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Introduction: Immunosuppressive factors within the tumor microenvironment

hinder effective antitumor immune responses and limit the efficacy of current

immunotherapies. Immunomodulators offer an alternative by activating immune

effectors. Proteases from various sources used as cancer therapy adjuvants have

shown promise in inhibiting tumor growth. Our previous work showed that the

bacterial metalloprotease arazyme has a strong in vivo antimetastatic effect in the

B16F10-Nex2 murine melanoma model. Interestingly, heat-inactivated arazyme

also exhibited antitumor properties dependent on an intact adaptive immune

response, highlighting its immunomodulatory role. To assess whether this effect

is unique to arazyme, we examined another bacterial metalloprotease,

Oligopeptidase A (OpdA).

Methods: OpdA was produced and purified. Endotoxin levels were measured.

C57BL/6 mice received intravenous B16F10-Nex2 cells, followed by treatments

with either active or heat-inactivated OpdA. Pulmonary nodules were counted.

Immune cells involved in the response were characterized using FACS and

depletion experiments. Cytokines were measured by ELISA and intracellular

cytokine analysis. OpdA receptor activation was studied in bone marrow-

derived cells from knockout and wild-type mice using inhibitors.
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Results: Heat-inactivated OpdA significantly reduced metastasis, dependent on

tumor-specific CD4+ and CD8+ T cells and IFN-g, both locally and systemically,

with decreased IL-10 levels suggesting a proinflammatory environment.

Treatment increased secretion of nitric oxide, IL-12p40, and TNF-a from bone

marrow cells via enzymatic activity, involving MyD88/TRIF and MAPK pathways.

Conclusion: OpdA shows potential as a tumor vaccine adjuvant, promoting

antigen presentation and tumor-specific immune responses.
KEYWORDS

B16F10, Oligopeptidase A (OpdA), bacterial metalloprotease, melanoma,
immunoadjuvant, immunomodulation, toll-like receptor 4 (TLR4), MyD88/TRIF/MAPK
Introduction

Melanoma is a serious skin cancer originating from melanocytes,

accounting up 90% of skin cancer cases. It has proven resistant to

chemotherapy, with some countries experiencing an annual growth

rate of 3 to 7% (1). The introduction of immune checkpoint inhibitors

and targeted therapies, such as BRAF/MEK inhibitors for BRAF-

mutant melanoma, has greatly improved survival rates, including

progression-free and overall survival. However, there is an urgent need

to discover new treatments for patients whose melanoma does not

respond to these current options (2).

The tumor microenvironment (TME) is a dynamic and

intricate ecosystem where tumor cells interact with various

immune and stromal cells. As tumors grow, the TME transitions

from an initial pro-inflammatory, immune-activating phase to a

later immunosuppressive state characterized by metabolic

alterations and hypoxia. This change highlights the dual roles of

key antitumor immune cells—such as T lymphocytes, natural killer

cells, macrophages, dendritic cells, and myeloid-derived suppressor

cells—which can either hinder or promote tumor growth depending

conditions (3).

In recent years, immunomodulators have created new

opportunities for cancer treatment. They boost the immune

system’s ability to eliminate tumor cells by enhancing their

interaction with standard cancer therapies. Immunomodulators

are generally divided into categories such as checkpoint

inhibitors, cytokines, agonists, or adjuvants (4).

Immunomodulators can activate key pathways of innate

immunity, thereby enhancing a more effective adaptive immune

response (5, 6).

Dendritic cells (DCs) are highly effective antigen-presenting

cells, known for their ability to stimulate T cell immunity through

TCD4+ and TCD8+ responses (7–9). The maturation of DCs begins

with the recognition of antigens by pattern recognition receptors

(PRRs), including Toll-like receptors (TLRs), which triggers cell

activation. Once activated, DCs exhibit a reduction in phagocytic

and endocytic receptors while increasing levels of co-stimulatory

molecules (such as CD80, CD86, CD40, CD83, CD70, and OX40L).
02
They also show enhanced expression of MHC I and II molecules

and secrete pro-inflammatory cytokines and chemokines (like IL-

12, IL-6, and TNF-a) (10–12). IL-12 plays a crucial role in

activating Natural Killer (NK) cells and T cells, leading to the

production of cytokines, primarily IFN-g, which facilitates the

generation of antigen-specific cytotoxic T lymphocytes (CTLs)

and enhances NK cell cytotoxicity (13).

Toll-like receptors (TLRs) recognize pathogens through

pathogen-associated molecular patterns (PAMPs) and endogenous

danger signals, also known as danger-associated molecular patterns

(DAMPs). By activating innate immunity, TLRs trigger the adaptive

immune response. This has led to the idea that TLR ligands could be

useful components in cancer vaccines (14).

The use of adjuvants has become especially important in

antitumor vaccines because tumors often express “altered self”

antigens that generally trigger a weaker immune response than

pathogen antigens. Furthermore, immunoadjuvants that work well

in pathogen vaccines may not be as effective in cancer vaccines (15).

They can improve antigen uptake by antigen-presenting cells

(APCs) by causing structural changes that promote gradual

release and make the antigens more recognizable to the immune

system (5).

Each TLR detects specific patterns; TLR4 (toll-like receptor 4)

recognizes microbial lipopolysaccharides (LPS), which are part of

the cell wall in gram-negative bacteria, as well as damage-associated

molecules like heat shock proteins and high mobility group

proteins, including HMGB1 and HMGN1 (High mobility group

box 1 and High Mobility Group Nucleosome Binding Domain 1,

respectively) (16, 17).

TLR4 activation by LPS starts when LPS binds to the LPS-

binding protein (LBP). This enables LPS monomers to transfer to

CD14, which is found in serum or on cell surfaces. Next, LPS is

handed off to the accessory protein MD-2, forming the TLR4/MD-2

complex that promotes dimerization. This dimer then recruits two

pairs of adapter proteins: TIRAP/MyD88 (myeloid differentiation

factor 88) and TRAM/TRIF (the adapter containing the TIR

domain that induces Interferon b). MyD88 helps recruit IRAK4

and IRAK2 (or IRAK1) kinases, which activate NF-kB and MAP
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kinase signaling pathways, leading to the production of pro-

inflammatory cytokines like TNF-a and IL-6. Meanwhile, TRIF

initiates a signaling cascade that activates IRF3, promoting the

expression of IFN (type I interferon), IL-10, and RANTES (16, 18).

LPS enhances macrophage and monocyte activation by rapidly

phosphorylating tyrosines, including key tyrosine kinase members

like p53/56lyn and p58/64c-fgr, as well as both typical (PKCb) and
atypical (PKCz) protein kinase C isoforms. These signals activate

the MAPK pathway, which involves MAPK, MAPK kinase

(MAPKK), and MAPK kinase kinase (MAPKKK). In human

monocytic cells, LPS strongly activates all three components of

this pathway (19).

Therefore, TLR4-ligands used as adjuvants in antitumor

vaccines show great promise. MPLA (Monophosphoryl lipid A), a

safer form of LPS, activates antigen-presenting cells (APCs),

especially dendritic cells (DCs), by engaging TLR4. This

activation boosts co-stimulatory molecule expression, promotes a

Th1 immune response, and enhances IL-12 production (20).

Additionally, the FDA has approved MPLA, a TLR4 agonist, as

an adjuvant in therapeutic antitumor vaccines (21, 22).

Various proteases from different sources have shown promising

results as therapeutic adjuvants in cancer treatment by inhibiting

tumor growth. Notable examples include serine protease gingipains

(23, 24), cysteine protease papain (25), bromelain from pineapple

extract (26, 27), and the cysteine protease fastuosain (28).

Our previous study showed that intravenous injection of

B16F10-Nex2 melanoma cells in mice, combined with

intraperitoneal arazyme treatment, resulted in a significant

reduction of lung nodules. Arazyme, a metalloprotease derived

from Serratia proteomaculans, was characterized by Bersanetti

et al. (29). Both its active and heat-inactivated forms exhibited

antitumor effects, indicating these actions are independent of its

proteolytic activity. Additionally, heat-inactivated arazyme

displayed immunomodulatory effects on antigen-presenting cells

(APCs), boosting the response of IFN-g and CD8+ T-cells via the

TLR4/MyD88/TRIF and MAPK pathways (30, 31).

To determine whether the antitumor and immunomodulatory

effects were specific to arazyme, this study examined a different

bacterial metalloprotease called Oligopeptidase A (OpdA). OpdA is

a zinc-dependent enzyme belonging to the M3A subfamily, found

in Salmonella typhimurium and Escherichia coli. It has a molecular

weight of 77.1 kDa, as measured by gel filtration. This protease can

hydrolyze small peptides and plays a role in various catabolic

pathways in E. coli. It is also known for its ability to cleave

bioactive peptides such as bradykinin and neurotensin (32–34).
Material and methods

Animals

Male C57Bl/6 (WT), MyD88-/-, TRIF-/-, TLR4-/-, TLR2-/-, IFN-g-/-
, and NOD-scid IL2Rgnull (NSG) mice, aged 6 to 8 weeks and kept in

standard pathogen-free conditions, were acquired from the Center for

Development of Experimental Models (CEDEME) and the Institute of
Frontiers in Immunology 03
Pharmacology and Molecular Biology (INFAR) at the Federal

University of São Paulo (UNIFESP). The Animal Experimentation

Ethics Committee (CEUA) at UNIFESP approved all conducted

experiments (Protocol numbers 1882220815 and 5635020419).
Cell lines and reagents

The cell line B16F10 was isolated from a spontaneous murine

melanoma in C57Bl/6 mice (35) and obtained from Ludwig Cancer

Research in São Paulo, Brazil. The B16F10-Nex2 subline was

established at the Experimental Oncology Unit (UNONEX, at

UNIFESP) and maintains the same metastatic and aggressive

features as the original line (36). The cells were cultured in RPMI

1640 medium (Gibco) supplemented with 10% heat-inactivated

fetal calf serum (FCS, Life Technologies), 10 mM HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid; Sigma Aldrich), 24

mM NaHCO3 (Sigma Aldrich), and 40 mg/mL gentamicin

(Hipolabor Farmacêutica, MG, Brazil). Cultures were incubated at

37 °C with 5% CO2. IFN-g was purchased from Peprotech, while

lipopolysaccharides (LPS) and polymyxin B were obtained from

Sigma Aldrich. The TLR-4 inhibitors (CLI-095), MyD88 inhibitor

(Pepinh-MyD88), TRIF inhibitor (Pepinh-TRIF), and peptide

control (Pepinh-Control), as well as SP600125 (JNK inhibitor),

SB203580 (p38 inhibitor), and PD98059 (MAP/ERK inhibitor),

were sourced from Invivogen, CA, USA. Peptides PAR1-AP

(RLLFT-NH2) and PAR2-AP (LRGILS-NH2) were synthesized as

previously described (37). The antibiotics (kanamycin and

chloramphenicol) and IPTG (isopropyl b-D-thiogalactoside) were
obtained from Sigma-Aldrich.
Recombinant expression and purification
of the OpdA enzyme

The expression vector pET-28 OpdA was constructed by

inserting the OpdA gene into the pET28 plasmid, as previously

described (32). Briefly, the OpdA gene was cloned via PCR from the

total DNA of the E. coli strain DH5a using NcoI and XhoI

restriction enzymes, resulting in a final construct with a poly-

histidine tag at the C-terminus. Bacterial DNA was extracted

using the PureLink Genomic DNA Purification Kit (Invitrogen).

The PCR mixture contained 200 µM deoxynucleoside

triphosphates, 2 mM MgCl2, 50 mM KCl, and 20 mM Tris-HCl

(pH 8.4), 1 U pfu DNA polymerase, and 50 pmol of the primers (5’-

GATAATCCATGGGCTCTAAAATTCTCCCGGAACATGTCG-

3’ and 5’-ACCACCCTCGAGGCCCTTAATGCCGTAATGC

TCCAGC-3’). The PCR reaction started with one cycle at 95 °C

for 3 minutes, followed by 35 cycles at 95 °C for 1 minute, 72 °C for

2.5 minutes, and ended with 72 °C for 5 minutes. The PCR product

was analyzed on a 1% agarose gel containing 1.0 µM ethidium

bromide in TAE buffer (40 mM Tris-acetate and 1 mM EDTA, pH

8.0), purified using the Wizard SV Gel kit (Promega), and cloned

into the pGEM-T Easy vector (Promega, Madison, USA). The

cloned OpdA gene was excised from the plasmid by digestion
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with NcoI and XhoI (Invitrogen) and inserted into the EcoRI site of

the pET28 vector, then sequenced.

For expression, E. coli BL21 (DE3) pLysS was transformed via heat

shock with the expression vector pET-28 OpdA and grown under

agitation at 37°C for 16 hours in Luria-Bertani medium supplemented

with 50 µg/mL kanamycin and 50 µg/mL chloramphenicol. The

bacteria pLysS/pET28-OpdA were re-inoculated in fresh medium

containing the same antibiotic selection and grown until the culture

density reached an A600 of 0.6. Subsequently, the expression of the

OpdA recombinant was induced with 1 mM IPTG for 12 hours at 20°

C. The bacterial cultures were centrifuged at 8,000 rpm for 20 minutes

at 4°C, re-suspended in 20 mMNa2HPO4, 300 mMNaCl, and 20 mM

imidazole, pH 8.0, and lysed by pressure in a French Pressure Cell Press

(model FA-078, Thermo Spectronic). The suspension was incubated

for 20 minutes under agitation with 20 mM MgSO4 and barnase (2.4

units/mL). The solution was centrifuged to remove the bacterial debris

for 15 minutes at 14,000 rpm at 4°C, and the supernatant was filtered

through a 0.45 µm filter. The solution was loaded into a Ni-Sepharose

column (HisTrapTMHP Columns – GE Healthcare) coupled with the

ÄKTA purifier System (GE Healthcare). The column was washed with

a buffer containing 20 mM Na2HPO4 and 300 mM NaCl, and then

OpdA was eluted using segmented step elution with 50 mM and 100

mM imidazole. The recombinant protein was desalted using a PD-10

column (Amersham Pharmacia Biotech) and analyzed by SDS-PAGE

electrophoresis (10%), stained with silver, and further assessed by

western blotting (Supplementary Figure 1A).
Heat-inactivation and activity of OpdA
metalloprotease

The hydrolysis of the fluorogenic peptidyl substrate Abz-

GFSIFRQ-EDDna was measured using a HITACHI F-2000

spectrofluorometer with excitation and emission wavelengths of 320

nm and 420 nm, respectively, at 37°C in a 50 µM Tris-HCl buffer, pH

7.4 (32). The substrate solution was kept in a thermostatically

controlled chamber for 5 minutes before adding 20 µM

recombinant OpdA. The slope was converted to moles of

hydrolyzed substrate per minute based on the fluorescence curves of

standard peptidase solutions before and after complete hydrolysis. The

data were used to plot the kinetic curve of OpdA enzymatic activity

(Supplementary Figure 1E). OpdA was heated for 45 minutes at 65 °C

to achieve heat inactivation. The structural integrity of the heat-

inactivated protease was confirmed by SDS-PAGE electrophoresis

(10%), stained with silver (Supplementary Figure 1B). The loss of

proteolytic activity was demonstrated by the absence of activity on the

fluorogenic substrate Abz–GFSIFRQ–EDDnp under the same

conditions described (Supplementary Figure 1D).
Purified OpdA identification using western
blotting

OpdA was separated using SDS-PAGE and then electro-

transferred onto a nitrocellulose membrane. The membrane was
Frontiers in Immunology 04
incubated for 16 hours at 4°C with in-house prepared murine anti-

OpdA primary antibodies. After this, it was treated with a peroxidase-

conjugated anti-mouse IgG secondary antibody for 90 minutes at 20°C.

Finally, the blot was incubated with SuperSignal Western Blot

Enhancer (Thermo Scientific) and visualized using the UVITEC

System (UVITEC Cambridge) (Supplementary Figure 1A).
OpdA digestion by proteinase K

OpdA (100 µg/mL) was digested with 50 µg/mL proteinase K

(Sigma Aldrich) and 2.5 mM CaCl2 in RPMI 1640 medium. The

sample was incubated for 45 minutes at 37°C with agitation, and the

digestion was confirmed by SDS-PAGE 10% with silver staining

(Supplementary Figure 1C).
Measurement of endotoxin contaminants

The endotoxin contaminants in OpdA samples were measured

using the Endpoint Chromogenic LAL (Limulus amebocyte lysate)

assay kit (Lonza) following the manufacturer’s instructions.
Cell proliferation assay

Cell proliferation was assessed by measuring mitochondrial

dehydrogenase enzyme activity using the MTT (3-(4,5–dimethyl–

2–thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) cell assay.

B16F10-Nex2 cells (4x103) were grown in 96-well plates, and after

24 hours, they were incubated for an additional 24 or 48 hours with

various concentrations of OpdA. Next, the cells were incubated with

10µL of MTT (5 mg/mL) for 3 hours at 37°C in 5% CO2, followed by

the addition of 100 µL SDS in 0.01 M HCl. The plates were analyzed

using Spectramax M2 equipment (Molecular Devices) at 570 nm

with a 650 nm reference filter (Supplementary Figure 3).
OpdA treatment in the metastatic
melanoma murine model

To analyze the effect of OpdA on B16F10-Nex2 melanoma

development in vivo, male C57BL/6, NSG (Nod Scid gamma null),

and MyD88-/- mice were inoculated via the caudal vein with 5x105

B16F10-Nex2 cells in 100µL of RPMI medium without FCS. One

day after inoculation, these animals received intraperitoneal

injections of either active or heat-inactivated OpdA (50µg) or PBS

(control) on alternate days for two weeks. Afterwards, the melanotic

lung nodules were visually quantified using an SMZ 745T

stereoscopic microscope (Nikon), and images were captured with

a DS-U3 digital camera (Nikon) attached to the system.

The adaptive immune response induced by OpdA treatment

was assessed in male C57BL/6 and IFN-g KO mice, divided into

three groups (control and treated with active or inactive OpdA),

each consisting of three animals. Mice were challenged
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intravenously with 1.5 x 105 B16F10-Nex2 cells inoculated via the

tail vein and underwent the same treatment protocol described.

After this period, the animals were anesthetized intraperitoneally

with ketamine/xylazine (100 mg/kg and 10 mg/kg, respectively) for

blood collection via cardiac puncture, then euthanized with 300 mg/kg

and 30 mg/kg of ketamine/xylazine, respectively. The lungs, whole

blood, draining lymph nodes, and spleens were collected from each

animal for later analysis of effector cells and cytokines.
Ex vivo stimulation of tumor-specific
lymphocytes derived from splenocytes and
lymph node cells

Spleens and draining lymph nodes (cervical, axillary, and

inguinal) were macerated and filtered through a cell strainer

(Corning) for cell isolation. Erythrocytes were removed using a

hemolytic buffer (8.3 g/L NH4Cl, 1 g/L NaHCO3, and 0.02 g/L

disodium EDTA) for one minute at 4°C. To neutralize the

hemolytic buffer, three washes with 10% FCS-RPMI medium

were performed. Following centrifugation, the supernatant was

discarded, and the cells were resuspended in 10% FCS-RPMI

medium. The viable cells were counted with trypan blue dye.

Cells were cultured in 24-well plates for 96 hours, either with or

without tumor lysate, to analyze and quantify tumor-specific CD4+

and CD8+ T lymphocytes that produce IFN-g and IL-10. Ex vivo re-
stimulation was done at a 10:1 ratio of immune cells to tumor cells

per well, using tumor lysate equivalent to 105 B16F10-Nex2 cells.

The tumor lysate was prepared by lysing 5×106 B16F10-Nex2 cells

(in 2.5 mL of RPMI) through 8 cycles of freezing in liquid nitrogen

and heating in a 37°C water bath, followed by centrifugation at

3,000 rpm, discarding the pellet, and applying 50 µL per well.
Analysis of intracellular production of IFN-g
and IL-10 by CD4+ and CD8+ T
lymphocytes

Splenocytes (5 x 106) were restimulated ex vivo in 96-well plates

with tumor lysate equivalent to 5 x 105 tumor cells (ratio 10

splenocytes to 1 tumor cell) in 200 µL of RPMI/10% FCS

medium. The splenocytes were stimulated for 96 hours, and

during the last 5 hours, 10 µg/mL of Brefeldin A (Sigma Aldrich)

was added. The cells were collected, centrifuged, and their Fc

receptors blocked with a pool of sera from normal C57Bl/6 mice,

inactivated at 56°C and diluted 1:30 in PBS containing 1% BSA

(Sigma Aldrich) for 1 hour at 4°C. They were then washed and

labeled with 50 µL of monoclonal antibodies conjugated to

fluorescent molecules: anti-CD3e-eFluor450 (clone 145-2C11,

eBioscience), anti-CD4-FITC (clone RM4-5, eBioscience), and

anti-CD8a-PerCPCy5.5 (clone 53-6.7, eBioscience), diluted 1:50

in PBS containing 1% BSA (Sigma Aldrich), for 1 hour at 4°C in the

dark. Next, they were washed and fixed with 2% paraformaldehyde

for 15 minutes. Cells were permeabilized with a buffer composed of

0.5% saponin (Sigma Aldrich) in PBS for 10 minutes at room
Frontiers in Immunology 05
temperature. The reaction was then blocked as above. Anti-IFN-g-
biotin (clone XMG1.2, BD Pharmingen) and anti-IL-10-PE (clone

JES5-16E3, BD Pharmingen) monoclonal antibodies were diluted

1:50 in permeabilization buffer and incubated with the cells for 1

hour at 4°C. After washing twice with permeabilization buffer, the

cells were incubated with streptavidin-FITC (BD Pharmingen) for 1

hour at 4°C, diluted in the same buffer. All samples underwent two

additional washes with permeabilization buffer and PBS before

being fixed with 500 µL of 2% paraformaldehyde in PBS. The

samples were acquired on the FACSCanto II flow cytometer (BD

Biosciences) and analyzed using FlowJo software (Tree Star).

Positive controls for IFN-g production were stimulated for 5

hours with PMA at 50 ng/mL and ionomycin at 1 µg/mL (both

Sigma-Aldrich). Controls for IL-10 production were stimulated for

96 hours with anti-CD3 and anti-CD28 (both at 1 µg/mL, BD

Biosciences), and in the last 48 hours, IL-2 (20 ng/mL, PeproTech)

and IL-4 (50 ng/mL, PeproTech) were added.
In vivo depletion of CD4+ and CD8+ T
lymphocytes

C57Bl/6 mice received intraperitoneal treatments of two doses

(3 days before and 7 days after tumor cell challenge) of 0.5 mg of

anti-CD4 monoclonal antibody (clone GK1.5), or 1 mg of anti-CD8

(clone YTS), both prepared and purified in-house by Luiz S. Silva.

Three days after the initial antibody treatment, the animals were

inoculated intravenously with 1.5x105 B16F10-Nex2 cells. On the

day following the challenge, they were treated with 50 µg of active or

inactive OpdA, administered every other day for 14 days. On the

15th day after the challenge, the lungs were harvested for

nodule counting.
Differentiation of murine bone marrow
progenitors

Bone marrow-derived DCs (BMDCs) were differentiated from

C57Bl6, TLR4-/-, TLR2-/-, TRIF-/-, or MyD88-/- mice as described

previously (38). BMDCs were cultured in Petri dishes (100 mm,

Corning) in RPMI/10% FCS, supplemented with non-essential

amino acids (1X), 50 µM 2-mercaptoethanol (all from Gibco),

and 30 ng/mL murine rGM-CSF (PrepoTech), 10 mL per femur.

On the 4th day, complete medium was added to the cultures, and

after 7 days, numerous non-adherent, typical DCs were obtained.
Identification of activated bone marrow-
derived cells by flow cytometry

BMDCs were cultured in 6-well plates (2x106 cells per well) and

stimulated with 50 µg/mL of either active or heat-inactivated OpdA

for 48 hours. The cells were washed twice with PBS containing 1%

BSA, and Fc receptors were blocked as described above. BMDCs

were then incubated with antibodies diluted 1:60 in PBS with 1%
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BSA for one hour at 4 °C, washed twice with PBS, and then fixed

with 2% paraformaldehyde. BMDC phenotypes were assessed using

APC-labeled anti-CD11c, PE-labeled anti-CD80, PE-labeled anti-

CD86, and FITC-labeled anti I-Ab, all produced by eBioscience/

Thermo Fisher Scientific. Data acquisition was performed with a

FACS Canto II (BD Biosciences), and population analyses were

conducted using FlowJo Software (Tree Star, CA, USA).
Cytokine and nitric oxide quantification

BMDCs were cultured in 96-well plates (1x105 cells per well)

with varying concentrations of active or inactive OpdA, 200 U/mL

IFN-g, 200 ng/mL LPS, and, in some wells, with 20 µg/mL

polymyxin B or OpdA digested with 50 µg/mL proteinase K for

48 hours. Afterwards, the culture supernatant was collected, and

nitric oxide (NO) levels were measured using Griess reagent (39).

Tumor necrosis factor-alpha (TNF-a) and IL-12p40 were

quantified by ELISA, and a TMB substrate solution (both from

BD Bioscience) was used for detection. Both ELISA and NO

measurements were read with a Spectramax M2 plate reader

(Molecular Devices), with NO at 540 nm and cytokines at 450

nm, applying correction at 570 nm.

Cytokines were also measured in the culture supernatant of

splenocytes and lymph node cells, as well as in sera and lung

homogenates, all collected on the 15th day after tumor cell

inoculation, from animals treated or not with OpdA. Kits for the

cytokines IFN-g and IL-10 (BD Bioscience) were used according to

the manufacturer’s instructions. At the end of the protocols, plates

were washed six times with Wash buffer, and 50 mL of ELISA

chromogen substrate containing hydrogen peroxide (BD

Pharmigen® TMB Substrate BD 555214) was added. Plates were

kept in the dark for an additional 30 minutes, and after this period,

50 mL of Stop Solution (4N sulfuric acid) was added. The reaction

was read at a wavelength of 450 nm (reference 630 nm) using a

SpectraMax M2e (Molecular Devices). The cytokine concentration

was calculated from the standard curve of concentration versus

absorbance graph, using Microsoft Excel.
Statistical analysis

Statistical analysis was performed using GraphPad Prism software

(GraphPad Software, La Jolla, CA, USA) as described in each figure. In

all studies, a p-value <0.05 was considered statistically significant.
Results

The antitumor activity of inactive OpdA
depends on the presence of IFN-g, and
CD8+ T lymphocytes

The recombinant OpdA was produced using a highly efficient

process, resulting in a high-purity product that was identified by an
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in-house prepared anti-OpdA polyclonal antibody (Supplementary

Figure 1A). This metalloprotease demonstrated proteolytic activity

on a specific substrate that exhibited intramolecular fluorescence

suppression (Supplementary Figures 1D, E). The heat-inactivated

metalloprotease maintained the structural integrity of the active

enzyme (Supplementary Figure 1B) and showed no proteolytic

activity on the same substrate (Supplementary Figure 1D).

To investigate the in vivo antitumor activity of OpdA, male

C57Bl/6 mice were intravenously inoculated with B16F10-Nex2

cells and treated with either active or inactive OpdA. Mice receiving

inactive OpdA showed fewer metastatic lung nodules than the

control group (PBS-treated mice) (Figure 1A, Supplementary

Figure 2), suggesting a potential indirect and non-specific effect of

OpdA on tumor growth, which was further confirmed by the MTT

cell viability assay (Supplementary Figure 3).

To determine whether the antitumor response triggered by

inactive OpdA depends on a functional adaptive immune system,

immunodeficient mice (NSG) were injected with B16F10-Nex2 cells

and treated with inactive OpdA. The antitumor effect of inactive

OpdA was lost in these mice; in fact, the control and treated groups

had a similar number of lung nodules (Figure 1B) and comparable

lung weights (Figure 1C). This shows that the antitumor response

from inactive OpdA relies on an active adaptive immune response.

To assess how key effectors in the adaptive immune system

contribute to the protective anti-tumor response triggered by OpdA,

we used genetically modified animals lacking IFN-g and performed in

vivo depletion of CD4+ and CD8+ T lymphocytes using specific

monoclonal antibodies. Notably, it was observed that the absence of

the IFN-g gene caused both active and inactive OpdA-treated animals

to develop similar numbers of pulmonary nodules as the PBS-treated

control group (Figure 1D). A similar outcome was seen in CD4- and

CD8-depleted animals (Figures 1E and F, respectively), suggesting that

these immune components are essential for the protective anti-tumor

response mediated by either active or inactive OpdA.

We also measured the levels of IFN-g and IL-10 in the lung

homogenates and serum of mice treated with OpdA. In the lung

homogenates, there was a notable increase in IFN-g production in

both the active and inactive OpdA-treated groups compared to the

control group (Figure 2A), while IL-10 levels significantly increased

only in the inactive recombinant-treated group (Figure 2B). The

ratio of IFN-g to IL-10, which indicates a proinflammatory

antitumor protective response, was significantly higher in the

active OpdA group. However, the inactive OpdA group also

showed a tendency toward an increase (Figure 2C).

Serum from each group was pooled and analyzed for IFN-g and
IL-10 levels. The group treated with active OpdA showed a

significant increase in IFN-g levels (Figure 2D), while IL-10

production did not differ significantly across the groups

(Figure 2E). The ratio of IFN-g to IL-10 was elevated only in the

group receiving active OpdA (Figure 2F).

We also examined the presence of tumor-specific CD4+ and

CD8+ T lymphocytes that produce IFN-g and IL-10 in the spleens

and lymph nodes of OpdA-treated animals.

In mice treated with active OpdA, there was a significant

increase in CD4+/IFN-g , CD4+/IL-10, and CD8+/IFN-g
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lymphocytes compared to those treated with PBS (Figures 3A, B).

Conversely, mice receiving inactive OpdA only showed a

statistically significant decrease in CD8+/IL-10 lymphocytes

compared to the control group (Figure 3B).

The evaluation of IFN-g and IL-10 levels in the culture supernatant,
following ex vivo stimulation of cells from tumor-draining lymph

nodes with tumor antigens, indicated that animals given active OpdA

produced significantly higher levels of IFN-g and IL-10 even without

tumor stimuli compared to the control group. This suggests that these

cells were likely pre-activated at that site. When stimulated with tumor

antigens, a notable increase in IL-10 secretion was observed

(Figure 3C). Cells from animals treated with inactive OpdA showed
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a significant increase in IL-10 secretion upon stimulation with tumor

antigens (Figure 3C). Similar results were seen in splenocytes, where, in

the absence of tumor antigen stimulation, their behavior mirrored that

of the cells from the lymph nodes (Figure 3D). All groups showed a

significant rise in IL-10 production upon re-stimulation with tumor

antigens, especially in cells from animals treated with active OpdA.

However, whether in lymph node cells or splenocytes, animals treated

with active OpdA had a higher IFN-g/IL-10 ratio compared to the

other groups (Figures 3C, D).

The findings indicate that the antitumor protective effect of

OpdA relies on a functioning adaptive immune system, as well as

the presence of IFN-g, CD4+, and CD8+ T cells.
FIGURE 1

The adaptive immune system contributes to the in vivo antitumor effect of heat-inactivated OpdA. (A) Male C57Bl/6 mice (n=11 or 13) were injected
intravenously with 5x105 B16F10-Nex2 melanoma cells and treated intraperitoneally with 50 µg of either active or heat-inactivated OpdA, or PBS
(control) on alternate days for two weeks. Melanotic pulmonary nodules were then counted using an inverted microscope. Individual animal data are
shown, with the average (bars) and ± SD (vertical lines); (B) NSG mice (n=5) received the same treatment as in (A) with heat-inactivated OpdA; (C)
average lung weight (± SD) of NSG mice; (D) IFN-g-/- mice (n=3) were treated as described in (A, E, F) C57Bl/6 mice (n=3 per group) were given
anti-CD4 or anti-CD8 antibodies intraperitoneally (three days before and seven days after tumor cell inoculation) in addition to the same treatment
described in (A). n.s., non-significant; ****p < 0.0001, analyzed by one-way ANOVA followed by the Tukey test. This represents one of two
independent experiments.
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OpdA activates BMDCs through the
production of IL-12, TNF-a, and NO

To gain a deeper unders tanding of how OpdA ’ s

immunomodulatory mechanism induces a protective antitumor

immune response, we examined the effect of the metalloprotease

on BMDCs.
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BMDCs exposed to either active or inactive OpdA produced

NO, especially when IFN-g was present, although this was less

effective than LPS stimulation (Figure 4A). There was a significant

increase in IL-12p40 production, similar to levels seen with LPS

stimulation, and IFN-g did not affect this process (Figure 4B).

BMDCs treated with active or inactive OpdA released higher

amounts of TNF-a, whereas LPS was less effective (Figure 4C).
FIGURE 2

Quantification of IFN-g and IL-10 levels in the lungs and serum of mice treated with either active or inactive OpdA in the metastatic melanoma
model. C57Bl/6 mice (n=6 per group) received an inoculation of 1.5 x 105 B16F10-Nex2 cells via the tail vein. On the first day after the challenge, the
mice were treated intraperitoneally with 50 µg of either active or inactive OpdA or PBS (Control), on alternate days for two weeks. (A) IFN-g levels in
lung homogenates; (B) IL-10 levels in lung homogenates; (C) The IFN-g/IL-10 ratio in lung homogenates; (D) Measurement of IFN-g in pooled
serum; (E) Measurement of IL-10 in pooled serum; (F) The IFN-g/IL-10 ratio in pooled serum for each group. N.S., non-significant; ***p < 0.0001;
**p < 0.001; *p < 0.05, determined by one-way ANOVA with Tukey’s test relative to the control group. Individual animal data are displayed, with
mean (bars) and ± SD (vertical lines) indicated; the result is from one of two independent experiments.
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FIGURE 3

Measurement of intracellular and secreted IFN-g and IL-10 by tumor-specific T lymphocytes from animals treated with either active or inactive
OpdA. C57Bl/6 mice (n=3 per group) were injected via the tail vein with 1.5 x 105 B16F10-Nex2 cells. On the first day after the challenge, the mice
received 50 µg of either active or inactive OpdA or PBS (control) intraperitoneally every other day for a total of 15 days. Splenocytes were harvested,
and 106 cells were distributed into 24-well plates and cultured for 4 days, either restimulated (Restim) or left at baseline (Basal) with B16F10-Nex2
cell lysate at a 10:1 ratio (splenocytes: tumor cells); flow cytometry was performed at the end for analysis. (A) Percentage of IFN-g+ cells among
CD3+/CD4+ or CD3+/CD8+ tumor-specific T lymphocytes; (B) Percentage of IL-10+ cells among CD3+/CD4+ or CD3+/CD8+ tumor-specific T
lymphocytes. Mice received the same treatments as outlined, after which splenocytes and lymph nodes were collected. Two million cells were
distributed into 96-well plates and cultured as described. Cytokines produced were then quantified through ELISA from the culture supernatant. (C)
Secretion of IFN-g and IL-10 from tumor-specific lymph node cells; (D) Secretion of IFN-g and IL-10 from tumor-specific splenocytes. ****p<
0,00001, ***p < 0.0001, **p < 0.001, *p < 0.05 determined via One-way ANOVA, followed by Tukey’s test. Bars represent the average with ± SD
(vertical lines); one of three independent experiments is shown.
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Incubation with OpdA in the presence of IFN-g led to increased

expression of CD80 and CD86, yielding results comparable to LPS

(Figure 4D). These findings show that OpdA activates BMDCs to

promote an antitumor immune response.

The recombinant OpdA is expressed in E. coli, suggesting that the

purified metalloprotease may contain endotoxin contaminants, mainly

LPS, a potent TLR-4 ligand with immunomodulatory activity in

antigen-presenting cells. To rule out possible BMDC activation caused

by contaminant LPS, we treated in vitro cultures with polymyxin B, and

stimulated BMDC cultures with proteinase K-treated OpdA. Polymyxin

B is a cationic cyclic lipopeptide that binds to the lipid A portion of LPS

and blocks its interaction with TLR-4 in BMDCs (40). Proteinase K is a

serine protease that fully cleaves OpdA (41, Supplementary Figure 1C).

The presence of polymyxin B (20 m/mL) in the assay significantly

inhibited the stimulatory effect of LPS as expected, and it is evident that,

although there was a partial reduction in the production of NO and

TNF-a (but not IL-12p40), the activation induced by OpdA in the

BMDCs remains largely intact. Conversely, when BMDCs were

stimulated with OpdA treated with proteinase K, the production of

cytokines and NO was completely abolished, indicating that the

stimulation of BMDCs depended on the presence of OpdA in the

recombinant preparation, since LPS is resistant to proteinase K but the

protease fully degraded OpdA (Supplementary Figure 1C).
Endotoxin contamination cannot activate
BMDCs

Next, we evaluated how endotoxin residues in the recombinant

OpdA preparation might influence the immunomodulatory

properties of the protease. In a BMDC activation assay, we

measured endotoxin levels in wells containing LPS, OpdA, or

both, using a Limulus amebocyte Lysate (LAL) assay. The results

showed that adding 0.1 ng of LPS to BMDCs equals 0.5 EU

(endotoxin units), while adding 25 µg of OpdA contains 0.68

EU (Figure 5).

Figure 5 shows that BMDCs incubated with 25 µg/mL of either

active or heat-inactivated OpdA in the presence of IFN-g produced

significant levels of NO, IL-12p40, and TNF-a. In contrast, 0.1 ng/mL

of LPS (0.5 EU/mL) did not induce NO, IL-12p40, and TNF-a as

effectively as 25 µg of OpdA (0.68 EU). Additionally, the higher

concentration of LPS tested, 5 ng/mL (25 EU/mL), also failed to

activate BMDCs with the same efficiency as 25 µg/mL OpdA (0.68

EU/mL).

Another potential scenario involves a synergistic effect between

LPS and OpdA. To evaluate this, BMDCs were stimulated with 25 mg/
mL of either active or heat-inactivated OpdA along with increasing

concentrations of LPS (from 0.1 to 5 EU/mL). Results showed that

none of the tested LPS concentrations increased the production of NO,

IL-12p40, or TNF-a, thereby ruling out the possibility of a synergistic
interaction between LPS and OpdA (Figure 5).

These results support our previous findings, indicating that

although the recombinant OpdA preparation contains low levels of

contaminating endotoxin residues, these are not responsible for the

immunomodulatory effect of OpdA on antigen-presenting cells.
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TLR4 is required for the activation of
BMDCs by OpdA

For OpdA to effectively activate antigen-presenting cells,

recognition is essential, so we assessed the role of TLRs. The

results showed that BMDCs from TLR4-/- mice significantly

reduced NO and TNF-a secretion in response to OpdA or LPS

stimulation. Additionally, a decrease in IL-12p40 secretion was

observed, especially with heat-inactivated OpdA (Figure 6A). In

contrast, BMDCs from TLR2-/- mice did not affect cytokine and NO

production (Supplementary Figure 4A).

Furthermore, BMDCs from C57BL/6 mice were pre-treated for

one hour with CLI-095, a cyclohexane derivative that inhibits the

TLR4 intracellular domain, and then exposed to either active or heat-

inactivated OpdA. With this inhibitor present, the production of NO,

IL-12p40, and TNF-a was completely suppressed (Figure 4B).

Additional experiments showed that protease-activated receptors 1

and 2 (PAR-1 and PAR-2) did not participate in the activation of

BMDCs by OpdA (Supplementary Figure 4B).

In conclusion, the findings suggest that TLR4 is involved in

activating BMDCs through OpdA.
OpdA signaling pathway involves MyD88
and TRIF

To investigate the signaling pathway responsible for the

downstream activation of TLR4 by OpdA, the MyD88 and TRIF

proteins were analyzed. In BMDCs from MyD88-/- mice stimulated

with LPS or OpdA, the production of NO, IL-12p40, and TNF-a
was completely suppressed. In BMDCs from TRIF-/- mice, NO

production was entirely inhibited, IL-12p40 levels remained

unchanged, and TNF-a showed a partial reduction (Figure 7A).

Additionally, BMDCs derived from C57Bl/6 mice underwent a

1-hour pre-incubation with the MyD88 inhibitory peptide (Pepinh-

MyD), which disrupts MyD88 homodimerization, and the TRIF

inhibitory peptide (Pepinh-TRIF), which hinders TLR-TRIF

interaction, before being stimulated with heat-inactivated OpdA.

As expected, the levels of NO, IL-12p40, and TNF-a were reduced

due to the presence of the inhibitory peptides (Figure 7B).

The antitumor effect of OpdA was not observed in vivo in

MyD88-/- mice. Both treated and untreated groups had the same

number of metastatic lung nodules and comparable lung weights

(Figure 7C), confirming the in vitro findings.

In conclusion, the results show that MyD88 and TRIF

molecules are essential for activating BMDCs by OpdA.
The proteins in the MAPK signaling
pathway play a role in the activation of
BMDCs

The MAPK (mitogen-activated protein kinase) signaling

pathways are essential for the development and function of

dendritic cells. This pathway includes several proteins, such as
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p38, JNK (c-Jun NH2-terminal kinases), and ERK (extracellular

signal-regulated protein kinases) (42, 43). To evaluate how MAPKs

influence the activation of BMDCs by OpdA, the cells were pre-

incubated for one hour with SP600125, SB203580, and PD98059,

which serve as pharmacological inhibitors of JNK, p38, and MAP/

ERK, respectively. Following this, they were stimulated with either

active or heat-inactivated OpdA or LPS (used as a positive control).

The production of NO stimulated by OpdA or LPS was significantly

reduced by the JNK and MAP/ERK inhibitors, while the p38

inhibitor had a less pronounced impact. TNF-a production

showed a partial decrease in the presence of the inhibitors, but

IL-12p40 secretion remained unaffected (Figure 8).

These results suggest that proteins associated with the MAPK

pathway contribute to the activation of BMDCs by OpdA.

Discussion

Certain prokaryotic proteinases show immunomodulatory

effects that are independent of their ability to hydrolyze proteins,

although the exact mechanisms are still unclear. The heat-

inactivated Sspa Subtilisin-like protease, a key virulence factor of

Streptococcus suis, induced a dose-dependent release of IL-1b, IL-6,
TNF-a, CXCL8, and CCL5 in macrophages, involving the MAPK

signaling pathway (44). Arg- and Lys-gingipain cysteine

proteinases, which are virulence factors of Porphyromonas

gingivalis (the causative agent of chronic periodontitis),

stimulated TNF-a and IL-8 production by monocyte-derived

macrophages, even without their enzymatic activity. Furthermore,

this proinflammatory response was associated with increased levels

of phosphorylated p38aMAPK, indicating the pathway’s role in the

process (45).

Moreover, metalloproteases from various sources have been

studied as alternative therapies for tumors, showing effective results,

although their mechanisms of action are still partly unclear.

Bothropoidin, a eukaryotic metalloprotease from snake venom,

showed in vitro antitumor and angiogenic effects in MDA-MB-

231 breast cancer cells (46). Another eukaryotic metalloprotease,

Thimed oligopeptidase (TOP), decreased the proliferation of

B16F10-Nex2 melanoma murine cells in vitro, and only the active

protease demonstrated an antitumor effect in vivo in mice injected

subcutaneously with these tumor cells (47).

Our laboratory’s previous findings showed that the bacterial

metalloprotease arazyme has an antitumor effect. The active
FIGURE 4

BMDCs are activated by either active or heat-inactivated OpdA.
Bone marrow-derived dendritic cells (BMDCs) were generated from
bone marrow progenitors of C57Bl/6 mice using GM-CSF. A total of
1x105 cells were placed in U-bottom plates and stimulated with 50
mg/mL of active or heat-inactivated OpdA, with or without digestion
by Proteinase K (PROT K, 50 mg/mL), along with IFN-g (200 U/mL)
and/or LPS (200 ng/mL) for 48 hours. In some wells, Polymyxin B
(POL B, 20 mg/mL) was included, as indicated. Nitric oxide (NO)
levels were measured in the culture supernatants using Griess
reagent, and cytokine levels were determined via ELISA. (A) NO;
FIGURE 4 (Continued)

(B) IL-12 (p40); and (C) TNF-a. Bars represent the mean ± SD from
triplicate samples, with data from one of two independent
experiments shown. (D) The expression of CD80 and CD86 was
evaluated by FACS in CD11c+/MHCII+ positive cells. Statistical
significance was analyzed using two-way ANOVA with the
Bonferroni test, comparing controls without Proteinase K or
Polymyxin B to the same stimuli, with *p < 0.05, **p < 0.001, and
***p < 0.0001.
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protease significantly reduced the number of metastatic lung

nodules in the B16F10-Nex2 melanoma mouse model. In vitro, it

demonstrated a dose-dependent cytostatic effect based on its

proteolytic activity, which involved decreasing CD44 expression

in B16F10-Nex2 cells and reducing both the adhesion and invasion

of these cells in vitro and in vivo. Additionally, arazyme stimulated

the production of protease-specific IgG that can cross-react with

MMP-8 from melanoma cells, thereby inhibiting the in vivo

metastatic process (30).

We also discovered that heat-inactivated arazyme triggers an

antitumor response in the B16F10-Nex2 melanoma mouse model,

depending on a functioning adaptive immune system. This

response is based on IFN-g secretion and CD8+ T lymphocytes.

Additionally, arazyme shows immunomodulatory effects by

activating dendritic cells and macrophages, which increases the

expression of co-stimulatory surface molecules and the release of

proinflammatory cytokines. This process relies on the activation of

the TLR4/MyD88/TRIF pathway, involving proteins from the

MAPK signaling pathway. Furthermore, this treatment proved

effective in the murine breast adenocarcinoma 4T1 model, leading

to decreased primary tumor growth and metastasis, and resulting in

higher survival rates in these animals (31).

We hypothesized that the antitumor and immunomodulatory

effects might not be unique to bacterial arazyme. To investigate this,

the current study examined the antitumor and immunomodulatory

effects, along with the mechanism, of a distinct prokaryotic

metalloprotease called Oligopeptidase A, found in Salmonella

typhimurium and Escherichia coli. In the B16F10-Nex2 melanoma

murine model, treatment with only heat-inactivated OpdA resulted

in fewer lung metastatic nodules. This effect depended on the

immune system, as it was ineffective in immunodeficient mice,

indicating an immunomodulatory role of OpdA. A direct effect on

B16F10-Nex2 tumor cells was ruled out, since neither active nor

heat-inactivated OpdA affected the viability or proliferation of

B16F10-Nex2 in vitro.

To identify the local and systemic immune effectors involved in

the immunomodulatory property of OpdA, we analyzed the

production of IFN-g and IL-10 in mice treated with active and

inactivated protease at the lung metastatic site, in serum, and by

tumor-specific T lymphocytes in splenocyte and lymph node cell

populations after ex vivo re-stimulation with tumor antigens.

IFN-g is a multifunctional cytokine known for its potent

antiviral, antitumor, and immunomodulatory effects. It is

primarily produced by activated T lymphocytes, including NK

cells, CD8+ T cells, and CD4+ T cells, as well as by antigen-

presenting cells like dendritic cells and macrophages. It is one of

the key cytokines produced by Th1-type T lymphocytes, which
FIGURE 5

Effect of different concentrations of OpdA and LPS on the
production of NO, IL-12p40, and TNF-a by BMDCs. BMDCs were
derived from bone marrow progenitors of C57Bl/6 mice using GM-
CSF. 1x105 cells were plated in U-bottom plates and stimulated for
48 hours with active or inactive OpdA (25 mg/mL), IFN-g (200 U/mL),
various LPS concentrations, or combined OpdA and LPS, as
described. The culture supernatants were tested for (A) NO using
the Griess reagent, (B) IL-12p40, and (C) TNF-a via ELISA. The EU/
mL values above each bar show LPS levels measured by the LAL
assay. Bars indicate the mean and ± SD from triplicate samples.
FIGURE 5 (Continued)

This is one of two independent experiments. *p < 0.05 and ***p <
0.0001, assessed by one-way ANOVA with Tukey’s test, comparing
samples with 25 mg/mL active or heat-inactivated OpdA alongside
IFN-g.
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FIGURE 6

Active and heat-inactivated OpdA activate BMDCs through TLR4. (A) BMDCs were differentiated from bone marrow progenitors of C57Bl/6 and
TLR4-/- mice in the presence of rGM-CSF. 1x105 cells were added to U-bottom plates and stimulated with active or heat-inactivated OpdA (50 mg/
mL), IFN-g (200 U/mL), and LPS (200 ng/mL) for 48 hours. In the culture supernatants, NO was quantified using Griess reagent, while IL-12p40 and
TNF-a levels were measured by ELISA. *p < 0.05 and ***p < 0.0001, analyzed by two-way ANOVA with Bonferroni test, comparing C57Bl/6 and
TLR4-/- cells with the same stimulus. (B) BMDCs from C57Bl/6 mice were incubated as described in (A) and stimulated with LPS, IFN-g, and active or
heat-inactivated OpdA, with or without the TLR4 inhibitor (CLI-095, 1 µM), added 1 hour prior to stimulation. In the culture supernatants, NO was
quantified using Griess reagent, while IL-12p40 and TNF-a levels were measured by ELISA. Bars represent the mean ± SD from triplicate samples.
***p < 0.0001, analyzed by one-way ANOVA with Tukey test. One of two independent experiments is shown.
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FIGURE 7

MyD88 and TRIF are necessary for the activation of BMDCs by both active and heat-inactivated OpdA. (A) BMDCs were derived from bone marrow
progenitors of C57Bl/6, MyD88-/-, and TRIF-/- mice, cultured in U-bottom plates (1x105 cells per well), and activated with either active or heat-
inactivated OpdA (50 µg/mL), LPS (200 ng/mL), and IFN-g (200 U/mL) for 48 hours. Nitric oxide (NO) levels in the culture supernatant were
measured using Griess reagent, while IL-12p40 and TNF-a were quantified via ELISA. The bars show averages ± SD from triplicate samples. Results
are indicated as ***p < 0.0001, analyzed with two-way ANOVA followed by Bonferroni’s test. (B) BMDCs from C57Bl/6 mice were treated as in (A)
and stimulated with LPS (200 ng/mL), IFN-g (200 U/mL), or heat-inactivated OpdA (50 µg/mL), with or without the MyD88 inhibitor (Pepinh-MyD88,
50 µM), TRIF inhibitor (Pepinh-TRIF, 50 µM), or the control peptide (Pepinh-Control, 50 µM). NO levels in the culture supernatant were analyzed
using Griess reagent, and IL-12p40 and TNF-a were measured via ELISA. The bars represent averages ± SD from triplicate samples. Results show **p
< 0.001 and ***p < 0.0001, assessed by one-way ANOVA with Tukey’s test. (C) MyD88-/- male mice (n=5) received 5x105 B16F10-Nex2 melanoma
cells via intravenous inoculation, followed by intraperitoneal injections of 50 µg of heat-inactivated OpdA or PBS (control) on alternate days over two
weeks. Subsequently, melanotic pulmonary nodules were counted using an inverted microscope. The average lung weights are shown. This
represents one of two independent experiments.
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FIGURE 8

The role of proteins in the MAPK signaling pathway in activating BMDCs via active or heat-inactivated OpdA. BMDCs were obtained from C57Bl/6 mice, and
1x105 cells were incubated in U-bottom plates. They were pre-treated for 1 hour with the JNK inhibitor (SP600125, 50 mM), p38 inhibitor (SB203580, 20 mM),
or MAPK/ERK inhibitor (PD98059, 100 mM). Afterwards, the cells were stimulated with either active or heat-inactivated OpdA (50 mg/mL), LPS (200 ng/mL), or
IFN-g (200 U/mL) for 48 hours. The culture supernatants were then analyzed for (A) NO using Griess reagent; (B) IL-12p40; and (C) TNF-a via ELISA. Results
are shown as averages with ± SD from triplicate samples, representing one of two independent experiments. **p < 0.001 and ***p < 0.0001, determined by
two-way ANOVA with Bonferroni test, comparing data from C57Bl/6 mice without inhibitors and the same stimuli. One of two independent experiments is
depicted.
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promote inflammation and fight tumor cells, while also inhibiting

Th2 cell differentiation (48). In contrast, IL-10 is an

immunoregulatory cytokine mainly produced by regulatory and

helper T lymphocytes, as well as by tumor cells within the tumor

microenvironment. Elevated levels of IL-10 are typically observed in

this environment, and this cytokine is linked to poorer survival rates

because it promotes tumor growth by suppressing pro-

inflammatory responses, including antigen presentation, T cell

proliferation, Th1 cytokine production, and cytotoxicity (49, 50).

Our previous research showed that injecting a small number of

B16F10Nex-2 cells into C57Bl/6 mice resulted in some animals

naturally resisting tumor development. The splenocytes from these

protected mice displayed high levels of IFN-g and reduced IL-10,

compared to mice that developed tumors, where immune cells

produced high levels of IL-10 and lower amounts of IFN-g. Mice

genetically modified to lack IL-10 (IL-10KO) and those treated with

a plasmid designed to neutralize IL-10 in vivo, when challenged

with B16F10-Nex2 cells, exhibited enhanced survival and increased

serum IFN-g levels. However, neutralizing IFN-g with a monoclonal

antibody in these animals reversed the protective effect (51). This

research emphasizes the importance of high levels of IFN-g and low

levels of IL-10, or a higher ratio of IFN-g to IL-10, in mounting an

effective protective response against murine B16F10 melanoma.

Within the pulmonary homogenate, active OpdA-treated mice

showed a significant increase in the IFN-g/IL-10 ratio. In contrast,

the inactivated OpdA-treated group had a slight rise in the ratio, but

this difference was not statistically significant. Only mice treated

with active OpdA demonstrated an elevated IFN-g/IL-10 ratio in

serum, while none of the OpdA-treated groups showed a substantial

increase in IL-10 levels.

In active OpdA-treated tumor-bearing mice, there was a

significant increase in the percentages of tumor-specific CD4+/

IFN-g+ and CD4+/IL-10+ T lymphocytes in the spleen. The

notable rise in CD4+/IFN-g+ cells indicates that the IFN-g/IL-10
ratio was higher in this group compared to others. TCD8+

lymphocytes showed a similar pattern, suggesting that both active

and inactive OpdA-treated mice had elevated IFN-g/IL-10 ratios.

The cytokine analysis of the culture supernatant revealed an

increased IFN-g/IL-10 ratio in splenocytes and lymph node cells

from active OpdA-treated mice. This highlights the important role

of CD4+ and CD8+ T lymphocytes, which produce more IFN-g than
IL-10, in driving the antitumor protection provided by the

metalloprotease, as demonstrated by the treatment of IFNg-/- and
T cell-depleted mice with OpdA.

Furthermore, OpdA resulted in higher secretion levels of NO,

IL-12p40, and TNF-a, as well as increased expression of surface

CD80 and CD86 co-stimulatory molecules in BMDCs after itspex

vivo/it /spactivation.

Dendritic cells (DCs) play a vital role in linking the innate and

adaptive immune responses by recognizing bacterial and viral

components through Toll-like receptors (TLRs) (52). The main

adaptor molecules, MyD88 and TRIF, connect to the intracellular

domains of TLRs. When this pathway is activated, it results in the

production of cytokines such as TNF-a, IL-1b, IL-6, and IFN-a,
which further activate the transcription factors NF-kB, AP-1, and
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IRF-3, promoting a proinflammatory response and enhancing the

immune response (53). However, during tumor progression,

various strong immunosuppressive mechanisms may hinder the

functions of DCs and T lymphocytes, decreasing the immune

system’s effectiveness against tumor cells (54). Therefore,

activating TLRs with agonists is an effective strategy to boost the

immune response against tumor cells (55), helping to counteract the

immunosuppressive tumor environment.

Our findings showed that OpdA boosts BMDC activation

through TLR4, involving MyD88 and TRIF, as demonstrated by

the lack of activation in TLR4-/-, MyD88-/-, and TRIF-/- mice and

through specific inhibitors targeting these molecules. These results

suggest that OpdA could act as a TLR4 agonist, similar to arazyme,

indicating its potential as an adjuvant in antitumor vaccines.

TLRs are a group of transmembrane proteins that detect

microbial and viral elements (52) and are present in various

immune cells, such as DCs (55, 56).

The effectiveness of TLR4 agonists as immunoadjuvants has been

thoroughly evaluated. Glucopyranosyl lipid A (GLA) effectively

stimulates the in vitro activation of bone marrow-derived dendritic

cells (BMDCs) through TLR4. Moreover, in a study using DC-targeted

lentiviral vectors and GLA, strong antitumor effects were seen

alongside increased CD8+ and CD4+ T cell responses that depended

onMyD88 (57). The lipid A TLR4 agonist improved T cell survival and

proliferation in a T cell priming adoptive transfer model and promoted

dendritic cell maturation. These results depended on TRIF, with type I

interferon production playing a crucial role in this adjuvant effect (58).

Additionally, l-carrageenan (l-CGN) activated DCs and boosted

cytokine secretion via TLR4. In the TC-1 tumor mouse model,

treatment with l-CGN-pulsed DCs and HPV peptides effectively

slowed tumor growth and triggered a strong CD8+ T cell response

(59). The bacterial derivative Poly (g-glutamic acid) (g-PGA) also

stimulated BMDC activation and cross-priming through TLR4

stimulation. Mice immunized with g-PGA and later challenged with

EG7-OVA tumor cells showed significant tumor growth reduction,

better survival, and strong memory responses (60). In the B16

melanoma mouse model, immunization with lumazine synthase

from Brucella abortus (BSL) led to tumor growth suppression and

increased survival mediated by TLR4 (61).

Since OpdA was derived from recombinant bacteria, a key

concern was the potential presence of endotoxin contaminants in

the samples, which could stimulate TLR4 and cause the observed

antitumor and immunomodulatory effects. To rule this out, we

performed experiments with polymyxin B, which inhibits the

biological effects of LPS, and treated OpdA with proteinase K,

which selectively cleaves OpdA without affecting LPS. In the

polymyxin B experiments, we observed a partial reduction in

BMDC activation, suggesting low-dose endotoxin presence in the

sample. However, when OpdA was degraded with proteinase K,

BMDC stimulation was not observed, indicating that the main effect

is from OpdA rather than contaminants. Additionally, activating

BMDCs with LPS at concentrations equivalent to the endotoxin

levels measured in the OpdA preparation (via the LAL assay) was

ineffective, and no synergistic effect between OpdA and LPS

was detected.
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The involvement of proteins from the MAPK signaling pathway

in producing IL-12p40, TNF-a, and NO by OpdA-activated

BMDCs was also demonstrated. Using specific inhibitors for JNK,

p38, and MAPK, it was confirmed that OpdA activates BMDCs

through this pathway. The MAPK cascade is essential for various

cellular functions, including the proliferation and differentiation of

immune cells such as dendritic cells, as well as the regulation and

expression of proinflammatory cytokines like IL-12, TNF-a, IL-1b,
and IL-6 (42, 62, 63). Other TLR4 ligands also help activate the

MAPK cascade. For example, serum amyloid A (SAA) stimulated

NO production in peripheral macrophages by activating ERK1/2

and p38 (64). Additionally, the Ganoderma atrum polysaccharide

(PSG-1) activated macrophages and increased the production of

TNF-a, IL-1b, and NO via p38 MAPK in the murine CT26 tumor

model (65). Other bacterial proteases, such as gingipain (45, 66) and

subtilisin-like protease (44), are also linked to MAPK

cascade activation.

We also investigated the role of additional receptors in

activating BMDCs by OpdA. Protease-activated receptors (PARs),

a type of G-protein-coupled receptor, are found in nearly all cell

types, including dendritic cells (67). These receptors can trigger

innate immunity and initiate inflammatory responses. Typically,

PAR activation occurs when proteases cleave the receptor; for

example, thrombin activates PAR-1 (68). This cleavage exposes

the N-terminus, causing structural changes and starting

downstream signaling pathways (69). Maharshak et al. (70)

recently showed that gelatinase from Enterococcus faecalis can

increase enteric permeability, leading to intestinal inflammation

via PAR-2. Our results indicated that blocking PAR-1 and PAR-2

with antagonistic peptides did not affect the stimulation of BMDCs

by active OpdA. This suggests that these receptors are not activated

by the bacterial protease OpdA. Additionally, TLR2 did not

influence BMDC activation by OpdA, as demonstrated by the

lack of effect in TLR2-/- mice.

Recent findings highlight a significant impact of immunotherapies

on skeletal muscles. Immune checkpoint inhibitors have been linked

to immune-related adverse effects on the musculoskeletal system,

while adoptive cell immunotherapy can induce cytokine release

syndrome, disrupting muscle cell metabolism and function. Tumor

vaccines may cause symptoms like muscle fatigue, soreness, and

discomfort in some individuals. Changes in the tumor

microenvironment also affect skeletal muscle metabolism and

function through multiple pathways. Clinical data indicate that

about 30–50% of cancer patients experience notable declines in

skeletal muscle function after chemotherapy, with higher rates

among the elderly and those in poor health. This decline mainly

involves muscle mass reduction, primarily due to the direct toxic

effects of immunotherapy on muscle tissue, unrelated to tumor

response. Loss of muscle mass significantly impairs physical

mobility and daily life quality, and may also decrease chemotherapy

tolerance, increase drug toxicity, and negatively influence overall

survival. Similar effects are observed with chemotherapeutic drugs,
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raising concerns, especially as combined chemotherapy and

immunotherapy become more common in practice (71, 72).

Our current work has not examined the effect of OpdA

treatment on mouse muscle cells in vivo or its impact on human

immune and tumor cells. Future studies should address

these questions.

In conclusion, our findings show that OpdA can trigger an

antitumor response in the B16F10-Nex2 melanoma mouse model,

regardless of its enzymatic activity. An immunomodulatory effect

on antigen-presenting cells (APCs) was observed, involving TLR4/

MyD88/TRIF and members of the MAPK signaling pathway. These

results suggest that OpdA could serve as an adjuvant in tumor

vaccines, enhancing the antigen-presenting process and

strengthening the tumor-specific immune response. Furthermore,

the immunomodulatory effect identified may extend beyond

arazyme and OpdA, possibly indicating that metalloproteinases

from other sources could also have immunomodulatory effects,

which future research should explore.
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SUPPLEMENTARY FIGURE 1

Purification and enzymatic activity of recombinant OpdA (rOpdA). (A) Purified

rOpdA was analyzed using 10% SDS-PAGE followed by silver staining. Lane 1:
molecular weight marker; Lanes 2–4: 5 mg, 10 mg, and 15 mg of heat-inactivated

rOpdA, respectively. In Lane 5, 5 mg of heat-inactivated rOpdA was subjected to
Western blot analysis using a mouse-derived anti-OpdA primary antibody and an

alkaline phosphatase-conjugated anti-mouse IgG secondary antibody. (B) The

structural integrity of rOpdA under reducing and non-reducing conditions was
assessed. Lane 1:molecularweightmarker; Lanes 2–4: 1 mg, 2 mg, and 5mg of heat-

inactivated rOpdA, respectively; Lanes 5–7: 1 mg, 2 mg, and 5 mg of active rOpdA,
respectively. (C) Proteolytic degradation of rOpdAwas performed using proteinase

K. Lane 1: molecular weight marker; Lane 2: 5 mg of rOpdA; Lanes 3 and 4: 5 mg of
rOpdA degraded with proteinase K. For enzymatic activity analysis, purified rOpdA

was incubated with the fluorogenic substrate Abz-GFSIFRQ–EDDnp (20 mM) in 50

mM Tris-HCl buffer (pH 7.4) at 37 °C. Hydrolysis of the fluorogenic substrate was
monitored by fluorescence measurement at lem=420 nm and lex=320 nm. (D)
The enzymatic activity of both active and heat-inactivated rOpdA was evaluated,
along with the (E) kinetic curve of the active form.

SUPPLEMENTARY FIGURE 2

The immune system’s role in the in vivo antitumor activity of heat-inactive

rOpdA. (A) C57Bl/6 male mice and (B) NSG mice were injected intravenously
with 5x105 B16F10-Nex2 melanoma cells, followed by intraperitoneal

treatment with 50µg of either active or heat-inactive rOpdA, or PBS
(control), every other day for two weeks. After treatment, the number of

melanotic pulmonary nodules was counted using an inverted microscope.
The figure shows representative lung images from each group, (A) C57Bl/6
mice and (B) NSG mice.

SUPPLEMENTARY FIGURE 3

Tumor cell proliferation assay with rOpdA. B16F10-Nex2 melanoma murine
cells were treated with different concentrations of active rOpdA (A) or heat-
inactive rOpdA (B) for 24 or 48 hours. The data show the mean ± SD from
triplicate samples. Each concentration was compared to the negative control

(0 mg/mL). ** p < 0.001, and *** p < 0.0001, analyzed by one-way ANOVAwith

Tukey’s test.

SUPPLEMENTARY FIGURE 4

APC activation by active or inactive rOpdA does not depend on TLR2, PAR-1,

or PAR-2. (A) APCs from TLR2-/- and C57Bl/6 mice were incubated in U-
bottom plates (1x105 cells/well) and then stimulated with active or heat-

inactivated rOpdA (50 µg/mL), LPS (200 ng/mL), and IFN-g (200 U/mL) for 48

hours. NO was measured in the culture supernatants using Griess reagent,
and IL-12 (p40) and TNF-a levels were determined by ELISA. (B) APCs from

C57Bl/6 mice were incubated as described and pretreated for 1 hour with the
reverse peptides of PAR-1 (5 or 10 µM) or PAR-2 (20 or 40 µM). Subsequently,

these cells were stimulated with LPS (200 ng/mL), IFN-g (200 U/mL), and
active rOpdA (50 µg/mL). The secretion of NO, IL-12(p40), and TNF-a was

analyzed by ELISA. Results are shown as the average ± SD from triplicate

samples. Data from one of two independent experiments are presented. *** p
< 0.0001, analyzed by two-way ANOVA with Bonferroni post-test, comparing

C57Bl/6 mice with the same stimulus.
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