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The survival of patients with non-Hodgkin’s lymphoma (NHL) has substantially improved
with current treatments. Nevertheless, the appearance of drug-resistant cancer cells
leads to patient relapse. It is therefore necessary to find new antitumor therapies that
can completely eradicate transformed cells. Chemotherapy-resistant cancer cells are
characterized by the overexpression of members of the anti-apoptotic B-cell ymphoma
2 (Bcl-2) protein family, such as Bcl-x., Bcl-2, and Mcl-1. We have recently shown that
peptides derived from the BH3 domain of the pro-apoptotic Bax protein may antagonize
the anti-apoptotic activity of the Bcl-2 family proteins, restore apoptosis, and induce
chemosensitization of tumor cells. In this study, we investigated the feasibility of releasing
this peptide into the tumor microenvironment using live attenuated Salmonella enterica,
which has proven to be an ally in cancer therapy due to its high affinity for tumor
tissue, its ability to activate the innate and adaptive antitumor immune responses, and
its potential use as a delivery system of heterologous molecules. Thus, we expressed
and released the cell-permeable Bax BH3 peptide from the surface of Salmonella
enterica serovar Typhimurium SL3261 through the MisL autotransporter system. We
demonstrated that this recombinant bacterium significantly decreased the viability and
increased the apoptosis of Ramos cells, a human B NHL cell line. Indeed, the intravenous
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Salmonella-Based Targeted NHL Therapy

administration of this recombinant Salmonella enterica elicited antitumor activity and
extended survival in a xenograft NHL murine model. This antitumor activity was mediated
by apoptosis and an inflammatory response. Our approach may represent an eventual
alternative to treat relapsing or refractory NHL.

Keywords: non-Hodgkin’s lymphoma, Salmonella enterica, cancer, Bax BH3 peptide, apoptosis, immunotherapy,

MisL autotransporter

INTRODUCTION

Cancer is a worldwide primary health problem, with an annual
mortality rate of over 8 million individuals (1). Within the
broad malignancy spectrum, non-Hodgkin’s lymphoma (NHL)
represents 90% of all lymphomas and is one of the most
frequent neoplasias in the world (1, 2). NHL arises from the
malignant transformation of immature and mature immune
cells, compromising B lymphocytes in 86% of cases, and T
and NK lymphocytes in 14% (3). Fortunately, chemotherapy,
radiotherapy, and immunotherapy have increased patient overall
survival to over 80% at 5 years (4, 5). However, complete
treatment success is limited by the development of drug
resistance, a situation with a dire prognosis and with limited
possibilities of a cure (6). It is therefore necessary to find new
antitumor therapies that can completely eradicate drug-resistant
transformed cells (7).

One of the mechanisms of drug resistance in cancer is
the modification of the genes and proteins controlling the
mitochondrial pathway of apoptosis, such as members of the
B-cell lymphoma 2 (Bcl-2) family (8, 9). This family includes
pro-apoptotic BH3-only proteins (Bid, Bim, Puma, Noxa, Bad,
Bmf, Hrk, and Bik), anti-apoptotic proteins (Bcl-2, Bcl-x1,, Bcl-
w, Mcl-1, and A1), and effector pro-apoptotic proteins (Bax, Bak,
and Bok). Overexpression of anti-apoptotic proteins such as Bcl-
2, Bcl-x1, and Mcl-1 has been associated with drug resistance
in human tumor cell lines (10-12), including NHL cells (13-
16). Structural analysis of proteins in the Bcl-2 family has
shown an interaction between them via a hydrophobic groove
formed by the BH domains (17-19), and the overexpression of
anti-apoptotic proteins promotes binding to the pro-apoptotic
effector proteins Bax or Bak and inhibits their polymerization
on the mitochondrial membrane, thus precluding the release of
cytochrome c and the initiation of apoptosis (20, 21). Interaction
of these proteins has led to the proposal of eliminating tumor
cells that are resistant to apoptosis by blocking the activity of
anti-apoptotic proteins with peptides derived from the BH3
domain of pro-apoptotic proteins such as Bak, Bax, Noxa,
and Bid that once bound to the Bcl-xi, Bcl-2, and Mcl-1
proteins, antagonizing their function (22-24). In vitro assays
using hydrophobic peptides from the BH3 domain of the proteins
Bax, Bad, and Bak, once coupled to the fusogenic peptide of the
antennapedia protein (to make them permeable to head and neck
squamous cell carcinoma tumor cells), antagonized the Bcl-xy,
and Bcl-2 activity and restored the apoptosis (25). Furthermore,
the small molecules that mimic the function of the BH3-only
proteins have been tested in clinical trials, and even the inhibitor
of Bcl-2 activity, Venotoclax/ABT-199, was recently approved by

the U.S. Food and Drug Administration (FDA) for the treatment
of chronic lymphocytic leukemia (CLL) (26, 27).

In spite of their efficacy and promising results, BH3 domain
peptides and the molecules mimicking the BH3 domain still
need to be specifically and selectively directed toward the tumor
microenvironment in order to decrease side effects. Several
strategies have been attempted to overcome this problem, so
in this study, we have suggested the use of a live attenuated
bacterial vector, Salmonella enterica serovar Typhimurium strain
SL3261, which has been proven to be an ally in the therapy
of cancer due to its high affinity for tumor tissue (28, 29), its
ability to activate the innate and adaptive antitumor immune
responses (30), and its potential use as a delivery system, since
once in the tumor microenvironment, it becomes a true factory
of heterologous molecules (31, 32). We recently demonstrated
the ability of Salmonella enterica to carry and transfer plasmids
into tumor cells (bactofection). Transferred plasmid encoding
a peptide from the BH3 domain of the pro-apoptotic Bax
protein antagonized the anti-apoptotic activity of the Bcl-2 family
proteins, restored apoptosis, and induced chemosensitization of
tumor cells (33). In this study, we evaluated the feasibility for
the cell-permeable Bax BH3 peptide [Tag peptide (T) bound to
Bax BH3 peptide (X) and the fusogenic peptide (P)] expressed
and released from the surface of Salmonella enterica serovar
Typhimurium strain SL3261 through the MisL autotransporter
system (34) (Salmonella enterica L-STXP) to promote apoptosis
signaling and the death of NHL tumor cells. Our results
demonstrated that Salmonella enterica L-STXP significantly
decreased the viability and increased apoptosis in Ramos cells,
a human B NHL cell line. Indeed, the intravenous administration
of this recombinant bacterium elicited antitumor activity and
extended survival in a murine xenograft model of human B
NHL. This antitumor activity was mediated by apoptosis and an
inflammatory response. Taken together, our results suggest that
the live attenuated Salmonella enterica serovar Typhimurium
strain SL3261 expressing and releasing cell-permeable Bax BH3
peptide through the MisL autotransporter system may represent
an eventual alternative to treat relapsing or refractory NHL.

MATERIALS AND METHODS

Molecular Modeling by Homology

To generate the model of the L-SXTP chimera [MisL
autotransporter system = L (35) (NCBI Reference Sequence
NP_462656.1), OmpT cleavage recognition site = S (34), Bax
BH3 peptide = X (25), Flag peptide = T (34), and fusogenic
peptide = P (34, 36)], we used two independent strategies and
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then chose the consensus model. On the one hand, we used an
assembly of large rigid fragments, including the entire folding,
obtained from similar structures aligned by means of their
primary and secondary sequences. This methodology cuts and
pastes fragments of the peptide skeleton of known structures
(SWISS-MODEL) (37, 38). On the other hand, we used modeling
for the satisfaction of molecular constraints extracted from
databases and similar structures aligned. This method helps
produce a set of structures for the A sequence, all of them
compatible with the restrictions observed in the templates
(MODELER) (39, 40). All subunits (L, S, X, T, and P) were
modeled separately using molecular modeling by homology.
As templates, we used three-dimensional (3-D) structures from
the PDB (http://www.rcsb.org/pdb). The MisL autotransporter
system was modeled using a library of segments that contained
structural information of the following coordinate files: 4MEE,
3KVN, 3SLJ, 3QQ2, 3AEH, 1UYN, 2QOM, 3ML3, 1DAB,
3H09—all of them with identities in sequence between 13 and
43%. The Bax BH3 peptide, coupled at OmpT peptide, was
modeled using the 3-D structure of BCL-2 in complex with a Bax
BH3 peptide (PDB code: 2XA0, 2.7 A resolution) (41) and the
Bax BH3-in-Groove dimer (PBD: 4BDU, 2.9 A resolution) (42).
The fusogenic peptide, coupled at Flag peptide, was modeled
using the 3-D coordinates deposited in the following ID PDBs:
5FN4, 61JO, and 50A1.

Geometry Optimization of the Proposed Models

Once the 3-D models were prepared, hydrogen atoms were
added, and side chain orientations were optimized through
energy minimization using the steepest descent method,
employing 2,000 cycles using the CHARMM?27 parameters found
in NAMD (43). Next, the complex was assembled and finally was
embedded in a biological membrane using the set of CHARM-
GUI programs (44, 45). The positioning in the membrane,
in terms of inclination angle and hydrophobic thickness, was
calculated using the Orientations of Proteins in Membranes
(OPM) database (46). We also obtained information on the
number of transmembrane secondary structure segments and
their composition.

Stereochemical Quality Evaluation of the Models
Coordinate files of the 3-D models were sent to MolProbity (47)
to produce a Ramachandran plot (¢ and s angles), reflecting
polypeptide chain distortion in the non-allowed region. We
also sent the coordinate files to RAMPAGE to identify side
chains with less common conformations possibly because of
local protein tension (48). The quality of the models was further
validated using two additional tools: ProQ3/ProQ3D (49, 50) and
QMEAN (51).

Bacterial Strains and Oligonucleotides

The following bacterial strains were used: Escherichia coli
strain DH5-a (E. coli DH5-a) (Gibco, BRL, Gaithersburg,
MD, USA) and Salmonella enterica serovar Typhimurium
strain SL3261, a mutant at Aro A (Salmonella enterica
SL3261) (34, 52). The employed oligonucleotide sequences
used in this study are summarized in Tablel. The

oligonucleotide sequences encoded the following peptides:
fusogenic (P, EAAAAAEAAAAAEAAAAAEAAAAA
(34, 36)], Flag [T, DYKDDDDK (34)], Bax BH3 [X,
STKKLSECLKRIGDELDSNM (25)], OmpT protease cleavage
site [S, KRPGGGGGKRGGGGGPKR (34)].

Oligonucleotide Coupling (Adapters)

The fragments encoding the peptides of interest (adapters) were
obtained by coupling 1 pMol of each initiator (forward and
reverse) with 200 LM of MgCl, in a volume of 100 pnL. The
reaction mixture was heated to 94°C for 15min and slowly
cooled to room temperature. The product of coupling contains
the encoding sequence of the peptide of interest flanked by the
restriction sites Xba I and BamH I, open to ligation without the
need for prior digestion, and the internal sites Nhe I, Sal I, Nsi I,
Xho I, in accordance with the initiator’s design (Figure 1). The
primers FP1 and FP2 give origin to the adapter that encodes
the fusogenic peptide (P), the primers BAX1 and BAX2 give
origin to the adapter that encodes the Bax-BH3 peptide (X),
the primers FLAG1 and FLAG2 give origin to the adapter that
encodes the Molecular Tag (T), and finally, the primers SCOT1
and SCOT2 give origin to the adapter that encodes the OmpT
protease cleavage site (S).

Plasmid Construction

Following the strategy previously reported by Luria-Perez et al.
(34) and Ruiz-Pérez et al. (35), the complete B domain (294
amino acids) and a mutated portion of the a domain (210
amino acids) of the MisL autotransporter were used to express
the peptides of interest on the surface of Salmonella enterica
serovar Typhimurium strain SL3261. From the amino region
toward the carboxy terminal, the following peptides were cloned:
fusogenic, to destabilize the membrane; Bax BH3, to antagonize
the activity of anti-apoptotic proteins from the Bcl-2 family; the
molecular Tag Flag, to follow the fusion proteins; and finally, the
recognition site of the OmpT protease, to release the peptides
from the bacterial surface; this peptide complex was coupled to
the mutated amino-terminal of the & domain of MisL (Aa-MisL),
followed by the f domain of the MisL (8-MisL) autotransporter.
The generated plasmids and the expected fusion proteins are
shown in Figure 1A, and the general strategy in plasmid
construction is shown in Figure 1B. Plasmid construction was
performed in the bacterium E. coli DH5-a. Briefly, the plasmid
pnirBLTBbMisL (35) was digested with the enzymes Nhe I and
BamH I, and a 1,318 bp fragment was obtained, containing
the Aa-p domain of the MisL autotransporter; this fragment
was purified and stored. The remaining fragment, pnirBLTB
(2,627 bp) was used to sequentially insert the adapter fragments
encoding the fusogenic peptide (P), the Bax-BH3(X) peptide,
the Molecular Tag Flag (T), and the cleavage site of the OmpT
protease (S). These adapters contain the external restriction sites
Xba I at position 5 and BamH I at position 3/, open and
ready to engage in ligation without the need for prior digestion,
and internal sites at position 3’ such as Nhe I, Sal I, Nsi I, or
Xho L. Thus, every plasmid adapter may be identified by the
loss of an Nhe I site and the gain of new restriction sites at
position 3'. Finally, the fragment encoding the Aa-f domain of
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TABLE 1 | Oligonucleotides used in this studly.

Name Sequence Characteristics
FP 1 5 CTAGATGCGAAGCGGCCGCTGCAGCGGAAGCCGCAGCTGCGGCAGAA  Forward. Encodes the synthetic fusogenic peptides and Xbal,
GCTGCGGCAGCCGCTGAAGCGGCTGCCGCGGCAGCTAGCGTCGACGS  Nhel, Sall, and BamH) restriction sites (underlined).
FP 2 5'GATCCGTCGACGCTAGCTGCCGCGGCAGCCGCTTCAGCGGCTGCCGCA Reverse. Encodes the synthetic fusogenic peptides and Xbal,
GCTTCTGCCGCAGCTGCGGCTTCCGCTGCAGCGGCCGCTTCGCATY Nhel, Sall, and BamH| restriction sites (underlined).
FLAG1 5 CTAGAGATTATAAAGATGACGATGACAAAGCTAGCATGCATGS' Forward. Encodes the molecular Tag Flag and Xbal, Nhe |, Nsil,
and BamH | restriction sites (underlined).
FLAG2 5’ GATCCATGCATGCTAGCTTTGTCATCGTCATCTTTATAATCTS! Reverse. Encodes the molecular Tag Flag and Xbal, Nhel, Sal |
and BamHl restriction sites (underlined).
BAX 1 5 CTAGAAGCACCAAAAAACTGAGCGAATGCCTGAAACGCATTGGC Forward. Encodes the Bax BH3 peptide and Xba |, Nhe |, Xho |,
GATGAACTGGATAGCAACATGGCTAGCCTCGAGGS and BamH | restriction sites (underlined).
BAX 2 5'GATCCCTCGAGGCTAGCCATGTTGCTATCCAGTTCATCGCC Reverse. Encodes the Bax BH3 peptide and Xba I, Nhe |, Xho |
AATGCGTTTCAGGCATTCGCTCAG GGTGCTTZ and BamH | restriction sites (underlined).
SCOT 1 5 CTAGAAAACGCCCGGGCGGTGGCGGTGGCAAACGCGG Forward. Encodes the protease OmpT cleavage site sequence
CGGTGGCGGTGGCCCGAAACGCGCTAGCGTCGACGE and Xbal, Nhe |, Sall and BamH restriction sites (underlined).
SCOT 2 5'GATCCGTCGACGCTAGCGCGTTTCGGGCCACCGCCAC Reverse. Encodes the protease OmpT cleavage site sequence

CGCCGCGTTTGCCACCGCCACCGCCCGGGCGTTTTY

and Xbal, Nhe |, Sall, and BamH| restriction sites (underlined).

the MisL autotransporter (L) is inserted. With this strategy, the
plasmid that encodes the cell-permeable Bax BH3 peptide that
can be expressed and released through the MisL autotransporter
system was constructed: pL-SXTP (encoding the Aa-B MisL, the
cleavage site of the OmpT protein, the Bax-BH3 peptide, the
molecular Tag Flag, and the fusogenic peptide), as well as the
control plasmids: pL-XT (encoding the Aa-B MisL, the Bax BH3
peptide, and the molecular Tag Flag), pL-SXT (encoding the Aa-
p MisL, the cleavage site of the OmpT protein, the Bax-BH3
peptide, and the molecular Tag Flag), pL-TP (encoding the Aa-f
MisL, the molecular Tag Flag, and the fusogenic peptide), pL-XTP
(encoding the Aa-f MisL, the Bax-BH3 peptide, the molecular
Tag Flag, and the fusogenic peptide). These plasmids gave origin
to the recombinant proteins with the same names: L-SXTP, L-
XT, L-SXT, L-TP, and L-XTP, respectively. The expression of
these recombinant proteins is controlled by the promoter nirB,
inducible in anaerobiosis (35).

Bacterial Culture and Induction Conditions
Bacterial cultures and induction conditions of the recombinant
protein were conducted with slight modifications to the
previously described methods (34). Briefly, the bacteria E. coli
DH5-a and Salmonella enterica SL3261 were transformed by
heat shock or electroporation, respectively, with the previously
described plasmids and cultured in broth or Brain Heart
Infusion (BHI) agar (Bioxon) with 100 pg/ml ampicillin at
37°C. The Salmonella enterica SL3261 strains were cultured in
medium supplemented with 0.01% 2,3 dihydroxybenzoic acid
(DHB) (Sigma-Aldrich). Considering that recombinant protein
expression requires anaerobic conditions, since it is controlled by
the induction promoter in anaerobiosis nirB, a bacterial colony
was cultured in 5ml BHI broth supplemented with DHB and
ampicillin at 37°C and shaken at 200 rpm. When an optic density
of 1.0-600 nm was obtained, 100 |1l was transferred into a 15-
ml tube with thioglycollate broth (Sigma-Aldrich) to promote
anaerobic environment, incubated for 10-12h in DHB with

ampicillin, at 37°C and shaken at 200 rpm. The recombinant
Salmonellas received the name of the recombinant protein they
express: Salmonella enterica L-SXTP, Salmonella enterica L-SXT,
Salmonella enterica L-XT, Salmonella enterica L-SXT, Salmonella
enterica L-TP, and Salmonella enterica L-XTP.

Recombinant Protein Expression

Recombinant protein expression was analyzed by Western blot
and the translocation of the recombinant proteins to the bacterial
surface by immunofluorescence and flow cytometry.

Western Blot Assays

Recombinant protein expression was analyzed with slight
modifications to the previously described techniques (34, 35).
Briefly, recombinant bacteria, after induction as previously
described, were harvested by centrifugation, and 10° bacteria
were resuspended in 100 pl loading buffer (Tris 0.5M, pH 6.8,
SDS 2%, 2-mercaptoethanol 140 mM, and bromophenol blue
0.1%) and boiled at 94°C for 15min. Recombinant proteins
were analyzed by electrophoresis on 12.0% acrylamide gels under
reduction conditions (SDS-PAGE), and the Western blots (WB)
were performed as previously described (34). Briefly, the transfer
of proteins to the nitrocellulose membrane was conducted by
semi-dry transference at 25 V and for 10 min in the Trans-Turbo
Blot System (Bio-Rad). Immunodetection of the recombinant
proteins was performed with a monoclonal antibody induced in
an anti-Flag mouse (1 mg/ml, Sigma-Aldrich), diluted 1:1,000 in
PBA 1x (1% BSA in PBS 1x). The membranes were incubated
for 2 h with the primary antibody and subsequently for 1 h with
the anti-mouse IgG-HRP secondary antibody (1 mg/ml, Abcam)
at room temperature, diluted 1:1,000 in PBA 1x. Finally, the
membranes were developed in a solution of 4-chloro-a-naphtol
(Sigma-Aldrich) in methanol-PBS 1x, pH 7.4, and hydrogen
peroxide (J.T. Baker).
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MisL
Aa-Domain

FIGURE 1 | Three-dimensional (3-D) structure of the L-SXTP recombinant protein. (A) The MisL autotransporter (L) is observed as a protein composed of two
domains. A B-barrel of 12 antiparallel chains (in yellow) and an extracellular « domain that presents to the N-terminal region a combination of several units of

secondary structure of B-strands, organized in a specific geometry of B-solenoid architecture. The domains are connected by an a-helical linker, which is embedded
within the pore of ~24 Ain diameter of the B-barrel in an extended conformation. The peptides of the fusion core consolidate an a-helical folding and are exposed in
the N-terminal region: fusogenic peptide (P) (in blue)-Molecular Tag (T) (in red)-Bax-BH3 peptide (X) (in green)-cleavage site of OmpT protease (S) (in black). (B) 3-D
structure of L-STXP embedded in a membrane model. We can observe an angle of inclination of 12° with respect to the normal of the membrane and a hydrophobic

membrane thickness of 23.8 + 1.5 A. Twelve transmembrane segments, in a configuration of antiparallel B-strands, are identified: 1 (312-316), 2 (336-343), 3
(354-362), 4 (385-392), 5 (403-412), 6 (432-443), 7 (452-463), 8 (487-499), 9 (510-520), 10 (545-553), 11 (660-565), 12 (577-584). (C) A recreation of the
internalization of the fusion core, in a DPPC membrane model, from a theoretical calculation of the membrane internalization propensity of the amino acid residues

that constitute the fusion core (data not shown).

Immunofluorescence and Flow Cytometry Assays
Recombinant protein translocation to the bacterial surface via
the MisL autotransporter was evaluated by immunofluorescence
and flow cytometry, as previously described (34, 35). Briefly, after
inducing the expression of the recombinant proteins as described
above, 10% bacteria were incubated with antibody mouse anti-
Flag FITC (1 mg/ml, Sigma-Aldrich) at a dilution of 1:100 in PBA
1x for 2 h, at room temperature, at 100 rpm, in dark conditions.
The bacterial suspension was washed in PBS 1x and resuspended
in 50 pl PBS 1x, 5 pl of which were used for fluorescent
microscopy analysis (Olympus Microscope, model IX73), and
the rest was resuspended in 450 w1l PBS 1x for flow cytometry
analysis in the CytoFLEX system (Beckman Coulter).

Cell Lines and Cell Cultures

The Ramos cell line (Burkitts lymphoma), a human B
NHL cell line, was obtained from the American Type Cell
Collection (ATCC, CRL-1923) and cultured in Advanced RPMI
1640 medium (Invitrogen), supplemented with 1% antibiotics-
antimycotics containing 10,000 U/ml penicillin G, 10 mg/ml
streptomycin, and 25 pg/ml amphotericin B and 4% fetal bovine

serum (FBS, Invitrogen). Cultures were permanently maintained
at 37°C and 5% CO,. For the infection assays, the cells
were grown with Advanced RPMI 1640 medium (Invitrogen),
supplemented with 2% FBS without antibiotics (Invitrogen).

Detection of the Anti-apoptotic Molecules
by Western Blot

The detection of the anti-apoptotic molecules was conducted
with slight modifications to the technique described by
Herndndez-Luna et al. (16). A million Ramos cells were lysed
with RIPA lysis buffer (Sigma-Aldrich) supplemented with a
cocktail of protease inhibitors (Roche). Protein quantification
was performed with the bicinchoninic acid kit by ThermoFisher
Scientific. For the Western blot, 25 g of total protein was placed
in each well, and an electrophoresis on 12% polyacrylamide-
SDS gel was performed. The proteins were then transferred to
nitrocellulose membranes (Bio-Rad) with a Trans-Turbo Blot
System by Bio-Rad (25V, 10min). For the detection of the
Bcl-x1, and Mcl-1 proteins, we used anti-Bcl-x;. and anti-Mcl-1
antibodies (Cell Signaling) induced in rabbits and diluted 1:1,000
in blocking buffer (Li-Cor), and as a secondary antibody, goat
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anti-rabbit IgG IR Dye 680 cw (Li-Cor) diluted 1:10,000 in
blocking buffer (Li-Cor). As a constitutive protein control, we
used an anti-p tubulin antibody induced in rabbit and diluted
at 1:1,000 in blocking buffer (Li-Cor). Finally, the image was
obtained and analyzed in the system for Infrared Fluorescent
Imaging, Odyssey CLx (Li-Cor).

Tumor Cell Infection With Recombinant

Salmonella Strains

Infection of tumor cells with recombinant Salmonella strains was
conducted as described by Vendrell et al. (53). Briefly, Ramos
cells were cultured in 48-well plates (500,000 cells/well) in 1 mL
of Advanced RPMI 1640 medium supplemented with 2% FBS
without antibiotic. The cells were infected at a Multiplicity of
Infection (MOI) of 100 with previously induced recombinant
bacteria. After centrifugation at 2,000 rpm for 5min to foster
the interaction between bacteria and cells, they were incubated
at 37°C and 5% CO; for 2-10 h. Subsequently they were washed
twice in base advanced RPMI 1640 medium supplemented with
gentamycin (Sigma-Aldrich) 100 pg/mL and finally resuspended
in 1 mL of advanced RPMI 1640 medium supplemented with 2%
FBS and 50 pg/mL gentamycin and used in the cellular viability
and apoptosis detection protocols. Vincristine (Sigma-Aldrich)
0.5nM diluted in injectable water was used as a positive control
in all cases; this drug is used as treatment for NHL.

Cellular Viability Assay by Trypan Blue Dye

Exclusion

The viability assays were conducted with slight modifications
to the previously described technique (53). Briefly, 500,000
Ramos cells, infected at a MOI of 100 with the previously
induced recombinant Salmonella strains expressing the peptides
of interest via the MisL autotransporter, were incubated for
2-10h at 37°C and 5% CO, and analyzed in an automated
cell counter (BioRad) to determine cell viability by trypan blue
dye exclusion (Invitrogen). Vincristine (Sigma-Aldrich) 0.5nM
diluted in injectable water was used as a positive control.

Apoptosis Assays
The in vitro apoptosis assays were analyzed by flow cytometry
and Western blot as follows:

a). Determination of Active Caspase-3 Cells and TUNEL
by Flow Cytometry. These assays were performed with
modifications to the technique described by Herndndez-Luna
et al. (16, 33). After treating the Ramos cells (500,000 cells) with
the induced recombinant Salmonella strains (MOI of 100) during
8h, cells were washed, fixed, permeabilized (Cytofix/Cytoperm,
Becton Dickinson) and stained with the anti-active caspase-
3 FITC antibody according to the FITC Active Caspase-3
Apoptosis Kit (BD Pharmingen) instructions; for the TUNEL
assay, the enzyme and substrate were added according to the
instructions of the in situ Cell Death Detection Kit, Fluorescein
(Roche, Sigma-Aldrich). Data acquisition and analysis were
performed in a CytoFLEX (Beckman Coulter) flow cytometer.

b). Determination of Caspase-3 and Cleaved PARP by
Western Blot. The detection of the apoptotic molecules was
conducted with slight modifications to the technique described

by Herndndez-Luna et al. (16). After treating the Ramos cells (6
x 10° cells) with the induced recombinant Salmonella strains
(MOI of 100) during 8h, cells were lysed with RIPA lysis
buffer (Sigma-Aldrich) supplemented with a cocktail of protease
inhibitors (Roche). Protein quantification was performed with
the bicinchoninic acid kit by ThermoFisher Scientific. For the
Western blot, 15 pg of total protein was placed in each well,
and an electrophoresis on 15% polyacrylamide-SDS gel was
performed. The proteins were then transferred to nitrocellulose
membranes (Bio-Rad) with a Trans-Turbo Blot System by Bio-
Rad (25V, 10 min). For the detection of the complete caspase-
3 and cleaved PARP proteins, we used an anti-caspase 3
(Human specific, Abcam) and anti-cleaved PARP-1 (Human
specific, Cell Signaling) antibodies induced in rabbits and
diluted 1:300 and 1:500, respectively, in blocking buffer (Li-
Cor), and as a secondary antibody, goat anti-rabbit IgG IR Dye
680 cw (Li-Cor) diluted 1:10,000 in blocking buffer (Li-Cor).
As a constitutive protein control, we used an anti-f tubulin
antibody (Abcam), induced in rabbit and diluted at 1:7,000 in
blocking buffer (Li-Cor). Finally, the image was obtained and
analyzed in the system for infrared fluorescent imaging, Odyssey
CLx (Li-Cor).

Mice

Pathogen-free, female athymic BALB/c nu/nu mice between the
ages of 6 and 8 weeks were obtained from the bioterium of the
National Institute of Medical Sciences and Nutrition Salvador
Zubiran and kept in an enriched and sterile environment in the
bioterium of the Children’s Hospital of Mexico Federico Gomez
in accordance with the local and federal regulations for the Care
and Use of Laboratory Animals. Distress and suffering were
avoided as much as possible. All procedures were supervised by a
clinical veterinarian.

Murine Xenograft Model

The development of the mouse xenograft model of the human B
NHL was performed with slight modifications to the previously
described method by Manders et al. (54). Briefly, female
athymic BALB/c nu/nu mice between 6 and 8 weeks of
age were inoculated intraperitoneally with cyclophosphamide
(100 mg/kg of body weight), and 24h Ilater, they were
anesthetized in a gas chamber with isoflurane, 100 units
(Abbott); they were then subcutaneously inoculated on the
right flank with 107 Ramos cells in a volume of 100 .l
of Opti-MEM reduced serum medium without phenol red
(Invitrogen). As soon as the tumors were visible and reached
an approximate size of 100-150 mm?> (approximately after
15 days of inoculation), mice were separated into groups of
five to evaluate the antitumor activity of the recombinant
Salmonellas. The volume of the ellipsoidal tumor was determined
with the following formula: volume = 1/6m X length X
width X height.

Antitumor Activity of the Recombinant

Salmonella Strains
These assays were performed with slight modifications to the
technique described by Nakase et al. (55). Briefly, groups of
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five mice with tumors measuring ~100-150 mm?® received

four doses in the tail vein, at intervals of 7 days, of 100 pl
with 1 x 107 CFU in PBS 1x from each of the different
previously induced recombinant Salmonella strains. The mice
were also administered with 0.6 mg/ml ampicillin in their
drinking water. Control mice received 100 il PBS 1x following
the same inoculation protocol. Tumor size was measured with
a Vernier caliper and calculated as mentioned previously.
Survival was registered daily. After 5 days of last inoculation of
recombinant Salmonella strains, the mice were euthanized, and
the tumor tissue was resected and stored for bacterial culture
and immunohistochemistry assays. Serums were collected for
inflammatory cytokine determination.

Bacterial Culture From Tumor Tissue:
Determination of Colony-Forming Units
(CFU)

To demonstrate recombinant Salmonella strains tumor targeting,
the murine xenograft model of the human B NHL was treated
with the recombinant Salmonella strains, and then the bacteria
were isolated from the tumor tissue; this procedure was
performed with slight modifications to the previously described
method by Miyake K et al. (56). Briefly, groups of three mice
with tumors measuring ~100-150 mm?> received four doses in
the tail vein, at intervals of 7 days, of 100 pl with 1 x 107
CFU in PBS 1x from each of the different previously induced
recombinant Salmonella strains. Mice were also administered
with 0.6 mg/ml ampicillin in their drinking water. Control mice
received 100 pl PBS 1x following the same inoculation protocol.
Five days after last inoculation, mice were euthanized, and the
tumors were resected for bacteria culture. The tumor specimens
were weighed, homogenized, and suspended in 1 ml PBST (0.05%
Tween 20 in PBS 1x). The suspension was diluted five times
each up to 1:10,000, then cultured in BHI agar medium in the
presence or absence of ampicillin (100 pg/ml) for 12h. Finally,
the colonies were counted and reported as CFU per tissue gram
(CFU/g). We also analyzed the presence of the bacteria in the
tumor tissue, performing an immunohistochemical assay using
as primary antibody an anti-Salmonella induced in rabbit.

Detection of Apoptotic Markers in Tumor

Tissue by Immunohistochemistry

To demonstrate that the antitumor activity of the recombinant
Salmonella strains was mediated by an apoptosis mechanism,
tumor-bearing mice that previously received four doses in the
tail vein of the recombinant Salmonella strains, as described
previously, were euthanized after 5 days of the last inoculation,
and the tumors were resected for immunohistochemical staining
of apoptotic markers.

Tumor Histology

The tumors were removed and fixed with absolute ethanol. The
tumors were dehydrated and then embedded in paraffin. For
histological examination, 4-pm-thick sections were cut on a
semi-automated microtome (Leica, USA), placed on glass slides,
and deparaffinized. The slides were stained sequentially with

hematoxylin and eosin (H&E) to assess the tumor histology.
Slides were analyzed under an Olympus BX-40 microscope.

Determination of Apoptotic Markers by
Immunohistochemistry Staining

The expression of active Caspase-3, Caspase-8, Ki67, and the
presence or absence of Salmonella were analyzed in 4-pum
tumor slices by immunohistochemistry using specific antibodies
as previously described (57). In brief, antigen retrieval was
performed by immersing the slides in Antigen Unmasking
Solutions Citrate-Based (VECTOR) for 20min into pressure
cooker. Endogenous peroxidase activity was inhibited by
immersing the slides in 3% H;O;-methanol for 15min two
times, and background nonspecific binding was reduced by
incubating with normal horse serum in PBS 1x for 60 min. The
slides were incubated 60 min at room temperature with antibody
against active Caspase-3 (GeneTex, dilution 1:250), Caspase 8
(GeneTex, dilution 1:1,500), Ki67 (BioSystems, dilution 1:100),
and Salmonella (1:4000). Finally, the slides were washed two
times in PBS 1x 0.1M pH 7.4 for 5min. In order to reduce
variability. All samples were processed at the same time in a single
experiment using a single batch of antibody. After washing, the
slides were incubated with the InmPRESS HRP anti-rabbit IgG
polymer system for 30 min at room temperature and then with
3,3’-diaminobenzidine tetra-hydrochloride (DAKO, Carpinteria,
CA, USA) for 1-5min. The reaction was arrested with distilled
water, and the slides were counterstained with hematoxylin.
Thereafter, the tissues were washed in tap water for 5min,
dehydrated sequentially in 70, 90, and 100% ethanol and xylene
and then mounted.

Detection of Apoptosis by Terminal Deoxynucleotidyl
Transferase dUTP Nick End Labeling (TUNEL) Assay
in Tumor Tissue
The DNA fragmentation in tumor tissue was evaluated by
in situ TUNEL assay using an in situ Cell Death Detection
Kit (POD) (Roche Applied Science, Mannheim, Germany)
following the manufacturer’s instructions in 4-pum tumor
slices. Briefly, an Antigen Unmasking Solution Citrate-Based
(VECTOR), incubated in a water bath for 20 min, was used
for antigen retrieval, and endogenous peroxide activity was
blocked with methanol and 3% hydrogen peroxide for 15 min.
They were blocked with normal horse serum for 1h, and
the preparations were incubated for 60 min with TUNEL
reaction mixture [Terminal transferase (Tdt) diluted in a buffer
solution that included fluorescein conjugated oligonucleotides]
and subsequently incubated with an anti-fluorescein antibody
(Converter-POD) for 30min, both reactions were performed
at 37°C in a humidified atmosphere in the dark. Color was
generated by adding the substrate 3,3’-diaminobenzidine (DAB)
(VECTOR) for 1-2min, and counterstaining was performed
with hematoxylin. The tissues were dehydrated and covered
with resin. Finally, the slides were analyzed under light
microscopy (Olympus BX-40), and the nuclear positive cells
were determined.

In all cases, for digital automated morphometry, the
immunohistochemically stained sections were digitizing at 40x
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magnification using an Aperio Scanscope CS (Aperio, Vista, CA).
The images were reviewed using an ImageScope (Aperio). Once
the areas were recorded, they were sent for automated image
analysis using the Spectrum Software V11.1.2.752 (Aperio).
For the within-tissue intensity, an algorithm was developed
to quantify the total protein expression. The output from the
algorithm gives a number of quantitative measurements, namely,
the intensity of positive staining. The staining intensity was
categorized as 0 (no staining), 1+ (weak), 24 (moderate), and
3+ (strong).

Determination of Inflammatory Cytokines by
Cytometric Bead Array (CBA)

After the antitumor activity assays of the murine model of
NHL xenotransplantation induced by different recombinant
strains of Salmonella enterica, as it was previously described, the
mice were euthanized, and the serum samples obtained were
analyzed by means of the CBA in order to characterize the
profile of inflammatory cytokines induced along the treatment.

The serum samples were prepared according to the BD'" CBA
Mouse Inflammation Kit (Becton Dickinson, BD) specifications.
In this assay, six bead populations with distinct fluorescence
intensities have been coated with capture antibodies specific
for Interleukin-6 (IL-6), Interleukin-10 (IL-10), Interleukin-
12p70 (IL-12p70), Monocyte chemoattractant protein-1 (MCP-
1); Interferon-y (IFN-y), and Tumor necrosis factor-a (TNF-a)
proteins. The six bead populations are mixed together to form
the BD CBA, which is resolved in a red channel (i.e., FL3 or
FL4) of a flow cytometer. The captured beads, PE-conjugated
detection antibodies, and recombinant standards or test samples
are incubated together to form sandwich complexes. Following
the acquisition of sample data using the flow cytometer, the
sample results are generated in graphical and tabular format
using the BD CBA Analysis Software or FCAP Array™ Software.
Briefly, the standards dilutions and the undiluted serums were
exposed to a mixture of cytokines (IL-12p70, IL-6, IL-10, TNF-a,
IFN-y, MCP1) together with the PE-coupled detection reagent.
The mixture was incubated for 2h at room temperature in
darkness. After that, it was washed with 1 ml of washing buffer
and centrifuged at 200 g for 5 min to then remove the supernatant
and recovering with 100 pl of washing buffer. The samples
were finally analyzed with a BD FACS Canto II flow cytometer,
resulting in a total of 500 events per sample. The FCAP Array
software of BD (3.0 version) was used for the quantitative analysis
of the concentration and Median Fluorescence Intensities (MFI)
of each cytokine.

Statistical Analysis

To determine the differences between cells or mice groups treated
with the different recombinant Salmonella strains, we used one-
way analysis of variance (ANOVA) and post hoc Bonferroni tests,
with a 95% confidence interval. In all cases, the average of three
or more independent experiments is presented £ the standard
deviation (SD). Animal survival was analyzed with the log-
rank test on Kaplan-Meier curves. Differences were considered
significant at p < 0.05 in all comparisons. Statistical analysis was
performed with GraphPad Prism 5 software.

RESULTS

3-D Structure of the MisL Autotransporter
System Carrying the Cell-Permeable Bax
BH3 Peptide

Type V autotransporter proteins, the family MisL belongs to,
present a diverse variety of functions such as cell adhesion,
pathogenesis phenomena, or mediating in the immune response
interruption of the host. This is the result of having a rich
structural diversity given by its large amount of secondary
structures, the geometrical organization of their domains, and
the different oligomerization states that these proteins arrange. In
our case, because of its function, MisL-SXTP chimera (L-SXTP)
has been clearly identified as a molecular carrier. Therefore,
and since the fused peptides are located toward the N-terminal
region, characterizing the 3-D structure of L-SXTP together
with the evaluation of the effect that these peptides may have
on its folding and stability are extremely relevant. With this
motivation, molecular modeling of the L-SXTP chimera allowed
us to obtain a good approximation of the 3-D structure of
each of the components of the chimera introduced in this work
(Figure 1A). The MisL autotransporter is observed as a protein
composed of two domains. A first B-barrel domain made up
of 12 antiparallel chains with five short handles is internalized
toward the periplasmic space, and a second extracellular domain
showing at the N-terminal region a combination of several units
of B-strands was organized in a specific geometry known as p-
solenoid architecture. Inside this former structural motif, chains
of amino acids are densely packed in a compact core that was
predominantly hydrophobic. Finally, connecting both domains,
an a-helical linker extends along the first domain B-barrel pore
of ~24 A diameter. Although the peptides of the fusion core
consolidate an o-helical folding and the cleavage site of the
OmpT protease is revealed as a flexible loop, these motifs do
not induce any unfolding or instability of the 3-D structure of
MisL, neither in its global configuration, nor in the proximity
to the p-solenoid (Figure 1A). The fusion core is exposed in
the N-terminal region, and it is the cleavage site of the OmpT
protease that facilitates its release by the PgtE protease (data
not shown) (58). When predicting the spatial arrangement of
our model in a lipid bilayer, a 12° tilt angle with respect to
the normal of the membrane can be observed. In addition, 12
transmembrane segments can be identified in a configuration of
antiparallel B-strands [1 (312-316), 2 (336-343), 3 (354-362),
4 (385-392), 5 (403-412), 6 (432-443), 7 (452-463), 8 (487-
499), 9 (510-520), 10 (545-553), 11 (560-565), 12 (577-584)]
embedded in a hydrophobic membrane thickness of 23.8 +
1.5 A (Figure 1B). The depth of penetration of these structures
in the membrane coincides with those reported for other 3-D
structures of various autotransporters deposited in the protein
data bank. With respect to the fusion core [Tag peptide (T)
bound to Bax BH3 peptide (X) and the fusogenic peptide (P)], we
hypothesize that after being excised due to proteolytic processing
cleavage site of the OmpT, it is released with a helix-loop-helix
conformation. When making a theoretical prediction about the
internalization of the core in the membrane, we observed that
given its amino acid composition and its hydrophobicity, it is
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possible that it crosses the membrane through a diffusion process
(Figure 1C).

Construction of the Plasmids pL-XT,
pL-SXT, pL-TP, pL-XTP, and pL-SXTP

The ability of the MisL autotransporter to translocate the proteins
on the surface of Salmonella enterica SL3261 (S. enterica SL3261)
and its release from it to the tumoral microenvironment has
been previously reported by our group (34, 35, 58). In this work,
we designed recombinant proteins, controlled by the promoter
nirB, inducible in a microaerophilic environment; these proteins
contain in their amino terminal portion the signal peptide of
heat-labile enterotoxin B subunit (LTB) of enterotoxigenic E.
coli, necessary to perform the translocation to the periplasmic
space through the Sec Dependent System (59). According to
the described strategy for the construction of the plasmids, the
adapters that encode for each one of the peptides were inserted
sequentially downstream from the nirB promoter’s sequence and
the signal peptide LTB sequence, as shown in Figure 2B. For
the plasmid that encodes the cell-permeable Bax BH3 peptide,
which expresses and releases from the MisL autotransporter
system, it was first inserted in the adapter that encodes the
fusogenic peptide(P) to destabilize the membrane, followed by
the adapter for the Bax BH3 peptide (X) to antagonize the
activity from the anti-apoptotic proteins of the Bcl-2 family,
subsequently, the molecular Tag Flag (T) for the tracking of
the recombinant proteins, and finally, the cleavage site of the
protease OmpT (S) to release the peptides from the bacterium
surface; this peptide complex was linked to the sequence that
encodes for the autotransporter Aa-f MisL (L), and the plasmid
received the name pL-STXP (4,188 bp) (see Figure 2B). Under
this same strategy, four plasmid controls were built: pL-XT (4,047
bp), which encodes for the Bax BH3 peptide; pL-SXT(4,107 bp),
which encodes for the cleavage site of the OmpT protease and
the Bax BH3 peptide; pL-TP(4,062 pb), which encodes for the
fusogenic peptide; pL-XTP (4,128 pb), which encodes for the Bax
BH3 peptide and the fusogenic peptide; all cases encode for the
molecular Tag Flag and the autotransporter Aa-$ MisL. All of the
constructions were sequenced. These plasmids originated from
the recombinant proteins with the same names: L-SXTP, L-XT,
L-SXT, L-TP, and L-XTP, respectively (Figure 2A).

The Cell-Permeable Bax BH3 Peptide Is
Expressed on the Surface of the S. enterica
Through the MisL Autotransporter System

The expressions of the recombinant protein L-SXTP (express
and release the Cell-permeable Bax BH3 Peptide through MisL
autotransporter) and the control proteins L-XT, L-SXT, L-TP,
and L-XTP were evaluated by Western blot using total extracts
obtained from the bacteria E. coli DH5-a and S. enterica SL3261
that were previously transformed with the different plasmids and
cultured in anaerobic conditions during 10-12h. The Western
blot using an anti-Flag antibody revealed the expected protein of
~75 KDa. The inmunofluorescence (IFA) and the flow cytometry
showed that all recombinant proteins were expressed on the
surface of S. enterica SL3261 with a similar expression profile.

Transformed Salmonella with the different plasmids received the
name of the recombinant protein that they expressed (Figure 3).
In order to reinforce the evidence on the cell-permeable Bax
BH3 peptide expression over the S. enterica surface through the
MisL autotransporter, the S. enterica SL3261 (negative control),
the S. enterica SXTP (containing the cell-permeable Bax BH3
peptide coding plasmid without the MisL autotransporter; thus,
only expressed in the cytosol), and the S. enterica L-SXTP
(containing the cell-permeable Bax BH3 peptide coding plasmid
expressed in the surfaced by means of the MisL autotransporter),
strains were induced as described previously. After that, the
protein expression was evaluated by DotBlot, flow cytometry,
and immunoelectron microscopy; in all cases, using a mouse
anti-Flag antibody (Supplementary Figure 1). As expected, the
presence of cell-permeable Bax BH3 peptide, 6 KDa approx., was
detected by DOT Blot in the S. enterica SXTP strains extracts.
And the presence of cell-permeable Bax BH3 peptide coupled
to the MisL autotransporter, 75 KDa approx., was detected
for S. enterica L-SXTP (Supplementary Figure 1A). The cell-
permeable Bax BH3 peptide expression in the bacterial surface
was analyzed by means of flow cytometry in non-permeable
conditions. Resulting in an absence of peptides detected over the
surface of S. enterica SXT given that it lacks the translocation
machinery, S. enterica SL3261 was used as negative control. The
translocation effect is acquired with the genetic coupling to the
MisL autotransporter, as it can be observed in the right shift of
the S. enterica L-SXTP histogram (Supplementary Figure 1B).
To better confirm this observation, immunoelectron microscopy
was performed with the recombinant Salmonellas. Mouse anti-
Flag antibodies were used as the primary antibody, and anti-
mouse IgG antibodies coupled to 20 nm gold particles were used
as the secondary antibody. The cross sections of bacteria show
that the cell-permeable Bax BH3 peptide was only detected on the
bacterial surface when coupled to the MisL autotransporter (S.
enterica L-SXTP). In this former case, the peptide is also detected
in the bacterial cytosol as well as in the case of S. enterica SXTP
and S. enterica L-SXTP, as expected (Supplementary Figure 1C).

The Cell-Permeable Bax BH3 Peptide
Expressed and Released From S. enterica
Induces Cell Death of NHL Cells

After confirmed expression of the cell-permeable Bax BH3
peptide on the surface of the S. enterica L-STXP, and the other
controls, we analyzed its effect over the viability of NHL cells.
Accordingly, Ramos cells that express anti-apoptotic proteins as
Bcl-x1, and Mcl-1 (Figure 4A) were infected to a MOI of 100,
during 2, 4, 6, 8, and 10h with the recombinant Salmonella
strains, previously transformed with the different plasmids and
cultured in anaerobic conditions during 10h. As additional
controls, we included non-transformed S. enterica SL3261 and
vincristine 0.5nM (drug employed as chemotherapy in NHL).
After the infection time, the cell viability assays was analyzed
by trypan blue exclusion. The Figure 4B shows that S. enterica
L-SXTP, which expresses and releases the cell-permeable Bax
BH3 through the MisL autotransporter, reduced dramatically the
cellular viability after 8 h of infection to values of 61% + 2.8, and
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FIGURE 2 | Construction of the recombinant proteins. (A) Representative scheme of the expressed and released peptides from the surface of S. enterica SL3261
through the misL autotransporter. The p domain of MisL is constituted by 294 amino acids, and the mutated « domain contains 210 amino acids, the peptides of
interest are linked to the N terminal portion of the mutated a domain. (B) General strategy for the construction of the plasmids. The sequences that encode for the
fusogenic peptide (P), the molecular Tag flag (T), the Bax BH3 peptide (X), and the cleavage site for the OmpT protease (S) were inserted in the pnirLTBMisL plasmid,
which contains the signal peptide of heat-labile enterotoxin B subunit (LTB) of enterotoxigenic E. coli under the anaerobiosis inducible nirB promoter. The sequence of
the B MisL autotransporter was extracted from the pnirLTBgMisL plasmid by a double digestion with the Nhe | and BamH | enzymes; this fragment was purified and
stored. Later, the adapters that encode for each peptide were inserted in a sequential manner in the pnirBLTB +P+T._.n plasmid, and finally, the fragment that
encodes for the p domain of the MisL autotransporter was reinserted.

this effect was greater 10 h after infection (31% =+ 4.3) compared
with the non-treated cell control (medium), which remained with
viability values above 95% = 0.5 at all the analyzed times. The
treatment with non-transformed S. enterica SL3261 reduced the
viability of Ramos cells to a 79% =+ 4.3 at 8h and to 64% + 1.4
at 10 h; these values were very similar to the ones obtained with
the S. enterica L-XT treatment (82.6% =+ 2.3 at 8h and 63% =+
1.4 at 10h) and S. enterica L-SXT treatment (79.6% =+ 1.5 at 8h
and 68.3% =+ 1.5 at 10h). A lesser effect over the viability was
observed when the cell was treated with S. enterica L-XTP (83.3%
4+ 0.5at 8h and 72.6% + 7.0 at 10h) and S. enterica L-TP (83%
+ 2.6 at 8h and 79.3% =+ 2.5 at 10 h). Vincristine 0.5 nM reduced
the viability of Ramos cells to values of 76.3 & 2.5% at 8 h and
to 72 4+ 2.0% at 10h of treatment. The control for the vehicle
(water) used to dissolve vincristine showed viability values of
91% = 2.0 at all analyzed hours in the kinetics. Figure 4C shows
a representative experiment of the viability of Ramos cells at
8 h after the infection with the recombinant Salmonella strains.
These results were consistent with the observed data at 8 h of

infection in the kinetics: medium and vehicle maintained the
celular viability at 90% =+ 2.2 values; vincristine 0.5nM, non-
transformed S. enterica, and the Salmonellas L-XT, L-SXT, L-TP,
and L-XTP affected the viability to values from 76.3% =+ 1.0 to
82.6% =+ 2.7, and the significant reduction in the viability was
confirmed when the cells were treated with S. enterica L-SXTP
(62.6% =+ 6.7). Figure 4D shows a representative experiment
of the viability of Ramos cells at 10h after the infection with
the recombinant Salmonella strains. These results were also
consistent with the observed data at 10h of infection in the
kinetics: medium and vehicle mantained the cellular viability
at 93.5% =+ 0.6 values; vincristine 0.5 nM, non-transformed S.
enterica, and the Salmonellas L-XT, L-SXT, L-TP, and L-XTP
affected the viability to values from 74.0% =+ 5.8 to 67.0% =+
8.1, and the dramatic reduction in the viability was confirmed
when the cells were treated with S. enterica L-SXTP (33.5% =+
0.5). These data demonstrated that the cell-permeable Bax BH3
peptide, expressed and released by S. enterica through the MisL
autotransporter, may kill NHL cells.
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FIGURE 3 | Expression of the recombinant proteins on the surface of S. enterica. The expression and translocation of the recombinant proteins on the surface of S.
enterica was evaluated after 12 h of induction in a thioglycollate medium. From left to right, the Western blots (WB), performed with total bacteria extracts, showed a
protein of ~75 KDa. The immunofluorescence (IFA) and the flow cytometry were performed with bacterial suspensions. Controls in the flow cytometry (histogram to

the left) are S. enterica SL3261 expressing only the autotransporter MisL. In all assays, the immunodetection was performed with monoclonal anti-Flag antibody.
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The Cell-Permeable Bax BH3 Peptide
Expressed and Released From S. enterica
Promotes Apoptosis of NHL Cells

In order to determine whether the reduction of the Ramos cells
viability, mediated by S. enterica L-SXTP, was due to cellular
death by apoptosis, promoted by the cell-permeable Bax BH3
peptide, and expressed and released of the MisL autotransporter,
Ramos cells were treated during 8h with the recombinant
Salmonella strains (MOI of 100) transformed with the different
plasmids and cultured in anaerobic conditions for 10h. As
additional controls, we included non-transformed S. enterica
SL3261 and vincristine 0.5nM. After the infection, the cells
were assessed to determine the caspase-3 activation and DNA
fragmentation (TUNEL). As shown in Figure 5A, Ramos cells
treated with S. enterica L-SXTP showed a greater number of
active caspase-3 cells (30.4% =+ 2.3) compared with the non-
transformed S. enterica SL3261 controls (16.7% =+ 3.8) and the
recombinant S. strains L-XT (12.3% + 4.0), L-SXT (13.4% =+
7.9), L-TP (14.7% =+ 1.9), and L-XTP (13.7% = 6.0). High values
were also observed for the positive control of vincristine (49.5%
=+ 5.8) compared with the medium (10.3% =+ 2.9) and vehicle
controls (11.7% = 3.6) as expected. These results were consistent
with the data from the TUNEL assay, in which Ramos cells
treated with S. enterica L-SXTP showed up to 51.7% =+ 4.0 of
TUNEL-positive cells compared with the non-transformed S.
enterica SL3261 controls (25.9% = 3.8) and the recombinant

Salmonellas L-XT (15.9% =+ 1.9), L-SXT (20.9% =+ 6.7), L-TP
(16.5% =+ 5.1), and L-XTP (24.9% =+ 3.8). In this case, great
values of TUNEL-positive were also observed for the positive
control of vincristine (31.3% =+ 6.2) compared with the medium
(9.5% £ 1.9) and vehicle (9.3% =+ 1.1) (Figure 5B). Similar results
were obtained with a TUNEL assay using immunocytochemical
staining (Supplementary Figure 2). Another characteristic event
of apoptosis is the proteolytic cleavage of poly (ADP-ribose)
polymerase-1 (PARP-1), a nuclear enzyme involved in DNA
repair, DNA stability, and transcriptional regulation. Particularly,
caspase-3 and caspase-7 cleave the 116 KDa form of PARP-1 and
generate an ~89 and 24 KDa fragment. The cleavage of PARP-1
between Asp214 and Gly215 results in the separation of the two
zinc-finger DNA-binding motifs from the automodification and
catalytic domains, thus preventing the recruitment of the enzyme
to sites of DNA damage. Cleaved PARP-1 has been considered
as a hallmark of apoptosis (60). In Figure 5C, we analyzed by
Western blot the presence of cleaved PARP-1 in the Ramos cells
treated during 8 h with the recombinant Salmonella strains (MOI
of 100). Our finding shows the enhanced presence of cleaved
PARP-1 in the cells treated with S. enterica L-SXTP as expected;
these results are consistent with the high percentaje of Ramos
cells with active caspase-3 and TUNEL positivity, described
above. Since PARP-1 is a substrate of caspase-3 (32 KDa), we also
analyzed this apoptotic molecule by Western blot. The presence
of this former protein was detected in the cells treated with
vincristine and also in the cells treated with the recombinant
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FIGURE 4 | S. enterica L-STXP reduces the viability of Ramos cells. (A) Expression of the anti-apoptotic proteins Bcl-x. and Mcl-1 in Ramos cells (Burkitt lymphoma,
NHL). Proteic extracts of Ramos cells (25 g per well) were analyzed by Western blot using the anti Bcl-x., anti Mcl-1, and anti B-tubulin antibodies diluted to 1:1,000.
As secondary antibody, we used goat antirabbit IgG antibody (IRDye Oddissey) 1:10,000. (B) Decrease in the Ramos cells viability to treatment with S. enterica
L-STXP. Ramos cells were infected to a MOI of 100 with the different recombinant Saimonella strains (L-TP, L-XT, L-SXT, L-XTP, and L-SXTP) during 2-10h. As
controls, we used non-treated cells (medium) as a negative control, sterile water as solvent to vincristine (vehicle), non-transformed S. enterica SL3261 (Salmonella),
and vincristine 0.5 nM as a positive control. The viability was analyzed by trypan blue dye exclusion. A representative experiment of the viability of Ramos cells at 8
(C) and 10h (D) after the infection with the recombinant Salmonella strains confirms the dramatic reduction of the viability of Ramos cells treated with recombinant
Salmonella L-SXTP compared with controls. In the graphics, the error bars represent the average + SD of measurements in triplicate. The results are representative of
three independent experiments. ANOVA test was performed with Bonferroni post hoc for the difference between the groups. For (B), *o < 0.001, **p < 0.0001; for
(C), *p < 0.001; for (D), *p < 0.0001.

Salmonella strains; interestingly, the results showed a complete  athymic nu/nu female BALB/c mice from 6 to 8 weeks were
reduction in the expression of this molecule in the cells treated  implanted in the right flank with 107 Ramos cells. Once the
with S. enterica L-SXTP. This observation may be explained  tumor reached 100-150 mm? in size (approximately within 15
because the processing of this molecule toward active caspase-  days after inoculation), groups of five mice were inoculated in
3 was observed in Figure 5A. These data suggest that the cell-  the tail vein (1 x 107 CFU) with each one of the previously
permeable Bax BH3 peptide, expressed and released by S. enterica  induced recombinant Salmonella strains. Mice received four
through the MisL autotransporter, antagonized the activity of the  identical doses of bacteria with a 7-days interval. Control mice
anti-apoptotic proteins in the Ramos cells, restoring the cellular  received PBS or non-transformed S. enterica SL3261 under

death by apoptosis. the same inoculation scheme. The size tumor and survival
were registered daily. Figure 6A shows that inoculation with
Antitumor Activity of the Cell-Permeable recombinant Salmonella strains were performed at days 0, 7, 14,

. and 21. The analysis at day 25 (4 days after the fourth inoculation)
Bax BH3 Peptlde Expressed and Released shows a maximum reduction or the tumoral size in the mice

From S. enterica in a Murine Xeneraft that received S. enterica L-STXP (440 £ 330 mm?), this size
Model of Human B NHL corresponds to only 4% of the tumoral size development from the
The antitumor effect of S. enterica L-SXTP, which expresses and ~ group that received PBS (9,527 £ 582 mm?, representing 100%
releases from its surface the cell-permeable Bax BH3 peptide  of the size developed by the tumor). Decreased tumor volume, as
through the MisL autotransporter system, was analyzed in  compared with PBS-treated mice for the control groups were 33%
a murine xenograft model of human B NHL. Accordingly,  with non-transformed S. enterica SL3261, 24% with S. enterica
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FIGURE 5 | S. enterica L-STXP induces the apoptosis of Ramos cells. Ramos
cells were infected during 8 h to a MOI of 100 with the different recombinant
Salmonella strains (L-TP, L-XT, L-SXT, L-XTP, and L-SXTP). As controls, we
used non-treated cells (medium) as a negative control, injectable water as
solvent to vincristine (vehicle), non-transformed S. enterica SL3261
(Salmonella) and vincristine 0.5 nM as a positive control. The apoptosis was
analyzed by determination of caspase-3-active (A) and TUNEL-positive cells
(B). (C) Infected tumor cells were lysed, and total protein was obtained. The
expression of caspase-3 and PARP-1 was examined by Western blotting.
B-tubulin was used as the loading control. In the graphics, the error bars
represent the average + SD of three independent experiments. ANOVA test
was performed with Bonferroni post hoc for the difference between the
groups. In all cases, *p < 0.001, **p < 0.0001.

L-XT, 20% with S. enterica L-SXT, 20% with S. enterica L-TP,
and 27% with S. enterica L-XTP. At day 25, the presence of
the different recombinant Salmonella strains was also comfirmed
in the tumors of the different treated groups; the recovered
bacteria still showed the capacity to produce recombinant protein
(Figure 7B). For the survival analysis, groups of three tumor-
bearing mice were inoculated with PBS 1x, non-transformed
S. enterica SL3261, and previously induced S. enterica L-STXP.
For this assay, the groups were observed until 50 days. In
Figure 6B, the extension of the survival is observed for up to
50 days from the mice that received the S. enterica L-STXP
treatment compared with the group that received PBS 1x (the
last mouse died around the 30th day) and the group that
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FIGURE 6 | Antitumor activity of S. enterica L-STXP in a murine xenograft
model of human B NHL. Athymic nu/nu BALB/c mice were subcutaneously
injected with 107 Ramos cells in the right flank. The treatment of the different
groups was initiated when the tumors reached 100-150 mm?q. The mice
received 1 x 107 CFU at days 0, 7, 14, and 21 (arrowhead), with each one of
the recombinant Saimonella strains (L-TP, L-XT, L-SXT, L-XTP, and L-SXTP).
Groups of mice treated with PBS 1x and non-transformed S. enterica SL.3261
(Salmonella) were included as additional controls. (A) For the kinetics of tumor
growth, the tumor size was analyzed daily with a Vernier caliper. In the
graphics, the error bars represent the average + SD of the tumor size (n = 5
mice/group). The results are representative of two independent experiments.
ANOVA test was performed with Bonferroni post hoc for the difference
between the groups. *p < 0.0001. (B) Survival curve after the tumor treatment.
The data represent the percentage of survival (n = 3 mice/group). The results
are representative of two independent experiments. *p = 0.02 by log-rank test.

received non-transformed S. enterica SL3261 (the last mouse died
around the 40th day). These findings altogether clearly prove the
antitumor and therapeutic effect of the cell-permeable Bax BH3
peptide expressed and released from S. enterica through the MisL
autotransporter system.

Targeting of Recombinant Salmonella
Strains to the Murine Xenograft Model of
Human B NHL

The targeting of the different recombinant Salmonella strains to
the murine xenograft model of human B NHL was analyzed by
culture in BHI agar (in the presence or absence of ampicillin) of
the homogenized xenograft tumor specimen previously treated
with the recombinant Salmonella strains. Subsequently, the
recombinant bacteria isolated in agar BHI with ampicillin were
analyzed for protein expression by immunofluorescence assay.
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Figure 7A shows the presence of bacteria in all groups of
mice inoculated with the recombinant Salmonella strains, and
these bacteria still have the ability to express the recombinant
proteins on its surface, as depicted in Figure 7B. To reinforce
these findings, we also analyzed the presence of bacteria in
tumor tissue. In situ immunohistochemical assay was performed
using an antibody anti-Salmonella induced in rabbit, our results
show the presence of 4-10 Salmonella bacilli per oil immersion
field in all tumor-bearing mice treated with the recombinant
Salmonella strains. No Salmonella bacilli were found in the group
treated with PBS 1x. Salmonella bacilli were localized in tumor
sections with no histological changes (undamaged) and also in
sections with necrosis/apoptosis areas (damaged), as observed
in Figure7C. These results confirm that the recombinant
Salmonella strains have targeted the tumor microenvironment of
the murine xenograft model of human B NHL.

The Cell-Permeable Bax BH3 Peptide
Expressed and Released From S. enterica
Induces Apoptosis in the Murine Xenograft
Model of Human B NHL

The apoptosis induced by S. enterica L-SXTP was evaluated in
the murine xenograft model of human B NHL that previously
received four doses in the tail vein of the recombinant Salmonella
strains and euthanized after 5 days of the last inoculation. Tumors
from those mice were resected and prepared for histological
analysis and immunohistochemical staining. Figure 8 shows
representative images of staining tumors from each group.
Hematoxylin and eosin staining shows a lymphoid neoplasm
in all groups composed of monomorphic medium-sized cells
with relatively uniform round to oval nuclei, multiple small
nucleoli, and basophilic cytoplasm. These neoplasms also show a
high mitotic rate and Ki67 proliferative index around 95% (data
not shown). Macrophages and tumor-infiltrating lymphocytes
were barely observed. Necrotic areas were detected in groups
treated with the recombinant Salmonellas strains, but they were
more evident in the group treated with S. enterica L-SXTP.
Figure 8 also shows active caspase-3 and TUNEL-positive cells
in all groups treated with the recombinant Salmonellas strains.
However, treatment with S. enterica L-SXTP elicits the highest
apoptosis, as expected. It is important to note that a strong signal
of apoptotic markers was found in the necrotic areas. Caspase
8-positive cells were barely detected in the tumor-bearing mice
with all treatments. These data confirm the activation of intrinsic
apoptosis as the mechanism of antitumor activity mediated
by the S. enterica L-SXTP in the murine xenograft model of
human B NHL.

Inflammatory Cytokines Are Elevated in the
Murine Xenograft Model of Human B NHL
Treated With S. enterica That Expresses
and Releases the Cell-Permeable Bax BH3
Peptide

Given that the capacity of S. enterica L-SXTP to induce apoptosis
in the murine xenograft model of human B NHL has been

proven, we can wonder if the intravenous administration of these
recombinant Salmonella strains has an effect on the inflammatory
cytokine production. To approach this question, serum samples
of the mice that had previously received four doses in the tail
vein with the recombinant Salmonella strains and euthanized
after 5 days of the last inoculation were analyzed by means of
the CBA Kkit. This kit allows the detection of six inflammatory
cytokines: IL-6, IL-10, MCP-1, IFN-y, TNF-a, and IL-12p70.
Figure 9 shows the comparison between the presence of every
cytokine analyzed in the murine xenograft model, which had
received the treatment with recombinant Salmonellas and the
corresponding concentration values found for the control group
of mice treated with PBS 1x (low average concentration values
ranging from 0.34 to 0.42 pg/ml). The average concentrations
of TNF-a observed for the different groups show values in the
interval between 96.2 and 93.5 pg/ml, while between 20.4 and
23.1 pg/ml for IL-6, and between 51.1 and 62.3 pg/ml for IL-
10. Unexpectedly, the group of mice treated with S. enterica L-
SXTP showed high concentration values of cytokines as MCP-
1 (113.1 pg/ml), IL-12 (72.1 pg/ml), and IFN-y (148.2 pg/ml)
compared with those values obtained from the group treated
S. enterica: MCP-1 (23.1 pg/ml), IL-12 (27.7 pg/ml), and IFN-y
(89.8 pg/ml). These findings clearly suggest that S. enterica L-
SXTP stimulates the production of inflammatory cytokines with
antitumoral activity, in addition to inducing the expression and
the release of the cell-permeable Bax BH3 peptide.

DISCUSSION

In the last years, the survival of patients with NHL has increased
substantially (4, 5), nevertheless, the development of drug
resistance limits the complete success of the treatments (6)
and sets the guidelines for the research and development of
new antitumor therapies that can completely eradicate drug-
resistant transformed cells (7). The drug resistance has been
associated mostly to the aberrant inhibition of the signals of
intrinsic apoptosis, in which the genes and proteins of the Bcl-
2 family play a very important role (8, 9). In the cells, the
balance between survival or death is controlled by the members
of the three groups of this family of proteins: the group of
multidomain anti-apoptotic proteins (Bcl-2, Bcl-x1,, Bel-w, Mcl-
1, and A1) promotes the survival of the cells by inhibiting the
pro-apoptotic proteins; the group of multidomain pro-apoptotic
proteins (BH1-3) (Bax, Bak, and Bok), which are apoptosis
effectors; and the group of pro-apoptotic BH3-only proteins
(Bid, Bim, Puma, Noxa, Bad, Bmf, Hrk, and Bik), which are
the apoptosis initiators (17-19). In the healthy cells, the anti-
apoptotic proteins attach and inhibit the effector proteins Bax or
Bak, blocking their polymerization on the mitochondrial surface
and avoiding the apoptosis initiation (20). The single BH3-only
proteins are induced in response to stress signals and promote the
apoptosis binding directly to the effector proteins or to the anti-
apoptotic proteins to release the effector proteins (27). According
to this balance, the overexpression of this anti-apoptotic proteins
in the tumor cells favors the survival of the transformed cell and
represents a treatment resistance mechanism (61).
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FIGURE 7 | Tumor targeting of recombinant Salmonella strains in a murine xenograft model of human B NHL. Tumor-bearing mice were treated with four doses of 1 x
107 colony-forming units (CFU) in the tail vein of the recombinant Salmonella strains and evaluated for the antitumor activity (tumor size) and euthanized after 5 days of
the last inoculation. Tumors from those mice were resected and analyzed for tumor colonization. (A) Tumor suspensions were cultured in BHI agar medium in the
presence or absence of ampicillin during 12 h at 37°C. The figure shows the number of colonies counted and reported as CFU per tissue gram (CFU/g). No
Salmonella bacilli were observed in the group treated with PBS 1x. In the group of S. enterica, the bacteria grow only in the absence of ampicillin. (B) Subsequently,
some recombinant bacteria isolated in agar BHI with ampicillin were analyzed for protein expression by immunofluorescence assay using an antibody anti-Flag-FITC.
(C) The presence of the bacteria in the tumor tissue was also analyzed by performing an in situ immunohistochemical assay using an anti-Salmonella induced in rabbit
as the primary antibody. The presence of Salmonella bacilli in brown color (arrowhead and close up) was detected in tumor sections with no histological changes and
also in sections with necrosis/apoptosis areas (damaged zone). Images have 100x magnifications. The results are representative of three independent experiments.
ANOVA test was performed with Bonferroni post hoc for the difference between the groups. For (A), *p = 0.02, *p < 0.0001.

In NHL, it has been documented that the overexpression  the activity of Bcl-x1, and Bcl-2 and restored the apoptosis (25).
of anti-apoptotic proteins Bcl-2 (13, 14), Bcl-x (15, 16), and  The concept of eliminating the tumor cells blocking the activity
Mcl-1 (62) is associated to drug-resistant profile. Reverting this  of the anti-apoptotic proteins has also been successful using
resistance mechanism has been possible due to the structural  the small molecules that mimic the function of the BH3-only
studies that reveal that proteins from the Bcl-2 family interact  proteins, as ABT-737(63) and its oral bioavailable derivative
with each other through a hydrophobic groove formed by their =~ ABT-263/Navitoclax) (64), GX15-070/Obatoclax (65), and ABT-
BH domains (17-19), and that peptides derived from the BH3 ~ 199/Venotoclax; this last one was recently approved by the FDA
domain of pro-apoptotic proteins can bind to the anti-apoptotic  for the treatment of CLL (26, 27) but not for NHL.
proteins, antagonizing their function (22-24). In vitro assays Despite its effectiveness and promising results, the peptides
using hydrophobic peptides from the BH3 domain of the proteins ~ from the BH3 domain and the mimetic molecules from BH3
Bax, Bad, and Bak, when binding them to the fusogenic peptide of ~ domain still need to be specifically and selectively directed
the antennapedia protein to make them permeable to the tumor  toward the tumor microenvironment in order to decrease side
cells of head and neck squamous cell carcinoma, antagonized  effects. In order to solve this problem, in this work, we propose
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FIGURE 8 | Apoptotic markers detected by immunohistochemistry in tumors treated with the recombinant Salmonella strains. Tumor-bearing mice were treated with
four doses of 1 x 107 colony-forming units (CFU) in the tail vein of the recombinant Salmonella strains and evaluated for the antitumor activity (tumor size) and were
euthanized after 5 days of the last inoculation. Tumors from those mice were resected and analyzed for apoptotic markers as active caspase-3, TUNEL, and
caspase-8. The column of hematoxylin and eosin staining shows a lymphoid neoplasm in all groups, composed of monomorphic medium-sized cells with a high
mitotic rate. Macrophages and tumor-infiltrating lymphocytes were barely observed. Necrosis areas were detected in groups treated with the recombinant Salmonellas
strains. For apoptotic markers, we used an antibody against active caspase-3 (1:250) and caspase 8 (1:1,500). The in situ TUNEL assay was performed following the
instructions for the in situ Cell Death Detection Kit (Roche). In all cases, brown color represents positive cells. The columns of active caspase-3 and TUNEL shows a
strong signal in the group treated with S. enterica L-SXTP. A small number of positive cells were observed for caspase-8 staining in all groups. Images have 20x
magnification. The results are representative of three independent experiments.

to use a live attenuated bacterium to carry the peptide from  NHL tumor cells. S. enterica serovar Typhimurium, gram-
the BH3 domain of the Bax protein directly into the tumor  negative and anaerobic facultative bacteria, is probably the most
microenvironment and allow the access to the cytosol of the  studied live attenuated bacterium in the therapy against cancer
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FIGURE 9 | Inflammatory cytokines determined in serum from tumor-bearing mice treated with the recombinant Salmonella strains. Tumor-bearing mice were treated
with four doses of 1 x 107 colony-forming units (CFU) in the tail vein of the recombinant Salmonella strains and evaluated for the antitumor activity (tumor size) and
were euthanized after 5 days of the last inoculation. Serum from those mice was analyzed for the presence of inflammatory cytokines as IL-6, IL-10, MCP-1, IFN-y,
TNF-a, and IL-12p70 using the Cytometric Bead Array (CBA) Mouse Inflammation Kit (BD Biosciences). Samples were acquired in the flow cytometry BD FACSCanto
Il, and the output was processed in the FCAP Array software v3.0. (BD Biosciences). The results are representative of three independent experiments. ANOVA test
was performed with Bonferroni post hoc for the difference between the groups. For MCP-1, *p < 0.005, **p < 0.001, **p < 0.0001; For IL-12, *p < 0.009, “p <
0.001; For IFN-y, *p < 0.001, *p < 0.0002.

due to its high affinity for tumor tissue (28, 29), favored by
hypoxia, acidity, necrosis, and release of metabolites that can
act as chemoattractant for this bacterium in solid and semisolids
tumors, its great intrinsic antitumor potential (66, 67), its ability
to activate the innate and adaptive antitumor immune response
(30), and its great capacity of use as delivery system because
once it is in the tumor microenvironment, it turns into a true
factory of heterologous molecules (31, 32), as cytokines (68—
71), chemokines (72), ligands of death (73, 74), pro-apoptotic
proteins domains (75), and peptides (76), among others (30).

Furthermore, safe strains are available such as S. enterica serovar
Typhimurium VNP20009, mutant in msbB and pur I genes, with
a reduced toxicity associated with lipopolysaccharide, and this
bacterial strain was demonstrated to be safe and tolerable in
clinical trials (77). Recently, it has been reported that S. enterica
SL3261 (Aro A, mutant in the aromatic amino acids) was used
to express anti CD20 antibodies and drug converting enzymes to
eradicate human lymphomas (78), and our group has shown the
success of S. enterica SL3261 to carry and transfer plasmids into
tumor cells. Transferred plasmid that encodes a peptide from the
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BH3 domain of the pro-apoptotic Bax protein antagonized the
anti-apoptotic activity of the Bcl-2 family proteins, restored the
apoptosis, and induced chemosensitization in tumor cells (33).

In the present study, we evaluated the feasibility of the cell-
permeable Bax BH3 peptide (constituted by the Bax-BH3 peptide,
bound to the molecular Tag Flag and to the fusogenic peptide)
expressed and released from the surface of S. enterica SL3261
through the MisL autotransporter system (L-SXTP) to promote
apoptosis signaling and death of NHL cells. Previously, we have
reported that the MisL autotransporter system can be used to
express heterologous molecules on the surface of S. enterica (35),
and these molecules were released to the microenvironment by a
cleavage site of OmpT protease (34, 58).

In this work, using molecular modeling of the L-SXTP
complex, we showed for the first time an approximation of
the 3-D structure of the MisL autotransporter and each one
of the components of the cell-permeable Bax BH3 peptide.
This 3-D structure allowed us to confirm that MisL is an
autotransporter protein (79) constituted by a B barrel domain
of 12 antiparallel chains with five short handles that internalize
toward the periplasmic space and one extracellular o domain that
presents toward the edge N-terminal a combination of several
units of B-strand secondary structure, organized in a specific
geometry of B-solenoid architecture, the cell-permeable Bax BH3
peptide consolidates an a-helix folding and the cutting site for
the OmpT protease, revealing itself as a flexible loop; these
do not induce an unfolding or instability of the 3-D structure
of the MisL autotransporter neither in its global configuration
nor in the vicinity to the B-solenoid (Figures 1A,B). For the
theoretical prediction of the internalization of the cell-permeable
Bax BH3 peptide in the membrane, we observed that due
to its amino acid composition and its hydrophobicity, it is
possible that it crosses the membrane through a diffusion process
(Figure 1C). With this information, and using molecular biology,
we obtained the S. enterica L-STXP, which expresses and releases
from its surface the cell-permeable Bax BH3 peptide through
the MisL autotransporter, and we also obtained the controls: S.
enterica L-XT (control that expresses the Bax-BH3 peptide), S.
enterica L-SXT (control that expresses and releases the Bax-BH3
peptide), S. enterica L-TP (control that expresses the fusogenic
peptide), S. enterica L-XTP (control that expresses the Bax-BH3
peptide and the fusogenic peptide and keeps it anchored to
the bacteria membrane), all the recombinant proteins expressed
the molecular Tag flag (T) and the MisL autotransporter (L)
(Figures 2A,B). The introduction of the plasmids and the
induction of the protein did not affect the growth of S. enterica
(data not shown). As expected, our results showed that the
peptides of interest were expressed and translocated to the surface
of S. enterica through the MisL autotransporter, as shown in the
Western blot assays, immunofluorescence, and flow cytometry in
Figure 3; the immunoelectron microscopy also shows that the
recombinant protein L-SXTP was expressed on the surface of
the S. enterica L-SXTP (Supplementary Figure 1). These data
confirm the functionality of the MisL autotransporter in its ability
to translocate proteins to the surface of S. enterica (34, 35, 58) and
are consistent with the observations of the molecular modeling
in which it described that the addition of the cell-permeable Bax

BH3 peptide to the o domain of the MisL autotransporter does
not affect its structure.

We further evaluated the effect of the recombinant Salmonella
strains over the viability of Ramos cells that come from a Burkitt
lymphoma, an aggressive human B NHL that expresses Bcl-xy,
and Mcl-1 (Figure 4A). With this aim, Ramos cells were treated
at different times with the recombinant Salmonella strains to a
MOTI of 100. As depicted in Figure 4B, the differential effect can
be observed gradually between the 8 and 10 h. In this assay, the
recombinant strain of S. enterica L-SXTP induced the death of
39% of the NHL cells at 8 h, with an increase to almost double
at 10h (69%). Interestingly, the Salmonella strain that expresses
the cell-permeable Bax BH3 peptide on its surface but does not
release it (S. enterica L-XTP) induced an even lesser rate of death
(16% at 8 h and 27% at 10 h) to the observed values for the non-
transformed bacteria S. enterica SL3261 (21% at 8h and 36% at
10h). This observation suggests that it is necessary to release
the cell-permeable Bax BH3 peptide from the bacteria surface
for induction of cell death. The other recombinant Salmonella
strains (L-XT, L-SXT, and L-TP) showed lesser values compared
to the ones induced by non-transformed S. enterica SL3261.
These data were confirmed in the viability assays 8 and 10h
after the treatment of Ramos cells with the different recombinant
Salmonella strains (Figures 4C,D). A slight increase of the cell
death observed with non-transformed S. enterica SL3261 can be
mediated by the intrinsic oncolytic activity of the bacteria (30)
due to the release of the nitrate reductase that metabolizes nitrates
and nitrites to nitric oxide, a molecule that has the ability to
induce cellular apoptosis (80), and by the induction of autophagy
due to the increase in proteins such as Beclin-1 and LC3 (81).

The apoptosis assays performed to Ramos cells treated with
the different recombinant Salmonella strains during 8 h confirm
that the cellular death induced by S. enterica L-SXTP in the
viability assays is due to the restoration of the apoptosis
mechanism. As expected, the Ramos cells that received the
treatment with S. enterica L-SXTP showed twice of active
caspase-3 cells and TUNEL positivity than the Ramos cells that
received the treatment with the non-transformed S. enterica
SL3261 and other controls (Figures 5A,B). These results were
consistent with the increase of cleavage PARP-1 (substrate of
caspase-3) in the group treated with S. enterica L-SXTP compared
with the controls (Figure 5C). In this group, complete caspase-
3 was not evident (Figure 5C), however, and increasing amount
of cleavage form of caspase-3, detected as active caspase-3-
positive cells, was observed (Figure 3A). Interestingly, the high
rate of active caspase-3-positive cells observed in the group with
vincristine does not induce highest rate of TUNEL-positive cells
as expected, these data were consistent with low expression of
cleaved PARP-1. The slight increase in the apoptosis, mediated by
non-transformed S. enterica SL3261, can be due to the intrinsic
oncolytic activity of S. enterica aforementioned. These results are
consistent with previous reports in which the use of Bax-BH3
peptides bound to an antennapedia fusogenic peptide restored
the apoptosis in head and neck squamous cell carcinoma and
acute leukemia cells (25).

To demonstrate the antitumor effect of the recombinant
Salmonella strains, we developed a murine xenograft model of
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human B NHL using Ramos cells, which were implanted in the
right flank of athymic nu/nu female BALB/c mice, and after 15
days, when the tumors reached between 100 and 150 mm?, mice
were inoculated in the tail vein (1 x 107 CEU) with each one
of the previously induced recombinant Salmonella strains. Mice
received four identical doses of bacteria with a 7-days interval.
Our results showed that the mice that received the treatment
with S. enterica L-SXTP significantly reduced the tumor size
during the 26 days after the first treatment. Interestingly, the
groups of mice inoculated with recombinant Salmonella strains
as control (L-XT, L-SXT, L-TP, and L-XTP) also showed tumor
reduction, at intermediate sizes, compared with the group that
only received treatment with PBS 1x. This effect could be due
to the intrinsic oncolytic activity of S. enterica and its ability
to activate the innate immunity (30), which is still present
in this athymic mice, and can be mediated by the presence
of dendritic cells, neutrophils, macrophages, and natural killer
tumor-infiltrating cells (66, 82). In the tumor-bearing mice
treated with the recombinant Salmonella strains, the presence
of Salmonella bacilli that still produce recombinant proteins at
day 26 (Figures 7A,B) confirms the S. enterica ability to reach
the tumor microenvironment, and once there, express the cell-
permeable Bax BH3 peptide through the MisL autotransporter
system. This observation may be promoted by the capacity of
S. enterica to infect B lymphocytes (83) and was consistent
with studies that claim that these bacteria colonize solid and
semisolid tumors (32). In addition, the group that received
S. enterica L-SXTP also increased the survival in the 50 days
that the study lasted (Figure 6B) compared with the group that
received PBS (31 days) and the group that was treated with non-
transformed S. enterica SL3261 (41 days). In this last group,
the intrinsic oncolytic activity mechanisms and the activation of
the innate immune response mediated by S. enterica (30) were
sufficient to improve 10 more days the mice survival compared
with those that received PBS. These findings clearly prove the
antitumor and therapeutic effect of the cell-permeable Bax BH3
peptide expressed and released from S. enterica through the
MisL autotransporter system. The histological analysis of the
tumor-bearing mice that received four doses of recombinant
Salmonella strains and euthanized after 5 days of the last
inoculation (day 26) shows a lymphoid neoplasm composed of
monomorphic medium sized cells, with scarce macrophages and
tumor-infiltrating lymphocytes, with the presence of necrotic
areas mostly in the group treated with S. enterica L-SXTP. The
presence of recombinant bacteria observed in tumor sections
with or without histological changes (Figure 7C) confirm the
targeting of the S. enterica strains to the murine xenograft model
of human B NHL and is consistent with the tumor targeting
of Salmonella reported in other murine models of lymphoma
(53, 84). The presence of apoptotic marker as active caspase-
3 and TUNEL-positive cells was detected in all groups treated
with the recombinant Salmonella strains; however, the effect
was more evident in the tumor treated with S. enterica L-
SXTP. These in situ results (Figure 8) are consistent with the in
vitro assays, where the enhanced active caspase-3-positive cells
correlate with higher TUNEL-positive cells and enhanced cleaved
PARP-1 (Figure 5). The presence of apoptotic markers in the

groups treated with the non-transformed S. enterica and others
controls can be due to the intrinsic oncolytic activity of S. enterica
aforementioned (30). It is important to mention that caspase-
8 was almost negative in all groups (Figure 8), suggesting that
the extrinsic apoptosis does not play any role in the antitumor
activity mediated by the recombinant Salmonella strains used
as treatment.

Since the histology analysis barely identified some immune
cells as macrophages and tumor infiltrating lymphocytes in
the murine xenograft model of human B NHL treated with
the recombinant Salmonella strains, we further analyzed the
systemic production of inflammatory cytokines in the serum of
the tumor-bearing mice treated with the recombinant Salmonella
strains. Inflammatory cytokines IL-6, TNF-o, MCP-1, IFN-y,
and IL-12p70 that have been associated with antitumor activity
were identified (53, 84-86), and also an anti-inflammatory
cytokine was detected (IL-10) (85) (Figure9). Surprisingly,
the tumor-bearing mice inoculated with S. enterica L-SXTP
shows more than two-fold concentrations of the MCP-I1,
IFN-y, and IL-12p70 cytokines compared with the group that
received non-transformed S. enterica SL3261 and controls.
These findings suggest that the antitumor and therapeutic
effect of the cell-permeable Bax BH3 peptide expressed and
released from S. enterica through the MisL autotransporter
system may be enhanced with the presence of inflammatory
cytokines with antitumor activity, an event that requires
further investigation.

Taken together, our findings represent an important step
forward in demonstrating the potential of live attenuated S.
enterica serovar Typhimurium strain SL3261 expressing and
releasing cell-permeable Bax-BH3 peptide through the MisL
autotransporter system as an eventual alternative to treat relapsed
or refractory NHL.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

All protocols for animal experimentation were carried out
in accordance with procedures authorized by the Children’s
Hospital Federico Gomez Ethical committee for Animal
Experimentation, Mexico City, to whom this project was
previously submitted.

AUTHOR CONTRIBUTIONS

RL-P  conceived, supervised the project, designed
the experiments, analyzed the data, and wrote the
manuscript. AM-C and PM-L generated the recombinant
proteins,  performed  the  viability, and  apoptosis
assays. EB-B, LF-M, and GB-G participated in the
in vivo experiments. DP-G and LM-V  performed
the molecular modeling of the MisL autotransporter

Frontiers in Immunology | www.frontiersin.org

19

November 2019 | Volume 10 | Article 2562


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mateos-Chavez et al.

Salmonella-Based Targeted NHL Therapy

system. UJ-H performed the bacteria tumor targeting
experiments. BC-M  generated the immunoelectron
microscopy data. LC-M participated in the histology and
immunohistochemical analysis.

FUNDING

RL-P would like to thank the funding of this project
through the supports of CONACYT (CB-2013-01-
222446, INFR-2015-01-255341, PDCPN-2015-01-1537)
and Federal Funds (HIM-2015-049 SSA. 1217, HIM-2016-
114 SSA. 1333, HIM-2017-041 SSA. 1325, HIM-2017-024
SSA. 1332).

REFERENCES

1. BrayF Ferlay ], Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer ] Clin. (2018) 68:394-424.
doi: 10.3322/caac.21492

2. Miranda-Filho A, Pineros M, Znaor A, Marcos-Gragera R, Steliarova-
Foucher E, Bray F. Global patterns and trends in the incidence of
non-Hodgkin lymphoma. Cancer Causes Control. (2019) 30:489-99.
doi: 10.1007/s10552-019-01155-5

3. Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, Stein H, Thiele J.
WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues.
Lyon: International Agency for Research on Cancer (2017).

4. Allemani C, Matsuda T, Di Carlo V, Harewood R, Matz M, Niksic M, et al.
Global surveillance of trends in cancer survival 2000-14 (CONCORD-3):
analysis of individual records for 37 513 025 patients diagnosed with one of 18
cancers from 322 population-based registries in 71 countries. Lancet. (2018)
391:1023-75. doi: 10.1016/S0140-6736(17)33326-3

5. Chihara D, Oki Y, Fanale MA, Westin JR, Nastoupil L], Neelapu S, et al.
Stage I non-Hodgkin lymphoma: no plateau in disease-specific survival ? Ann
Hematol. (2019) 98:1169-76. doi: 10.1007/s00277-018-3571-7

6. Armitage JO, Gascoyne RD, Lunning MA, Cavalli F. Non-Hodgkin
lymphoma. Lancet. (2017) 390:298-310. doi: 10.1016/S0140-6736(16)32407-2

7. Barth MJ, Minard-Colin V. Novel targeted therapeutic agents for the
treatment of childhood, adolescent and young adult non-Hodgkin lymphoma.
Br ] Haematol. (2019) 182:633-43. doi: 10.1111/bjh.15783

8. Stavrovskaya AA. Cellular mechanisms of multidrug resistance of tumor cells.
Biochemistry Biokhimiia. (2000) 65:95-106.

9. Johnstone RW, Ruefli AA, Lowe SW. Apoptosis: a link between
cancer genetics and  chemotherapy. Cell.  (2002) 108:153-64.
doi: 10.1016/S0092-8674(02)00625-6

10. Miyashita T, Reed JC. Bcl-2 oncoprotein blocks chemotherapy-induced
apoptosis in a human leukemia cell line. Blood. (1993) 81:151-7.
doi: 10.1182/blood.V81.1.151.151

11. Bonetti A, Zaninelli M, Leone R, Cetto GL, Pelosi G, Biolo S, et al. bcl-2 but
not p53 expression is associated with resistance to chemotherapy in advanced
breast cancer. Clin Cancer Res. (1998) 4:2331-6.

12. Wesarg E, Hoffarth S, Wiewrodt R, Kroll M, Biesterfeld S, Huber C,
et al. Targeting BCL-2 family proteins to overcome drug resistance in non-
small cell lung cancer. Int | Cancer J Int Cancer. (2007) 121:2387-94.
doi: 10.1002/ijc.22977

13. Wallace DJ, Shen D, Reed GE, Miyanaga M, Mochizuki M, Sen HN, et al.
Detection of the bcl-2 t(14;18) translocation and proto-oncogene expression
in primary intraocular lymphoma. Invest Ophthal Visual Sci. (2006) 47:2750-
6. doi: 10.1167/iovs.05-1312

14. Goodlad JR, Batstone PJ, Hamilton DA, Kernohan NM, Levison
DA, White JM. BCL2 gene abnormalities define distinct clinical
subsets of follicular lymphoma. Histopathology. (2006) 49:229-41.
doi: 10.1111/j.1365-2559.2006.02501.x

ACKNOWLEDGMENTS

The authors would like to thank Marco A. Hernadndez-
Luna, Daniel D. Herndndez-Cueto, Omar Ugarte-Alvarez,
Jonathan Erik Cocoletzi-Bautista, Marilu Rodriguez-Jimenez,
Diego Anaya-Estrada, Raul Castro-Luna, and Leonel Martinez-
Cristébal, for their excellent technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.02562/full#supplementary-material

15. Habens F, Lapham AS, Dallman CL, Pickering BM, Michels J, Marcusson
EG, et al. Distinct promoters mediate constitutive and inducible Bcl-
XL expression in malignant lymphocytes. Oncogene. (2007) 26:1910-9.
doi: 10.1038/sj.0nc.1209979

16. Hernandez-Luna MA, Rocha-Zavaleta L, Vega MI, Huerta-Yepez S. Hypoxia
inducible factor-1lalpha induces chemoresistance phenotype in non-Hodgkin
lymphoma cell line via up-regulation of Bcl-(xL). Leuk Lymph. (2012)
54:1048-55. doi: 10.3109/10428194.2012.733874

17. Westphal D, Dewson G, Czabotar PE, Kluck RM. Molecular biology of Bax
and Bak activation and action. Biochim Biophys Acta. (2011) 1813:521-31.
doi: 10.1016/j.bbamcr.2010.12.019

18. Renault TT, Manon S. Bax: addressed to kill. Biochimie. (2011) 93:1379-91.
doi: 10.1016/j.biochi.2011.05.013

19. Petros AM, Olejniczak ET, Fesik SW. Structural biology of the Bcl-
2 family of proteins. Biochim Biophys Acta. (2004) 1644:83-94.
doi: 10.1016/S0167-4889(03)00175-7

20. Hacker G, Weber A. BH3-only proteins trigger cytochrome c release, but how?
Arch Biochem Biophys. (2007) 462:150-5. doi: 10.1016/j.abb.2006.12.022

21. Adams CM, Clark-Garvey S, Porcu P, Eischen CM. Targeting the Bcl-2
family in B cell lymphoma. Front Oncol. (2018) 8:636. doi: 10.3389/fonc.2018.
00636

22. Holinger EP, Chittenden T, Lutz RJ. Bak BH3 peptides antagonize Bcl-xL
function and induce apoptosis through cytochrome c-independent activation
of caspases. ] Biol Chem. (1999) 274:13298-304. doi: 10.1074/jbc.274.19.13298

23. Moreau C, Cartron PE, Hunt A, Meflah K, Green DR, Evan G, et al. Minimal
BH3 peptides promote cell death by antagonizing anti-apoptotic proteins. J
Biol Chem. (2003) 278:19426-35. doi: 10.1074/jbc.M209472200

24. Czabotar PE, Lee EF van Delft ME, Day CL, Smith BJ, Huang DC, et al.
Structural insights into the degradation of Mcl-1 induced by BH3 domains.
Proc Natl Acad Sci USA. (2007) 104:6217-22. doi: 10.1073/pnas.0701297104

25. Li R, Boehm AL, Miranda MB, Shangary S, Grandis JR, Johnson DE.
Targeting antiapoptotic Bcl-2 family members with cell-permeable BH3
peptides induces apoptosis signaling and death in head and neck squamous
cell carcinoma cells. Neoplasia. (2007) 9:801-11. doi: 10.1593/ne0.07394

26. Souers AJ, Leverson JD, Boghaert ER, Ackler SL, Catron ND, Chen J, et al.
ABT-199, a potent and selective BCL-2 inhibitor, achieves antitumor activity
while sparing platelets. Nat Med. (2013) 19:202-8. doi: 10.1038/nm.3048

27. Merino D, Kelly GL, Lessene G, Wei AH, Roberts AW, Strasser A. BH3-
mimetic drugs: blazing the trail for new cancer medicines. Cancer Cell. (2018)
34:879-91. doi: 10.1016/j.ccell.2018.11.004

28. Pawelek JM, Low KB, Bermudes D. Tumor-targeted Salmonella as a novel
anticancer vector. Cancer research. (1997) 57:4537-44.

29. Chévez-Navarro H, Hernindez-Cueto DD, Vilchis-Estrada A, Bermudez-
Pulido DC, Antonio-Andrés G, Luria-Pérezn R. Salmonella enterica: un aliado
en la terapia contra el cancer. Bol Med Hosp Infant Mex. (2015) 72:11.
doi: 10.1016/j.bmhimx.2015.02.005

30. Hernandez-Luna MA, Luria-Perez R. Cancer immunotherapy: priming the
host immune response with live attenuated Salmonella enterica. ] Immunol
Res. (2018) 2018:2984247. doi: 10.1155/2018/2984247

Frontiers in Immunology | www.frontiersin.org

November 2019 | Volume 10 | Article 2562


https://www.frontiersin.org/articles/10.3389/fimmu.2019.02562/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.1007/s10552-019-01155-5
https://doi.org/10.1016/S0140-6736(17)33326-3
https://doi.org/10.1007/s00277-018-3571-7
https://doi.org/10.1016/S0140-6736(16)32407-2
https://doi.org/10.1111/bjh.15783
https://doi.org/10.1016/S0092-8674(02)00625-6
https://doi.org/10.1182/blood.V81.1.151.151
https://doi.org/10.1002/ijc.22977
https://doi.org/10.1167/iovs.05-1312
https://doi.org/10.1111/j.1365-2559.2006.02501.x
https://doi.org/10.1038/sj.onc.1209979
https://doi.org/10.3109/10428194.2012.733874
https://doi.org/10.1016/j.bbamcr.2010.12.019
https://doi.org/10.1016/j.biochi.2011.05.013
https://doi.org/10.1016/S0167-4889(03)00175-7
https://doi.org/10.1016/j.abb.2006.12.022
https://doi.org/10.3389/fonc.2018.00636
https://doi.org/10.1074/jbc.274.19.13298
https://doi.org/10.1074/jbc.M209472200
https://doi.org/10.1073/pnas.0701297104
https://doi.org/10.1593/neo.07394
https://doi.org/10.1038/nm.3048
https://doi.org/10.1016/j.ccell.2018.11.004
https://doi.org/10.1016/j.bmhimx.2015.02.005
https://doi.org/10.1155/2018/2984247
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mateos-Chavez et al.

Salmonella-Based Targeted NHL Therapy

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Hernandez-Luna MA, Luria-Perez R, Huerta-Yepez S. [Therapeutic
intervention alternatives in cancer, using attenuated live bacterial vectors:
Salmonella enterica as a carrier of heterologous molecules]. Rev Invest Clin.
(2013) 65:65-73.

Forbes NS. Engineering the perfect (bacterial) cancer therapy. Nat Rev Cancer.
(2010) 10:785-94. doi: 10.1038/nrc2934

Hernandez-Luna MA, Diaz de Leon-Ortega R, Hernandez-Cueto DD,
Gaxiola-Centeno R, Castro-Luna R, Martinez-Cristobal L, et al. Bactofection
of sequences encoding a Bax protein peptide chemosensitizes prostate
cancer tumor cells. Bol Med Hosp Infant Mex. (2016) 73:388-96.
doi: 10.1016/j.bmhimx.2016.10.002

Luria-Perez R, Cedillo-Barron L, Santos-Argumedo L, Ortiz-Navarrete VE
Ocana-Mondragon A, Gonzalez-Bonilla CR. A fusogenic peptide expressed
on the surface of Salmonella enterica elicits CTL responses to a dengue virus
epitope. Vaccine. (2007) 25:5071-85. doi: 10.1016/j.vaccine.2007.03.047
Ruiz-Perez F, Leon-Kempis R, Santiago-Machuca A, Ortega-Pierres G,
Barry E, Levine M, et al. Expression of the Plasmodium falciparum
immunodominant epitope (NANP)(4) on the surface of Salmonella
enterica using the autotransporter MisL. Infect Immun. (2002) 70:3611-20.
doi: 10.1128/IA1.70.7.3611-3620.2002

Laus R, Graddis TJ, Hakim I, Vidovic D. Enhanced major histocompatibility
complex class I-dependent presentation of antigens modified with cationic
and fusogenic peptides. Nat Biotechnol. (2000) 18:1269-72. doi: 10.1038/
82377

Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny
R, et al. SWISS-MODEL: homology modelling of protein structures and
complexes. Nucleic Acids Res. (2018) 46(W1):W296-303. doi: 10.1093/nar/
gky427

Bienert S, Waterhouse A, de Beer TA, Tauriello G, Studer G, Bordoli L, et al.
The SWISS-MODEL Repository-new features and functionality. Nucleic Acids
Res. (2017) 45(D1):D313-D9. doi: 10.1093/nar/gkw1132

Sali A, Blundell TL. Comparative protein modelling by satisfaction of spatial
restraints. ] Mol Biol. (1993) 234:779-815. doi: 10.1006/jmbi.1993.1626
Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS, Eramian
D, Shen MY, et al. Comparative protein modeling
using Modeller. Curr Protoc Bioinformatics. 15:5.6.1-5.6.30.
doi: 10.1002/0471250953.bi0506s15

Ku B, Liang C, Jung JU, Oh BH. Evidence that inhibition of BAX activation by
BCL-2 involves its tight and preferential interaction with the BH3 domain of
BAX. Cell Res. (2011) 21:627-41. doi: 10.1038/cr.2010.149

Czabotar PE, Westphal D, Dewson G, Ma S, Hockings C, Fairlie WD,
et al. Bax crystal structures reveal how BH3 domains activate Bax and
nucleate its oligomerization to induce apoptosis. Cell. (2013) 152:519-31.
doi: 10.1016/j.cell.2012.12.031

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, et al. Scalable
molecular dynamics with NAMD. ] Comput Chem. (2005) 26:1781-802.
doi: 10.1002/jcc.20289

Jo S, Kim T, Iyer VG, Im W. CHARMM-GUI: a web-based graphical
user interface for CHARMM. ] Comput Chem. (2008) 29:1859-65.
doi: 10.1002/jcc.20945

Lee ], Cheng X, Swails JM, Yeom MS, Eastman PK, Lemkul JA,
et al. CHARMM-GUI input generator for NAMD, GROMACS,
AMBER, OpenMM, and CHARMM/OpenMM simulations using the
CHARMM36 additive force field. ] Chem Theory Comput. (2016) 12:405-13.
doi: 10.1021/acs.jctc.5b00935

Lomize MA, Lomize AL, Pogozheva ID, Mosberg HI. OPM: orientations
of proteins in membranes database. Bioinformatics. (2006) 22:623-5.
doi: 10.1093/bioinformatics/btk023

Chen VB, Arendall WB III, Headd JJ, Keedy DA, Immormino RM, Kapral
GJ, et al. MolProbity: all-atom structure validation for macromolecular
crystallography. Acta Crystallogr D Biol Crystallogr. (2010) 66(Pt 1):12-21.
doi: 10.1107/S0907444909042073

Lovell SC, Davis IW, Arendall WB III, de Bakker PI, Word JM, Prisant MG,
et al. Structure validation by Calpha geometry: phi,psi and Cbeta deviation.
Proteins. (2003) 50:437-50. doi: 10.1002/prot.10286

Uziela K, Shu N, Wallner B, Elofsson A. ProQ3: improved model
quality assessments using Rosetta energy terms. Sci Rep. (2016) 6:33509.
doi: 10.1038/srep33509

structure
(2006)

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Uziela K, Menendez Hurtado D, Shu N, Wallner B, Elofsson A. ProQ3D:
improved model quality assessments using deep learning. Bioinformatics.
(2017) 33:1578-80. doi: 10.1093/bioinformatics/btw819

Benkert P, Kunzli M, Schwede T. QMEAN server for protein model quality
estimation. Nucleic Acids Res. (2009) 37:W510-4. doi: 10.1093/nar/gkp322
Hoiseth SK, Stocker BA. Aromatic-dependent Salmonella typhimurium
are non-virulent and effective as live vaccines. Nature. (1981) 291:238-9.
doi: 10.1038/291238a0

Vendrell A, Gravisaco MJ, Goin JC, Pasetti MF, Herschllik L, De Toro J, et al.
Therapeutic effects of Salmonella typhi in a mouse model of T-cell lymphoma.
J Immunother. (2013) 36:171-80. doi: 10.1097/CJ1.0b013e3182886d95
Manders JM, Postema EJ, Corstens FH, Boerman OC. Enhancing tumor
implantation and growth rate of Ramos B-cell lymphoma in nude mice. Comp
Med. (2002) 52:36-8.

Nakase I, Konishi Y, Ueda M, Saji H, Futaki S. Accumulation of
arginine-rich cell-penetrating peptides in tumors and the potential for
anticancer drug delivery in vivo. J Controlled Release. (2012) 159:181-8.
doi: 10.1016/j.jconrel.2012.01.016

Miyake K, Murata T, Murakami T, Zhao M, Kiyuna T, Kawaguchi K, et al.
Tumor-targeting Salmonella typhimurium A1-R overcomes nab-paclitaxel
resistance in a cervical cancer PDOX mouse model. Arch Gynecol Obstet.
(2019) 299:1683-90. doi: 10.1007/s00404-019-05147-3

Baay-Guzman GJ, Bebenek IG, Zeidler M, Hernandez-Pando R, Vega MI,
Garcia-Zepeda EA, et al. HIF-1 expression is associated with CCL2 chemokine
expression in airway inflammatory cells: implications in allergic airway
inflammation. Respir Res. (2012) 13:60. doi: 10.1186/1465-9921-13-60
Ruiz-Olvera P, Ruiz-Perez F Sepulveda NV, Santiago-Machuca A,
Maldonado-Rodriguez R, Garcia-Elorriaga G, et al. Display and release
of the Plasmodium falciparum circumsporozoite protein using the
autotransporter MisL of Salmonella enterica. Plasmid. (2003) 50:12-27.
doi: 10.1016/S0147-619X(03)00047-7

Nasr R, Akbari Eidgahi MR. Construction of a synthetically engineered
nirb promoter for expression of recombinant protein in Escherichia coli.
Jundishapur ] Microbiol. (2014) 7:e15942. doi: 10.5812/jjm.15942

Los M, Mozoluk M, Ferrari D, Stepczynska A, Stroh C, Renz A, et al.
Activation and caspase-mediated inhibition of PARP: a molecular switch
between fibroblast necrosis and apoptosis in death receptor signaling. Mol Biol
Cell. (2002) 13:978-88. doi: 10.1091/mbc.01-05-0272

Knight T, Luedtke D, Edwards H, Taub JW, Ge Y. A delicate balance - The
BCL-2 family and its role in apoptosis, oncogenesis, and cancer therapeutics.
Biochem Pharmacol. (2019) 162:250-61. doi: 10.1016/j.bcp.2019.01.015
Kuramoto K, Sakai A, Shigemasa K, Takimoto Y, Asaoku H, Tsujimoto T, et al.
High expression of MCLI1 gene related to vascular endothelial growth factor
is associated with poor outcome in non-Hodgkin’s lymphoma. Br ] Haematol.
(2002) 116:158-61. doi: 10.1046/j.1365-2141.2002.03253.x

Oltersdorf T, Elmore SW, Shoemaker AR, Armstrong RC, Augeri DJ, Belli BA,
etal. An inhibitor of Bcl-2 family proteins induces regression of solid tumours.
Nature. (2005) 435:677-81. doi: 10.1038/nature03579

Roberts AW, Seymour JE, Brown JR, Wierda WG, Kipps TJ, Khaw SL, et al.
Substantial susceptibility of chronic lymphocytic leukemia to BCL2 inhibition:
results of a phase I study of navitoclax in patients with relapsed or refractory
disease. J Clin Oncol. (2012) 30:488-96. doi: 10.1200/JC0O.2011.34.7898
Hwang JJ, Kuruvilla J, Mendelson D, Pishvaian MJ, Deeken JE Siu LL,
et al. Phase I dose finding studies of obatoclax (GX15-070), a small
molecule pan-BCL-2 family antagonist, in patients with advanced
solid tumors or lymphoma. Clin Cancer Res. (2010) 16:4038-45.
doi: 10.1158/1078-0432.CCR-10-0822

Zhou S, Gravekamp C, Bermudes D, Liu K. Tumour-targeting
bacteria engineered to fight cancer. Nat Rev Cancer. (2018) 18:727-43.
doi: 10.1038/s41568-018-0070-z

Kasinskas RW, Forbes NS. Salmonella typhimurium specifically chemotax and
proliferate in heterogeneous tumor tissue in vitro. Biotechnol Bioeng. (2006)
94:710-21. doi: 10.1002/bit.20883

Loeffler M, LeNegrate G, Krajewska M, Reed JC. IL-18-producing
Salmonella inhibit tumor growth. Cancer Gene Ther. (2008) 15:787-94.
doi: 10.1038/cgt.2008.48

Sorenson BS, Banton KL, Frykman NL, Leonard AS, Saltzman DA. Attenuated
Salmonella typhimurium with IL-2 gene reduces pulmonary metastases

Frontiers in Immunology | www.frontiersin.org

November 2019 | Volume 10 | Article 2562


https://doi.org/10.1038/nrc2934
https://doi.org/10.1016/j.bmhimx.2016.10.002
https://doi.org/10.1016/j.vaccine.2007.03.047
https://doi.org/10.1128/IAI.70.7.3611-3620.2002
https://doi.org/10.1038/82377
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/nar/gkw1132
https://doi.org/10.1006/jmbi.1993.1626
https://doi.org/10.1002/0471250953.bi0506s15
https://doi.org/10.1038/cr.2010.149
https://doi.org/10.1016/j.cell.2012.12.031
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1021/acs.jctc.5b00935
https://doi.org/10.1093/bioinformatics/btk023
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1002/prot.10286
https://doi.org/10.1038/srep33509
https://doi.org/10.1093/bioinformatics/btw819
https://doi.org/10.1093/nar/gkp322
https://doi.org/10.1038/291238a0
https://doi.org/10.1097/CJI.0b013e3182886d95
https://doi.org/10.1016/j.jconrel.2012.01.016
https://doi.org/10.1007/s00404-019-05147-3
https://doi.org/10.1186/1465-9921-13-60
https://doi.org/10.1016/S0147-619X(03)00047-7
https://doi.org/10.5812/jjm.15942
https://doi.org/10.1091/mbc.01-05-0272
https://doi.org/10.1016/j.bcp.2019.01.015
https://doi.org/10.1046/j.1365-2141.2002.03253.x
https://doi.org/10.1038/nature03579
https://doi.org/10.1200/JCO.2011.34.7898
https://doi.org/10.1158/1078-0432.CCR-10-0822
https://doi.org/10.1038/s41568-018-0070-z
https://doi.org/10.1002/bit.20883
https://doi.org/10.1038/cgt.2008.48
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mateos-Chavez et al.

Salmonella-Based Targeted NHL Therapy

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

in murine osteosarcoma. Clin Orthop Related Res. (2008) 466:1285-91.
doi: 10.1007/511999-008-0243-2

Sorenson BS, Banton KL, Frykman NL, Leonard AS, Saltzman DA. Attenuated
Salmonella typhimurium with interleukin 2 gene prevents the establishment
of pulmonary metastases in a model of osteosarcoma. J Pediatric Surg. (2008)
43:1153-8. doi: 10.1016/j.jpedsurg.2008.02.048

Agorio C, Schreiber F, Sheppard M, Mastroeni P, Fernandez M, Martinez MA,
et al. Live attenuated Salmonella as a vector for oral cytokine gene therapy in
melanoma. ] Gene Med. (2007) 9:416-23. doi: 10.1002/jgm.1023

Loeffler M, Le'Negrate G, Krajewska M, Reed JC. Salmonella typhimurium
engineered to produce CCL21 inhibit tumor growth. Cancer Immunol
Immunother. (2009) 58:769-75. doi: 10.1007/500262-008-0555-9

Loeffler M, Le'Negrate G, Krajewska M, Reed JC. Inhibition of tumor growth
using salmonella expressing Fas ligand. ] Natl Cancer Inst. (2008) 100:1113-6.
doi: 10.1093/jnci/djn205

Cao HD, Yang YX, Lu L, Liu SN, Wang PL, Tao XH, et al. 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

Jeong JH, Kim K, Lim D, Jeong K, Hong Y, Nguyen VH, et al. Anti-
tumoral effect of the mitochondrial target domain of Noxa delivered
by an engineered Salmonella typhimurium. PLoS ONE. (2014) 9:e80050.
doi: 10.1371/journal.pone.0080050

Camacho EM, Mesa-Pereira B, Medina C, Flores A, Santero E. Engineering
Salmonella as intracellular factory for effective killing of tumour cells. Sci Rep.
(2016) 6:30591. doi: 10.1038/srep30591

Nemunaitis J, Cunningham C, Senzer N, Kuhn J, Cramm J, Litz C, et al.
Pilot trial of genetically modified, attenuated Salmonella expressing the E.
coli cytosine deaminase gene in refractory cancer patients. Cancer Gene Ther.
(2003) 10:737-44. doi: 10.1038/sj.cgt.7700634

Massa PE, Paniccia A, Monegal A, de Marco A, Rescigno M. Salmonella
engineered to express CD20-targeting antibodies and a drug-converting
enzyme can eradicate human lymphomas. Blood. (2013) 122:705-14.
doi: 10.1182/blood-2012-12-474098

Dorsey CW, Laarakker MC, Humphries AD, Weening EH, Baumler
AJ. Salmonella enterica serotype Typhimurium MisL is an intestinal
colonization factor that binds fibronectin. Mol Microbiol. (2005) 57:196-211.
doi: 10.1111/j.1365-2958.2005.04666.x

Barak Y, Schreiber F, Thorne SH, Contag CH, Debeer D, Matin A.
Role of nitric oxide in Salmonella typhimurium-mediated cancer

cell killing. BMC Cancer. 10:146. doi:
10-146

Lee CH, Lin ST, Liu JJ, Chang WW, Hsieh JL, Wang WK. Salmonella induce
autophagy in melanoma by the downregulation of AKT/mTOR pathway. Gene
Therapy. (2014) 21:309-16. doi: 10.1038/gt.2013.86

Bascuas T, Moreno M, Grille S, Chabalgoity JA. Salmonella immunotherapy
improves the outcome of CHOP chemotherapy in non-Hodgkin lymphoma-
bearing mice. Front Immunol. (2018) 9:7. doi: 10.3389/fimmu.2018.
00007

Garcia-Gil A, Galan-Enriquez CS, Perez-Lopez A, Nava P, Alpuche-
Aranda C, Ortiz-Navarrete V. SopB activates the Akt-YAP pathway to
promote Salmonella survival within B cells. Virulence. (2018) 9:1390-402.
doi: 10.1080/21505594.2018.1509664

Grille S, Moreno M, Bascuas T, Marques JM, Munoz N, Lens D,
et al.  Salmonella Typhimurium immunotherapy
for B-cell lymphoma induces broad anti-tumour immunity with
therapeutic effect. Immunology. (2014) 143:428-37. doi: 10.1111/imm.
12320

Avogadri E, Mittal D, Saccheri E, Sarrafiore M, Ciocca M, Larghi P, et al. Intra-
tumoral Salmonella typhimurium induces a systemic anti-tumor immune
response that is directed by low-dose radiation to treat distal disease. Eur |
Immunol. (2008) 38:1937-47. doi: 10.1002/€ji.200738035

Kim JE, Phan TX, Nguyen VH, Dinh-Vu HV, Zheng JH, Yun M,
et al. Salmonella typhimurium suppresses tumor growth via the pro-
inflammatory cytokine interleukin-1beta. Theranostics. (2015) 5:1328-42.
doi: 10.7150/thno.11432

(2010) 10.1186/1471-2407-

81.

82.

83.

84.

enterica  serovar

85.

86.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Mateos-Chdvez, Muiioz-Lopez, Becerra-Bdez, Flores-Martinez,
Prada-Gracia, Moreno-Vargas, Baay-Guzmdn, Judrez-Herndndez, Chdvez-
Munguia, Cabrera-Mu#iéz and Luria-Pérez. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

22

November 2019 | Volume 10 | Article 2562


https://doi.org/10.1007/s11999-008-0243-2
https://doi.org/10.1016/j.jpedsurg.2008.02.048
https://doi.org/10.1002/jgm.1023
https://doi.org/10.1007/s00262-008-0555-9
https://doi.org/10.1093/jnci/djn205
https://doi.org/10.1177/030089161009600218
https://doi.org/10.1371/journal.pone.0080050
https://doi.org/10.1038/srep30591
https://doi.org/10.1038/sj.cgt.7700634
https://doi.org/10.1182/blood-2012-12-474098
https://doi.org/10.1111/j.1365-2958.2005.04666.x
https://doi.org/10.1186/1471-2407-10-146
https://doi.org/10.1038/gt.2013.86
https://doi.org/10.3389/fimmu.2018.00007
https://doi.org/10.1080/21505594.2018.1509664
https://doi.org/10.1111/imm.12320
https://doi.org/10.1002/eji.200738035
https://doi.org/10.7150/thno.11432
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Live Attenuated Salmonella enterica Expressing and Releasing Cell-Permeable Bax BH3 Peptide Through the MisL Autotransporter System Elicits Antitumor Activity in a Murine Xenograft Model of Human B Non-hodgkin's Lymphoma
	Introduction
	Materials and Methods
	Molecular Modeling by Homology
	Geometry Optimization of the Proposed Models
	Stereochemical Quality Evaluation of the Models

	Bacterial Strains and Oligonucleotides
	Oligonucleotide Coupling (Adapters)
	Plasmid Construction
	Bacterial Culture and Induction Conditions
	Recombinant Protein Expression
	Western Blot Assays
	Immunofluorescence and Flow Cytometry Assays

	Cell Lines and Cell Cultures
	Detection of the Anti-apoptotic Molecules by Western Blot
	Tumor Cell Infection With Recombinant Salmonella Strains
	Cellular Viability Assay by Trypan Blue Dye Exclusion
	Apoptosis Assays
	Mice
	Murine Xenograft Model
	Antitumor Activity of the Recombinant Salmonella Strains
	Bacterial Culture From Tumor Tissue: Determination of Colony-Forming Units (CFU)
	Detection of Apoptotic Markers in Tumor Tissue by Immunohistochemistry
	Tumor Histology
	Determination of Apoptotic Markers by Immunohistochemistry Staining
	Detection of Apoptosis by Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay in Tumor Tissue
	Determination of Inflammatory Cytokines by Cytometric Bead Array (CBA)

	Statistical Analysis

	Results
	3-D Structure of the MisL Autotransporter System Carrying the Cell-Permeable Bax BH3 Peptide
	Construction of the Plasmids pL-XT, pL-SXT, pL-TP, pL-XTP, and pL-SXTP
	The Cell-Permeable Bax BH3 Peptide Is Expressed on the Surface of the S. enterica Through the MisL Autotransporter System
	The Cell-Permeable Bax BH3 Peptide Expressed and Released From S. enterica Induces Cell Death of NHL Cells
	The Cell-Permeable Bax BH3 Peptide Expressed and Released From S. enterica Promotes Apoptosis of NHL Cells
	Antitumor Activity of the Cell-Permeable Bax BH3 Peptide Expressed and Released From S. enterica in a Murine Xenograft Model of Human B NHL
	Targeting of Recombinant Salmonella Strains to the Murine Xenograft Model of Human B NHL
	The Cell-Permeable Bax BH3 Peptide Expressed and Released From S. enterica Induces Apoptosis in the Murine Xenograft Model of Human B NHL
	Inflammatory Cytokines Are Elevated in the Murine Xenograft Model of Human B NHL Treated With S. enterica That Expresses and Releases the Cell-Permeable Bax BH3 Peptide

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


