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Abstract: Aberrant glycosylation plays a crucial role in tumour progression and invasiveness.
Tumour-associated carbohydrate antigens (TACAs) represent a valuable set of targets for immunother-
apeutic approaches. The poor immunogenicity of glycan structures, however, requires a more effective
and well-directed way of targeting TACAs on the surface of cancer cells than antibodies. The gly-
cosphingolipid globotriaosylceramide (Gb3) is a well-established TACA present in a multitude of
cancer types. Its overexpression has been linked to metastasis, invasiveness, and multidrug resistance.
In the present study, we propose to use a dimeric fragment of the Shiga toxin B-subunit (StxB) to
selectively target Gb3-positive cancer cells in a StxB-scFv UCHT1 lectibody. The lectibody, comprised
of a lectin and the UCHT1 antibody fragment, was produced in E. coli and purified via Ni-NTA
affinity chromatography. Specificity of the lectibody towards Gb3-positive cancer cell lines and
specificity towards the CD3 receptor on T cells, was assessed using flow cytometry. We evaluated the
efficacy of the lectibody in redirecting T cell cytotoxicity towards Gb3-overexpressing cancer cells in
luciferase-based cytotoxicity in vitro assays. The StxB-scFv UCHT1 lectibody has proven specific for
Gb3 and could induce the killing of up to 80% of Gb3-overexpressing cancer cells in haemorrhagic
and solid tumours. The lectibody developed in this study, therefore, highlights the potential that
lectibodies and lectins in general have for usage in immunotherapeutic approaches to boost the
efficacy of established cancer treatments.

Keywords: bispecific T cell engager; lectins; Shiga toxin B-subunit; cancer immunotherapy;
tumour-associated carbohydrate antigens; globotriaosylceramide; T cells; glycans; glycosphingolipids;
solid tumours; colon cancer; Burkitt’s lymphoma

1. Introduction

Cancer is one of the leading causes of death worldwide. In 2020, ten million people
died of cancer, and increasing death counts are to be expected each year [1]. Conventional
treatment methods, such as surgery, chemotherapy, or radiotherapy are viable options. Yet,
they cannot be exclusively guided towards cancer eradication and tend to have serious side
effects on the human body in the form of physical pain, a weakened immune system, or
even the resurgence of tumours [2–6]. It is necessary, thus, to find more selective approaches
to combat cancer. Immunotherapy has shown new and encouraging paths for treating
cancer in recent years [7,8]. Administering customised antibody treatments or vaccinations

Cells 2023, 12, 1896. https://doi.org/10.3390/cells12141896 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells12141896
https://doi.org/10.3390/cells12141896
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-4656-9345
https://orcid.org/0000-0001-6825-9527
https://orcid.org/0000-0002-2847-246X
https://doi.org/10.3390/cells12141896
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12141896?type=check_update&version=3


Cells 2023, 12, 1896 2 of 23

into the patient’s body succeeded as cancer cells have been targeted more effectively and,
most importantly, with less severe outcomes for healthy cells and tissues [9].

One of the first breakthroughs of immunotherapy was the generation of monoclonal
antibodies (mAbs) exclusively targeting one antigen. The first mAbs were created by
fusing monoclonal B cells with myeloma cells [10]. Over the decades, this revolutionary
concept was improved upon in several ways. mAbs were fused via linkage to form
bispecific antibodies (bsAbs), enabling the targeting of two cells with differing epitopes
simultaneously [11]. Further advances in genetic engineering allowed the use of the
minimal binding domains of mAbs, coupling only their light chain and the heavy chain to
form the so-called single-chain variable fragment (scFv) [12,13]. The scFvs demonstrated
better tumour penetration due to their reduced molecular weight, absence of glycosylation,
and an anti-tumour activity independent of the Fc region [14]. They could, additionally,
be produced in a less expensive and more efficient process than conventional mAbs [15].
Unique chimeric fusion proteins emerged, a major class of them being the bispecific T
cell engagers (BiTEs). Typically, BiTEs consist of two linker-fused scFvs, having an αCD3
antibody fragment aimed towards CD3 of the T cell receptor (TCR) and a second scFv
aimed against antigens exposed on the cancer cell surface [11,16,17]. The linker between the
two scFvs enables a flexible orientation of both parts towards their targets and allows the
closer proximity of T cells and target cells, resembling an immunological synapse [16,18,19].
By these means, BiTEs bind to their intended targets while simultaneously activating T
cells and triggering their cytotoxic signalling. The activation of cytotoxic T cells via the
CD3 receptor is independent of the antigen recognition from the major histocompatibility
complex I (MHC I) and in the absence of co-stimulatory molecules [20,21]. Upon activation,
among other mechanisms, T cells release perforin, which creates pores in the target cell
membrane, enabling the passage of granzymes into the cytoplasm, ultimately inducing
apoptosis in the cancer cells [22–24]. Other mechanisms following after the activation of
T cells include the proliferation, expansion, and differentiation of T cells, and cytokine
production [25,26]. The first BiTE approved by the Food and Drug Administration (FDA)
was blinatumomab, which targets the CD19 surface antigen in B cell acute lymphoblastic
leukaemia [27,28]. Several other BiTEs containing αCD3 are in differing stages of clinical
trials, such as the Siglec-3 (CD33)-binding AMG 673 directed against relapsed/refractory
acute myeloid leukaemia, the PSMA-targeting pasotuxizumab in prostate cancer, or the
BiTE AMG 596, which is aimed towards EGFRvIII on glioblastoma [29–32].

Cancer development is often accompanied by aberrant glycosylation leading to
changes in the glycan structure of normal cells, benefiting tumour development and
enhancing cancer cell functionality [33]. Altered glycosylation is commonly reflected in
the overexpression of surface antigens, so-called tumour-associated carbohydrate antigens
(TACAs). Truncated and neoantigens are also part of TACAs. These aberrant structures
are key regulators of cancer proliferation and invasiveness, and the formation of metas-
tasis [34,35]. Glycosphingolipids (GSLs) are of increased interest in cancer therapies [36].
They are mostly located on the outer plasma membrane leaflet and, to some extent, undergo
site-specific, protein-specific, or cell-specific alterations favouring cancerogenic develop-
ment. The globo-series represents a major class of GSLs driving tumour progression and
sustaining cancer metabolism [37]. Their presence on cell surfaces provides a potential
set of targets for the development of new immunotherapeutic strategies. Among the GSL
subclass of globosides, one relevant intermediate is globotriaosylceramide (Gb3). Gb3 is
composed of a ceramide backbone and a neutral trisaccharide; the ceramide contains sph-
ingosine and a fatty acyl chain with variations in its length, hydroxylation, and saturation
degree [38,39]. The trisaccharide (comprised of two galactose (Gal) molecules and one
glucose (Glc) molecule) is added onto the ceramide, forming Gb3 (αGal1-4βGal1-4βGlc1-
Cer) [40]. The addition of the sugar molecules is initiated by the linkage of galactose onto a
lactosylceramide backbone by the α1,4-galactosyltransferase, also referred to as the Gb3
synthase [41,42]. Gb3 is present in erythrocytes as the Pk blood group antigen and in
the germinal centre of B cells as the CD77 receptor [43,44]. Gb3 was verified in various
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cancer types, such as Burkitt´s lymphoma, colon, gastric, breast, pancreatic, and ovarian
cancer [45–50]. The definitive function of Gb3 in tumours has not yet been determined.
It is anticipated to be involved in cancer survival such as metastasis (in colon cancer) or
multidrug resistance (in breast cancer, colon cancer, ovarian cancer) [46,51,52]. The sum of
all these features turns Gb3 into an immunotherapeutic target of increased interest.

On the downside, TACAs, including Gb3, are poorly immunogenic [53,54]. In combina-
tion with the antigen-abolishing properties of some tumours, the purpose of targeting Gb3
via conventional antibodies is defeated [55,56]. However, a group of carbohydrate-binding
proteins, namely lectins, can bind Gb3 independently from its innate immunogenicity. One
of these is the Shigella dysenteriae-originated Shiga Toxin (Stx), discovered by Dr. Kiyoshi
Shiga in 1897 [57]. Stx has also been detected in specific strains of Escherichia coli, thus being
called Shiga toxin-producing E. coli [58]. Other noteworthy lectins with Gb3 specificity
are LecA, originating from Pseudomonas aeruginosa, SadP from Streptococcus suis, and the
artificially engineered Mitsuba, which stems from the mussel (Mytilus galloprovincialis)
lectin MytiLec [40,59,60]. Stx is composed of two subunits, each with a particular task. The
Shiga toxin A subunit (StxA) is enzymatically active and possesses N-glycosidase activity,
which inhibits protein synthesis via the modification of host ribosomal RNA [61,62]. On
the other hand, the non-toxic homopentameric Shiga toxin B-subunit (StxB) binds Gb3
specifically and multivalently. Each monomer of StxB possesses three ligand-binding sites,
offering up to 15 binding opportunities for its target [61]. Upon binding Gb3, StxB can in-
duce the formation of clusters that lead to negative membrane curvature and invagination,
accompanying retrograde transport into the cell [61,63–65]. Interestingly, StxB is also fully
functional in the absence of StxA [66].

Together, these aspects turn StxB into an engaging tool for addressing cancers that are
characterized by the presence of Gb3 on their cell surfaces [45–50]. StxB has already been
explored as a tool in cancer therapy, with promising results further encouraging its use
in cancer treatment [49,50,67–70]. We envisage tackling this issue by relying on the BiTE
concept, replacing the TACA-targeting scFv with a monomeric StxB and fusing the lectin
to the scFv of an αCD3 antibody. Our approach might help to circumvent the immune
escape mechanisms of tumours by opening attractive possibilities for targeting glycans
to ultimately eliminate cancer cells, which is preceded by the activation of cytotoxic T
cells in an MHC I-independent manner. It is highly encouraging that a fusion protein of
monomeric StxB and a truncated diphtheria toxin, containing solely its catalytic A subunit,
has already been established and tested extensively, showing stable expression and binding
of monomeric StxB to human breast adenocarcinoma cell lines in the fusion protein [71].

2. Materials and Methods
2.1. Antibodies and Chemical Reagents

The following antibodies were purchased from BioLegend (San Diego, CA, USA):
Alexa FluorTM 647 αHisTag Antibody (Cat. No.: 652513) and Purified anti-HisTag Antibody
(Cat. No.: 652501). Peroxidase AffiniPure Donkey αMouse IgG (H + L) antibody (Cat. No.:
715-035-151) was bought from Jackson ImmunoResearch Laboratories, Inc. (West Grove,
PA, USA).

Roswell Park Memorial Institute 1640 medium (RPMI 1640), fetal bovine serum (FBS),
L-Glutamine, HEPES, and 0.05% Trypsin-EDTA (1×) were commercially bought from
Thermo Fisher Scientific (Waltham, MA, USA). DMSO, Isopropyl-β-D-thiogalactopyranoside
(IPTG), penicillin/streptomycin, ß-mercaptoethanol, ampicillin, and lysogeny broth (LB)-
medium were purchased from Carl Roth GmbH (Karlsruhe, Germany). PBS, Pancoll,
and Minimum Essential Medium (MEM) Non-Essential Amino Acid Solution (100×)
were obtained from PAN Biotech (Aidenbach, Germany). Dulbecco´s Modified Eagle´s
Medium (DMEM) was provided by Capricorn Scientific GmbH (Ebsdorfergrund, Ger-
many). The DMEM was already supplied with 1.0 g/L L-glucose, 1.0 g/L L-Glutamine,
1.0 g/L sodium pyruvate, and 3.7 g/L NaHCO3 D-Luciferin Firefly was obtained from
Biosynth (Staad, Switzerland).
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2.2. Cell Lines

In this study, Burkitt´s lymphoma-derived Ramos and Namalwa cell lines, and HT29
and LS174 colon adenocarcinoma cell lines were used (Ramos cells were kindly provided
by Prof. Dr. Michael Reth, Institut für Biologie III, Albert-Ludwigs Universität Freiburg,
Germany; Namalwa.CSN/70, ACC 70, DSMZ—German Collection of Microorganisms and
Cell Cultures GmbH; HT29 and LS174 cells were kindly provided by Prof. Dr. Susana
Minguet, Institut für Biologie III, Albert-Ludwigs Universität Freiburg, Germany).

Ramos and Namalwa cells were maintained in RPMI 1640 medium containing 10%
heat-inactivated FBS, 5 µg/mL penicillin/streptomycin (P/S), and 2 mM L-Glutamine.
Human colon adenocarcinoma cell lines HT29 and LS174 were kept in DMEM supplied
with, 10% FBS, 2.5 µg/mL P/S, 1% HEPES, and 5 mL of MEM Non-Essential Amino Acid
solution. All cell lines were maintained at 37 ◦C and 5% CO2.

2.3. Isolation of PBMCs

A density gradient was used for isolating peripheral blood mononuclear cells (PBMCs),
blood from healthy donors was mixed 1:1 with PBS. The solution was then placed on top
of 20 mL Pancoll in a centrifuge tube. The blood-PBS solution was added dropwise to form
single pearl-like structures. The tubes were spun down for 30 min with 141× g at RT. After
spinning, the PBMCs were collected from the gradient (plasma was on top of the gradient,
PBMCs were located directly below, present in a thin layer) and washed with PBS, and
subsequently spun down for 10 min at 398× g. The washing step was repeated once. If
red blood cells were present in the cell pellet, 1 mL ammonium–chloride–potassium (ACK)
lysis buffer was added to the cells and incubated for 4 min. Later, the cells were pelleted
by the last centrifugation step for 5 min at 141× g and the lysis buffer was removed. In
total, 2 × 107 cells were frozen in a single cryovial and stored at −80 ◦C. After thawing, the
PBMCs were cultivated in RPMI 1640 medium with 10% FBS, 2.5 µg/mL P/S, 1% HEPES
and 0.0035% β-Mercaptoethanol at 37 ◦C and 5% CO2.

2.4. Homology Modeling of the Lectibody Structure

The structure of the chimeric StxB-scFv UCHT1 fusion protein was built up using
Modeller9.15 (San Francisco, CA, USA) [72]. Diabody 31 (PDB code: 6KR0) was used as a
template for the αCD3 scFv (the relative alignment is given in Supplementary Figure S1).
The StxB monomer structure was derived from the X-ray structure of StxB pentamer (PDB
code: 1BOS)

2.5. Protein–Protein Docking for Monomeric Lectibody Design

The structure of StxB monomer and homology-based structure of scFv were used for
protein–protein docking. The docking was performed using ClusPro web server [73,74].
The top thirty docking poses were taken for the analysis.

2.6. Structure Optimization

The spatial structure of the whole fusion protein was built up retaining the StxB
and scFv mutual orientation selected from docking results. The linker was added using
Modeller9.15 (San Francisco, CA, USA). The structure was equilibrated using molecular
dynamics (MD). MD simulations were carried out in the Amber18 [75] using the Amber14SP
force-field parameters. Fusion protein was immersed into a water box with periodic
boundary conditions. The TIP3P model was used for water molecules. Sodium and
chloride ions were added in the amount necessary to neutralize the protein’s charge and
to maintain the ionic strength of 150 mM. The integration step of 2 fs was used together
with the SHAKE algorithm constraining the bonds involving hydrogen atoms [76]. The
Particle mesh Ewald (PME) method was used for long-ranged electrostatic interactions [77].
The simulations were carried out in the isotherm isobar thermodynamic ensemble at 300 K.
The temperature and the pressure were kept constant using a Langevin thermostat with
a collision frequency of 2 ps−1 and a weak coupling algorithm with a relaxation time of
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2 ps, respectively. First, the system was minimized for 5000 steps and then equilibrated.
In the production run, 1000 ns of the trajectory were accumulated. The trajectory analysis
(including per-residue contacts and interaction energy) was performed on the last 200 ns.

2.7. Transformation of the StxB-scFv UCHT1 Lectibody Sequence

The sequence of StxB-scFv UCHT1 was custom-ordered in a pET22b+ plasmid (BioCat
GmbH, Heidelberg, Germany). The chemically competent BL21(DE3) E. coli strain (New
England Biolabs, Ipswich, MA, USA) was used for transformation, following the manufac-
turer´s instructions. The bacteria were briefly thawed on ice, and then 10 ng of DNA was
added. The mix was incubated for 30 min at 4 ◦C. Afterwards, the reaction was stopped
by heat shocking the bacterial mix for 20 s at 42 ◦C. Following this step, 350 µL of sterile
LB-medium was added and incubated at 37 ◦C for 1 h under agitation (180 rpm). The
solution was streaked out on LB agar plates containing ampicillin. The plates were kept
overnight at 37 ◦C.

Following the incubation time, a single colony was picked and transferred to a tube
with LB-medium. The culture grew overnight at 37 ◦C under continuous shaking (180 rpm).
Afterwards, 100 mL of LB-medium was inoculated with the overnight culture, in the same
conditions as mentioned above. The plasmid DNA of the bacteria was then purified
(NucleoBond PC 500 kit, Macherey Nagel, Düren, Germany). The plasmid map of the
resulting plasmid can be seen in Supplementary Figure S2.

2.8. Protein Expression and Purification

A preculture was started with transformed bacteria and transferred to 60 mL LB-
medium. The preculture was incubated overnight at 37 ◦C under continuous shaking
(180 rpm). Then, three litres of LB-medium was inoculated with the preculture and ampi-
cillin was added to a final concentration of 100 µg/mL. The flasks were shaken with
180 rpm at 37 ◦C, their optical density (OD) was measured regularly. As soon as an OD of
0.6 was attained, IPTG was added to a final concentration of 0.5 mM and the temperature
was reduced to 20 ◦C. The culture was shaken for 16 h at 140 rpm. Following this, the bacte-
rial solution was collected and centrifuged for 15 min at 4 ◦C and 4790× g. The supernatant
was discarded, and the pellets resuspended in binding buffer (25 mL buffer/1 L culture
volume; 20 mM NaH2PO4, 500 mM NaCl, 20 mM Imidazole, pH 8.0). The cell walls were
disrupted with a CF1 high-pressure homogenizer, French Press, and an applied pressure of
2 kbar in two passages. After disruption, cells were centrifuged once more for 30 min at
4 ◦C and 30,000× g. Next, the supernatant was recovered and purified via HisTag affinity
chromatography (elution buffer: 20 mM NaH2PO4, 500 mM NaCl, 500 mM Imidazole, pH
8.0). A HiLoadTM 26/600 SuperdexTM 200 pg column (Sigma-Aldrich, St. Louis, MO,
USA) was used in an ÄKTA avant chromatography system (Cytiva, Marlborough, MA,
USA). Immediately following the purification, the purified proteins were run in a size
exclusion chromatography (SEC) in the device mentioned before.

2.9. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
and Immunoblotting

To confirm the calculated protein size, an SDS-PAGE gel electrophoresis followed by
immunoblotting was prepared. To this end, non-reducing sample buffer (4×) (2 mL MilliQ
water, 0.8 g SDS, 2 mL 0.5 M Trizma-base, 0.4% bromophenol, 4 mL glycerol, filled to 10 mL
with ddH2O) was added to 10 µg protein samples and boiled for 5 min at 95 ◦C. A 12%
acrylamide gel was loaded with the samples and run in a PowerPac™ Basic Power Supply
(Bio-Rad Laboratories, Hercules, CA, USA) for 20 min at 100 V, following another running
time of 45 min at 120 V. The proteins were subsequently transferred to a nitrocellulose
membrane with a current of 0.19 mA per gel, for 30 min (peqPOWER 250 Volt Power Supply,
VWR International, Radnor, PA, USA). Then, the membrane was incubated for 30 min at RT
with blocking solution (3% BSA in TBS-T). Afterwards, the membrane was incubated with
an anti-6x-HisTag antibody (1:1000, BioLegend, San Diego, CA, USA) overnight at 4 ◦C
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under continuous shaking. All antibodies were diluted in blocking solution. On the next
day, the membrane was washed three times with TBS-T for 5 min each. Corresponding
horseradish peroxidase-conjugated secondary antibody (1:1000, Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) was added to the membrane for 1 h at RT. After
incubation, the membrane was washed. Finally, luminescence was detected using a Novex®

Electrochemiluminescence kit (Invitrogen AG, Carlsbad, CA, USA). Images were acquired
using a FUSION FX imager and the FusionCapt Advance Solo software V.17.04a (both
Vilber Lourmat Deutschland GmbH, Eberhardzell, Germany).

2.10. Flow Cytometry

To assess the binding of the lectibody to target cells, 2 × 105 tumour cells were plated
in a 96-well U-bottom plate. The cells were spun down for 3 min at 1600× g and 4 ◦C.
All following centrifugation procedures were performed with these settings. The cells
were washed once with 200 µL of FACS buffer (3% FBS in PBS, v/v) and spun down. All
washing steps were performed with FACS buffer. The target cells were resuspended in fresh
medium containing StxB-scFv UCHT1 in three differing concentrations (14, 69, 138 nM)
and incubated for 30 min at 4 ◦C. Afterwards, the cells were centrifuged and washed once
with FACS buffer, and then the antibody Alexa FluorTM 647 anti-6x-HisTag (Biolegend,
San Diego, CA, USA) was added for 15 min at 4 ◦C in a dilution of 1:1000. Following this
procedure, the cells were washed three times in total and then analysed with the Gallios
Flow Cytometer (Beckman Coulter Inc., Brea, CA, USA). The data were processed with the
FlowJo software (V. 10.05.3; Becton Dickinson, Franklin Lakes, NJ, USA).

2.11. Cytotoxicity Assay

To determine the capability of the lectibody in mediating cross-linking of target and
effector cells and inducing target cells lysis, 1 × 104 tumour cells (Ramos, Namalwa, HT29
and LS174 transfected with the gene for luciferase and GFP reporter synthesis) were each
plated in triplicate one day prior to experiment in a 96-well flat-bottomed plate. On the next
day, the medium was exchanged with new culture medium containing 75 µg/mL luciferin.
PBMCs were added to the target cells in a 5:1 effector to target (E:T) ratio, and StxB-scFv
UCHT1 was added in varying concentrations (14, 69, 138 nM). The plate was incubated at
37 ◦C, 5% CO2, and bioluminescence (BLI) was measured at 7, 24, and 48 h. BLI of the cells
was measured as relative light units (RLUs) in a luminometer (Tecan Infinity M200 Pro,
Tecan, Männedorf, Switzerland). Target cells co-incubated with PBMCs lacking lectibody
indicated the baseline cell death, while target cells incubated solely with 2% Triton X-100
showed maximal cell death. The percentage of specific killing was calculated by using the
following formula:

speci f ic killing activity =
RLU (average spontaneous cell death)− RLU (measurement)

RLU (average spontaneous cell death)− RLU (average maximal cell death)
× 100

The measured data were analysed using GraphPad Prism (V. 8.4.3; GraphPad Software
Inc., San Diego, CA, USA).

2.12. Cell Proliferation (MTT) Assay

To investigate T-cell-independent cytotoxicity of StxB-scFv UCHT1 on human cells,
Ramos, Namalwa, HT29, and LS174 cells were treated with increasing concentrations of
lectibody for 24 h in a standard MTT assay. A total of 3 × 104 cells per well were transferred
to a 96-well U-bottom plate. The cells were centrifuged at 1600× g for 3 min at RT. The
cell pellet was resuspended in 100 µL of variously concentrated protein solutions (14, 69,
138 nM) and transferred to a 96-well flat-bottomed plate. The cells were incubated for 24 h
at 37 ◦C. Subsequently, 10 µL of MTT labelling solution (MTT Cell Proliferation Kit, Roche
Holding, Basel, Switzerland) was added to each well, and the cells were incubated for 4 h at
37 ◦C. Then, 100 µL of the solubilisation reagent was added to each well, and the plate was
stored for incubation at 37 ◦C overnight. Metabolically active cells can take up the yellow



Cells 2023, 12, 1896 7 of 23

tetrazolium salt MTT and reduce it to purple formazan, which is then exocytosed. After
solubilisation, the amount of formazan in the medium can be measured by its absorbance.
The next day, the absorbance of the samples was measured at 550 nm using a BioTek
microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The data were further
analysed using GraphPad Prism software (V. 8.4.3; GraphPad Software Inc., San Diego,
CA, USA).

2.13. Affinity Measurement Using Surface Plasmon Resonance (SPR)

All experiments were performed on a BIACORE X100 (Cytivia, Marlborough, MA,
USA) at 25 ◦C. For activation and immobilization of the lectibody, buffer A (20 mM
Na2HPO4 pH 9.4 + NaCl 500 mM + 0.05% Tween 20) was used as a running buffer.
Two CM5 BIACORE chips were activated by 2 injections of 1:1 NHS/EDC mixture (con-
tact time = 600 s, flow rate = 5 µL/min) on channel 1 and 2, followed by injections of the
lectibody (monomeric lectibody: 226 µg/mL in 10 mM sodium acetate buffer pH 4.5 on
channel 2 only until the final binding response reached 3800 RU; dimeric lectibody: same
conditions until immobilization of 5877 RU). The interaction with Gb3 was investigated by
injection at different concentrations (5000 µM, 1667 µM, 555.5 µM, 185.2 µM) on the chips
(contact time = 200 s, dissociation time = 200 s, flow rate 20 µL/min).

2.14. Statistical Analysis

To evaluate statistical relevance, an ordinary one-way ANOVA was performed com-
paring the mean of each treatment to the mean of the control. The data were corrected
for multiple comparison using Holm–Sidak test. The significance was determined when
p < 0.05 and the confidence level was set to the 95% confidence interval. The statistical anal-
ysis was performed using GraphPad Prism (V. 8.4.3; GraphPad Software Inc., San Diego,
CA, USA).

3. Results
3.1. Design and Structural Prediction of the StxB-scFv UCHT1 Lectibody

The lectibody design was inspired by the BiTEs, which combine a target antigen-
binding antibody with an αCD3 antibody as one recombinant molecule. BiTEs bind to CD3
in a monovalent fashion with low affinity, and only trigger T cell signalling when multiple
molecules bind simultaneously and therefore cluster the CD3 receptors [78]. Cytotoxic T
cells are activated via CD3 receptor clustering accompanied by conformational changes [79].
Since the engineered lectibody follows the design of BiTEs, it hypothetically cross-links a T
cell (Figure 1A, blue) to a cancer cell (Figure 1A, red) and in turn activates the T cell by clus-
tering the CD3 receptor leading to cancer cell apoptosis. The StxB-scFv UCHT1 lectibody
was designed as a recombinant fusion protein. To this end, one subunit of StxB was con-
nected over a linker to the heavy (VH) and light (VL) chain of a scFv UCHT1 αCD3 antibody
and fused to a 6x-HisTag at the C-terminus (Figure 1B and Supplementary Figure S3).

The stability of the pentameric StxB is strongly determined by the inter-subunit in-
teractions [80]. Outside of the pentamer, the stability of the StxB monomer fragment can
be improved by fusing it with other protein modules [71]. Here we attempted to design a
monomeric StxB–scFv UCHT1 fusion protein, assuming that the unfavourable exposure of
StxB hydrophobic groups to water may be hidden via direct interactions of the scFv with
StxB in the region of its inter-subunit contacts. Such interactions could prevent pentamer
formation and stabilize the fold of the monomer fragment.

To explore alternative interactions between StxB and scFv UCHT1 and to estimate the
length of the linker required to connect the two protein modules, we performed a protein–
protein docking using ClusPro web server. The docking revealed the tendency of the scFv
UCHT1 to interact with StxB using the Gb3-binding surface of the latter (Supplementary
Figure S4A). In such complexes, the distance between the C-terminus of StxB and the
N-terminus of scFv amounts to about 30 Å. Thus, one may conclude that, in the functional
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fusion protein, the linker connecting StxB and scFv should be shorter than 30 Å in order to
prevent the blockage of Gb3 binding because of direct protein contacts.
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Figure 1. Schematic representation of cancer cell killing by activated T cells via StxB-scFv UCHT1
lectibody-mediated cross-linking, lectibody sequence, and atomic models. (A) When incubated
together, the lectibody connects T cells (blue) with cancer cells (red). Created with BioRender.com.
(B) One monomer fragment of StxB is connected to the scFv UCHT1 via a short (1× GGGS) linker.
The heavy chain (VH) of the antibody fragment is connected to the light chain (VL) via a long
linker (4× GGGS). (C) A homology-based model of a monomeric StxB-scFv UCHT1 lectibody.
(D) A homology-based model of a dimeric StxB-UCHT1 lectibody. Colour coding: StxB monomer
fragment—violet, heavy chain variable fragment—light green, light chain variable fragment—dark
green, linkers—dark grey.

The desired interactions between StxB and scFv monomers in the hydrophobic regions,
which are involved in the pentamer formation, are also probable. Two docking poses
meeting this condition are shown in Supplementary Figure S4B,C. In these complexes, the
distance between the C-terminus of StxB and the N-terminus of scFv is less than 12 Å.
Therefore, to increase the probability of StxB and scFv to form such hydrophobic contacts
and impede the pentamer formation, for the fusion protein, we chose a flexible linker of
~12 Å in length.

As the next step of modelling, the full structure of the fusion protein, i.e., StxB and scFv
monomers connected via the GGGS linker, was equilibrated using MD. In the two start-
ing conformations used for MD simulations, the mutual orientations of StxB and scFv
monomers were kept the same as those revealed by docking. These conformations were
refined in the course of two 1 µs MD trajectories with explicit water. The root-mean-square
deviation analysis revealed that in the course of trajectories, the scFv module of the lecti-
body explored the space to adopt a favourable orientation in respect of the StxB module (see
Supplementary Figure S5). The per-residue contact analysis in the equilibrated structures
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of the lectibody (see Supplementary Table S1) showed that two trajectories merged over
time, resulting in one stable conformation depicted in Supplementary Figure S6. In the
equilibrated structure, the scFv interacts with the residues of StxB (Arg33, Trp34, Asn35,
Gln37, Ser38, Leu39, Leu41, Ser42, Ile45, Thr46, Met48, Ile67) that are involved in the
pentamer formation in native StxB folding [81]. Importantly, the folding of both the StxB
and scFv domains of the lectibody was revealed as stable.

Summing up, the modelling suggested that the GGGS short linker, connecting the StxB
and the αCD3 fragment, prevents potential blockage of the Gb3-binding sites as a result
of direct protein–protein contacts. The evolution of protein–protein contacts during MD
trajectories revealed the tendency of the lectibody to keep a compact organization. In the
equilibrated conformation, the mutual orientation of StxB and the αCD3 fragment creates a
steric conflict hindering the StxB oligomerization (Supplementary Figure S6). Interestingly,
the monomeric StxB seems to be stable when attached to the scFv αCD3, in agreement
with the DT389-STXB fusion construct developed by Mohseni and colleagues [71]. Further
analysis revealed a capability of the monomeric StxB-scFv UCHT1 fusion protein to form
a dimer (Figure 1D). Due to its large size, one scFv UCHT1 can interact with two StxB
subunits in their hydrophobic face, the other scFv UCHT1 remains flexible (Supplementary
Figure S5, Supplementary Table S1).

3.2. Production and Selection According to Size of the StxB-scFv UCHT1 Lectibody

To start the production process, LB-medium was inoculated with BL21(DE3) E. coli
carrying the pET22b-StxB-scFv UCHT1 plasmid. The bacteria were grown to the desired
density, and the protein expression was induced with IPTG. Expression was carried out
overnight. Then, the bacteria were harvested by centrifugation. As the plasmid contained a
pelB sequence, the protein was translocated to the periplasm. Therefore, a French press was
required for bacterial cell lysis. The lysate was spun down, and the supernatant loaded
onto a Ni-NTA affinity chromatography column (Figure 2A).

Figure 2B shows that the production process yielded a mixture of differently sized
proteins from the affinity chromatography. The calculated size of the monomeric StxB-
scFv UCHT1 lectibody is 36 kDa. In order to obtain a pure 36 kDa protein, we per-
formed a SEC following the Ni-NTA purification. In the SEC, we observed that the highest
amount of protein was located at around 180 mL, which, according to the standard curve
(Supplementary Figure S7), corresponds to approximately 70 kDa (Figure 2C, peak 2) in
agreement with the theoretical size of a dimeric lectibody.

The receptor specificity of the StxB In the lectibody is of utmost importance and has
proven to be challenging throughout the development process. Hence, we tested the
binding specificity of all peaks obtained by SEC. To this end, Ramos cells with a high
abundance of Gb3, from now on called Gb3+ (Figure 2D), and Namalwa cells with a very
low abundance of Gb3, from now on referred to as Gb3- (Figure 2E), were incubated with
14 nM of protein corresponding to each SEC peak. Figure 2D,E depict the fluorescence in-
tensity of the anti-6x-HisTag AF647 antibody that recognizes the lectibody bound to Ramos
and Namalwa cells. High fluorescence intensity values recorded at the flow cytometer
indicate a high percentage of binding to target cells. Therefore, the binding pattern for this
lectibody was expected to exhibit a high fluorescence activity for Ramos cells and a low
one for Namalwa cells. Peaks 1 and 4 showed around 85% and 63% binding to Ramos
cells, respectively. Both peak 2 and peak 3 displayed almost 100% binding of the lectibody
to Ramos cells. On the other hand, when incubated with Namalwa cells, peaks 2, 3, and
4 revealed a similar binding, around 2%. In brief, peak 4 performed weaker binding to
Ramos and Namalwa cells than peaks 2 and 3. All peaks were further tested in a biolu-
minescence (BLI)-based cytotoxicity assay. In addition to exhibiting reduced specificity
towards target cells in flow cytometry, peaks 1 and 4 were also non-specific in terms of
killing activity (Supplementary Figure S8). Peaks 2 and 3 alike showed specificity towards
target cells in their binding profile. However, peak 3 induced a time and dose-dependent
cytotoxicity towards Ramos cells. Upon co-incubation with Namalwa cells, the mea-
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sured cytotoxicity was time- and dose-independent, suggesting unspecific T cell activation
(Supplementary Figure S9). Consequently, the dimeric lectibody contained in peak 2 was
used for further experiments and referred to as the StxB-scFv UCHT1 lectibody.
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Figure 2. Production, selection, and binding profile of the StxB-scFv UCHT1 lectibody. (A) Six litres
of LB-medium were inoculated with 120 mL of precultured E. coli BL21(DE3) carrying the StxB-scFv
UCHT1 lectibody plasmid. After the cultures reached an OD of 0.6, protein expression was induced
with 0.5 mM IPTG. The protein was expressed overnight and then harvested by centrifugation. The
pellet was then homogenised using a French press. Afterwards, the lysate was filtered and purified
via Ni-NTA affinity purification followed by SEC. Created with BioRender.com. (B) SDS-PAGE
showing different bands of the purified protein. As the affinity purification resulted in a mixture of
protein sizes, SEC was performed. (C) Exemplary size exclusion chromatography graph. Protein
elution is displayed in relation to UV absorbance in milli-Absorbance Units (mAU) to volume in mL.
The size of the protein corresponds to the elution volume. (D) Ramos (high abundance of Gb3) and
(E) Namalwa cells (low abundance of Gb3) were incubated with 14 nM of lectibody derived from
each peak to assess StxB-scFv UCHT1 binding to Gb3 receptors at the cell surface. The percentage
of cells stained with the anti-6x-HisTag AF647 antibody is indicated on each graph. Peaks 2 and
3 exhibited the highest amount of binding to Ramos cells compared to the control. Peak 2 showed
the lowest amount of binding to Namalwa cells. The fluorescence intensity is displayed in arbitrary
units (AU).
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3.3. Ability of the StxB-scFv UCHT1 Lectibody to Induce T-Cell-Mediated Cancer Cell Killing
3.3.1. Burkitt’s Lymphoma Cells as a Model for Haematological Cancers

A functional landmark for the development process of the StxB-scFv UCHT1 lectibody
was the evaluation of the lectibody binding efficiency and the ability to elicit lysis of cancer
cells. As contemporary BiTE treatments have been proven as useful against haematological
cancers and are being utilised after a relapse or the failure of standard treatments, we
chose Burkitt’s lymphoma-derived cells as model cell lines [27,82]. Ramos cells (Gb3-
positive, Gb3+) and Namalwa cells (Gb3-negative, Gb3-) were taken as representative
cell lines for this malignancy. To validate the binding properties of the lectibody in the
chosen concentrations (14, 69, 138 nM), the cells were incubated with the StxB-scFv UCHT1
lectibody and then analysed using flow cytometry. The lectibody bound to Gb3 exposed on
the surface of treated cells and was detected with an anti-6x-HisTag AF647 antibody. As
illustrated in Figure 3A, the lectibody bound in a dose-dependent manner to Ramos cells
and PBMCs isolated from healthy donors. Only very weak binding to Namalwa cells could
be detected (<2%). The binding of the lectibody to Burkitt’s lymphoma-derived cells was
comparable to that observed with commercially available StxB (Supplementary Figure S10).
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Figure 3. Binding of StxB-scFv UCHT1 lectibody and induced T cell cytotoxicity to Burkitt’s
lymphoma-derived cells. (A) Representative flow cytometry histograms of Ramos cells, Namalwa
cells, and PBMCs incubated with the lectibody. Cells were treated with different concentrations of
lectibody and stained with a fluorescent anti-6x-HisTag AF647 antibody to detect StxB-scFv UCHT1
presence at the cell surface. A dose-dependent increase in binding to Gb3 at the surface of treated
cells is visible for Gb3+ Ramos, but not for Gb3- Namalwa cells. The lectibody also bound dose-
dependently to the CD3 receptors on PBMCs. Mean fluorescence (MFI) values depicted for every
concentration. Cytotoxicity assays with (B) Ramos cells or (C) Namalwa cells were performed to
assess StxB-scFv UCHT1-mediated T cell cytotoxicity. Cells were incubated with PBMCs in an effector
to target (E:T) ratio of 5:1 for a period of 48 h. The specific killing activity (%) of PBMCs was measured.
The data are shown as the mean ± SEM (n = 4) of four separate experiments. All experiments were
performed in triplicate. (B) Significant killing of target cells was observed for all concentrations after
24 h of co-incubation, while at 48 h, the specific killing reached up to 78% for 138 nM StxB-scFv
UCHT1. (C) There was no detectable specific killing of Namalwa cells in the presence of PBMCs and
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StxB-scFv UCHT1. For statistical analysis, the mean of each concentration was compared to the mean
of the control (ctrl) at each timepoint. n = 4; p-values < 0.5 were considered significant. *** p ≤ 0.001;
**** p ≤ 0.0001.

To assess the efficacy of the StxB-scFv UCHT1 lectibody to redirect unstimulated,
peripheral T cells to lyse Gb3+ Burkitt’s lymphoma cells, Ramos and Namalwa cells were
co-cultured with PBMCs in a effector to target (E:T) ratio of 5:1 for 48 h in the presence of
14, 69, or 138 nM of the lectibody. The StxB-scFv UCHT1 lectibody induced cell death in
Gb3+ Ramos cells, in a dose-dependent manner (Figure 3A). Cell death was recorded as a
decrease in BLI at 7, 24, and 48 h. To monitor for spontaneous cell death, PBMCs and cancer
cells were co-incubated together without the lectibody. Figure 3B,C depict data of in vitro
BLI assays displaying the specific killing activity induced by the lectibody as a percentage.
The StxB-scFv UCHT1 lectibody provoked T cells’ cytotoxic activity towards Gb3+ Ramos
cells (Figure 3B), resulting in cancer cell elimination. At all concentrations, around 25–30%
of killing activity was measured at 24 h posttreatment. After 48 h, incubation of the target
and effector cells with 14 nM StxB-scFv UCHT1 lectibody derived a specific Ramos cells
killing close to 25%, which substantially increased up to 60–80% with 69 nM and 138 nM
of StxB-scFv UCHT1. However, no killing activity was noticed in the presence of Gb3-
Namalwa cells (Figure 3C).

The most likely dimeric StxB-scFv UCHT1 lectibody successfully demonstrated its
ability to specifically target and redirect T-cell-induced lysis towards Burkitt’s lymphoma-
derived cells profiled for Gb3, even at nanomolar concentrations.

3.3.2. Colon Adenocarcinoma Cells as a Model for Solid Tumour Treatment

As the number of colon cancer cases is rapidly increasing, resulting in the second-most
cancer-related deaths worldwide and in cancer onset at a very young age in patients, it is of
exceptional importance to find effective immunotherapeutic treatment approaches [83,84].
To this end, we tested the in vitro activity of the StxB-scFv UCHT1 lectibody against colon
adenocarcinoma cell lines HT29 and LS174. In this solid tumour model, HT29 represent
cells with high Gb3 abundance, while LS174 cells are characterized by a low abundance of
the Gb3 antigen; they will hereafter be called Gb3+ and Gb3-, respectively [69].

As described earlier, these cell lines were also incubated with 14, 69, and 138 nM of
the lectibody and then stained with an anti-6x-HisTag AF647 antibody for flow cytometry
analysis (Figure 4A). The HT29 cells exhibited high levels of StxB-scFv UCHT1 lectibody
binding comparable with that of commercially available StxB (Supplementary Figure S10).
We recorded up to 12% binding of the lectibody to LS174 cells, which is consistent with the
binding profile of commercial StxB (Supplementary Figure S10).

For this colon adenocarcinoma model, the StxB-scFv UCHT1 lectibody was more
challenged when specifically activating T cells and redirecting tumour cell lysis. In Gb3+
HT29 cells, the lectibody (at 138 nM) induced up to 70% target cell lysis after 48 h. At this
timepoint, we also registered up to 50% killing of the LS174 cells, as a consequence of their
low Gb3 abundance at the surface. Notably, the effect of the lectibody towards HT29 cells
was stronger (p < 0.0001; Figure 4B) than the impact on LS174 cells (p < 0.05; Figure 4C).
The observed cytotoxicity induced by the lectibody on cells with a low abundance of Gb3,
LS174 cells, could stem from the presence of a small percentage of cells expressing Gb3
according to Figure 4A. Rosato et al. also observed ~40% killing activity at 48 h when
treating LS174 cells with their clickable pentameric Stx1B-scFv OKT3 lectibody [68].
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Figure 4. Binding and target cell lysis by StxB-scFv UCHT1 lectibody on human colon adenocarci-
noma cells. (A) Representative flow cytometry data of lectibody-incubated HT29 and LS174 cells.
Cells were incubated with different concentrations of lectibody (14, 69, 138 nM) and stained with a
fluorescent anti-6x-HisTag AF647 antibody. A dose-dependent increase in binding to Gb3 at the cell
surface was visible for Gb3+ cells (HT29), and for cells with low Gb3 abundance (LS174), the binding
was determined to be max. 12%. MFI values depicted for each concentration. Cytotoxicity assays with
(B) HT29 cells or (C) LS174 were performed to assess StxB-scFv UCHT1-mediated T cell cytotoxicity.
The specific killing of T cells (%) in an effector to target (E:T) ratio of 5:1 was measured at different
timepoints for a period of 48 h. The data are shown as the mean ± SEM (n = 3) of three separate
experiments. All experiments were performed in triplicate. (B) After 24 h of co-incubation, significant
killing of target cells could be observed for 69 and 138 nM lectibody concentrations, respectively,
reaching up to 60% specific killing for 138 nM StxB-scFv UCHT1 only after 48 h. (C) Specific killing
of the LS174 cells after 24 h at 69 and 138 nM could also be detected. n = 3; p-values < 0.5 were
considered significant. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.

3.4. StxB-scFv UCHT1 Lectibody Cytotoxicity Is Strictly T-Cell-Mediated

To confirm that the assessed target cell death upon treatment with the lectibody could
be attributed to its capability to activate and redirect peripheral T cells, we performed a cell
viability assay. Burkitt’s lymphoma and colon adenocarcinoma cell lines were incubated
with a broad range of concentrations of lectibody (3–138 nM) for 24 h. At the end of
incubation, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT) reagent
was added, and the cells were incubated for another 4 h at 37 ◦C. Metabolically active
cells are able to take up the yellow tetrazolium salt MTT and reduce it to purple formazan,
which is then exocytosed. After solubilisation, the amount of formazan in the medium
can be measured by its absorbance at 570 nm and used to estimate cell viability and
proliferation [85]. In Figure 5, the data of three biological replicates are pooled. Upon
treatment with the StxB-scFv UCHT1 lectibody, cell viability mostly ranged between 80 and
100% for all four tested cell lines. Hence, the data show no toxic effects exerted by the
lectibody in the absence of peripheral effector T cells. These results suggest that the toxicity
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recorded in our BLI assays can be solely attributed to the lectibody´s ability to redirect T
cells for targeted cell lysis.
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Figure 5. MTT assay to evaluate cell viability upon treatment of target cells with StxB-scFv UCHT1.
When (A) Ramos and Namalwa cells or (B) HT29 and LS174 cells were incubated with different
concentrations of StxB-scFv UCHT1 lectibody (3, 7, 14, 21, 28, 69, 138 nM) for 24 h, no toxic effects
induced solely by the lectibody were detectable. Cell viability ranged between 80 and 100% after 24 h
of incubation. The data are shown as the mean ± SEM (n = 3) of three separate experiments. n = 3.

4. Discussion

Targeting cancer cells in a highly specific manner is one of the biggest challenges in
cancer therapy today. Altered glycan structures have proven to be suitable targets for
immunotherapeutic approaches as they not only aid tumour progression but are also linked
to the development of multidrug resistance and metastasis [35,46,86,87].

The lectibody generated in this study was designed after the BiTE archetype. This
bispecific antibody format combines a tumour-associated antigen-binding antibody frag-
ment with an antibody fragment specific for CD3. The most prominent example of this
class of therapeutics is blinatumomab, a CD19 × CD3 bispecific antibody, which is used
to effectively clear B-cell malignancies [88–90]. Here, we suggest the use of the lectin StxB
to target with high specificity the glycosphingolipid Gb3, which is highly abundant in a
multitude of cancer types [91–93]. In this study, we aimed to couple a monomer of StxB to
a scFv αCD3 to effectively redirect and activate peripheral T cells.

One of the most crucial steps in the development of this lectibody was to ensure the
stability of the StxB monomer by preventing steric hindrance or issues related to the correct
folding of the two domains.

An essential factor in the design of a fusion protein such as this is the stability of the
individual protein components in the resulting chimera. It is known that the conforma-
tion of monomeric StxB would be highly unstable because of the large entropy penalty
of the monomer that cannot be compensated by the enthalpy gain. The interface of in-
termonomeric contacts is highly hydrophobic (65% of the interacting surfaces contain
apolar groups) [80] and tends to be hidden from the contacts with water in the course of
oligomerization. Nevertheless, other studies demonstrated that the fusion of monomeric
StxB to a partner would result in a stable and functional protein [71]. In the current study,
we used computational modelling to rationally design a fusion protein where StxB and
scFv monomer modules were connected via a linker of appropriate length and flexibility.
This allows the hydrophobic patches on the StxB surface to be hidden from water via
protein–protein interactions that prevent the pentamer StxB formation, at the same time,
keeping the Gb3-binding site intact, which is important to maintain StxB´s ability to bind
Gb3 [94,95]. The desired monomeric StxB-scFv fusion protein was constructed in silico,
and both folding and protein–protein interactions in the lectibody were proven to be stable
in the course of MD trajectory. Furthermore, only slight modifications in the predicted
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geometry of the StxB-scFv fusion protein were shown to drive the monomers to a stable
dimer formation.

The poor performance of the monomeric lectibody to induce specific killing compared
with the dimeric version (Supplementary Figure S9) could be attributed to unstabilised
hydrophobic regions in the StxB monomer once the αCD3 is bound to the T cells.

The unstabilised hydrophobic regions of StxB come into play when the scFv fragment
is bound to the CD3 receptor on the T cell surface. The antibody fragment can no longer
flop downwards to cover and stabilise the hydrophobic regions of StxB, leaving them
exposed to unspecifically stick to the surface of target cells. Hence, the observed killing is
Gb3 independent and does not relate to the time of incubation or the dose applied as can
be seen in Supplementary Figure S9. This problem is circumvented by dimerization, as one
scFv can always cover the hydrophobic regions of the StxB and stabilise them. In this way,
one αCD3 can still bind to the T cell. As this effect would only be relevant when both target
and effector cells are present, it would not be visible in the flow cytometry analysis because
only one type of cell is incubated with the lectibody (Supplementary Figures S9 and 2D,E).

The StxB-scFv UCHT1 lectibody was expressed in BL21(DE3) E. coli using the pET-22b
plasmid. E. coli is a cell factory that has evolved into the most widely used expression
system [96]. The natural pathway for StxB after expression is the transport to the periplasm
where it assembles as a pentamer [97]. The oxidizing environment in the periplasm is also
needed for the correct folding of scFv antibodies in E. coli [98–100]. Without the oxidizing
environment that the periplasm provides, neither the antibody fragment nor the StxB
fragment of the lectibody would be able to form the necessary disulphide bonds they need to
fold correctly [101–104]. Therefore, the plasmid used in this study included a pelB sequence
translocating the lectibody to the periplasm after expression (Supplementary Figure S2).

The protein yield was optimal when using 0.5 mM IPTG to induce the expression
at an OD of 0.6 and carrying out the expression overnight at 20 ◦C. Firstly, the protein
was purified using a 6x HisTag at the N-terminal end of the lectibody. Ni-NTA affinity
purification led to a mixture of different-sized proteins as seen in Figure 2A. Therefore, we
performed a SEC following the first purification step (Figure 2A). A mixture of proteins
with variable sizes after affinity purification (Figure 2B) could be traced back to an array
of different reasons. The most likely reason in our case is cross-contamination of the StxB-
scFv UCHT1 with misfolded proteins from the cytoplasmic fraction during cell lysis [105].
Therefore, the lysis step could be improved by using a different lysis buffer composition or
freeze–thaw cycles [106,107]. After SEC, we tested the purified proteins for their binding
specificity to Gb3 on the surface of Gb3-positive and -negative cancer cells and for their
ability to induce specific T cell cytotoxicity. The obtained proteins exhibited varying
specificities towards Gb3. The protein corresponding to the calculated molecular weight of a
dimeric StxB-scFv UCHT1 lectibody (70 kDa) proved to be the most specific one (Figure 2C).

As several cancer types were reported to overexpress Gb3 and have been linked to mul-
tidrug resistance, invasiveness, and metastasis [46,51,52], a haematological (Burkitt’s lym-
phoma) and a solid cancer (colon adenocarcinoma) model were chosen for the present study.
The lectibody displayed binding to Burkitt’s lymphoma cells with a high abundance of Gb3,
namely Ramos cells, in a dose-dependent manner but not to Namalwa cells, characterised
by a low abundance of Gb3 (Figure 3A). Binding of StxB-scFv UCHT1 to PBMCs could also
be observed in a dose-dependent manner as highlighted in Figure 3A; however, binding
was lower than compared to commercial αCD3 antibodies (Supplementary Figure S11).
The StxB-scFv UCHT1 lectibody relies on a dimeric StxB to target Gb3. While pentameric
StxB has strong avidity for membrane-presented Gb3 (Kd~4.2 nM) [108], the affinity for the
trisaccharide in solution is much weaker (Kd~0.5 mM) [109]. Such low affinity is expected
for a monomeric and a dimeric StxB-scFv UCHT1 lectibody. As seen in SPR measurements,
the affinity of the lectibody was not great enough to be measured via SPR and the lectibody
dissociated from the chip (Supplementary Figure S12). The lectibody was able to redirect T
cells to lyse tumour cells when Gb3+ Ramos cells were co-incubated with PBMCs. With
Namalwa cells, which exhibit low amounts of Gb3 at the surface, there was no apparent
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tumour cell lysis induced by treatment with the lectibody (Figure 3C). When comparing
the StxB-scFv UCHT1 lectibody to the pentameric version developed by Rosato et al., the
lectibody presented in this study revealed an efficacy that was about 15% lower with the
highest percentage of killing being ~80% (Figure 3B) [68]. This can be explained by the fact
that this lectibody contains a dimeric StxB, whereas the clickable version from Rosato et al.
contains a pentameric StxB. The lectibody presented here possessed two UCHT1 αCD3
per lectibody, while the pentameric version contained three αCD3 scFvs. Moreover, the
pentameric version utilized an OKT3 scFv that has been shown to have a higher affinity to
CD3 than the UCHT1 scFv [110,111]. The combination of the higher affinity and the higher
number of αCD3 antibody fragments could potentially lead to an overactivation of CD4+
and CD8+ T cells, which might result in T cell exhaustion and, ultimately, apoptosis of
the coupled T cells [112]. It is also known that UCHT1 in comparison with OKT3 induces
activation of T cells via the CD3 receptor more effectively and, in turn, improves the capa-
bilities of the T cell to induce target cell lysis. In a similar study, Dopfer et al. demonstrated
that UCHT1 induced T cell-mediated target cell lysis at much lower concentrations than
OKT3 [113].

Moreover, the design of the StxB-scFv UCHT1 lectibody as a fusion protein was
much simpler in comparison to the StxB-scFv OKT3 lectibody, which was expressed as
separate proteins and subsequently assembled into a lectibody format by click chemistry.
In particular, the production process of the StxB-scFv UCHT1 lectibody was simplified and
reduced to fewer steps. Nevertheless, the design of this format as a fusion protein and its
expression in a bacterial host also carries its drawbacks. For one, there is no possibility
to influence pentamer formation in the periplasm. As visible from the docking model in
Supplementary Figure S6, the monomeric StxB tends to interact with the UCHT1, hindering
pentamer formation. The use of a short linker constituted by only four amino acids does
not allow the further shortening of the linkage between StxB and UCHT1 to prevent
the interaction of the StxB monomer with the UCHT1 in solution and favour pentamer
formation. Additionally, the ideal exchange of domains in the lectibody platform, to target
another TACA for example, would be more complex in this strategy. The exchange of
the sequence in the plasmid would require arguably more effort than to click another
lectin to the existing UCHT1. When designing recombinant fusion proteins such as the
StxB-scFv UCHT1 lectibody, it is essential to consider the different expression conditions
required for the individual components. As mentioned earlier, antibodies need an oxidizing
environment during expression in order to undergo proper folding and formation of
disulphide bonds [101–104]. Combining a lectin that needs the reducing conditions of the
cytoplasm with a scFv requiring oxidizing conditions of the periplasm might therefore
prove impossible.

When tested in combination with a solid tumour model, the StxB-scFv UCHT1 lecti-
body elicited less tumour cell lysis of Gb3+ HT29 cells compared to Gb3+ Ramos cells.
It is widely known that solid tumours present major hurdles for immunotherapeutic
approaches [114–116]. The tumour microenvironment (TME) is generally immunosuppres-
sive, as many tumours release immunosuppressive cytokines and chemokines [114]. The
combination of BiTE administration with chemotherapeutic administration has been shown
to be helpful to overcome this challenge [114,117]. Solid tumours also pose a challenge to
drug delivery and penetration of the tumour. In pursuit of a possibility to overcome this
problem, Scott and colleagues armed oncolytic viruses with BiTEs, thereby increasing the
therapeutic window and joining it with direct oncolysis [115]. As the lectibody design is
based on the design of BiTEs, it is likely that approaches of the same kind could greatly
improve the efficacy of lectibodies as well. In our study, binding of the lectibody to Gb3+
colon adenocarcinoma cells in solution resulted in being very efficient and comparable to
the binding of StxB (Figures 4A and S10) [49,118]. However, the Gb3- LS174 cells showed
a basal expression of Gb3 leading to a binding of the lectibody of up to 12% (Figure 4A).
When exposed to the lectibody for longer periods of time, this relatively basal amount of
Gb3 was enough to induce LS174 cell lysis [119–122]. We could prove that the killing of
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LS174 cells is due to the activation of peripheral T cells as the lectibody does not affect cell
viability (Figure 5B). However, the effect was less significant (p < 0.05) than the one on cells
with a high Gb3 abundance, namely HT29 cells (p < 0.0001). Those results are in accordance
with the effects reported by Rosato et al. [68]. This raises the question about off-target
effects in an in vivo model. Gb3 is present in low abundance on intestinal endothelial
cells, kidney cells, and in the brain [123–125]. As the lectibody induced target cell lysis in
cells with low Gb3 abundance, it is possible that off-target effects in tissues with low Gb3
abundance might occur in vivo. As with any new immunotherapeutic agent, off-target
toxicity would have to be monitored and the treatment dose adjusted to a rate where the
off-target toxicity is at a minimum. For solid tumours, it is also possible to circumvent this
issue by injecting the lectibody directly to the tumour site, which would reduce off-target
effects to a minimum. This habit of recognizing cancer cells with low Gb3 abundance can
also be an advantage for the treatment with the lectibody, as it can reduce the chances that
the cancer cells can use antigen escape to avoid clearance by T cells. Furthermore, the
lectibody has a size of 70 kDa, which is similar to the size of comparable molecules such
as BiTEs, diabodies, or tandem scFv, which range between 50 and 60 kDa in size [126,127].
These molecules are typically cleared from circulation within hours, making it necessary for
multiple injections or the use of infusions for the treatment administration [128–130]. While
this makes it more challenging to get the molecule to the site of action, it can also allow a
more precise dosing. The clearance rate for the lectibody would have to be determined in
in vivo studies.

It has been observed that, among the cell lines used in this study, HT29 cells exhibit the
highest amount of Gb3 on the cell surface, closely followed by Ramos cells. Namalwa and
LS174 only showed small amounts of Gb3. The Gb3 isoforms indicated in HT29 were mainly
hydroxylated isoforms (C16:0-OH, C24:0-OH), which in the past have been connected to
augmented binding of StxB [131]. On the other hand, the most abundant forms in Ramos
cells were non-saturated C24:1, closely followed by saturated C16:0 and C24:0 [69,131]. It
was previously demonstrated that the presence of Gb3 with unsaturated fatty acyl chains
increases the binding of StxB [132]. This correlates with the findings reported in the present
study, where binding and cytotoxicity of the lectibody were greatest in the presence of
Ramos cells. In the study performed by Meléndez et al., a higher abundance of Gb3 on the
surface of tumour cells was correlated to a higher cytotoxic effect of the studied CAR T
cells [69]. Gb3 levels are known to oscillate depending on the cell cycle and differentiation
of the cells; therefore, the cytotoxicity exhibited from LS174 cells [133].

In conclusion, the StxB-scFv UCHT1 lectibody successfully developed in this study
showed specific binding to Gb3+ Ramos lymphoma cells and HT29 colon cancer cells.
Notably, it did not bind to Gb3- Namalwa and LS174 cells or did so only in low levels.
During co-incubation of target cells with PBMCs, the lectibody specifically induced T-cell-
dependent target cell lysis in Burkitt’s lymphoma cells over a wide range of concentrations
(14, 69, 138 nM), whereas with colon adenocarcinoma cells, the lectibody was able to induce
T-cell-mediated target cell lysis in Gb3+ HT29 cells.

In this research, we further demonstrated the ability of lectins to be applied in im-
munotherapy, effectively and specifically targeting different types of cancer cells with a
high Gb3 abundance. Given the limited treatments available for cancer, lectibodies and
other lectin-based tools open up new therapeutic possibilities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells12141896/s1, Figure S1: StxB-scFv UCHT1 sequence; Figure S2:
pET22b plasmid map; Figure S3: Amino acid sequence of the StxB-scFv UCHT1 lectibody; Figure
S4: Protein–protein docking poses; Figure S5: Root-mean-square deviation analysis; Figure S6:
Equilibrated StxB-scFv UCHT1 in silico structure; Figure S7: Standard curve SEC to determine
protein size; Figure S8: Killing assay peaks 1 and 4; Figure S9: Binding of StxB-scFv UCHT1 lectibody
and induced cytotoxicity by peak 3; Figure S10: StxB binding by target cell lines; Figure S11: PBMCs
binding of αCD3; Figure S12: Representative SPR data of peaks 2 and 3; Table S1: Per-residue contacts
between StxB and scFv UCHT1.
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