B cell receptors to secret IgG. (Created with BioRender.com).
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Scheme 3. Synthesis of a) a KLH-CA 19-9 conjugate from the allyl glycoside derivative of CA 19-9 9; b) the QB-CA 19-9 conjugate from the aminated CA19-9

13.

in a well-ordered manner in 3D space. Their 3D orientation
allows them to present antigens in an organized manner to B-
cell receptors (BCRs), leading to enhanced multivalent affinity
binding and more effective B-cell activation.®¥ Huang group in
their recent study®® utilized a powerful VLP, mutant bacter-
iophage QB®" as the carrier for CA 19-9 vaccine development.
Following the synthesis of CA 19-9 13, the reducing end amine
group was converted to isothiocyanate, which reacted with QB
installing an average of 293 copies of glycan per Q particle
(Scheme 3b). For comparison, the corresponding KLH-CA 19-9
conjugate was prepared using the same chemistry with an
average of 399 copies of antigen per KLH. Mice were immu-
nized with QB-CA 19-9 and KLH-CA 19-9 conjugates respec-
tively three times two weeks apart. As analyzed by enzyme-
linked immunosorbent assay (ELISA), while mice immunized
with KLH-CA 19-9 produced anti-CA 19-9 IgG antibodies, the
QB-CA 19-9 group exhibited several orders of magnitude
higher titers of long-lasting IgG in comparison, highlighting the
superior immunogenicity of Q carrier (Figure 3a). In addition,
vaccination with the admixture of QB and CA 19-9 was
ineffective in inducing anti-CA 19-9 IgG antibodies, confirming
the importance of conjugating QB with CA 19-9. The antibodies
induced by QB-CA 19-9 bound well to CA 19-9-positive tumor
cells and killed the cells via complement mediated cytotoxicity.
Vaccination of mice with QB-CA 19-9 significantly reduced the
number of tumor foci in a cancer metastasis to lung model
(Figures 3b—d), and the antibodies could recognize a wide
range of human PDAC tissues in a microarray study, high-
lighting the translational potential of the QB-CA 19-9 con-
jugate.
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Anti-CA 19-9 Monoclonal Antibody
Development

In parallel to vaccines, monoclonal antibodies (mAbs) specific
against CA 19-9 have been developed, which are highly useful
tools for tumor detection and treatment. mAbs are Y-shaped
macromolecules (Figure 4) produced by identical clones of B
lymphocytes against a specific antigen. They have revolution-
ized the biomedical field due to their high affinity and
specificity. Typical mAbs are homodimers with each monomer
consisting of a heavy chain and a light chain. The antigen-
binding or variable regions (Fab) are located on the arms and
include N-terminal domains of both the heavy and the light
chains responsible for antigen binding through the comple-
mentary-determining regions (CDRs). The C-terminal domains
of the heavy chain are the stems of the mAb, commonly
referred to as fragment crystallizable region (Fc region), which
is constant among a subtype of antibody. For example, for
mouse IgG antibody, various subtypes are defined by the Fc
domain to be 1gG1, IgG2a, IgG2b, IgG2c, and 1gG3. Fc interacts
with other components of the immune system, such as cell
receptors and proteins, which help in recruiting immune cells
and other molecules to destroy the antigen bearing target once
it is bound by the mAb (Figure 4).

mAbs have become a major category of new drugs
developed in recent years. In 2018, eight of the top ten best-
selling drugs globally were mAbs, with an overall market valued
around $115 billion.® mAbs have been applied in a broad
range of diseases for both therapy and diagnosis. They can be
utilized as monotherapy, in combination with other therapies, a
delivery system for highly toxic payloads to the target site
(antibody drug conjugates or ADCs), or agents to facilitate non-
invasive imaging.
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Figure 3. a) Immunization with QB-CA 19-9 conjugate elicited high levels and long last IgG antibodies against CA 19-9 compared to mice receiving the KLH-
CA 19-9 conjugate or the admixture of QB and CA 19-9; b) A representative image of a lung of mouse immunized with PBS mock control in a tumor
metastasis model. The black color was due to tumor growth; c) A representative image of a lung of mouse immunized with QB-CA 19-9 conjugate in a tumor
metastasis model with B16-FUT3 cells; d) Quantification of the tumor areas in lungs of mice immunized with QB-CA 19-9 conjugate, admixture of QB and CA
19-9, and PBS mock control. Immunization with QB-CA 19-9 significantly reduced the tumor areas in the lungs.

IgG structure

Fv region

Figure 4. Structure of an IgG antibody (Created with BioRender.com).
C=constant, V =variable, L=light, H=heavy.

Advances in Antibody Engineering and
Development Techniques

The fast pace of mAb development is due to the outstanding
progress in antibody engineering including humanization of
mAbs, phage display, single B cell antibody technology, and
affinity maturation.*® These have overcome some of the main
limitations of mAb development, such as toxicity, low efficacy,
and high cost.*” Hybridoma is the first and the most common
technology in mAb development. In this technique, B lympho-
cytes are isolated from humans or animals that are immunized
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Antigen-binding
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}Fab region

Fc region

with a specific antigen and then fused with immortal myeloma
cells to produce hybridoma (Figure 5). The resulting mixture is
cultured in a selective media to grow only hybridoma cells that
are then screened to select the clone of mAb with the highest
affinities towards the antigen. This is the main technology
applied to develop many anti-CA 19-9 mAbs,*® and some of
the reported anti-CA 19-9 mAbs are summarized in Table 1.
The first reported anti-CA 19-9 mAb (1116NS-19) was
discovered by Koprowski and coworkers in 1979 while they
were developing colorectal carcinoma-specific antibodies by
hybridoma technology." Mice were immunized with colorectal
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Table 1. A summary of the reported anti-CA 19-9 mAbs.

No Clone name Development approach Isotypes Ko (nM) Host species Immunogen Year
1 1116NS-19 or Hybridoma IgG1 302 Mouse SW 1116 1979

1116NS-19-9 421

2 C0 29.11 Hybridoma IgG1 202 Mouse 1985
3 SA23.2 Hybridoma IgM Mouse Purified glycolipid CA 19-9 1999
4 LC44 Hybridoma 1gG3 Mouse CA 19-9 2006
5 5B1 Hybridoma IgG1 0.14%4 Human KLH-sLe® 2011
6 7E3 Hybridoma IgM 0.04%4 Human KLH-sLe® 2011

cancer cell line SW 1116 and their splenocytes were isolated
and fused with myeloma cell line P3X63 Ag8. Nineteen out of
the 76 isolated hybridoma, including 1116NS-19, showed bind-
ing to human tumors, but not normal cell lines. Later, they
discovered that binding of 1116NS-19 to SW 1116 cells was
abolished upon treatment of the cells with a neuraminidase,
but binding to SW 1116 cells treated with the protease ficin
was unaffected suggesting the antigen might be a sialylated
glycolipid.®® Therefore, total cell lipids were extracted and the
antigen was identified as a monosialylganglioside. The binding
ganglioside was then purified and characterized through
enzymatic/chemical degradation followed by mass spectrome-
try analysis to be CA 19-9 containing ganglioside.*¥ The
binding of 1116NS-19 antibody to SW 1116 cells was found to
be inhibited by sera of human patients with colorectal
adenocarcinoma, gastric and pancreatic carcinoma but not by
sera of normal individuals or individuals with other cancer
types, showing the high level of antigen in sera of patients with
gastrointestinal carcinomas.™ Interestingly, through analysis of
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antigens in different fractions of serum, it was found that
although CA 19-9 had been detected as monosialylganglioside
in colorectal cancer cells, the antigen is mainly expressed on
mucin glycoproteins in colon cancer patient sera.® CA 19-9
was also found in low concentrations in mucins secreted by
normal cells at pancreas ducts, salivary glands, and bronchial
epithelium.® The binding of 1116NS-19 to CA 19-9 is quite
specific with no binding observed for the Le® trisaccharide
suggesting the sialic acid unit is a critical part of the epitope.
Another anti-CA 19-9 mAb called CO 29.11 was developed
by Herlyn et. al. using the hybridoma technology.®” Similar to
1116NS-19, CO 29.11 is also an IgG1 and recognizes only cells
of gastrointestinal tumors such as gastric, pancreatic, and
colorectal carcinomas. In comparison to 1116NS-19, CO 29.11
has a slightly higher affinity towards CA 19-9 (K, for CO 29.11 is
5%10’M~" and for 1116NS-19 is 3x10”M~"),®" and higher
sensitivity for detection of early cancer and recurrence.
However, CO 29.11 is not specific to CA 19-9 with some weak
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binding to Le® trisaccharide indicating that the epitopes for CO
29.11 and 1116NS-19 are different.

Immune suppression by tumor cells is one of the major
challenges in tumor immunotherapy. Some tumor antigens
such as MUC1 may cause T cell apoptosis, dampening the anti-
tumor immunity.®® Li et. al. reported that CA 19-9 as part of a
mucin antigen can lead to T-cell apoptosis.”™ To inhibit the T-
cell suppression activity of CA 19-9, they produced LC44 as an
antagonistic mAb using the hybridoma technology. Applying
LC44 to the mixture of human T-cells and CA 19-9, which
resulted in the production of antibody-antigen immunocom-
plex, improved T-cell proliferation in vitro. LC44 also exhibited
effective complement dependent cytotoxicity (CDC) activity
against SW 1116 cells.””

A drawback of obtaining mAbs from mice is that mouse
antibodies induce immune responses in humans, which is
detrimental for clinical studies and requires an extra step to
humanize the antibody. To overcome this limitation, Sawada et.
al. reported two fully human anti-CA 19-9 mAbs, i.e.,, 5B1 and
7E3.% These two mAbs were obtained by the fusion of
P3X63 Ag8.653 myeloma cells with blood lymphocytes from
two breast cancer patients immunized by the KLH-CA 19-9
vaccine. Variable regions of these two antibodies were detected
and cloned in IgG for 5B1 and IgM for 7E3 to produce
recombinant antibodies using Chinese hamster ovary (CHO)
cells. Both antibodies showed high affinity towards a polyvalent
CA 19-9 construct as measured by surface plasmon resonance
(SPR) with Ky values of 0.14 nM for 5B1 and 0.04 nM for 7E3.
They also exhibited high specificity towards CA 19-9 by glycan
microarray studies showing no binding to structurally similar
carbohydrates including Le® and sLe, as well as ganglioside
glycans GD2, GD3, fucosyl-GM1, GM2, and GM3. 5B1 could kill
CA 19-9-positive lung cancer cells DMS-79 via both CDC and
antibody dependent cellular cytotoxicity (ADCC) mechanisms
using human peripheral blood mononuclear cells (PMBC) as the
effector cells. To better understand how the CA 19-9 antigen is
recognized by mAbs, high resolution co-crystal structures of CA
19-9 with 5B1 and 1116NS-19 respectively were obtained by X-
ray crystallography.®® While little structural changes were
observed for 5B1 in the CA 19-9 complex vs the apo structure,
1116NS-19 underwent significant conformational changes to
bind to CA 19-9, suggesting an induced-fit binding mechanism.
Interestingly, despite the different binding mechanisms and
primary sequences of the two mAbs, CA 19-9 exhibited an
essentially identical extended low-energy conformational state
in both co-crystal structures. These results indicate that this
stable conformer selects the antibodies.

Engineered Anti-CA 19-9 Antibodies

Binding affinity and specificity of an antibody toward an
antigen are critical criteria in mAb development. Naturally
existing antibodies can be further evolved in vitro to enhance
their properties. In 2020, Amon et. al. took advantage of the
yeast surface display (YSD) platform to evolve a library of anti-
CA 19-9 antibodies.” A plasmid containing the sequence for
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single chain fragment variable region (scFv) of variable heavy
chain (Vy) and variable light chain (V,) of 1116-NS-19-9 antibody
connected by a (G,S); linker was constructed. Using error-prone
PCR with 1-2 mutations/scFv, a library of RA9-mutants-scFv was
generated, which was then cloned into pETCON2 plasmid and
transformed into yeast cells. The binding of the surface-
expressed scFv with the CA 19-9 antigen was evaluated by
fluorescence-activated cell sorting (FACS) and the high affinity
clones were enriched by three rounds of panning using FACS
sorting. The evolved scFvs were purified, sequenced, and
cloned to express full-length recombinant IgGs. The evolved
antibodies were highly selective toward CA 19-9 binding, as
several structurally similar glycans including sLe*, Le? Le*, and
Le* only exhibited weak binding (< 5%). sLe* contains the same
four monosaccharides as CA 19-9. Its low binding to the
antibodies suggested that the 3D arrangement of the mono-
saccharides is critical. The low binding of the antibodies to Le®
confirms the crucial role of sialic acid as the epitope. Biolayer
interferometry™®? measurements were performed to quantify
the binding affinities, which demonstrated that the mutated
antibodies have higher CA 19-9 affinities (K;=9-37 nM) in
comparison to the native antibody (Ky=42nM). A newly
evolved antibody RA9-23 could recognize CA 19-9-positive cell
lines (WiDr, Capan-2, BxPC-3), but not CA 19-9-negative cell
lines (MCF-7, MDA-MB-231). RA9-23 had a stronger binding to
both WiDr and Capan-2 cell lines compared to the native 1116-
NS-19-9 antibody. RA9-23 also showed higher CDC activities
against both WiDr and Capan-2 cell lines.

The activities of antibodies in cancer therapy require
recognition of antigen on cancerous cells surface through the
Fab region. Upon binding, antibodies can activate effector
functions such as ADCC and antibody-dependent cellular
phagocytosis (ADCP) by the Fc domain. An important factor in
determining the ability of IgG Fc dependent antibody-related
cytotoxicity is the ratio of binding to activating versus inhibitory
(A/1) Fcy receptors (FcyRs), which is determined as 0.1 for IgG1
(the lowest) and 70 for IgG2a (the highest).®” The Ravetch
group reported innovative studies to engineer the Fc domains
of two anti-CA 19-9 mAbs, i.e., 5B1 and 7E3.°® Three mutations
(G236 A/A330 L/I332E, termed GAALIE) were introduced into
the Fc domain of the mAbs respectively. These mutations
improved the binding of the Fc to activating versus inhibitory
FcyRs and increased the A/l ratios for both 5B1 and 7E3.
Subsequently, a lung metastasis model was established by
intravenously injecting CA 19-9 expressing mouse melanoma
cell B16-FUT3 on day 0 to FcyR-humanized C57BL/6 immuno-
competent mice. Engineered 5B1-GAALIE, 7E3-GAALIE and
isotype matched human IgG1 were administered on days 1, 4,
7, and 11 at 100 pg per injection. The Fc variants of 5B1 and
7E3 were both able to significantly inhibit lung colonization of
tumor cells. The higher potency was attributed to the
enhancement of binding of new anti-CA 19-9 antibodies to
activating human FcyRs, hFcyRIIA and hFcyRIIIA, as well as
decreased binding to the inhibitory receptor, hFcyRIIB.
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Bispecific Antibodies and Cellular Therapy

Typical mAbs have two identical Fabs (Figure 4) that allow the
antibody to bind two of the same antigens. More recently,
bispecific antibodies have been engineered containing two
heterologous Fabs with different binding specificities referred
to as bispecific antibodies. Bispecific antibodies can simulta-
neously engage two different antigens, which can significantly
broaden the utilities of the antibodies (Figure 5).

One of the challenges in applying mouse antibody for
clinical cancer therapy is the failure to activate human effector
cells by these murine mAbs, which results in inefficient immune
response to lyse cancerous cells. This is because the Fc domain
of mouse antibodies cannot be recognized well by FcyRs on the
surface of human effector cells. To address this challenge, de
Palazzo et. al. developed a bispecific mAb from the somatic
fusion of anti-CA 19-9 (1116NS-19-9) and anti-a-human FcyR I
(3G8) antibodies.™ After screening, cl.158 clone was chosen
due to excellent binding to both SW 1116 cells and purified
polymorphonuclear leukocytes. The new bispecific antibody
cl.158 caused lysis of human colorectal carcinoma cell SW948
by human peripheral blood lymphocytes in low concentrations
of 25 pg/ml-250 ng/ml, while its parental 3G8 and 1116NS-19-9
were unable to do so. Thus, combining anti-CA 19-9 antibodies
with other targeting mechanisms, such as bispecific antibodies,
enhances immune response efficacy against cancer cells.

It is known that TACAs generally are B cell antigens, which
do not directly elicit T cell responses. To elicit a T cell response
against tumor by anti-TACA antibodies, an innovative platform
is through the design of bispecific antibodies called bispecific T
cell engager (BiTE) that can bind to both the target antigen and
a T cell marker such as CD3. An anti-CA 19-9 BiTE was
developed by Nishimura and coworkers.” They linked the Fab
domain of the anti-CA 19-9 mAb KM231 with that of an anti-
CD3 mAb. The resulting bispecific antibody led to a great
augmentation of cytotoxicity of CD3+ T cells against tumor
cells, while the T cells alone only had marginal activity in killing
tumor cells. Furthermore, the combination of CD4+ T cell and
the anti-CA 19-9 BITE drastically reduced tumor growth in a
mouse model, while administration of the antibody or T cell
alone was much less effective. These results highlight the
potential of CA 19-9 targeting for tumor immunotherapy.

As a T cell independent B cell antigen, CA 19-9 does not
directly elicit a cellular immune response. However, anti-CA 19—
9 antibodies can be grafted to immune cells such as T cells to
bestow the T cells with the abilities to recognize CA 19-9. This
new type of cells, termed as chimeric antigen receptor (CAR) T
cells, can directly recognize CA 19-9-positive cancer cells.
Sadelain and coworkers engineered cytotoxic T cells to express
5B1 scFv on cell surface.”” Such CA 19-9 CAR T cells were able
to selectively kill CA 19-9-positive tumor cells, but spared CA
19-9-negative cells demonstrating the selectivity of such CAR T
cells. To address the issue of tumor heterogeneity where not all
tumor cells express the CA 19-9 antigen, tumor cells were
exposed to low-dose radiation. Interestingly, the CA 19-9
targeting CAR T cells were able to eliminate the radiated CA
19-9-negative tumor cells as well presumably due to epitope
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spreading. These findings enhance the potential for applying
CAR T therapy to heterogeneous solid tumors. In the clinical
trial of a human patient with this CAR T cell,”™ while the
combination of CAR T with low dose radiation reduced much of
the tumor burden one month after the treatment, the tumor
rebounded in two months suggesting further advances are
needed to achieve a sustained therapeutic response.

The heterogeneity of tumor cells presents significant
challenges for immunotherapy as the variants lacking the target
antigen may escape the immune attack. One approach to
reduce tumor escape is to simultaneously target multiple
antigens. To accomplish this, Morimoto and Inouye developed
a bispecific antibody against two cancer antigens, i.e., CA 19-9
and CEA."? To accomplish this, an anti-CA 19-9 IgM SA23.2 and
an anti-CEA IgM 8CA10 were obtained, which were digested by
pepsin to produce Fab’-type fragments. The two fragments
were then chemically coupled with each other to form the
heterodimeric bispecific antibody (Figure 5). The newly gener-
ated bispecific antibody retained the affinities with CA 19-9
and CEA. However, the anti-cancer activities of this bispecific
antibody were not reported.

Antibody Tumor Inhibition Activity in
Preclinical Study

With the binding affinity and specificity of anti-CA 19-9 mAbs
established, their utility alone or in combination with other
cancer treatment strategies has been investigated in preclinical
studies using mouse tumor models in vivo. In an in vivo study to
evaluate the anti-tumor activity of LC44 developed by the Li
group,” SW 1116 human colon cancer cells, were inoculated
into SCID mice pre-injected with human peripheral blood
lymphocytes. After two days, mice were administered LC44, an
isotype matched control antibody that did not bind CA 19-9, or
phosphate buffered saline (PBS). LC44 treatment significantly
increased mouse’s survival from tumor challenge. Interestingly,
despite the T cell apoptosis induction activity observed in vitro
with CA 19-9, co-administering free CA 19-9 with LC44 in
tumor bearing mice did not adversely influence mouse survival
at the concentration investigated.

After demonstrating the CDC and ADCC activities of 5B1 in
the invitro study, Sawada et. al. investigated the antitumor
activity of this mAb in a mouse model using Colo205-Luc tumor
cells.® SCID mice were injected via tail vein with Colo205-Luc
and received different amounts of 5B1 intraperitoneally as
treatment groups and PBS as the control group. Survival rate
increased to more than 2-fold, and on average more than half
of the mice survived until the end of the study in treatment
groups. The outcome demonstrated the tumor growth inhib-
itory activity of 5B1 in xenograft mouse model of colon cancer
metastasis.”” Ragupathi et. al. evaluated the antitumor activity
of 5B1 in a PDAC xenograft mouse model.”® In their study,
CB17 SCID mice were grafted subcutaneously with BxPC-3, a
human PDAC cell line, and then were divided into different
treatment groups including 5B1 and the combination of 5B1
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with gemcitabine and nab-paclitaxel, two of the most common
chemotherapy drugs against PDAC. The outcome of the
investigation indicated that the combination of 5B1 with
chemotherapy could inhibit tumor growth by around 70-80%
at day 41, which supports the potential of this mAb in
combination therapy against PDAC.

Chemotherapy is one of the main methods for cancer
treatment. However, due to the high toxicity and low tumor
selectivity of the drugs, chemotherapy is associated with
significant side effects. With the high antigen specificity, anti-
bodies can be conjugated to drugs (antibody drug conjugate or
ADCQ), which can selectively deliver the drug or toxic payload to
cancer cells, thus minimizing damage to healthy tissues and
reducing toxicity. With the overexpression of CA 19-9 on tumor
cells, anti-CA 19-9 mAb was first investigated by Kaish et. al. for
targeted chemotherapy.”” An anti-CA 19-9 IgM was functional-
ized with N-succinimidyl-3-(2-pyridylthio) propionate (SPDP)
followed by reduction with dithiothreitol to introduce free
sulfhydryl groups to the antibody. Subsequently, the antibody
was coupled to 2-pyridyldithio functionalized liposomes encap-
sulating Adriamycin/Doxorubicin (DXR). The antibody conju-
gated DXR liposomes led to significantly higher killing of CA
19-9-positive human PDAC cell line PK-1 in vitro as compared
to cells treated with free DXR or DXR-encapsulated liposome
without the antibody. Furthermore, the antibody DXR lip-
osomes significantly reduced tumor growth in a mouse PDAC
model using PK-1 with enhanced persistence of the drug
delivered, highlighting the utility of CA 19-9 targeting ADC.

Application of Anti-CA 19-9 mAb in Detection
of CA 19-9-Positive Malignancies

Besides their therapeutic applications, another important
application of anti-CA 19-9 antibodies is in the detection of CA
19-9-positive tumors."'” The levels of CA 19-9 in human sera
are not a reliable biomarker for tumor detection due to the
high rate of false positives since a variety of diseases other than
cancer can lead to elevated amounts of CA 19-9 in circulation
as well as the differential secretion of CA 19-9 from tumor with
local and shed tumor phenotypes."® On the other hand, CA 19—
9 has been approved by the FDA as an aid to manage patients
with confirmed PDAC and monitor their therapeutic responses
and disease progression.”” To explore the potential of CA 19-9
as a diagnostic target, anti-CA 19-9 mAbs have been labeled
and tested for imaging and detection of CA 19-9-positive
tumors.

Munz et. al. prepared 1-131 labeled F(ab’), fragments of anti-
CA 19-9 mAb CO 29.11 and a human colon adenocarcinoma
specific mAb GA 73-3 for tumor imaging.” In vitro binding
study of radiolabeled antibodies with SW-948 human colorectal
cancer cell line, indicated the highest radioactive signals when
the two radiolabeled antibodies were combined. For in vivo
imaging, SW-948 cells were grafted subcutaneously into nude
mice, which was followed by intraperitoneal (IP) injection of
labeled antibodies. Radioimmunoimaging was performed daily
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(for 6 days) by a large field-of-view scintillation camera from
both lateral and posterior views. The data indicated the best
tumor-to-tissue contrast and localization on day 4 for the group
receiving the mixture of I-131 labeled mAbs.

One drawback of using mAbs in imaging is their relatively
long serum half-life (10-20 days), which can lead to higher
background and reduced contrast of tumors due to the
presence of labeled antibodies in blood circulation. The
Tomlinson group reported the development of an engineered I-
124 (") labeled anti-CA 19-9 diabody with a shorter serum
half-life (4-20 h).”® The diabody composed of only two antigen-
binding Fv domains maintains the capability of bivalent binding
to antigens as a full antibody (Figure 5), and yet has a much
smaller size (MW ~55kDa vs ~150 kDa for antibody). The Fv
region of anti-CA 19-9 mAb 1116-NS-19-9 was expressed in
NSO murine myeloma cells, which was found to maintain its
antigen-specific binding and subsequently radiolabeled with
positron-emitting isotope '%I. To assess the in vivo ability of the
anti-CA 19-9 diabody for targeting tumors, nude mice carrying
CA 19-9-positive cells (BxPC-3 and Capan-2) as well as CA 19-9-
negative cell line (MiaPaCa-2), were injected with the radio-
labeled antibody through the tail vein. The positron emission
tomography™® imaging 4 hours after injection showed fast
tumor binding of anti-CA 19-9 diabody, while little blood
background signals were observed 20 hours after injection
supporting fast clearance from the circulation. The fast binding
and high tumor-to-blood ratio for the BxPC-3 and Capan-2
xenograft preclinical models confirmed the sensitivity and
specificity of the CA 19-9 diabody making it a promising
candidate for clinical study. Subsequently, the anti-CA 19-9
diabody was conjugated with liposomal nanoparticles as a
proof of principle for a cancer-targeted therapy delivery
carrier.”” Interestingly, despite the increased overall size of the
diabody/nanoparticle conjugate, it still enabled high contrast
for PET imaging of CA 19-9-positive tumor.

Using isotopes like ®Zr for immuno-PET imaging enhances
spatial resolution and tumor detection sensitivity compared to
traditional imaging agents.”® In comparison to '*I, ®Zr has a
number of advantages since it has a lower positron energy
resulting in a superior spatial resolution in PET, is less expensive
to generate, and is simpler to purify. ®Zr labeled anti-CA 19-9
mAb, #Zr-DFO-5B1, was prepared by conjugating an analog of
benzyl-isothiocyanate desferrioxamine (DFO, %Zr chelator) to
5B1 mAb followed by ®Zr incubation.” The resulting labeled
antibody was administered into mice bearing a subcutaneous
BxPC-3 PDAC xenograft. *Zr-DFO-5B1 enabled distinctive
delineation of tumor sites by PET imaging, with tumor uptake
10-times better than a nonspecific control IgG mAb 24 hours
after injection. The ability to detect PDAC by *Zr-DFO-5B1 was
also evaluated in an orthotopic model with transplanted BxPC-
3-luc cells in SCID mice. The detection sensitivity of ®*Zr-DFO-
5B1 was compared to that of the FDA approved benchmark
tumor imaging PET agent, fluorodeoxyglucose F18 ("®F-FDG).
87r-DFO-5B1 was found to generate more than six times higher
contrast in tumor tissues vs '®F-FDG. Besides PDAC, the utilities
of ¥Zr-DFO-5B1 to detect CA 19-9-positive small cell lung,
colon, and bladder cancers were investigated in mouse
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xenograft models using DMS79, Colo205, and HT1197 cells
respectively.”*® In all these models, tumor was readily detected
by PET in high contrast with minimal to no background uptake
in normal tissues 48 hours after injection. The diagnostic
sensitivity enabled by #Zr-DFO-5B1 was also compared to the
common clinical test by measuring CA 19-9 levels in sera of
tumor bearing mice, which were not detected despite the
presence of tumor, thus highlighting the advantage of ®Zr-
DFO-5B1.

One potential drawback of targeting CA 19-9 for PET
imaging is that CA 19-9 can be present as both a local and a
circulating antigen, found not only on tumor sites but also in
the bloodstream. Binding of #Zr-DFO-5B1 to circulating CA 19—
9 or the low levels of CA 19-9 in normal tissues can lead to
radiation exposure of normal cells, which can be a significant
concern if repeated imaging procedures are necessary. In a
subcutaneous Capan-2 PDAC xenograft model, biodistribution
and PET imaging studies with #Zr-DFO-5B1 showed high levels
of tracer in the liver, spleen, and lymph nodes of mice.®” To
reduce the accumulation of the labeled antibody in normal
tissues, a pre-targeting strategy was developed when unlabeled
5B1 was administered first to partially block the antigen. This
was followed by the administration of %Zr-DFO-5B1. After
optimizing time intervals between injections, the PET image
contrast of tumor site was significantly enhanced with lower
amounts of signals from normal organs such as liver and spleen
demonstrating the advantage of the preloading strategy.®"

Pre-targeting strategies can take advantage of bio-orthogo-
nal reactions to minimize radiation-related side effects in
radionuclide imaging. This process includes 2 steps. First, a
targeting agent such as a tagged mAb with high affinity
towards the tumor cells was administered, which was followed
by administration of radionucleotide moieties with high reac-
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tivity towards the tag on the tumor bound antibody, thus
introducing the radionucleotide on the target cells. This
approach has been applied to immuno-radionucleotides target-
ing the CA 19-9 antigen. In this study,® anti-CA 19-9 mAb 5B1
was modified with trans-cyclooctene (TCO) (Scheme 4). Con-
currently, ®Cu radioligands containing tetrazine (Tz) tags, *Cu-
NOTA-PEG,-Tz, and *Cu-NOTA-Tz, were also synthesized. The
5B1-TCO was administered first to CA 19-9-positive tumor-
bearing mice. Following an accumulation period when the free
5B1-TCO was cleared from the blood stream, the Tz tagged
radioligand was injected. TCO would react highly specifically
with Tz through the bioorthogonal inverse electron demand
Diels-Alder reaction between TCO and Tz in vivo, thus labeling
5B1-TCO bound cells with a ®Cu radioligand. With the smaller
molecular weight of the free ®*Cu radioligand, it can be cleared
rapidly from the blood stream, thus lowering the background
and enabling tumor detection with high contrast by PET.

Besides **Cu-based radioligand, this innovative pre-targeting
method has been investigated for "’Lu radioligand using 5B1-
TCO as the preloading agent.®™ The administration of "’Lu-
DOTA-PEG,-Tz, 72 hours after 5B1-TCO administration con-
firmed high uptake and prolonged retention of radioactivity in
PDAC tissues as well as rapid clearance from non-target tissues,
which led to notably high tumor-to-normal tissue ratios. Besides
enabling PET imaging and diagnosis of tumor detection, it was
advantageous that "’Lu radionucleotide could also inhibit
tumor growth, presenting an attractive theranostic application
of this 2-part bait-and-chase radioligand system.

In addition to PET imaging with radionucleotide-labeled
anti-CA 19-9 mAbs, the application of fluorescence-labeled
anti-CA 19-9 mAbs has been reported for both in vitro and
in vivo studies.® Compared to PET, fluorescence imaging also
has high sensitivity without the safety concern stemming from

La®)

O
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o
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5B1-TCO
inject .

64 in vivo
Cu-NOTA-TZ  inverse electron
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Scheme 4. Schematic demonstration of two-step pre-targeting strategy taking advantage of the bio-orthogonal reaction to selectively label tumor cells with

*Cu radioligands.
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the usage of radioactive nuclei in PET. The Bouvet group  promiscuous galactosyltransferase  GalT(Y289L). A NIR

utilized AlexaFluor 488 labeled anti-CA 19-9 mAb to monitor
the expression of CA 19-9 on a wide range of human PDAC cell
lines through fluorescence imaging.®¥ A variety of tumor
models were investigated including subcutaneous tumor xeno-
graft, orthotopic tumor implantation, and metastatic tumor
models. Following intravenous injection of the fluorescently
labeled anti-CA 19-9 mAb, the primary tumor was clearly visible
via laparotomy, as were small metastatic implants in the liver
and spleen and on the peritoneum. The tumor implants were
challenging to detect using standard bright-field imaging
techniques, but gave clear fluorescence signals under LED light
irradiation, highlighting its potential for image guided surgical
resection of tumor.

One of the drawbacks of fluorophore such as Alexa 488 is
that Alexa 488 emits light in the visible range, which can only
penetrate tissues in limited depth. In order to enhance the
depth of tissue penetration, Near-infrared fluorescence (NIRF)
imaging agents, IRDye650 and IRDye800CW, were conjugated
to 5B1 to produce 5B1-FL650 and 5B1-FL800 respectively via
NHS ester chemistry.®™ The in vitro binding of dye-conjugated
antibodies to BxPC-3 was determined with fluorescence micro-
scopy. The in vivo NIRF fluorescence imaging in both subcuta-
neous and orthotopic PDAC xenograft models demonstrated
the potential of 5B1 in detecting pancreatic tumors for example
as a NIRF-guided resection and demarcation of tumor margins.

After achieving strong results with both PET and NIRF
imaging modalities, the Lewis group designed a site-specific
strategy to preparing multi-modal imaging agents by conjugat-
ing PET and NIRF imaging agents to Fc domains of 5B1.%%
Rather than coupling the contrast agent with lysine residues, of
which the precise locations are difficult to control, they
developed a site-specific approach by remodeling the glycan
chains on the mAb (Figure 6a). The galactose residues at the
non-reducing end of N-glycans on heavy chains of 5B1 were
first trimmed with B-1,4-galactosidase, and subsequently an
azide-bearing galactose (GalNAz) was installed as catalyzed by a

a)
p-1,4-galactosidase Gal-T (Y289L)
i UDP-GalNAz
(0-N,)
R ¢-DIBO-R .
R R N3 N3
N3 N,

R = DFO or fluorophore

fluorophore®® or DFO (¥Zr** chelator) modified with the
dibenzocyclooctyne (DIBO) moiety was conjugated with the
GalNAz residues site specifically (ss) via the strain promoted
alkyne-azide cycloaddition reaction leading to three different
immunoconjugates, *DFO-5B1, *FL-5B1, and *dual-5B1 with
both DFO and fluorophore. In vitro binding comparison of the
binding between site-specifically modified immunoconjugates,
87r*DFO-5B1 and ¥Zr*dual-5B1 to BxPC-3 pancreatic cells, with
the non-site specifically labeled conjugate *Zr-DFO-5B1, in-
dicated higher immunoreactivity for ®Zr*DFO-5B1 and
87r*dual-5B1. Thus, this heavy chain site-specific conjugation
design is promising for antibody conjugation without interfer-
ing with the specific binding to the antigen. The in vivo PET and
NIRF imaging evaluation of each construct in subcutaneous CA
19-9-positive, BXxPC-3, and CA 19-9-negative, MiaPaCa-2, xeno-
graft PDAC models revealed excellent uptake and contrast in
CA 19-9-positive tumors with negligible nonspecific uptake in
CA 19-9-negative tumors. The ®Zr-*dual-5B1 was further
investigated in an orthotopic murine PDAC model using Suit-2
cells, which enabled sensitive detection of cancer metastases
and mapping of involved sentinel lymph nodes via tandem
PET/CT and NIRF imaging (Figures 6b and c). Furthermore, NIRF
imaging aided in the localization of several lymph nodes to
which cancer metastasized (Figure 6¢). The fluorescence signals
could direct the surgical removal of the tumor containing
sentinel lymph nodes with the remaining lymph nodes as well
as the primary tumor shown (Figure 6d). Interestingly, NIRF
imaging enabled the detection of multiple micrometastases
that were not delineated in the PET/CT scans, highlighting the
advantage of multi-modality imaging.

Clinical Trials

Human studies for imaging as a tumor detection tool by taking
advantage of labeled anti-CA 19-9 antibodies started in 1994 in

Figure 6. a) Schematic demonstration of enzymatic remodeling of glycans on mAb, which enabled site specific introduction of radiolabels into the mAb. b)
PET/CT imaging of mice with primary and metastatic PDAC, showing high uptake of the tracer in the primary tumor, a metastatic site, and sentinel lymph
nodes (LN, lymph nodes; M, metastasis; T, tumor). NIRF imaging of c) the sentinel lymph nodes; and d) after surgical removal of the lymph nodes
demonstrating the potential of the *Zr-*dual-5B1 for image guided surgery. (Adapted from ref.® Copyright permission from the National Academy of

Sciences, USA).
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Japan when Naruki et. al. evaluated the efficiency of "*'I-labeled
lgG F(ab’), fragments of mouse anti-CEA and CA 19-9
monoclonal antibodies (IMACIS-1) for cancer detection in
patients with gastrointestinal neoplasm and liver metastases.®
They found that metastatic cancer in liver could be effectively
detected with IMACIS-1 by radioimmunoscintigraphy (RIS). In
the same year, Boilleau et. al. compared the sensitivity and
specificity of anatomical computed tomography (CT) versus 'l
gamma emission RIS using the same IMACIS-1 antibody cocktail
to detect lung cancer lymph node metastases.”” A controlled,
blind, prospective study was performed on 17 patients, but two
were excluded due to thyroid uptake of iodine. The evidence
indicated that all primary tumors were detected by RIS.
Comparing histological, CT-scan, and RIS results illustrated
higher specificity for RIS but higher sensitivity for CT-scan in
detecting lymph node metastasis in patients with lung cancer.

More recent clinical trials have focused on using the human
5B1 mAb with a radiotracer. In 2019, the phase | dose-escalating
clinical trial (NCT02687230) was conducted for Immuno-radio-
nucleotide, ¥Zr-DFO-5B1, known as MVT-2163. Twelve patients
with CA 19-9-positive primary pancreatic tumors and meta-
static disease received MVT-2163 and underwent PET/CT
scanning for 7 days. The pre-targeting strategy of applying
unlabeled 5B1 mAb prior to radiolabeled 5B1 was also adapted.
The pharmacokinetics, biodistribution, radiation dosimetry, and
tumor targeting of MVT-2163 were evaluated. According to the
PET imaging results, the MVT-2163 tumor uptake was high and
increased over time, the metastasis lesions were visualized with
high contrast, and the side effects caused by MVT-2163 were
under control, which makes it a safe and promising agent in
PET imaging for early diagnosis of CA 19-9-positive
malignancies.®™ A second diagnosis PET imaging phase 1
clinical trial (NCT05737615) started in 2023 investigating the
safe doses of 5B1-TCO and %Cu—Tz-SarAr, a *Cu radioligand.
This study is in the recruiting stage, taking advantage of pre-
targeting strategy in PET imaging for detecting CA 19-9-
positive cancerous cells and sites. Another phase 1 study
(NCT03118349) was reported evaluating the safety and dosim-
etry as well as determining the maximum tolerated dose for
77Lu-5B1 in combination with 5B1 for patients with CA 19-9-
positive pancreatic ductal adenocarcinoma or other cancers
(N=24). This study was terminated in 2018, but the results
have not been published.

Besides imaging applications, mAb 5B1 is currently used in
an ongoing open-label, non-randomized, multicenter, dose
escalation/expansion phase | trial (NCT02672917) to evaluate its
therapeutic effect. The maximum tolerated dose and the
recommended phase 2 dose (RP2D) for 5B1 as monotherapy
and in combination with chemotherapy (mFOLFIRINOX) will be
defined in PDAC patients in addition to other CA 19-9-positive
cancers.

One of the challenges of cancer treatment is recurrence
after tumor resection. Numerous studies indicate that removing
tumors by surgery may lead to micrometastases for various
reasons: 1) surgery can increase the number of cancer cells
circulating in the blood; 2) stress and inflammatory signaling, as
a consequence of surgery, can activate remote disseminated
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cancerous cells to grow; and 3) chemotherapy as an interrupt-
ing factor in the wound healing process is typically held 2-
4 weeks prior to surgery, and not restarted until the patient has
recovered postoperatively, up to 12 weeks. Therefore, to
address the need for a safe drug to be administered immedi-
ately pre- and post-surgery, a prospective phase Il study was
conducted (NCT03801915).%” The goal of this study was to
evaluate the efficacy and safety of 5B1 administration within
days pre- and post-surgery for patients with metastatic color-
ectal cancer (N=24), cholangiocarcinoma (N=24), and PDAC
(N=23) with high level of CA 19-9 in their blood. The
perioperative use of 5B1 has the potential to reduce recurrence
rates and prolong survival after resection, providing an extra
tool for cancer treatment. This study was completed in March
2023, and the result has not been published yet.

A summary of clinical trials on CA 19-9 based antibodies is
presented in Table 2.

Conclusions and Future Perspective

Since the discovery of carbohydrate antigen CA 19-9, numerous
studies have been conducted. This review begins with
discussion on diverse synthesis strategies for CA 19-9 and their
applications in CA 19-9-based vaccines. Additionally, it empha-
sizes the development of related antibodies and their variants,
which were evaluated for their therapeutic and diagnosis/
imaging applications to treat and detect CA 19-9-positive
malignancies.

With the development of the fully human anti-CA 19-9
mAb 5B1, it has become the focal point of many preclinical
studies and clinical trials. A variety of PET tracer-labeled 5B1
constructs have been investigated using different positron-
emitted radionucleotides such as *Cu and %Zr. However,
concerns arise regarding extensive usage of radionucleotide-
5B1 conjugation in PET imaging due to the risk of normal cells
exposure to radiation. Innovative strategies such as blocking
with unconjugated 5B1 as well as two-step labeling via
biorthogonal reactions of radioligands in pre-targeted ap-
proaches can offer solutions to this challenge. To enhance
image contrast, antibody fragments have been developed to
shorten serum half-life and enhance clearance rate, which could
minimize radiation exposure to normal tissues.

Considering the aggressive nature of PDAC, while most
studies on CA 19-9-based constructs have been focused on
imaging and detection of CA 19-9-positive tumor, the applica-
tions of CA 19-9 targeting strategies must be explored for
therapy in order to enhance the survival of cancer patients. For
cancer such as PDAC where the tumor microenvironment is
highly fibrotic,”® antibodies with their large sizes may have
limited depth of penetration into the tumor tissues. Smaller
constructs such as nanobodies can be appealing. The biodis-
tribution, pharmacokinetics, and effector eliciting abilities of the
antibodies will need to be carefully optimized through antibody
engineering. In parallel, effective CA 19-9 targeting vaccines
should be continuously developed as successful vaccines can
induce high affinity and long-lasting antibodies to provide
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Table 2. A summary of the reported CA 19-9 based antibody clinical trials.

NCT Number Study Title Study Sta- Conditions
tus
NCT03801915 Perioperative MVT-5873, a Fully Human Monoclonal Completed Colon Cancer, Pancreatic Cancer, Cholangiocarcinoma, Meta-
Antibody Against a CA 19-9 Epitope, for Operable CA static Colon Carcinoma, Liver Metastasis
19-9 Producing Pancreatic Cancers, Cholangiocarcino-
mas, and Metastatic Colorectal Cancers
NCT04883775 Study of a New Technique for Imaging Pancreatic Active not Pancreatic Cancer, Tumors That Express CA 19-9
Cancer recruiting
NCT03118349 Study of '”’Lu Human Monoclonal Antibody 5B1 (MVT- Terminated Pancreatic Carcinoma, Tumors That Express CA 19-9
1075) in Combination with a Blocking Dose of MVT-
5873 as Radioimmunotherapy
NCT02672917 Study of HuMab-5B1 (MVT-5873) in Subjects With Recruiting Pancreatic Cancer
Pancreatic Cancer or Other Cancer Antigen 19-9 (CA
19-9) Positive Malignancies
NCT02687230 Phase 1 Imaging Study of *Zr-DFO-HuMab-5B1 With Terminated Pancreatic Carcinoma, Tumors That Express CA 19-9
HuMab-5B1
NCT05737615 PET Imaging Using **Cu—Tz-SarAr and hu5B1-TCO in Recruiting Pancreatic Cancer, Pancreatic Ductal Adenocarcinoma, Meta-
People With Pancreatic, Colorectal, Bladder Cancer or static Pancreatic Ductal Adenocarcinoma, Primary Pancreatic
Cancers With Elevated CA19.9 Ductal Adenocarcinoma, Metastatic Pancreatic Cancer
ADCC antibody dependent cell mediated cyto-
long-term immune surveillance against tumors. This can toxicity
potentially protect patients from metastatic cancer and reduce ~ ADCP antibody-dependent cellular phagocyto-
the rate of relapse. Since CA 19-9 has low inherent immunoge- sis
nicity, innovative methods are needed to design powerful  Alloc allyloxycarbonate
vaccine constructs. The QB-CA 19-9 construct provides a  ATP adenosine 5'- triphosphate
promising lead as a vaccine, which will need to be further = BCR B-cell receptors
optimized and evaluated for its efficacy in clinical trials. BfFKP Bacteroides fragilis strain NCTC9343 bi-

In order to improve therapeutic efficacy, anti-CA 19-9
antibody-based ADCs can be very powerful to selectively deliver
cytotoxic agents to tumor sites. Highly toxic drugs beyond DXR
can be conjugated to anti-CA 19-9 antibodies. Constructs such
as nanobodies and diabodies with smaller sizes and potentially
enhanced tissue penetration can be attractive platforms for
ADC. Innovative chemistry will need to be developed to
conjugate the drugs through a suitable linker to the antibodies
without adversely affecting CA 19-9 epitope binding. Further-
more, cleavage chemistry can be designed to selectively release
the drug upon reaching the tumor site to reduce toxicities to
normal tissues. Beyond ADCs, anti-CA 19-9 antibodies can also
be adapted for cellular therapy against cancer. Newer gener-
ations of anti-CA 19-9 BiTE and CAR-T cells can be developed
to initiate T cell attack on cancer cells to enhance anti-tumor
efficacy.

Overall, this review highlights the potential of targeting CA
19-9 for the diagnosis, detection, and treatment of cancers. The
ongoing preclinical and clinical development focusing on
varying configurations of anti-CA 19-9 antibodies and associ-
ated products hold great promise for improving outcomes for
patients with CA 19-9-positive cancers.

Abbreviations
A/l ratio activating versus inhibitory ratio
ADC antibody drug conjugates
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CA 19-9
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CD40 L

CDC
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CHO
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CRC
Cst-l

cT
CcTP
DIBO
DXR
EGFR
ELISA
Fab
FACS
Fc
FDA
FL
Fuc
FUT3

functional L-fucokinase/GDP-fucose py-
rophosphorylase

Bifidobacterium infantis D-galactosyl-b1-
3-N-acetyl-D-hexosamine phosphorylase
benzyl

carbohydrate antigen 19-9

chimeric antigen receptor T cell

CD40 ligand

Complement-dependent cytotoxicity
complementary-determining regions
Chinese hamster ovary
cytidine-5-monophospho-N-acetylneur-
aminic acid

colorectal cancer cell

Campylobacter jejuni a.2,3-sialyltransfer-
ase |

computed tomography

cytidine 5'-triphosphate
dibenzocyclooctyne

Doxorubicin

epidermal growth factor receptor
enzyme-linked immunosorbent assay
fragment antigen-binding
fluorescence-activated cell sorting
crystallizable region

food and drug administration
fluorophore

fucose

fucosyl transferase 3
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GalNAz N-azido galactose
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GlcNAC N-acetyl glucosamine Conflict of Interests
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ferase dedicated to the development of next generation of vaccines.
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NIRF near-infrared fluorescence interpretation, or publication of this study.
NmCSS Neisseria meningitidis CMP-sialic acid

synthetase Keywords: antibodies - CA 19-9 - cancer - synthesis - vaccines
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