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ABSTRACT
Despite the recent approval of new agents for metastatic melanoma, its treatment remains challenging.
Moreover, few available immunotherapies induce a strong cellular immune response, and selection of the
correct immunoadjuvant is crucial for overcoming this obstacle. Here, we studied the immunomodulatory
properties of arazyme, a bacterial metalloprotease, which was previously shown to control metastasis in a
murine melanoma B16F10-Nex2 model. The antitumor activity of arazyme was independent of its
proteolytic activity, since heat-inactivated protease showed comparable properties to the active enzyme;
however, the effect was dependent on an intact immune system, as antitumor properties were lost in
immunodeficient mice. The protective response was IFNg-dependent, and CD8C T lymphocytes were the
main effector antitumor population, although B and CD4C T lymphocytes were also induced.
Macrophages and dendritic cells were involved in the induction of the antitumor response, as arazyme
activation of these cells increased both the expression of surface activation markers and proinflammatory
cytokine secretion through TLR4-MyD88-TRIF-dependent, but also MAPK-dependent pathways. Arazyme
was also effective in the murine breast adenocarcinoma 4T1 model, reducing primary and metastatic
tumor development, and prolonging survival. To our knowledge, this is the first report of a bacterial
metalloprotease interaction with TLR4 and subsequent receptor activation that promotes a
proinflammatory and tumor protective response. Our results show that arazyme has immunomodulatory
properties, and could be a promising novel alternative for metastatic melanoma treatment.
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Introduction

In addition to conventional immunostimulation, complemen-
tary immunotherapeutic approaches for cancer treatment may
also overcome tumor intrinsic mechanisms that prevent a
protective immune response, such as induction of regulatory
T cells (Tregs), and the suppression of effector immune cell
populations and antigen-presenting cells (APCs) in the
microenvironment.1,2

Adjuvants may enhance APC function to induce effective
immune responses through the activation of innate immunity
and consequently the adaptive immune response.3 Toll-like
receptors (TLRs) are the best characterized members of the
pathogen recognition receptor (PRR) family expressed by
APCs, recognizing pathogen-associated molecular patterns
(PAMPs) such as lipids, proteins, lipoproteins, and nucleic
acids from microbial pathogens, as well those of an endogenous

origin. PAMP recognition by TLRs is important for an effective
immune response, and several natural and synthetic TLR ago-
nists are being evaluated as adjuvants in preclinical protocols.
Of these, Pam3/2Cys, Poly:IC, monophosphoryl lipid A
(MPLA), recombinant flagellin, imidazoquinoline analogs, and
unmethylated CpG motifs, which interact with TLR2, TLR3,
TLR4, TLR5, TLR7/8, and TLR9, respectively,4,5 have shown
promising results.6,7

Proteases have numerous biological roles, and are consid-
ered virulence factors in several microbial infections. As danger
signals of infections and neoplasias, proteases might be recog-
nized by PRRs, and our findings together with those of other
groups suggest that proteases could be regarded as a new family
of immune response modulators.

Active cysteine proteases from Porphyromonas gingivalis
(gingipains) have immunoregulatory properties, acting as
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virulence factors in periodontitis. Arg- and Lys-gingipains
reduced CD14 expression causing macrophage hyporespon-
siveness,8 suppressed inflammatory responses by human gingi-
val fibroblasts,9 activated platelets, and cleaved the chemokine
RANTES.10 Interestingly, the adhesin, but not the catalytic sub-
unit of gingipains mediated the strong upregulation of proin-
flammatory cytokines by macrophages.8 The surface-associated
subtilisin-like protease (SspA) of Streptococcus suis, an impor-
tant virulence factor in swine infections, also induced secretion
of proinflammatory cytokines by macrophages through the
MAPK-signaling pathway after heat-inactivation.9

Exogenous proteases have been evaluated for cancer treat-
ment, and adjuvant treatment with combined exogenous pro-
teases was found to reduce chemotherapy-associated toxicity.11

Fastuosain, a cysteine protease isolated from Bromelia fastuosa,
showed a therapeutic effect in a murine metastatic melanoma
model, significantly reducing the number of lung nodules after
endovenous tumor cell inoculation. This protective response
was related to a direct effect on tumor cell migration, an
increased number of MHC IIC cells in the lungs, and induction
of protease-specific antibodies that recognized cathepsins on
the tumor cell surface.12

Arazyme, a 51.5 kDa metalloprotease secreted by Serratia
proteamaculans, a symbiotic bacterium from the Nephila clav-
ata spider,13 had a strong antitumor effect in a murine meta-
static melanoma B16F10-Nex2 model, mediated by the
cleavage of tumor cell surface CD44 and the induction of ara-
zyme-specific antibodies that cross-react with tumor matrix
metalloprotease 8 (MMP-8).14

In this study, we show that, in addition to its proteolytic-
dependent activity, arazyme has a secondary, non-proteolytic
antitumor effect dependent on an intact immune system. The
anti-melanoma immune response induced by heat-inactivated
arazyme was dependent on IFNg, and CD8C T lymphocytes
were identified as the main effector cells for tumor rejection.
Both macrophages and dendritic cells (DCs) were activated by
arazyme, triggering TLR4-MyD88-TRIF- and MAPK-depen-
dent signaling pathways.

Materials and methods

Animals

Inbred male C57BL/6 (WT), BALB/c, TLR4¡/¡, TLR2¡/¡,
MyD88¡/¡, MyD88¡/¡/TRIF¡/¡ double knockout (KO),
IFNg¡/¡, iNOS¡/¡, and NSG (NOD SCID gamma null, or
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice, 6–8 weeks old, were
purchased from the Center for Development of Experimental
Models (CEDEME), at UNIFESP. All animal experiments were
approved by the Animal Experimentation Ethics Committee at
UNIFESP, under protocol number 0288/12.

Cells and reagents

The murine melanoma cell line B16F10-Nex2, syngeneic to
C57Bl/6 mice, was established at the Experimental Oncology
Unit (UNONEX), EPM-UNIFESP, as described elsewhere.15

Cells were maintained at 37�C and with 5% CO2, in RPMI
1640 medium supplemented with 10 mM HEPES (N-2-

hydroxyethylpiperazine-N-2-ethanesulphonic acid), 24 mM
sodium bicarbonate, 10% fetal calf serum (FCS, Life Technolo-
gies, Carlsbad, CA, USA), and 40 mg/mL gentamicin (Hipola-
bor Farmaceutica, MG, Brazil). The murine breast
adenocarcinoma cell line 4T1 was purchased from Banco de
C�elulas do Rio de Janeiro—Universidade Federal do Rio de
Janeiro (BCRJ/UFRJ) and maintained as described above.

B3Z cells transduced with retroviral vectors encoding a chimera
composed of extracellular portions of CLEC2, DNGR-1, Dectin-1,
CLEC12a, or CLEC12b, tagged to hemagglutinin (HA) fused to
the CD3z chain in tandem with a NFAT-LacZ reporter gene, were
a gift from N. Shastri (University of California, Berkeley). Cells
were sorted by flow cytometry based on receptor expression.16

Curdlan, CpG, LPS, and murine IFNg were purchased from
Sigma (St Louis, MO, USA). Pepinh-MYD and Pepinh-TRIF
inhibitory peptides, and the inhibitors SP600125 (JNK inhibitor),
SB203580 (p38 inhibitor), and PD98059 (MAPK—MEK1 and
MEK2 inhibitor) were purchased from Invivogen, CA, USA.
Peptides PAR1-AP (RLLFT-NH2) and PAR2-AP (LRGILS-
NH2) were synthesized as previously described.15

A S. proteamaculans culture medium supernatant, obtained
from InsectBiotech, Korea, was purified as previously
described.13 Purified arazyme was completely inactivated by
incubating at 50�C for 30 min.13

Arazyme treatment in murine models

C57Bl/6, IFNg¡/¡, iNOS¡/¡, or NSG mice were injected in the
caudal vein with 5 £ 105 B16F10-Nex2 melanoma cells. One
day after tumor cell challenge, intraperitoneal injections of
active or heat-inactivated arazyme (3 mg/kg) or PBS were
administered on alternate days for 2 weeks. Lung metastatic
nodules were quantified on the 15th day. For the 4T1 breast
cancer model, female BALB/c or NSG mice were inoculated
with 1 £ 104 tumor cells in mammary fat pads, and mice were
treated with heat-inactivated arazyme (1 mg/kg) or PBS on
alternate days for 2 weeks. Mammary tumor volumes were
measured three times a week using the formula V D 0.52 £
D12 £ D2, where D1 and D2 are short and long tumor diame-
ters, respectively. Animal survival was also recorded daily, and
4T1 lung metastases were counted 3–4 weeks after tumor
challenge.

Quantification of arazyme-specific antibodies

C57Bl/6 mice were treated with heat-inactivated arazyme
(3 mg/kg) on alternate days for 3 weeks. On 21st day, mice
were sacrificed prior to total blood harvesting. Serum was sepa-
rated by centrifugation at 500 g for 10 min. Antibodies were
detected by ELISA. Briefly, high-binding ELISA plates (Nunc,
Thermo Fisher Scientific, NY, USA) were coated with 1 mg of
arazyme. After blocking, plates were incubated with serial dilu-
tions of individual sera. Reaction was developed with Horserad-
ish Peroxidase (HRP)-conjugated anti-mouse IgG secondary
antibodies (AbCam) and TMB substrate solution (BD Bioscien-
ces) and read in a Multiskan ELISA reader at 450 nm, with
correction in 570 nm.
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Macrophage differentiation from murine bone
marrow progenitors

Bone marrow-derived macrophages (BMDMs) were obtained
from C57Bl/6 mice. Briefly, all muscles attached to femoral
bones were removed, followed by disinfection in 70% alcohol,
iodine alcohol, and PBS. The epiphyses were cut and cells were
obtained by flushing out the marrow with 10 mL of a solution
of PBS/antibiotics (penicillin 100 UmL, streptomycin 100 mg/
mL, and gentamicin 40 mg/mL, all from Life Technologies)
using a syringe. The progenitor cells were cultivated in RPMI
1640 medium supplemented with 20% FCS, 25% conditioned
medium from L929 cells, penicillin 100 U/mL, and streptomy-
cin 100 mg/mL and maintained in 5% CO2 at 37�C for differen-
tiation. The media was changed 4 d later and cells were
harvested on the 7th day for experiments.

Dendritic cell differentiation from murine bone
marrow progenitors

Bone marrow-derived DCs (BMDCs) were generated as
described.17 Briefly, bone marrow cells were obtained as
described above, and cultivated in Petri tissue culture dishes
(100 mm, Corning, NY), in 10 mL (per each femur) of RPMI
1640 supplemented with 10% of FCS, non-essential amino acids,
50 mM 2-mercaptoethanol (all from Life Technologies), 30 ng/
mL murine rGM-CSF, and 10 ng/mL murine rIL-4 (PeproTech,
Mexico). Complete medium was added carefully on the 3rd day
of culture. After 6–7 d of culture, numerous typical DCs were
collected as non-adherent cells. For some assays, an extra purifi-
cation step was performed using anti-CD11c magnetic beads
(Miltenyi Biotec, Bergisch Gladbach, Germany).

Splenic CD11cC DC isolation

Spleens were digested with liberase (W€unsch units/mL) and
DNAse I (0.2 mg/mL) (Roche) for 30 min at 37�C. Spleen cells
were enriched for conventional DCs by positive selection with
anti-CD11c magnetic MicroBeads (Miltenyi Biotec, Bergisch
Gladbach, Germany).

In vitro stimulation of DCs, macrophages, and B3Z cells

For BMDC and BMDM activation assays in vitro, cells were
plated at 1–3 £ 105 cells/mL in 96-well plates at 37�C in the
presence of different stimuli. Cytokine concentration in the
supernatant was determined by ELISA or Cytometric Bead
Array (CBA).

Transgenic B3Z cells were used to assess the interaction
between arazyme and the C-type lectin receptors (CLR). LacZ
activity was used as a readout of the aggregation of the extracel-
lular portion of these receptors. Cells were added at 105 cells/
well to 96-well UV-irradiated MaxiSorp plates (Thermo Fisher
Scientific) and incubated with increasing amounts of active and
inactive arazyme, or with anti-HA antibody as control. Iono-
mycin (1mg/mL) was used as a positive control. LacZ activity
was measured as absorption at 595 nm after lysis in chlorophe-
nolred-b-D-galactopyranoside-containing buffer (Roche Diag-
nostics, Mannheim, Germany).

Cytokine quantification in serum, lungs, and culture
supernatants

Cytokine concentrations were measured in the culture superna-
tant of activated BMDMs and BMDCs, as well as in serum and
lung homogenates, both collected on the 15th day after tumor
cell inoculation. Lung homogenates were prepared by tissue
digestion with 0.5–1 U/mL collagenase (Sigma, USA) at 37�C
for 30 min. IFNg, IL-12, TNF-a, IL-10, and IL-6 were quanti-
fied by ELISA (eBioscience, San Diego, USA).

Measurement of endotoxin activity

The endotoxin activities of arazyme and LPS (Sigma-Aldrich,
St. Louis, MO, USA) were determined using the Limulus ame-
bocyte lysate (LAL) assay kit (BioWhittaker, Walkersville, MD,
USA), which was performed according to the manufacturer’s
recommendations. We found that 1 mg/mL of arazyme prepa-
ration contained 8.8 endotoxin units (EU)/mL, whereas 2 ng/
mL LPS contained 10 EU/mL.

Depletion of CD4C or CD8C T cells

C57Bl/6 mice were treated by intraperitoneal injection with
Protein A-purified monoclonal antibodies, clones GK1.4 or
YTS169, to deplete CD4C or CD8C T lymphocytes, respec-
tively. PBS-diluted antibodies (500 mg/dose) were injected 72 h
and 24 h before i.v. tumor cell challenge. This resulted in the
depletion of 91% of CD4C and 95% of CD8C T cells, as
observed in FACS analysis of splenocytes (data not shown).

Tumor antigen stimulation of splenocytes

Tumor cell lysates were produced by subjecting viable B16F10-
Nex2 cells to 5 freeze/thaw cycles (liquid nitrogen/water bath at
37�C). On the 15th day after tumor cell inoculation, spleens
were isolated from arazyme-treated and untreated mice and
red blood cells were eliminated by treating with a hemolytic
buffer. Splenocytes (2 £ 107) were plated in 6-well plates and
cultivated for 96 h in the presence or absence of tumor antigens
equivalent to 2 £ 106 B16F10-Nex2 cells.

Flow cytometry

IFNg- and IL-10-producing CD4C and CD8C T lymphocytes
were evaluated by cell surface markers and intracellular cyto-
kine staining (ICCS). Splenocytes were stimulated as described
above, and then incubated for 6 h with 10 mg/mL of Brefeldin
A (Sigma). Cells were washed twice with PBS and 1% BSA-con-
taining PBS, and incubated for 1 h at 4�C with normal mouse
serum (1:30 diluted in PBS with 1% BSA) to block Fc receptors.
Cells (106) were then stained with FITC-conjugated anti-CD4C

(clone GK 1.5) or anti-CD8C (clone 53-6.7) monoclonal anti-
bodies (BD PharMingen, NJ, USA), following washings with
PBS and fixation with 2% paraformaldehyde. For ICCS, cells
were permeabilized after fixation, with 0.5% saponin in PBS for
10 min at 4�C and stained for 1 h at 4�C with biotinylated
anti-IFNg .clone XMG1.2/ or anti-IL-10 (clone SXC-1) mono-
clonal antibodies (BD PharMingen), diluted in permeabilization
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buffer. After two washes with permeabilization buffer, cells
were incubated with PE-conjugated streptavidin in permeabili-
zation buffer for 1 h at 4�C. Finally, cells were washed and
fixed with 500 mL of 2% paraformaldehyde in PBS. All incuba-
tions were run protected from light.

BMDM and BMDC phenotypes were evaluated with PE-
labeled anti-CD11c (clone N418), PE/Cy7-labeled anti-F4/80
(clone BM8), PerCP/Cy5.5-labeled anti-CD80 (clone 16-0A1),
APC-labeled anti-CD86 (clone GL-1), pacific blue-labeled anti
I-Ab (clone AF6-120.1), all from BioLegend (San Diego, USA).
Data were acquired with a FACSCanto II (BD Biosciences) or
FACS LSR II instrument (BD Biosciences). Flow cytometric
analyses were performed using FlowJo Software (Tree Star, CA,
USA).

Immunohistochemistry (IHC)

Specific monoclonal antibody immunostaining of FOXP3
(diluted 1:100; Santa Cruz, USA) and CD25 (diluted 1:100;
Abcam, Cambridge, MA, USA) were assessed in paraffin-
embedded tissue sections. After conventional preparation, the
slides were incubated with specific primary antibodies or a neg-
ative control reagent, and then incubated with the labeled poly-
mer (Dual Link System-HRP; DAKO, Glostrup, Denmark)
using two sequential 30-min incubations at room temperature.
Staining was completed by performing a 1 min incubation with
3,3-0-diaminobenzidine DABC Substrate, chromogen system
(DAKO, Glostrup, Denmark). The slides were dehydrated,
cleared, counterstained with Harry’s hematoxylin, and
mounted with cover slips. Immunostaining was then analyzed
using a Zeiss light microscope (Germany).

Statistical analysis

Statistical analyses were performed using an unpaired Student�s
t test when two groups were compared. Comparisons of three
or more groups were performed using the one-way or two-way
ANOVA test, followed by Dunnett’s or Tukey’s multiple com-
parisons, as described in the Figure legends. In all studies, a p
value <0.05 was considered statistically significant.

Results

Anti-metastatic effect of active and heat-inactivated
arazyme

Recently, we showed that treatment of melanoma-bearing
C57Bl/6 mice with active arazyme, a bacterial metalloprotease
secreted by Serratia proteomaculans, induced an expressive
reduction in the number of lung metastatic nodules. Arazyme
showed a direct cytostatic effect on tumor cells, but also
induced arazyme-specific IgGs that cross-reacted to tumor
matrix metalloprotease 8 (MMP8). In vitro arazyme-specific
antibodies were cytotoxic to tumor cells, an effect increased by
complement, and passive transfer to tumor-bearing mice par-
tially inhibited melanoma lung metastasis.14

In order to verify whether the proteolytic activity of the
enzyme was responsible for the antitumor effect, arazyme was
heat-inactivated at 56�C,13 and used in the same treatment

protocol. Melanoma-bearing C57Bl/6 male mice inoculated
intraperitoneally with active or inactive arazyme on alternate
days for 2 weeks showed a significant reduction in the number
of metastatic lung nodules compared to PBS-treated mice
(Figs. 1A and B). Active arazyme was slightly more efficient
than the heat-inactivated protease, suggesting that the direct
effect of arazyme on tumor cells is, at least partially, important
for the inhibition of metastasis. However, the metalloprotease
can also control melanoma cell growth by other means in vivo,
and the possibility of stimulation of an antitumor immune
response by the inactivated protease was evaluated.

An intact immune system and IFNg are necessary for the
antitumor effect of active and inactive arazyme

To evaluate the role of the immune system in the inhibition of
metastasis by active or inactive arazyme, immunodeficient
NSG mice were inoculated with B16F10-Nex2 cells and treated
with the protease. NSG mice carry the SCID mutation and a
deletion of the IL-2 receptor, and thus lack functional T and B
lymphocytes and NK cells, and have deficient cytokine signal-
ing. These mice have been widely used as hosts for both normal
and malignant human cells.18,19

Neither active nor inactive arazyme inhibited metastasis in
immunodeficient NSG mice, as both the treated and untreated
animals had the same number of lung nodules as the C57Bl/6
(WT) control mice (Fig. 1B). This result demonstrates the fun-
damental importance of an intact immune response for the full
protease-mediated antitumor effect.

IFNg and nitric oxide (NO) play unique roles in the intricate
relationship between the immune system and tumor develop-
ment.20 To verify the importance of these molecules in the pro-
tective immune response induced by arazyme treatment, we
treated IFNg and iNOS (inducible NO synthase) genetically
deficient (KO) mice with active and inactive arazyme, using the
same protocol. In the absence of IFNg production, arazyme-
treated mice could not mount a protective immune response
against B16F10-Nex2 melanoma, although this effect was not
observed in iNOS KO mice (Fig. 1B).

Active and inactive arazyme treatment induces tumor-
specific CD4C and CD8C T lymphocytes, and CD8C T cells
are responsible for the inhibition of metastasis

Tumor-specific T lymphocytes from active and inactive ara-
zyme-treated tumor-bearing mice were analyzed. Splenocytes
were collected 24 h after the last dose of arazyme, stimulated
with melanoma tumor antigens for 96 h ex vivo, and then
assessed for phenotype and intracellular cytokines. Treatment
with active or inactive arazyme significantly increased the fre-
quency of IFNg and IL-10-producing CD3CCD4C or
CD3CCD8C tumor-specific lymphocytes in the spleens of
tumor-bearing animals (Fig. 2A). Except for IL-10-producing
CD4C T lymphocytes, all other T lymphocyte types were
increased in heat-inactivated arazyme-treated mice compared
to those in active arazyme-treated animals.

To investigate the role of CD4C and CD8C T lymphocytes in
arazyme-induced antitumor activity, we depleted at least 90%
(data not shown) of these cells using specific monoclonal
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antibodies. A reduction in lung nodules was observed in CD4C-
depleted, melanoma-bearing untreated mice compared to that
in non-depleted untreated controls (Fig. 2B). However, when
CD4C-depleted mice were treated with active/inactive arazyme,
the number of lung nodules was similar to those in untreated
animals. Conversely, CD8C T lymphocyte depletion completely
abrogated the antitumor effect of active or inactive arazyme
(Fig. 2B). These results clearly indicate that CD8C T cells
induced by active/inactive arazyme treatment are essential for
the observed antitumor effect.

As showed previously for active arazyme,14 treatment of
mice with heat-inactivated protease induced high titers of ara-
zyme-specific IgGs (Fig. S1). Heat-inactivation inhibited the
protease catalytic site, but maintained the apparent molecular
weight, as observed in SDS-PAGE gels, maintaining also the
recognition by the rabbit arazyme-specific polyclonal antibody
in western blotting assay (data not shown). These results
strongly suggest that antibodies produced by heat-inactivated
protease were similar to active arazyme-induced antibodies,
cross-reacting with tumor MMP-8 and showing cytotoxic

Figure 1. The immune system is involved in the IFNg dependent antitumor activity of active or heat-inactivated arazyme. (A) C57BL/6 male mice (n D 6 or 7), and (B)
C57BL/6 (WT, nD 5), NSG (nD 5), iNOS¡/¡ (nD 5), and IFNg¡/¡ (n D 3) mice were inoculated intravenously with 5 £ 105 B16F10-Nex2 melanoma cells and then treated
intraperitoneally with 3 mg/kg of active or heat-inactivated arazyme for 2 weeks on alternate days. The melanotic pulmonary nodules were counted 15 d after tumor cell
inoculation. Individual animals are represented, and the average§ SD is shown by central horizontal and vertical lines, respectively. Control, untreated mice. Each experi-
ment was repeated at least twice. ����p < 0.0001, analyzed by one-way ANOVA with Tukey’s multiple comparisons.
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Figure 2. CD4C/CD8C-dependent antitumor response and increased production of pro-inflammatory cytokines are induced by active/inactive arazyme treatment. C57Bl/6mice (nD
6) were challenged endovenously with 5£ 105 B16F10-Nex2 cells and treated intraperitoneally with 3mg/kg of active/inactive arazyme or PBS (Control) on alternate days for 2weeks.
Spleens were collected 24 h after the last dose, splenocytes were stimulated ex vivowith B16F10-Nex2 tumor lysate, and intracellular cytokine staining (ICCS) was then performed for
CD4C and CD8C positive T cells. (A) The percentage of splenic IFNg- or IL10-producing CD4C or CD8C T cells was determined by FACS, and is represented by the numbers in the upper
right quadrants. Histograms represent six pooled animals. (B) C57BL/6 mice were depleted of CD4C or CD8C T lymphocytes by two doses (500mg each) of specific monoclonal anti-
bodies 72 and 48 h before challenge with tumor cells and treatment with active/inactive arazyme. Animals were sacrificed 24 h after the last dose, and the number of lung nodules is
represented individually. (C) IFNg, (D) TNF-a, and (E) IL-10 were quantified in lung homogenates, (F) IL-12 was quantified in culture supernatant of splenocytes stimulated with tumor
lysate, and (G) IFNg was quantified in 1:2 diluted serum fromC57Bl/6mice challenged and treated as described above. Cytokines were quantified in individual animals, and bars repre-
sent the average§ SD of at least three animals. �p< 0.05; ���p< 0.001; and ����p< 0.0001, analyzed by one-way ANOVA with Tukey’s multiple comparisons (in B) and one-way
ANOVAwith Dunnett’s multiple comparisons (in C–G).
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activity against tumor cells, and these immunoglobulins may
also contribute to the protective effect induced by heat-inacti-
vated arazyme.

Treatment with active and inactive arazyme induces
tumor microenvironment and systemic Th1-type
cytokine profiles

Systemic and local production of pro-inflammatory cytokines
by the immune system are necessary for melanoma growth
inhibition, and a protective antitumor response also involves
an increased Th1/Th2-type cytokine ratio.21-23

Cytokines present in the lungs of active/inactive arazyme-
treated or PBS-treated melanoma-bearing C57Bl/6 mice were
measured in pooled lung homogenates (n D 4), prepared 15 d
after tumor cell inoculation. IFNg and TNF-a increased signifi-
cantly in arazyme-treated groups compared to the untreated
group (Figs. 2C–D). Mice treated with inactive arazyme showed
a significant reduction in IL-10 (Fig. 2E). Splenocytes were iso-
lated from these mice and stimulated ex vivo with tumor anti-
gens for 96 h. A significant increase in IL-12p70 levels was
detected in the splenocyte culture supernatant from active/inac-
tive arazyme-treated mice, compared to that in controls
(Fig. 2F). IFNg was the only cytokine detected in the sera of all
mice, and its level in active/inactive arazyme-treated mice mea-
sured 15 d after tumor cell inoculation was at least 2-fold higher
than in the control group (Fig. 2G). Taken together, these data
indicate that treatment with active or inactive arazyme results
in increased Th1 cytokine levels both systemically and in the
tumor microenvironment.

Arazyme activates BMDCs

The induction of T lymphocytes is dependent on the activation
of tumor APCs.24,25 In order to elucidate the mechanisms by
which arazyme induces an antimelanoma response, BMDCs
were incubated with active and inactive arazyme and cell acti-
vation was measured by IL-12p70 production. Active and inac-
tive arazyme induced dose-dependent IL-12p70 production
comparable to LPS (Fig. 3A). The optimal dose of active ara-
zyme (0.1 mg/mL) was 10-fold lower than that of inactive ara-
zyme (10 mg/mL). In these conditions, the expression of both
CD80 (Fig. 3B) and CD86 (Fig. 3C) increased after incubation
with active/inactive arazyme, but only the latter was significant.
Similar results were observed after LPS stimulation.

Arazyme is isolated from a gram negative bacteria culture
supernatant, and the purification protocol could also isolate
some endotoxin contamination. To quantify the endotoxin
contamination of arazyme samples, a LAL test was performed,
and compared to the LPS used in our assays. When comparable
amounts of endotoxin in LPS and arazyme were tested for DCs
activation, arazyme always induced a significantly higher effect
(Fig. 3D). For example, 1 mg/mL of active or heat-inactivated
arazyme, containing 8.8 endotoxin units (EU)/mL, induced a
significantly increased IL-12p40 secretion by DCs, as compared
to 2 ng/mL of LPS containing 10 EU/mL, Addition of increas-
ing amounts of LPS to 1 mg/mL of active or heat-inactivated
arazyme did not induce a synergistic effect (Fig. 3D). Moreover,
concentrations of 10 and 20 mg/mL of polymyxin did not

inhibited the DC activating effect of 1 and 10 mg/mL of active
or inactivated arazyme (containing 8.8 and 88 EU/mL, respec-
tively), but completely abrogated 500 ng/mL of LPS activating
effect, containing more than 1000 EU/mL (Fig. S2).

We also demonstrated that BMDC activation by arazyme
is not dependent on the genetic background of mice.
BMDCs from BALB/c mice were activated by active/inactive
arazyme, as demonstrated by the increased concentrations
of IL-12p70 (Fig. 3E) and IL-6 (Fig. 3F) and by the
increased cell surface expression of CD80 and CD86 (data
not shown).

MyD88 and TRIF are essential for APC activation
by arazyme

In an attempt to determine the pathway activated by ara-
zyme in APCs, ex vivo assays were performed with GM-
CSF-derived BMDCs and with CD11cC-enriched spleno-
cytes obtained from C57Bl/6 (WT) and TRIF and MyD88
double KO mice (MyD88¡/¡/TRIF¡/¡). Culture superna-
tants from MyD88¡/¡/TRIF¡/¡ and WT BMDCs were tested
for cytokine (IL-1a, IL-1b, IL-6, IL-12p70, TNF, and IL-10)
secretion and NO production. Cells were incubated for 24 h
with active or inactive arazyme, and, as a control, BMDCs
were incubated with LPS (with or without IFNg) or CpG,
both activators of the MyD88/TRIF pathway, or with Cur-
dlan (CDL), a dectin-1 and cytosolic NLRP3 inflammasome
complex ligand that activates cells in a MyD88/TRIF-inde-
pendent manner.26 As expected, CDL caused BMDCs from
both types of mice to secrete the same levels of cytokines
and NO (Figs. 4A and B), and MyD88¡/¡/TRIF¡/¡ animals
showed impaired cytokine secretion and NO production
after CpG and LPS activation (Figs. 4A and B). Active and
heat-inactivated arazyme stimulated BMDCs from WT mice
to produce NO and to secrete all of the evaluated cytokines,
while cells from MyD88¡/¡/TRIF¡/¡ mice were not acti-
vated by the metalloprotease, indicating that the MyD88/
TRIF pathway is involved in the activation of DCs by ara-
zyme (Figs. 4A and B). Arazyme-induced cytokine and NO
production were similar to that promoted by LPS and CpG,
which are classical TLR activators. Secretion of the MIP-1a
chemokine by BMDCs from both types of mouse after
treatment with any of the activation molecules also suggests
that arazyme-induced BMDC activation is dependent on
the MyD88/TRIF pathway (Fig. S3A). The same experi-
ments were performed with CD11cC-enriched splenocytes
from WT and MyD88¡/¡/TRIF¡/¡ mice, and consistent
with the results observed with BMDCs, arazyme induced
the secretion of all cytokines, chemokines, and NO in a
Myd88/TRIF-dependent pathway (Fig. 4C and Fig. S3B).

We next assessed the individual contribution of MyD88 and
TRIF molecules in DC activation by arazyme. GM-CSF-derived
BMDCs from C57Bl/6, MyD88¡/¡, and TRIF¡/¡ mice were
incubated with different concentrations of active or inactive
arazyme and cell activation was measured by NO production.
While active and heat-inactivated arazyme induced NO pro-
duction by BMDCs from WT mice in a dose-dependent man-
ner, BMDCs from MyD88 and TRIF deficient mice were
stimulated by neither the protease nor LPS (Fig. 5A).

ONCOIMMUNOLOGY e1178420-7



Figure 3. Dendritic cell (DC) activation by active or inactive arazyme. GM-CSF-treated bone marrow-derived DCs (BMDCs) from C57BL/6 mice were incubated in V bottom
plates (1 £ 105 cells) with lipopolysaccharide (LPS) (200 ng/mL in A, C–F, or indicated concentrations in D) and/or indicated concentrations of active or heat-inactivated
arazyme for 24 h. IL-12p70 was quantified in culture supernatants by ELISA (A) and (D) and the expression of CD80 (B) and CD86 (C) was analyzed by FACS in gated
CD11c-MHC-II positive cells. The same experiment was performed with BMDCs obtained from BALB/c mice: IL-12p70 (E) and IL-6 (F) were quantified in culture superna-
tant by ELISA. �p< 0.05; ��p< 0.01; ���p < 0.001; and ����p< 0.0001, analyzed by one-way ANOVA with Tukey’s multiple comparisons (in A and B) and one-way ANOVA
with Dunnett’s multiple comparisons (in C–F).
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Figure 4. Myd88 and TRIF pathways are involved in the activation of dendritic cells by active and inactive arazyme. GM-CSF-treated bone marrow-derived dendritic cells
(BMDCs) from C57BL/6 (white bars) or double MyD88¡/¡/TRIF¡/¡ knockout (black bars) mice were incubated in V bottom plates (1 £ 105 cells/well) for stimulation with
indicated concentrations of active or heat-inactivated arazyme, lipopolysaccharide (LPS), Curdlan (CDL), or CPG for 24 h. IL-12p70, IL-1a, TNF-a, IL-1b, IL-6, and IL-10 (A)
and NO (B) were quantified in the culture supernatants using the cytometric bead array (CBA) and the Griess method, respectively. (C) CD11cC-enriched splenocytes from
either C57BL/6 (white bars) or MyD88¡/¡/TRIF¡/¡ (black bars) mice were incubated in V bottom plates (1 £ 105 cells/well) for stimulation with indicated concentrations
of active or heat-inactivated arazyme, LPS, CDL, or CPG for 24 h. IFNg , IL-1a, IL-6, IL-1b, TNF-a, and IL-10 were quantified in the culture supernatants using CBA. Results
represent data from triplicate samples of three (C57BL/6) or two (MyD88¡/¡/TRIF¡/¡) individually analyzed mice. Media, unstimulated control.
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Finally, the requirement for arazyme in MyD88/TRIF path-
way stimulation of APCs was demonstrated by the inhibition
of BMDC activation in the presence of inhibitory peptides that
block MyD88 or TRIF signaling. Arazyme- and LPS-induced
IL-12p70 production were partially and completely blocked by
the inhibitory peptides, respectively, and pepinh-MyD and
pepinh-TRIF reduced the IL-12p70 level by around 50% and
70% in the culture supernatant of arazyme-activated cells,
respectively (Fig. S4). This suggests an important role for
MyD88 and TRIF in the stimulation of DCs by arazyme.

TLR4 activates the MyD88/TRIF signaling pathway in APCs

It has been shown that TLR4 interacts with the adapter proteins
MyD88 and/or TRIF and regulates the expression of inflamma-
tory mediators.27 To explore possible interactions between ara-
zyme and surface TLR4, BMDCs obtained from C57Bl/6 mice
were stimulated with active/inactive arazyme in the presence of
CLI-095, a specific inhibitor of TLR4. In the absence of the
inhibitor, arazyme activates DCs, inducing NO in a dose-
dependent manner, while this effect was not observed in the
presence of the TLR4 inhibitor (Fig. 5B). The TLR4-dependent
effect of LPS was also abolished, as expected. We also incubated
BMDCs from C57Bl/6 or TLR4¡/¡ mice with active or inactive
arazyme. Consistent with the results obtained using the TLR4
inhibitor, neither LPS or active or inactive arazyme could
induce NO production in DCs from TLR4¡/¡ mice (Fig. 5C).
Arazyme activated BMDMs from TLR2¡/¡ mice (data not
shown). Together, these results suggest that arazyme activates
TLR4 and that signaling through this receptor is dependent on
the adapter molecules MyD88 and TRIF.

Interaction of heat-inactivated arazyme with dectin-1
receptor or protease-activated receptors 1 and 2 is not
essential for APC activation

Dectin-1 is a CLR which along with dectin-2 and CLEC5a
can mediate the innate response to infection.28 To evaluate
whether arazyme interactions with CLRs could induce APC
activation, we used B3Z cells that stably express the NFAT-
reporter gene LacZ ligated in tandem to a chimera com-
posed of different extracellular portions of CLRs and tagged
with HA that is fused to the CD3z chain. LacZ activity
then acts as a readout of extracellular CLR aggregation, and
anti-HA acts as a suitable positive control. Curiously, only
inactive arazyme showed a dose-dependent interaction with
dectin-1, but not with the other CLRs (Fig. S5). However,
this interaction alone could not trigger cytokine or NO
secretion by APCs, as demonstrated by the complete inhibi-
tion of cytokine and NO production by arazyme in
MyD88¡/¡/TRIF¡/¡ mice (Figs. 4 and 5A).

To investigate if protease activated receptor 1 (PAR-1)
and protease activated receptor 2 (PAR-2) are involved in
arazyme activation of immune cells, we measured the NO
production by BMDMs after incubation with 10 mg/mL
active arazyme in the presence of reverse peptides of PAR-1
and PAR-2.29 These PAR-1 and PAR-2 antagonists were
not able to inhibit NO production by BMDMs stimulated
with active arazyme (Fig. S6).

Mitogen-activated protein kinase (MAPK) signaling
transduction pathways are required for IL-12p70
production by arazyme-stimulated APCs

The major MAPK pathways (p38, JNK, and ERK) are
extremely important for DC maturation and function, as they
control the production of IL-12 and other pro-inflammatory
cytokines.30,31 To examine the involvement of MAPKs in ara-
zyme-induced IL-12p70 production by BMDCs, cells from
C57Bl/6 mice were pre-incubated for 1 h with SP600125,
SB203580, or PD98059, which are pharmacological inhibitors
of JNK, p38, and MAPK/ERK, respectively. This was followed
by incubation for 48 h with active/inactive arazyme, or LPS as a
positive control.

IL-12p70 induction by active and inactive arazyme was
strongly inhibited by JNK, and MERK inhibitors, and less
efficiently by p38 inhibitor (Fig. 6A), while a protein gel
blot revealed a significant increase of p-STAT1, p-STAT5,
and p-P38 in the lysates of BMDCs incubated with heat-
inactivated arazyme or LPS for 2 h (Fig. 6B). These results
indicate that MAPK pathways are involved in APC activa-
tion by arazyme.

An intact immune system is required for the antitumor
effects of arazyme in breast adenocarcinoma

To investigate whether the antitumor effect of arazyme also
occurs in different tumors and genetically distinct mice, we
injected BALB/c animals with 4T1 breast adenocarcinoma cells.
BMDCs from BALB/c mice are activated in vitro by arazyme
(Figs. 3E and F), and treatment with heat-inactivated arazyme
(1 mg/kg) delayed the onset and the development of primary
tumors in 60% of treated mice (Fig. 7A), as reflected by the
tumor weight on day 30 (Fig. 7B). Treatment with inactive ara-
zyme extended the survival of animals compared with PBS-
treated controls, completely inhibiting the development of
mammary adenocarcinoma in 20% of the mice (Fig. 7C).

The immune system was also required for the antitumor
activity of arazyme in a mammary tumor model. The protective
effect of inactive arazyme was completely abolished in immu-
nodeficient NSG mice (Fig. 7D). In addition, arazyme-treated
mice had significantly fewer lung nodules compared to PBS-
treated controls (Fig. 7E), showing that the antitumor effect of
arazyme is effective not only in the primary tumor, but also in
metastatic murine breast 4T1 adenocarcinoma.

Finally, while the lungs of untreated mice showed increased
numbers of CD25CFoxp3C Tregs, inactive arazyme-treated
mice showed a reduction in the number of tumor-associated
Tregs (Fig. 7F), suggesting that the reduction in Tregs in the
tumor microenvironment after arazyme treatment facilitates
tumor rejection through an antitumor specific immune
response.

Discussion

More than a century ago, Willian Coley was the first to
observe spontaneous regression of tumors in patients show-
ing post-surgical bacterial infection. Intratumor injection of
live bacteria, Streptococcus or Serratia, induced tumor
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Figure 5. Active and inactive arazyme activates bone marrow-derived dendritic cells (BMDCs) via the TLR-4/Myd88/TRIF/ pathway. (A) GM-CSF-treated BMDCs from
C57BL/6, MyD88¡/¡, or TRIF¡/¡ mice were stimulated for 24 h in V bottom plates (1 £ 105 cells/well) with lipopolysaccharide (LPS) (200 ng/mL) or indicated concentra-
tions of active and heat-inactivated arazyme. (B) GM-CSF-derived BMDCs from C57BL/6 mice were incubated as described in (A) and stimulated with LPS (200 ng/mL),
IFNg (100 U/mL), LPS C IFNg , or indicated concentrations of active and heat-inactivated arazyme, in the presence or absence (Control) of 1 mM CLI-095, a TLR-4 inhibitor.
(C) GM-CSF-derived BMDCs from C57BL/6 or TLR-4¡/¡ mice were incubated and stimulated as described in (B). The nitric oxide (NO) released in the supernatant was
quantified using the Griess assay in (A), (B), and (C). ��p < 0.01 and ����p < 0.0001, analyzed by one-way ANOVA with Dunnett’s multiple comparisons.
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growth control in 10% of tumor-bearing individuals,25,32

and immunotherapy using Mycobacterium bovis vaccine
(BCG) is a long established treatment in bladder cancer.33,34

Since the discovery and better characterization of innate
immunity receptor families (for example, TLRs), several
bacterial components, which are natural ligands to these
receptors such as LPS, flagellin, and bacterial DNA, have
been studied as immunomodulators and adjuvants in proto-
cols for cancer treatment.35

We previously reported that the active bacterial metallopro-
tease arazyme, secreted by Serratia proteomaculans, has a direct
cytostatic activity on murine B16F10-Nex2 and in human
A2058 melanoma cells in vitro by cleavage of the surface adhe-
sion molecule CD44. In vivo inoculation of active arazyme
induced the production of arazyme-specific antibodies that
cross-react with murine MMP-8. These antibodies were cyto-
toxic in vitro to B16F10-Nex2 cells, and passive transfer par-
tially inhibited lung metastatic nodule formation.14

In the present study, we show that the anti-melanoma effect
of arazyme also involves a strong immune system activation by
a mechanism independent of its proteolytic activity.

More recently, it has been observed that bacterial proteolytic
enzymes were also found to have immunomodulatory proper-
ties,13-15,42 and interestingly the adhesin, but not the catalytic
subunits of these enzymes could trigger pro-inflammatory

cytokines production, including IL-1b, IL-6, TNF-a, IL-8, and
IFNg:13,14,35,43

Melanoma-bearing mice treated with active or heat-inac-
tivated arazyme both showed a significant reduction in lung
metastatic nodules, indicating that the proteolytic activity is
not essential for induction of the tumor-protective response
in vivo, and the importance of the immune response in this
process was demonstrated by its abrogation in immunode-
ficient mice. Both active and inactive arazyme-induced anti-
melanoma response depends on IFNg. However, the antitu-
mor response was not dependent on NO, as iNOS¡/¡ ara-
zyme-treated mice showed similar tumor growth to WT
mice. IFNg is responsible for the differentiation and func-
tion of several types of immune cell, mediates Th1-type
induction and activity, and is associated with antitumor
protective responses in several tumor types, including
melanoma.20,36,37

Tumor-bearing mice treated with active or heat-inacti-
vated arazyme showed a significant increase in IFNg and
TNF-a levels and a decrease in IL-10 levels in the lungs,
increased serum IFNg, and increased secretion of IL-12p70
by splenocytes after tumor cell stimulation in vitro. These
results support the hypothesis that arazyme treatment of
melanoma-bearing mice induces a local and systemic Th1
cytokine response.

Figure 6. Other signaling pathways are also involved in active or inactive arazyme activation of GM-CSF-derived bone marrow-derived dendritic cells (BMDCs). (A) BMDCs
were obtained from C57BL/6 mice, incubated in V bottom plates (1 £ 105 cells/well), pretreated for 1 h with SP600125 (JNK inhibitor, 50 mM), SB203580 (P38 inhibitor,
20 mM) or PD98059 (MAPK/ERK inhibitor, 100 mM) and stimulated with lipopolysaccharide (LPS) (200 ng/mL) or with indicated concentrations of active or heat-inacti-
vated arazyme for 48 h. IL-12 was quantified in culture supernatants by ELISA. (B) BMDCs were treated for 2 h with LPS (200 ng/mL) or heat-inactivated arazyme (10 mg/
mL) and the levels of p-STAT1, p-STAT5, p-JNK, p-MAPK/ERK, P38, and p-P38 in cell lysates were analyzed by western blotting. (C) Densitometric quantification of bands
in (B). Medium, unstimulated cells; Control, stimulated BMDCs in the absence of inhibitors. ��p < 0.01 and ����p < 0.0001, analyzed by one-way ANOVA with Dunnett’s
multiple comparisons.
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Figure 7. Treatment with inactivated arazyme had protective effects in a 4T1 breast adenocarcinoma preclinical model and requires a competent immune system. (A)
Female BALB/c mice (five per group) were inoculated into the mammary fat pad with 104 viable 4T1 murine mammary adenocarcinoma cells. Starting on the 1st day after
tumor cell inoculation, heat-inactivated arazyme (1 mg/Kg) or PBS (Control) was inoculated intraperitoneally every other day for 4 weeks. The average § SD of primary
tumor volumes are shown. (B) NSG mice (n D 5) were challenged and treated as described in (A) and primary tumor volumes were measured. (C) Survival plot of BALB/c
mice depicted in (A). (D) Primary tumor weights, collected on day 30 from BALB/c mice depicted in (A). (E) Metastatic lung nodules of animals were counted 30 d after
tumor cell inoculation, using an inverted microscope. Representative images of each group are shown. (F) Lungs from BALB/c mice were collected after 30 d and tissue
sections were stained with hematoxylin/eosin (HE) to show metastasis development, and immunostained with monoclonal anti-CD25 or anti-Foxp3 antibodies. Tissues
were visualized microscopically, £200 magnification. Black bars D 100 mm. T, tumor areas; arrows, immunostained areas. �p < 0.05 and ��p < 0.01, analyzed using the
unpaired Student’s t test (in A, B, D, and E) and the Log-Rank test (in C).
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A significant increase in the proportion of tumor-specific T
lymphocytes in the spleen was observed in melanoma-bearing
mice treated with active/inactive arazyme. Tumor-specific
CD4C and CD8C T cells generated by arazyme treatment pro-
duced increased levels of IFNg and IL-10. The depletion of
CD4C or CD8C T cells before melanoma inoculation and ara-
zyme treatment demonstrated that CD8C T cells are critical
effectors of the anti-metastatic effect induced by the protease in
vivo. CD8C and CD4C T lymphocytes have a major role in spe-
cific antitumor responses, wherein CD8C cytotoxic T lympho-
cytes (CTL) are considered the most potent antitumor effector
cells involved in the recognition of tumor rejection antigens,38

although CD4C T lymphocytes may also contribute to tumor
elimination even in the absence of CD8C T cells.39

Our results also showed that heat-inactivated arazyme induced
high titers of protease-specific IgGs in treated mice. These immu-
noglobulins can be part of the global antitumor protective immune
response induced by the inactive protease, as showed previously
for the immunoglobulins induced by active arazyme.14

The priming of CD8C T cells in draining lymph nodes
depends on mature DCs that were properly activated by cyto-
kines and/or TLR ligands.40,41 To evaluate the ability of ara-
zyme to activate APCs, we analyzed the effect of active/inactive
arazyme on the activation of BMDCs and macrophages and on
CD11cC cells enriched from splenocytes. These cells produced
NO and pro-inflammatory cytokines in a dose-dependent man-
ner after stimulation with arazyme. CD80, CD86, and MIP-1a
expression also increased, in both C57Bl/6 and BALB/c mice,
indicating that it is not related to the genetic background.

Our results show that arazyme activates the TLR4 receptor.
Arazyme could not activate BMDCs from TLR-4 KO mice, or
cells from WT mice that were pre-incubated with a TLR-4
inhibitor. Also, arazyme was ineffective when MyD88 or TRIF
were absent. This is an important finding, and to our knowl-
edge, the first indication that proteases can serve as a TLR4 ago-
nist. TLR4 is an important PRR that can induce a potent innate
immune response and modulate the adaptive immune
response. Both MyD88 and TRIF can be recruited after TLR4
activation.42 TRIF plays an important role in allowing TLR4
agonists to have an adjuvant effect on T-cell responses. The
defective maturation of DCs and the lack of a T-cell-mediated
adjuvant effect after the stimulation of TLR4 in TRIF-deficient
mice is mainly due to the loss of IFN-type I production, indi-
cating that this cytokine is central to the adjuvant effects of
TLR4.43 Likewise, activation of the TLR4/TRIF and TLR4/
MyD88 pathways in APCs induces a strong CD8C T-cell
response,44 and several DAMPs such as high-mobility group
box 1 (HMGB-1) and heat shock protein 70 (HSP70) bind to
TLR4 inducing a strong antitumor response.45-47

As arazyme is purified from a Gram negative bacteria cul-
ture supernatant, a major concern was the possible presence of
endotoxins in our preparation that could activate TLR-4, and
we determined the endotoxin concentrations in arazyme sam-
ples and commercial LPS used in our experiments as a positive
control. Activating DCs with similar amounts of endotoxin
present in arazyme and LPS showed that arazyme induced a
significantly increased IL-12p40 production by these cells, sug-
gesting that the endotoxin present in the protease preparation
was not responsible for TLR-4 activation. We also ruled out a

possible synergism between arazyme and LPS, as addition of
increasing doses of LPS to 1 mg/mL of active or heat-inacti-
vated arazyme did not enhance IL-12p40 production. More-
over, addition of polymyxin B, a cationic cyclic lipopeptide that
binds stoichiometrically to the lipid A moiety of LPS and blocks
its biological effects, did not interfere with the results of ara-
zyme, while abrogated completely the activation effect of LPS.

Our results also showed that three major MAPKs, JNK, ERK
and less efficiently p38, are involved in IL-12p70 secretion by
arazyme-activated BMDCs. MAPK pathways are closely
involved in TLR signaling and are, therefore, also involved in
the activation of immune cells, mediating cytokine production.
Other bacterial proteases, such as gingipain and subtilisin-like
protease, also activate MAPK pathways.30,48,49

We also evaluated whether alternative receptors could inter-
act with arazyme to activate APCs. PARs are a five-members
family of G protein-coupled receptors that harbors a cryptic
ligand sequence within their N-terminus, exposed only after
proteolytic cleavage by serine proteases, and the role of metallo-
proteases is unknown. Mature DCs express PARs,50 and PAR2-
agonist peptides can activate these cells.49,51,52 Stimulation of
BMDCs by active arazyme was not prevented by antagonistic
peptides of PAR-1 and PAR-2, suggesting that these receptors
are not activated by the protease. We also evaluated the CLRs,
another family of pathogen recognizing receptors (PRR)
involved in the microbial pattern recognition and responsible
for immune cell activation.35 The interaction of arazyme and
CLRs was tested, using cells expressing transgenic receptors.
Interestingly, only heat-inactivated arazyme interacted with
dectin-1. However, DCs from MyD88¡/¡TRIF¡/¡ mice incu-
bated with Curdlan, a dectin-1 agonist, did not secrete cyto-
kines, suggesting that this interaction is not specific.

Arazyme treatment was also effective in the 4T1 breast ade-
nocarcinoma model, as treatment with heat-inactivated ara-
zyme delayed primary tumor growth, reduced the number of
metastatic pulmonary nodules, and extended survival com-
pared to the untreated group. This contrasts with the murine
melanoma B16F10-Nex2 model, in which arazyme did not
retard primary tumor growth.11 As with the melanoma model,
the antitumor effect of arazyme in 4T1 tumors depended on an
intact immune system, with the protease showing no protective
effect in immunodeficient mice. Mice treated with inactive ara-
zyme had a significantly reduced number of Tregs in the lungs.
Our findings are supported by previous reports showing that
increased numbers of Tregs are associated with tumor
development.53

In conclusion, our findings indicate that arazyme has immu-
nostimulatory effects that are independent of its proteolytic activ-
ity. This suggests a number of new directions and applications of
arazyme and other exogenous proteases in cancer treatment.
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