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Abstract

Background: Toll-like receptors (TLRs) are transmembrane proteins expressed on the surface of ovarian cancer (OC)
and immune cells. Identifying the specific roles of the TLR-mediated signaling pathways in OC cells is important to
guide new treatments. Because immunotherapies have emerged as the adjuvant treatment for patients with OC,
we investigated the effect of a promising immunotherapeutic strategy based on protein aggregate magnesium-
ammonium phospholinoleate-palmitoleate anhydride (P-MAPA) combined with cisplatin (CIS) on the TLR2 and TLR4
signaling pathways via myeloid differentiation factor 88 (MyD88) and TLR-associated activator of interferon (TRIF) in
an in vivo model of OC.

Methods: Tumors were chemically induced by a single injection of 100 ug of 7,12-dimethylbenz(a)anthracene
(DMBA) directly under the left ovarian bursa in Fischer 344 rats. After the rats developed serous papillary OC, they
were given P-MAPA, CIS or the combination P-MAPA+CIS as therapies. To understand the effects of the treatments,
we assessed the tumor size, histopathology, and the TLR2- and TLR4-mediated inflammatory responses.

Results: Although CIS therapy was more effective than P-MAPA in reducing the tumor size, P-MAPA
immunotherapy significantly increased the expressions of TLR2 and TLR4. More importantly, the combination of
P-MAPA with CIS showed a greater survival rate compared to CIS alone, and exhibited a significant reduction in
tumor volume compared to P-MAPA alone. The combination therapy also promoted the increase in the levels of
the following OC-related proteins: TLR4, MyD88, TRIF, inhibitor of phosphorylated NF-kB alpha (p-IkBa), and nuclear
factor kappa B (NF-kB p65) in both cytoplasmic and nuclear sites. While P-MAPA had no apparent effect on tumor
necrosis factor alpha (TNF-a) and interleukin (IL)-6, it seems to increase interferon-y (IFN-y), which may induce the
Thelper (Th1)-mediated immune response.

Conclusion: Collectively, our results suggest that P-MAPA immunotherapy combined with cisplatin could be
considered an important therapeutic strategy against OC cells based on signaling pathways activated by TLR4.
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Background

Opvarian cancer (OC) is the most lethal of all gynecological
cancers and predicts a poor outcome due to late diagnosis
(<50% in a 5-year relative survival rate) [1]. Most patients
present with no apparent signs or symptoms in the early
stage of OC, and no effective screening protocols are cur-
rently available [2]. OC is classified into different subtypes
and often arises from lesions involving the surface epithe-
lium and its inclusion cysts [1, 2]; however, most high-
grade serous carcinomas (>70%) are derived from the
epithelium in the fimbriated part of the fallopian tube.
Notably, the development of chemoresistance is the key
factor that hinders the sensitivity of OC cells to long-term
treatment [2], and cisplatin/paclitaxel resistance has been
shown to induce recurrent OC and metastasis [3].

TLRs are active molecules located on the cell surface
that can trigger a cytoplasmic signaling pathway to acti-
vate nuclear factors (e.g. NF-kB, IRF) leading to cell prolif-
eration, resistance to drugs, and recruitment of immune
cells to the tumor site [4]. The TLR system constitutes a
double-edge sword that needs specific investigation in the
setting of neoplastic disease. Particularly, TLR4 has been
recognized as a key element in promoting the immune
evasion of many cancer cells, including OC cells [5-7].
Conversely, TLR signaling was shown to effectively reduce
the proliferative capacity of cancer cells [7]. TLRs often
act through MyD88-dependent pathway with early activa-
tion of NF-kB, an important transcription factor that is
responsible for the expression of proinflammatory
molecules, such as TNF-q«, IL-6, IL-8, and others. These
interleukins are associated with inflammation, cell
proliferation, adhesion, migration, apoptosis, and angio-
genesis [8, 9]. Alternatively, TLRs can activate MyD88-
independent pathway via TRIF signaling, resulting in late
NE-kB activation and induction of IRF3, which increases
the level of IFN [10].

Because TLRs, especially TLR2 and TLR4, are implicated
in the pathogenesis of OC [5, 11], compounds displaying ei-
ther agonist or antagonist activities may represent a poten-
tial immunotherapeutic opportunity for cancer treatment,
whether used alone or in combination with other therapies.
In this immunoadjuvant scenario, the protein aggregate
magnesium-ammonium phospholinoleate-palmitoleate an-
hydride (P-MAPA; developed by Farmabrasilis, Campinas,
SP, Brazil) has been identified as an important candidate for
cancer therapy. P-MAPA is a biological immunomodulator
obtained after fermentation of Aspergillus oryzae that ex-
hibits considerable antitumor effects in different experi-
mental models of cancer [12-15]. Recent approaches into
the understanding of its mechanism of action showed that
P-MAPA efficiently modulated TLR2 and TLR4 in both
cancer and infectious diseases, besides stimulating T cells
(TCD4+ and TCD8+ cells) and natural killer (NK) cell re-
sponses [12-15].
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Cis-Diamminedichloroplatinum (cisplatin or “CIS”) is
a potent antitumor agent, which is active against a var-
iety of cancers, including OC [16, 17]. Notably, the anti-
neoplastic properties of CIS have been fully ascribed to
its radiosensitizing effect and immunomodulatory ability
[18]. In OC cells, apoptosis is triggered by CIS treatment
and chemoresistance is associated to a reduced suscepti-
bility to undergo cell death [19]. CIS is also capable of
increasing the expression of TLRs and activate MAPK
by inducing the phosphorylation of IkB. The CIS-
induced expression of TLRs, especially TLR2 and TLR4,
is reduced in the presence of MAPK and NF-kB inhibi-
tors [20]. Although the mechanisms of conventional
platinum chemotherapy are well established for OC, fur-
ther studies with new adjuvant drugs may add thera-
peutic value upon activation of TLRs within the tumor
microenvironment.

To understand the effectiveness of these compounds, the
present study was conducted to verify the immunomodula-
tory effect of P-MAPA associated or not to CIS on the
TLR2- and TLR4-mediated signaling pathways in an animal
model of OC. This model exhibits the appropriate patho-
physiological and molecular features that are required to
test new functional chemotherapeutic substances.

Methods

Animals and treatments

Forty adult female Fischer 344 rats (60-day-old,
weighing +200 g), were obtained from the Multidisciplinary
Center for Biological Investigation (CEMIB) at University
of Campinas (UNICAMP). Animals were individually
housed in polypropylene cages with laboratory-grade pine
shavings as bedding and kept in a climatized room under
controlled temperature at 22 +1 °C with a 12/12 h light/
dark cycle, lights switched on at 6:00 a.m. During the pro-
cedures, standard rodent food (3074 SIF, Purina Ltda.,
Campinas, SP, Brazil) and filtered tap water were provided
ad libitum. The animals were divided into four groups
(n=10/group): OC: composed of rats that were induced
with 7,12-dimethylbenz(a)anthracene (DMBA) and received
vehicle only; OC + P-MAPA: composed of rats that were
induced with DMBA and received P-MAPA as therapy;
OC + CIS: composed of rats that were induced with DMBA
and received cisplatin as therapy; OC + P-MAPA+CIS:
composed of rats that were induced with DMBA and re-
ceived simultaneous doses of P-MAPA and cisplatin as
treatment. This chemically-induced rat model of OC is
appropriate for studying the structural and functional com-
ponents of the tumor microenvironment, including the im-
mune system [21, 22].

After OC was developed (200-day-old), the animals
designated to receive P-MAPA were administered i.p. doses
of 5 mg/kg b.w. dissolved in 0.20 mL of 0.9% (v/v) saline
solution (vehicle) at a final concentration of 5 mg/mL [13].
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The animals treated with cisplatin received two doses of
5 mg/kg, via i.p., twice a week (on Monday and Thursday),
dissolved in 0.20 mL of the vehicle. The combination
therapy was administered twice a week via ip. (5 mg/kg P-
MAPA and 5 mg/kg CIS). Control animals received injec-
tions of the vehicle in the same procedures of treated
animals. The injections were administered in the morning
(between 09:00 and 10:00 h, Fig. 1la and b), twice a week
for 8 consecutive weeks. After the experimental period, all
animals were euthanized by decapitation (during early
morning at 8:00 a.m.) for sample collection.

Ethics statement

To minimize any kind of discomfort and pain during experi-
mentation, the rats were anesthetized with ketamine and
xylazine so that they were rendered unconscious. Euthanasia
was performed in accordance with the Canadian Council on
Animal Experimentation. This experimental protocol
was previously approved by the Ethical Committee of
the Institute of Bioscience/UNESP, Campus of Botucatuy,
SP, Brazil (Permit Number: 950).

Procedures for OC induction

After defining the experimental groups, all the animals
(n = 40) were anesthetized using 10% ketamine (60 mg/kg,
i.p., Vibra® Roseira, SP, Brazil) and 2% xylazine (5 mg/kg,
i.p., Vibra® Roseira, SP, Brazil) during the estrous stage.
The left flank of the animals was incised through the skin
and abdominal wall to access the ovaries. The left ovaries
were injected direct under the ovarian bursa with a dose
of 100 pug of DMBA (Sigma Chemical Co, St. Louis, MO)
dissolved in 10 pL of sesame oil (vehicle) [23-25]. Right
ovaries were injected with the vehicle only (sham-surgery).
After the ovaries were moved back to the abdominal cav-
ity, muscle layers and skin were tightly closed using a 3—-0
silk suture, and prophylactic treatment with antibiotic
benzylpenicillin potassium was given to the animals. Over
the next 120 days of development, tumors were monitored
by ultrasound to predict the volume and total size.
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OC histopathology

After euthanasia, the animals were necropsied and studied
for general systemic abnormalities. During necropsy, the
internal reproductive organs, and those related to body
metabolism were carefully dissected. Animals displaying
evident OC had a portion of a large tumor removed, rap-
idly frozen, and stored at — 80°C. For the histopathological
analyses, serous OC was fixed in 10% buffered formalin
followed by dehydration, clearing, and paraffin embedding.
The tissue was serially sectioned at 5-um thickness, and
every 10th tissue section was stained with hematoxylin and
eosin. Histopathological data were analyzed and reported
by a pathologist.

Immunohistochemistry

Tissue sections of papillary OCs were deparaffinized and
microwaved at 700 W using 0.01-M sodium citrate buf-
fer (pH 6.0). After antigen retrieval, the peroxidase activ-
ity was blocked, and OC tissues were incubated with 3%
BSA for 1 h. Then, OC sections were incubated over-
night with primary antibodies (Abcam, Cambridge, UK):
rabbit polyclonal anti-TLR2 (1:100) and mouse monoclo-
nal anti-TLR4 (1:100). After the reactions, tissues were
washed 3x and incubated with polymer Anti-Mouse IgG
or Anti-Rabbit (DAKO ° CYT) at room temperature (RT)
for 1 h. Finally, the slides were reacted with diaminobenzi-
dine (DAB; Sigma, St. Louis, MO), and OC sections coun-
terstained with hematoxylin for 1 min. To eliminate false
positive reactions, control slides were obtained without
the primary antibody. Acquisition of all images was
performed under a microscope (Zeiss Axiophot II,
Carl Zeiss, Oberkochen, Germany), considering the
intensity of immunoreactivity as absent (0), low (+),
moderate (++), or high (+++).

Western blot analysis

After the experiments, papillary OCs were removed and
rapidly frozen in liquid nitrogen and stored at — 80°C.
To obtain cytoplasmic and nuclear extracts, OC samples
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were fractionated using NE-PER extraction reagents
(Pierce, Rockford, IL). After protein extraction, 10% (v/v)
triton X-100 was added to the solution for 2 h. Then, ly-
sates were centrifuged according to the manufacturer’s
instructions, and protein quantification was performed
using Bradford protein assay. The same amount of protein
(50 pg) was added to 1.5x Laemmli buffer and used for
SDS-PAGE (Bio-Rad Laboratories, Hercules, CA) at pre-
formed 4—12% acrylamide gradient gels using a Tris-glycine
running buffer system (60 mA for 2 h). The proteins were
electro-transferred to nitrocellulose membranes, and then
blocked with 3% BSA in TBS-T solution (0.05% Tween in
TBS) at RT for 1 h. After blocking, proteins were incubated
at 4°C overnight with respective primary antibodies (1:500
or 1:1000 in 1% BSA): TLR2, TLR4, MyD88, TRIF, IKK-a,
p-IkBa, and NF-kB p65 (Abcam, Cambridge, UK). Subse-
quently, the non-binding primary antibodies were removed
and membranes were incubated for 2 h at RT with specific
secondary antibodies (Sigma-Aldrich, St. Louis, MO) di-
luted 1:10,000 in 1% BSA. After sequential washes in
TBS-T solution, positive bands were detected using
ECL kit (Thermo Fisher Scientific, MA). Images of blots
were calculated from individual blots of 5 rats/group using
Image ] software and were represented as the mean op-
tical density (band intensity-pixels). B-actin for cytosolic
fraction and Lamin B1 for nuclear fraction were used as
endogenous controls.

Immunofluorescence assay

The OC tissues were isolated, washed in PBS and
fixed in 4% paraformaldehyde for 10 min. For tissue
permeabilization, proteinase K was used and nonspecific
bindings were blocked with 1% BSA for 1 h. Then OCs
were incubated overnight with rabbit polyclonal NF-kB
p65 antibody diluted 1/100 (ab7970, Abcam, Cambridge,
MA), followed by another incubation with secondary
rabbit polyclonal anti-IgG conjugated to FITC (1:200 dilu-
tion, Santa Cruz Biotechnology, Inc., CA) for 1 h. For nu-
clei staining, 4,6-diamidino-2-phenylindole (DAPI; Sigma,
St Louis, MO) was added (5 min). Positive staining in OC
cells was analyzed using a fluorescence microscope (Zeiss
Axiophot II, Oberkochen, Germany) at 40x magnification
(excitation filter 590 nm, emission filter 650 nm) and for
DAPI staining (excitation filter 365 nm, emission filter
485 nm). Relative fluorescence in merged images was cal-
culated using Image J software.

ELISA assays

For the quantitative determination of proinflammatory cy-
tokines, levels of IFN-y (cat. R1F00), IL-6 (cat. R6000B),
and TNF-a (cat. RTA00) were achieved using similar
amounts of proteins extracted from the OC samples. The
commercial pre-coated rat Quantikine® ELISA kits were
provided by R&D Systems (Minneapolis, MN).
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Statistical analysis

All data were performed using analysis of variance
(ANOVA) and presented as the mean + standard deviation
(SD). Significant results were subjected to post-hoc ana-
lysis with Tukey tests, and statistical significance level was
set to P<0.05 for all analyses. Data were analyzed using
GraphPad Prism 5.0 scientific graphing software (Graph-
Pad Software, San Diego, CA).

Results

Incidence of OC and tumor sizes affected by P-MAPA
and CIS

The OC incidence rate was increased from 4 to 8 months
after DMBA injection reaching almost 80% of the total
developed neoplasms (Fig. 2a). We initially inoculated 13
animals by group, and at least 10 animals exhibited ag-
gressive carcinoma; no death occurred during tumor de-
velopment. To confirm the effect of P-MAPA and CIS
on this rat model of OC, tumor volume and masses were
investigated. Animals treated with CIS alone and the
combination of P-MAPA with CIS showed an effective
reduction in OC volume after 30 days of treatment
(24.4% and 20.3%, respectively, compared with the OC
group; Fig. 2b). Most notably, P-MAPA and CIS alone or
in combination significantly reduced the tumor volume
after 60 days of treatment (16.3%, 41% and 32.2%, re-
spectively, compared with the OC group; Fig. 2b). The
combination of P-MAPA with CIS was still more efficient
in promoting a reduction in OC volume compared to P-
MAPA alone (20% reduced after 60-day treatment). At the
end of treatments, CIS- and P-MAPA +CIS-treated groups
exhibited a significant decrease in OC masses (30% and
26%, respectively, lower than the OC group; Fig. 2¢).

Anatomopathological analysis of OC, survival rates, and
histological features

After 180 days of OC induction, the tumors were care-
fully assessed. Most of the left ovaries from the OC
group showed solid mass with scattered areas of necrosis
(Fig. 3a, e, i). Furthermore, these animals showed many
peritoneal implants followed by abdominal adhesions
composed of fibrous bands (Fig. 3j); when untreated,
100% of the control females died at 280 days after
DMBA induction (Fig. 31). In addition, the majority of
P-MAPA-treated animals exhibited OC with serous fluid-
filled cysts (Fig. 3b, f). Supported by reduced tumor vol-
ume and masses, the left ovaries of the animals in the CIS
and P-MAPA+CIS groups had great morphological differ-
ences evidenced by mobile and soft pale tissue with few
adhesions (Fig. 3¢, d, g, h). Conversely, the right ovaries
(sham-operated animals) appeared largely intact with no
macroscopic lesion. Figure 3k shows a non-expansive and
controlled OC in an animal that received the combination
of P-MAPA and CIS as therapy. To evaluate the
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period of OC development, the majority of tumors were
malignant carcinomas classified as high-grade serous pap-
illary (Fig. 4). In general, OCs showed a mixture of papil-
lary and cystic pattern with extensive projections, cellular
atypia, and stromal invasion. Furthermore, the presence of
scattered mitosis and tumor-infiltrating lymphocytes was
obvious, thus, reflecting a potential compartment to be chal-
lenged with immunostimulants; although the tumor size
was significantly reduced, no histopathological changes were
observed after P-MAPA and CIS treatments (Fig. 4a-e).

Immunotherapy with P-MAPA potentiated the effects of
CIS upon TLR4 expression

In response to P-MAPA immunotherapy, the expres-
sions and immunostaining of TLR2 were enhanced
(1.46-fold increase vs. OC) in the cells of serous papillary
OCs (Table 1, Fig. 5a, b, i, j). CIS therapy and the combin-
ation of P-MAPA with CIS showed no significant effect on
the TLR2 levels (p > 0.05; Table 1, Fig. 5c, d, i, j). Notably,
P-MAPA therapy positively regulated TLR4 in these cells
(1.50-fold increase vs. OC; Table 1, Fig. 5e, f, i, k), and CIS
treatment also upregulated TLR4 but not in the same in-
tensity as P-MAPA did (1.37-fold increase vs. OC; Table 1,
Fig. 5e, g, i, k). Unexpectedly, the combination of P-MAPA
with CIS promoted a higher overexpression of TLR4
compared to the therapies alone (1.02- and 1.36-fold
increase vs. P-MAPA and CIS groups, respectively; Table 1,
Fig. 5h, i, k).

Upregulation of NF-kB signaling is enhanced by P-MAPA
and CIS treatments

To investigate the effects of P-MAPA and CIS upon
MyD88- or TRIF-dependent signaling pathways, these
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adaptor molecules were measured in the OC tissues.
Interestingly, P-MAPA and CIS alone or even the com-
bination of P-MAPA and CIS promoted an increase in
MyD88 levels (1.56-, 1.48-, and 1.58-fold increases, re-
spectively vs. OC; Fig. 6a, b), thereby providing evidence
for a MyD88-dependent TLR4-mediated signaling. In
addition, the combination of P-MAPA with CIS resulted
in the elevation of TRIF levels (1.45-fold increase vs. OC;
Fig. 6a, b), being able to further activate downstream mol-
ecules via the TRIF-dependent signaling pathway.

The characterization of NF-kB signaling pathway was
also evaluated in both cytoplasmic and nuclear extracts
of OC following the expressions of IKK-a, p-IkBa, and
NF-kB p65 subunit. While IKK-a was only upregulated
by CIS treatment (1.57-fold increase vs. OC; Fig. 6a, b),
the phosphorylation of IkBa was significantly increased
by P-MAPA, CIS, and the combination P-MAPA+CIS
(1.45-, 1.55-, and 1.60-fold higher, respectively vs. OC;
Fig. 6a, b), thus proving that IKK complex is active in
mediating IkB phosphorylation, and consequently, its
degradation. Surprisingly, P-MAPA and the combination
of P-MAPA with CIS induced the upregulation of cyto-
solic NF-kB p65 (1.61- and 1.69-fold increases, respect-
ively vs. OC; Fig. 6a, b), and more effectively, P-MAPA,
CIS, and P-MAPA+CIS treatments dramatically en-
hanced nuclear NF-kB p65 (1.49-, 1.50-, and 1.58-fold
increases, respectively vs. OC; Fig. 6b, c); particularly, a
considerable amount of the NF-kB p65 complex was
translocated into the nucleus. Immunofluorescence assay
further indicated the localization and expression level of
cytoplasmic and nuclear NF-kB p65 in OC cells. P-
MAPA immunotherapy resulted in high p65 expression
(Fig. 6d I and II; the level of fluorescence increased from

-

Fig. 4 Photomicrographs of the OC. High-grade serous OC showing an exophytic papillary architecture in animals from the OC (a), P-MAPA (b),
CIS (), and P-MAPA+CIS (d) groups. Most of these adenocarcinomas exhibited slit-like spaces with high nuclear grade and mild cellular atypia.
Sham-operated right ovary with normal follicular development (e). Bar = 50 um; H&E stain
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Table 1 Immunohistochemical staining intensity in OC cells

Proteins Therapeutic strategy

oC OC+ P-MAPA oC+ds OC+ P-MAPA +CIS
TLR2 + ++ + +/++
TLR4 + +H/+++ ++ ++/+++

OC immunostaining was interpreted and scored by two independent
pathologists as 0 (absent), + (low), ++ (moderate), or +++ (high). N =5
animals/group. Selected OC was analyzed using five sections per animal

43% + 0.67 (OC) to 86% +11.3 (P-MAPA) as well as
CIS therapy (Fig. 6d I and III; the level of fluores-
cence increased from 43% = 0.67 (OC) to 102% + 14.1
(CIS). Lastly, the combination of P-MAPA and CIS pro-
moted the highest p65 immunofluorescence intensity
(134% + 17.1; Fig. 6d IV).

IFN-y, TNF-a, and IL-6 levels in OC following P-MAPA and
CIS therapy

To verify the effects of therapies on pro-inflammatory
cytokines, the representative levels of IFN-y, TNF-«, and
IL-6 were measured in serous OC samples of animals
and were reported to be 33 £ 6.1 pg/mL, 5.68 + 1.88 pg/
mL and 23.3+2.38 pg/mL, respectively (Fig. 7a—c).
Treatment with P-MAPA and the combination P-MAPA +
CIS promoted an increase in the concentration of IFN-y in
OC tissues (1.56- and 1.67-fold increases, respectively vs.
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the OC group; Fig. 7a). The levels of TNF-a and IL-6 were
unchanged in serous OC after P-MAPA and CIS treat-
ments (Fig. 7b and c).

Discussion

We reported that CIS and P-MAPA+CIS therapies are
efficient in reducing OC volume and mass, evidenced by
a soft and mobile tissue; in addition, the treatments sig-
nificantly increased overall animal survival. These results
clearly demonstrate the effectiveness of CIS rather than
P-MAPA in promoting the reduction of tumor growth.
CIS treatment, a first-choice chemotherapeutic agent for
treating OC, is associated with tumor growth inhibition
in human and animal models [26, 27], and P-MAPA was
unable to sensitize OC cells to CIS effects regarding
tumor reduction. We also verified that this animal model
does not survive more than 280 days after chemical in-
duction of OC, and intriguingly, P-MAPA therapy led to
the longer survival rate in these OC-bearing animals.
Thus, it can be presumed that P-MAPA might be con-
trolling molecular events linked to OC progression and
widespread metastasis.

In non-treated animals, we observed remarkable
macroscopic changes in the OCs, including tumors with
solid mass and necrosis, abdominal adhesions, and peri-
toneal implants. The combination of P-MAPA with CIS
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50 g proteins pooled from 5 samples per group. j, k Individual blots were used for densitometric analysis of the TLR2 and TLR4 levels following
normalization to the B-actin. Data are expressed as the mean + SD. # P < 0.05 vs. OC; ® P < 0.05 vs. CIS
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was much more effective than therapy alone in terms of
significant reduction of OC sizes and peritoneal adhesions.
Interestingly, a recent work reported that P-MAPA im-
munotherapy had a promising effect in the histopatho-
logical recovery of the bladder cancer state [14]. Regarding
OC histopathology, P-MAPA was unable to change the pat-
tern of serous papillary architecture; however, the number

and types of tumor-infiltrating immune cells may be vary-
ing and should be further analyzed.

Active substances or molecules that bind and activate
TLRs are one of the main focuses of cancer manage-
ment, including for OC [11, 28, 29]. In this regard, we
showed that P-MAPA promotes significant antitumor
activity and potentiates the effects of CIS upon TLR
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signaling. Notably, P-MAPA upregulates TLR2 and
TLR4 in OC, and seems to produce an additive effect on
TLR4 expression in the presence of CIS. It is undisputed
that TLR activation leads to the development of adaptative
immune response by stimulating gene expression related
to inflammatory mediators [13, 30, 31]. Furthermore, the
prosurvival and proinflammatory actions of TLR signaling
in cancer and immune cells may drastically influence
tumor progression. Because the OC microenvironment is
particularly immunosuppressive, therapies continue to
stimulate the effective immune response against tumor
cells [32]. In immune cells, TLR2 and TLR4 can induce the
antitumor activities by enhancing the function of antigen-
presenting cells (APCs), and further, the activation of
lymphocyte subsets (especially cytotoxic T cells and NK
cells). A number of clinical trials have been conducted to
stimulate TLRs in OC therapy, such as TLR agonist in
combination with dendritic cells (DC) vaccines [33, 34].
Thus, TLR agonist-based immunotherapies (e.g. P-MAPA)
may also be successful for the treatment of serous OC.

In addition to TLR4 activation, P-MAPA and CIS up-
regulated downstream molecules such as MyD88, TRIF,
p-IkBa, and NF-kB p65. An animal in vitro study re-
ported that CIS treatment enhanced TLR4 expression
and induced the phosphorylation of IkB in macrophages,
making them functionally more responsive to TLR li-
gands [20]. In our study, P-MAPA had an additive effect
on CIS-induced TLR4 activation. Furthermore, our re-
sults showed that P-MAPA in association with CIS
might act to induce the expression of TLR4-mediated
inflammatory genes via MyD88- and TRIF-dependent
signaling pathways. In fact, P-MAPA therapy is thought
to exacerbate the downstream activation of these path-
ways to activate NF-kB p65 [15]. Due to its agonist
properties, P-MAPA may be considered as an additional
therapy by activating immune cells in OC.

TLR4/MyD88/NE-kB signaling is found in OC cells
and significantly influences drug response [5]. Undoubt-
edly, NF-kB plays a pivotal role in the TLR4-mediated
signaling in cancer cells. Under normal conditions, NF-
kB is retained in the cytosol by binding to an inhibitory
protein IkB. Activated IKKs lead to phosphorylation of
IkB, and the NF-kB p65 is translocated to the nucleus
[35]. The mechanisms underlying resistance to chemo-
therapy and long-term cell survival in serous OC are dir-
ectly associated with NF-kB pathway [36]. This study is
the first to demonstrate that the combination of P-
MAPA with CIS significantly increased both cytoplasmic
and nuclear p65, thus promoting the high expression
and activity of p65. The nuclear localization of NF-kB, a
key event for NF-kB transactivation, is differentially al-
tered by a number of drug treatments. According to
Gaikwad et al. [37], the lowest levels of nuclear NF-kB
were observed after treatment of ovarian A2780 cells
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with CIS, whereas an increased expression of NF-kB was
evident in paclitaxel-treated cells. These effects indicate
that activation of NF-kB is important for the mainten-
ance of CIS resistance after silencing the MyD88 adapter
molecule. Because CIS alone increased the expression of
MyD88, p-IkBa, IKK-a, and nuclear factor p65, and fur-
ther showed a profound reduction in OC volume and
mass, we believe that CIS treatment was unable to pro-
mote chemoresistance in these serous OC cells derived
from a chemically induced rat model.

Notably, OC has shown an increased resistance to pac-
litaxel, a TLR4 ligand, but not to platinum derivatives
[3]. Regarding different OC cell lines (OVCAR3, SKOV3,
A2780), the TLR4 activation induced IL-1 receptor-
associated kinase (IRAK)-4 and NF-kB signaling, and c-
Jun, IL-6 and IL-8 production, all of which related to
tumor chemoresistance [5]. Although the activation of
TLR system appears to be associated with poor out-
comes when considering OC cells, our results suggest a
protective role of TLR4 signaling in relation to the man-
agement of immune cells.

We verified activation of the TLR system in addition
to nuclear translocation of NF-kB in OC cells; however,
the elevation in TNF-a and IL-6 levels was insignificant
following the treatments. Novel experiments involving
different periods and regimens could increase this re-
sponse or even indicate molecular alterations during the
final production of these cytokines. Although the effects
of P-MAPA and P-MAPA + CIS were insufficient to en-
hance the levels of IFN-y, there was a biologically rele-
vant potential of P-MAPA in stimulating the innate
immune system in OC, especially eliciting a polarized
Thi-type response with high production of IFN-y. These
findings were recently confirmed by Garcia et al. [14, 15],
who concluded that P-MAPA was responsible for recover-
ing the immunosuppressive microenvironment of bladder
cancer than other conventional therapies. In bladder
cancer, intravesical P-MAPA immunotherapy promoted a
distinct activation of the TLR2- and TLR4-mediated in-
nate immune system, resulting in increased IFN-y signal-
ing (TRIF-dependent pathway), which was more effective
in the treatment of this tumor [15]. Furthermore, activa-
tion of IEN signaling pathway induced by P-MAPA upreg-
ulated the inducible nitric oxide synthase (iNOS) and
wild-type p53 protein, resulting in apoptosis and histo-
pathological recovery of the bladder cancer [15]. Another
important therapeutic approach for bladder cancer was
demonstrated by Dias et al. [38], based on association of
P-MAPA with systemic administration of CIS, being much
more effective, well tolerated, and with no apparent signs
of drug antagonism. Whether P-MAPA regulates the cel-
lular metabolism is of interest since this model of serous
OC shows significant changes in diverse metabolic path-
ways [39, 40].
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More importantly, the success of novel mechanistic in-
sights into tumor immunotherapy is hindered by various
obstacles including the ability of OC cells to generate an
immunotolerant environment, the activation of negative
regulatory signals, and the secretion of inhibitory factors
and immunosuppressive cytokines. Lastly, studies exploring
the effect of P-MAPA and CIS on genetic TLR2 and TLR4
knockout mouse models of OC are needed to better under-
stand the molecular mechanism(s) by which these therapies
effectively promote their immunomodulatory effects in OC.

Conclusion

In summary, our study demonstrated the cross-talk be-
tween P-MAPA and CIS upon TLR system. Although CIS
therapy was more effective than P-MAPA in reducing
tumor growth, P-MAPA immunotherapy significantly in-
creased the expressions of TLR2 and TLR4. Together, P-
MAPA and CIS therapy is important in modulating the
downstream molecules of MyD88- and TRIF-mediated
TLR4 signaling pathway in OC. While no apparent effect
on proinflammatory cytokines was observed, P-MAPA
alone or in combination with CIS seems to cause elevation
in IEN signaling. Our data suggest that P-MAPA immuno-
therapy may provide additional therapeutic opportun-
ity for OC in combination with other anticancer agents,
such as cisplatin. This may allow the discovery of new im-
mune mechanisms during the acquisition of chemoresis-
tance to drugs.

Abbreviations

ANOVA: Analysis of variance; APC: Antigen-presenting cells; BSA: Bovine serum
albumin; CEEA: Ethical Committee of the Institute of Bioscience/UNESP;

CEMIB: Multidisciplinary Center for Biological Investigation; CIS:
Cis-Diamminedichloroplatinum (Cisplatin); DAB: Diaminobenzidine; DAPI:
6-diamidino-2-phenylindole; DC: Dendritic cells; DMBA: 7,12-
dimethylbenz(a)anthracene; ELISA: Enzyme-linked immunosorbent assay;

FITC: Fluorescein Isothiocyanate; H&E: Hematoxylin and Eosin staining;
HRP-conjugated: Horseradish peroxidase-conjugated; IFN: Interferon;

IFN-y: Interferon gamma; IHC: Immunohistochemistry; IkB: | kappa B kinase;
IKK-a: | kappa B kinase alpha; IL-6: Interleukin 6; IL-8: Interleukin 8; IRAK-

4: Interleukin-1 receptor-associated kinase; IRF: Interferon regulatory factor;
IRF3: Interferon regulatory factor 3; MAPK(s): Mitogen-activated protein kinase(s);
MyD88: Myeloid differentiation factor 88; NF-kB p65: Nuclear factor kappa B
subunit p65; NK: Natural killer cells; OC: Ovarian cancer; PBS: Phosphate-buffered
saline; p-IkBa: Inhibitor of phosphorylated NF-kB alpha; P-MAPA: Protein
aggregate magnesium-ammonium phospholinoleate-palmitoleate anhydride;
RIPA: Radioimmunoprecipitation assay buffer; RT: Room temperature;

SD: Standard deviation; SDS: Sodium dodecyl sulphate; SDS-PAGE: Sodium
dodecy! sulphate-polyacrylamide gel electrophoresis; TBS-T: Tris-Buffered Saline
plus Tween 20; TCD4 +: T cells CD4-positive; TCD8 +: T cells CD8-positive;
Th1: T helper 1; TLR(s): Toll-like receptor(s); TLR2: Toll-like receptor 2; TLR4:
Toll-like receptor 4; TNF-a: Tumor necrosis factor alpha; TRIF: TIR domain-
containing adaptor inducing interferon-beta

Acknowledgments
We are grateful to Mr. Gelson Rodriguez from Department of Anatomy, IBB/
UNESP, Botucatu, SP, Brazil, for excellent technical assistance and support.

Funding

We would like to give a special thanks to Farmabrasilis-Brazil and to FAPESP
(Fundagao de Amparo a Pesquisa do Estado de Sdo Paulo, Grant numbers: 2016/
03993-9; 2015/00423-4) and Prope/UNESP by providing financial support.

Page 10 of 11

Availability of data and materials
Data and materials are fully available without restriction.

Authors’ contributions

LGAC, GMF, LALJ: conceived the hypothesis of the study, collected and
analyzed the data, and drafted the manuscript. LGAC, WJF, ISN: participated
in its design and intellectual conception of the study, and in the acquisition
of data. Authors read and approved the final version of this manuscript.

Ethics approval and consent to participate

This experimental protocol was previously accepted by the Ethical Committee
of the Institute of Bioscience/UNESP (CEEA — Permit Number: 950), Campus of
Botucatu, SP, Brazil.

Consent for publication
Not applicable

Competing interests
The authors have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

1Departmem of Anatomy, Sdo Paulo State University (Unesp), Institute of
Biosciences, Rubido Junior, s/n, P.O Box: 18618-970, Botucatu, SP 510, Brazil.
2Farmabrasilis R&D Division, Campinas, SP, Brazil. 3Departmem of Structural
and Functional Biology, Laboratory of Urogenital Carcinogenesis and
Immunotherapy, UNICAMP - University of Campinas, Campinas, SP, Brazil.

Received: 25 August 2017 Accepted: 11 January 2018
Published online: 17 January 2018

References

1. Cannistra SA. Cancer of the ovary. New Engl J Med 2004; 351: 2519-2565.

2. Fallows S, Price J, Atkinson RJ, Johnston PG, Hickey I, Russell SE. P53
mutation does not affect prognosis in ovarian epithelial malignancies. J
Pathol. 2001;194.68-75.

3. Kelly MG, Alvero AB, Chen R, Silasi DA, Abrahams VM, Chan S, et al. TLR-4
signaling promotes tumor growth and paclitaxel chemoresistance in
ovarian cancer. Cancer Res. 2006;66:3859-68.

4. Chen R, Alvero AB, Silasi DA, Steffensen KD, Mor G. Cancers take their toll-
the function and regulation of toll-like receptors in cancer cells. Oncogene.
2008;27:225-33.

5. Szajnik M, Szczepanski MJ, Czystowska M, Elishaev E, Mandapathil M,
Nowak-Markwitz E, et al. TLR4 signaling induced by lipopolysaccharide or
paclitaxel regulates tumor survival and chemoresistance in ovarian cancer.
Oncogene. 2009,28:4353-63.

6. Wang AC, Su QB, Wu FX, Zhang XL, Liu PS. Role of TLR4 for paclitaxel
chemotherapy in human epithelial ovarian cancer cells. Eur J Clin Investig.
2009;39:157-64.

7. Oblak A, Jerala R. Toll-like receptor 4 activation in cancer progression and
therapy. Clin Dev Immunol. 2011;2011:609579.

8. Akira S. Toll-like receptor signaling. J Biol Chem. 2003;278:38105-8.

9. Beinke S, Ley SC. Functions of NF-kappaB1 and NF-kappaB2 in immune cell
biology. Biochem J. 2004;382:393-409.

10.  Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol. 2004:4:499-511.

11.  Chuffa LG, Fioruci-Fontanelli BA, Mendes LO, Ferreira Seiva FR, Martinez M,
Favaro WJ, et al. Melatonin attenuates the TLR4-mediated inflammatory
response through MyD88- and TRIF-dependent signaling pathways in an in
vivo model of ovarian cancer. BMC. 2015;6:15-34.

12. Durdn N, Gowen BB, Costa FT, Justo GZ, Brocchi M, Nunes OS, et al. A
biotechnological product and its potential as a new immunomodulator for
treatment of animal phlebovirus infection: Punta Toro virus. Antivir Res.
2009;83:143-7.

13. Favaro WJ, Nunes OS, Seiva FR, Nunes IS, Woolhiser LK, Durdn N, et al.
Effects of P-MAPA immunomodulator on toll-like receptors and p53:
potential therapeutic strategies for infectious diseases and cancer. Infect
Agent Cancer. 2012;7:01-15.



de Almeida Chuffa et al. Journal of Ovarian Research (2018) 11:8

4. Garcia PV, Apolindrio LM, Bockelmann PK, da Silva Nunes |, Duran N, Favaro
WIJ. Alterations in ubiquitin ligase Siah-2 and its corepressor N-CoR after P-MAPA
immunotherapy and anti-androgen therapy: new therapeutic opportunities for
non-muscle invasive bladder cancer. Int J Clin Exp Pathol. 2015,8:4427-43,

15. Garcia PV, Seiva FR, Carniato AP, de Mello Junior W, Duran N, Macedo AM,
et al. Increased toll-like receptors and p53 levels regulate apoptosis and
angiogenesis in non-muscle invasive bladder cancer: mechanism of action
of P-MAPA biological response modifier. BMC Cancer. 2016;16(422)

16.  Florea AM, Busselberg D. Cisplatin as an anti-tumor drug: cellular mechanisms
of activity, drug resistance and induced side effects. Cancers. 2011;3:1351-71.

17. Selle F, Gligorov J, Richard S, Khalil A, Alexandre |, Avenin D, et al. Intensive
chemotherapy as salvage treatment for solid tumors: focus on germ cell
cancer. Braz J Med Biol Res. 2015;48:13-24.

18.  Galluzzi L, Vitale |, Michels J, Brenner C, Szabadkai G, Harel-Bellan A, et al.
Systems biology of cisplatin resistance: past, present and future. Cell Death
Dis. 2014;5:¢1257.

19. Mymryk JS, Zaniewski E, Archer TK. Cisplatin inhibits chromatin remodeling,
transcription factor binding, and transcription from the mouse mammary
tumor virus promoter in vivo. Proc Natl Acad Sci U S A. 1995;92:2076-80.

20. Tarang S, Sodhi A, Chauhan P. Differential expression of toll-like receptors in
murine peritoneal macrophages in vitro on treatment with cisplatin. Int
Immunol. 2007;19(5):635-43.

21. Zonta YR, Martinez M, Camargo IC, Domeniconi RF, Lupi Junior LA, Pinheiro
PF, et al. Melatonin reduces angiogenesis in serous papillary ovarian
carcinoma of ethanol-preferring rats. Int J Mol Sci. 2017; 18: pii: E763.

22, Chuffa LGA, Reiter RJ, Lupi Junior LA. Melatonin as a promising agent to treat
ovarian cancer: molecular mechanisms. Carcinogenesis. 2017;38:945-52.

23. Chuffa LG, Fioruci-Fontanelli BA, Mendes LO, Favaro WJ, Pinheiro PF,
Martinez M, et al. Characterization of chemically induced ovarian
carcinomas in an ethanol-preferring rat model: influence of long-term
melatonin treatment. PLoS One. 2013,8:e81676.

24.  Chuffa LG, Alves MS, Martinez M, Camargo IC, Pinheiro PF, Domeniconi RF,
et al. Apoptosis is triggered by melatonin in an in vivo model of ovarian
carcinoma. Endocr Relat Cancer. 2016;23:65-76.

25.  Ferreira GM, Martinez M, Camargo IC, Domeniconi RF, Martinez FE, Chuffa
LG. Melatonin attenuates Her-2, p38MAPK, p-AKT, and mTOR levels in
ovarian carcinoma of ethanol-preferring rats. J Cancer. 2014;5:728-35.

26. Raavé R, de Vries RB, Massuger LF, van Kuppevelt TH, Daamen WF. Drug
delivery systems for ovarian cancer treatment: a systematic review and
meta-analysis of animal studies. PeerJ. 2015;3:21489.

27. Tan L, Wang W, He G, Kuick RD, Gossner G, Kueck AS, et al. Resveratrol inhibits
ovarian tumor growth in an in vivo mouse model. Cancer. 2016;122:722-9.

28.  Husseinzadeh N, Davenport SM. Role of toll-like receptors in cervical,
endometrial and ovarian cancers: a review. Gynecol Oncol. 2014;135:359-63.

29.  Muccioli M, Benencia F. Toll-like receptors in ovarian cancer as targets for
immunotherapies. Front Immunol. 2014;5(341)

30. Xia MZ, Liang YL, Wang H, Chen X, Huang YY, Zhang ZH, et al. Melatonin
modulates TLR4-mediated inflammatory genes through MyD88- and TRIF-
dependent signaling pathways in lipopolysaccharide-stimulated RAW264.7
cells. J Pineal Res. 2012,53:325-34.

31, Zhou M, McFarland-Mancini MM, Funk HM, Husseinzadeh N, Mounajjed T,
Drew AF. Toll-like receptor expression in normal ovary and ovarian tumors.
Cancer Immunol Immunother. 2009;58:1375-85.

32. Lavoue V, Thedrez A, Leveque J, Foucher F, Henno S, Jauffret V, et al.
Immunity of human epithelial ovarian carcinoma: the paradigm of
immunesuppression in cancer. J Transl Med. 2013;11:1-12.

33. Fernandez-Lizarbe S, Montesinos J, Guerri C. Ethanol induces TLR4/TLR2
association, triggering an inflammatory response in microglial cells. J
Neurochem. 2013;126:261-73.

34. O'Neill LA, Fitzgerald KA, Bowie AG. The toll-IL-1 receptor adaptor family
grows to five members. Trends Immunol. 2003;24:286-90.

35. Natoli G, Chiocca S. Nuclear ubiquitin ligases, NF-kappaB degradation, and
the control of inflammation. Sci Signal. 2008;1:peT.

36. Barlin N, Jelinic P, Olvera N, Bogomolniy F, Bisogna M, Dao F, et al.
Validated gene targets associated with curatively treated advanced serous
ovarian carcinoma. Gynecol Oncol. 2013;128:512-7.

37. Gaikwad SM, Thakur B, Sakpal A, Singh RK, Ray P. Differential activation of
NF-kB signaling is associated with platinum and taxane resistance in MyD88
deficient epithelial ovarian cancer cells. Int J Biochem Cell Biol. 2015;61:90-102.

38. Dias QC, Nunes ID, Garcia PV, Favaro WJ. Potential therapeutic strategies for
non-muscle invasive bladder cancer based on association of intravesical

39.

40.

Page 11 of 11

immunotherapy with P-MAPA and systemic administration of cisplatin and
doxorubicin. Int Braz J Urol. 2016;42:942-54.

Chuffa LG, Lupi Junior LA, Seiva FR, Martinez M, Domeniconi RF, Pinheiro
PF, et al. Quantitative proteomic profiling reveals that diverse metabolic
pathways are influenced by melatonin in an in vivo model of ovarian
carcinoma. J Proteome Res. 2016;15:3872-82.

Chuffa LG, Lupi-Junior LA, Costa AB, Amorim JP, Seiva FR. The role of sex
hormones and steroid receptors on female reproductive cancers. Steroids.
2017;118:93-108.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit ( BiolMed Central




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Animals and treatments
	Ethics statement
	Procedures for OC induction
	OC histopathology
	Immunohistochemistry
	Western blot analysis
	Immunofluorescence assay
	ELISA assays
	Statistical analysis

	Results
	Incidence of OC and tumor sizes affected by P-MAPA and CIS
	Anatomopathological analysis of OC, survival rates, and histological features
	Immunotherapy with P-MAPA potentiated the effects of CIS upon TLR4 expression
	Upregulation of NF-kB signaling is enhanced by P-MAPA and CIS treatments
	IFN-γ, TNF-α, and IL-6 levels in OC following P-MAPA and CIS therapy

	Discussion
	Conclusion
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

