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The cyclic VHCDRS3-derived peptide (Rb9) from RebMab200 antibody, directed to a
NaPi2B phosphate-transport protein, displayed anti-metastatic melanoma activity at
50-300 g intraperitoneally injected in syngeneic mice. Immune deficient mice failed
to respond to the peptide protective effect. Rb9 induced increased CD8+ T and low
Foxp3+ T cell infiltration in lung metastases and high IFN-y and low TGF-g in lymphoid
organs. The peptide co-localized with F-actin and a nuclear site in dendritic cells and
specifically bound to MIF and CD74 in a dot-blot setting. Murine bone-marrow dendritic
cells preincubated with Rb9 for 6 h were treated with MIF for short time periods. The
modulated responses showed stimulation of CD74 and inhibition of pPI3K, pERK,
and pNF-kB as compared to MIF alone. Rb9 in a melanoma-conditioned medium,
stimulated the M1 type conversion in bone marrow-macrophages. Functional aspects
of Rb9 in vivo were studied in therapeutic and prophylactic protocols using a melanoma
metastatic model. In both protocols Rb9 exhibited a marked anti-melanoma protection.
Human dendritic cells were also investigated showing increased expression of surface
markers in response to Rb9 incubation. Rb9 either stimulated or slightly inhibited moDCs
submitted to inhibitory (TGF- and IL-10) or activating (LPS) conditions, respectively.
Lymphocyte proliferation was obtained with moDCs stimulated by Rb9 and tumor
cell lysate. In moDCs from cancer patients Rb9 exerted immunomodulatory activities
depending on their functional status. The peptide may inhibit over-stimulated cells,
stimulate poorly activated and suppressed cells, or cause instead, little phenotypic
and functional alterations. Recently, the interaction MIF-CD74 has been associated to
PD-L1 expression and IFN-y, suggesting a target for melanoma treatment. The effects
described for Rb9 and the protection against metastatic melanoma may suggest the
possibility of a peptide reagent that could be relevant when associated to modern
immunotherapeutic procedures.

Keywords: metastatic melanoma, cyclic-peptide, cytokines, MIF-CD74, dendritic cells, macrophage
differentiation, lymphocyte proliferation
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Anti-tumor Effects of Rb9 Peptide

INTRODUCTION

Cancer is a leading cause of human death with high incidence
in low, middle and high-income countries (1, 2). Malignant
neoplasms derive from normal tissue with abnormal and
excessive cellular growth, caused by genetic mutations and
epigenetic modifications, leading to tumor masses formation.
The progressive accumulation of cellular changes may give
to the transformed cells the ability to invade adjacent tissues
and spread to distant sites through the lymphatic and blood
circulatory systems, forming metastases. Immune suppression
can be induced at this stage and the untreated or treatment
resistant cancers can be fatal (3, 4).

Monoclonal antibodies (mAbs) immunotherapy and
chemotherapeutic agents may target tumor antigens and be
effective because of their specificity and efficacy with acceptable
side effects (5-7). The ability to modulate immune responses
has become an important strategy in antibody cancer therapies
(8-10). Recently, mAbs targeting immune checkpoints have been
used to treat various solid tumors and lymphomas, but the low
response rate and adverse events indicate the need for predictive
biomarkers to improve the applicability of anti-PD-1/PD-L1 and
anti-CTLA-4 agents (11).

Apart from mAbs specifically targeting tumor antigens,
receptors and co-signaling molecules of the immune system,
bioactive peptides from a number of sources have been studied
with various specificities and affinities for microorganisms and
eukaryotic cells (12, 13). For more than a decade, peptides derived
from immunoglobulin (Ig) internal sequences have been shown
to display differential anti-infective and anti-tumor activities
in vitro and in vivo (14, 15). Different peptides can also be
immunomodulatory by activating signaling pathways, stimulate,
or regulate the expression of maturation markers on dendritic
cells, stimulate antigen presentation, cytokine production, and
lymphocyte interaction, phenotypes that will define the ultimate
immune response (16, 17). High rates of resistance and relapse in
anticancer treatment stimulate the search for additional agents,
able to modulate dendritic cells and effector or regulatory
T lymphocytes, memory T and B lymphocytes, which could
improve the anti-infective or anti-tumor effectiveness of the
immune response (18, 19).

In addition to the beneficial effects of delaying or arresting
growth of certain types of neoplasms, current anticancer drugs
may otherwise cause impairment of antibody synthesis, auto-
immunity, and several side effects that altogether stimulate the
research for new agents able to control the growth of neoplastic
cells (20, 21). The present work focus on the anti-tumor effect
of an immunologically bioactive synthetic peptide, Rb9, derived
from the complementarity determining region-3 (CDR3) of
Vy from a humanized monoclonal antibody (RebmAb 200)
to NaPi2b transporter (22). The anti-tumor protective effects
of Rb9 against metastatic melanoma, which depends on a
healthy immune response and immune-modulatory activation
of murine or human dendritic cells, and the possible molecular
mechanism of this response were further investigated in the
present work as an important step to the development of new
anticancer drugs.

MATERIALS AND METHODS

Mice

Six- to eight-week-old male C57Bl/6, Balb/c, or NOD/Scid/IL-
2R-y™!! mice were acquired from the Center for Development
of Experimental Models (CEDEME) at Federal University of Sao
Paulo (UNIFESP), Brazil. Mice were housed in ventilated racks
in specific pathogen free conditions (SPF) for at least 1 week with
ad libitum access to water and food in a light:dark cycle of 12h
each, before experimentation.

Ethics Statement

Animal experiments were carried out in accordance with the
recommendations of the National Council for the Control
of Animal Experimentation (CONCEA, Brazil) and approved
by the Ethics Committee of Federal University of Sao Paulo,
registered with the number CEUA 3521121217. All methods
were performed in accordance with relevant guidelines and
regulations approved by UNIFESP. Standard clinical symptoms
that indicate deteriorating health conditions requiring euthanasia
before the end of the experiment were followed.

The study with human donor and patient cells was carried
out in accordance with the recommendations of Research Ethical
Committee (CEP, Brazil) from the Faculty of Medicine, Sao
Paulo University (FMUSP, Brazil). The protocol was approved
ref. number 457.616 on Nov 13, 2013.

Peptides

Peptide Rb9 sequence is derived from Vi CDR3 of a humanized
monoclonal antibody (RebmAb 200), which reacts with an
epitope in the sodium-phosphate transporter NaPi2b (23-26).
Synthetic Rb9, however, displays bio-reactivity independent of
mAb specificity (22). The synthesis of Rb9 and other peptides
was carried out by Peptide 2.0 (Chantilly, VA). Modifications
included amidation at the C terminus (NH;) and cyclization (C-
C, disulfide bridge). A solution of Rb9 lyophilized material was
prepared diluting the peptide in milli-Q water at 10-15mM and
further dilution for use, in RPMI 1640 medium or PBS. Linear
sequences are shown below:

Peptide Sequence Modification
Rb9 CARGETARATFAYWGQGC C-term NHz, (C-C)
Scr-Rb9 TFAYWRAACACGQGRTEG C-term NH,
Rb10A1 AARGETARATFAYWGQG C-term NH>

Both scrambled (Scr-Rb9) and Rb10A1 peptides were derived
from the linear form Rb10, analogous to RB9, without C-
terminal QGC residues. Rb10A1 is a negative control for in vitro
experiments replacing Cys in the N-terminal by Ala.

Tumor Cell Lines and Cell Cultures

B16F10-Nex2 subline of murine melanoma BI16F10 (27),
isolated and maintained at the Experimental Oncology Unit
(UNONEX) of Federal University of Sdo Paulo (UNIFESP)
was deposited in the “Banco de Células do Rio de Janeiro”
(BCR]J), no. 0342. The original B16F10 cell line was obtained
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from the Ludwig Institute for Cancer Research (LICR),
Sao Paulo Branch. Additional syngeneic tumor cells were
kindly donated by Dr. G. Mazzolini from Gene therapy
Laboratory, School of Medicine, Austral University; Buenos
Aires, Argentina. The murine pancreatic carcinoma Panc02
cells, syngeneic in H-2% C57B1/6 and the colon-rectal carcinoma
CT26 cells syngeneic in H-29 Balb/c mice were tested in
vivo via subcutaneous (s.c.) grafting (Supplementary Figure 1).
Tumor cell lines and primary isolated cells were cultivated
at 37°C, under humid atmosphere and 5% CO;, in R10,
which consisted in RPMI-1640 medium supplemented with
10mM N-2-hydroxyethylpiperazine-N-2 ethane sulfonic acid
(HEPES), 24mM sodium bicarbonate, 40 mg/L gentamicin,
100 mg/L streptomycin, pH 7.2 and 10% fetal bovine serum
(FBS). For some experiments, D10 medium was used (DMEM
supplemented with 10% of FBS, 100 mM sodium pyruvate, 1x
MEM-nonessential amino acids, 200 mM glutamine, 1x MEM
vitamin solution, 0.05 M p-mercaptoethanol, 10,000 U penicillin
and 10 mg/mL streptomycin). The protocol to obtain fresh
isolated tissue cells is detailed below.

B16F10 melanoma cells were cultured in R10 until 70%
confluence when the medium was harvested and fresh medium
was added (v/v) to obtain a B16-conditioned medium (B16.CM).
After three subculturings in the conditioned medium, B16.CM
was collected, filtered, and used in functional assays.

Induced Melanoma Metastatic Model

In the lung metastatic-melanoma colonization model, 2-4 x 10°
viable B16F10-Nex2 cells resuspended in 100 pL of serum-free
RPMI medium, were intravenously (i.v.) injected in C57BL/6
or NOD/SCID/IL-2Ry"™™! mice. Each inoculated mouse received
50-300 g Rb9, Rb10A1 (a negative in vitro control), or Scr-
Rb9 (a scrambled control version of Rb9) peptide diluted in 100
WL PBS via intraperitoneal (i.p.) administration or subcutaneous,
in the interscapular area (s.c.). The peptide treatment occurred
for 5-6 alternate days, starting 1 or 2 days after tumor cells
injection. The control group (Veh) received a mock inoculation
of PBS with the same volume. Anti-PD-1 (BioCell, InVivoPlus,
clone J43) was used to treat mice at 6.25 mg/kg in 5 alternate
days. Fifteen to twenty-two days later, mice were euthanized
and their lungs were harvested. Macroscopic melanotic nodules
were counted and images from the entire lung were captured
with a stereomicroscope Nikon SMZ745T (magnification, 4x)
coupled with Nikon Digital Sight DS-Fi2 and DS-U3 (Nikon
Corporation, JA). The images were also used to measure the lung
area with melanotic nodules. This quantification was obtained
and measured by outlining the surface area covered by the black
metastatic nodules in relation to the total organ area using
Fiji/Image J version 1.52e software.

Pancreatic and Colorectal Subcutaneous
Solid Tumor Model

In the subcutaneous tumor model, 5 x 10° syngeneic tumor cells
resuspended in 100 pL of PBS were injected s.c. in the right
flank of mice. C57Bl/6 mice were inoculated with Panc02 cells
and Balb/c mice were inoculated with CT26 cells. Anti-tumor
treatments with Rb9 or controls were performed as described

before. Tumor longitudinal diameter (D) and transverse diameter
(d) were measured by caliper rule every 2 days until the tumor
volume reached 3,000 mm?>. Animals were euthanized when the
allowed volume was reached. The tumor volume was calculated
by the formula V =D.d.2 x 0.52.

Lung Tissue Digestion and Flow Cytometry

Analysis

Lungs with metastatic nodules were excised from metastatic
B16F10-Nex2 melanoma-bearing mice and pooled for tissue
digestion, using 40 U/mL DNAse (Sigma Aldrich), 125 U/mL
Collagenase type IV (Sigma Aldrich), 100 U/mL Hyaluronidase
(Sigma Aldrich), and 0.025 mg/mL Liberase™ (Sigma Aldrich)
in PBS supplemented with 0.5% BSA. Pooled lung samples from
each group were shaken for 2h at 37°C and the digestion was
interrupted by adding 1 mM EDTA. The liquid from digested
samples was fully homogenized by softly pipetting and was then
filtered through a 40-uM cell strainer (BD Falcon). Digested
samples were kept at 4°C during centrifugation at 1,000 g for
5min and incubated for 5min in ACK buffer (NH4Cl 150 mM,
KHCO3 1 mM, and Nay-EDTA 0.1 mM) for red cell lysis before
another centrifugation for washing. Viable tissue cells from
digested lung were counted in a Neubauer chamber using Trypan
blue (Gibco™) and 1 x 10° cells were collected to analyze the
following cell markers by flow cytometry.

The following antibodies were used in two combinations to
analyze the collected tissue cells: 1 anti-CD3 (MACS, Miltenyi
Biotec), anti-CD4 (MACS, Miltenyi Biotec), anti-CD8 (MACS,
Miltenyi Biotec) and 2) anti-CD4 (MACS, Miltenyi Biotec),
anti-CD25 (MACS, Miltenyi Biotec), anti-NKG2D (Invitrogen),
and anti-Foxp3 (MACS, Miltenyi Biotec). In general, cells were
stained in PBS, 0.5% BSA with 1 mM EDTA for 30 min using the
appropriate antibody-fluorophore conjugate. Cells were washed
in cold PBS with BSA and suspended in fixation buffer (PBS, BSA
with 2% paraformaldehyde) before flow cytometry. For Foxp3
staining, cells were fixed and permeabilized using solutions from
the MACS, Miltenyi Biotec kit before staining. Compensated
multiparameter analysis was performed on a BD FACSCanto II
analyzer (BD Biosciences, USA) with FlowJo X software (Tree
Star Inc., USA).

ELISA for Cytokine Secretion

Mice challenged with B16F10-Nex2 tumor cells, received 300
ng i.p. of Rb9 or Rb10A1 and were euthanized after 17 days
and their spleen and lymph nodes were collected, macerated,
filtered through a cell strainer and washed 1x in PBS 1x.
Splenocytes obtained after incubation in ACK hemolysis buffer
were plated at 10° cells per well in 6-well plates with R10
medium. On the same day, splenocytes were further incubated
for 72h with or without tumor cell lysate obtained from
freezing and thawing B16F10-Nex2 cells, adding the equivalent
of 10° cells/well in triplicate. Lymph node cells were sorted
for CD11c+ before incubation for 24 h with or without tumor
cell lysate and supernatant collection. After incubation period,
the supernatants were collected from both tissue cell culture
and used to cytokine quantification by ELISA, following the
manufacturer recommendations (BD Biosciences, USA). Briefly,
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a 96-well opaque plate (Nunc, Roskilde, Denmark) was coated
overnight at 4°C with IL-6, IL-10, IL-12, IFN-y, TNF, and TGF-$
capture antibody, following the manufacturer recommendations
of respective kits. The plates were blocked for 2h at room
temperature and washed with 0.05% Tween 20-PBS (T-PBS)
before incubation for 2 h with previously collected supernatants
and respective recombinant proteins. After incubation, the plate
was washed with T-PBS. Biotin-conjugated detection antibody
were incubated for 1h, with streptavidin-peroxidase to signal
amplification. The evaluation of absorbance was performed by
OPD (Sigma Aldrich) in a multiplate reader (SpectraMax M2e,
Molecular Devices, USA) at 450 nm.

Immunohistochemistry

Tumor-bearing mice, received 200 g i.p. of Rb9 or Scr-Rb9
and were euthanized after 15 days. Their lungs were surgically
excised and cryopreserved in Tissue-Tek compound (Sakura
Europe) at —80°C. Standard 5 pm sections were obtained from
paraffin embedded lungs cuts laid on cleaned glass slides to
immunohistochemistry preparation. Briefly, fixed sections were
deparaffinized, rehydrated with graded xylene-ethanol series
and endogenous peroxidases were inhibited by two washes
of 3% hydrogen peroxide in methanol. Non-specific antigen-
antibody reaction was blocked before staining with monoclonal
anti-CD4 (Spring Biosciences Corp.) and monoclonal anti-
granzyme B (Dako) antibodies. The immunohistochemical
analysis was carried out using the peroxidase-conjugated Avidin-
biotin complex and 3,3-diaminobenzidine (DAB) peroxidase
substrate following standard procedures. The antigen-antibody
reaction was visualized as a brown precipitate and stained
tissue was counterstained with hematoxylin for 3 min. The slides
were then rehydrated and mounted for observation under light
microscopy. Photomicrographs were taken of each slide and
the signal intensity was measured on images of several lung
nodules using color deconvolution with Fiji/Image ] version
1.52e software.

Bone Marrow Derived Dendritic Cells and

Macrophages

Bone marrow-derived dendritic cells (bmDCs) were obtained
from C57Bl/6 mice as previously described (28-30). Briefly, mice
femura and tibiae were stripped out of muscles and tendons
and bone ends were cut to flushed out the bone marrow using
a 26-gauge needle and syringe with R10 medium. Cell clusters
were dissociated by passing through a cell strainer and red cell
lysis were carried out using ACK buffer. The bone marrow
cells were cultured in 100-mm tissue culture dish with 10 ml of
R10 medium supplemented with GM-CSF (50 ng/ml,) and IL-
4 (50ng/ml). Fresh medium (3 ml) with GM-CSF (100 ng/ml)
and IL-4 (100 ng/ml) was added every 3 days. On day 7, non-
adherent cells were collected and pooled with adherent cells,
which were harvested by PBS with 2mM EDTA. Bone marrow-
derived macrophages (bmM®s), were extracted from femura
and tibiae incubated with M-CSF-1 (10 ng/mL) in complete D10
medium for 6 days.

Immunofluorescence

Murine bmDCs were plated on glass slides (Tekdon Inc.) inside
24 well plates at a concentration of 2.5 x 10* cells in 60 L
for 1 h. After adhesion, 300 WL R10 medium was added and the
cells were incubated overnight. On the next day, bmDCs were
incubated with 500 wM of Rb9 conjugated with biotin for 1, 3, 8,
and 24 h. A negative control consisted of cells without peptide
added. The culture medium was removed and the slides were
washed 3x with PBS before fixation in PBS containing 3.7% of
formaldehyde for 20 min. Cells were then washed 3x with PBS,
permeabilized with PBS containing 0.01% Triton X-100 for 5 min
and then incubated with PBS containing 0.25% BSA for 1h at
room temperature in order to block non-specific sites. Finally,
cells were stained for 1h at room temperature in the dark using
the same blocking buffer supplement with phalloidin-rhodamine
for actin cytoskeleton, 10 pg/mL 4,6-diamidino-2-phenylindole
(DAPI) for nucleic acid and anti-biotin-FITC to localize the Rb9
peptide. Glass slides were washed 5x with PBS and prepared
as glass covers using Vectashield (VectorLabs) and sealed with
nail polish before visualization in TCS SP5 II Tandem Scanner
(Leica) confocal microscope with a 63 x NA 1.40 PlanApo oil
immersion objective.

Chemiluminescent Dot-Blotting

Rb9 and RbIOA1 peptides were diluted at 10 pg/10 pL
in milli-Q water and applied on nitrocellulose membranes.
Recombinant MIF and CD74 (Abcam, UK) were applied onto
the nitrocellulose membranes at 50 nM and incubated overnight
at 4°C. After washing, membranes were incubated with anti-
MIF or anti-CD74 for 1h at 37°C followed by several washes
and anti-rabbit and anti-mouse IgG-HRP antibody incubation
for 1h at 37°C. Immunoreactivity was determined using the
Luminata™ Forte solution (Millipore, Billerica, MA) and images
were acquired by Uvitec Cambridge (Cambridge, UK). Some
other peptides were also evaluated with negative reactivity
(data not shown). This protocol was adapted from previous
studies (31, 32).

Immunoblotting

Cultured bmDCs were treated with 200 WM Rb9 for 6h and
then incubated with 1pg/mL recombinant MIF (rMIF) for 2,
5, 10, and 20 min before cells were lysed, centrifuged at 1,000
g for 5min and washed 1x in TBS (50 mM Tris-HCI pH 7.5,
150 mM NaCl) before add Laemmli buffer (62.5mM Tris-HCI,
pH 6.8 at 25°C, 2% w/v SDS, 10% glycerol, 50mM DTT,
0.01% w/v bromophenol blue) and heat denaturation at 95°C
for 5min. Electrophoresis in polyacrylamide gels containing
SDS and transfer to PVDF Immobilon P membrane (Millipore,
Darmstadt, Germany) were carried out by standard procedures.
The membranes were stained with 0.5 % Ponceau S in 3%
acetic acid and eventually cut separating proteins with mass
above and below 50 kDa. All membranes were blocked with
TBS (10 mM Tris-HCI, 150 mM NaCl, pH 8) containing 0.05%
Tween 20 (TBS-T) and 5% BSA overnight. Membranes were
incubated for 3 h with anti-Akt, anti-pAKT (S473), anti-ERK1/2,
anti-pERK1/2, anti-NF-kB pr65, anti-pNF-kB pr65 (S536), anti-
PI3K pr85, anti-pPI3K pr85 (T458), anti-IkBa, anti-pIkBa (S32),
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anti-CD74, and anti-GAPDH, antibodies, purchased from Cell
Signaling Technology (Beverly, MA) except for anti-GAPDH,
acquired from Sigma-Aldrich (St. Louis, MO). The primary
antibody was washed 3x in TBS-T for 10min each and
incubated for 1 h with anti-rabbit or anti-mouse IgG peroxidase-
conjugated antibody (Thermo Fisher Scientific) diluted 1:20,000
in TBS. Membranes were washed 3x in TBS-T for 10min.
Immunoreactivity was determined using the Luminata™ Forte
solution (Millipore, Billerica, MA) and images were acquired
by Uvitec Cambridge (Cambridge, UK). Densitometry of bands
was obtained using Image] software. pProtein/Protein ratios as
in Figures 6B-E were normalized in relation to the ratios of
unstimulated control cells (plotted = 1). For instance, sample 3
of pAkt: 9171.50/11358.86 = 0.8074 and CTR 1895.08/11373.45
= 0.1666; 0.8074/0.1666 = 4.84; or pAkt/Akt = 4.83/0.999 with
CTR 1.00/1.00.

Adoptive Cell Transfer Treatment

Two different protocols of adoptive cell transfer (ACT) treatment
were performed. To the therapeutic protocol, murine bmDCs
obtained as described above were stimulated with 50 pg/mL
of Rb9 or Rb10A1 for 24h. Mice previously challenged with
B16F10-Nex2 were inoculated with 5 x 10° bmDCs via i.p. per
animal on the eighth day of tumor injection. The protective effect
induced by Rb9 was evaluated after 15 days of tumor challenge
by counting pulmonary melanotic nodules. In the prophylactic
protocol of ACT, bmDCs were stimulated by Rb9 or Rb10A1l,
primed or not with tumor cell lysate (Lys, 1:10 v/v cell lysate from
5 x 10* tumor cells) for 24 h, before s.c. inoculation in naive
mice. Each naive mouse received two inoculations of primed
bmDCs, on the 2nd and 7th days before BI6F10-Nex2 challenge.
The protective effect induced by Rb9 was also evaluated
after 15 days of tumor challenge by counting pulmonary
melanotic nodules.

Human PBMC-Derived Dendritic Cell
Obtention and Lymphocyte Proliferation

Blood samples from healthy donor and cancer patients (n =
22) were collected and peripheral blood mononuclear cells
(PBMCs) were isolated by centrifugation over Ficoll-Paque
Plus (GE Healthcare). After a 2 h-incubation in plastic 6-
well plates, non-adherent cells were removed from culture
and adherent cells (monocytes) were cultivated for 7 days
in RPMI-1640 culture medium supplemented with 10% FCS,
antibiotic-antimycotic agents (Gibco, Grand Island, NY, USA),
in the presence of GM-CSF (50 ng/ml—Peprotech, Mexico)
and IL-4 (50 ng/ml—Peprotech). At day 5 of culture TNF-a
(50 ng/ml; Peprotech, Mexico) was added for monocyte derived
DC maturation (mDCs). After maturation, mDCs received
treatment with Rb9 or tumor cell lysate (Lys) before co-culture
with allogeneic lymphocytes (DC:Ly = 1:30) to evaluate their
ability to induce lymphocyte proliferation. Phytohemagglutinin
(PHA) was also used as a control. The proliferation was
measured by carboxyfluorescein succinimidyl ester (CFSE—
Molecular Probes) dilution and activation was measured by
correlation between CD4/CD25 and Foxp3 expression.

Flow Cytometry Analysis of Dendritic and
Lymphocytic Cells

BmDCs from mice were stained for CD11c, CD11b, and CD74
after treatment with 50 pg/mL Rb9 for 48 h and 200 ng/mL LPS
for 24h, and bmM®s were stained for F4/80, MHC-II, CD86,
PD-L1, and CD206 in PBS, 0.5% BSA for 30min using the
different antibody-fluorophore conjugates from MACS, Miltenyi
Biotec. Cells were washed in cold PBS with BSA and suspended
in fixation buffer (PBS, BSA with 2% paraformaldehyde) before
flow cytometry. Compensated multiparameter analysis was
performed on a BD FACSCanto II analyzer (BD Biosciences,
USA) with FlowJo X software (Tree Star Inc., USA).

Human cells were analyzed similarly to mice cells, but the
staining was performed in BSA-PBS without EDTA. To flow
cytometry analysis was used antibodies against CD11c, CD14,
CD80, CD83, CD86, HLA-ABC, HLA-DR, CCR7, and PD-
L1, conjugated with different fluorochromes, besideslive/dead
labeling (Molecular Probes, Oregon, USA). Acquisition was
performed in a FACSCanto II analyzer (BD Biosciences),
analyzed with the FlowJo Software X.10.07r2 (Tree Star).
The frequency of FoxP3+ human cells was analyzed using
the e-Bioscience Foxp3/Transcription Factor Staining Buffer
Set (Affymetrix, e-Bioscience, USA) as described in the
manufacturer’s protocol. Before intracellular staining, the cells
were labeled with fluorescence labeled anti-CD4, anti-CD8, and
anti-CD25 (BD Biosciences).

Statistics Analysis

The software GraphPad Prism version 7.0 (San Diego, CA) was
used in all tests for significance analyses. Student, Welch, or
Mann-Whitney t-test compared statistical differences between
groups. One-Way ANOVA with Bonferroni correction; repeated
measures ANOVA with Dunnett’s correction, and two-way
ANOVA were also applied. A difference in survival time was
measured by Log-rank with Mantel-Cox test. P-values are
indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 indicating
the significant difference. The X2 (chi-squared) test was used to
determine the statistical significance of different frequencies from
flow cytometer data.

RESULTS

Anti-metastatic and Anti-tumor Activity of

Rb9 Peptide

B16F10-Nex2 cells were intravenously inoculated in C57BL/6
mice to generate a syngeneic model of pulmonary metastatic
melanoma (33, 34). The anti-tumor activity of Rb9 was quantified
in tumor cell challenged mice treated with 300 g of Rb9 peptide
per animal via i.p., starting 1 day after tumor cell inoculation
followed by 5 doses in alternate days (Figure 1A). The number of
pulmonary tumor nodules reduced when mice were injected with
Rb9 in relation to control groups (Veh), which received only PBS,
indicating the protective role of the peptide against melanoma
lung colonization (metastasis). Similar results were obtained
using different numbers of melanoma cells and different peptide
concentrations, ranging from 50 to 200 pg of Rb9 per animal
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(Figure 1B). However, no protection was observed at 10 or 30
pg (not shown). Due to the variation of lung nodule size and
the merge of individual nodules, the area of melanotic nodules
over the lung surface was also measured (Figure 1C). In this
experiment, mice received 6 inoculations of PBS, as a negative
control group, or 200 pg of Rb9 per animal and equal amounts
of Scr-Rb9 peptide i.p. and s.c. The tumor melanotic metastatic
areas decreased significantly only after Rb9 treatment using both
i.p. and s.c. administration routes. The lowest decrease was
obtained with Rb9 s.c. treatment, as also observed in Figure 1D,
which shows representative lung images from this experiment.

Although i.p. Rb9 treatment was efficient in the control of
metastatic melanoma progression in immunocompetent mice,
this peptide failed to promote a protective activity in immune-
deficient mice (NOD/SCID/IL—ZRy““H), iv. challenged with
B16F10-Nex2 cells (Figure 1E). In fact, the in vivo anti-tumor
activity of Rb9 seems to be tightly depended on healthy, non-
immune compromised syngeneic mice. To further verify an
immune response induced by Rb9 inoculation in tumor-bearing
mice, sera collected from mice that received Rb9 via i.p. or s.c
were applied into melanoma cells adhered onto plastic plates
blocked or not with BSA. Increased reactivity to plated B16F10-
Nex2 cells was observed for both sera. The serum from mice
inoculated s.c. with Rb9 was even more reactive with melanoma
cells than the serum from animals inoculated i.p. with the peptide
(not shown).

In addition to melanoma cells, Rb9 protective activity
was also tested against syngeneic CT26 colon and Panc02
pancreatic cancer cells grafted subcutaneously in C57Bl/6 mice
(Supplementary Figure 1). The peptide was administered in 3
ng/iwL/animal, via i.p. for 6 times in alternate days, starting 1 day
after tumor cell grafting. In both cases the subcutaneous tumor
progression was delayed with full survival of Panc02 after 40 days
treatment (Supplementary Figure 1C) and none of colon cancer
challenged mice after 60 days (not shown).

Rb9 Modulates Cell Recruitment and
Immune Activity in the Lung and Lymphoid
Organs

As indicated above, the immune system is involved in the
protective effect of Rb9 against metastatic melanoma. To
further characterize this effect, the lung microenvironment
and immune response in peptide-treated tumor-bearing mice
were examined. The T lymphocyte population recruited in the
lung microenvironment showed cells expressing CD3+-, CD4+,
CD8+, CD25+4, and Foxp3+. We also evaluated NK cells by
the expression of NKG2D marker in CD3- cells (Figure 2).
After gating lymphocytes and measuring the cell population
expressing both T-CD3+ and T-CD8+ an expressive increase
of this population was observed in samples of s.c. Rb9-treated
mice compared to Veh or Scr-Rb9 control groups (Figure 2A).
Only a small increase of T-CD44-/T-CD3+ cells was observed in
the same Rb9-treated samples (Figure 2B). Since the protective
effect of Rb9 could be due to the modulation of lymphocyte
recruitment and activation, the ratio of CD8+ T cells to CD4+
T cells was compared in lungs collected from different groups

of treatment and it was increased only in the Rb9-treated
group (Figure 2C). Inversely to T-CD4+ and T-CD8+ increased
populations, the regulatory T lymphocytes expressing CD4+,
CD25+, and Foxp3+ T lymphocytes were less expressed in Rb9-
treated tissue samples (Figure 2D). Finally, NK cells defined
with a similar size and granularity as T cells but without CD3
expression were evaluated using the activation marker NKG2D
(Figure 2E) showing an increased recruitment of these cells
similarly to the pulmonary recruitment of CD3-NKG2D+ cell
after treatment with 6.25 mg/kg of murine anti-PD-1 therapy.

Immunohistochemistry of metastatic nodules in Rb9-treated
mice showed that T-CD8+ and NK cells could be responsible
for the secretion of granzyme B in the lung tumor tissue
microenvironment from Rb9-treated mice (Figures 3A,C). The
expression of T-CD4+4 in metastatic nodules was only a little
increased in Rb9-treated mice (Figures 3B,D).

Splenocytes isolated from Rb9-treated melanoma-bearing
mice and thereafter stimulated with melanoma lysate were able
to produce increased levels of IFN-y as compared to splenocytes
isolated from tumor-bearing mice treated with Veh or Rb10A1l
control groups (Figure 2F). Axillary and cervical lymph node
cells secreted low TGF-B under similar conditions (Figure 2G).
Rb9 did not modify the melanoma lysate response in relation to
IL-12, TNE and IL-10 secretion but significantly reduced IL-6
(Supplementary Figure 2).

Altogether, these results suggest an immunomodulatory
activity of Rb9 leading to anti-tumor response mediated by
cytotoxic T-CD8+, NK cells, and IFN-y with low TGF-f and
Treg lymphocytes.

Rb9 Interacts With Murine Bone-Marrow
Dendritic Cells (bmDCs)

Since Rb9 peptide requires the immune system participation to
display anti-tumor response in a metastatic melanoma setting a
direct interaction of the peptide with dendritic cells was looked
for as a possible early step in this process. By using fluorescence
microscopy we showed that murine bmDCs interact directly
with biotinylated Rb9, as revealed with FITC-streptavidin (green
staining in Figure 4, panels 2, 4, 5, and 6). Confocal microscopy
showed colocalization points of FITC-complex-Rb9 signal and
perinuclear regions, DAPI signal, within bmDC (panel 5), and
also with actin cytoskeleton stained with red phalloidin (panels
3, 4, and 6). Presumably, after internalization Rb9 could be
carried to the nuclear site via actin filaments to participate in a
cell-signaling pathway.

Direct Binding of Rb9 Peptide to MIF and
CD74 Proteins

The macrophage migration inhibitory factor (MIF) is synthesized
by epithelial and endothelial cells, T lymphocytes, macrophages,
and by several tumors, particularly melanoma (35, 36). MIF
exerts its oncogenic effects through binding to CD74 receptor,
CXCR4 chemokine receptor, and CD44, involved in MIF cell-
signaling (37).

Rb9 peptide binds to MIF and CD74 as shown by dot
blotting with the respective recombinant proteins (Figure 5A).
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FIGURE 1 | Rb9 peptide inhibits in vivo development of melanoma metastasis in immunocompetent mice. (A) Ro9 intraperitoneal (i.p) administration of 300 g per
animal for 5 alternate days reduce the number of B16F10-Nex2 lung metastatic nodules as compared to vehicle (Veh, PBS); (B) Different doses of i.p. Rb9
administration, 15 days of tumor challenge. *p < 0.05 and ***p < 0.001 calculated using Student’s or Welch’s t-test, respectively. Vehicle (>10° counts); (C) Melanotic
area on the lung surface, after 15-days tumor cell-challenge. Subcutaneously (s.c.) or intraperitoneally (i.p.) Rb9-treated mice, scrambled peptide (Scr-Rb9). Median,
25 and 75% quartiles, + max and min values. “o < 0.05 and “*p < 0.01. One-Way ANOVA with Bonferroni correction; (D) Representative panel of lungs after i.p. or
s.c. Rb9 administration; (E) Immuno-compromised mice (NOD/Scid/IL-2Ry™") are not capable to arrest melanoma metastasis development after treatment with 300
ng of Rb9.

A peptide derived from linear Rb10 replacing the N-terminal
cysteine by alanine, Rbl10A1, Girola et al. (22) was unreactive
and also used as a control for in vitro experiments. Rb9 also
increased CD74 expression in immature dendritic cells (iDCs)
expressing CD11b and CDllc, also reversing the negative
effect in iDCs of treatment with 200 ng of LPS for 24h as
observed by flow cytometry (Figure5B). MIF is commonly
secreted by BI6F10 in cultured melanoma cells, as detected
in the conditioned medium (38). Another, previously studied,
CDR peptide (C36L1) showed ability to bind to MIF’s receptor

CD74 and also interfere in the melanoma-secreted factor
that regulates macrophage function (38). Based on these
results, bone marrow-derived macrophages (bmM®s) were
evaluated in the presence of melanoma factors (B16F10
conditioned medium, B16.CM) with or without Rb9. M1
macrophages expressing CD86 and MHC II showed increased
expression upon treatment with Rb9 (B16.CM, Figure 5C).
In contrast, decreased expression of M2 macrophages
expressing PD-L1 and CD206 was observed in response to
Rb9 (Figure 5D).
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FIGURE 2 | Lung lymphocyte recruitment in Rb9-treated mice and specific cytokine expression in splenocytes and CD11+ lymph node cells. (A) Percent CD8+ T
cells inside lungs collected after 15 days from mice receiving 200 pg of s.c. Rb9 or Scr-Rb9 for 6 alternate days starting on day 2 after challenge with B16F10-Nex2
cells; (B) Percent CD4+ T cells inside lungs as in (A); (C) Ratio of CD8+ T and CD4+ T lung infiltrates significantly increased in s.c. Rb9-treated mice. Values are
means + SEM of the previous experiments; (D) Percent CD4+, CD25+, Foxp3+ T cells inside lungs and (E) Percent CD3-NKG2D+ natural killer cells inside lungs as
in (A,B). Values are + SEM of three experiments with 4-5 pooled lungs; **p < 0.01 and *p < 0.05 with repeated measures (RM)-ANOVA and Dunnett’s post-test
compared to Veh. (F) Splenocytes from 17-day melanoma cell challenged mice and Rb9 or Rb10A1 i.p. treatment, for 5 alternate days, after challenge on the 1st day.
The splenocytes cell culture supernatant was used to measure IFN-y secretion after 72-h stimulus with B16F10-Nex2 lysate; (G) CD11c+ cells from cervical and
axillary lymph nodes were used to measure TGF-B reduced expression on cells after 24 h with tumor lysate stimulus. Graphs from (F) to (G) represent means + SD of
triplicate experiments quantified by ELISA using standard controls. ***p < 0.001.

Rb9 Interferes With MIF Signaling
Pathways in Murine bmDCs

As Rb9 was shown to interact with bmDCs and, at molecular
level, with MIF and CD74 proteins, intracellular signaling
pathways were evaluated in DCs in response to rMIF
incubation and Rb9 modulatory effects (Figure6 and
Supplementary Figure 4). In Figure 6A, signaling proteins
in bmDCs, previously incubated for 6h with Rb9 at 200 uM,
and then treated with 1pg/mL of rMIF for 2, 5, 10, and
20min are shown. Cellular extracts at each time-point of

rMIF treatment of Rb9-pretreated DCs, were collected and
the total and phosphorylated protein levels of Akt, ERK1/2,
NF-kB p65, and CD74 were quantified by immunoblotting
methods and band densitometry as shown in Figures 6B-E.
Overall, Rb9 treatment alone did not significantly change
intracellular signaling mediators in bmDC. Nevertheless,
when Rb9-preincubated bmDCs were treated with rMIF, Akt
phosphorylation at serine 473 (S473) was stimulated after 2 min
and less so after 10 min incubation (Figure 6B). In contrast,
phosphorylation of ERK1/2 (Figure 6C) in Rb9-bmDCs was

Frontiers in Immunology | www.frontiersin.org 8

January 2020 | Volume 10 | Article 3122


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

Machado et al.

Anti-tumor Effects of Rb9 Peptide

ran

W

C
Granzyme B
0.151
*%
O
3 0.10- A
. &L
. A
0.05 . T .
Veh Rb9  Scr-Rb9

FIGURE 3 | Immunohistochemistry of increased granzyme B secretion around lung metastatic nodules in Ro9-treated mice. (A,B) Panels show lung tissue including
B16F10-Nex2 metastatic nodules in Rb9-treated mice. Immunohistochemistry staining with 3,3-diaminobenzidine for granzyme B (A) and CD4+ T cells (B).
Counterstaining: hematoxylin, in blue. Magnification: x400. (C,D) Graphs represent individual nodule areas, means and + SEM of optical densities (OD) calculated
after color deconvolution on Imaged software for at least 8 nodules on each experimental group. **p < 0.01 Mann-Whitney t-test as compared to Veh.

D
CD4+ T cells
0.20-
O
0.15 i
O
[ ]
0.10+ \d
e
[ X ] DDD
0.05 T . .
Veh Rb9  Scr-Rb9

significantly reduced by rMIF after 2-10min incubation, as
compared to bmDCs without pretreatment with Rb9. A similar
reduction by rMIF in Rb9-bmDCs was observed after 5-10 min
incubation, equally compared to bmDCs without Rb9 pre-
treatment. For PI3K and IkBa signaling, Rb9 reduced by half the
expression of pPI3k, without reversion by rMIF. As to plkBa
little or no difference of rMIF stimulation in bmDCs treated or
not with Rb9 was seen (Supplementary Figures 3A-C). Finally,
the MIF receptor CD74, showed increased expression when
rMIF was added to Rb9-bmDCs for 2 min (Figure 6E) compared
to the Rb9-untreated counterpart.

Therapeutic and Prophylactic Anti-tumor
Protection by Adoptive Cell Transfer of
Rb9-Stimulated Dendritic Cells

The immune system dependence of Rb9 anti-tumor protection
in vivo was further explored testing bmDCs treated ex vivo
with Rb9 and adoptively transferred into tumor-bearing mice
(Figure 7). When syngeneic C57Bl/6 mice are i.v. challenged
with B16F10-Nex2 cells, a predictable number of metastatic
lung nodules in each animal can be represented as a cluster
range after 7-8 days and then another after 12-15 days after
tumor challenge injection (Figure7A). Using this standard
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FIGURE 4 | Rb9 interacts with and is internalized by bone marrow derived dendritic cells (BMDCs). Panels are representative confocal images of bmDCs stained with
DAPI (blue, panel 1) and phalloidin (red, panel 3) for nucleic acid and filamentous actin staining, respectively. Biotinyl-Rb9 is stained with FITC (green, panel 2). A
merge of 1, 2, and 3 can be seen on panel 4. FITC-biotinyl-Rb9 colocalizes with DAPI in a nuclear region (panel 5) and peripherally with phalloidin (panel 6) as shown
by white and yellow points/areas in the cellular cytosol on both colocalization panels. Bars = 10 um.

Rb9-biotinyl-FITC

Phalloidin/Rb9-FITC (2+3)
Colocalization

response, the protective effect of adoptive bmDCs stimulated
ex vivo with Rb9 or Rb10A1l (negative control) was shown
using a therapeutic protocol in which DCs were subcutaneously
transferred 8 days after tumor cell challenge (Figures 7B,C).
Rb9-DCs suppressed metastatic melanoma progression at 15
days after tumor injection, with the number of metastatic
nodules equivalent to that of untreated mice after 8 days
of B16F10-Nex2 inoculation (Figure7A). In a prophylactic
protocol, bmDC were previously primed ex vivo with tumor
cell lysate (Lys) and stimulated with Rb9 or Rb10A1 peptides.
Primed cells were injected twice prior to a single B16F10-
Nex2 challenge inoculation (Figure 7D). Mice receiving Rb9-
stimulated DCs, with or without Lys-priming, were best

protected against metastatic melanoma after 15 days of
challenge (Figure 7E).

Rb9 Affects Human moDCs’ Surface
Phenotype and Enhances Their Ability to
Stimulate Allogeneic Lymphocyte
Proliferation

We evaluated the expression and activation of markers in human
dendritic cells under Rb9 interference. The capacity of these DCs
to stimulate allogeneic lymphocyte proliferation (Figure 8) was
investigated with a healthy donor’s dendritic cells differentiated
ex vivo from blood monocytes and incubated with Rb9 alone
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Rb9-stimulated dendritic cells (DCs). (A) Syngeneic mice injected i.v. with

B16F10-Nex2 melanoma cells show increased number of lung metastatic
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FIGURE 7 | nodules after 7 and 12 days of tumor cell challenge; (B) in a
therapeutic protocol Rb9-stimulated bmDCs are injected once after 8 days of
tumor cell i.v. challenge; (C) metastatic nodules have growth arrested even
after 15 days as compared to Rb10A1 control peptide; (D) in the prophylactic
protocol Rb9 alone or combined with tumor lysate, given ex-vivo to bmDCs,
are injected twice before tumor cell challenge (E) and arrest metastatic growth
of melanoma. For this protocol, bmDCs were stimulated with 50 wg/mL of
Rb9, Rb10A1 with or without 5 x 10* B16F10-Nex2 cell lysate (Lys) for 24 h
previously to s.c. inoculation of mice at 7 and 2 days before melanoma tumor
cell challenge. Graphs (C,E) show individual values, with means + SD. **p <
0.01; **p < 0.001 calculated using One-Way ANOVA and Bonferroni

correction compared to bmDCs Ctrl groups.

(iDCs, Figure 8A) or incubated with Rb9 and TNFa (mDCs,
Figure 8B). As both figures show, regardless of TNF stimulation,
Rb9 treatment increased the expression of HLA-DR, CDllc,
CD40, CD80, CD86, and PD-L1 human monocyte-derived DCs
(hu-moDCs). Coherently, when hu-moDCs previously pulsed
with tumor lysate and treated with Rb9 were co-cultured with
allogeneic lymphocytes, the allostimulatory activity was higher
than with hu-moDCs alone or combined with tumor lysate-
pulsed condition, but without Rb9 treatment (Figure 8C).

Curiously, when hu-moDCs were submitted to stimuli that
either over-activated them (LPS) or induced a tolerogenic
phenotype (TGF-B + IL-10), Rb9 treatment had opposite
effects. After tolerogenic stimuli with TGF-f and IL-10, RB9
treatment overcame the down-regulation of activation markers,
increasing the expression of HLA-DR, CD80, CD83, and
CD86. In contrast, hu-moDCs earlier hyperstimulated with
the LPS treatment after receiving Rb9 showed a down-
regulation of activation markers. The significance of these
results was evaluated using a X2 statistics (Table 1) on the flow
cytometer data shown in Supplementary Figure 4. Interestingly,
Rb9 treatment increased the expression of the MIF-receptor
CD74 in LPS-activated cells, but not in tolerogenic hu-moDCs
(Figures 9A,B). CD44 was downregulated in TGF-p + IL-10-
treated hu-moDCs, with no alteration on CXCR4 expression
(Supplementary Figure 5).

Further, hu-moDCs isolated from 22 cancer patients were
treated with Rb9 before allostimulation with healthy donor
lymphocytes (Figures 9C,D). Since hu-moDCs from cancer
patients frequently show deficits in their allostimulatory ability
(39, 40), the response in this experiment was evaluated against
a positive control: the proliferative response induced by the
mitogen, phytohemagglutinin A (PHA). Hu-moDCS from some
patients, indeed, showed a “defective” activity (<35% of the
response induced by PHA), while others had a “non-defective”
activity (more than 35% of the response induced by PHA). Rb9
treatment in defective mDCs was able to slightly increase CD4
and CD8T cell proliferation (Figures 9C,D) and, in contrast,
decreased the response induced by “non-defective” cells.

Overall, these results suggest that Rb9 can modulate human
monocyte-derived dendritic cells activity, especially in cancer
patient cells, stimulating tolerogenic cells (biased either in vitro,
by TGF-p with IL-10, or in vivo by the presence of cancer)
and containing the activation of hyperstimulated cells (by LPS,
for example).
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FIGURE 8 | Rb9 affects the phenotype of human monocyte-derived dendritic cells. PBMC from healthy human donor were differentiated into monocyte-dendritic cells
and submitted to various treatments; (A) shows the increased expression of surface markers (HLA-DR, CD11¢, CD80, CD86, CD83, CCR7, and PD-L1) after 48
h-treatment of immature DCs (iDCs) with Rb9 (50 wg/mL); (B) a similar effect is shown in TNF-stimulated (mDCs) submitted to Rb9-stimulation; (C) PBMC cells from
healthy human donor were differentiated into mDCs, submitted to different treatments and used to stimulate CFSE-labeled allogeneic lymphocytes. Enhanced T cell
proliferation was observed when mDCs were pulsed with tumor lysate (Lys) and treated with Rb9.

DISCUSSION Hypervariable complementarity determining regions (CDRs)
from both light and heavy chains of immunoglobulins are sources
Synthetic peptides derived from Complementary Determining  of bioactive peptides, acting in many cases, such as ViyCDR3, as
Regions (CDRs) of monoclonal antibodies frequently display  mini-antibodies (41). The immunoglobulin-superfamily (IgSF)
anti-infective properties and anti-tumor effects (14, 32, 41-43). carries the greatest number of domains with peptide sequences
Peptide AC1001-H3, derived from Vy CDR3 of anti-blood  djsplaying biological activities including immunomodulatory
group A mAb showed apoptotic and autophagic effects in murine  ones. IgSF proteins make up over 2% of human genes, the largest
B16F10-Nex2 melanoma cells (44). The same peptide exerted family in the human genome (46).
anti-metastatic activity in C57Bl/6 syngeneic model as well as an As focused on in the present work, Rb9, derived from
immunomodulatory effect in macrophages (45). The PI3K-Akt v CDR3 of RebmAb 200, has a configuration similar to that
signaling pathway and the increased expression of TLR-4 induced  studied by Morea et al. (47), adding C-terminal amino acids QGC
by TNF-a were characterized in this system. and a C-C disulfide bridge to make it cyclic. A stable structure
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TABLE 1 | Significant effects of Rb9 (x? statistics) on different populations of
human neutral (TNF), activated (LPS), or suppressed (IL-10 + TGF-) dendritic
cells (DCs)?.

mDC markers Systems Rb9 Statistics of Stimuli
and controls Rb9 effects

CD11c LPS C

HLA-DR LPS + Rb9 X?p < 0.05 *Neg
TNF C
TNF + Rb9 X2 NS 0
IL-10 + TGF-p C
IL-10/TGF-B + X2 p < 0.01 **Pos
Rb9

CD83 LPS C

HLA-DR LPS + Rb9 X2 NS 0
TNF C
TNF + Rb9 X2 NS 0
IL-10 + TGF-B C
IL-10/TGF-B + X2 p < 0.01 **Pos
Rb9

CD80 LPS C

CD86 LPS + Rb9 X2 NS 0
TNF C
TNF + Rb9 X2 NS 0
IL-10 + TGF-B C
IL-10/TGF-B + X2 p < 0.01 *Pos
Rb9

4Results obtained in a flow cytometer (see Supplementary Figure 4). C, control system;
X2, Chi- squared statistics; "Neg, significant inhibitory effect; ~ Pos, significant activation;
NS, not significant effect.

with numerous H-bonds, internal a-helix, and the disulfide in a
hairpin were described in this peptide (22). In vitro, Rb9 interacts
with HSP90, an adhesion G protein, and surface peroxiredoxin
1, the result being inhibition of melanoma cells migration and
invasion (22). As presently shown, Rb9 is protective against
metastatic melanoma but the results in vivo depend instead
on an uncompromised immune system. In fact, dendritic cells
(DCs) appear to be involved in the immune response induced
by the peptide, since this protective activity of the latter could
be reproduced by adoptive transference of DCs, treated ex vivo
with the peptide, in melanoma-challenged susceptible animals.
Therapeutic and prophylactic protocols were effective. With the
prophylactic protocol, we observed that pre-treatment of DCs
with melanoma lysate did not increase the efficiency compared to
Rb9 alone, suggesting that the most important priming occurred
in vivo after challenge with B16F10 cells, possibly resulting in
extensive cell lysis due to NK activity, perforins, and IFN-y
dependent and independent mechanisms (48). Subcutaneous
administration of Rb9 seems to be the preferred one, but it seems
clear that whatever is the route of inoculation in a tumor-bearing
experimental animal, the peptide reacts with local and recruited
DCs, modulating their activity in a way that leads to anti-tumor
effect and prolonged survival of the host. In the protocols used,
depending on the possibility of low supply of tumor antigens, a
melanoma cell lysate was used as a primer for cross-presentation

by DCs. It is clear, however, that the nature of Rb9 activity is an
immune modulatory one. Intraperitoneal administration of Rb9
was also effective in delaying s.c. growth of syngeneic pancreatic
and colon cancer cells rather than s.c. BI6F10-Nex2 melanoma.

The interaction of biotinyl-Rb9 with DCs was explored
using confocal microscopy. Co-localization points were seen
with actin-reacting phalloidin and condensed nuclear material,
suggesting that the peptide could be carried to the nucleus
via F-actin, eventually to mediate a signaling pathway. The
discovery that Rb9 binds to rCD74 and rMIE and the fact
that melanoma cells in vitro and metastatic tumors secrete MIF
(38), prompted us to functionally compare Rb9 with peptide
C36L1. This peptide was shown to restore M2 macrophages and
DC’s immunogenic functions so as to inhibit metastatic tumor
growth in lungs. M2 cells characterized by IL-12'°IL-23'°IL-
10" TGE-B", mediate Th2 responses, immune regulation, and
tumor promotion (49). M1 macrophages, with IL-12MIL-23M1L-
10! phenotype, are effector cells in Th1 responses and mediate
resistance against tumors. They efficiently produce ROS and NO
and inflammatory cytokines, IL-1f, TNE, IL- 6 (50).

RbY increased the expression of CD74 in CD11b+CD11c+
dendritic cells and this effect was less intense in iDCs activated
by LPS. It was found that a combination of poly(I:C) and
LPS with IFNa + y downregulated the expression of CD74
(51). This effect could be reversed by the immunomodulatory
action of RbY, raising the question of the complex protection
mechanism of the peptide against tumors. In fact, CD74 has
been shown to negatively regulate DC migration. On the other
hand, Rb9 increased M1 markers (CD86 and MHC II) in bmM®s
in the presence of B16F10 conditioned medium (B16.CM) and
decreased M2 CD206 marker and PD-L1 in IL-4 polarized M2
bmM®s also in B16.CM. rMIF signaling in bmDCs was modified
by Rb9 pretreatment, particularly increasing the expression of
CD74 and decreasing that of pERK and pNF-«kB. All these
effects pointed to a protective effect of Rb9 in face of the
immune suppressive and tumor promoting activities of MIF. This
cytokine, abundantly produced by melanoma cells, preferentially
stimulates M2-macrophage differentiation. The CD74 receptor is
also constitutively expressed on melanoma cells and the MIF-
CD74 pathway is correlated with increased PD-L1 expression
in cancerous cells (52). Interfering in the MIF-CD74 axis may
affect signaling in macrophages and dendritic cells (DCs) that can
downregulate immunosuppressive factors and activate cytotoxic
T cells (38).

Granzyme B+ and T-CD4+ were examined by IHC in the
lung nodules of metastatic melanoma treated with Rb9. Both
cytotoxic T lymphocyte (CTLs) and NK cells use the serine
protease granzymes as their major death effectors (53, 54).
Staining of granzyme B reflected the significant presence of CTLs
and NK cells in the tumor nodules, in response to Rb9, and
represents the signature of immune effector cells infiltrating the
lung tissue (55, 56). In the NK cell population, PD-1 blockade
immunotherapy can activate those cells to infiltrate melanoma
and lung tumors to elicit anti-tumor responses (57, 58). In the
case of NKG2D, increased NKG2D ligand in the tumor cells
enhances NK cell cytotoxicity (59). The significant difference
in T-CD4+ cells was detected only by flow cytometry in the
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FIGURE 9 | Rb9 treatment of mDCs, from healthy donor and from 22 cancer patients. Ability to stimulate allogeneic lymphocytes’ proliferation. Healthy donor’ iDCs
were stimulated to mDCs with TNF. They were also (A) simultaneously treated with TGF-g (10 ng/ml) and IL-10 (1 ng/ml) and further stimulated with Rb9 showing no
change in CD74, the MIF receptor; (B) treatment with LPS and stimulation with Rb9, caused increased expression of CD74. Allogeneic CD4+ T cell (C) and CD8+ T
cell (D) proliferative responses, were induced by Rb9-treatment of mDC differentiated from 22 cancer patients’ PBMC. This depended on the ability of non-treated
cancer patients’ mDCs to stimulate T cells to proliferate: some had a poor allo-stimulatory activity (<35% the proliferation induced by phytohaemagglutinin, PHA),
while others had not this same defective functional phenotype, for both CD4+ and CD8+ T cells. Rb9 treatment increased the lympho-stimulatory proliferation of
“defective” mDCs, but decreased the same ability in non-defective mDCs.

lung nodules. As to human monocyte-derived dendritic cells (hu-
moDC), Rb9 generally increased the expression of maturation
markers and other surface molecules, with or without TNF
activation of DCs. Rb9 stimulated lymphocyte proliferation
associated to mDCs, further confirmed an immune modulatory
activity of the peptide.

Hu-moDC represent an effective alternative for naturally
occurring DCs, which due to their scarceness are not suitable

for use in clinical protocols, but can be replaced by hu-moDC,
that can be generated in vitro from easily obtainable precursors
(60, 61). Dendritic cell-based vaccines still fail to reach the
theoretical potential attributed to them (62), probably because
DCs within tumors (39) and from circulating precursors in
cancer patients (40) are functionally biased and frequently unable
to induce effective anti-tumor T lymphocytes. The correction of
this bias is an attractive way to develop cancer immunotherapy.
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Presently, the Rb9 effects were analyzed in mDCs from 22
cancer patients’ monocytes. These mDCs can be functionally
biased; therefore, two groups were set apart, according to their
ability to induce allogeneic T cell proliferation. Patients’ mDCs,
which induced <35% the response to phytohemagglutinin A
(PHA) were considered as “defective” and those that induced
a response higher than 35% that of PHA, as “normal.” Rb9
clearly affected the phenotype of the cells from the “defective”
mDC group, but had little effect upon “normal” mDCs. Such
variation in Rb9 effects was more significant when the ability
to induce allogeneic T cell proliferation was focused on. In this
sense, Rb9 showed contrasting effects: it enhanced the ability
of “defective’ mDC to induce T cell proliferation, whereas it
inhibited the lymphostimulatory activity of “normal” mDC. Rb9
was not a simple activator of DCs but, actually, a molecule
that induced restoration of function in these cells on both
directions. To test this hypothesis, hu-moDCs were generated
in conditions that lead to the generation of immune response-
inducing DCs or to the generation of tolerance-inducing DCs.
For the response-inducing DCs, two different stimuli were used,
TNF and LPS. TNF is a stimulus that induces a “mild” activation
of the cells, thus resembling a close-to-homeostasis condition,
while LPS is a stronger stimulus, signaling a more disturbed
environment. For the tolerance-inducing DCs, TGF-beta and
IL-10 were used (63). When Rb9 was added to these three
different hu-moDCs, all in the presence of GM-CSF and IL-4
both at 50 ng/mL, the immune modulatory effects were evident.
While Rb9 little affected the phenotype of TNF-stimulated hu-
moDCs, it induced a decreased expression of maturation markers
in LPS-stimulated hu-moDCs and an increase in the same
markers on [TGF-B+IL-10]-stimulated hu-moDCs. A similar
contrasting effect of Rb9 was noticed when the frequency of
mature, HLA-DR+4-CD83+cells was determined, and when cells
double positive for the co-stimulatory molecules, CD80 and
CD86 were evaluated.

The effects of Rb9 peptide in nature and particularly those that
play a role in the defense against tumors are complex, involving
a great number of interacting molecules, strictly dependent on
the experimental system set up for their investigation. Starting
from the peptide protective activity against metastatic melanoma
in susceptible mice, we evolved to immunological responses that
have a counterpart in human immune mechanisms including
cells from human cancers. Some interactions were found relevant
to suggest predominant mechanisms of action in vivo, quite
different from those previously described in vitro for the same
melanoma cell line, acting directly on the cultured tumor cells
without participation of the immune system (22). The anti-tumor
protective effect in vivo by Rb9 involved mainly dendritic cells,
T cell effector lymphocytes, cytokines, and several regulatory
mechanisms of which the MIF-CD74 interaction appears to
be most relevant. In fact, Rb9 binds to CD74 and to MIE
increases the expression of CD74, modify both the macrophage
phenotype, increasing type M1, and bmDC signaling, decreasing
PERK, pNF-kB, and pPI3K (alone or with MIF). Rb9 in the
murine system also increases IFN-y, which upregulates CD74,
and decreases IL-6 (64) and TGF-f. In human moDCs Rb9
increases CD74 when activated by LPS but not when treated

with TGF-$ + IL-10. In the latter condition Rb9 decreased
the expression of CD44 but not on LPS-activated mo-DCs
(Supplementary Figure 5). Recently, MIF-CD74 interaction was
identified as a regulator of PD-L1 expression, being therefore
a target for melanoma treatment (52). In our laboratory,
the subcutaneous immunization with shRNA-SOCS1-transduced
viable B16F10-Nex2 tumor cells, which inhibited the expression
of PD-L1 rendered significant protection against melanoma in
the syngeneic model used (65). Whereas, the most aggressive
WT B16F10 strain highly expressed PD-L1, the SOCS1 silenced
variant, which lacked PD-L1, significantly lost its virulence
suggesting a possible cross-interaction. The effects described for
Rb9 and the protection against metastatic melanoma may suggest
a potential for this peptide to be associated to modern cancer
immunotherapeutic procedures.
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Supplementary Figure 1 | Rb9 decreased both colorectal and pancreatic
syngeneic s.c. grafted tumors in mice. (A) Tumor volume of CT26 cell syngeneic
colorectal cancer was measured in i.p. Rb9-treated mice with 300 p.g/dose for
five alternate days, starting on the first day after tumor cell challenge. The values
are means + SEM and ***p < 0.001 calculated using a ratio paired Student’s
t-test compared to Vehicle (Veh) treatment; (B) Tumor volume of Panc02 cell
syngeneic pancreatic cancer was measured in i.p. Rb9-treated mice with 300
ng/dose for 5 alternate days, starting on the first day after tumor cell challenge.
Graph represent means + SD and ***p < 0.001 calculated using a ratio paired
Student’s t-test compared to Veh treatment. (C) Survival curve of mice from
previous experiment (B), Panc02 SC tumor model. *p < 0.01 calculated using
Log-rank (Mantel-Cox) test.

Supplementary Figure 2 | IL-12, TNF, IL-10, and IL-6 secretion in splenocytes
from Rb9-treated mice. (A) Splenocytes were collected from 17-day tumor-cell
challenged mice, treated with i.p Rb9 or Rb10A1 for five alternate days after

melanoma cells inoculation. The splenocyte cell culture supernatants were used to
measure cytokine secretion after 72 h stimulus with B16F10-Nex2 lysate (A-D). All

REFERENCES

1. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. (2000) 100:57-70.

doi: 10.1016/50092-8674(00)81683-9

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.

(2011) 144:646-74. doi: 10.1016/j.cell.2011.02.013

3. Lambert AW, Pattabiraman DR, Weinberg RA. Emerging
biological  principles of metastasis.  Cell.  (2017)  168:670-91.

doi: 10.1016/j.cell.2016.11.037

4. Riggi N, Aguet M, Stamenkovic I. Cancer metastasis: a reappraisal of its
underlying mechanisms and their relevance to treatment. Annu Rev Pathol.

(2018) 13:117-40. doi: 10.1146/annurev-pathol-020117-044127

5. Majidi ], Barar J, Baradaran B, Abdolalizadeh J, Omidi Y. Target therapy
of cancer: implementation of monoclonal antibodies and nanobodies. Hum

Antibodies. (2009) 18:81-100. doi: 10.3233/HAB-2009-0204

6. Scott AM, Wolchok JD, Old LJ. Antibody therapy of cancer. Nat Rev Cancer.

(2012) 12:278-87. doi: 10.1038/nrc3236

7. Yoon S, Kim Y-S, Shim H, Chung J. Current perspectives on
therapeutic antibodies. Biotechnol Bioprocess Eng. (2010) 15:709-15.

doi: 10.1007/s12257-009-3113-1

8. Scott AM, Allison JP, Wolchok JD. Monoclonal antibodies in cancer therapy.

Cancer Immun. (2012) 12:14.

9. Vacchelli E, Eggermont A, Galon J, Sautés-Fridman C, Zitvogel L, Kroemer G,
et al. Trial watch: monoclonal antibodies in cancer therapy. Oncoimmunology.

(2013) 2:22789. doi: 10.4161/0nci.22789

10. Pento JT. Monoclonal antibodies for the treatment of cancer. Anticancer Res.

(2017) 37:5935-9. doi: 10.21873/anticanres.12040

11. Darvin P, Toor SM, Sasidharan Nair V, Elkord E. Immune checkpoint
inhibitors: recent progress and potential biomarkers. Exp Mol Med. (2018)

50:165. doi: 10.1038/s12276-018-0191-1

12. Khavinson VK, Solov’ev AY, Tarnovskaya SI, Lin’kova NS. Mechanism
of biological activity of short peptides: cell penetration and epigenetic
regulation of gene expression. Biol Bull Rev. (2013) 3:451-5.

doi: 10.1134/52079086413060042

13. Vaudry H, Tonon M-C, Vaudry D. Editorial: Trends in regulatory peptides.

Front Endocrinol. (2018) 9:125. doi: 10.3389/fend0.2018.00125

14. Polonelli L, Pontén J, Elguezabal N, Moragues MD, Casoli C, Pilotti E,
et al. Antibody complementarity-determining regions (CDRs) can display
differential antimicrobial, antiviral and anti-tumor activities. PLoS ONE.

(2008) 3:2371. doi: 10.1371/journal.pone.0002371

panels represent means + SD of triplicate experiments quantified in ELISA assays
using cytokine controls.

Supplementary Figure 3 | Effects of Rb9 and MIF treatment on PI3K and IkBa
signaling pathways in bmDCs. (A) Panels showing Western blotting bands of PI3K
p85, pPI3K pr85 (Tyr458), and IkBa, plkBa (Ser32) from bmDCs, after
preincubation or not with 200 wM Rb9 for 6 h, and treated with 1 wg/mL of rMIF
for 2, 5, 10, and 20 min; (B) Signal intensity of pPI3K p85 T458 showed half
decrease in all samples treated with Rb9 or rMIF; (C) Signal intensity of plkBa
showed a slight decrease in Rb9-pretreated bmDCs in response to rMIF.

Supplementary Figure 4 | Rb9 treatment of different mDC populations. iDCs
obtained from human donor PBMC were stimulated to mDCs with TNF. They were
also treated either with TGF- (10 ng/ml) and IL-10 (1 ng/ml) to raise suppressed
DCs or with LPS for activated DCs. Control populations examined in a cytometer
expressed DCs gated for: (A) CD11c/HLA-DR; (B) CD83/HLA-DR; and (C)
CD80/CD86. These three DC populations were further stimulated with Rb9 and
the differential response compared to controls treated with TNF; (TNF) +
TGF-B/IL-10 or (TNF) + LPS for significance using X? statistics, as shown

in Table 1.

Supplementary Figure 5 | CD44 and CXCR4 expression in human mDCs
induced by different treatments. PBMC from healthy human donors were
differentiated into monocyte-derived dendritic cells, maturated with LPS did not
respond to Rb9 (A); with TNF and TGF-8 and IL-10 stimulation, Rb9 treatment
reduced CD44 but not CXCR4 expression (B).

15. Magliani W, Conti S, Cunha RLOR, Travassos LR, Polonelli L. Antibodies
as crypts of antiinfective and anti-tumor peptides. Curr Med Chem. (2009)
16:2305-23. doi: 10.2174/092986709788453104

16. Lim S, Koo J-H, Choi J-M. Use of cell-penetrating peptides in
dendritic cell-based vaccination. Immune Netw. (2016) 16:33-43.
doi: 10.4110/in.2016.16.1.33

17. Richardson JR, Armbruster NS, Giinter M, Henes J, Autenrieth SE.
Staphylococcus aureus PSM peptides modulate human monocyte-derived
dendritic cells to prime regulatory T cells. Front Immunol. (2018) 9:2603.
doi: 10.3389/fimmu.2018.02603

18. O’Neill DW, Adams S, Bhardwaj N, Pickl WE Majdic O, Lyman SD, et al.
Manipulating dendritic cell biology for the active immunotherapy of cancer.
Blood. (2004) 104:2235-46. doi: 10.1182/blood-2003-12-4392

19. Huber A, Dammeijer E, Aerts JGJV, Vroman H. Current state of dendritic cell-
based immunotherapy: opportunities for in vitro antigen loading of different
DC subsets? Front Immunol. (2018) 9:2804. doi: 10.3389/fimmu.2018.
02804

20. Chakraborty S, Rahman T. The difficulties in cancer treatment.
Ecancermedicalscience. (2012) 6:ed16. doi: 10.3332/ecancer.2012.ed16

21. Kroschinsky E Stolzell E von Bonin S, Beutel G, Kochanek M, Kiehl M,
et al. New drugs, new toxicities: severe side effects of modern targeted and
immunotherapy of cancer and their management. Crit Care. (2017) 21:89.
doi: 10.1186/s13054-017-1678-1

22. Girola N, Matsuo AL, Figueiredo CR, Massaoka MH, Farias CF, Arruda DC,
et al. The Ig V H complementarity-determining region 3-containing Rb9
peptide, inhibits melanoma cells migration and invasion by interactions with
Hsp90 and an adhesion G-protein coupled receptor. Peptides. (2016) 85:1-15.
doi: 10.1016/j.peptides.2016.08.006

23. Yin BWT, Kiyamova R, Chua R, Caballero OL, Gout I, Gryshkova V, et
al. Monoclonal antibody MX35 detects the membrane transporter NaPi2b
(SLC34A2) in human carcinomas. Cancer Immun. (2008) 8:3.

24. Ritter G, Yin B, Murray A, Mark G, Old L], Lloyd K, et al. Membrane
Transporter Napi2b (scl34a2) Epitope for Antibody Therapy, Antibodies
Directed Thereto, and Target for Cancer Therapy. U.S. Patent No: 9,701,755
B2. Washington, DC: U.S. Patent and Trademark Office.

25. dos Santos ML, Yeda FP, Tsuruta LR, Horta BB, Pimenta AA, Degaki TL,
et al. Rebmab200, a humanized monoclonal antibody targeting the sodium
phosphate transporter NaPi2b displays strong immune mediated cytotoxicity
against cancer: a novel reagent for targeted antibody therapy of cancer. PLoS
ONE. (2013) 8:¢70332. doi: 10.1371/journal.pone.0070332

Frontiers in Immunology | www.frontiersin.org

January 2020 | Volume 10 | Article 3122


https://www.frontiersin.org/articles/10.3389/fimmu.2019.03122/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2019.03122/full#supplementary-material
https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2016.11.037
https://doi.org/10.1146/annurev-pathol-020117-044127
https://doi.org/10.3233/HAB-2009-0204
https://doi.org/10.1038/nrc3236
https://doi.org/10.1007/s12257-009-3113-1
https://doi.org/10.4161/onci.22789
https://doi.org/10.21873/anticanres.12040
https://doi.org/10.1038/s12276-018-0191-1
https://doi.org/10.1134/S2079086413060042
https://doi.org/10.3389/fendo.2018.00125
https://doi.org/10.1371/journal.pone.0002371
https://doi.org/10.2174/092986709788453104
https://doi.org/10.4110/in.2016.16.1.33
https://doi.org/10.3389/fimmu.2018.02603
https://doi.org/10.1182/blood-2003-12-4392
https://doi.org/10.3389/fimmu.2018.02804
https://doi.org/10.3332/ecancer.2012.ed16
https://doi.org/10.1186/s13054-017-1678-1
https://doi.org/10.1016/j.peptides.2016.08.006
https://doi.org/10.1371/journal.pone.0070332
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Machado et al.

Anti-tumor Effects of Rb9 Peptide

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

Lindegren S, Andrade LNS, Bick T, Machado CML, Horta BB, Buchpiguel
C, et al. Binding affinity, specificity and comparative biodistribution
of the parental murine monoclonal antibody MX35 (Anti-NaPi2b) and
its humanized version Rebmab200. PLoS ONE. (2015) 10:e0126298.
doi: 10.1371/journal.pone.0126298

Dobroff AS, Rodrigues EG, Moraes JZ, Travassos LR. Protective, anti-
tumor monoclonal antibody recognizes a conformational epitope similar
to melibiose at the surface of invasive murine melanoma cells. Hybrid
Hybridomics. (2003) 21:321-31. doi: 10.1089/153685902761022661

Lutz MB, Kukutsch NA, Menges M, Rofiner S, Schuler G. Culture of bone
marrow cells in GM-CSF plus high doses of lipopolysaccharide generates
exclusively immature dendritic cells which induce alloantigen-specific CD4 T
cell energy in vitro. Eur ] Immunol. (2000) 30:1048-52. doi: 10.1002/
(SICI)1521-4141(200004)30:4<1048::AID-IMMU1048>3.0.CO;2-W

Lutz MB, Schuler G. Immature, semi-mature and fully mature dendritic
cells: which signals induce tolerance or immunity? Trends Immunol. (2002)
23:445-9. doi: 10.1016/51471-4906(02)02281-0

Xu Y, Zhan Y, Lew AM, Naik SH, Kershaw MH. Differential development of
murine dendritic cells by GM-CSF versus Flt3 ligand has implications
for inflammation and trafficking. J Immunol. (2007) 179:7577-84.
doi: 10.4049/jimmunol.179.11.7577

Bolte G, Knauss M, Metzdorf I, Stern M. Dot blot chemiluminescence
assay for studying food protein binding to small intestinal brush border
membranes in vitro. ] Biochem Biophys Methods. (1997) 34:189-203.
doi: 10.1016/S0165-022X(97)01214-1

Figueiredo CR, Matsuo AL, Azevedo RA, Massaoka MH, Girola N, Polonelli L,
etal. A novel microtubule de-stabilizing complementarity-determining region
C36L1 peptide displays anti-tumor activity against melanoma in vitro and in
vivo. Sci Rep. (2015) 5:14310. doi: 10.1038/srep14310

Rodrigues EG, Garofalo AS, Travassos LR. Endogenous accumulation of
IFN-gamma in IFN-gamma-R(-/-) mice increases resistance to B16F10-
Nex2 murine melanoma: a model for direct IFN-gamma anti-tumor
cytotoxicity in vitro and in vivo. Cytokines Cell Mol Ther. (2002) 7:107-16.
doi: 10.1080/13684730310000121

Figueiredo CR, Matsuo AL, Massaoka MH, Polonelli L, Travassos LR. Anti-
tumor activities of peptides corresponding to conserved complementary
determining regions from different immunoglobulins. Peptides. (2014) 59:14-
9. doi: 10.1016/j.peptides.2014.06.007

Bloom BR, Bennett B. Mechanism of a reaction in vitro associated
with  delayed-type  hypersensitivity. (1966)  153:80-2.
doi: 10.1126/science.153.3731.80

Conroy H, Mawhinney L, Donnelly SC. Inflammation and cancer:
macrophage migration inhibitory factor (MIF)-the potential missing link.
QJM. (2010) 103:831-6. doi: 10.1093/qjmed/hcq148

Soumoy L, Kindt N, Ghanem G, Saussez S, Journe F. Role of macrophage
migration inhibitory factor (MIF) in melanoma. Cancers. (2019) 11:529.
doi: 10.3390/cancers11040529

Figueiredo CR, Azevedo RA, Mousdell S, Resende-Lara PT, Ireland L, Santos
A, et al. Blockade of MIF-CD74 signalling on macrophages and dendritic cells
restores the antitumour immune response against metastatic melanoma. Front
Immunol. (2018) 9:1132. doi: 10.3389/fimmu.2018.01132

Baleeiro RB, Anselmo LB, Soares FA, Pinto CAL, Ramos O, Gross JL,
et al. High frequency of immature dendritic cells and altered in situ
production of interleukin-4 and tumor necrosis factor-a in lung cancer.
Cancer Immunol Immunother. (2008) 57:1335-45. doi: 10.1007/s00262-008-
0468-7

Ramos RN, Chin LS, dos Santos APSA, Bergami-Santos PC, Laginha F
Barbuto JAM. Monocyte-derived dendritic cells from breast cancer patients
are biased to induce CD4+CD25+Foxp3+- regulatory T cells. J Leukoc Biol.
(2012) 92:673-82. doi: 10.1189/j1b.0112048

Dobroff AS, Rodrigues EG, Juliano MA, Friaga DM, Nakayasu ES, Almeida IC,
et al. Differential anti-tumor effects of IgG and IgM monoclonal antibodies
and their synthetic complementarity-determining regions directed to new
targets of B16F10-Nex2 melanoma cells. Transl Oncol. (2010) 3:204-17.
doi: 10.1593/t10.09316

Magliani W, Conti S, Giovati L, Zanello PP, Sperindé¢ M, Ciociola T, et al.
Antibody Peptide based antifungal immunotherapy. Front Microbiol. (2012)
3:190. doi: 10.3389/fmicb.2012.00190

Science.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Arruda DC, Santos LCP, Melo FM, Pereira F V., Figueiredo CR, Matsuo AL, et
al. B-Actin-binding complementarity-determining region 2 of variable heavy
chain from monoclonal antibody C7 induces apoptosis in several human
tumor cells and is protective against metastatic melanoma. J Biol Chem. (2012)
287:14912. doi: 10.1074/jbc.M111.322362

Rabaga AN, Arruda DC, Figueiredo CR, Massaoka MH, Farias CE, Tada DB,
et al. AC-1001 H3 CDR peptide induces apoptosis and signs of autophagy
in vitro and exhibits antimetastatic activity in a syngeneic melanoma model.
FEBS Open Biol. (2016) 6:885-901. doi: 10.1002/2211-5463.12080

Gabrielli E, Pericolini E, Cenci E, Ortelli F, Magliani W, Ciociola T,
et al. Antibody complementarity-determining regions (CDRs): a bridge
between adaptive and innate immunity. PLoS ONE. (2009) 4:e8187.
doi: 10.1371/journal.pone.0008187

Srinivasan M, Roeske R. Immunomodulatory peptides from
IgSF proteins: a review. Curr Protein Pept Sci. (2005) 6:185-96.
doi: 10.2174/1389203053545426

Morea V, Tramontano A, Rustici M, Chothia C, Lesk AM. Conformations of
the third hypervariable region in the VH domain of immunoglobulins. ] Mol
Biol. (1998) 275:269-94. doi: 10.1006/jmbi.1997.1442

Grundy MA, Zhang T, Sentman CL. NK cells rapidly remove B16F10 tumor
cells in a perforin and interferon-gamma independent manner in vivo.
Cancer Immunol Immunother. (2007) 56:1153-61. doi: 10.1007/s00262-006-
0264-1

Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas.
J Clin Invest. (2012) 122:787-95. doi: 10.1172/JCI59643

Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev
Immunol. (2005) 5:953-64. doi: 10.1038/nri1733

Nguyen-Pham T-N, Lim M-S, Nguyen TAT, Lee Y-K, Jin C-J, Lee HJ, et al.
Type I and II interferons enhance dendritic cell maturation and migration
capacity by regulating CD38 and CD74 that have synergistic effects with TLR
agonists. Cell Mol Immunol. (2011) 8:341-7. doi: 10.1038/cmi.2011.7

Imaoka M, Tanese K, Masugi Y, Hayashi M, Sakamoto M. Macrophage
migration inhibitory factor- CD 74 interaction regulates the expression of
programmed cell death ligand 1 in melanoma cells. Cancer Sci. (2019)
110:2273-83. doi: 10.1111/cas.14038

Lieberman J. Anatomy of a murder: how cytotoxic T cells and NK cells are
activated, develop, and eliminate their targets. Immunol Rev. (2010) 235:5-9.
doi: 10.1111/j.0105-2896.2010.00914.x

Grossman W], Verbsky JW, Tollefsen BL, Kemper C, Atkinson JP, Ley
TJ. Differential expression of granzymes A and B in human cytotoxic
lymphocyte subsets and T regulatory cells. Blood. (2004) 104:2840-8.
doi: 10.1182/blood-2004-03-0859

Mellor-Heineke S, Villanueva J, Jordan MB, Marsh R, Zhang K, Bleesing JJ, et
al. Elevated granzyme B in cytotoxic lymphocytes is a signature of immune
activation in hemophagocytic lymphohistiocytosis. Front Immunol. (2013)
4:72. doi: 10.3389/fimmu.2013.00072

Hodge G, Barnawi J, Jurisevic C, Moffat D, Holmes M, Reynolds PN, et al.
Lung cancer is associated with decreased expression of perforin, granzyme B
and interferon (IFN)-y by infiltrating lung tissue T cells, natural killer (NK)
T-like and NK cells. Clin Exp Immunol. (2014) 178:79-85. doi: 10.1111/cei.
12392

Hsu J, Hodgins JJ, Marathe M, Nicolai CJ, Bourgeois-Daigneault M-C,
Trevino TN, et al. Contribution of NK cells to immunotherapy mediated by
PD-1/PD-L1 blockade. J Clin Invest. (2018) 128:4654-68. doi: 10.1172/]JCI
99317

Chen Z, Yang Y, Liu LL, Lundqvist A. Strategies to augment natural
killer (NK) cell activity against solid tumors. Cancers. (2019) 11:E1040.
doi: 10.3390/cancers11071040

Shi L, Lin H, Li G, Sun Y, Shen J, Xu J, et al. Cisplatin enhances NK
cells immunotherapy efficacy to suppress HCC progression via altering
the androgen receptor (AR)-ULBP2 signals. Cancer Lett. (2016) 373:45-56.
doi: 10.1016/j.canlet.2016.01.017

Inaba K, Steinman RM, Pack MW, Aya H, Inaba M, Sudo T, et al.
Identification of proliferating dendritic cell precursors in mouse blood. J Exp
Med. (1992) 175:1157-67. doi: 10.1084/jem.175.5.1157

Sallusto F, Lanzavecchia A. Efficient presentation of soluble antigen by
cultured human dendritic cells is maintained by granulocyte/macrophage
colony-stimulating  factor plus interleukin 4 and downregulated

Frontiers in Immunology | www.frontiersin.org

January 2020 | Volume 10 | Article 3122


https://doi.org/10.1371/journal.pone.0126298
https://doi.org/10.1089/153685902761022661
https://doi.org/10.1002/(SICI)1521-4141(200004)30:4<1048::AID-IMMU1048>3.0.CO;2-W
https://doi.org/10.1016/S1471-4906(02)02281-0
https://doi.org/10.4049/jimmunol.179.11.7577
https://doi.org/10.1016/S0165-022X(97)01214-1
https://doi.org/10.1038/srep14310
https://doi.org/10.1080/13684730310000121
https://doi.org/10.1016/j.peptides.2014.06.007
https://doi.org/10.1126/science.153.3731.80
https://doi.org/10.1093/qjmed/hcq148
https://doi.org/10.3390/cancers11040529
https://doi.org/10.3389/fimmu.2018.01132
https://doi.org/10.1007/s00262-008-0468-7
https://doi.org/10.1189/jlb.0112048
https://doi.org/10.1593/tlo.09316
https://doi.org/10.3389/fmicb.2012.00190
https://doi.org/10.1074/jbc.M111.322362
https://doi.org/10.1002/2211-5463.12080
https://doi.org/10.1371/journal.pone.0008187
https://doi.org/10.2174/1389203053545426
https://doi.org/10.1006/jmbi.1997.1442
https://doi.org/10.1007/s00262-006-0264-1
https://doi.org/10.1172/JCI59643
https://doi.org/10.1038/nri1733
https://doi.org/10.1038/cmi.2011.7
https://doi.org/10.1111/cas.14038
https://doi.org/10.1111/j.0105-2896.2010.00914.x
https://doi.org/10.1182/blood-2004-03-0859
https://doi.org/10.3389/fimmu.2013.00072
https://doi.org/10.1111/cei.12392
https://doi.org/10.1172/JCI99317
https://doi.org/10.3390/cancers11071040
https://doi.org/10.1016/j.canlet.2016.01.017
https://doi.org/10.1084/jem.175.5.1157
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Machado et al.

Anti-tumor Effects of Rb9 Peptide

62.

63.

64.

65.

by tumor necrosis factor alpha. J Exp Med. (1994) 179:1109-18.
doi: 10.1084/jem.179.4.1109

Barbuto JAM. Are dysfunctional monocyte-derived dendritic cells in cancer
an explanation for cancer vaccine failures? Immunotherapy. (2013) 5:105-7.
doi: 10.2217/imt.12.153

Rutella S, Danese S, Leone G. Tolerogenic dendritic cells: cytokine modulation
comes of age. Blood. (2006) 108:1435-40. doi: 10.1182/blood-2006-03-
006403

Kushiro K, Chu RA, Verma A, Nufez NP. Adipocytes promote
B16BL6 melanoma cell invasion and the epithelial-to-mesenchymal
transition. Cancer Microenviron. (2012) 5:73. doi: 10.1007/s12307-011-
0087-2

Berzaghi R, Maia VSC, Pereira F V., Melo FM, Guedes MS, Origassa CST, et al.
SOCSI favors the epithelial-mesenchymal transition in melanoma, promotes
tumor progression and prevents anti-tumor immunity by PD-L1 expression.
Sci Rep. (2017) 7:40585. doi: 10.1038/srep40585

Conflict of Interest: LT and JB are scientific advisers for Recepta Bio. FM, NG,
VM, and PB-S have been fellows via ProUniemp association in a FAP-UNIFESP
Foundation and Recepta Bio sponsored project. AM was an R&D analyst for
Recepta Bio.

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

Copyright © 2020 Machado, Girola, Maia, Bergami-Santos, Morais, Azevedo,
Figueiredo, Barbuto and Travassos. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

20

January 2020 | Volume 10 | Article 3122


https://doi.org/10.1084/jem.179.4.1109
https://doi.org/10.2217/imt.12.153
https://doi.org/10.1182/blood-2006-03-006403
https://doi.org/10.1007/s12307-011-0087-2
https://doi.org/10.1038/srep40585
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Immunomodulatory Protective Effects of Rb9 Cyclic-Peptide in a Metastatic Melanoma Setting and the Involvement of Dendritic Cells
	Introduction
	Materials and Methods
	Mice
	Ethics Statement
	Peptides
	Tumor Cell Lines and Cell Cultures
	Induced Melanoma Metastatic Model
	Pancreatic and Colorectal Subcutaneous Solid Tumor Model
	Lung Tissue Digestion and Flow Cytometry Analysis
	ELISA for Cytokine Secretion
	Immunohistochemistry
	Bone Marrow Derived Dendritic Cells and Macrophages
	Immunofluorescence
	Chemiluminescent Dot-Blotting
	Immunoblotting
	Adoptive Cell Transfer Treatment
	Human PBMC-Derived Dendritic Cell Obtention and Lymphocyte Proliferation
	Flow Cytometry Analysis of Dendritic and Lymphocytic Cells
	Statistics Analysis

	Results
	Anti-metastatic and Anti-tumor Activity of Rb9 Peptide
	Rb9 Modulates Cell Recruitment and Immune Activity in the Lung and Lymphoid Organs
	Rb9 Interacts With Murine Bone-Marrow Dendritic Cells (bmDCs)
	Direct Binding of Rb9 Peptide to MIF and CD74 Proteins
	Rb9 Interferes With MIF Signaling Pathways in Murine bmDCs
	Therapeutic and Prophylactic Anti-tumor Protection by Adoptive Cell Transfer of Rb9-Stimulated Dendritic Cells
	Rb9 Affects Human moDCs' Surface Phenotype and Enhances Their Ability to Stimulate Allogeneic Lymphocyte Proliferation

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


