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Simple Summary: Colorectal cancer (CRC) is a major cause of morbidity and mortality in Europe,
and accounts for over 10% of all cancer-related deaths worldwide. These indicate an urgent need
for novel therapeutic options in CRC. Here, we analysed if genetically modified non-pathogenic
Lactococcus lactis bacteria can be used for local delivery of human recombinant Tumor Necrosis Factor-
Related Apoptosis-Inducing Ligand (TRAIL) and induction of tumor cells death in vitro and in vivo in
CRC mouse model. We showed that modified L. lactis bacteria were able to secrete biologically
active human soluble TRAIL (L. lactis(hsTRAIL+)), which selectively eliminated human CRC cells
in vitro, and was further strengthened by metformin (MetF). Our results from in vitro studies were
confirmed in vivo using subcutaneous NOD-SCID mouse model of human CRC. The data showed
a significant reduction of the tumor growth by intratumor injection of L. lactis(hsTRAIL+) bacteria
producing hsTRAIL. This effect could be further enhanced by oral administration of MetF.

Abstract: Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) induces apoptosis of
many cancer cells, including CRC cells, being non-harmful for normal ones. However, recombinant
form of human TRAIL failed in clinical trial when administered intravenously. To assess the
importance of TRAIL in CRC patients, new form of TRAIL delivery would be required. Here we
used genetically modified, non-pathogenic Lactococcus lactis bacteria as a vehicle for local delivery
of human soluble TRAIL (hsTRAIL) in CRC. Operating under the Nisin Controlled Gene Expression
System (NICE), the modified bacteria (L. lactisthsTRAIL+)) were able to induce cell death of HCT116
and SW480 human cancer cells and reduce the growth of HCT116-tumor spheres in vitro. This effect
was cancer cell specific as the cells of normal colon epithelium (FHC cells) were not affected by
hsTRAIL-producing bacteria. Metformin (MetF), 5-fluorouracil (5-FU) and irinotecan (CPT-11)
enhanced the anti-tumor actions of hsTRAIL in vitro. In the NOD-SCID mouse model, treatment of
subcutaneous HCT116-tumors with L. lactis(hsTRAIL+) bacteria given intratumorally, significantly
reduced the tumor growth. This anti-tumor activity of hsTRAIL in vivo was further enhanced by
oral administration of MetF. These findings indicate that L. lactis bacteria could be suitable for local
delivery of biologically active human proteins. At the same time, we documented that anti-tumor
activity of hsTRAIL in experimental therapy of CRC can be further enhanced by MetF given orally,
opening a venue for alternative CRC-treatment strategies.
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1. Introduction

Colorectal cancer (CRC) represents the group of gastrointestinal cancers (GI) and
includes malignant tumors of the colon and rectum. It has a significant contribution in the
global cancer incidence (10.2% CRC from 26.3% for all GI) and cancer-related mortality
(9.2% CRC from 35.4% for all GI) in 2018 [1]. In Europe CRC causes a high social burden,
with the second most frequent cancer and cause of cancer-related death [1,2]. The risk
factors for CRC include genetic predispositions [3] and aberrant epigenetic alternations
[4] from one side, and environmental factors, including alcohol consumption [5,6], high-
fat diet [7,8], lack of physical activity [9] and chronic inflammation of intestinal mucosa
[10], from the other. Currently, alterations in the composition of gut microbiome and its
metabolites are also considered as risk factor for CRC development [11] and recently
gained clinical interest as potential biomarkers for CRC screening and prognosis [12,13].
In this context, the most important are anaerobic Fusobacterium sp. and Porphyromonas sp.
with proven pro-tumorigenic activity [14,15], while supplementation of diet with
probiotics of Lactobacillus or Bifidobacterium sp., has been shown to reduce the risk of CRC
[16-18].

One of the major problems with CRC is that it is usually diagnosed in the advanced
stage, partly due to a lack of the public awareness for the need for preventive colonoscopy.
Surgical removal of the tumor remains the main form of CRC treatment, followed by
adjuvant chemotherapy, while for metastatic CRC chemotherapy remains the primary
treatment option [19]. However, cytostatics are non-selective in their action towards
rapidly dividing cells, causing severe side effects. In addition, available chemotherapy is
still ineffective to cure patients with advanced CRC [20-22], while patients often acquire
resistance for the treatment [23]. For patients with strictly selected genetic profiles,
immunotherapy or molecular-targeted personalized therapy might also be included
[24,25]. These options, however, are available only for carefully selected subgroups of
patients. In this context the research aiming at developing new widely effective
therapeutic approaches are crucial. Tumor implantation mouse models, with
subcutaneous graft of human cancer cells, are very common for screening the candidate
therapeutics [26].

Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) has been considered
as a promising agent for anti-tumor therapy for a long time, as cancer cells show higher
sensitivity to TRAIL comparing to normal cells, highlighting TRAIL’s potential as a novel
and effective anti-cancer drug. However, many tumors turned out to be resistant for
TRAIL-based treatment. Therefore, new TRAIL formulations and combined therapy
models are seeking to enhance its bioactivity and effectiveness in vivo. One of such
approach is using the genetically modified bacteria as vector and producer of human
TRAIL [27-29] and agents potentiating its antitumor activity [30-37]. Lactococcus lactis is a
non-pathogenic, Gram-positive, lactic acid bacterium (LAB), for years used in the dairy
and pharmaceutical industry. Recently, it gained more interest also in the bio-medical
research. L. lactis bacteria were the first microorganisms used in clinical studies in humans,
where patients with moderate and advanced Crohn’s disease after treatment with
genetically modified L. lactis producing human IL-10 showed in majority an improvement
in clinical parameters assessed by Crohn’s Disease Activity Index (CDAI) [38]. Since LAB
are commonly used as probiotics and some of the species belong to the natural microflora
of the gut’s ecosystem, L. lactis might be a promising vehicle for local and safe delivery of
therapeutic proteins in intestinal diseases, including CRC. A big step forward in this field
was the development of a strictly-controlled and easy-to-operate system for the
expression of heterologous genes in L. lactis—Nisin Controlled Gene Expression System
(NICE®) [39,40]. Based on this advancement, we recently developed L. lactis NZ9000
bacteria, genetically modified to secrete human soluble TRAIL (hsTRAIL) and
documented biological activity of this protein in the selective elimination of HCT116
human colon cancer cells in vitro via apoptosis [41].
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Here we asked, if L. lactis(hsTRAIL+) bacteria would be able to release an active
hsTRAIL locally in the tumor and, if so, what will be the efficacy of such a treatment. To
address these questions, we used at first the in vitro co-culture system, followed by
subcutaneous NOD-SCID mouse model of human CRC xenotransplant. Our results
showed, that L. lactis(hsTRAIL+) bacteria secreted hsTRAIL in a co-culture with human
CRC cells in vitro and intratumorally in vivo in subcutaneous HCT116-tumors, leading to
the death of cancer cells and reduction of the tumor growth. The therapeutic effect of
hsTRAIL could be further enhanced by metformin (MetF). These results document
potential use of L. lactis bacteria as a vehicle for CRC targeting proteins and, at the same
time, indicate MetF as an agent able to enhance tumoricidal effect of hsTRAIL in CRC
treatment.

2. Materials and Methods
2.1. Study Design

Particular stages of the study are briefly presented in Figure S1. Development of
genetically modified derivative of L. lactis NZ9000 strain, capable of an efficient hsTRAIL
secretion (designated as “L. lactis(hsTRAIL+)”), and selective anti-tumor activity of such
hsTRAIL through apoptosis, has been previously shown [41]. In the present research,
biological activity of L. lactis-derived hsTRAIL was examined in more details, including
in vitro co-culture of the bacteria with human CRC cells in a monolayer and 3D (spheres)
system, and in vivo, using subcutaneous xenotransplant model of human CRC.

2.2. Cell Cultures

Human colon carcinoma cell lines HCT116 (CCL-247™), SW480 (CCL-228™) and
human colon epithelium cell line FHC (CRL-1831™, used as control) were obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA ). All the cell lines
were maintained according to the distributor’s instructions, at 37 °C in humified
atmosphere with 5% COz. Briefly, HCT116 cells were cultured in McCoy’s 5A (Gibco,
Paisley, UK) supplemented with 10% fetal bovine serum (FBS; Gibco) and gentamicin (50
ug/mL; Gibco). SW480 cells were cultured in Dulbecco’s Modified Eagle’s (DMEM,; Sigma
Aldrich, Saint Louis, MI, USA), supplemented with 10% FBS and 50 pg/mL of gentamicin.
FHC cells were grown in DMEM:F12 (Gibco) supplemented with 10% FBS, 10 mM HEPES
(Sigma Aldrich), 10 ng/mL cholera toxin (Sigma Aldrich), 0.005 mg/mL insulin (Sigma
Aldrich), 0.005 mg/mL transferrin (Sigma Aldrich), 100 ng/mL hydrocortisone (Sigma
Aldrich, USA) and gentamicin (50 pug/mL; Gibco). All the cells were passaged twice a week
with 0.05% trypsin (PAN-Biotech GmbH, Aidenbach , Germany) in EDTA (Eurx, Gdansk,
Poland) and regularly tested for Mycoplasma sp. contamination by PCR-ELISA test (Roche,
Mannheim, Germany), according to manufacturer’s instruction.

2.3. Bacteria

Lactococccus lactis NZ9000 host strain was obtained from MoBiTec (Goettingen,
Germany). Genetically modified L. lactis clones harbouring secretion plasmid vector
PNZ8124 (MoBiTec; designated as “L. lactis(“empty” vector)”) and its modified derivative
with human soluble TRAIL-cDNA placed downstream of the inducible promoter PnisA
(L. lactisthsTRAIL+)), were prepared as previously described [41] and cultured at 30 °C,
without aeration, in M17 medium (BTL, Lodz, Poland) supplemented with 0.5% glucose
and 10 pg/mL chloramphenicol (Cm10; Sigma Aldrich) to maintain the plasmid. Bacteria
stocks were frozen in M17 medium, supplemented with 0.5% glucose, Cm10 and sterile
20% glycerol (Eurx) and stored at =80 °C until further use.
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2.4. Induction of hsTRAIL Expression

According to the previously established culture conditions for most efficient
hsTRAIL-expression [41], the M17 broth supplemented with 0.5% glucose and Cm10 was
inoculated with L. lactis(hsTRAIL+) or negative control (L. lactis(“empty” vector)) at
dilution 1:50 and grown overnight (ON) at 30 °C, without aeration. The ON cultures were
subsequently diluted 1:50 in M17 broth medium supplemented with 0.5% glucose and
Cm10 and grown once more ON at the same conditions. At the day of induction, the ON
cultures were diluted 1:20 in M17 broth medium supplemented with 0.3% glucose, 0.3%
L-arginine , ZnSO4 (100 uM), Cm10 and grown for additional 3 h at 30 °C without aeration,
until the optical density (ODeoo) of the cultures reached 0.3-0.4. Then, the cultures were
centrifuged for 30 min at 2800x g at room temperature (RT) and obtained cell pellets were
precisely resuspended in a ¥4 volume of “complete medium” (“CM”; M17 broth medium
supplemented with 0.3% glucose, 0.3% L-arginine, 100 puM ZnSQs, serine proteases
inhibitor- aprotinin (2 pg/mL; Bioshop, Burlington, Canada) and nisin (25 ng/mL;
MoBiTec), as the inducer of hsTRAIL expression). The induction step was performed for
total of 4 h at 30 °C, without aeration. Figure S2 specifies the steps of L. lactis(hsTRAIL+)
culture and optimized growth conditions.

2.5. Preparation of hsTRAIL+ Supernatants for In Vitro Studies

After 4 h incubation with nisin, the bacteria were centrifuged for 30 min at 2800x g, 4
°C and cell-free supernatant was collected. Next, the supernatant was concentrated (30
min at 2800x g), using the Thermo Scientific™ Pierce™ PES 10 K Protein Concentrator
(Pierce Biotechnology, Rockford, IL, USA) and subsequently filtered through low protein-
binding PVDF filters (Merck Millipore, Burlington, MA, USA), aliquoted and stored at -80
°C until further use. The concentration of hsTRAIL in the supernatants was measured by
ELISA assay (LSBio™, Seattle, WA, USA), according to the manufacturer’s instructions.
The absorbance was measured at 450 nm and 570 nm (wavelength correction) using
microplate reader ELx 800NB (Bio-Tec Instruments, Winooski, VT, USA).

2.6. MTS Assay

Viability of human cells after hsTRAIL treatment in vitro was assessed using the
colorimetric method with tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H (MTS) (CellTiter 96® AQueous One
Solution Cell Proliferation Assay, Promega, Madison, WI, USA), according to the
manufacturer’s instruction. Briefly, after the treatment of cells, 20 uL of MTS reagent per
100 uL of the sample volume was added to the culture well and incubated in the dark for
next 2 h in a 37 °C humified atmosphere with 5% COz, until conversion of the dye to
formazan, proportional to the number of living cells, occurred. The amount of formazan
was estimated spectrophotometrically, by the absorbance measurement at 490 nm, using
plate reader Spark®Tecan (Tecan, Mannedorf, Switzerland). The number of viable cells in
each well was normalized to the control (cells incubated with standard cell culture
medium, designated as “100% of viability”) and presented as % of control.

2.7. Co-Culture of L. lactis Bacteria with Human Cell Lines

The protocol for the co-culture of L. lactis bacteria with human colon cancer cells or
normal colon epithelium cells was developed in own research. Briefly, HCT116, SW480
and FHC cells were harvested with trypsin and seeded onto flat-bottom 96-well plates
(Sarstedt, Numbrecht, Germany) at a density 10* cells/well in appropriate culture media
supplemented, as described above, w/o antibiotics. After 20 h of culture in a 37 °C
humified atmosphere with 5% CO, the culture media were replaced with diluted bacteria,
added at the induction phase.

L. lactis(hsTRAIL+) and negative control (L. lactis(“empty” vector) bacteria, were
grown as described above. After 3 h of culture in M17 broth medium supplemented with
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0.3% glucose, 0.3% L-arginine, ZnSO4 (100 uM), Cm10, at 30 °C without aeration, the
bacteria were centrifuged (2800x g, 30 min, 21 °C) and washed once with a warm sterile
phosphate-buffered saline (PBS; Corning, New York, NY, USA) supplemented with
ZnSOs (100 pM). The bacterial pellets were resuspended in appropriate cell culture
medium enriched with 2% FBS, 0.1% L-arginine, 2 pug/mL aprotinin, 100 uM ZnSOs, to
final dilutions 1/15; 1/20; 1/30, then induced with 25 ng/mL of nisin for hsTRAIL
production and added directly to the plated cells. After 2.5 h of co-culture at 30 °C and
humified atmosphere with 5% CO2, ampicillin (1 ug/uL; Sigma Aldrich) was added to
stop the bacterial growth. The co-cultures were subsequently moved to 37 °C in humified
atmosphere, 5% CO: and incubated up to 48 h. The viability of human CRC cells or normal
colon epithelial cell line was determined by the MTS assay (Promega). For this purpose,
after 48 h of the co-culture, the cell-media containing L. lactisthsTRAIL+) or L. lactis
(“empty” vector) bacteria were removed and the cells were gently washed with a warm
and sterile PBS to rinse out the rest of bacteria. Finally, the fresh culture media and MTS
reagent were added. The measurement and final calculation of the % of viable HCT116,
SW480 (Figure S3) and FHC cells after co-culture with the bacteria was performed, as
described above.

2.8. Human Colon Cancer Cells Spheres

Spheres of human CRC cell line HCT116 were grown in a suspension, according to
the manufacturer’s instructions (Cell2Sphere™ kit; StemTek Therapeutics, Bilbao,
Spain) on the provided plate, in the dedicated Cell2Sphere™ medium. Concentrated
supernatants of the L. lactis(chsTRAIL+) broth culture were diluted in Cell2Sphere™
medium and added in the volume corresponding to a final hsTRAIL concentration of 50;
100; 1000 ng/mL. The equal volumes of the negative control (L. lactis(“empty” vector))
broth supernatants were run in parallel. As the control of viability and morphology,
HCT116-spheres incubated in the Cell2Sphere™ medium alone were used. To assess the
effect of hsTRAIL on the sphere formation, the supernatants of the culture medium were
added to the spheres at the same day the HCT116-sphere culture was started, for
following six days. To evaluate the effect of hsTRAIL-secreting L. lactis bacteria on
HCT116-spheres, the bacteria were added on day 6th of the culture growing in a self-made
“colorectal cancer-spheres medium” (CCSM; composition: DMEM:F12 (Gibco)
supplemented with ITS Liquid Media Supplement, 5 mM HEPES, 4 mg/mL BSA, 3 mg/mL
glucose (all from Sigma Aldrich), 2 nM L-glutamine (Gibco), 20 ng/mL eGF, 20 ng/mL
bEGF (both from Thermo Fisher Scientific, Waltham, MA, USA), w/o any antibiotics) for
the following 48 h.

L. lactis(hsTRAIL+) and negative control (L. lactis(“empty” vector)) bacteria were
prepared for the co-culture with the HCT116-spheres, as described above (the co-culture
with HCT116 cells growing in monolayer). After washing with sterile warm PBS
supplemented with ZnSOs (100 uM), the bacterial pellets were resuspended the CCSM
medium enriched with 0.1% L-arginine, 2 pg/mL aprotinin, 100 uM ZnSOs, to final
dilution 1/20 and subsequently induced with 25 ng/mL of nisin for hsTRAIL-expression,
then added directly to the spheres. After 2.5 h of the co-cultures, ampicillin (1 pg/uL) was
added to stop the bacterial growth and the co-cultures were moved to 37 °C in humified
atmosphere, 5% CO:z and incubated up to 48 h.

After treatment with the supernatants from broth cultures or whole bacteria, the
spheres were photographed using an OLYMPUS IX70 microscope (Olympus, Tokyo,
Japan) and the compatible CellSens Dimension software (Olympus) was used to assess
their morphology and further calculate their diameters. Measurements were done for four
“optically the largest” spheres from each experimental group and their diameters were
calculated using paint.net (version 4.1.6, Rick Brewster, Pullman, WA, USA). Then, MTS
reagent (Promega) was added, and spheres viability was measured. The spheres viability
after incubation in the presence of supernatants from L. lactis broth cultures was calculated
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by normalization to viability of the spheres in control (“Control(medium))”, viability
100%).

2.9. Selection of the Anti-Tumor Drug for the Combined Therapy with L. lactis(hsTRAIL+)
Bacteria

The therapeutics and their respective doses for assessing the potential joined anti-
tumor effect with L. lactis-derived hsTRAIL were selected according to the literature [30-
34]. A stock of 1M metformin (MetF; Sigma Aldrich) was prepared in a sterile, deionized
water (Eurx) and subsequently sterilized by filtration using a 0.22 um PVDF membrane
filter (Carl Roth, Karlsruhe, Germany). Stocks of 5-fluorouracil (5-FU; TriMen Chemicals,
Lodz, Poland) and irinotecan (CPT-11; MedChem Express, Monmouth Junction, NJ,
USA), at concentrations of 50 mg/mL, were prepared in DMSO (Sigma Aldrich). All
therapeutic stocks were aliquoted, frozen, and stored at —20 °C until use. Before incubation
with HCT116 cells, they were thawed and the following working dilutions were prepared
(given at final concentrations): MetF —5; 10; 15; 20; 25 mM, 5-FU—0.192; 0.384; 0.768; 3.84;
7.68 uM, CPT-11—0.425; 0.85; 1.7; 2.125; 2.55 uM. A final concentration of 50 ng/mL of
hsTRAIL, in the supernatant from L. lactis(hsTRAIL+) broth culture was chosen to
investigate the potential joined anti-tumor activity of hsTRAIL and the therapeutics, since
this concentration in our previous studies was shown to reduce viability of HCT116 cells
to approximately 75% of control [41]. Additionally, HCT116 cells were subjected to MetF
at the concentration of 20 mM with the supernatant from L. lactis(hsTRAIL+) broth culture,
at the dilutions corresponding to increasing concentrations of hsTRAIL —10; 25; 50; 75; 100
ng/mL, or equal volumes of the supernatant from broth culture of bacteria harbouring ctrl
vector (negative control). All samples were prepared in McCoy’s 5A medium
supplemented with 2% FBS; for control cells only medium with FBS was added.

HCT116 cells were harvested with trypsin and plated on a 96-well plate at 10*
cells/well in McCoy’s 5A supplemented with 2% FBS. After 20 h of culture at 37 °C, 5%
COz and 95% of humidity, the therapeutics alone, or in combination with the supernatant
from broth culture of L. lactis(hsTRAIL+) bacteria, were added. Cells were maintained for
the next 48 h at the same culture conditions. After the treatment, the supernatants were
removed, replaced with fresh medium and MTS assay assessing cell viability was
performed, as described above.

2.10. Animals for Subcutaneous CRC Model

To develop mice model of human CRC, the NOD-SCID (NOD.CB17/Prkdscid/
NCrHsd) mice, homozygous for the severe combined immune deficiency spontaneous
mutation Prkdcs, with the lack of mature B and T lymphocytes, as described previously
[42,43] were chosen. NOD-SCID mice were bred and maintained in the local animal
facility at the Department of Clinical Immunology, Jagiellonian University Medical
College in Krakoéw, Poland. Mice were maintained in dedicated housing rooms under
aseptic and controlled laboratory conditions: 12/12 h light/dark cycle, room temperature
20-22 °C, humidity 45-55%, HEPA filtered air, group housing and with access to food and
water ad libitum. All experiments were performed in accordance with Polish law and were
approved by the local Jagiellonian University Ethical Committee (licence no: 99/2018,
145/2018).

2.11. Induction and Monitoring of the Tumor Size in Subcutaneous Model of Human CRC

Total 35 of NOD-SCID mice at 6-8 weeks of age were used for the experiment.
HCT116 cells were grown in McCoy’s 5A standard culture medium supplemented with
10% FBS and gentamicin (50 ug/mL) at 37 °C and humified atmosphere with 5% of CO..
One day before implantation, the medium was changed for a fresh one and avoided of
antibiotics. When the confluence reached 50-60%, the cells were detached with trypsin,
counted and washed in sterile PBS to remove the remnants of the culture medium.
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Afterwards, 1.5 x 106 of HCT116 cells were injected subcutaneously into the right flank of
the NOD-SCID mice, in a volume of 100 puL of PBS. Implantation of the cells was
performed under laminar flow to provide sterile conditions. The growth of subcutaneous
tumors was monitored every other day by external caliper measurements in two
dimensions. The volume of tumor (y) was calculated according to the following formula:

y =a x b?/2 [mm?]

where: a—tumor length [mm], b—tumor width [mm]

When the tumors exceeded a volume of 80 mms3, the mice were divided into five
experimental groups and received the first dose of treatment (Day 0). Due to the spread
in the tumor size, animals were randomized into the groups—each group contained
animals with equal spread of the tumor size. Tumor growth was monitored by external
caliper measurements, three times a week from day 0 to day 26.

2.12. Mice Treatment with L. lactis Bacteria

The broth cultures of L. lactis(hsTRAIL+) bacteria and corresponding negative control
(L. lactis(“empty” vector)) were prepared as described above. The bacteria were induced
with nisin for 2.5 h in CM, then washed with PBS supplemented with ZnSOs (100 uM) to
remove the remnants of the culture medium. The bacteria were injected intratumorally at
a dose of 1 x 10° c.f.u., in a volume of 100 pL of vehicle: PBS supplemented with ZnSO4
(100 uM), nisin (50 ng/mL) and aprotinin (2 pg/mL), twice a week at two consecutive days,
for four weeks. At the last day of experiment, one additional dose of the bacteria was given
for further evaluation of intratumor secretion of TRAIL by L. lactis(hsTRAIL+). The control
group of mice (“Mock control”) was treated with intratumor administration of the vehicle
only (100 pL).

2.13. Mice Treatment with MetF

MetF was administered at a dose of 125 mg/kg [44] via gastric gavage five days a
week, at the same time for 25 consecutive days. Fresh MetF stock solutions were prepared
in sterile PBS, filtered through a 0.22 um filter (Carl Roth) and stored at 4 °C.

2.14. H&E and Immunohistochemistry Staining

When all subcutaneous tumors exceeded size of 10 mm x 10 mm (Day 26), one hour
after the last dose of bacteria, mice were euthanized, and the tumors were isolated. From
each experimental group, three randomly selected tumors were fixed in 10% formalin,
ON. Then, paraffin-embedded tumors were sectioned (3.5 um) and subjected to
hematoxylin-eosin (H&E) staining and immunohistochemistry (IHC) analysis (from each
paraffin-embedded tumor, slides for both H&E and IHC staining, were prepared). For
necrotic areas analysis after H&E staining, the individual color pixels from the respective
images were counted using imagemagick tool (https://imagemagick.org/, accessed on 15
April 2021) and converted. Appropriate pixels were chosen for calculating the percentage
of necrotic area (N) using the pain.net software. For each treatment group, representative
results are shown as mean of necrotic area (%) of the presented images. For IHC analysis,
the slides were incubated with sodium citrate at 97 °C for 35 min, then incubated with
appropriate antibodies. To examine the local production of TRAIL, slides were incubated
with rabbit monoclonal anti-human TRAIL antibody (Cell Signalling Technology,
Danvers, MA, USA) at a dilution of 1: 100 in Dako Antibody Diluent (Dako, Glostrup,
Denmark). Visualisation was achieved using Dako REAL™ ENVison™ Detection System
(Dako) according to the manufacturer’s instructions. All slides were analysed in a blinded
manner using an OLYMPUS IX70 microscope and the CellSens Dimension software
(Olympus).
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2.15. Survival of L. lactis(hsTRAIL+) Bacteria within the Tumor

Survival of L. lactis(hsTRAIL+) bacteria in the tumors was assessed by PCR detection
of the hsTRAIL-cDNA in excised subcutaneous tumors after their homogenization.
Briefly, randomly selected (two mice/each group) subcutaneous tumors were cut into
small pieces with a sterile scalpel, then transferred to Eppendorf tubes. Homogenization
was performed in the presence of M17 culture medium and metal beads, at frequency 20
Hz for 2 min using a Tissue Lyser II (Qiagen, Hilden, Germany). The obtained
homogenates were plated in a volume of 100 uL on M17 agar (1.5%) plates, in the presence
of 0.5% glucose and Cm10. After 48 h of incubation at 30 °C, growing colonies were
randomly isolated to prepare ON broth cultures. Plasmid DNA was isolated using the
Miniprep DNA Purification Kit (Eurx) according to the manufacturer’s instructions for
isolation of plasmids from gram-positive bacteria. For this reason, the isolation of plasmid
DNA was preceded by digestion of the cell wall by lysozyme (10 mg/mL; Sigma Aldrich)
in 10% glycerol at 37 °C for 45 min. The concentration of the isolated plasmids was
measured using a Quawell Q500 spectrophotometer (Quawell Technology, Inc., San Jose,
CA, USA). In order to verify the presence of the hsTRAIL-cDNA insert, PCR using
primers 5-TGGTACTCGTGGTCGTAGCA-3 sense and 5'-
GAAGCTTCGTGGTCCATGTC-3’ antisense, was performed. The PCR reaction products
were subsequently separated on a 1.5% agarose gel with 0.5 pg/mL EtBr. Perfect ™ 100 bp
DNA Ladder (Eurx) was used as a size marker. The gels were photographed using a Gel
Logic 1500 Digital Imaging System (Kodak, Rochester, NY, USA) after excitation of the
fluorescence of EtBr-DNA complex with UV light. In order to create an appropriate
positive control, plasmid isolated from the fresh stock (stored at —-80 °C) of L.
lactis(hsTRAIL +) was also examined.

2.16. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software version 6.00
(GraphPad Software Inc., San Diego, CA, USA) and Microsoft Excel (version 2019,
Microsoft Corporation, Redmond, WA, USA ). Comparisons between multiple groups
were performed using analysis of variance (ANOVA test). According to the number of
dependent variables influencing the result, a one- or two-factor test was used (as indicated
in the legend to the figures), with post-hoc multiple comparisons by Tukey’s method. Data
were presented as mean + SEM. The statistically significant results were showed as * p
<0.05, ** p <0.01, *** p <0.001.

2.17. Graphics

All graphics were created using BioRender software (BioRender.com, accessed on 15
April 2021).

3. Results

3.1. Killing of Cancer Cells in a Co-Culture of L. lactis(hsTRAIL+) Bacteria with Human CRC
Cells

Previously we have documented the biological activity of L. lactis-derived hsTRAIL,
when HCT116 cells were incubated in the presence of supernatant from the broth culture
of L. lactisthsTRAIL+) bacteria [41]. Here we assessed the potential anti-tumor effect of
hsTRAIL-producing bacteria in a co-culture with human CRC cells. For this purpose L.
lactis(hsTRAIL+) or corresponding control (L. lactis(“empty” vector)) bacteria were added
to the culture of HCT116 human CRC cells, or cells of the normal colon epithelium (FHC
cell line) and after 48 h of co-culture, viability of the cells was assesed by MTS assay. Data
presented in Figure 1a document a significant reduction of the number of viable cancer
cells co-cultured in the presence of L. lactis(hsTRAIL+) bacteria in a dose-dependent
manner. The most pronounced anti-tumor activity of hsTRAIL-producing bacteria,
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demonstrated by the reduction of viable HCT116 cells to 32.9% (average) of control
cultures (without bacteria), was observed for the dilution factor 1/15 of the L.
lactis(hsTRAIL+) culture, which corresponded to MOI = 700. Similarly, the viability of
another human CRC cell line, SW480, was significantly reduced in the presence of
hsTRAIL-expressing bacteria (Figure S3). The co-culture of CRC cells with the bacteria
containing empty vector did not affect their viability nor the co-culture of L.
lactis(hsTRAIL+) with FHC line had any effect on viability of these normal epithelial cells
(Figure 1b). The additional analysis of the expression of TRAIL-death receptors (DR4,
DRS5) on the surface of CRC cells and subsequent demonstration, that their blocking
significantly inhibited L. lactis-derived-hsTRAIL induced apoptosis, confirmed the role of
extracellular pathway of apoptosis in elimination of CRC cells by L. lactis(hsTRAIL+)
(Figure S4).

a b
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3 L.lactis(®empty" vector) 3 Llactis("empty” vector)
B L/actis(hsTRAIL+) I L /actis(hsTRAIL+)

Figure 1. Selective cytotoxicity of L. lactis(hsTRAIL+)-derived hsTRAIL against colon cancer cells in
a direct co-culture model of human cell lines with bacteria. Human HCT116 CRC cells (a) and
normal epithelial colon cells (FHC) (b) were cultured for 48 h in the presence of L. lactis(hsTRAIL+)
or corresponding control bacteria (L. lactis(“empty” vector)) with addition of nisin (inducer).
Viability of cancer and non-malignant cells was assessed by MTS test. Results are showed as % of
viability of cells incubated in an appropriate standard culture medium (y-axis) without bacteria.
Legend: Multiplicity of Infection —MOI—is the number of bacteria per single eukaryotic cell; 1/15-
1/30—dilution of L. lactis(thsTRAIL+)/L. lactis (“empty” vector) broth culture. The bars indicate the
mean value + SEM of three independent experiments, each performed in triplicates (1 =3). Statistical
significance was calculated using two-way ANOVA test, with Tukey’s multiple comparisons post-
hoc test. ** p <0.01.

3.2. L. lactis(hsTRAIL+) Bacteria Affect the Growth of HCT116-Spheres

The biological activity of L. lactis-derived hsTRAIL was subsequently verified in a 3D
system using commercially available spheres of HCT116 cells. The 6-day culture of
HCT116-spheres in the presence of supernatant from the broth culture of L.
lactis(hsTRAIL+) significantly decreased their viability, when compared to the negative
control (supernatant of L. lactis(“empty” vector), p < 0.001, Figure 2a), confirming an
antitumor action of hsTRAIL also in a 3D culture system. However, a decrease in viability
of the spheres to 74% of the control (viability of the spheres cultured in a standard culture
medium), observed at a concentration of hsTRAIL of 50 ng/mL, remained at the similar
level even if a 20x higher concentration of hsTRAIL was tested (81.2% viable cells in the
control at the concentration of 1000 ng/mL). The presence of hsTRAIL in the culture
environment of HCT116-spheres significantly affected their morphology (Figure 2b,c)—
treatment of the spheres with the supernatant of L. lactis(hsTRAIL+) resulted in a final
formation of the “small spheres” with a diameter in the range of 20.57-21.09 um
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(depending on the concentration range 50-1000 ng/mL of hsTRAIL, Figure 2b), which
might suggest the inhibition of clonal proliferation of a single HCT116 cell. However,
when the spheres were grown in the presence of concentrated supernatant from the broth
culture of L. lactis(“empty” vector) or culture medium alone, as controls, they formed
characteristic tumor packaging with much larger diameters (97.92-50.78 um depending
on the volume of the supernatant from the control bacteria, corresponding to the TRAIL-
concentration range of 50-1000 ng/mL, or 134.89 um, p < 0.001, respectively). It is worth
to mention that an addition of the supernatant from the culture of L. lactis(“empty” vector)
bacteria in a volume of 380 pL, equal to the volume of L. lactis(hsTRAIL+) culture
supernatant containing hsTRAIL in the concentration of 1000 ng/mL, resulted in
significant reduction in the sphere formation, most likely due to the dilution of the growth
factors in the culture medium (Figure 2b). Comparable effects to the supernatants from L.
lactis(hsTRAIL+) cultures were observed when HCT116-spheres were grown in the

presence of bacteria in a co-culture model (Figure 2d).
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Figure 2. Activity of hsTRAIL against HCT116-derived tumorspheres: (a) HCT116-spheres were cultured for six days
with increasing concentrations of hsTRAIL in supernatant from the broth culture of L. lactis(hsTRAIL+) bacteria.
Corresponding volumes of supernatant from the broth culture of L. lactis(“empty” vector) bacteria was used as a negative
control. The tumorsphere viability was assessed using MTS assay and shown as % of viable HCT116-spheres incubated in
a standard culture medium (y-axis). Legend: x-axis—volume of the specific supernatant added/mL of a total volume of a
sample; Table below —concentration of hsTRAIL [ng/mL] in a specified volume of supernatant. The bars indicate the mean
value + SEM from three independent experiments performed (1 = 3). Statistical significance was calculated using two-way
ANOVA test, with Tukey’s multiple comparisons post-hoc test, *** p < 0.001; (b) Morphology of HCT116-spheres after
six days of treatment was assessed by measuring their diameter [um]. The measurements were performed for optically
the largest spheres using paint.net (version 4.1.6), as indicated in the attached photo. Legend: x-axis—volume of the
specific supernatant added/mL of a total volume of a sample; Table below —concentration of hsTRAIL [ng/mL] in a
specified volume of supernatant. The bars indicate the mean value + SEM, from four independent experiments performed
(n = 4). Statistical significance was calculated using two-way ANOVA test, with Tukey’s multiple comparisons post-hoc
test. *** p <0.001; (c) Representative photos of HCT116-spheres cultured for six days in the presence of a standard culture
medium, supernatant from broth culture of L. lactisthsTRAIL+) or L. lactis(“empty” vector). Brightfield microscopy, scale
bar: 50 um; (d) Representative photos of matured HCT116-spheres co-cultured for 48 h in the presence of standard culture
medium, L. lactis(hsTRAIL+) bacteria in a dilution 1/20 of the broth culture or L. lactis(“empty” vector) broth culture at the
same dilution. Brightfield microscopy, scale bar: 50 um.
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3.3. Drugs with Anti-Tumor Activity Enhance the Action of hsTRAIL Produced by L.
lactis(hsTRAIL+) against Human CRC Cells In Vitro

Investigating the potential enhancement of hsTRAIL activity against HCT116 cells by
drugs with proven anti-tumor activity, we demonstrated a joined effect of hsTRAIL (50
ng/mL) produced by L. lactis(hsTRAIL+) bacteria with 5-FU, CPT-11 and MetF (Figure 3a—
). Taking into account that combinations of Dulanermin (rhTRAIL; Genentech, Inc.,
South San Francisco, CA, USA) with FOLFIRI regimen (with or without
bevacizumab/cetuximab/irinotecan already tested in clinical studies turned out to be not
successful (NCT00671372, NCT00873756), MetF —the hypoglycaemic drug used in type II
diabetes, with documented anti-tumor activity [45-48] was selected for further studies, as
having an encouraging profile of joined activity, when combined with the supernatant
from L. lactis(hsTRAIL+) broth culture (Figure 3a). In our experimental setup, MetF used
at the dose of 20 mM in combination with hsTRAIL was able to reduce the viable HCT116
cells to 40.4% of control (mean value), comparing to 96.9%, when MetF was used as a
single agent (p < 0.001). To complete the data on combined anti-tumor effect of hsTRAIL
and MetF, we subsequently titrated supernatant from the broth culture of L.
lactis(hsTRAIL+) to concentration range of 10-100 ng/mL and used in HCT116 cell culture
with MetF (20 mM). The TRAIL-titration dependent effect of combined treatment on
cancer cell viability was presented in Figure 3d. These results confirmed our observation
regarding a joined anti-tumor effect of bacteria-produced hsTRAIL and MetF in the range
of selected concentrations. Based on these observations and keeping in mind well
documented safety for humans, MetF was selected for further combined CRC therapy
with L. lactis(hsTRAIL+) bacteria in in vivo model.
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Figure 3. Anti-tumor activity of the selected drugs in combination with hsTRAIL against HCT116
cells in vitro. HCT116 cells were cultured for 48 h in the presence of 5-FU (a), CPT-11 (b) or MetF
(c), in monotherapies or in combination with hsTRAIL (50 ng/mL, in a form of supernatant from the
broth culture of L. lactis(hsTRAIL+)); (d) HCT116 were cultured for 48 h in the presence of fixed
concentration of MetF (20 mM) and different concentrations of hsTRAIL, in a form of supernatant
from the broth culture of L. lactisthsTRAIL+). As negative control, supernatant from L.lactis(“empty”
vector) bacteria was used in the corresponding volumes. Viability of HCT116 cells was assessed by
MTS assay. Results are shown as % of viable cells incubated in an appropriate standard culture
medium (y-axis). x axis—drug concentrations. The bars indicate the mean value + SEM of three
independent experiments, each performed in triplicates (a—b) or four independent experiments (d).
Statistical significance was performed using two-way ANOVA test, with Tukey’s multiple
comparisons post-hoc test. * p <0.05, ** p <0.01, ** p <0.001.

3.4. Anti-Tumor Activity of L. lactis(hsTRAIL+) Bacteria in Subcutaneous Model of Human
CRC Can Be Enhanced by MetF

Next, we evaluated the biological activity of L. lactisthsTRAIL+) bacteria against
cancer cells in vivo in subcutaneous mouse model of CRC. For this purpose, NOD-SCID
mice (n = 7) with human HCT116 tumors developed subcutaneously in the right flank,
were treated with L. lactisthsTRAIL+) or L. lactis(“empty” vector) bacteria given by
intratumor injections. In parallel, the potential enhancement of anti-tumor activity was
evaluated by co-treatment of animals with bacteria and MetF, applied orally. A detailed
scheme of the experiment, including treatment arms and a therapy-timeline is presented
in Figure 4. Tumor growth was monitored three times a week by two-dimensional caliper
measurements. As indicated in Figure 5a, in the mock control group receiving intratumor
injections of the vehicle only, HCT116-tumors grew exponentially, increasing their size by
9.1-fold during the experiment. The tumor size was also increased in the mice receiving
control bacteria (L. lactis(“empty” vector)), with the final 7.8-fold increase, documenting a
lack of anti-tumor activity of the L. lactis NZ9000 strain by itself. Contrary, intratumor
injections of 1 x 10° c.f.u. of L. lactis(hsTRAIL+) or monotherapy with MetF given orally,
significantly retarded the tumor growth, when compared to the mock control (p < 0.001,
both) (Figure 5a, in black). In the L. lactisthsTRAIL+) + MetF co-treated group, the tumor
growth was inhibited the most, as compared to the control group (p < 0.001). Comparison
of the tumor growth in the groups with monotherapies and combined therapy supported
the enhancement of anti-tumor effect by joined action of MetF and hsTRAIL (in orange:
MetF vs. MetF + L. lactisthsTRAIL+), p < 0.05; in green: L. lactis(hsTRAIL+) vs. MetF + L.
lactis(hsTRAIL+), p <0.05).
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Figure 4. Therapy-scheme in NOD-SCID mice with subcutaneous human CRC tumors: (a)
Experimental groups. Subcutaneous tumors of human CRC were developed by implantation of 1.5
x 106 of HCT116 cells in NOD-SCID mice in the right flank. Three weeks later, animals were divided
into five experimental groups (1 = 7/group) and the treatment was started (“Day 0”), according to
the following schedule: Group I (Mock control) —intratumor injections of the vehicle (PBS + ZnSOs
+ aprotinin+ nisin; see Materials and Methods); Group II (negative control) —intratumor injections
of L. lactis(“empty” vector); Group III—intratumor injections of L. lactis(thsTRAIL+); Group IV —
intratumor injections of the vehicle and MetF (125 mg/kg, gastric gavage); Group V—combined
therapy with L. lactisthsTRAIL+) (intratumor) and MetF (125 mg/kg, gastric gavage). All intratumor
solutions were supplemented with nisin at a dose of 50 ng/mL; (b) Timeline of the experiment. The
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subcutaneous tumors were monitored for 26 days from the beginning of treatment (“Day 0”) by
external caliper measurements three times a week. All intratumor injections were performed twice
a week for four consecutive weeks and on the last day of the experiment (arrows) to further examine
hsTRAIL production within the tumor. After 1 h of the last intratumor treatment, animals were
sacrificed and subcutaneous tumors were excised for further analyses. MetF was administered in
Group IV and V via gastric gavage, five times/week for four following weeks.

Similar observations were made when the tumor growth in each group of mice was
compared to the therapy with control bacteria (Figure 5a, in grey). These findings together
indicate enhancement of anti-tumor action of hsTRAIL by MetF in vivo in subcutaneous
model of CRC.

During the experiment, the subcutaneous tumors were also analysed
macroscopically. On day 19th the appearance of extensive tumor necrotic areas was
noticed in two groups of animals receiving intratumor injections of L. lactis(hsTRAIL+)
bacteria with and w/o MetF (Figure 5b). Induction of CRC cell death in these groups by in
vivo delivery of hsTRAIL was further confirmed by histological analysis of the resected
tumors after H&E staining (Figure 5c). The areas of necrotic cells were also detected in
tumor-sections from the animals treated with the control bacteria or MetF only, but these
were much less pronounced and not detected macroscopically (Figures 5b,c).
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Figure 5. Anti-tumor activity of intratumorally administered L. lactisthsTRAIL+) bacteria and MetF, given by gastric
gavage: (a) Monitoring of the tumor size during the experiment. Tumor size was examined three times per week by
external caliper measurements and calculated as described in Materials and Methods. Changes in the tumor size (y axis)
are shown after normalization to the first day of the experiment (“Day 0”, designated as 100%). The arrows indicate time
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points of the treatment—each point indicates the mean value for n = 7 animals + SEM. Statistical analysis was performed
using two-way ANOVA test, with Tukey’s multiple comparisons post-hoc test. * p <0.05, *** p <0.001. Differences against
the mock control group were marked in black, to the vector ctrl group was marked in grey; while comparison between
MetF vs. co-tretament group or L. lactis(hsTRAIL+) vs. co-treatment group was marked in orange or green, respectively;
(b) Macroscopical changes in subcutaneous HCT116-tumors after the treatments. The photos show representative tumors
in animals from individual experimental groups, taken on day 19 of the experiment; (c) Histological analysis of
subcutaneous tumors and quantification of the necrotic areas (H&E staining). Yellow dashed line denotes the area, which
was further magnified to indicate the presence of cancer cells with condensed nuclei, characteristic for apoptosis (photo
in the yellow frame). N —necrotic area; arrow —“border” of the viable tumor cells. Scale bar: 500 pum. Table —results of the
necrotic area quantification (for details see Materials and Methods).

Negative ctrl L laclis("emply” vector)

To confirm the survival of L. lactis(hsTRAIL+) bacteria within the subcutaneous CRC
tumors, in the next step we performed PCR analysis for hsTRAIL-cDNA on bacterial
colonies isolated from the tumor tissues. Aseptically excised tumors were homogenised
and plated onto M17 agar plates in the presence of Cm as a selection agent (Figure 6a).
The PCR analysis of plasmids isolated from randomly picked bacterial colonies clearly
demonstrated that the bacteria within the HCT116-tumors are carriers of human TRAIL-
cDNA (Figure 6b). Parallel IHC staining identified intratumor location of hsTRAIL
secreted by L. lactisthsTRAIL+) (Figure 6¢, Figure S5). Co-treatment of mice with MetF,
administered orally by gastric gavage, did not affect the intratumor expression of
hsTRAIL (Figure 6c, Figure S6). Simultaneously, IHC staining of tumors from other
experimental groups, indicated no signal for human TRAIL (Figure 6c). The secretion of
hsTRAIL within the tumor was safe for the treated animals (assessed by the regular meas-
urements of the animal body weight, Figure S7).
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Figure 6. L. lactis(hsTRAIL+) bacteria survival within subcutaneous tumors and intratumor location of hsTRAIL produced
by the injected bacteria: (a) Subcutaneous tumors were excised, homogenized and inoculated on plates containing M17
agar medium with Cm10 as a selection agent. Plasmids isolated from randomly picked bacterial colonies were subjected
to PCR analysis, using the primers specific for hsTRAIL-cDNA sequence insert (438 bp; arrow); (b)Results from
electrophoresis of PCR products are shown. Legend: M—size marker (bp); Ctrl+—positive control (details in Materials
and Methods); (c) IHC staining of tumor sections for hsTRAIL protein. Representative photos of paraffin-embedded slides
of tumors subjected to IHC analysis for detection of intratumor presence of human TRAIL are shown (brown spots). Scale
bar: 100 um. White dashed lines denote areas that were subsequently magnified (200%) and corrected for light intensity,
sharpness/crispiness, and contrast (with the same parameters for all magnified areas; for better quality presented also in

Figures S5 and S6).

4. Discussion

For many years TRAIL has been considered as a possible “holy grail” of anticancer
therapy, due to its ability to induce apoptosis selectively in many types of cancer cells [49-
52]. However, a short biological half-life in human plasma after intravenous
administration led to the disappointing, low anti-tumor efficacy of rhTRAIL (Dulanermin)
[53]. In addition, many cancer cells turned out to be resistant to TRAIL-induced apoptosis
[54]. Thus, number of studies have been looking for the novel formulations of TRAIL
(extensively reviewed by de Miguel et al. [55]) or TRAIL-based co-therapies with agents
sensitizing tumor cells to its activity [30-32,36,37,56-58]. Here, to extend the time of
TRAIL activity at the tumor site, we propose a local delivery and secretion of hsTRAIL by
genetically modified L. lactis bacteria. Furthermore, to overcome the problem of cancer
cell resistance to TRAIL, we propose a combined therapy model, consisting of L.
lactis(hsTRAIL+) bacteria and metformin, as the TRAIL-potentiating agent [30].

Previously we have designed hsTRAIL-secreting L. lactis bacteria and have shown
that such bacteria can effectively produce and secrete biologically active protein upon
induction with nisin [41]. In this study we evaluated the role of L. lactis(hsTRAIL+)
bacteria as carriers for hsTRAIL in different experimental setup of human CRC, including
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co-cultures of bacteria with cancer cells in vitro and subcutaneous in vivo CRC mouse
model of human xenograft. In the case of in vitro studies, the cytotoxic effect of hsTRAIL-
producing L. lactis bacteria, mediated by the binding of secreted hsTRAIL to its death-
receptors DR4 and DR5 expressed on the surface of CRC cells and induction of apoptosis
was demonstrated. While direct secretion of hsTRAIL in a co-culture system was cytotoxic
to CRC cells, it did not affect viability of normal colon epithelium. This result is consistent
with our previously published data on hsTRAIL treatment of human cardiac fibroblasts
[41], confirming its safety for normal cells. A slightly different tendency in elimination of
CRC cells by hsTRAIL was observed in the 3D HCT116-tumorsphere model. In cancer
research, the in vitro spherical models are considered as a link between cancer cell line 2D
cultures and animal in vivo models [59-61]. Depending on the type, they can mimic
particular tumor-related parameters, such as cell heterogeneity, hypoxia or expansion
[61]. In this study we showed, that the supernatant from L. lactis(hsTRAIL+) bacteria, or
the bacteria added directly to the culture of HCT116-tumorspheres, strongly affected their
morphology and led to their elimination (opposite to standard culture medium, where
extensive proliferation of the cancer cells and formation of large spheres, were observed).
However, the increase in hsTRAIL concentration did not correlate with further
elimination of HCT116-spheres, as was detected for HCT116 cells growing in a monolayer
[41]. Similar discrepancy was observed in other studies using spherical cancer models,
e.g., Chandrasekaran et al. showed that the breast cancer cell lines MCF7 and BT20, after
forming 3D tumor spheroids, were more resistant to TRAIL-mediated apoptosis [62].
Similarly, Vérsmann et al. showed resistance of melanoma cell spheroids to TRAIL, while
the same cells grown in a monolayer were sensitive to TRAIL-induced apoptosis [63].
These observations were explained by changes in the expression level of TRAIL
receptors—DR4 and DR5—as a consequence of hypoxia in the spheroid culture [62].
However, the tumor spheres belong to spherical cancer model with different
characteristics than spheroids, including lack of hypoxia [61]. Our data suggest, that
hsTRAIL may affect the clonal proliferation of cancer cells at their very early stage, while
more investigations are needed to clarify the mechanism of this observation.

Interactions of hsTRAIL with its death receptors DR4 and DR5 is crucial for induction
of apoptosis via an extracellular pathway. Therefore, to assess if anti-tumor activity of
bacteria-secreted hsTRAIL is the result of its interactions with death receptors, we
analysed the expression of DR4 and DR5 on the surface of untreated HCT116 cells. Flow
cytometry analysis confirmed that HCT116 cells express both types of the receptors.
Interestingly, an average expression of DR4 was 15.63%, while DR5 was present on the
surface of 99.8% of HCT116 cells. However, their expression on the surface of CRC cells
may not be an indicator of their affinity to TRAIL, nor may correlate with their role in the
induction of apoptosis [52]. As further analysis of the role of binding of L.
lactis(hsTRAIL+)-derived hsTRAIL to these receptors and their contribution in the
induction of HCT116 cell apoptosis goes beyond the scope of this study, we have used a
cocktail of antibodies blocking both receptors and showed their involvement in the
hsTRAIL induced death of HCT116 cells (Figure S3).

The anti-tumor action of hsTRAIL-producing bacteria was further confirmed in vivo
in subcutaneous model of human CRC xenografts, where L. lactis(hsTRAIL+) bacteria
were administered intratumorally. L. lactis bacteria are facultative anaerobes and
therefore, after intratumor administration continue growing in the tumor tissue. In this
study we have proven that genetically modified L. lactis bacteria maintain their metabolic
activity within the tumor, resulting in the local production of human recombinant protein
inside the tumor mass. Secreted hsTRAIL significantly reduced the growth of HCT116-
tumor within 7 days after the first administration of bacteria. So far, the intratumor
delivery of TRAIL has been tested using modified Escherichia coli [27] or Salmonella
typhimurium [28,29,64], both having an ability to colonize solid tumors [65,66]. In
subcutaneous model of human lung cancer, E. coli bacteria, genetically modified to secrete
human TRAIL, completely inhibited the growth of H460-tumors [27]. Delivery of TRAIL
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by S. typhimurium was examined in subcutaneous models of breast cancer [28], gastric
cancer [64] and melanoma [29]. However, when S. typhimurium was tested in Phase I
clinical trial covering the group of 24 patients with metastatic melanoma and one renal
cancer patient, the expected bacterial accumulation in the tumor, following intravenous
injection of the attenuated bacteria was demonstrated in three patients only [67].
Moreover, in all patients the progression of disease occurred, and one of the crucial side
effects was bacteraemia [67]. Instead, L. lactis bacteria can serve as a promising vector for
bio-delivery of therapeutic proteins in humans [68-75]. With its Generally Regarded As
Safe (GRAS) status and common use as probiotics, L. lactis might be a valuable vehicle
especially in the treatment of gut diseases. This was already proven in clinical trial of
inflammatory bowel disease (IBD) treatment where L. lactis, as first genetically modified
microorganism, was used for delivery of rhIL-10 [38]. The potential application of L.
lactis(hsTRAIL+) bacteria for oral treatment of orthotopically developed human CRC in a
mouse model is a subject of our next study (manuscript in preparation).

In the case of HCT116 subcutaneous mouse tumors treated with intratumor injections
of TRAIL, cancer cell apoptosis was already documented [50]. In this study, intratumor
delivery of hsTRAIL-producing bacteria led also to development of visible necrotic areas
of the tumor. Approximately 1.5-times less necrotic area was observed after H&E staining
of the tumor sections in the animals treated with L. lactis(“empty” vector) bacteria. The
anticancer action of L. lactis, towards different cancer cell lines in vitro, including human
CRC, has been suggested by Han et al. [76]. In our studies, however we did not observe
any significant cytotoxic effect of L. lactis(“empty” vector) bacteria to human CRC cells,
both in a co-culture and after treatment of HCT116 cells with the supernatant from the
control bacteria broth culture (this study and [41]). Moreover, the observed level of tumor
necrosis in vivo was not accompanied by the retardation of the tumor growth. Therefore,
we ruled out the role of L. lactis bacteria growth within the tumor, as a major in elimination
of cancer cells. In contrast, the observed necrosis in this group could be explained as a
result of intensive cancer cells proliferation in highly hypoxic conditions, further
enhanced by additional “delivery” of lactic acid [77]. Furthermore, microscopically-
assessed necrotic areas after the treatment with L. lactis (hsTRAIL+) in monotherapy vs. in
combination with MetF was not fully consistent with the results from the measurements
of the tumor growth, suggesting a role of other mechanism involved, such as cancer cell
proliferation rate within the tumor mass, as the impact of MetF on the proliferative
capacity of cancer cells, including CRC, has been shown both in vitro and in vivo [78-81].
Another option is that the observed necrosis is secondary due to the lack of sufficient
elimination of apoptotic cells within the tumor mass. This hypothesis is further supported
by the presence of groups of cells with condensed nuclei, typical for apoptosis, observed
in the sections of the tumors from L. lactis(hsTRAIL+) + MetF co-treated mice (Figure 5).

Considering the sensitivity threshold of HCT116 cells to hsTRAIL, we subsequently
tested drugs, which were expected to enhance elimination of CRC cells in vivo. Although,
based on in vitro data the combination of 5-FU or CPT-11 with L. lactis(hsTRAIL+) bacteria
might lead to the reduction of the chemotherapy dose and in consequence, to the
reduction of the side effects in the clinic, it has been proven that cancer cells can become
resistant to chemotherapeutics, including 5-FU and CPT-11, during the treatment.
Moreover, these combinations turned out to be not highly effective in clinical trials using
TRAIL combined with FOLFIRI regimen (with or without
Bevacizumab)/Cetuximab/Irinotecan—NCT00671372, NCT00873756). With this in mind,
and based on in vitro testing, an antidiabetic drug—MetF—was chosen for the co-
treatment with hsTRAIL-secreting L. lactis bacteria. The interest in MetF as a potential
anticancer drug began in 2005, when Evans et al. published results, suggesting that type
II diabetes patients treated with MetF showed a lower risk of cancer development [45].
Further, more specific epidemiological studies also confirmed a lower risk of CRC
development with MetF-treated diabetes [46—48], while Higurashi et al. recently showed
a preventive effect of MetF on metachronous colorectal adenoma/polyp formation in
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patients with high-risk of adenoma occurrence [82]. The mechanism of anti-tumor action
of MetF is still unclear, but in vitro and in vivo studies suggest that MetF suppresses
cancer development via inhibition of mitochondrial complex I, thus affecting oxidative
phosphorylation in cancer cells [83-85]. Other results indicated that metformin increased
the apoptotic rate of different cancer cells via ER stress-associated mechanisms [86,87].

Our data, however, show discrepancy in effectiveness of MetF in in vitro and in vivo
settings. Although we have no formal proof, we can speculate that this observation may
be due to differences both in MetF pharmacokinetics and metabolism of HCT116 cells in
cell culture vs. tumor tissue. Both issues are related to the presence (or lack) of other cell
types, tissue architecture, vascularization, concentration of nutrients and other factors.
Because nutrients and growth factors are in “supraphysiological” concentrations in the
cell culture media when compared to the tumor tissue, in fact they could reduce the
HCT116 cancer cell sensitivity to MetF in vitro. Actually Birsoy et al. showed the
importance of glucose concentration in sensitivity of cancer cells to biguanides [88],
supporting this scenario. MetF has also been shown to restore the sensitivity of human
CRC cell lines for TRAIL in vitro via degradation of antiapoptotic Mcl-1 protein, a member
of the Bcl-2 family [30] and turned out to be very promising also in combination with
immunotherapy with check-point inhibitors [89,90].

Here, the co-treatment of subcutaneous CRC-bearing NOD-SCID mice with L.
lactis(hsTRAIL+) bacteria and MetF significantly retarded the tumor growth. However,
the co-treatment with MetF and L. lactis(hsTRAIL+) resulted in far less effectiveness,
without reaching a statistical significance, comparing to the results from in vitro studies.
This might be due to the relatively low TRAIL production in the tumor mass detected by
IHC, affecting the overall results of such a therapy. This however may be overcome in the
future studies using, not-available at the time of this research, plasmid vectors, allowing
to obtain a constitutive expression and secretion of the human proteins in L. lactis bacteria,
without the need for induction (MoBiTec).

In our study, MetF was administered once a day by gastric gavage. The choice for
oral administration of MetF was based on the results obtained by Dowling et al., who
analysed MetF pharmacokinetics in HCT116 xenograft-bearing NOD-SCID mice [44].
While intraperitoneal (i.p.) injection of MetF resulted in only partial delivery of the drug
to the tumor mass, its administration in drinking water led to continual uptake of MetF to
the xenograft. In consistence, Chandel et al. showed that oral dosing of MetF resulted in a
higher concentration of the drug in the tumor, when compared to its i.p. administration
[91]. Regarding intratumor injection as another option for MetF administration, the study
by Iliopoulos et al. on breast cancer-xenografts demonstrated, that oral delivery of MetF
is equally effective in tumor regression as its injection near the tumor site [92]. Lastly, this
route for MetF administration would be of relevance in case of the CRC patients treatment
with L. lactis(hsTRAIL+) bacteria, given orally. The potential relevance of such combined
therapy is a subject of our next study using mouse model of orthotopically developed
human CRC.

5. Study Limitations

The major limitation of our therapy model presented in this paper is the use of
immunocompromised NOD-SCID mice, enabling for examination of the efficacy of L.
lactis-secreted hsTRAIL in “human system”, however at the same time, not allowing to
assess the complex immune interactions between the tumor and its environment,
including tumor infiltrating lymphocytes. The other limitation could be the lack of group
of mice, receiving intratumor treatment with L. lactis(“empty” vector) bacteria and MetF
via gastric gavage. Although we did not observe any significant difference in elimination
of the tumor mass between the group of mice receiving monotherapy with L.
lactis(“empty” vector) and treated with the vehicle, such a group would additionally
support our results of joined effect of hsTRAIL and MetF in vivo.
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6. Conclusions

To the best of our knowledge, this is the first study providing that L. lactis bacteria,
harbouring a plasmid with hsTRAIL-cDNA are able for local secretion of biologically
active hsTRAIL within the tumor in subcutaneous model of human CRC. This is also the
first study providing evidence on the enhancing effect of MetF, given orally, on the anti-
tumor activity of hsTRAIL acting locally in the tumor mass.

Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/cancers13123004/s1. Figure S1: Flow-chart indicating particular
stages of the study, including most relevant tasks; Figure S2: Optimized growth conditions for L.
lactis(hsTRAIL+) bacteria, based on the nisin-controlled gene expression system (NICE®); Figure S3:
Cytotoxicity of L. lactis-derived hsTRAIL against SW480 colon cancer cells in a direct co-culture
model of CRC cell line with bacteria; Figure S4: Anti-tumor activity of L. lactis(hsTRAIL+)-derived
hsTRAIL is mediated by its death receptors. (a) Surface expression of DR4 and DR5 by HCT116 cells,
(b) Viability of HCT116 cells after blocking of TRAIL receptors, (c) Apoptosis of HCT116 cells after
blocking of TRAIL receptors; Figure S5: Representative IHC staining of HCT116-tumors for
hsTRAIL after the treatment with L. lactis(hsTRAIL+) bacteria; Figure S6: Representative THC
staining of HCT116-tumors for hsTRAIL after the treatment with MetF + L. lactis(hsTRAIL+)
bacteria; Figure S7: Safety of the intratumor treatment with L. lactis bacteria expressing hsTRAIL
(animal body-weight change analysis).

Author Contributions: Conceptualization: J.B., ].W., K.K.; methodology and formal analysis: K.K.,
JW., KW, results interpretation: K.K,, J.W., J.B.; writing—original draft preparation: KK,
writing —review and final editing: J.B., K K., JJW., M.S,; funding acquisition—].B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science Centre in Poland (GA no.
UMO2014/15/B/NZ5/03484 to J.B.). The APC was covered by “CANCER” project (GA no. 777682)
under the European Union’s Horizon 2020 Marie Sklodowska-Curie Research and Innovation Staff
Exchange programme (RISE).

Institutional Review Board Statement: The study was conducted according to Polish law and were
approved by the local Jagiellonian University Ethical Committee (licence no: 99/2018, 145/2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article (and
supplementary material).

Acknowledgments: We would like to thank Ela Kotaczkowska, Department of Hematology,
Institute of Zoology and Biomedical Sciences, Jagiellonian University in Krakow for her expertise
and skillful microscopic image analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Arnold, M.; Abnet, C.C.; Neale, R.E.; Vignat, J.; Giovannucci, E.L.; McGlynn, K.A.; Bray, F. Global Burden of 5 Major Types of
Gastrointestinal Cancer. Gastroenterology 2020, 159, 335-349.e15, doi:10.1053/j.gastro.2020.02.068.

2. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Dyba, T.; Randi, G.; Bettio, M.; Gavin, A.; Visser, O.; Bray, F. Cancer incidence and
mortality patterns in Europe: Estimates for 40 countries and 25 major cancers in 2018. Eur. J. Cancer 2018, 103, 356-387,
doi:10.1016/j.ejca.2018.07.005.

3. Jasperson, KW.; Tuohy, T.M.; Neklason, D.W.; Burt, R W. Hereditary and Familial Colon Cancer. Gastroenterology 2010, 138,
2044-2058, doi:10.1053/j.gastro.2010.01.054.

4. Lao, V.V, Grady, W.M. Epigenetics and colorectal cancer. Nat. Rev. Gastroenterol. Hepatol. 2011, 8, 686700,
doi:10.1038/nrgastro.2011.173.

5. Bagnardi, V.; Blangiardo, M.; La Vecchia, C.; Corrao, G. A meta-analysis of alcohol drinking and cancer risk. Br. . Cancer 2001,
85, 1700-1705, doi:10.1054/bjoc.2001.2140.

6. Na, HK,; Lee, ].Y. Molecular basis of alcohol-related gastric and colon cancer. Int. J. Mol. Sci. 2017, 18, d0i:10.3390/ijms18061116.

7. Singh, P.N.; Fraser, G.E. Dietary risk factors for colon cancer in a low-risk population. Am. J. Epidemiol. 1998, 148, 761-774,
doi:10.1093/oxfordjournals.aje.a009697.

8. Nystrom, M.; Mutanen, M. Diet and epigenetics in colon cancer. World J. Gastroenterol. 2009, 15, 257-263, d0i:10.3748/wjg.15.257.



Cancers 2021, 13, 3004 22 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Shaw, E.; Farris, M.S.; Stone, C.R.; Derksen, J.W.G.; Johnson, R.; Hilsden, R.J.; Friedenreich, C.M.; Brenner, D.R. Effects of
physical activity on colorectal cancer risk among family history and body mass index subgroups: A systematic review and meta-
analysis. BMC Cancer 2018, 18, doi:10.1186/s12885-017-3970-5.

Gillen, C.D.; Andrews, H.A.; Prior, P.; Allan, RIN. Crohn’s disease and colorectal cancer. Gut 1994, 35, 651-655,
doi:10.1136/gut.35.5.651.

Karpinski, T.M. Role of oral microbiota in cancer development. Microorganisms 2019, 7, doi:10.3390/microorganisms7010020.
Wang, T.; Cai, G,; Qiu, Y.; Fei, N.; Zhang, M.; Pang, X.; Jia, W.; Cai, S.; Zhao, L. Structural segregation of gut microbiota between
colorectal cancer patients and healthy volunteers. ISME ]. 2012, 6, 320-329, d0i:10.1038/isme;j.2011.109.

EkIof, V.; Lofgren-Burstrom, A.; Zingmark, C.; Edin, S.; Larsson, P.; Karling, P.; Alexeyev, O.; Rutegard, J.; Wikberg, M.L.;
Palmqvist, R. Cancer-associated fecal microbial markers in colorectal cancer detection. Int. ]. Cancer 2017, 141, 2528-2536,
doi:10.1002/ijc.31011.

Mima, K.; Nishihara, R.; Qian, Z.R.; Cao, Y.; Sukawa, Y.; Nowak, J.A.; Yang, J.; Dou, R.; Masugi, Y.; Song, M.; et al.
Fusobacterium nucleatum in colorectal carcinoma tissue and patient prognosis. Gut 2016, 65, 1973-1980, doi:10.1136/gutjnl-
2015-310101.

Chung, L.; Thiele Orberg, E.; Geis, A.L.; Chan, J.L.; Fu, K.; DeStefano Shields, C.E.; Dejea, C.M.; Fathi, P.; Chen, J.; Finard, B.B.;
et al. Bacteroides fragilis Toxin Coordinates a Pro-carcinogenic Inflammatory Cascade via Targeting of Colonic Epithelial Cells.
Cell Host Microbe 2018, 23, 203-214.e5, d0i:10.1016/j.chom.2018.01.007.

Vinderola, G.; Perdigén, G.; Duarte, J.; Farnworth, E.; Matar, C. Effects of the oral administration of the exopolysaccharide
produced by Lactobacillus kefiranofaciens on the gut mucosal immunity. Cytokine 2006, 36, 254-260,
doi:10.1016/j.cyto.2007.01.003.

Rafter, J.; Bennett, M.; Caderni, G.; Clune, Y.; Hughes, R.; Karlsson, P.C.; Klinder, A.; O'Riordan, M.; O’Sullivan, G.C.; Pool-
Zobel, B.; et al. Dietary synbiotics reduce cancer risk factors in polypectomized and colon cancer patients. Am. |. Clin. Nutr.
2007, 85, 488-496, d0i:10.1093/ajcn/85.2.488.

Liang, S.; Xu, L.; Zhang, D.; Wu, Z. Effect of probiotics on small intestinal bacterial overgrowth in patients with gastric and
colorectal cancer. Turkish J. Gastroenterol. 2016, 27, 227-232, doi:10.5152/tjg.2016.15375.

American Cancer Society Treating Colorectal Cancer Available online:
https://www.cancer.org/content/dam/CRC/PDF/Public/8607.00.pdf (accessed on 1 April 2020).

de Gramont, A.; Figer, A.; Seymour, M.; Homerin, M.; Hmissi, A.; Cassidy, J.; Boni, C.; Cortes-Funes, H.; Cervantes, A.; Freyer,
G.; et al. Leucovorin and fluorouracil with or without oxaliplatin as first-line treatment in advanced colorectal cancer. J. Clin.
Oncol. 2000, 18, 2938-2947, d0i:10.1200/JC0O.2000.18.16.2938.

Boige, V.; Mendiboure, J.; Pignon, J.P.; Loriot, M.A.; Castaing, M.; Barrois, M.; Malka, D.; Trégouét, D.A.; Bouché, O.; Le Corre,
D.; et al. Pharmacogenetic assessment of toxicity and outcome in patients with metastatic colorectal cancer treated with LV5FU2,
FOLFOX, and FOLFIRI: FFCD 2000-05. J. Clin. Oncol. 2010, 28, 2556-2564, d0i:10.1200/JC0O.2009.25.2106.

Glimelius, B. Benefit-risk assessment of irinotecan in advanced colorectal cancer. Drug Saf. 2005, 28, 417-433,
d0i:10.2165/00002018-200528050-00005.

Van Der Jeught, K.; Xu, H.C; Li, Y.J.; Lu, X.-B.; Ji, G. Drug resistance and new therapies in colorectal cancer. World J.
Gastroenterol. 2018, 24, 3834-3848, doi:10.3748/wjg.v24.i34.3834.

Huyghe, N.; Baldin, P.; Van Den Eynde, M. Inmunotherapy with immune checkpoint inhibitors in colorectal cancer: What is
the future beyond deficient mismatch-repair tumours? Gastroenterol. Rep. 2020, 8, 11-24, d0i:10.1093/gastro/goz061.

Piawah, S.; Venook, A.P. Targeted therapy for colorectal cancer metastases: A review of current methods of molecularly targeted
therapy and the use of tumor biomarkers in the treatment of metastatic colorectal cancer. Cancer 2019, 125, 41394147,
d0i:10.1002/cncr.32163.

Evans, ].P.; Sutton, P.A.; Winiarski, B.K.; Fenwick, S.SW.; Malik, H.Z.; Vimalachandran, D.; Tweedle, E.M.; Costello, E.; Palmer,
D.H.; Park, B.K,; et al. From mice to men: Murine models of colorectal cancer for use in translational research. Crit. Rev. Oncol.
Hematol. 2016, 98, 94-105, doi:10.1016/j.critrevonc.2015.10.009.

Zhang, H.Y.; Man, ].H,; Liang, B.; Zhou, T.; Wang, C.H.; Li, T; Li, H.Y.; Li, W.H,; Jin, B.F.; Zhang, P.J; et al. Tumor-targeted
delivery of biologically active TRAIL protein. Cancer Gene Ther. 2010, 17, 334-343, doi:10.1038/cgt.2009.76.

Ganai, S.; Arenas, R.B.; Forbes, N.S. Tumour-targeted delivery of TRAIL using Salmonella typhimurium enhances breast cancer
survival in mice. Br. |. Cancer 2009, 101, 1683-1691, doi:10.1038/sj.bjc.6605403.

Chen, J.; Yang, B.; Cheng, X; Qiao, Y.; Tang, B.; Chen, G.; Wei, J.; Liu, X.; Cheng, W.; Du, P.; et al. Salmonella-mediated tumor-
targeting TRAIL gene therapy significantly suppresses melanoma growth in mouse model. Cancer Sci. 2012, 103, 325-333,
doi:10.1111/j.1349-7006.2011.02147 x.

Park, S.H.; Lee, D.H.; Kim, J.L.; Kim, B.R.; Na, Y.J.; Jo, M.].; Jeong, Y.A.; Lee, S.Y.; Lee, S.I; Lee, Y.Y.; et al. Metformin enhances
TRAIL-induced apoptosis by Mcl-1 degradation via Mule in colorectal cancer cells. Oncotarget 2016, 7, 59503-59518,
doi:10.18632/oncotarget.11147.

Sugamura, K.; Gibbs, J.F.; Belicha-Villanueva, A.; Andrews, C.; Repasky, E.A.; Hylander, B.L. Synergism of CPT-11 and
Apo2L/TRAIL against two differentially sensitive human colon tumor xenografts. Oncology 2008, 74, 188-197,
doi:10.1159/000151366.



Cancers 2021, 13, 3004 23 of 25

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Galligan, L.; Longley, D.B.; McEwan, M.; Wilson, T.R.; McLaughlin, K.; Johnston, P.G. Chemotherapy and TRAIL-mediated
colon cancer cell death: The roles of p53, TRAIL receptors, and c-FLIP. Mol. Cancer Ther. 2005, 4, 2026-2036, d0i:10.1158/1535-
7163.MCT-05-0262.

LeBlanc, H.; Lawrence, D.; Varfolomeev, E.; Totpal, K.; Morlan, J.; Schow, P.; Fong, S.; Schwall, R.; Sinicropi, D.; Ashkenazi, A.
Tumor-cell resistance to death receptor-induced apoptosis through mutational inactivation of the proapoptotic Bcl-2 homolog
Bax. Nat. Med. 2002, 8, 274-281, d0i:10.1038/nm0302-274.

Wang, S.; El-Deiry, W.S. Requirement of p53 targets in chemosensitization of colonic carcinoma to death ligand therapy. Proc.
Natl. Acad. Sci. USA 2003, 100, 15095-15100, doi:10.1073/pnas.2435285100.

Sophonnithiprasert, T.; Mahabusarakam, W.; Watanapokasin, R. Artonin E sensitizes TRAIL-induced apoptosis by DR5
upregulation and cFLIP downregulation in TRAIL-refractory colorectal cancer LoVo cells. ]. Gastrointest. Oncol. 2019, 10, 209—
217, d0i:10.21037/jg0.2018.12.02.

Mabhalingam, D.; Carew, ].S.; Espitia, C.M.; Cool, R.H.; Giles, E.J.; De Jong, S.; Nawrocki, S.T. Heightened JNK activation and
reduced XIAP levels promote TRAIL and sunitinib-mediated apoptosis in colon cancer models. Cancers 2019, 11,
d0i:10.3390/cancers11070895.

El Fajoui, Z.; Toscano, F.; Jacquemin, G.; Abello, J.; Scoazec, J.; Micheau, O.; Saurin, J. Oxaliplatin sensitizes human colon cancer
cells to TRAIL through JNK-dependent phosphorylation of Bcl-xL. Gastroenterology 2011, 141, 663-673,
doi:10.1053/j.gastro.2011.04.055.

Braat, H.; Rottiers, P.; Hommes, D.W.; Huyghebaert, N.; Remaut, E.; Remon, J.P.; van Deventer, SJ.H.; Neirynck, S,;
Peppelenbosch, M.P.; Steidler, L. A Phase I Trial With Transgenic Bacteria Expressing Interleukin-10 in Crohn’s Disease. Clin.
Gastroenterol. Hepatol. 2006, 4, 754-759, d0i:10.1016/j.cgh.2006.03.028.

Kuipers, O.P.; Beerthuyzen, M.M.; De Ruyter, P.G.G.A.; Luesink, E.J.; De Vos, W.M. Autoregulation of nisin biosynthesis in
Lactococcus lactis by signal transduction. J. Biol. Chem. 1995, 270, 27299-27304, doi:10.1074/jbc.270.45.27299.

Kuipers, O.P.; Rollema, H.S.; Beerthuyzen, M.M.; Siezen, R.J.; de Vos, W.M. Protein engineering and biosynthesis of nisin and
regulation of transcription of the structural nisA gene. Int. Dairy ]. 1995, 5, 785-795, d0i:10.1016/0958-6946(95)00032-1.

Cia¢ma, K.; Wieckiewicz, J.; Kedracka-Krok, S.; Kurtyka, M.; Stec, M.; Siedlar, M.; Baran, J. Secretion of tumoricidal human
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) by recombinant Lactococcus lactis: Optimization of in vitro
synthesis conditions. Microb. Cell Fact. 2018, 17, doi:10.1186/s12934-018-1028-2.

Bosma, G.C.; Custer, R.P.; Bosma, M.]. A severe combined immunodeficiency mutation in the mouse. Nature 1983, 301, 527-530,
do0i:10.1038/301527a0.

Bosma, M.].; Carroll, A.M. The scid mouse mutant: Definition, characterization, and potential uses. Annu. Rev. Immunol. 1991,
9, 323-350, doi:10.1146/annurev.iy.09.040191.001543.

Dowling, R.J.O.; Lam, S Bassi, C.; Mouaaz, S.; Aman, A.; Kiyota, T.; Al-Awar, R.; Goodwin, P.J.; Stambolic, V. Metformin
Pharmacokinetics in Mouse Tumors: Implications for Human Therapy. Cell Metab. 2016, 23, 567-568,
doi:10.1016/j.cmet.2016.03.006.

Evans, ] M.M.; Donnelly, L.A.; Emslie-Smith, A.M.; Alessi, D.R.; Morris, A.D. Metformin and reduced risk of cancer in diabetic
patients. Br. Med. ]. 2005, 330, 1304-1305, d0i:10.1136/bm;j.38415.708634.F7.

Lee, M.S.; Hsu, C.C.; Wahlqvist, M.L.; Tsai, H.N.; Chang, Y.H.; Huang, Y.C. Type 2 diabetes increases and metformin reduces
total, colorectal, liver and pancreatic cancer incidences in Taiwanese: A representative population prospective cohort study of
800,000 individuals. BMC Cancer 2011, 11, doi:10.1186/1471-2407-11-20.

Zhang, Z.].; Zheng, Z.].; Kan, H.; Song, Y.; Cui, W.; Zhao, G.; Kip, K.E. Reduced risk of colorectal cancer with metformin therapy
in patients with type 2 diabetes: A meta-analysis. Diabetes Care 2011, 34, 2323-2328, doi:10.2337/dc11-0512.

Meng, F.; Song, L.; Wang, W. Metformin Improves Overall Survival of Colorectal Cancer Patients with Diabetes: A Meta-
Analysis. ]. Diabetes Res. 2017, 2017, doi:10.1155/2017/5063239.

Van Dijk, M.; Halpin-McCormick, A.; Sessler, T.; Samali, A.; Szegezdi, E. Resistance to TRAIL in non-transformed cells is due
to multiple redundant pathways. Cell Death Dis. 2013, 4, doi:10.1038/cddis.2013.214.

Ashkenazi, A; Pai, R.C,; Fong, S.; Leung, S.; Lawrence, D.A.; Marsters, S.A.; Blackie, C.; Chang, L.; McMurtrey, A.E.; Hebert,
A.; et al. Safety and antitumor activity of recombinant soluble Apo2 ligand. J. Clin. Investig. 1999, 104, 155-162,
do0i:10.1172/]C16926.

Jin, Z.; McDonald, E.R.; Dicker, D.T.; El-Deiry, W.S. Deficient tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
death receptor transport to the cell surface in human colon cancer cells selected for resistance to TRAIL-induced apoptosis. J.
Biol. Chem. 2004, 279, 35829-35839, do0i:10.1074/jbc.M405538200.

Zhang, B.; van Roosmalen, . A.M.; Reis, C.R.; Setroikromo, R.; Quax, W.J. Death receptor 5 is activated by fucosylation in colon
cancer cells. FEBS J. 2019, 286, 555-571, doi:10.1111/febs.14742.

Herbst, R.S.; Eckhardt, S.G.; Kurzrock, R.; Ebbinghaus, S.; O'Dwyer, P.J.; Gordon, M.S.; Novotny, W.; Goldwasser, M.A.;
Tohnya, T.M.; Lum, B.L.; et al. Phase I dose-escalation study of recombinant human Apo2L/TRAIL, a dual proapoptotic receptor
agonist, in patients with advanced cancer. J. Clin. Oncol. 2010, 28, 2839-2846, doi:10.1200/JC0O.2009.25.1991.

Koschny, R.; Walczak, H.; Ganten, T.M. The promise of TRAIL —Potential and risks of a novel anticancer therapy. J. Mol. Med.
2007, 85, 923-935, d0i:10.1007/s00109-007-0194-1.

De Miguel, D.; Lemke, J.; Anel, A.; Walczak, H.; Martinez-Lostao, L. Onto better TRAILs for cancer treatment. Cell Death Differ.
2016, 23, 733-747, d0i:10.1038/cdd.2015.174.



Cancers 2021, 13, 3004 24 of 25

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Hernandez, A,; Wang, Q.; Schwartz, S.A.; Evers, B.M. Sensitization of Human Colon Cancer Cells to TRAIL-Mediated Apopto-
sis. J. Gastrointest. Surg. 2001, 5, 5665, d0i:10.1016/51091-255X(01)80014-7.

Pennarun, B.; Kleibeuker, J.H.; Van Ek, W.B.; Kruyt, F.A.; Hollema, H.; De Vries, E.G.; De Jong, S. Targeting FLIP and Mcl-1
using a combination of aspirin and sorafenib sensitizes colon cancer cells to TRAIL. J. Pathol. 2013, 229, 410421,
doi:10.1002/path.4138.

Zhang, B.; Liu, B.; Chen, D.; Setroikromo, R.; Haisma, H.].; Quax, W.]. Histone deacetylase inhibitors sensitize TRAIL-induced
apoptosis in colon cancer cells. Cancers 2019, 11, doi:10.3390/cancers11050645.

Olejniczak, A.; Szarynska, M.; Kmie¢, Z. In vitro characterization of spheres derived from colorectal cancer cell lines. Int. J.
Oncol. 2018, 52, 599-612, d0i:10.3892/ij0.2017.4206.

O’Brien, C.A.; Pollett, A.; Gallinger, S.; Dick, J.E. A human colon cancer cell capable of initiating tumour growth in immunode-
ficient mice. Nature 2007, 445, 106-110, doi:10.1038/nature05372.

Weiswald, L.B.; Bellet, D.; Dangles-Marie, V. Spherical Cancer Models in Tumor Biology. Neoplasia 2015, 17, 1-15,
doi:10.1016/j.ne0.2014.12.004.

Chandrasekaran, S.; Marshall, ].R.; Messing, ].A.; Hsu, ].W.; King, M.R. Trail-mediated apoptosis in breast cancer cells. PLoS
ONE 2014, 9, e111487, d0i:10.1371/journal.pone.0111487.

Vérsmann, H.; Groeber, F.; Walles, H.; Busch, S.; Beissert, S.; Walczak, H.; Kulms, D. Development of a human three-dimen-
sional organotypic skin-melanoma spheroid model for in vitro drug testing. Cell Death Dis. 2013, 4, doi:10.1038/cddis.2013.249.
Cao, HD,; Yang, Y.X,; Lij, L.; Liu, S.N.; Wang, P.L.; Tao, X.H.; Wang, LJ.; Xiang, T.X. Attenuated Salmonella typhimurium
carrying TRAIL and VP3 genes inhibits the growth of gastric cancer cells in vitro and in vivo. Tumori 2010, 96, 296-303,
doi:10.1177/030089161009600218.

Christoffersen, T.E.; Hult, L.T.O.; Kuczkowska, K.; Moe, K.M.; Skeie, S.; Lea, T.; Kleiveland, C.R. In Vitro Comparison of the
Effects of Probiotic, Commensal and Pathogenic Strains on Macrophage Polarization. Probiotics Antimicrob. Proteins 2014, 6, 1-
10, d0i:10.1007/s12602-013-9152-0.

Westphal, K.; Leschner, S.; Jablonska, J.; Loessner, H.; Weiss, S. Containment of tumor-colonizing bacteria by host neutrophils.
Cancer Res. 2008, 68, 2952-2960, d0i:10.1158/0008-5472.CAN-07-2984.

Toso, J.F,; Gill, V.J.; Hwu, P.; Marincola, F.M.; Restifo, N.P.; Schwartzentruber, D.]J.; Sherry, RM.; Topalian, S.L.; Yang, ].C,;
Stock, F.; et al. Phase I study of the intravenous administration of attenuated Salmonella typhimurium to patients with meta-
static melanoma. J. Clin. Oncol. 2002, 20, 142-152, d0i:10.1200/JC0O.20.1.142.

Li, W,; Li, C.B. Effect of oral Lactococcus lactis containing endostatin on 1,2-dimethylhydrazine-induced colon tumor in rats.
World ]. Gastroenterol. 2005, 11, 7242-7247, d0i:10.3748/wjg.v11.i46.7242.

De Moreno De LeBlanc, A.; LeBlang, ].G.; Perdigén, G.; Miyoshi, A.; Langella, P.; Azevedo, V.; Sesma, F. Oral administration of
a catalase-producing Lactococcus lactis can prevent a chemically induced colon cancer in mice. J. Med. Microbiol. 2008, 57, 100—
105, doi:10.1099/jmm.0.47403-0.

Shigemori, S.; Watanabe, T.; Kudoh, K.; Ihara, M.; Nigar, S.; Yamamoto, Y.; Suda, Y.; Sato, T.; Kitazawa, H.; Shimosato, T. Oral
delivery of Lactococcus lactis that secretes bioactive heme oxygenase-1 alleviates development of acute colitis in mice. Microb.
Cell Fact. 2015, 14, doi:10.1186/s12934-015-0378-2.

Bermudez-Humaran, L.G.; Motta, ]J.P.; Aubry, C.; Kharrat, P.; Rous-Martin, L.; Sallenave, ].M.; Deraison, C.; Vergnolle, N.;
Langella, P. Serine protease inhibitors protect better than IL-10 and TGF-{ anti-inflammatory cytokines against mouse colitis
when delivered by recombinant lactococci. Microb. Cell Fact. 2015, 14, d0i:10.1186/s12934-015-0198-4.

Liu, S; Li, Y.; Deng, B.; Xu, Z. Recombinant Lactococcus lactis expressing porcine insulin-like growth factor I ameliorates DSS-
induced colitis in mice. BMC Biotechnol. 2016, 16, doi:10.1186/s12896-016-0255-z.

Berlec, A.; PerSe, M.; Ravnikar, M.; Lunder, M.; Erman, A.; Cerar, A.; étrukelj, B. Dextran sulphate sodium colitis in C57BL/6]
mice is alleviated by Lactococcus lactis and worsened by the neutralization of Tumor necrosis Factor a. Int. Immunopharmacol.
2017, 43, 219-226, d0i:10.1016/j.intimp.2016.12.027.

Carvalho, R.D.; Breyner, N.; Menezes-Garcia, Z.; Rodrigues, N.M.; Lemos, L.; Maioli, T.U.; da Gloria Souza, D.; Carmona, D.;
de Faria, AM.C,; Langella, P.; et al. Secretion of biologically active pancreatitis-associated protein I (PAP) by genetically modi-
fied dairy Lactococcus lactis NZ9000 in the prevention of intestinal mucositis. Microb. Cell Fact. 2017, 16, do0i:10.1186/s12934-017-
0624-x.

Wang, J.; Tian, M,; Li, W.; Hao, F. Preventative delivery of IL-35 by Lactococcus lactis ameliorates DSS-induced colitis in mice.
Appl. Microbiol. Biotechnol. 2019, 103, 7931-7941, doi:10.1007/s00253-019-10094-9.

Han, KJ; Lee, N.K; Park, H.; Paik, H.D. Anticancer and anti-inflammatory activity of probiotic lactococcus lactis nk34. J. Mi-
crobiol. Biotechnol. 2015, 25, 1697-1701, doi:10.4014/jmb.1503.03033.

Choi, S.Y.C.; Collins, C.C.; Gout, P.W.; Wang, Y. Cancer-generated lactic acid: A regulatory, immunosuppressive metabolite? J.
Pathol. 2013, 230, 350-355, doi:10.1002/path.4218.

Kato, K.; Gong, J.; Iwama, H.; Kitanaka, A.; Tani, ].; Miyoshi, H.; Nomura, K.; Mimura, S.; Kobayashi, M.; Aritomo, Y.; et al. The
antidiabetic drug metformin inhibits gastric cancer cell proliferation in vitro and in vivo. Mol. Cancer Ther. 2012, 11, 549-560,
d0i:10.1158/1535-7163.MCT-11-0594.

Mogavero, A.; Maiorana, M.V.; Zanutto, S.; Varinelli, L.; Bozzi, F.; Belfiore, A.; Volpi, C.C.; Gloghini, A.; Pierotti, M.A.; Gari-
boldi, M. Metformin transiently inhibits colorectal cancer cell proliferation as a result of either AMPK activation or increased
ROS production. Sci. Rep. 2017, 7, doi:10.1038/s41598-017-16149-z.



Cancers 2021, 13, 3004 25 of 25

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Xia, C,; Liu, C,; He, Z; Cai, Y.; Chen, J. Metformin inhibits cervical cancer cell proliferation by modulating PI3K/Akt-induced
major histocompatibility complex class I-related chain A gene expression. J. Exp. Clin. Cancer Res. 2020, 39, d0i:10.1186/s13046-
020-01627-6.

Sang, J.; Tang, R.; Yang, M.; Sun, Q. Metformin Inhibited Proliferation and Metastasis of Colorectal Cancer and presented a
Synergistic Effect on 5-FU. Biomed Res. Int. 2020, 2020, doi:10.1155/2020/9312149.

Higurashi, T.; Nakajima, A. Metformin and colorectal cancer. Front. Endocrinol. 2018, 9, doi:10.3389/fend0.2018.00622.

Owen, M.R,; Doran, E.; Halestrap, A.P. Evidence that metformin exerts its anti-diabetic effects through inhibition of complex 1
of the mitochondrial respiratory chain. Biochem. ]. 2000, 348, 607-614, doi:10.1042/0264-6021:3480607.

Ota, S.; Horigome, K.; Ishii, T.; Nakai, M.; Hayashi, K.; Kawamura, T.; Kishino, A.; Taiji, M.; Kimura, T. Metformin suppresses
glucose-6-phosphatase expression by a complex I inhibition and AMPK activation-independent mechanism. Biochem. Biophys.
Res. Commun. 2009, 388, 311-316, d0i:10.1016/j.bbrc.2009.07.164.

Wheaton, W.W.; Weinberg, S.E.; Hamanaka, R.B.; Soberanes, S.; Sullivan, L.B.; Anso, E.; Glasauer, A.; Dufour, E.; Mutlu, G.M,;
Scott Budigner, G.R.; et al. Metformin inhibits mitochondrial complex I of cancer cells to reduce tumorigenesis. Elife 2014, 2014,
doi:10.7554/eLife.02242.

Yang, J.; Wei, J.; Wu, Y.; Wang, Z.; Guo, Y.; Lee, P.; Li, X. Metformin induces ER stress-dependent apoptosis through miR-708-
5p/NNAT pathway in prostate cancer. Oncogenesis 2015, 4, doi:10.1038/oncsis.2015.18.

Ye, J.; Qi, L.; Chen, K,; Li, R;; Song, S.; Zhou, C.; Zhai, W. Metformin induces TPC-1 cell apoptosis through endoplasmic reticu-
lum stress-associated pathways in vitro and in vivo. Int. ]. Oncol. 2019, 55, 331-339, d0i:10.3892/ij0.2019.4820.

Birsoy, K.; Possemato, R.; Lorbeer, F.K.; Bayraktar, E.C.; Thiru, P.; Yucel, B.; Wang, T.; Chen, W.W.; Clish, C.B.; Sabatini, D.M.
Metabolic determinants of cancer cell sensitivity to glucose limitation and biguanides. Nature 2014, 508, 108-112, d0i:10.1038/na-
turel3110.

Scharping, N.E.; Menk, A.V.; Whetstone, R.D.; Zeng, X.; Delgoffe, G.M. Efficacy of PD-1 blockade is potentiated by metformin-
induced reduction of tumor hypoxia. Cancer Immunol. Res. 2017, 5, 9-16, doi:10.1158/2326-6066.CIR-16-0103.

Cha, J.H.; Yang, W.H.; Xia, W.; Wei, Y,; Chan, L.C.; Lim, S.0.; Li, CW.; Kim, T.; Chang, S.S.; Lee, H.H.; et al. Metformin Promotes
Antitumor Immunity via Endoplasmic-Reticulum-Associated Degradation of PD-L1. Mol. Cell 2018, 71, 606-620.e7,
doi:10.1016/j.molcel.2018.07.030.

Chandel, N.S.; Avizonis, D.; Reczek, C.R.; Weinberg, S.E.; Menz, S.; Neuhaus, R.; Christian, S.; Haegebarth, A.; Algire, C.; Pollak,
M. Are Metformin Doses Used in Murine Cancer Models Clinically Relevant? Cell Metab. 2016, 23, 569-570,
doi:10.1016/j.cmet.2016.03.010.

Iliopoulos, D.; Hirsch, H.A.; Struhl, K. Metformin decreases the dose of chemotherapy for prolonging tumor remission in mouse
xenografts involving multiple cancer cell types. Cancer Res. 2011, 71, 3196-3201, doi:10.1158/0008-5472.CAN-10-3471.



