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A B S T R A C T

Globotriaosylceramide (Gb3 or CD77) is a tumor-associated carbohydrate antigen implicated in several types
of cancer that serves as a potential cancer marker for developing target-specific diagnosis and therapy. How-
ever, the development of Gb3-targeted therapeutics has been challenging due to its carbohydrate nature. In
the present work, taking advantage of its natural pentamer architecture and Gb3-specific targeting of shiga
toxin B subunit (StxB), we constructed a pentameric antibody recruiting chimera by site-specifically conju-
gating StxB with the rhamnose hapten for immunotherapy of colorectal cancer. The Sortase A-catalyzed
enzymatic tethering of rhamnose moieties to the C terminus of Stx1B and Stx2B had very moderate effect on
their pentamer architectures and thus the resultant conjugates maintained the potent ability to bind to Gb3
antigen both immobilized on an assay plate and expressed on colorectal cancer cells. All StxB-rhamnose con-
structs were capable of efficiently mediating the binding of rhamnose antibodies onto HT29 colorectal cancer
cells, which was further shown to be able to induce cancer cell lysis by eliciting potent antibody-dependent
cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) in vitro. Finally, the best StxB-
rhamnose conjugate, i.e. 1B-3R, was confirmed to be able to inhibit the colorectal tumor growth using a
HT29-derived xenograft murine model. Taken together, our data demonstrated the potential of repurposing
StxB as an excellent multivalent scaffold for developing Gb3-targeted biotherapeutics and StxB-rhamnose
conjugates might be promising candidates for targeted immunotherapy of Gb3-related colorectal cancer.
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Introduction

Globotriaosylceramide (Gb3 or CD77) is a tumor-associated car-
bohydrate antigen of globo-series glycosphingolipid, and the
increased expression of Gb3 has been found in a variety of tumor
types including colorectal cancer,1-3 gastric cancer,4 pancreatic
cancer,2,5 and breast cancer,6 therefore attracting extensive attempts
to exploit Gb3 antigen for target-specific diagnosis and therapy. The
development of therapeutic antibodies targeting Gb3 seems more
difficult than for other carbohydrate antigens,7,8 possibly due to its
low immunogenicity and the fact that a carbohydrate-specific anti-
body often matures with an affinity lower than that of a protein-spe-
cific antibody by several orders of magnitude.9 Thus, most attempts
have been focused on exploiting natural Gb3 binding lectins, among
which the most attractive one is the B subunit of Shiga toxin (StxB).
This toxin is associated with pathogens of shigella species and shiga
toxin-expression E. coli (STEC).10 Without the disease-causing A sub-
unit of Shiga toxin, the lectin part B (StxB) is non-toxic and also only
weakly immunogenic. Moreover, StxB is likely more robust than anti-
bodies in terms of binding affinity to Gb3. However, the specificity of
an antibody may be superior to StxB, because StxB binds to Gb211

and Gb4 as well.12,13 Each individual monomer of StxB offers three
distinct binding sites for Gb3 and the non-covalently associated
homo-pentamer of StxB therefore can theoretically bind for up to fif-
teen Gb3 molecules with an affinity that falls into the nanomolar
range, thus representing an excellent example of the power of multi-
valency in nature. The feasibility of using StxB as a tumor-specific
moiety has been well demonstrated in the constructions of immuno-
toxins,14 intracellular drug delivery carriers13,15 and as an imaging
reagent.16 Recently, StxB binding potential to colorectal tumor was
also demonstrated in a genetic porcine model.17
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Antibody-recruiting molecules are a group of bifunctional chime-
ras intended for passive cancer immunotherapy by indirectly utiliz-
ing disease-irrelevant antibodies existing naturally in the human
blood, such as the endogenous antibodies against L-rhamnose, dini-
trophenol, and a-Gal.18,19 A hapten of an endogenous antibody as the
antibody-binding ligand can be covalently conjugated to a tumor
antigen-specific ligand to form a typical antibody-recruiting mole-
cule, which can selectively localize at the tumor site with concomi-
tant recruitment of the endogenous antibodies for immune effector
functions including antibody-dependent cellular cytotoxicity (ADCC),
complement-dependent cytotoxicity (CDC), and antibody-dependent
phagocytosis (ADCP). The effect of an antibody-recruiting molecule
can be significantly augmented by introducing multivalency mecha-
nisms,20 which has been well established by displaying multiple
tumor antigen-specific ligands and/or antibody-binding ligands on
liposomes,21 lipid polymers,22,23 glycopolymers24 and peptide scaf-
folds.25 Multivalency is a ubiquitous organization format of molecules
involved in the biological systems especially for interactions between
ligands and receptors, which offers a low affinity ligand an opportu-
nity to establish an association to its counter receptor with high affin-
ity and sensitivity in its multivalent form and vice versa. Thus,
introducing the multivalency concept to antibody-recruiting mole-
cules enables the exploration of natural carbohydrate-binding lectins
as promising tumor antigen-specific ligands.

In this work, we report the construction, in vitro and in vivo evalu-
ation of a novel antibody-recruiting molecule made of the pentameric
StxB conjugated site specifically with the rhamnose hapten for Gb3-
specific immunotherapy of colorectal cancer. The enzymatic tether-
ing of multiple rhamnose modules to Stx1B and Stx2B only had a
moderate effect on their pentameric architecture as the conjugates
maintained the potent ability to bind to the Gb3 antigen on surface
both of an assay plate and colorectal HT29 cancer cells. All the con-
structs were capable of efficiently mediating binding of rhamnose
antibodies and eliciting strong ADCC and CDC on HT29 colorectal can-
cer cells in vitro. The best one StxB-rhamnose conjugate 1B-3R was
shown to be able to inhibit the tumor growth in a HT29 colorectal
cancer cell-derived xenograft tumor murine model. Taken together,
our data demonstrated the potential use of StxB as an excellent mul-
tivalent scaffold to develop antibody-recruiting molecule or similar
multivalent therapeutics against cancer.

Materials and Methods

Materials

The E. coli plasmids encoding Stx1B (pET22b-Stx1B) and Stx2B
(pET22b-Stx2B) were constructed with optimized codons by General
Biosystems company (Anhui, China). The Nickel column (HisTrap HP)
for protein purification and HiPrep desalting column were provided
by Jincheng Biological company (Wuhan, China). The FSL-Gb3 recep-
tor was obtained from Sigma-Aldrich company (Shanghai, China).
Cell culture medium including McCoy’s 5A, RPMI 1640, and Dulbec-
co's Modified Eagle Medium (DMEM) were provided by GE Health-
care company (Shanghai, China). Antibiotics solution of Penicillin-
Streptomycin and Fetal Bovine Serum (FBS) for cell culture was
obtained from ThermoFisher Scientific company (Shanghai, China).
Alexa Flour 488-labeled Goat anti-Rabbit IgG antibodies were bought
from Proteintech company (Beijing, China) and Alexa Fluor 647-
labeled Goat anti-Rabbit IgG antibodies were bought from Abcam
company (Shanghai, China). The anti-rhamnose rabbit serum was
prepared in our lab. Anti-Myc Rabbit Polyclonal antibodies, anti-His
Rabbit Polyclonal antibodies, HRP-conjugated detection antibodies
used in this work, LDH cytotoxicity kit, WST-8 kit, and other routine
reagents were provided by Beyotime biotech company (Shanghai,
China).
Cell Culture

Cancer cell lines including K562, Caco-2, Hela and HT29 were pre-
served and routinely cultured at our lab. K562 cells were cultured in
RPMI 1640 medium. Caco-2 cells and Hela cells were cultured in
DMEMmedium. HT29 cells were cultured in McCoy’s 5A medium. All
the above medium was supplemented with FBS to 10% and antibiot-
ics solution of penicillin (100 U/mL) and streptomycin (100 mg/mL).
The mycoplasma test was done routinely. All cell lines were grown in
a cell culture incubator provided with humidified atmosphere of 5%
CO2 at 37℃.

StxB Expression and Purification

Competent cells of BL21(DE3) E. coli were transformed with the
plasmids of pET22b-Stx1B and pET22b-Stx2B, respectively. The E. coli
cells were then inoculated into Luria-Bertani medium supplemented
with ampicillin and grown at 37℃ at a shaking incubator. Once the
OD600 of above culture increased to 0.6−0.8, StxB protein expression
was initiated by adding IPTG (0.1 mM) into the culture and protein
production was allowed for 12 h at 16℃. The E. coli cells were then
collected by centrifugation at 9000 rpm for 5 min and the resultant
pellet was resuspended for further sonication-assisted cell lysis using
a buffer containing10 mM Tris-HCl, 300 mM NaCl, pH 7.4. The clear
supernatant with recombinant StxB proteins was obtained after fur-
ther centrifugation at 10,000 rpm for 20 min. The above supernatant
was then transferred into the pre-equilibrated nickel affinity column
(HisTrap HP) and purification was performed by following the manu-
facturer’s protocol. The elution of StxB proteins was achieved through
stepwise washing the column using elution buffers containing imid-
azole at concentrations from 100 mM to 500 mM, and eluted frac-
tions were prepared in 1.5 mL tube for later SDS-PAGE validation.
Confirmed proteins were pooled together and concentration was
quantified through the BCA assay.

Sortase A-Catalyzed Rhamnose Conjugation of StxB

Rhamnose conjugation of StxB proteins (1B and 2B) was achieved
by through a Sortase A-catalyzed site-specific enzymatic ligation as
we reported previously.26 The enzymatic reaction was initiated by
mixing the rhamnose derivatives (500 mM), 1B or 2B (15 mM) and
Sortase A (2 mM) in a buffer of 50 mM Tris-HCl, 150 mM NaCl, and
5 mM CaCl2, pH 7.5. The enzymatic reaction was allowed for 3 h at
16℃ on a rotator. To purify the StxB-rhamnose conjugates, Sortase A
and unreacted StxB proteins containing His tag were first removed
out of the crude reaction through a reverse nickel affinity protein
purification. The reaction solution was further purified by a molecular
weight cutting off filter unit (3 kDa) to remove the excess rhamnose
derivatives. The purified conjugates were then validated through
SDS-PAGE analysis and western blotting as described in the corre-
sponding context. The validated StxB-rhamnose conjugates were fur-
ther filtered through a 0.22 mM sterile filtration unit and protein
concentrations were quantified through the BCA assay.

Western Blotting

The StxB-rhamnose conjugates was also characterized through
western blotting analysis. The unmodified StxB proteins and StxB-
rhamnose conjugates were first boiled in the protein loading buffer
to prepare denatured samples. Electrophoretic separation of those
samples was then achieved by using SDS-PAGE gel (12%). All proteins
in the gel were next transferred onto methanol-activated PVDF mem-
brane which was further blocked by a blocking buffer of 5% BSA-TBST
solution for 2 h at 37℃. The membrane was then incubated with the
corresponding primary antibodies overnight at 4℃ as described in
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the context and it was further probed with HRP-labeled goat anti-
rabbit IgG detection antibodies for 2 h at 37℃. Finally, HRP-driven
luminescence was generated by adding ECL reagent and images were
recorded using a Gel Doc XR instrument (Bio-Rad).

Dynamic Lights Scattering (DLS) Analysis of the Conjugates

The effect of rhamnose conjugation on StxB protein pentameric
structure was analyzed by comparing the size distribution of StxB-
rhamnose conjugates with the parental StxB proteins using dynamic
light scattering (DLS). The StxB-rhamnose conjugates were diluted at
10mM in water and subjected to Zetasizer Nano ZS (Malvern Panalyt-
ical) for size distribution analysis. Stx1B-His was used as a reference
pentameric protein for particle size, as it has been reported to func-
tion as a pentamer.27 The collected data was analyzed with Zetasizer
Software (Malvern Panalytical).

Gb3 Binding Assay

The Gb3 binding capability of StxB-rhamnose conjugates and StxB
was compared by using an ELISA type assay with Gb3-immobilized
as reported previously.11 The FSL-Gb3 compound was dissolved by
PBS to 2 mg/mL and it was coated onto a 96-well plate with 100 mL/
well at 4℃ overnight. Then, the coated plate was washed with 0.2%
BSA-PBS to remove the unbound FLS-Gb3, and it was further blocked
with 200 mL blocking buffer of 3% BSA-PBS at room temperature for
2 h. After washing the plate with 0.2% BSA-PBS, StxB-rhamnose con-
jugates (100 mL/well) or StxB (100 mL/well) at concentrations as
mentioned in the context were added and the plate was further incu-
bated for 2 h. Again, the plate was washed by 0.2% BSA-PBS, and
100 mL/well of Myc-tag rabbit polyclonal antibodies (1 mg/mL) was
added for further incubation for additional 1 h. After washing three
times with 0.2% BSA-PBS, the plate was added with 100 mL/well of
HRP-conjugated goat anti-rabbit IgG (H+L) antibodies (1 mg/mL), and
incubated for another 1 h. With final washing by using 0.2% BSA-PBS,
each well of the plate was further added with 100 mL of TMB sub-
strate. After about 10 min, the HRP enzymatic reaction was quenched
by adding each well with 25 mL of H2SO4 (2 M), followed by reading
the plate at 450 nm through iMark microplate absorbance reader
(Bio-rad).

Flow Cytometry Analysis

The ability of StxB-Rhamnose conjugates to bind to Gb3 receptor
and mediate the binding of rhamnose antibodies on cells was
assessed by using flow cytometry-based assay. HT29 cells were
diluted into flow cytometry buffer of 2% BSA-PBS to reach the concen-
tration of 4.0£105 cells/mL. StxB-rhamnose conjugates or StxB pro-
teins were mixed with 100 mL of the prepared cells (4.0£104) to a
final concentration 500 nM and incubated at room temperature for
0.5 h. For conjugates binding analysis, 100 mL of Myc-tag rabbit poly-
clonal antibody (20 mg/mL) was then added into cells after brief
washing cells with PBS and the mixture was incubated for 0.5 h. For
the rhamnose antibody binding analysis, 100 mL of anti-rhamnose
rabbit serum (1:50 dilution) was then added into cells after brief
washing cells with PBS and the mixture was incubated for 0.5 h. With
further washing using PBS, the treated cells were then resuspended
in 100 mL of Alexa Fluor 647-labeled Goat Anti-Rabbit IgG antibodies
(20 mg/mL) and incubated for 0.5 h. As a negative control, cells
were treated with PBS to replace the conjugates. The treated cells
were finally resuspended by 200 mL flow cytometry buffer after
twice washing with PBS, and analysis was carried out on the Accuri
C6 flow cytometer. Data processing was performed by using the
FlowJo software.
Immunocytochemistry Assay

The rhamnose antibody binding capability of the StxB-rhamnose
conjugates was also visualized by immunocytochemistry assay. HT29
cells with an initial density of 104 cells per well were cultured in a
96-well plate overnight. Following removal of the supernatant
medium, a solution of 4% paraformaldehyde was added to fix the cells
attached on the plate for about 10 min, and followed by blocking the
plate through 3% BSA-PBS for additional 1 h. After three times wash-
ing with PBS, the cells were then incubated with StxB-rhamnose con-
jugates or StxB protein at a concentration of 500 nM and incubated
for 1 h. After PBS washing, cells were further incubated with 100 mL
of anti-rhamnose rabbit serum (1:250 dilution) for another 1 h. With
washing three times using PBS, the cells were then incubated with
100 mL of Alexa Flour 488-labed Goat anti-rabbit IgG antibodies
(4 mg/mL) for another 1 h. After three times washing by using PBS,
the cells were finally stained by antifade mounting reagent contain-
ing 40,6-diamidino-2-phenylindole (DAPI)). Labeled cells were
imaged by using fluorescent microscopy.

ADCC Assay

The ADDC-specific tumor killing capability of the StxB-rhamnose
conjugates was determined by using HT29 as target cancer cells and
peripheral blood mononuclear cells (PBMC) as effector immune cells.
HT29 cells with initial density of 104 cells/well were grown in a 96-
well plate overnight. The cells attached on the plate were first incu-
bated either with StxB-rhamnose conjugates (500 nM) or StxB pro-
tein (500 nM) in the presence of anti-rhamnose rabbit serum (1:50
dilution) at the incubator for 30 min. After brief washing of the plate,
freshly isolated human PBMC were introduced into the plate with a
ratio of PBMC to HT29 in 20:1, and the plate was then kept at the
incubator for additional 4 h. Cytotoxicity was determined using an
LDH cytotoxicity kit. Target cancer cells treated with 1% Triton X-100
for maximal LDH release were employed as a positive control and
spontaneous LDH release from the untreated cells was used to sub-
tract the background for each treatment. Upon completion of the
treatment, 80 mL of supernatant of each treatment was mixed with
40 mL LDH detecting reagent in a new 96-well plate and the mixture
was allowed for incubation for 30 min in dark at the incubator.
Release of LDH was determined by following the manufacturers’
instructions. The ADCC specific cell-killing was calculated through
the following formula:

ADCC% ¼ Ax � A0

Amax

� �
� 100

‘A0 is the OD490 indicating the spontaneous LDH release from the
effector cells control treatment; Ax is the OD490 from treatments of
StxB-rhamnose conjugates or StxB protein in the presence of anti-
rhamnose serum and PBMC; Amax is the OD490 indicating maximal
LDH release from treatment with 1% Triton X-100.’

CDC Assay

The tumor killing capability of the StxB-rhamnose conjugates
through CDC was determined by using HT29 as target cancer cells.
HT29 cells (104/well) were seeded into 96 well-plate overnight.
After removal of the supernatant, cells were then incubated with
200 mL of StxB-rhamnose conjugates (500 nM) or StxB protein
(500 nM) in medium for 0.5 h. The supernatant was then removed
and the cells were further incubated with 100 mL medium mixture
of anti-rhamnose rabbit serum (1:50 dilution) and rabbit comple-
ment (2.5%, v/v). Negative control was achieved by replacing the
conjugates with the same volume of PBS. Maximum cell-killing
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control was performed by treating cells with 1% Triton X-100. After
incubation at the cell culture incubator for 4 h, the cell viability
was determined by using a WST-8 kit following the manufacturers’
instructions. The CDC specific cell-killing was calculated through
the following formula:

CDC% ¼ 1� Ax � Amax

A0 � Amax

� �
� 100

‘A0 is the OD450 from treatment of PBS and anti-rhamnose serum; Ax

is the OD450 from treatments of StxB-rhamnose conjugates or StxB
protein in the presence of anti-rhamnose serum; Amax is the OD450

indicating the maximus cell-killing through treatment of 1% Triton X-
100.’

Mice

All the mice used in this study were provided by Shanghai SLAC
Laboratory Animal company and mice were grown in the animal cen-
ter at Jiangnan university. All animal experiments in this work were
conducted under the guidelines and protocols approved by the Insti-
tutional Animal Care and Use Committee of Jiangnan University [JN.
No20210915b0 201201[316]].

Preparation of Mouse Anti-Rhamnose Serum

To obtain mouse serum containing anti-rhamnose antibodies for
the therapeutic experiment, a vaccine conjugate of rhamnose and
ovalbumin (OVA) was prepared by following the same procedure as
we described early.28 Balb/c mice were immunized with the rham-
nose-OVA conjugate as reported previously.29 Briefly, an emulsion
was prepared by mixing the rhamnose-OVA conjugate (200 mg/mL)
and alum adjuvant with a volume ratio of 1:1 (Sourav Sarkar, Steven
A Lombardo et al. 2010). Each of total five mice (female, 6−8 weeks
old) were injected with 100 mL of the emulsion subcutaneously (s.c.)
at the abdomen on day 1, 7, 14 and 21. One week after the last immu-
nization, mice were euthanized and whole blood was collected. The
blood was then allowed to clot for 0.5 h at a fridge and serum was
prepared by removing the clot through centrifugation at 2000 g for
15 min. The titer of rhamnose-specific antibody in serum was deter-
mined through a standard ELISA assay with HSA-Rhamnose immobi-
lized on the plate.

In Vivo Anti-Tumor Efficacy in HT29 Xenograft Murine Model

The in vivo immunotherapy efficacy of the StxB-rhamnose conju-
gate against colorectal tumor was assessed in a HT29 xenograft
murine model. To establish the mice model, Balb/c nude mice (6−8
weeks old, average weight 20 g/mouse) were subcutaneously (s.c.)
implanted with 100mL of HT29 cells (3£106) in PBS at the abdominal
right flanks. With growth for 6 days, mice with tumor volume of 40
−70 mm3 were randomized into three groups (n=5) and the treat-
ments for therapy were initiated on day 0 as illustrated in Fig. 6A. For
the therapy effect of the StxB-rhamnose conjugate, mice (Group 1)
were treated with 1B-3R conjugate (40 mg in 50 mL PBS) and anti-
Rhamnose mouse serum (50 mL) through intravenous (i.v) injection
at the tail vein. As parallel control groups, mice were treated with
Stx1B protein (40 mg in 50 mL PBS, Group 2) or equivalent PBS (50
mL, group 3) in combination with anti-Rhamnose mouse serum
(50 mL), respectively. All the treatments were given once a day for
6 days. The volume of tumor and mouse weight were measured every
day for 12 days. Tumor length and width of each mouse ware deter-
mined to calculate the volume of tumor using an equation as 1/
2£length£width2. Upon completion of the therapy schedule, tumor
tissue was dissected from the euthanized mice for measuring end-
point tumor weight. The tumor-growth-inhibition ability was
calculated by using the percentage of endpoint tumor weight reduc-
tion of Stx1B or 1B-3R treated group to tumor weight of the PBS
treated control group. For the histological analysis of tumor tissue
and major organs of mice after therapy, excised tumor, heart, liver,
spleen, lung, and kidney were fixed using 10% neutral-buffered for-
malin solution. The sections of these tissues were stained with hema-
toxylin and eosin (HE) for assessment of morphological changes and
images were recorded using a microscope.

Results

Construction and Characterization of StxB-Rhamnose Conjugates

In this study, we aimed to develop a multivalent antibody-recruit-
ing molecule by conjugating the pentameric StxB protein with rham-
nose modules. The crystal structure of shiga toxin indicates that the
N terminus of its doughnut-shape StxB subunit is sterically close to
its interaction interface with the Gb3 receptor expressed on the host
cell surface, so it is reasonable to speculate that attaching an anti-
body-binding ligand at this site might affect Gb3 binding capability of
the final construct (Fig. 1A).30 However, the C terminus of StxB
extends in an opposite direction away from the main protein struc-
ture, which made it feasible to place the rhamnose haptens at the C
terminus of StxB to form a pentameric antibody-recruiting molecule
(Fig. 1B). To this end, StxB of shiga toxin variant 1 and 2 were recom-
binantly prepared with a Myc tag, a Sortase A tag (LPTEG) and a
6ⅹHis affinity tag fused at the C terminus (Fig. 1C and supporting
Table 1). The rhamnose derivatives containing triple-glycine and
polyethylene glycol (PEG) spacer were prepared as we described pre-
viously (Fig. 1C and supporting scheme S1).31 The recombinant StxB
and rhamnose derivatives were conjugated together using a Sortase
A-catalyzed site-specific ligation reaction (Fig. 1C). In the first step of
the enzymatic reaction, Sortase A cleaved the peptide bond of Thr
and Gly within the Sortase A tag, and then it formed a semi-stable
thioacyl-intermediate with StxB protein through its active Cys. In the
second step, the rhamnose derivatives as nucleophiles attacked the
thioacyl bonds in the intermediates and formed a new peptide bond
with StxB. As the His tag in StxB was enzymatically cleaved during
the conjugation reaction, the final StxB-rhamnose conjugates can be
reversely purified by removing unreacted proteins using magnetic
nickel-beads. The excess rhamnose derivatives were further removed
by a molecule weight cutting-off filter unit (3 kDa). The resultant con-
jugates were termed 1B-nR and 2B-nR (n= 1, 2, 3), where n stands for
the number of PEG repeats. As shown in Fig. 1D, unrelated proteins
were clearly removed and the StxB-rhamnose conjugates with high
purity were identified on SDS-PAGE. The conjugates were further val-
idated by western blotting analysis using anti-His tag, anti-Myc tag
and anti-rhamnose antibodies, respectively (Fig.1E). As we expected,
His tag was not present among all the purified conjugates, while the
Myc tag was detected throughout all the conjugates. Moreover, StxB-
rhamnose conjugates except the parental StxB can be labeled by anti-
rhamnose serum, therefore indicating its acquired capability of rham-
nose antibody binding.

StxB-Rhamnose Conjugates Function as Pentamers

Because the pentameric format of StxB was reported to be
required for its efficient binding to Gb3 receptor,32,33 we next deter-
mined whether the covalent addition of rhamnose affected the pen-
tameric structure and Gb3 receptor-binding capability of the
conjugates. The protein size distribution of the parental StxB and
StxB-rhamnose was compared by using DLS (dynamic light scatter-
ing) analysis. As shown in Fig. 2A and 2B, the main portion of the con-
jugates maintained almost the same size as the parental proteins of
around 100 nm in diameter. A small portion of the conjugates with a



Figure 1. Construction and characterization of StxB-rhamnose conjugates. (A) The ribbon representation of Shiga toxin consisting of a subunit A, colored orange, and five subunits B,
colored green (PDB: 6U3U). The C terminus of each subunit B is highlighted in magenta and the N terminus is highlighted in blue. (B) The model of rhamnose-conjugated StxB.
Rhamnose is colored black and the PEG linker connecting rhamnose and the StxB is colored orange. (C) The schematic of the Sortase A-catalyzed site-specific conjugation of StxB
with the rhamnose derivatives. (D) SDS PAGE analysis of the StxB-rhamnose conjugates. (E) Western blotting characterization of StxB-rhamnose conjugates using His tag, Myc tag
and rhamnose antibodies, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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diameter around 20 nm was also detected, which matches the size of
StxB monomers disassembled from the pentamer under acidic condi-
tions (supporting figure S1). A very small portion of the conjuga-
tes1B-6R, 2B-1R and 2B-6R seems to form aggregates, as indicated by
the appearance of species with a diameter of around 5000 nm
(Fig. 2A and 2B).

We further compared the Gb3 binding capability of the parental
StxB with the related StxB-rhamnose conjugates, which was achieved
by a Gb3-binding plate assay as we described previously.11 As shown
in Fig. 2C, all the Stx1B-rhamnose conjugates had the same binding
capability to Gb3, although a significant decrease can be seen when
compared to the parental Stx1B. As in shown in Fig. 2D, 2B-1R had
the same capability as the parental Stx2B, but the 2B-3R and 2B-6R
conjugates both showed a decreased capability similar to the Stx1B-
rhamnose conjugates. Taken together, these data suggested that StxB
conjugated with rhamnose maintained most of its pentameric consti-
tution and the functional activity.

StxB-Rhamnose Conjugates Mediated Binding of Rhamnose Antibodies to
Tumor Cells

We next determined the capability of these constructs to target
cancer cells and mediate binding of anti-rhamnose antibodies in vitro.
In a scan of Gb3 expressing cells, colorectal cancer cell line HT29
showed the highest binding of Stx1B and Stx2B, and therefore it was
used hereafter as the model of target cancer cells (Supporting Fig.
S2). The binding capability of StxB-rhamnose conjugates to HT29 cells
was first determined by using flow cytometry with anti-Myc primary
antibodies and Alexa fluorescence labeled secondary antibodies. As
shown in Fig. 3A and 3B, all the conjugates were able to bind potently
to HT29 cells although a significant reduction of such capability was
seen when it was compared with the parental Stx1B and Stx2B,
which was consistent with the phenomenon as observed in the Gb3
binding plate assay (Fig. 2C and 2D). Although those conjugates with
the same StxB scaffold displayed almost the same binding capability
to Gb3, it still can’t exclude the possibility that the linker connecting
the StxB and rhamnose moiety may affect its ability to bind rhamnose
antibodies. Thus, the antibody-recruiting capability of StxB-rhamnose
conjugates was further determined using flow cytometry with anti-
rhamnose rabbit serum. As shown in Fig. 3C and D, all the conjugates
were able to efficiently direct rhamnose antibodies onto HT29 tumor
cells. Among the Stx1B-based conjugates 1B-6R showed the most
potent antibody-recruiting capability while all the Stx2B-based con-
jugates showed similar activity. In general, the Stx2B-based conju-
gates showed higher antibody binding capability than those based on
Stx1B, which might be caused by its higher Gb3 binding affinity. In



Figure 2. StxB-rhamnose conjugates function as pentamers. (A) DLS analysis of StxB and the corresponding conjugates. B1 indicates the monomer StxB and B5 indicates the pen-
tamer StxB. Comparison of Gb3 binding capability of Stx1B (C) or Stx2B (D) with the corresponding conjugates through a Gb3 binding plate assay (**: p<0.01).
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addition, the binding of rhamnose antibodies was further visualized
by an immunocytochemistry assay using anti-rhamnose rabbit serum
and the results generally corresponded well with the observed anti-
body binding by flow cytometry analysis (Fig. 4). All StxB-rhamnose
conjugates were capable of directing rhamnose antibodies binding
onto the surface of HT29 cells, while no significant fluorescence sig-
nal was observed in the parental Stx1B or Stx2B treated HT29 cells.

StxB-Rhamnose Conjugates Killed Tumor Cells Through ADCC and CDC

As the conjugates can efficiently direct rhamnose antibodies onto
HT29 cancer cells, we then assessed their ability to kill tumor cells
through antibody-dependent immune effector functions, including
ADCC and CDC (Fig. 5A). To determine the ADCC effect, HT29 cells as
the target cancer cells were first treated by the parental Stx1B and
Stx2B as the negative control or the corresponding StxB-rhamnose
conjugates in the presence of rabbit serum containing rhamnose anti-
bodies, and then all the cells were incubated with human PBMC iso-
lated from blood of healthy donors as effector immune cells. Target
cancer cell lysis was determined by an LDH (lactate dehydrogenase)
test. As shown in Fig. 5B, Stx1B itself showed 10% cytotoxicity and
Stx2B itself showed 24% cytotoxicity against HT29 cells, which were
not dependent on the PBMC related cytotoxicity (Supporting Figure
S3). All the Stx1B-based conjugates showed a similar cytotoxicity of
40% cell lysis. Among the Stx2B-based conjugates, 2B-1R and 2B-6R
caused ca. 36% cell lysis, while the 2B-3R showed the best of cell lysis
ratio of ca. 46%. To determine the CDC effect, HT29 cells were first
treated with conjugates and the rhamnose antibody serum same as
above for ADCC assay, and the treated cells were further incubated
with the rabbit complement instead of effector immune cells
(Fig. 5C). The target cancer cell viability was tested by using a WST-8
kit. Consistent with the ADCC, the Stx1B and Stx2B parental proteins
showed a basal cell lysis of 14% and 34%, respectively. All the conju-
gates showed cell lysis of over 40% and the 1B-3R and 2B-3R showed
the highest potency of 67% and 78% in their respective subgroup. This
specific cytotoxicity of ADCC and CDC was also observed in Hela can-
cer cells which showed high Gb3 expression (Supporting Fig. S4). In
addition, the effect of the conjugate on a normal colon mucosa cell
line NCM460 was determined to assess possible off-target toxicity. As
expected, the 1B-3R conjugate did not show significant ADCC and
CDC cytotoxicity in NCM460 cells (Supporting Fig. S5), although the
parental StxB proteins had moderate direct toxicity (Supporting Fig.
S6). As a higher basal cytotoxicity of Stx2B was observed, the most
potent conjugate with the Stx1B scaffold, i.e. 1B-3R, was chosen for
further therapeutic studies.

1B-3R Conjugate Suppressed Tumor Growth in HT29 Xenograft Tumor
Murine Model

Finally, the capability of 1B-3R conjugate to inhibit tumor growth
was determined in a colorectal tumor xenograft murine model. HT29
cells were implanted subcutaneously into the abdominal right flanks



Figure 3. Flow cytometry analysis of StxB-rhamnose conjugates mediated recruitment of rhamnose antibody. HT29 cells were treated with the parental StxB or the conjugates at a
concentration of 500 nM. The binding of the conjugates to HT29 cells were determined by Flow cytometry using anti-Myc rabbit IgG antibodies and Alexa Fluor 647-labeled Goat
Anti-Rabbit IgG antibodies (A), while the recruitment of rhamnose antibody was determined using anti-rhamnose rabbit serum and Alexa Fluor 647-labeled Goat Anti-Rabbit IgG
antibodies (C). (B) and (D) are the corresponding mean fluorescence intensity (MFI) quantification of (A) and (C), respectively (****: p<0.0001). PBS was used as a negative control.
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of Balb/c nude mice and mice with a palpable tumor (size 50
−70 mm3) were randomized into three groups (5 mice/group) for the
treatment. As the tumor-bearing murine model does not contain cir-
culating anti-rhamnose antibodies, such therapeutic evaluations
were often achieved by injecting the drug candidates simultaneously
with mouse serum containing the hapten antibodies. For this reason,
mouse serum with high titer of rhamnose-specific antibody was
obtained through immunization of Balb/c mice by OVA-rhamnose
conjugates (Fig. 6A and Supporting Fig. S7). As shown by the therapy
schedule in Fig. 6A, one group of tumor-bearing mice was treated
with 1B-3R conjugate in combination with the rhamnose antibody-
containing serum through intravenous injection once a day for six
days and parallel controls were set up by replacing 1B-3R with PBS or
Stx1B protein. As we expected, the xenograft tumor growth was pro-
foundly slowed down in the group of mice treated with the 1B-3R
conjugate, while the parental protein Stx1B had no inhibitory effect
on the tumor growth (Fig. 6B). The endpoint tumor size and tumor
weight of mice treated with 1B-3R were significantly less than that of
mice treated with the parental Stx1B protein and PBS vehicle (Fig. 6C
and D), and the general tumor-growth-inhibition (TGI) rate of 1B-3R
was ca. 49% (Fig. 6E). Like the vehicle control, both the treatments of
Stx1B and 1B-3R conjugate were generally safe, as no remarkable
changes in the body weight of all the tumor-bearing mice were
observed throughout the therapeutic course (Supporting Fig. S8). We
further assessed the anticancer effect and safety of the conjugate by
histological analysis of tumor tissues and major organs with HE stain-
ing. As shown in Fig. 7, the staining indicated clear apoptosis in tumor
tissue from 1B-3R treated mice, and there was obviously lower can-
cer cell density than that from both PBS and Stx1B treated mice. As
we expected, no significant morphologic changes were seen in heart,
liver, spleen, lung, kidney, indicating that both the Stx1B protein and
the 1B-3R conjugate did not induce obvious systemic toxicity. Taken
together, those data suggest that the 1B-3R conjugate is a potential
antibody-recruiting chimera for the Gb3-targeted immunotherapy of
colorectal cancer.
Discussion

Cancer immunotherapy is a type of targeted-cancer treatment that
manipulates or utilizes the immune regulatory mechanisms to fight
cancer, which offers substantial benefits over the traditional therapeutic
options such as enhanced specificity and long-term cancer suppression.
Over recent years, tremendous immunotherapies have been developed
for cancer treatment and significant clinical benefits of immunotherapy
have been seen, especially for those of immune checkpoint inhibitors
and engineered-immune cells. However, due to the highly heteroge-
nous nature of cancer, more effective immunotherapy approaches are
still required for certain types of cancer. In addition, the complexity of
immunotherapy inevitably increases the cost of such treatment and
therefore practical options are also favored.

Antibody-recruiting molecule is a novel type of passive cancer
immunotherapy. Antibody-recruiting molecules recognize the tumor
cells and signal the antibodies existing naturally in the human blood
to attack the tumor. We herein developed a multivalent antibody-
recruiting chimera consisting of StxB conjugated with the rhamnose
hapten for Gb3-targeted immunotherapy of colorectal cancer, taking
advantage of its natural pentameric architecture and Gb3-specific
recognition. Multivalency in an antibody-recruiting molecule has
been demonstrated by using scaffold of liposomes, lipid polymers,
glycopolymers, peptide scaffolds and synthetic clusters,21-25,34 but
these approaches mostly require tedious chemical synthesis and
complicated characterization of the molecules. We demonstrated
that StxB-based antibody-recruiting molecule can be efficiently pre-
pared through a practical enzymatic approach and it showed potent
antitumor activity although the binding affinity dropped moderately
after conjugation. Taking into account its economical production and
excellent stability, StxB should be a favorable scaffold to develop
such multivalent therapeutics targeting the Gb3 receptor.

StxB was reported to be quickly endocytosed by cells upon bind-
ing to the Gb3 receptor,5 which might compromise the binding of the
rhamnose antibody to the target cancer cells and therefore decrease



Figure 4. Immunocytochemistry analysis of StxB-rhamnose conjugates mediated antibody binding. HT29 cells were incubated with StxB-rhamnose conjugates or StxB proteins at
500 nM, followed by anti-rhamnose rabbit serum. The binding of rhamnose antibodies to the cells was observed under fluorescent microscopy by using Alexa Fluor 488-labeled
Goat Anti-Rabbit IgG antibodies.
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the expected antitumor efficacy. However, despite these StxB-rham-
nose conjugates were preincubated with the cells prior to the addi-
tion of the rhamnose antibody in our in vitro analysis, the rhamnose
antibody could still efficiently bind to target cells (Fig. 3D) and medi-
ate potent tumor cell killing (Fig. 5C). This can be due to the fact that
different types of cell lines showed variable StxB uptake kinetics and
the conjugates can’t be completely endocytosed in a short time. Addi-
tionally, the rhamnose conjugation with a PEG spacer might also have
a small chance to influence the StxB uptake kinetics. These determin-
ing factors on the StxB uptake can be carefully studied to further
improve the efficacy by reducing the endocytosis of the conjugates.

Although remarkable clinical success has been achieved in the
immunotherapy of hematologic tumors, most of current immunother-
apy approaches showed compromised efficacy in solid tumors.35-37

Interestingly, our in vivo evaluation of StxB-rhamnose conjugate
(1B-3R) showed that it can significantly decrease the tumor size with a
tumor-growth inhibition rate of ca. 49%. It has been suggested that
increasing the dose of antibodies can improve the antibody-based
therapy of solid tumor.38 Thus, we speculated that the StxB-rhamnose
conjugate might be able to concentrate antibodies onto the tumor cells
through the potential multivalent effect enabled by the multiple rham-
nose haptens from the conjugates. Therefore, an enhanced tumor elim-
ination is conceivable. Moreover, the high selectivity of the Gb3
receptor binding enabled by the multivalent StxB structure might also
contribute to the promising antitumor activity. Further investigations
should be carried out to explore the mechanisms.

Taken together, our results demonstrated that StxB-rhamnose
conjugates are capable as multivalent antibody-recruiting molecules
of modulating the innate immune effectors to attack tumor cells in
vitro and in vivo, rendering this kind of construct as an excellent



Figure 5. StxB-rhamnose conjugates induce lysis of HT29 cancer cells through immune effector functions. (A) Schematic of ADCC and CDC assay. ADCC-specific cytotoxicity (B) and
CDC-specific cytotoxicity (C) again HT29 cells (**: p<0.01, ***: p<0.001, ****: p<0.0001).

Figure 6. Therapeutic efficacy of 1B-3R conjugate against colorectal cancer in the HT29 xenograft tumor murine model. (A) Schematic of the Balb/c mice immunization with Rham-
nose-OVA and therapy schedule of tumor-bearing Balb/c nude mice with the 1B-3R conjugate. (B) The average tumor volume of mice from each treated group. (C) The images of
endpoint tumor collected from each treated mouse. (D) The endpoint tumor weigh of mice. (E) The average tumor growth inhibition (TGI) rates of 1B-3R conjugate and Stx1B were
determined by the reduction percentage of tumor weight with respect to the tumor weight of PBS-treated mice (**: p<0.01, ***: p<0.001, ****: p<0.0001).
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Figure 7. Histological analysis of tumor tissue and major organs. Sections of tumor tissue, heart, liver, spleen, lung and kidney from treated mice were assessed with HE staining.
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candidate for Gb3-targeted immunotherapy of colorectal cancer. Def-
initely, additional investigations remain required to validate the
tumor-specificity of these constructs, as Gb3 receptor is also com-
monly expressed on other types of normal cells.

Conclusion

The development of Gb3 receptor-targeted cancer therapeutics
has been challenging. In the present work, we constructed a novel
bioconjugate consisting of StxB lectin and rhamnose hapten as an
endogenous antibody-recruiting chimera for Gb3-targeted immuno-
therapy of colorectal cancer, by taking advantage of the Gb3-specific
binding and the natural pentameric architecture of StxB protein. The
site-specific conjugation of rhamnose moieties at the C terminus of
StxB was achieved through an efficient Sortase A-catalyzed enzy-
matic approach and StxB-rhamnose conjugates kept the pentamer
architecture as well as the ability to bind to Gb3 receptor expressed
on HT29 colorectal cancer cells. All the constructs were capable of
efficiently mediating the binding of rhamnose antibodies onto HT29
cancer cells and eliciting strong ADCC and CDC-specific cytotoxicity
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against HT29 cancer cells in vitro. One of the conjugates, i.e. 1B-3R,
was confirmed to be able to suppress the colorectal tumor growth
using a murine xenograft tumor model. Our results demonstrated the
potential use of StxB as an excellent multivalent scaffold to develop
antibody-recruiting construct or similar multivalent therapeutics
against cancer, although more are needed to further improve its
pharmaceutical properties.
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