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Immunomodulation has been considered an important ap-
proach in the treatment of malignant tumours. However,
the modulation of innate immune cells remains an under-
explored tool. Studies from our group demonstrated that
the Phoneutria nigriventer spider venom (PnV) adminis-
tration increased the infiltration of macrophage in glio-
blastoma, in addition to decreasing the tumour size in a
preclinical model. The hypothesis that PnV would be
modulating the innate immune system led us to the main
objective of the present study: to elucidate the effects of
PnV and its purified fractions on cultured macrophages.
Results showed that PnV and the three fractions acti-
vated macrophages differentiated from bone marrow pre-
cursors. Further purification generated 23 subfractions
named low weight (LW-1 to LW-12) and high weight
(HW-1 to HW-11). LW-9 presented the best immunomo-
dulatory effect. Treated cells were more phagocytic,
migrated more, showed an activated morphological pro-
file and induced an increased cytotoxic effect of macro-
phages on tumour cells. However, while M1-controls
(LPS) increased IL-10, TNF-alpha and IL-6 release,
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Phoneutria nigriventer spider venom (PnV) modulates bone marrow-derived macrophages in a activate profile with antitumoural activity in
glioblastoma cells. Furthermore, the screening showed that LW-9 presented the best immunomodulatory effect. Treated cells were more
phagocytic, migrated more, showed an activated morphological profile and induced an increased cytotoxic effect of macrophages on tumour
cells and did not alter any cytokine, with the exception of LW-9 that stimulated IL-10 production. These findings suggest that molecules pre-
sent in LW-9 have the potential to be used as immunoadjuvants in the treatment of cancer.

© The Author(s) 2021. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved 51

€20z Key 61 uo 1asn dINVYOINN Ag L¥0EY1.9/1L.G/1/0.L1/o101E/ql/WO0d dNo"dlWwapede//:sdyy Wwoly papeojumo(



J. Munhoz et al.

PnV, fractions and subfractions did not alter any cyto-
kine, with the exception of LW-9 that stimulated IL-10
production. These findings suggest that molecules present
in LW-9 have the potential to be used as immunoadju-
vants in the treatment of cancer.

Keywords: glioma; immunomodulation; innate immune
system; phagocytosis; Phoneutria nigriventer.

Abbreviations: BHI, Brain Heart Infusion; CAR-T,
chimeric antigen receptor T-cell; CFU, colony form-
ing units; ELISA, enzyme-linked immunosorbent
assay; FBS, foetal bovine serum; HPLC, high-pres-
sure liquid chromatography; HW, high weight;
IMDM, Iscove’s Modified Dulbecco’s Media;
LILRBI, leukocyte immunoglobulin-like receptor
B1; LW, low weight; LPS, lipopolysaccharide; PBS,
phosphate-buffered saline; PD-1, programmed cell
death 1; TAMs, tumour-associated macrophages;
TCR-T, T-cell receptor-engineered T-cell; TFA, tri-
fluoroacetic acid; TME, tumour microenvironment.

Immunotherapy against cancer has been considered
as a fundamental and important pillar to improve
the prognosis of malignancies. This therapy uses the
abilities of the immune system components, includ-
ing cytokines, antibodies and cells, to recognize and
eliminate malignant cells (/). The first antibody
therapy was approved by the FDA in the late 1990s
for cancer treatment, to be used alone or in com-
bination with surgery, chemotherapy and radiation
(2-5). Strategies targeting the adaptive immune sys-
tem, such as specific antibodies against T
lymphocyte-associated antigen 4 (CTLA-4) or
against programmed cell death 1 (PD-1) and its lig-
and PD-L1, were the first approved therapies.
Adoptive cell therapies, such as with TCR-T (T-cell
receptor-engineered T-cell) and CAR-T (chimeric
antigen receptor T-cell), are also an approved ap-
proach (6, 7). These are now as the first line of
therapy for some types of cancer, such as melan-
oma, nonsmall cell lung cancer and Hodgkin’s
lymphoma (3, 8, 9). However, such strategies can
induce resistance and there is evidence of severe ad-
verse effects (3, 9—11).

Drugs that act on myeloid and lymphoid cells of
the innate immune system, e.g. natural killer cells
and macrophages, or that can act on both innate
and adaptive systems, have recently emerged as rele-
vant therapies in many types of solid tumours and
haematopoietic cancers (3, 9). It has already been
described that modulating macrophages may be a
more promising strategy compared to try killing tu-
mour cells, because macrophages kill malignant
cells, reorganize the extracellular matrix, recycle
debris originated from cells and molecules, start sig-
nalling to cell growth and stimulate the migration
of cells to repair the tissue (/2). However, modulat-
ing macrophages as a strategy to treat cancer is an
underexplored field.

52

Macrophages are sentinel cells of the innate im-
mune system and multifunctional antigen-presenting
cells (I3, 14). They have the ability of engulf and
brake down pathogens, toxins, cellular debris among
other targets, providing the first line of immune de-
fense. These properties make macrophages promising
cells for the treatment of malignant tumours, mainly
because they can also activate the entire immune sys-
tem against foreign and diseased cells (/5).
Macrophages exist in a diverse collection of cell types
and, under different external stimuli, can oscillate be-
tween different activation profiles (/6, /7). These mac-
rophages are classically referred to as activated (M1—
proinflammatory) or alternatively activated (M2—
antiinflammatory), and although this simple concept
of M1/M2 can explain the phenotypic heterogeneity
of these cells, in fact, macrophages appear to exist in
different populations with an extensive variety of po-
larization states (13).

Macrophages infiltrate the malignant tumour
microenvironment (TME) in large numbers, being
called tumour-associated macrophages (TAMs).
Many studies in the last decade have revelated that
TAMs play a protumour role and are related to the
cancer progression (/3, /8). However, the role of mac-
rophages in cancer has been described as complex and
paradoxical (/9). Usually, they are considered syn-
onymous of M2-macrophages, but studies have shown
that TAMs are a group of macrophages with tran-
scriptional and phenotypic characteristics distinct
from the M1 and M2 subsets (/0). The main strategies
to use TAMs as targets for immunotherapy are
related to: (/) reeducating macrophages, from a protu-
mour profile, generally described as M2, to an antitu-
mour profile, characterized as Ml-like cell; (2)
blocking the recruitment or survival of macrophages
in the tumour; (3) promoting the activation of macro-
phage and (4) using monoclonal antibodies or mole-
cules that increase the Kkilling activity and/or
phagocytosis functions, promoting the destruction of
cancer cells (17, 20, 21).

Since the first demonstration of cytoskeletal impair-
ment in astrocytes treated with the venom of the
South American wandering spider Phoneutria nig-
riventer (PnV) (22), a sequence of studies by our group
exhibited the effects of PnV on glioblastoma (GB) cell
lines in vitro and in vivo. The venom has cytotoxic and
antimigratory effects, arrested the cell cycle in GO and
reduced or eradicated tumour development in a xeno-
geneic model, in addition to increasing the infiltration
of macrophages in the TME (23-25). Those previous
findings led us to herein investigate the modulatory ef-
fect of PnV and its components on macrophages, and
to find out whether and which of those molecules
have the potential to act as immunoadjuvant in cancer
treatment.

Methodology

Reagents and venom
The reagents were purchased from Sigma—Aldrich (St.
Louis, MO), unless otherwise specified. Phoneutria
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nigriventer venom samples were extracted from several
adult spiders by electrical stimulation. The pattern of
the crude venom was analysed by high-pressure liquid
chromatography (HPLC) and compared with other
samples used and published. The fractionation of the
venom was done by Amicon Ultra Centrifugal Filter
(#UFC801008; Thermo Fisher Scientific, Suwannee,
GA), following Santos et al. (23). With this procedure,
PnV was fractionated by molecular mass, resulting in
three fractions: F1=<3kDa; F2=between 3 and
10kDa and F3 =above 10kDa. Venom and fractions
were lyophilized and stored at — 80°C. The three frac-
tions were used in experiments conducted to select the
most significant among them, considering the macro-
phages modulation. After this first screening, F1 and
F2 together were called low weight (LW) components,
while F3 alone was named high weight (HW) compo-
nents. LW and HW were purified again by reversed
phase HPLC, using a Shimadzu VP-ODS column,
0.1% trifluoroacetic acid (TFA) as mobile phase and
90% acetonitrile 0.1% TFA as eluent. Twelve purified
components were obtained from LW, named subfrac-
tions LW-1-LW-12, and 11 from HW, named sub-
fractions HW-1-HW-11.

Cell cultures and treatments

Bone marrow-derived macrophages Murine bone marrow
cells were cultured with the supernatant of fibroblasts
(L929) cell line for differentiation in macrophages. All
experiments were conducted in accordance with the
Ethical Principles on Animal Research, adopted by
the Brazilian College on Animal Experimentation
(Colégio Brasileiro de Experimentacao Animal—
COBEA), with the prior approval of the Ethics
Committee on the Use of Animals (CEUA) of the
Universidade Estadual de Campinas (UNICAMP)
(#5118-1/2019). Male C57BL6 mice at 7-10 weeks of
age were euthanized by overdosage of the association
of dissociative anaesthetic (ketamine, 300 mg/kg) and
alpha 2 adrenoreceptor agonist (xylazine, 30 mg/kg)
administered intraperitoneally, and bone marrow pre-
cursors were collected from femurs. Briefly, immedi-
ately after collecting from marrow, the cell suspension
was cultivated in Petri dishes with 10ml IMDM
(Iscove’s Modified Dulbecco’s Media) supplemented
with 20% foetal bovine serum (FBS) and 30% L1929
cell supernatant (as a source of macrophage colony-
stimulating factor). After 4days, more 10ml of fresh
medium with the same proportions was added (26).
After incubation of this culture for 7 days at 37°C and
5% of CO,, the cells were washed with phosphate-
buffered saline (PBS) and the adherent cells were
reaped with a cell scraper for use in different assays,
as described below.

Human glioblastoma cell line (NG97) Human glioblastoma
(NG97) cells were donated by a patient from the
Hospital das Clinicas/Universidade Estadual de
Campinas (HC/UNICAMP) and the cell line was
established and characterized in a sequence of pub-
lished studies (27-31). The culture was maintained in
IMDM supplied with 10% FBS, 100 U/ml penicillin
and 100 pg/ml streptomycin, at 37°C and 5% of CO..

New adjuvant for anticancer immunotherapy

After four passages from the defrosting, cells were
seeded at a density of 1 x 10* per cm? in a 25cm? cul-
ture bottle and grown in IMDM containing 10% FBS
and 100 UI/ml penicillin and streptomycin (pH 7.4)
(Gibco). After confluence, the cells were detached
using a scraper and placed in 48-well plates.

Treatments After differentiation, the macrophages were
preactivated with 20ng/ml of recombinant mouse
IFN-¥ (BD #554587) for 48h and separated into the
following groups: MO0-Control (untreated), MIl-
Control—1 pg/ml  of  lipopolysaccharide (LPS;
Escherichia coli 026:B6), PnV (14 pg/ml), F1, F2, F3
(1 pg/ml), LW-subfractions (LW-1 to LW-12) and
HW (HW-1 to HW-11) (1 pg/ml). After 24 h of treat-
ments, the macrophages were washed with PBS and
used to perform the tests as described below (all tests
were carried out in three independent experiments).

Phagocytosis and killing assays

Phagocytosis tests were performed by using the fungus
Paracoccidioides brasiliensis (Pb18) or pH Red E.coli
bioparticles (Invitrogen #P35361). For the Pbl18 assay,
macrophages were plated in 48-well plates at a density
of 2 x 10°cells per well. After treatments, cells were
incubated with the fungus for 4 h in the proportion of
1 yeast:5 macrophages per well. After incubation, cells
were washed and lysed with ice distilled water to re-
lease the internalized Pbl18. Then, the cell lysate con-
taining the fungus was seeded in Petri dishes with BHI
(Brain Heart Infusion) supplemented with gentamicin
(96 ng/ml) and FBS (4%). After an incubation period
of 7days at 37°C, colony forming units (CFU) were
manually counted. For image records, after incuba-
tion with the yeast, the wells were washed and the cells
were fixed with cold methanol for Smin and then
stained with Giemsa solution for 15min (32). The
wells were washed with PBS and the images were
acquired using Cytation 5—Cell Imaging Multi-Mode
Reader (BioTek, Winooski, VT, USA). The killing
assay was performed following the same procedure
described above; however, the incubation period with
the fungus was 48h. The experiments presented in
each graph were performed separated and the use of a
biological material (Pb18 fungus) results in differences
in the number of CFU; however, in all experiments
were added the controls groups (with LPS or without
any treatment).

For the bioparticle assay, macrophages were seeded
at a density of 2 x 10° min cells in 24-well plates. After
incubation for 2h with 50 ug of bioparticles, the mac-
rophages were washed extensively and immunola-
belled with anti-Iba-1, as described in the
morphological analysis (33). The florescence quantifi-
cation (Integrated Density of Pixels) was carried out
in 3-5 random photos, using the software Image J
(Image Processing and Analysis in Java, version
1.39e).

Morphological analysis

After treatments, the cells were fixed with 4% parafor-
maldehyde for 15 min. Then, they were incubated with
blocking buffer (PBS with 1% BSA, 0.3% Triton
X100) for 2h, followed by incubation with anti-Iba-1
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antibodies diluted in PBS (Wako #019-19741; 1:700,
overnight). Cells were washed with PBS and incubated
with secondary antibodies diluted in PBS (Cy2 Goat
Anti-Rabbit  IgG,  Jackson  ImmunoResearch
#111225144; 1:1,000 1h). Then, nuclei were stained
with DAPI (dilution 1:1,000) (#D9542 Sigma) for
Smin and the plates were kept in a glycerol 3:1 PBS
solution, at —25°C. Images were acquired in the
Cytation 5 Reader. In some wells, macrophages were
seeded on a coverslip and, after treatments and immu-
nolabelling, cells were washed with PBS and the slides
were mounted using fluorescence mounting medium
(#F4680) to acquire qualitative images in a nonin-
verted microscope, in high amplification. The cell
count was performed in 3-5 random photos, using the
Image J software (Image Processing and Analysis in
Java, version 1.39¢).

Cell migration analysis

The cell invasion assay was performed using transwell
inserts with polycarbonate membranes of 8 um pore
(Corning Inc., New York, NY). Macrophages in the
FBS-free culture medium were added to the upper
chamber of each insert (3 x 10°cells per well). The
lower chamber was filled with medium supplemented
with 20% FBS. Treatments were added in the upper
chamber for 24 h. After that, cells that failed to mi-
grate were removed from the upper face of the mem-
brane using a cotton swab and the macrophages
present on the lower face were stained using May-
Griinwald-Giemsa. Images were acquired in an
inverted microscope (Nikon Eclipse TS100; Nikon,
Tokyo, Japan). The cell count was performed in 3-5
random photos, using the Image J software (Image
Processing and Analysis in Java, version 1.39¢).

Cytokines measure by ELISA

After treatments, the supernatants of cell cultures
were collected and the enzyme-linked immunosorbent
assay (ELISA) was performed for the detection of
TNF-o, IL-10 and IL-6. This characterization was
performed using commercial cytokines dosage Kits by
R&D Systems (DuoSet ELISA), according to the
manufacturer’s instructions. The measurements were
performed in a Thermo Scientific plate reader
(Multiskan Go).

Analysis of antigen-presenting parameters by flow
cytometry

For the analyses of the costimulatory surface mole-
cules, 2 x 10° macrophages/well were plated and, after
24h with the treatments (control without any treat-
ment, LPS 1 ug/ml, GB lysate, PnV 14 ug/ml, PnV
plus GB lysate and LPS plus GB lysate), the cells were
labelled with antibodies. The lysate was produced fol-
lowing Rainone et al. (34). In brief, GB NG97 cells
were resuspended at 15 x 10°cells/ml and lysed by 3
cycles of freeze-thawing in liquid nitrogen. The prep-
aration was centrifuged at 12,000 rpm for 15min and
stored in aliquots at —80°C until use. Tumour cell lys-
ate was added at the ratio of 1 macrophage to five tu-
mour cells. The immunostaining was performed with
the following antibodies: anti-MHCII (clone M5/
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114.15.2, PE-Cy7, #25-5321-82, ecBioscience), anti-
CDB80 (clone 16-10A1, FITC, #104706, Biolegend)
anti-CD86 (clone GL-1, PE, #105008, Biolegend),
anti-CD40 (clone 1C10, PE-Cy5, #15-0401-82, e
Bioscience), anti-CDI11b (clone M1/70, Alexa fluor
647, #17-0112-82, eBioscience), incubated for 30 min
(4°C, in a dark chamber). The cells were then fixed
with paraformaldehyde 1% for 30min and 10,000
events were acquired using the Flow Cytometer (BD
FACSVerse). The data were analysed by FlowJo VX
software. For this experimental design, cytokines (IL-
6, TNF-o and IL-10) were also dosed by ELISA, as
described in this topic.

Macrophages and glioblastoma (NG97) coculture
Macrophages were plated at a density of 3 x 10° cells
per well in 24-well plates; after 24h with treatments,
the stimuli were removed and the macrophages were
washed and incubated with 3x10°> glioblastoma
(NG97) cells. The coculture was maintained for 24 h
and, after this period, the procedure for assessing cell
viability was performed through the labelling of live
cells with DAPI. The analyses were made by flow
cytometry or image acquisition in Cytation-5. Anti-
Ibal was used to identify macrophages to differentiate
from tumour cells. The florescence quantification
(Integrated Density of Pixels) was carried out in 3-5
random photos, using the software Image J (Image
Processing and Analysis in Java, version 1.39¢).

Statistics

The data analysis was made by GraphPad Prism soft-
ware (v. 5.0 GraphPad, San Diego, CA). The level of
significance was evaluated using one-way analysis of
variance followed by Dunnett’s multiple comparisons
test. Unpaired Student’s #-test was used to compare
each treatment with the control. Data are presented as
mean =+ standard error of the mean. P < 0.05 indicated
statistical significance. All experiments were per-
formed two or three times independently with three
replicates in each group.

Results

In order to contribute to the investigation of the
therapeutic implications of the use of natural com-
pounds for drug discovery, in this section, we describe
the results of the experiments performed with the
main objective of evaluating the effects of PnV and its
purified components on the modulation of macro-
phages, with the perspective of selecting the subfrac-
tion responsible for the most pronounced effects.

Verification of venom quality and purification in sub-
fractions by HPLC

Figure 1A shows that the standard and quality of the
venom sample was as previously reported (23, 25).
The first procedure for separation of the crude venom
into fractions was carried out by molecular mass crite-
ria, using molecular filters with nominal separation at
10 and 3kDa, according to Santos et al. (23). Three
main fractions were obtained: F1 (LW, <3kDa), F2
(intermediate weight, between 3 and 10kDa) and F3
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Fig. 1. Venom quality and purification in subfractions by HPLC. Graph A shows the standard and quality of the venom sample. Graphs B
and C show the purification of F1 +F2 (LW) and F3 (HW) by HPLC, respectively, generating 12 LW-subfractions (LW-1 to LW-12), and
11 HW-subfractions (HW-1 to HW-11).
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(HW, above 10kDa). These fractions are still complex
mixtures and were evaluated as described below to se-
lect those with the most significant effects on macro-
phages. Taking all the obtained results together, F2
and F3 were considered more effective in most param-
eters; however, F1 had a significant effect in the killing
assay. Therefore, all fractions were purified again to
continue the study. Figure 1B and C shows the purifi-
cation of F1 and F2 together (now referred to as LW)
and F3 (now referred to as HW) by HPLC, respective-
ly. This procedure generated 12 LW-subfractions,
named LW-1 to LW-12, and 11 HW-subfractions,
named HW-1 to HW-11. These PnV components have
been tested for macrophages immunomodulation, as
reported below.

Crude venom and its fractions and subfractions ac-
tivity on macrophage phagocytose

In the phagocytosis assay with the fungus Pbl8, frac-
tions F2 and F3 significantly increased the number of
CFUs (Fig. 2.1A), while the number of yeast cells in
suspension after lysis of macrophages was increased
only in F2 (Fig. 2.1B), demonstrating that F2 and F3
were the fractions with higher potential to activate
macrophages. Of note, all other treatments appeared
to increase the phagocytic activity, but not significant-
ly (Fig. 2.1).

Figure 2.2 shows microscopic images of macro-
phages incubated with Pb18. It is possible to observe
that macrophages treated with LPS, PnV and frac-
tions (mainly F2 and F3) present more intracellular
fungi (see detail in the highlighted panel G) compared
to the control. These data confirm that groups treated
with venom and fractions, similar to LPS (M1-con-
trol), induced higher phagocytosis capacity when com-
pared to the untreated control (MO-control). An
accurate observation reveals that F1 was very similar
to MO-control, PnV and F3 induced more phagocyt-
osis than F1 and MO, and LPS (M1-control) and F2
were greater than other groups.

The Pbl8-phagocytosis assay was also performed
with the subfractions purified from F1+ F2 (LW) and
F3 (HW). Subfractions LW-2, -3, -5, -10, -11, -12
(Fig. 2.3A) and HW-1, -2 and -3 (Fig. 2.3B) induced a
significant increase in phagocytosis compared to con-
trol. Although several subfractions have shown an ef-
fect on phagocytosis and killing (shown below), from
overlapping these results, the following subfractions
were chosen as the best to continue: LW-9, -11, -12
and HW-2, -3, -6; in addition, LW-6 was chosen as a
control of fraction with no relevant effect.

The results obtained with E.coli bioparticles (Fig. 3)
were compatible with those observed with the fungus.
Figure 3.1 shows that PnV, F2 (not significant) and
F3, as well as LPS, increased phagocytosis when com-
pared to the M0O-control, while F1 was very similar to
untreated cells. Fluorescence quantification is shown
in graph M. When the selected subfractions were
tested (Fig. 3.2), it was possible to observe that LW-9
(panels G and H) had the best effect, which was statis-
tically significant (graph S).
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Macrophage Pb18 killing ability by PnV, its fractions
and subfractions stimuli

In the killing assay, treated cells were incubated with
the fungus Pb18 for a prolonged period (48 h) to allow
them to eliminate the pathogen. Then, cells were
washed and lysed, and the supernatant was cultured
to evidence alive fungi. The less Pbl8, the increased
killing capacity. In graph 4.A, the results demonstrate
that PnV, as well as LPS, increased intracellular death
compared to control. The fractions also increased the
killing of the fungus, especially F1 and F2.

The tests with subfractions (Fig. 4B and C) showed
that LW-9, -11, -12 (graph B) and HW-6, -8, -9 (graph
C) were the subtractions with increased fungi killing
capacity. Interestingly, LW-1, -2 and -3 decreased the
ability of macrophages to kill the fungus.

Macrophage morphological alterations under
venom, its fractions and subfractions treatment

Cell morphology was analysed by immunofluores-
cence label of Iba-1, a macrophage marker (green),
and DAPI to highlight the nuclei (blue) (Fig. 5). Ibal
is recognized as a pan-macrophage marker and its ex-
pression is increased when these cells are activated
(35, 36). Iba-1 staining demonstrated that the cells
generated from bone marrow were successfully differ-
entiated in macrophages (that was also confirmed by
the CDI11b staining detected by flow cytometry, as
described later) (Fig. 5).

Figure 5.1 shows that the cells treated with PnV
had increased processes, were multinucleated and with
increased cytoplasm, when compared to the MO-
control, a profile characteristic of activated macro-
phages (more clearly visible in the panels with higher
amplification—B, D, F, H, J, L). The same aspect was
observed for the group treated with LPS, in which the
cells were even larger. Fractions F2 and F3 (mainly
F3) induced a morphology very close to PnV and
LPS.

In addition, the images with lower amplification in
Fig. 5.1 (panels A, C, E, G, I, K) clearly suggest an in-
crease in the number of cells, comparing all treatments
with MO-control. Considering that in all groups there
was initially the same number of cells, this result sug-
gests that PnV and fractions could be stimulating cell
proliferation. In fact, graph M shows that all treat-
ments (mainly LPS, PnV and F1) significantly
increased the cell count compared to M0-control.

Figure 5.2 shows the same analysis, using subfrac-
tions. LW-9 (panel D) and HW-3 (panel H) induced
the most activated morphology of macrophages. LW-
6, -11 and HW-2 induced the most discrete morpho-
logical alteration, being similar to M0. Graph J shows
that there is no significant difference between the
groups in cell count.

Stimulation of macrophage migration by the crude
venom, its fractions and subfractions

The cell migration assay was performed for 24 h of ex-
posure to treatments, using plates containing transwell
inserts. Figure 6.1 shows that all treatments increased
macrophage migration when compared to MO-
control. Interestingly, LPS (Ml-control) did not
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Fig. 2. Phagocytosis of Paracoccidioides brasiliensis (Pb18) fungus by macrophages. (2.1) The first screening with PnV, F1, F2 and F3. (2.A)
The capacity of phagocytosis by each group was availed by the number of CFU after the period of incubation (7 days) with the fungi in the
BHI medium. (2.B) Number of fungi after the lysis of the macrophages, this is another quantitative way to evaluate the number of fungi
that were phagocyted. G: Highlight of figure B of the group with LPS in the 2.2 panel showing a bone marrow macrophage (purple) with
the fungi phagocyted (black points). Macrophages were more phagocytic when pretreated with LPS (M1), PnV, F2 or F3 (less significantly
with F1), compared to untreated cells (MO0). (2.2) Microscopic images of macrophages incubated with Pb18; PnV and fractions (mainly F2
and F3) showed more intracellular fungi (highlighted in panel G), compared to the control. (2.3) Demonstrates that phagocytosis was
increased with the subfractions LW-2, -3, -5, -10, -11, -12 and HW-1, -2, -3. "P<0.05, P <0.01, " P <0.001, "™ P < 0.0001, compared to
the control (MO).
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Fig. 3. Phagocytosis assay using E.coli bioparticles. The green fluorescent label on macrophages corresponds to Iba-1, and the bioparticles

are the red fluorescence. The pictures above on each panel show the double labelling and the pictures below show only the phagocytized bio-

particle. (3.1) LPS, PnV, F2 (not significant) and F3 induced greater phagocytosis capacity when compared to the MO0-control, while F1 was

very similar to untreated cells gquantiﬁcation demonstrated in the graph M). (3.2) LW-9 (panels G and H) had the best effect (quantification

demonstrated in the graph S). "P<0.05, P <0.01, """ P <0.001, compared to the control (MO0).
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Fig. 4. Killing assay of Paracoccidioides brasiliensis (Pb18) fungus by macrophages, where reduced CFU number refers to the increased killing
capacity and vice versa. Graph A shows that PnV, LPS, F1 and F2 significantly increased the killing of fungi. Graphs B and C demonstrate
the results of subfractions isolated from F1 + F2 (LW) and F3 (HW), respectively. LW-9, -11, -12, and HW-6, -8, -9 had the best effects,

inducing a greater ability of macrophages to kill fungi. "P <0.05, P <0.01, P <0.001,

induce much migration, while PnV and fractions F2
and F3 increased it. It is also clear that in the groups
treated with venom and fractions, especially PnV, cells
have large and thin stretches, possibly the mechanism
by which they can pass through the pores. This aspect
was also observed in the morphological analysis by
Iba-1 labelling.

Figure 6.2 demonstrates that all subfractions
increased the migration of macrophages, but LW-9
and HW-2 were more efficient. The cell morphology
was different depending on the subfraction; treatment
with LW-9 and HW-2 induced cells with long proc-
esses and thin body. On the other hand, HW-3 and,
more pronounced, HW-6, showed cells with a large
and rounded body, without (or with few) processes.

Venom, fractions and subfractions effects on cyto-
kines release

To better understand the functional profile of macro-
phages treated with PnV components, pro- and antiin-
flammatory cytokines were measured in the culture
supernatant.

Figure 7.1 shows that LPS (M1-control) significant-
ly increased the release of pro- (IL-6 and TNF-«) and
antiinflammatory (IL-10) cytokines, corroborating the
literature (37). On the other hand, the venom and all
fractions did not alter any of those molecules when
compared to the control. These data suggest that the
venom activates macrophages for a different profile
rather than the classic M1. This atypical and specific
profile were referred to as M-PnV.

ko

P <0.0001, compared to the control (MO).
Figure 7.2 demonstrates that a similar result was

observed for the subfractions, where none of them,

induced TNF-« expression. However, LW-1 and LW-

9, as well as LPS, significantly increased IL-10 release
(graph B).

Action of PnV, fractions and subfractions on mole-
cules involved in antigen presentation by
macrophages

Considering that macrophages present antigens, this
ability was assessed to verify whether the venom and
its components could alter that function. For that,
macrophages were pulsed with GB cell lysate, con-
comitantly to the treatment with LPS or PnV. Only
lysate or the treatments alone were also evaluated.
Figure 8A—E shows the main molecules involved in
the antigen presentation. In general, LPS (mainly) and
lysate alone were able to induce this function in mac-
rophages, while PnV had no effect.

CDI11b expression was significantly increased by
LPS and lysate (graph A), but not by PnV. When con-
current exposures of PnV plus lysate or LPS plus lys-
ate were performed, this molecule was increased,
allowing to infer that the stimulation was not due to
the venom components, but to the presence of GB
antigens in the lysate. Similar results were observed
for CD80 and MHCII (graphs B and C). For the cos-
timulatory molecules CD40 and CD86 (graphs D and
E), only LPS induced a significant increase.

Cytokines release in the supernatant was also eval-
uated in this experimental design (Fig. 8 graphs F—H).
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Fig. 5. Macrophage morphology analysis: immunolabelling for Iba-1 (green) and DAPI to highlight the nuclei (blue). Panel 5.1 shows that mac-
rophages treated with PnV and fractions F2 and F3 exhibited a morphological profile similar to M1-control (LPS), with long processes,
increased cytoplasm and multinucleated cells. The cell count (graph M) revealed that all treatments significantly increased the number of
cells compared to MO0. Panel 5.2 demonstrates that, among subfractions, LW-9 and HW-3 induced the most activated morphology; however,
there was no significant difference when cells were counted (graph J). Scale bars: 5.1 upper panel, 200 um; 5.1 lower panel, 100 um; 5.2,

200 um. “P<0.05, P <0.01, P <0.001, " P <0.0001, compared to the control (MO).
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Fig. 6. Cell migration assay using transwell. Panel 6.1 shows that all treatments significantly increased macrophage migration compared to
MO-control (A); F2 (E) and F3 (F) had the best effect (cells count showed in graph G). Panel 6.2 demonstrates that, among subfractions,
LW-9 (D) induced significantly increased migration (cell count presented in graph J). The pictures also show that LW-9 and HW-2 induced
cells with long processes and thin body, while HW-3 and, more pronounced, HW-6, showed cells with a large and rounded body, without
(or with few) processes. The arrows point to the cells. “P <0.05, P <0.01, P <0.0001, compared to the control (MO0).

61

€20z AeN 61 uo Jesn dINVIINN A LYOEYL9/LS/L/0L L/BIonIe/ql/woo dno-olwspeoe//:sdiy wolj pepeojumoq



J. Munhoz et al.

7.1 A IL-6 B TNF-

2000 - 250 Kkkk
1500 Fkdkik 2004
150 =
51000- g
g 2 100
500 - 50+
0 0
3 o N 4 '+ S Y -3 M 1] '+
&\\19 ‘J\\\:‘ <& 3 < < &@9 %@" Q¢ & & €
& 8 RN
C IL-10
BO0 =
dedkeoke
600
ol
(-9
200
0
@9\ \?-;\ & & ,‘*‘\- &
& &
72 | A TNF-a (LW) B IL-10 (LW)
9 0% Fekedek
KAk
400 + 600
_EI 300 'é' 00 *kkk
Ezoo- E KKk
100- e
T e T xS
Q\ 'i\ ERRL R - - Lt A Q\’i\ ERRLAN - - 2R R A
SRERNNNNNNETY SR
& &4
0 3 PV
C TNF-a (HW) D IL-10 (HW)
400+ 1500 -
*kkk dedkeddk
300
1000 4
-
2 E
(-1 (-9 5{}0
100
o E IR I R TR AT
T ALY b ’ DD N SV AN WD W LD b A DO N
oV (SR

Fig. 7. Quantification of cytokines released in the culture supernatant by ELISA. Graphs in 7.1 shows that LPS strongly increased IL-6 (A),
TNF-o (B) and 1L-10 (C), while PnV, F1, F2 and F3 did not alter the release of any evaluated cytokines. Graphs in 7.2 demonstrate that
LW (A and B) and HW-subfractions (C and D) did not induce cytokines, excepting LW-1 and LW-9 (B), which increased IL-10. P <0.01,
P <0.001, """ P <0.0001, compared to the control (MO).
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Fig. 8. Flow cytometry analysis of costimulatory molecules involved in antigen presentation (graphs A—E) and cytokines dosage in the super-
natant by ELISA (F-H). For this experiment, macrophages were pulsed with glioblastoma (NG97) cells lysate, concomitantly to the treat-
ment with LPS or PnV. The treatments alone were also evaluated. Lysate and LPS, alone or combined, increased CD11b (A), CD80 (B) and
MHCII (C). PnV plus lysate also increased the molecules, but this effect is obviously due to the lysate since PnV alone had no effect. CD40
(D) and CD86 (E) were modulated only by LPS. IL-6 (F) was upregulated by LPS and lysate, alone or combined with LPS, and PnV plus
lysate also increased this cytokine, but not PnV alone. TNF-« (G) and IL-10 (H) were increased only by LPS with or without lysate.
“P<0.05, " P<0.01, P <0.001, """ P <0.0001, compared to the control (M0).
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Fig. 9. Glioblastoma (NG97) cells viability with DAPI labelling in unfixed cells. A coculture was performed with macrophages and GB cells.
The macrophages were previously stimulated with LPS, PnV, F1, F2 or F3. Panels A-F demonstrate the DAPI fluorescence (blue nuclei),
corresponding to dead cells. All treatments (B-F) increased the fluorescence intensity compared to the control (A). Macrophages treated
with LPS, F2 and F3 (panels B, E and F, respectively) were apparently more efficient in killing tumour cells than PnV (C) and F1 (D).
Graph G shows the statistical difference in fluorescence quantification. The picture in detail (H) shows the macrophages labelled with Iba-1
ggreen; indicated by arrows), demonstrating that the nuclei labelled with DAPI are mainly GB cells and not macrophages. P < 0.05,

P<0.01, " P<0.001, " P<0.0001, compared to the control (MO).

The results confirmed that the PnV and fractions did
not induce cytokines release. Graphs F and G show
that only LPS increased the levels of TNF-a and IL-
10, while the lysate, PnV and PnV plus lysate had no
effect. IL-6 release (graph H) was increased by LPS,
lysate and LPS plus lysate, while PnV had no effect.
The treatment with PnV plus lysate induced an in-
crease in this cytokine, but this is due to the lysate
stimulation per si.

PnV and its fractions were efficient in activating
macrophages to kill tumour cells

Finally, it was necessary to confirm whether the spe-
cific macrophage profile induced by PnV components,
which can phagocyte and kill Pb fungus, presents an
activated morphology, can migrate more efficiently,
but does not release cytokines and does not present
antigens, would be able to kill tumour cells. For this,
a coculture with macrophages and GB cells was per-
formed. The macrophages were previously stimulated
with LPS, PnV, F1, F2 or F3.

The viability of tumour cells was assessed by DAPI
labelling in living cells. The principle of the method is
that DAPI is predominantly impermeable to living
cells, what allows it to be used as a viability dye in
unfixed cells to discriminate intact cells and cells with
compromised membrane.

Figure 9 demonstrates that all treatments increased
the DAPI fluorescence, suggesting that there is a
greater number of dead cells, when compared to the
control. Macrophages treated with LPS, F2 and F3
(panels B, E and F) were apparently slightly more effi-
cient in killing tumour cells than PnV and F1. Graph
G shows the difference observed when fluorescence
quantification was performed.

It is clear, therefore, that PnV and, even more ex-
pressively, fractions F2 and F3 have components
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capable to activating macrophages, increasing their
antitumour ability.

Discussion

Natural products are an important tool for the devel-
opment of drugs represented by 35% of medicines
that come from natural sources. The greatest biodiver-
sity of the world is located in Brazil and Brazilian sci-
entists have published scientific evidences of the
potential of plants and venoms in the development of
drugs. The development of new therapies to treat can-
cer is challenging; specifically, for GB, which about
85% of therapies fail in early clinical trials (38).
Natural products can represent an alternative for the
development of new antineoplastic drugs. Since the
1980s, 174 new compounds were approved to be com-
mercialized for cancer treatment and, among them, 93
(53%) were natural products or derivatives directly or
based on natural sources (39).

A series of studies by our group have shown that
the venom of P.nigriventer (PnV) has antitumour pro-
prieties. PnV components had a direct effect on GB
cells in vitro, reducing viability and proliferation,
arresting the cell cycle in GO, inducing cell death (23)
and decreasing cell migration and adhesion (25). In
addition, PnV impaired GB progression in an in vivo
murine model, with a concomitant modulation of cir-
culating immune cells, increasing monocytes in the
blood; also, the venom induced an augment in the
macrophages infiltrated in the tumour (24). However,
some questions remained open: whether the infiltrated
macrophages were being modulated by the compo-
nents of the venom and if these immune cells were
contributing to the effect of PnV on tumour
progression.

The present findings showed that the venom
induced greater phagocytosis and killing activity,
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promoting an activated morphological profile, and
increased migration. On the other hand, interestingly,
the venom did not alter the release of cytokines and
could not induce the expression of molecules involved
in the presentation of antigens. Finally, macrophages
preactivated with PnV were able to kill cancer cells
more efficiently than MO-control. The results also
showed that purified fractions and subfractions of the
venom have different effects on macrophages. This is
expected, since the venom is a very complex mixture
of heterogeneous molecules. F2 and F3 were better
than F1 in immunomodulatory effects and were
chosen to be purified again. A total of 23 subfraction
were obtained and 7 of them (LW-9, -11, -12 and LW-
2, -3, -6) were selected as the most effective to con-
tinue the tests. The results suggest that LW-9 demon-
strated the most efficient immunomodulatory effects
and can be an effective immunoadjuvant, improving
the response of macrophages in the treatment of GB.
LW-6 was chosen from the first screening as a control
of a subfraction with no effect; the next experiments
confirmed that this subfraction was not able to immu-
nomodulate macrophages.

The data of the present study revealed that MO
cells had a slight capacity for phagocytosis and kill-
ing, while M1 demonstrated a high capacity to do
so. The results showed that components present in
the venom were able to modulate macrophages to an
activated profile capable of phagocyting bioparticles
and Pbl8 fungus. In addition, PnV components
could kill the yeast more than MO cells. This is an
important test to assess the functional activity of
macrophages, considering that this is one of the
main functions performed by these cells (40). The
findings also show that the PnV components that
induced phagocytosis were not necessarily the same
as those that induced death. Furthermore, it is pos-
sible that molecules from PnV have synergistic and
antagonistic effects, considering that, when sepa-
rated, the fractions and subfractions were less or
more efficient than the whole venom.

Taking these results and considering that the use of
molecules that increase the functions of killing and/or
phagocytosis can be a strategy to fight cancer (17, 20,
21), other experiments were carried out to confirm
whether the components of the venom could be stra-
tegic tools to modulate macrophages. The analysis of
morphology has been recognized as a robust and im-
portant biomarker for assessing cell function (47). The
activated profile of macrophages treated with PnV
components was confirmed by the morphological ob-
servation, which shows that the cells were larger, with
multiple nuclei and with long and slender processes,
similar to the M 1-control phenotype. Apparently, PnV
components, as well as LPS, induced macrophages
proliferation. Another important parameter analysed
was the macrophage migration capacity. The migra-
tion test is defined as the movement of cells through a
membrane in order to analyse chemotactic responses
(42). Results published by our group demonstrated
that the tumours (GB) from mice treated with PnV
have more infiltrated macrophages (24). The present
findings corroborate those results, showing that PnV

New adjuvant for anticancer immunotherapy

components, mainly LW-9, induced greater macro-
phages migration. Interestingly, Santos et al. (23) and
Barreto et al. (25) showed that PnV decreased the mi-
gration of GB tumour cells in vitro, and F1 was the
main fraction implicated in this effect. In the present
work, we showed that F2 and F3 were able to increase
macrophages migration, indicating that PnV compo-
nents have different actions that may depend on the
type of cell (target), as well as the venom molecule.

Although all so far discussed parameters discussed
so far suggest that the components of the venom in-
duce a macrophage profile very similar to M1, the re-
lease of cytokines results demonstrated that in fact it
is not the same phenotype. The M1 macrophage
(LPS-control) increased the three cytokines analysed:
IL-6 and TNF-ua (proinflammatory) and IL-10 (antiin-
flammatory). On the other hand, PnV, its fractions
and subfractions did not alter them, except LW-1 and
LW-9, which increased IL-10. It is well known that
MI1-macrophages, classically activated by LPS and
IFN-y, are characterized by the production of proin-
flammatory cytokines, such as IL-6 and TNF-o, and
also iNOS, in murine macrophages (43). Thus, we can
infer that the profile of the cells treated with the
venom is not an M1, but a specific phenotype, named
M-PnV macrophages. The specific features and conse-
quences of such phenotype will be investigated in fur-
ther studies.

Even though M1 is described as an antitumour
macrophage, there is a consistent literature that clari-
fies that, regardless of its polarization, TAMs with
anti- or proinflammatory phenotype are related to an
worst prognosis in many types of cancer (44). Recent
literature has shown that M1 macrophages may be
associated with a poor tumour prognosis, and this ef-
fect is specifically related to the release off TNF-a
(45). Moreover, another important point is that thera-
pies with proinflammatory cytokines or that induce an
increase in their release have the potential to promote
autoimmune diseases as an adverse effect, such as
multiple sclerosis, rheumatoid arthritis, type 1 dia-
betes and inflammatory bowel disease (46). Therapies
with TCR-T and CAR-T cells mediate the release of
cytokines, with the consequent risk of developing
cytokine release syndrome (10, 11). Also, immuno-
therapy in general, including checkpoint blockers,
may cause autoimmune diseases, e.g. pneumonia and
colitis (47). Therefore, LW-9 induces a macrophage
that has the ability to phagocyte, kill and migrate
more, but has caused no proinflammatory cytokine re-
lease, while releasing 1L-10, which can be an import-
ant balance of immune modulation. This specific
macrophage phenotype appears to be an important
tool for the development of a new immunoadjuvant
not based on cytokines or antibodies, with less chance
of autoimmune reactions.

Considering that the macrophage is known to be a
multifunctional antigen-presenting cell (48), this abil-
ity was also evaluated to understand the immunomo-
dulatory mechanisms of PnV components. Results
showed that, while LPS and tumour cell lysate
improved this function, the venom was unable to
modulate.
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Finally, even though PnV is capable of modulating
macrophages for an active phenotype, it was import-
ant to assess whether this specific profile induced by
PnV components could kill tumour cells, since the
evasion of the immune system by tumour cells is well
known as one of the key points in the failure of im-
munological response (49). The coculture of macro-
phages, preactivated with the venom and fractions,
with tumour cells showed that M-PnV macrophages
decreased the viability of tumour cells more efficiently
than MO macrophages, as demonstrated by the entry
of DAPI into GB cells. The M-PnV function was very
similar to the expected effect of M1 macrophages
(LPS-control) (50, 51).

Therefore, it is possible to conclude from the pre-
sent findings that PnV components, mainly LW-9, are
capable of activating macrophages against tumour
cells, and the mechanisms behind this effect appear to
be the modulation of phagocytosis without altering
cytokines release and antigen presentation. One ques-
tion that remains unanswered is how the components
of the venom do it. Some mechanisms for inhibiting
phagocytosis in cancer have recently been taken into
account in the literature. For example, the inhibition
of the engulfment by macrophages through cluster of
differentiation 47 (CD47) (52). CD47 is a transmem-
brane molecule, probably expressed in all types of
cancer cells, which has a role in macrophages and den-
dritic cells, through the signal regulatory protein-o
(SIRP) (53). Through overexpression of CD47 on its
surface, cancer cells defend themselves against macro-
phages phagocytosis (47, 54). Blocking the CD47-
SIRPo interaction by monoclonal antibodies vigor-
ously awakens the innate immunity in mice (55).
Furthermore, the leukocyte immunoglobulin-like re-
ceptor B1 (LILRB1) on the surface of TAMs has been
shown to bind to a portion of MHC-I in cancer cells,
which inhibited the ability of macrophages to engulf
them. In vitro and in vivo analysis showed that block-
ing the MHC-I and LILRBI pathways stimulated
macrophages, increasing the engulfment, and signifi-
cantly delayed tumour growth in mice (56). Therefore,
the inhibitory signals of phagocytosis by CD47-SIRP«
and MHCI-LILRBI can be potential targets for the
components of the venom, and these mechanisms will
be evaluated in future studies.

Conclusion

Taken together, these results suggest that PnV compo-
nents, specifically present in LW-9, may be new immu-
noadjuvants to modulate macrophages, increasing
phagocytosis without inducing the release of proin-
flammatory cytokines. The inhibition of macrophage-
mediated phagocytosis is an essential mechanism for
the immune evasion of the tumour; therefore, agents
targeting macrophages, which have recently received
attention and been developed, can be important tools
for cancer treatment. The investigation of the detailed
mechanisms of LW-9, and the characterization of its
biochemical structure, is underway to develop a new
noncytokine and nonantibody immunoadjuvant to
treat cancer.
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