
INTRODUCTION

Myeloid-derived suppressor cells (MDSCs) constitute a
heterogeneous population of immature myeloid cells. In
physiological conditions MDSCs can differentiate
predominantly into granulocytes, or macrophages. Their main
phenotypic hallmark is the capacity to suppress proliferation of
T lymphocytes. In healthy individuals they are present in spleen
and bone marrow, but their number in blood is very low. In
tumor-bearing individuals, MDSCs are mobilized from bone
marrow and migrate to the tumor. They are actively recruited to
the tumor microenvironment by various chemokines in a similar
manner as other cells (1-3). In the tumor tissue MDSCs are
involved in tumor development and metastasis due to
immunosuppressive and pro-angiogenic activity. MDSCs
activate signal transducer and activator of transcription (STAT3)
in cancer cells leading to secretion of pro-angiogenic factors
such as: vascular endothelial growth factor (VEGF), matrix
metalloproreinases (MMPs) and interleukins (IL-1β, IL-6, IL-
10, IL-23) (4). Results of our previous studies suggested that

MDSCs are able to induce above mentioned changes in cancer
cells via IFN-λ2 (5).

The IFN-λ2 (IL-28A) is a 20kDa molecular mass cytokine,
which has been described for the first time in 2003. Similarly to
IFN-λ1 (IL-29), IFN-λ3 (IL-28B) and IFN-λ4, it belongs to the
III type interferon’s group, and it is classified as a member of IL-
10 interleukin family (6-8). It has been shown that IFN-λ2 plays
a crucial role in response to viral infections (9, 10).
Polymorphism of IFN-λ3 geneis one of the factors determining
the course of disease and sensitivity to interferon therapy (11,
12). Published data suggest that IFN-λ2 may be involved in
tumor development. IFN-λ2, similarly to IFN-α have high anti-
tumoral activity. Its beneficial effect has been observed both in
vitro and in vivo in many various tumor models, for example:
melanoma, lung cancer, neuroendocrine tumors, sarcoma,
colorectal and hepatocellular carcinoma (13, 15). It has been
shown that IFN-λ2 had antitumor activity by inhibition of cancer
cells proliferation and induction of apoptosis (16-20). On the
other hand, listed above sarcomas with high expression of IFN-
λ2 showed slower growth and ability to metastasize (18).
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Myeloid-derived suppressor cells (MDSCs) support tumor development by stimulation of angiogenesis and immune
response inhibition. In our previous study, we showed that interferon lambda 2 (IFN-λ2), secreted by MDSCs, enhances
production of pro-angiogenic factors by cancer cells via phosphorylation of STAT3 and therefore promotes blood vessels
formation. In the present study IFN-λ2 level was evaluated by ELISAin serum of tumor-bearing mice, whereas its
expression in MDSCs isolated from the lungs with metastatic tumors and normal lungs was assessed by qPCR. The
effect of IFN-λ2 on mouse mammary cancer cells motility was tested in Boyden chamber migration assay. In order to
evaluate its pro-angiogenic function we performed in vitro tubule formation assay and in ovo angiogenesis assay on
chicken embryo chorioallantoic membrane (CAM). Moreover, in order to design small molecule inhibitors of IFN-λ2
and its receptor we performed molecular modeling followed by the identification of potential natural inhibitors. Then,
we examined their ability to inhibit angiogenesis in vitro. Our results showed that IFN-λ2 predisposed mouse mammary
cancer cells to migration in vitro. It also enhanced angiogenesis induced by mouse mammary cancer cells in vitro and
in ovo. For the first time we selected potential IFN-λ2 inhibitors and we validated that they were capable to abolish pro-
angiogenic effect of IFN-λ2, similarly to blocking antibodies. Therefore, IFN-λ2 and its receptor may become targets
of anti-cancer therapy, but their mechanism of action requires further investigation.
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Moreover, IFN-λ2 enhances local immune response against
tumor cells (21). However, the role of IFN-λ2 seems to be
unclear in tumor development because it is known to activate
JAK/STAT signaling pathway (6, 7). Our previous study showed
that IFN-λ2 increases phosphorylation of STAT3 in cancer cells
and subsequent secretion of pro-angiogenic factors such as:
VEGF, MMPs and IL-18 (5). Treatment of canine mammary
cancer cells and human bladder cancer cells with IFN-λ2
increases cell migration in vitro (5, 22). Tumors from patients
with advanced stage of bladder cancer have higher expression of
IFN-λ2 (23). Importantly, pro-tumoral activity of IFN-λ1 was
also published. It has been shown to promote proliferation of
leukemic B cells (24).

In this study we investigated the role of IFN-λ2 in tumor
development focusing on tumor metastasis and angiogenesis
using mouse mammary cancer model in vitro. After molecular
3D modeling, we identified in silico a number of natural small
molecular inhibitors of IFN-λ2/IFN-λ2R interaction that were
subsequently tested in vitro. We also verified if levels of IFN-λ2
in serum and its expression in MDSCs could constitute potential
diagnostic approach.

MATERIALS AND METHODS

Cell lines and cell culture

Mouse tumor cell lines were purchased from ATCC and
were cultured under optimal conditions: in RPMI-1640 (EMT6,
4T1) or DMEM medium (EL-4, B78, B16F10) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (FBS),
penicillin-streptomycin (50 U/mL), and fungizone (2.5 mg/ml).
The human umbilical venous endothelial cell line (HUVEC) was
purchased from Life Technologies (USA). HUVEC cells were
cultured in 200PRF medium (Gibco, USA) with Low Serum
Growth Supplement (LSGS) (Gibco) in standard culture
conditions in an atmosphere of 5% CO2 and 95% humidified air
at 37°C. For the 3D tubule formation assays only early passages
of HUVEC cells were used (P3–P6). If not stated otherwise, all
cell culture reagents were purchased from Sigma Aldrich (USA).

Animal experiments

C57BL/6 mice were purchased from the SPF-unit of the
Mossakowski Medical Research Centre Polish Academy of
Sciences (Warsaw, Poland). For the experiments, mice (all
females 8 – 12 weeks old) were housed in the conventional, non-
SPF facility of the Medical University of Warsaw. All in vivo
experiments were performed in accordance with the legal
guidelines and approved by the Local Ethics Committee. In the
intravenous model mice were injected into the tail vein with 1.5 ×
105 of B16F10 melanoma cells or EL4 lymphoma. B78 melanoma
cells were inoculated subcutaneously 1.5 × 105 in 50 µl of
Matrigel Growth Factor Reduced (Corning®, LifeSciences). After
14 days, mice were sacrificed, blood and lungs containing tumor
cells were used for further analysis.

Fluorescence-activated cell sorting (FACS)

Lungs were cut into small pieces and digested for 30 min at
37°C using Collagenase type IV(600U) (Sigma) and (400U)
DNAse (Sigma). Next, tissues were dissociated using a
gentleMACS Dissociator (Miltenyi), and filtered through a 70
µm cell strainer, washed with PBS containing 2 mM EDTA and
1% FBS, centrifuged and stained. When necessary, erythrocytes
were lysed using buffer containing 155 mM NH4Cl, 10 mM
NaH2CO3, 0.1 mMEDTA, pH 7.3. For staining, cells were

blocked in 5% normal rat serum and stained with fluorescently
labeled monoclonal antibodies against: anti-CD11b (clone
M1/70, 53-0112-82), (eBioscicence), anti-CD45.2 (clone 104,
562129), anti-Gr-1 (clone RB6-8C5, 552093) (BD Pharmingen).
Cells were analyzed on FACS Aria III cytometer-sorter (Beckton
Dickinson) using FACSDiva software 6.0. The
Gr1+CD11b+CD45+ cells were gated, counted and sorted for
RNA isolation.

Real-time qPCR and ELISA

Total-RNAwas isolated from the FACS-sorted MDSCs from
the lung metastases of B16F10 using Total RNA Kit (A&A
Biotechnology, Poland) according to the manufacturer’s protocol.
RNA quantity was measured using the NanoDrop (NanoDrop
Technologies, USA). Moreover, its purity and integrity was
evaluated by Bioanalyzer (Agilent, USA). Used primers
sequence were: IFN-λ2 (F:TAGAAGGTGGCGAAAAGTGA,
R:CTGGCTCCACTTCAAAAAGGTA,), 
GAPDH (F:GCTTAAGAGACAGCCGCATCT, 
R:CGACCTTCACCATTTTGTCTACA). Quantitative RT-PCR
was performed using a fluorogenic Lightcycler Fast Strand DNA
SYBR Green kit (Roche). Data were analyzed using the
comparative Ct method. Relative transcript abundance of the
gene equals ∆Ct values (∆Ct = Ctreference – Cttarget). Relative
changes in transcript are expressed as ∆∆Ct values (∆∆Ct =
∆Ctcontrol – ∆Ctexamined). The experiment was repeated three times.
In order to detect IFN-λ2 in serum, Mouse IL-28 ELISAReady-
SET-Go!® (eBioscicence) was used, according to manufacturer’s
instructions. The experiment was repeated three times.

Molecular modeling

Crystallographic structures of the IFN-λ2R/IFN-λ1 adduct
coded by PDB ID 3OG4 and 3OG6 were used as template in the
generation of a 3D structure of IFN-λ2/IFN-λ2R complex by
homology modeling (25). To this aim, the MODELER(19)
program (version 9.10) was used (26). Further, MD simulations
were performed with AMBER12 software (27), using settings
described elsewhere (28-30). To identify possible hot-spots for
ligand interaction, IFN-λ2R residues closer than 4 Å from the
surface of IFN-λ2 were mutated to alanine according to the
computational alanine scanning protocol implemented in
AMBER12. Theoretical affinity between IFN-λ2 and mutated
IFN-λ2R was then estimated by means of the MM-PBSA
method and compared to the affinity of the wild-type IFN-
λ2/IFN-λ2R complex (31). The library of natural products and
their derivatives (available at the laboratories of Professor Bruno
Botta, Sapienza University of Rome, Italy) was screened in
silico by molecular docking towards the identified druggable
pocket. The FRED docking program from OpenEye (version
3.2.1) was used in molecular docking simulations (32, 33).
Ligand conformational analysis was performed with OMEGA2
from OpenEye using default settings (34, 35).

Source of compounds and plant material

The stem bark of Vochysia divergens Pol. (Vochysiaceae)
was collected in Corumba, Mato Grosso do Sul, Brasil. The roots
of Ficus thonningii Blume (Moraceae) were collected in
Bagante, Cameroon.

24-hydroxytormentic acid, 6-prenylaromadendrin and
curcumin belong to the in house library. Chemical identity of
bioactive compounds was assessed by IR, UV, ESI-MS, 1H-
NMR, and 13C-NMR experiments, which proved to be in
agreement with the literature data available for the compounds
(36, 37). The purity of the compound, checked by HPLC, was
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higher than 95%. 24-hydroxytormentic acid (methyl
((1R,2S,4αS,6αS,6βR,9S,10R,11R,12αR,14βS)-1,10,11-
trihydroxy-9-(hydroxymethyl)-1,2,6α,6b,9,12α-hexamethyl-
1,3,4,5,6,6α,6β,7,8,8α,9,10,11,12,12α,12β,13,14βoctadecahydr
opicene-4α(2H)-carboxylic acid) was obtained from Vochysia
divergens by following the procedure already described (38).
The powdered stem bark (4.0 kg) was exhaustively extracted
with cold EtOH. After evaporation, a mixture of MeOH/H2O
95:5 (250 mL) was added to a part (20 g) of the EtOH extract,
and filtered. Evaporation of the soluble portion (14 g) and
washing with cold CHCl3 yielded a soluble fraction (8 g) and an
insoluble fraction (6 g). Repeated column chromatography of the
insoluble fraction on SiO2 yielded 24-hydroxytormentic acid
(700 mg) by elution with a gradient of MeOH in EtOAc,
hexane/EtOAc 7:3, CHCl3/MeOH/H2O 19.5:8.5:2.3, and
EtOAc/MeOH, 9:1.6-prenylaromadendrin ((2R,3R)-3,5,7-
trihydroxy-2-(4-hydroxyphenyl)-6-(3-methylbut-2-en-1-
yl)chroman-4-one) was obtained from Ficus thonningii by
following the procedure already described (39). The dried and
powdered roots (400 g) of F. thonningii were extracted with
MeOH/CH2Cl2 1:1 (v/v) at room temperature for 48 h and
MeOH for 8 h. The combined extracts (25 g) were subjected to
column chromatography over silica gel 60 (100 g) and eluted
with hexane/EtOAc and CHCl3/MeOH of increasing polarity.
Fifty fractions of 200 mLeach were collected, concentrated,
monitored by TLC and similar ones pooled to give a total of six
fractions (A–F). Fraction C (1 g, hexane/EtOAc 75:25 to 70:30),
was passed through Sephadex LH-20 eluted with CHCl3–MeOH
70:30 to give 6-prenylaromadendrin (50 mg).

Curcumin ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)
hepta-1,6-diene-3,5-dione) was purchased from Sigma Aldrich.

Chemicals and instruments

The solvents, having an analytical grade or HPLC grade,
were purchased from Sigma Aldrich. All reagents were used
without further purification. Chromatography was carried out on
silica gel (70 – 230 mesh). All chromatography fractions were
monitored by thin-layer chromatography (TLC), and silica gel
plates with fluorescence F254 were used.

Melting point was taken in open capillaries on a Buchi
Melting Point B-545 apparatus and was uncorrected. Infrared
spectrum was recorded on a FT-IR spectrometer. UV spectrum
was recorded on a JASCO V-550 spectrophotometer. 1H NMR
and 13CNMR spectra were recorded using a Bruker 400 Ultra
ShieldTM spectrometer (operating at 400 MHz for 1H and 100
MHz for 13C) using CDCl3 as solvent and tetramethylsilane
(TMS) as internal standard. Chemical shifts are reported in parts
per million. Multiplicities are reported as follows: singlet (s),
doublet (d), multiplet (m), and broad doblet (brd). Mass
spectrometry was performed using a Thermo Finnigan LXQ
linear ion trap mass spectrometer, equipped with an electrospray
ionization (ESI) ion source bearing a steel needle.

MTT assay

Metabolic activity assay was performed in 96-well plate.
The EMT6 cells were plated at the density of 2.5× 104 cells per
well whereas 4T1 cells were plated at the concentration of
5 × 104 cells per well. The cells were cultured for 24 hours in the
full RPMI1640 medium with all previously selected inhibitors in
virtual screening of the natural compounds library. After the first
round of screening, particular attention has been paid on: 6-
prenylaromadendrin (2, 6, 8 µM) 24-hydroxytormentic acid (2,
6, 8 µM) and curcumin (0,1, 10, 20 µM). These compounds have
been tested more extensively. Subsequently, the cells are
incubated in 0.5 mg/ml tetrazolium salt MTTDiluted in phenol

red-free RPMI 1640 medium (Sigma-Aldrich) for 4 hat 37°C.
Formazan was dissolved by DMSO and subsequently its
concentration was measured by the photometric absorbance at
570 nm and reference absorbance at 650 nm using plate reader
Infinite 200 PRO TecanTM (TECAN, Mannedorf, Switzerland).
The experiment was repeated three times.

Migration assay

Equal numbers of cells (2.5× 105 cells) treated with IFN-λ2
(400 ng/mL) (R&D Systems, USA) or with blocking antibodies
for IFN-λ2R (Abcam, USA) in RPMI 1640 medium containing
0.2% FBS were added to the BD Falcon FluoroBlock 24-
Multiwell Insert Plates (8 micron pore size) (BD Biosciences).
Solution of 10% FBS in medium was used as chemoattractant in
the basal chambers. Culture medium without cells was used as a
negative control. Assay plates were incubated for 22 hours at
standard culture conditions. Incubation medium was carefully
removed from the apical chamber and insert system was
transferred into a second 24-well plate containing 500 µl of 2.5
µg/ml Calcein AM in Hanks’ Balanced Salt solution (HBSS).
Plates were incubated for 1 hour at standard culture conditions.
The fluorescence of invaded cells was measured at excitation
wavelength 485 nm and emission wavelength 530 nm using a
fluorescent plate reader with bottom reading capabilities, Infinite
200 PRO Tecan (TECAN, Switzerland). To visualize the invaded
cells, a fluorescence microscope (Olympus BX60) at 4×
magnification was used. The experiment was repeated three times.

Tubule formation assay (angiogenesis in vitro assay)

Culture plates (24 wells; Corning Inc.) were coated for 30
min at 37°C with Matrigel Growth Factor Reduced (Corning®,
LifeSciences). Subsequently, HUVECs were plated at the
density of 9× 104 cells/well. As a positive control the LSGS-
supplemented Medium 200PRF was used, whereas a negative
control constituted LSGS-supplemented medium with 30 mM
Suramin (Sigma-Aldrich). Mouse mammary tumor cells were
cultured for 48 hours in full RPMI 1640 Medium with IFN-λ2
(400 ng/mL) with or without one of the following inhibitors: 6-
prenylaromadendrin (8 µM), 24-hydroxytormentic acid (6 µM),
curcumin (0.1 µM) or anti-IFN-λ2R blocking antibody (Abcam,
USA). The IFN-λ2 alongside with inhibitors were administered
twice during the assay. Tubule formation (by HUVEC) was
observed after 6 h culture on Matrigel in the presence of non-
supplemented Medium 200 PRF and cancer cell-conditioned
medium (at 1:1 ratio). The experiment was performed six times.
The length of formed tubules was measured using ImageJ
software (National Institutes of Health, USA).

In ovo angiogenesis assay

The chick embryos (Ross 308 line, Pankowski Jan Poultry
Hatchery, Poland) were held in the CO2 incubator (SMACoudelou
FOR 37210, France) under standard conditions (65% humidity,
5% CO2 and 37.5°C) as soon as the embryogenesis starts. On the
5th day of incubation and 5 mm × 5 mm ‘window’was made in the
eggshell on the blunt end on each of the egg. The parchment-like
membrane was carefully taken out and a sterile silicon ring was
put into the CAM of each egg in aseptic conditions. Sterilized,
medium-hard silicon rings (7 mm in external, 5 mm in internal
diameter, 2 mm thick), were specially designed for this
experiment and produced by Zegir PTHU (Poland). The ‘window’
in the egg’s shell was closed using Polopor (Viscoplast, Poland) -
a special adhesive tape with high air and water vapor. After 24 and
48 hours eggs were candled to check the vitality and estimate the
mortality associated with manual manipulation. The silicon rings
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were put into CAM two days before the start of the experiment to
exclude the mortality of chick embryos caused by blood vessel
damage and possible overexpressed inflammatory reaction due to
ring placing. On the 7th day of incubation, medium conditioned by
cancer cells (with or without IFN-λ2) was injected into the silicon
rings, at least 20 chick embryos per treatment. Seven chick
embryos were used as a negative control (inoculated with only 25
ml of culture medium per egg). An average chick embryo’s vitality
was about 85%. Medium as exactly injected into the silicon rings.
Eggs are candled 24 and 48 hours later to check their survival. On
the 12th day of incubation chick embryos are examined with the
video otoscope (Welch Allyn MacroView™ Veterinary Otoscope
71032, USA) for blood vessels growth.

Statistical analysis

The statistical analysis was conducted using Prism version
5.00 software (GraphPad Software, California, USA). The one-
way ANOVA and Tukey HSD (Honestly Significant Difference)

post-hoc test, Dunnett’s test and t-test were applied as well as
regression analysis. The P-value <0.05(*) was regarded as
significant whereas P-value <0.01(**) and P-value <0.001(***)
as highly significant.

RESULTS

Interferon-λ2 expression in myeloid-derived suppressor cells
isolated from the lungs with metastatic tumors and interferon-
λ2 level in the blood of tumor-bearing mice

Flow cytometric analysis of cells isolated from the lungs with
B16F10 metastatic tumors showed that MDSCs (Gr-
1+CD11b+CD45.2+) constituted 13.4% (±1.9) of all leukocytes,
however in control mice only 5.9% (Fig. 1A). The expression of
Ifn-λ2 in MDSCs sorted from the lungs was as follows: 0.0108 ±
0.0029 in B16F10 tumor-bearing mice whereas 0.0013 ± 0.0007
in control mice (Fig. 1B). The level of IFN-λ2 protein in serum
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Fig. 1. (A). Percentage of MDSCs (CD45.2+Gr-1+CD11b+) in the lungs of control mice and mice with B16F10 tumor. (B) Expression
of Ifn-λ2 in MDSCs isolated from the lungs of control mice and B16F10 tumor-bearing mice with lung metastases 14 days after
inoculation with tumor cells (lung metastases were confirmed by necropsy). (C) Concentration of IFN-λ2 in the serum of control mice
and mice with EL4, B78 and B16F10 tumors. * means P< 0.05; *** means P< 0.001.



(Fig. 1C) was as follows: 2154.8 pg/mL± 598,3 in EL4 model;
1546.7 pg/mL± 366.1 in B78 model; 474.5 pg/mLin B16F10
model; and 648.5 pg/mL± 76 in control mice.

Interferon-λ2 increases cancer cell migration

Migration assay in Boyden Chambers showed that IFN-λ2
increased migration of EMT6 and 4T1 cells (Fig. 2). The mean
fluorescence related to cell migration was 713.00 ± 14.14 in EMT6
cell line (compared with 473.5 ± 144.69 in control) and 139.50 ±
6.36 in 4T1 cell line (compared with 119.65 ± 12.72 in control).
The IFN-λ2R blocking antibodies abolished this effect (463.67 ±
63.89 in EMT6 cell line and 111.41 ± 4.86 in 4T1 cell line).

Interferon-λ2 promotes angiogenesis

Results of the tubule formation assay indicated that EMT6
and 4T1 mice mammary cancer cells induced per se slight tubule
formation by endothelial cells (HUVECs). Their treatment with
IFN-λ2 increased 3D angiogenesis by endothelial cells (Fig. 3A).
On the other hand, treatment of these cancer cells with IFN-λ2
and IFN-λ2R blocking antibodies completely abolished this
effect (Fig. 3A).

The MTT assay (Fig. 3B) showed that percentage of live
HUVEC cells treated with medium conditioned with cancer cells
pre-treated with IFN-λ2 was higher than in case of medium
conditioned with cancer cells untreated with IFN-λ2. The
HUVEC cells viability was as follows: EMT6 pre-treated with
IFN-λ2 conditioned medium - 221.39%, EMT6 conditioned
medium: 102.65% and 4T1 pre-treated with IFN-λ2 conditioned
medium - 125.78%, 4T1 conditioned medium - 96.81%. The in
ovo angiogenesis assay showed that medium conditioned with
EMT6 or 4T1 cells pre-treated with IFN-λ2 induced formation
of new blood vessels on CAM. Conditioned medium collected
from culture of the control cells that were not pre-treated with
IFN-λ2 also induced angiogenesis, however this effect was less
clear (Fig. 4A and 4B left panel).

Identification of small molecule inhibitors of interferon-
λ2/interferon-λ2R interaction

In order to select small molecules potentially able to inhibit
the formation of IFN-λ2/IFN-λ2R complex, we performed a set
of molecular simulations. First, we generated a 3D structure of
the IFN-λ2/IFN-λ2R complex by homology modeling, using as
template the available crystallographic structures of the IFN-
λ2R/IFN-λ1 complex (PDB IDs: 3OG4, 3OG6) (25). Even
though IFN-λ2R has been co-crystallized in complex with IFN-
λ1, sequence and structural analysis revealed that IFN-λ1 and
IFN-λ2 ligands share a very common sequence and overall
architecture, particularly showing high conservation of residues
directly involved in contacting IFN-λ2R. Thus, the high
sequence identity between IFN-λ1 and IFN-λ2 permits the
generation of a reliable IFN-λ2/IFN-λ2R homology model (Fig.
5A and 5B), which can be used in drug design exercises. Then,
molecular dynamics (MD) simulations (100 ns) were performed
with AMBER12 software to relax the initial model in
physiological conditions, as well as to highlight key
determinants and hot-spots for IFN-λ2 and small molecules
binding to the receptor IFN-λ2R through a computational
alanine scanning study. Overall, molecular simulations show a
druggable hydrophobic pocket on the IFN-λ2R surface, which is
notably located at the binding interface to IFN-λ2 ligand. This
pocket may be targeted by small molecule inhibitors of IFN-
λ2/IFN-λ2R interaction (Fig. 5A and 5B). Moreover, this pocket
contains residues whose mutations to alanine proved to impair
the overall affinity of IFN-λ2 for its receptor in silico (namely
Lys75, Tyr73, Phe101, and Glu102, residue numbering as in
PDB ID: 3OG6 - see Fig. 5A and 5B), thus representing a
suitable target pocket in our drug design study.

Potential inhibitors of IFN-λ2/IFN-λ2R interaction were
searched among an in house library of natural compounds and
their derivatives, which is endowed with a noticeable chemical
diversity and has been already used with success in prior drug
discovery studies (40-43). Virtual screening of the in house
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Fig. 2. (A) Migration assessed by fluorescence microscopy in vitro in Boyden chambers of control 4T1 and EMT6 cancer cells, cells
treated with IFN-λ2 or IFN-λ2 with blocking antibodies and (B) graph showing mean fluorescence of migrating 4T1 and EMT6 cells
(control and treated with IFN-λ2 either IFN-λ2 and blocking antibodies). * means P< 0.05; *** means P< 0.001. Black * relative to
4T1/EMT6 group and grey * relative to anti-IFN-λ2R antibody group.



library was performed by means of molecular docking with
FRED (OpenEye). After visual inspection of docking-based
poses, 14 most promising compounds were selected, and
submitted to in vitro evaluation.

The MTT assay showed relatively low cytotoxic activity of
the most of these compounds on cancer cells (Fig. 6). Curcumin
showed very strong cytotoxic activity on EMT6 cells decreasing
their viability by 41% and 54% given at 10 and 20 µM
concentration, respectively. When given at the concentration of

0.1 µM it reduced EMT6 cell viability by 10.2%. In case of 4T1
cells, it reduced their viability by 7.1%, 11.5% and 21.4%, at the
following concentrations: 0.1 µM, 10 µM, 20 µM, respectively.
The 24-hydroxytormentic acid given at 2 µM, 6 µM and 8 µM
concentration reduced viability of EMT6 cells by 0.9%, 5.3%,
11.4%, respectively. In 4T1 cells the same doses reduced
viability by 2%, 6.9% and 8.1%, respectively. The viability of
EMT6 cells treated with 6-prenyloaromadendrin at following
concentrations: 2, 6, 8 µM was decreased by 17.2%, 18.5%,
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Fig. 3. (A) Angiogenesis assay in vitro (3D tubule formation assay) showing differences in 3D vessel formation by endothelial cells
grown in indirect co-culture with 4T1 either EMT6 mice mammary cancer control cell lines (in Boyden chambers) and the same cells
treated with IFN-λ2 either IFN-λ2 and IFN-λ2 blocking antibody. (B) Endothelial cells proliferation assay: HUVEC ctrl - endothelial
cells cultured in standard conditions; 4T1 CM or EMT6 CM - endothelial cells treated with 20% 4T1 or EMT6 - conditioned medium
(CM); and 4T1 + IFN-λ2 CM or EMT6 + IFN-λ2 CM - endothelial cells treated with 20% conditioned medium of 4T1 either EMT6
cell treated with IFN-λ2. * and *** indicates P< 0.05 and P< 0.001, respectively, compared to control HUVEC cells.

Fig. 4. CAM angiogenesis in vivo assay. (A) Blood vessels visible on CAM at day 0 (left panel) and 3 days after application into silicon
ring 25 µl of conditioned medium (CM) of 4T1 either EMT6 cultured in IFN-λ2. The newly formed blood vessels are marked by
asterisk. (B) Blood vessels visible on CAM at day 0 (left panel) and 3 days after application into silicon ring 25 µl conditioned medium
by EMT6 cultured in IFN-λ2 (zoom) at the CAM (upper panel) and blood vessels visible on CAM 3 days after application into silicon
ring 25 µl of EMT6 conditioned medium (CM) without IFN-λ2 pre-treatment. The newly formed blood vessels are marked by asterisk.



19%, respectively, compared with control cells; however in 4T1
cell line it was decreased by 3%, 4.5%, 1%, respectively,
compared with control cells.

Selected inhibitors affect pro-angiogenic activity of interferon-λ2

In the in vitro angiogenesisassay we observed inhibition of
tubule formation by medium conditioned with EMT6 and 4T1
cells treated with curcumin by 47% and 21.3%, respectively
(compared with control cells treated with IFN-λ2) (Fig. 7).
Treatment of EMT6 cells with 6-prenylaromadendrin and 24-
hydroxytormentic acid caused 73.1% and 71.4% inhibition of
tubule formation (compared with cells treated with IFN-λ2). In
case of 4T1 treatment with 24-hydroxytormentic acid inhibited
tubule formation by 50.4% and 6-prenylaromadendrin by 31%
(compared with cells treated with IFN-λ2).

DISCUSSION

Despite the enormous advance in understanding of cancer
biology, cancer is still one of the most common cause of death in
Europe and United States. Based on the WHO reports, in 2012
cancer accounted for 8.2 million deaths worldwide. A slight
improvement in treatment outcomes has prolonged patient life,
however has not improved its quality. Patients with cancer often
experience severe pain. It results not only from the tumor
invasion in surrounding tissues, but also from the use of
anticancer therapy with systemic effect (44). Therefore, it is
important to still search for new strategies of more specific
cancer treatment. These include compounds that inhibit tumor
cell mobility (e.g. migrastatin analogues), off-DNA therapies
against tumor-associated proteins (e.g. pyrazole derivates), and
inhibitors of DNAlesions (e.g. DNA-dependent protein kinase
inhibitors) (45-48). Because the blood vessels formation plays a
crucial role in the tumor development, inhibitors of this process
are interesting group of potential drugs. On the other hand, pro-
angiogenic factors may be considered as prognostic markers.
The VEGF expression in tumor tissue and in circulating
endothelial progenitor cells in blood of tumor-bearing patients
correlates with stage of cancer development (49, 50).
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Fig. 6. MTT assay showing viability of 4T1 (A) and EMT6 (B) cells treated with inhibitors for 24 hours. The *P-value <0.05 was
regarded as significant whereas **P-value <0.01 and ***P-value <0.001 as highly significant relative to cancer cells.

Fig. 5. Molecular modeling. (A, B) Binding site for small
molecule inhibitors at IFN-λ2R identified in silico. The IFN-
λ2R structure is showed as surface (A) and as cartoon, sticks and
lines (B). Residues highlighted as possible hot-spots by the
computational alanine scanning are colored yellow and labeled
(B). (C) Chemical structure of active natural compounds
identified by virtual screening and in vitro assays.



However, tumor mass is not composed exclusively of the
transformed cells, but also contains other untransformed, stromal
and inflammatory cells. Among these are: fibroblasts, blood and
lymphatic endothelial cells and immune cells. Tumor
microenvironment cells contribute to the angiogenesis process by
secretion of metalloproteinases, proangiogenic factors and
proangiogenic switches (51). Particularly MDSCs have a high
ability to promote angiogenesis (1-3). Our study demonstrated
that MDSCs` (Gr-1+CD11b+CD45.2+ cells) number in the lungs
of mice with B16F10 tumors was significantly higher than in
control mice (Fig. 1A). Similar trend has been observed in
MDSCs’ expression of Ifn-λ2. IFN-λ concentration in serum
from tumor bearing mice has been studied. Until now it was
shown that only in serum of patients with hepatocellular
carcinoma the level of another IFN: IFN-γ is increased and
correlates with the severity of the disease (52). We showed, that
the level of IFN-λ2 in serum was significantly higher in mice
with lymphoma (EL4) and melanoma (B76) compared with
healthy animals (Fig. 1C). Despite level of IFN-λ2 in serum of
mice with B16F10 melanoma was similar as in control mice, its
expression was much higher in MDSCs (Gr-1+CD11b+CD45.2+)
isolated from the lungs of tumor-bearing mice as compared to
controls (Fig. 1). Our previous study, conducted on tumor-
bearing dogs, showed that expression of IFN-λ2 was significantly
higher in MDSCs sorted from the blood of patients with
advanced tumors than in these with cancer at the early stage (5).
Therefore, we hypothesized that MDSCs may not necessarily
secrete IFN-λ2 to the blood of tumor-bearing animals, but its
secretion may be localized to particular tissues. Previously, we

showed that co-culture of cancer cells with MDSCs increased
expression of IFN-λ2R on canine mammary cancer cells.
Supplementation of culture medium with IFN-λ2 also resulted in
upregulation of IFN-λ2R expression to similar level (5).
However, literature data suggests that IFN-λ2 may have both pro-
and anti-tumor activity (5, 14-20, 22, 23), very likely depending
on the tumor type and/or its stage of development. In order to
clarify IFN-λ2 role in mammary cancer development, we
investigated its influence on cancer cell migration and ability to
new blood vessel formation. The migration test in Boyden
chamber showed that IFN-λ2 significantly enhanced migration of
EMT6 and 4T1 cancer cells. The use of IFN-λ2R blocking
antibodies has reduced this effect. Similar results have been
obtained by our team before on the canine mammary cancer cells
and two human bladder cancer cell lines (5, 22). This effect may
be related to increase of epithelial-mesenchymal transition in
cancer cells due to stimulation with IFN-λ2. In our previous
study we showed that IFN-λ2 increased expression of
mesenchymal cells marker vimentin, and decreased expression of
epithelial cells marker cytokeratin in cancer cells (5). However,
another published data suggest that mammary epithelial cells
with knockout of IFN-λ2R gene inoculated in mouse mammary
fat pad decreased tumor growth (53).

In our previous study, we also demonstrated that IFN-λ2 was
involved in tumor angiogenesis (5). In this study we evaluated a
role of IFN-λ2 on the promotion of angiogenesis by mouse
mammary cancer cells not only in vitro, but also in ovo on CAM.
Results of the in vitro angiogenesis assay indicated that EMT6
and 4T1 cancer cells treated with IFN-λ2 significantly promoted
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Fig. 7. (A) The pictures showing controls probes for angiogenic in vitro assay. (B) Representative microphotographs showing the
tubule formation by HUVEC influenced mouse mammary cancer cells, mouse mammary cancer cells treated of IFN-λ2, mouse
mammary cancer cells treated IFN-λ2 and inhibitors. (C and D) Graphs showing the length of formed vessel by HUVEC. The *P-
value < 0.05 was regarded as significant whereas **P-value <0.01 and ***P-value < 0.001 as highly significant relative to cancer
cells. Grey * relative to 4T1/EMT6 group and black * relative to IFN-λ2 group.



tubule formation by HUVECs. The length, size and number of
new vessels was higher when HUVEC cells were cultured in
medium conditioned with cancer cells pre-treated with IFN-λ2.
Moreover, similar results were obtained in angiogenesis assayin
ovo. Therefore, we conclude that IFN-λ2 influences cancer cells
to stimulate angiogenesis. Previously we showed that increase of
angiogenesis by IFN-λ2 was supposed to be a result of STAT-3
phosphorylation followed by higher expression of pro-
angiogenic factors (5). The STAT3 is a strong regulator of
expression of the pro-angiogenic factors such as: VEGF, matrix
metalloproteinases (MMP-1, MMP-2, MMP-9) and bFGF (basic
fibroblast growth factor) (54-57).

Because currently, there is no available molecular inhibitor of
IFN-λ2 on the market, in order to identify possible natural
inhibitors of the IFN-λ2/IFN-λ2R complex, we performed 3D
molecular modeling and screening of the library of the natural
products. After visual inspection of docking-based poses, 14
promising compounds were selected and submitted to the first
round of in vitro evaluation. The first screening was performed
based on their cytotoxic effect on cancer cells. Only three
compounds did not promote cell proliferation: curcumin, 24-
hydroxytormentic acid and 6-prenylaromadendrin (Fig. 5C).
These molecules show relatively low cytotoxic activity on cancer
cells. Only 6-prenylaromadendrin significantly affected metabolic
activity of both cell lines at all concentrations (Fig. 6). High
cytotoxic effect was observed also in case of curcumin at 10 and
20 µM concentrations. The results are consistent with the
published data, because it is known that some of the flavonoids
have antiproliferative properties. Antiproliferative effect of
curcumin has been demonstrated on melanoma, breast and colon
cancer cells. Curcumin inhibits translocation of NF-κB to the
nucleus and decreases PDE1A, which is an UHRF1regulator. The
consequence of this interaction is cell cycle arrest (58, 59). The 6-
prenylaromadendrin, similarly to curcumin inhibits NF-κB
activity and induces apoptosis by increase in expression of caspase
3 and 9 (60, 61). The 24-hydroxytormentic acid inhibits
proliferation of melanoma, renal and prostate cancer cells (62, 63).
It decreases NF-κB activity and increases caspase-dependent
apoptosis (63, 64). For our further studies, the highest non-toxic
concentrations of the examined compounds were used. To proof a
role of IFN-λ2 in tumor angiogenesis, we treated endothelial cells
with conditioned medium obtained from EMT6 and 4T1 cell lines
pre-treated with the selected small molecular inhibitors of the
IFN-λ2/IFN-λ2R complex. We showed significant inhibition of
tubule formation by endothelial cells caused by all three
compounds. Moreover, these compounds inhibited the effect
caused by the IFN-λ2 supplementation in cancer cell culture
medium. Similar effects were observed when instead of natural
inhibitors we used specific blocking antibodies. Inhibition of
tubule formation, that was observed in our study, may result not
only from the block of the IFN-λ2 signaling via STAT-3 but also
NF-κB. This pathway not only regulates the cell cycle, but also
affects secretion of angiogenic factors: MMP-2, MMP-3, MMP-9
and it regulates expression of VEGF increasing proliferation and
migration of endothelial cells. Inhibition of NF-κB may cause
decline in adhesion molecules levels (ICAM-1 and ICAM-2) (65).
Therefore, activity of the identified inhibitors is promising,
however optimization and validation of new inhibitors is long
process and needs further studies. If activity of these compounds
will be successfully confirmed in further in vivo studies, the use of
these inhibitors should be considered as anti-angiogenic therapy in
cancer treatment. Our study showed that 4T1 cells were more
resistant for the tested compounds than EMT6 cells. It is known
that 4T1 cells are highly malignant (they represent mouse model
of triple negative breast cancer) and very resistant to
chemotherapy. Currently, their resistance to 6-thioguanine is used
as a ‘gold standard’in clonogenic metastasis assay (66).

To sum up, our study showed that IFN-λ2 enhances cancer
cell migration and tumor angiogenesis. We showed, for the first
time, that level of IFN-λ2 increased in serum of tumor-bearing
mice. Moreover, we identified new promising small molecular
inhibitors of IFN-λ2/IFN-λ2R interaction and confirmed their
biological effect. Importantly, endothelial and bone marrow cells
are unresponsive to IFN-λ2, what could make a therapy using its
inhibitors more safe (15, 67).

Therefore IFN-λ2 may be an interesting target for further
studies. Its mechanism of action requires clarification in various
tumor types and stages of development.
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