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Abstract

Hyaluronan (HA) is a component of the extracellular matrix (ECM) it is the

main non-sulfated glycosaminoglycan able to modulate cell behavior in the

healthy and tumor context. Sulfated hyaluronan (sHA) is a biomaterial derived

from chemical modifications of HA, since this molecule is not naturally sul-

fated. The HA sulfation modifies several properties of the native molecule,

acquiring antitumor properties in different cancers. In this study, we evaluated

the action of sHA of �30–60 kDa with different degrees of sulfation (0.7 sHA1

and 2.5 sHA3) on tumor cells of a breast, lung, and colorectal cancer model

and its action on other cells of the tumor microenvironment, such as endothe-

lial and monocytes/macrophage cells. Our data showed that in breast and lung

tumor cells, sHA3 is able to modulate cell viability, cytotoxicity, and prolifera-

tion, but no effects were observed on colorectal cancer cells. In 3D cultures of

breast and lung cancer cells, sHA3 diminished the size of the tumorsphere and

modulated total HA levels. In these tumor models, treatment of monocytes/

macrophages with sHA3 showed a downregulation of the expression of angio-

genic factors. We also observed a decrease in endothelial cell migration and

modulation of the hyaluronan-binding protein TSG-6. In the breast in vivo

xenograft model, monocytes/macrophages preincubated with sHA1 or sHA3

decreased tumor vasculature, TSG-6 and HA levels. Besides, in silico analysis

showed an association of TSG-6, HAS2, and IL-8 with biological processes

implicated in the progression of the tumor. Taken together, our data indicate
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that sHA in a breast and lung tumor context is able to induce an antiangiogenic

action on tumor cells as well as in monocytes/macrophages (Mo/MØ) by modula-

tion of endothelial migration, angiogenic factors, and vessel formation.
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1 | INTRODUCTION

Hyaluronan (HA) is a member of the glycosaminoglycan
family and is a key component of the extracellular matrix
(ECM) of almost all mature tissues.1 Despite its simple
chemical structure, HA can interact with different cellular
receptors, binding proteins (such as TSG-6) and proteogly-
cans.2,3 These interactions allow HA to regulate various
biological processes, such as cell growth, adhesion, migra-
tion, and differentiation. Moreover, HA is known to have
multiple and complex functions in wound healing, inflam-
mation, and immune responses, as well as in tumoral pro-
cesses.4 HA is synthesized by HA synthases and is
fragmented into bioactive molecules by hyaluronidases
(HAases).5 It was previously reported that small fragments
of HA generated by HAase stimulate angiogenesis,6 but
inhibit tumoral HA signal.7 Members of the HA signaling
pathway, that is, hyaluronan-binding proteins, HA recep-
tors such as CD44, RHAMM, among others, have been
shown to promote tumor growth, metastasis, and angiogen-
esis4,8 and therefore, HA associated molecules are potential
targets for cancer therapy.9 Chemical derivatives of HA,
such as sulfated hyaluronan (sHA), are promising biomate-
rials since their sulfate groups modulate binding and bio-
logical function of native HA. It was previously shown that
sulfated HA (sHA) inhibits HAases activity10 depending on
sulfate content and molecular weight.11 Besides, it was
shown that sHA inhibited prostate cancer cell proliferation,
motility, and invasion in vitro and abrogated tumor growth
in xenograft models.12 Moreover, in bladder cancer, sHA
treatment significantly inhibited tumor growth, probably
by inhibiting angiogenesis and HA receptor-PI-3K/AKT
signaling.13 Sulfated HA was also found to be a promising
molecule for the treatment of angiogenesis-related disease
because it inhibited human umbilical vein endothelial cell
(HUVEC) survival and proliferation and human dermal
microvascular endothelial cell tube formation.14 Recently,
it was observed that sHA, of low molecular weight (LMW)
range and with high sulfation degree, modified breast can-
cer cell properties with different estrogen receptor status.15

Tumor-associated cells such as immune cells and
endothelial cells (EC) are essential in the tumor microen-
vironment.16 In concert with malignant cells, they allow
tumor progression t. One of the most important immune

cells of the tumor microenvironment are macrophages
(MØ). Tumor-associated MØ (TAMs) play crucial roles in
driving growth and progression.17 In most tumor types,
TAMs stimulate the proliferation and migration of tumor
cells, promote tumor angiogenesis by high expression of
VEGF and remodel the vessel formation.18 Additionally,
HA is able to interact with MØ to induce different intra-
cellular signals depending on its MW.1,19,20 Besides, we
previously determined that HA of high molecular weight
(HMW) could induce in monocytes/macrophages
(Mo/MØ) an angiogenic potential, associated with the
downregulation of TSG-6 expression in a breast cancer
model. In contrast, LMW HA did not affect the angio-
genic phenotype.20 For this reason, we decided to evalu-
ate the effects of sHA, with different degrees of sulfation
and a MW in the range of LMW, in breast, lung, and
colorectal cancer models as well as on EC and Mo/MØ.
On the other hand, it is well known that TSG-6 modu-
lates HA function, allowing its crosslinking with other
matrix components, therefore modifying the ECM stabil-
ity and functions.21 Therefore, we also evaluated if sHA
treatments are associated with TSG-6 expression that, in
turn, could affect tumoral EC and Mo/MØ cells behavior.

2 | MATERIALS AND METHODS

2.1 | Reagents

Sulfated hyaluronans (sHA) were synthesized from the
tetrabutyl ammonium salt of HA at Fidia Farmaceutici S.
p.A.10,22 For the synthesis of sHA1 and sHA3 (the aver-
age number of sulfate groups per disaccharide repeating
unit [DS] was 1 and 3, respectively), a SO3-pyridine com-
plex (the molar polymer/SO3 ratio was 1:4 and 1:10,
respectively) was used as the sulfation agent in DMSO
(20 hr, r.t.). The sulfated products were precipitated in
ethanol and purified by dialysis in distilled water,
followed by lyophilization. The degree of sulfation was
determined by measurements of the sulfur content using
ICP-OES (Perkin Elmer) at 181.975 nm (sulfur emission
wavelength). sHA1 MW = 28.1 kDa and sHA3
MW = 66.4 kDa. Physicochemical data are shown in
Table 1.
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2.2 | Cell lines

MDA-MB-231 (triple-negative breast adenocarcinoma,
ATCC® HTB-26) cells, kindly provided by Roxana Schillaci
(IBYME, CABA, Argentina) and LoVo (colorectal adenocar-
cinoma, ATCC® CCL-229) cells were maintained with
DMEM/F12 supplemented with 10% FBS, 2 mM L-gluta-
mine, 100 U/ml streptomycin, and 100 mg/ml penicillin and
incubated at 37�C in a 5% CO2 humidified atmosphere.
H1299 (Non-small cell lung cancer, ATCC® CRL-5803) cells
were maintained with RPMI supplemented with 10% FBS,
2 mM L-glutamine, 100 U/ml streptomycin, and 100 mg/ml
penicillin and incubated at 37�C in a 5% CO2 humidified
atmosphere. The HMEC-1 (dermal microvascular endothe-
lium) cell line was cultured with DMEM supplemented with
10% FBS, 2 mM L-glutamine, 100 U/ml streptomycin, and
100 mg/ml penicillin and incubated at 37�C in a 5% CO2

humidified atmosphere. In all cell cultures, periodic checkups
of cell morphology were performed, as well as strict control
of cell line passages (5th–10th passage) and cell line growth
rate. In addition, all cell lines were analyzed by PCR to elimi-
nate the presence of mycoplasma contamination.

Confluent cultures of MDA-MB-231, H1299, and
LoVo cells were treated with different concentrations of
sHA1 and sHA3 for 24 hr. Cell suspensions and condi-
tioned media (CM) were used for experiments. Condi-
tioned media (CM) was collected from supernatants of
MDA-MB-231 (MCM), H1299 (HCM), and LoVo (LCM)
tumor cell lines cultured (1.2 � 106 cells) for 24 hr with-
out serum. The resulting CM was aliquoted and stored at
�80�C until use.

2.3 | Isolation of PBMC-derived Mo/MØ
from human blood

Peripheral blood samples were obtained from voluntary
blood donors for isolation of human Mo. Approval was
obtained from the Institutional Assessment Committee
(CIE)—IRB within the Austral University Hospital (CIE

N� 17–006). Informed consent was obtained from partici-
pants in accordance with the Declaration of Helsinki.

PBMC-derived Mo/MØ were isolated from healthy
donors' blood by the Ficoll-Paque Plus (GE Healthcare)
gradient, followed by a Percoll gradient to enrich it with
Mo. Cells were plated into 12-well plates for 2 hr, and
nonadherent cells were removed. Then, adhered cells
were subsequently cultured overnight in complete RPMI
1640 medium.23 Twenty-four hours later, the medium of
the adherent Mo/MØ was replaced with RPMI 1640 (FBS
free) and treated with sHA1 (100 μg/ml), sHA3
(100 μg/ml) or conditioned media from MDA-MB-231
(MCM), H1299 (HCM), and LoVo (LCM) cells. After
24 hr, the cells were centrifuged and used for
experiments.

2.4 | MTS

Cell viability was measured by MTS assay (Abcam
ab197010) as described in the manufacturer's protocol.
MDA-MB-231, H1299, LoVo, HMEC-1 or Mo/MØ cells
were seeded in 96-well plates at a density of 6 � 103 cells
per well and treated with sHA1 or sHA3 (0, 20, 100 and
1,000 μg/ml). Three hours before the treatments ended,
MTS dye was added and incubated for 3 hr in the dark.
The optical density (OD) values were measured at
490 nm.

2.5 | Cytotoxicity assay

To measure cytotoxicity, liberation of LDH was measured
by cytotoxicity assay kit (Abcam ab65391). MDA-MB-231,
H1299, and LoVo cells were plated at 2 � 104 cells per
well and incubated at 37�C in 5% CO2 until they stabi-
lized and then were treated with sHA (0, 20, 100, and
1,000 μg/ml). Every treatment was evaluated in triplicate,
and the following controls were performed: background
control, low control and high control (with 1% Triton

TABLE 1 Physicochemical data of sHA1 and sHA3

Derivative Degree of sulfation

Molecular weight of
disaccharide
repeating unit

Weight average
molecular
weight MW

Intrinsic
viscosity
IV

Hydrodynamic
radius Rh

Id. Batch cod
Eq. SO4Na/Eq. disaccharide
repeating unit Da kDa Dl/g Nm

sHA1 (batch
RS015/16)

0.7 477 28.1 1.1 7.5

sHA3 2.5 661 66.4 0.7 8.5

Note: Batch RS010/16.
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X-100). Then, the assay was carried out according to the
instructions provided by the manufacturer.

2.6 | Proliferation assay

The thymidine incorporation assay uses the strategy of
incorporating the radioactive nucleoside 3H-thymidine
into new strands of chromosomal DNA during mitotic
cell division. The radioactivity in DNA recovered from
the cells was measured to determine cell proliferation.
Briefly, 2 � 104 MDA-MB-231, H1299 or LoVo cells were
seeded in 96-well plate, incubated for 24 hr for adhesion
and then treated with sHA1 or sHA3 (100 μg/ml) for
24 hr. Six hours before the end of treatment, the cells
were treated with 3H-thymidine (0.8 μCi/well). Once the
treatment ended, the cells were collected with a cell har-
vester, and radioactive DNA was measured with a scintil-
lation beta-counter.

2.7 | Apoptosis

To analyze whether sHA treatment induced apoptosis in
tumor cells, Annexin V-APC and propidium iodide
(ImmunoTools) were analyzed by flow cytometry. Briefly,
5 � 105 MDA-MDB-231, H1299 or LoVo cells were treated
with sHA1 or sHA3 (100 μg/ml) according to the instruc-
tions provided by the manufacturer. As a positive control,
apoptosis and necrosis were induced with 4% PFA, and cells
without treatment and without dye were used as
autofluorescence controls. Samples were processed by
FACSCanto II, and data were analyzed using FlowJo (LCC).

2.8 | Three-dimensional spheroid
culture

Hanging drops were made with 1.2 � 104 MDA-MB-231,
H1299 or LoVo cells in 30 μl of complete medium with or
without sHA1 or sHA3 (100 μg/ml). The hanging drops
were incubated in standard culture conditions for
10 days.24 Images of the spheroids in every condition
were captured, and the area of each one was measured
using ImageJ 1.50b software. Spheroids were fixed with
methanol and incubated with HA-binding protein
(385,911, Calbiochem). The spheroids were washed and
incubated for 2 hr with streptavidin conjugated with
FITC (31274243, Immunotools) and then were rinsed
with PBS and labeled with DAPI (0.3 μg/ml). Images of
the stained sections were taken with a Nikon Eclipse
E800 fluorescence microscope and quantified with
ImageJ.

2.9 | HA ELISA like assay

The protocol used to detect the soluble fraction of HA
was adapted from previous studies24 and developed by
our laboratory. A specific HA-binding protein (HABP)
was used to cover a 96-well plate. Then, MDA-MB-231,
H1299, LoVo or Mo/MØ cell supernatant samples were
plated, and HABP protein was added in its biotinylated
form to determine the concentration of HA through col-
orimetric detection of peroxidase enzyme activity. Optical
density was detected by a spectrophotometer at 450 nm.

2.10 | RT-qPCR

Total RNA was extracted by Tri Reagent (TR 118, Molecular
Research Center, Inc.). RNA quantification was evaluated by
spectrophotometry. Then, 2 μg of RNA was reverse tran-
scribed with 200 U of RT M-MLV Reverse Transcriptase
(M1701, Promega) and 2.5 pmol/μl of oligo (dT) primers
(GenBiotech). cDNAs were then subjected to real-time quan-
titative PCR (RT-qPCR) using FastStart SYBR Green Master
Mix (04673484001, Roche) and 200 nM of each specific
primer (Invitrogen, Life Technologies™):

VEGF: forward 50-CTCCTCCACCATGCCAAGT-30 and
reverse 50-GCAGTAGCTGCGCTGATAGA-30;
IL-8: forward 50-AAGGAAAACTGGGTGCAGAG-30 and
reverse 50-GGCATCTTCACTGATTCTTGG-30;
FGF-2: forward 50-CCTGGCTATGAAGGAAGATGG-30

and reverse 50-TCGTTTCAGTGCCACATACC-30;
GAPDH: forward 50-GGGGCTGCCCAGAACATCAT-30

and reverse 50-GCCTGCTTCACCACCTTCTTG-30; and
β2-microglobulin: forward 50-CACCCCCACTGAAAAAG
ATG-30 and reverse 50-CTTACCTCCATGATGCTGCTTA
C-30.

The PCR conditions were as follows: 90 s at 94�C and
then 40 cycles of 30 s at 94�C, 30 s at 60�C and 30 s at
72�C. Values were normalized to the levels of the
GAPDH housekeeping gene.

2.11 | ELISA

ELISAs were used to detect the protein levels of VEGF
(DY293B, R&D Systems™) in MDA-MB-231, H1299 or
LoVo conditioned media and total TGF-β1 (436707, Leg-
end Max, BioLegend), active TGF-β1 (437707, Legend
Max, BioLegend), and IL-1β (DY201-05, R&D Systems™)
in cell-free conditioned media of Mo/MØ. The assays
were carried out according to the instructions provided
by the manufacturer.
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2.12 | Western blotting

To analyze TSG-6 biosynthesis in the supernatants of
Mo/MØ, equal amounts of protein were resolved by 0.1%
SDS-10% polyacrylamide gel denaturing electrophoresis
(SDS-PAGE) and transferred to nitrocellulose mem-
branes. The membranes were incubated overnight at 4�C
with RAH-1, a polyclonal human TSG-6 antibody (dilu-
tion 1/5000)25 (kindly supplied by Dr. Anthony Day), and
then incubated for 1 hr at RT with horseradish
peroxidase-labeled secondary antibody. Finally, the HRP
chemiluminescence reaction was detected using a stable
peroxide solution and an enhanced luminol solution.
Images were obtained with an ImageQuant 4000 mini
bioluminescent image analyzer (GE HealthCare Life Sci-
ences) and analyzed using ImageJ.

2.13 | In vitro endothelial and Mo/MØ
cell migration assay

In vitro migration was performed using a 48-well
Transwell microchemotaxis Boyden Chamber unit
(Neuroprobe, Inc.). HMEC-1 cells or Mo/MØ (1.5 � 103

cells/well) were placed in the upper chamber, and condi-
tioned medium of the treatments was applied to the lower
chamber of the Transwell unit. As a negative control, cells
were exposed to DMEM and RPMI without FBS, and as a
positive control, a medium rich in angiogenic factors was
used. The chamber was left for 4 hr at 37�C in a 5% CO2

humidified atmosphere. Cells attached to the lower side of
the membrane were fixed in 2% formaldehyde and stained
with 40,6-diamidino-2-phenylindole dihydrochloride
(DAPI, Sigma-Aldrich). Images from three representative
visual fields were captured using a Nikon Eclipse E800
fluorescence microscope and were analyzed using Cel-
lProfiler software (www.cellprofiler.com), and the mean
number of cells/fields ± SEM was calculated.

2.14 | Tumor xenograft model

Six- to eight-week-old male nu/nu mice were purchased
from Comisi�on Nacional de Energía At�omica, Ezeiza,
Buenos Aires, Argentina. Animals were maintained at
our Animal Resources Facilities (CIBA, CIT NOBA) fol-
lowing the experimental ethical committee and the NIH
Guide for the Care and Use of Laboratory Animals
(eighth edition). An MDA-MB-231 or H1299 cell suspen-
sion (1 � 107 cells/0.1 ml) was injected subcutaneously
into the dorsal flank of mice. After, 9 days, PBMC-
derived Mo/MØ treated or not with sHA1 or sHA3 were

inoculated subcutaneously near the base of the tumor.
On day 29, mice were sacrificed, and tumors were
removed, fixed in 10% formalin and embedded in paraf-
fin. Before staining, 3-μm sections were deparaffinized
and dehydrated.

2.15 | Vasculature detection in tumor
tissues

Slides were rinsed with PBS and labeled with DAPI
(0.3 μg/ml) plus 20 μg/ml of fluorescein-labeled Griffonia
(Bandeiraea) Simplicifolia Lectin I (GSL I; FL-1101, Vec-
tor Laboratories) that binds specifically to endothelial
cells in mouse tissues.26 The sections were rinsed with
PBS and mounted on microscope slides. Images of the
stained sections were taken with a Nikon Eclipse E800
fluorescence microscope. Microvessels were quantified
with ImageJ software.

2.16 | Immunostaining of TSG-6 and HA
in tumor tissues

Slides were rinsed with PBS and incubated overnight at
4�C with rabbit anti-human polyclonal antibody against
TSG-6 (RAH-1) (dilution 1/1,000)25 and HA binding pro-
tein conjugated with avidin (385911, Calbiochem). After-
ward, the tissue slices were washed three times in PBS
and then incubated for 1 hr at 4�C with secondary rabbit
antibody conjugated with Texas Red® (TI-1000, Vector
Laboratories) and streptavidin conjugated with FITC
(31274243, Immunotools). The sections were rinsed with
PBS, stained with DAPI (0.3 μg/ml) and then mounted
on microscope slides. Images of the stained sections were
taken with a Nikon Eclipse E800 fluorescence microscope
and quantified with ImageJ.

2.17 | Protein–protein interaction
analysis

STRING v11 (http://string-db.org/) was used to develop
in silico protein interaction networks for TSG-6. All inter-
actions were predicted with a high confidence threshold
of 0.700. Additionally, for the enrichment analysis,
STRING uses three different databases: GO, Pfam
(Protein families), and KEGG and performs a multiple
testing correction separately within each functional clas-
sification framework (GO, KEGG, InterPro, etc.),
according to Benjamini and Hochberg, to predict
protein–protein interaction (PPI) networks.27
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2.18 | Statistical analysis

For statistical analysis, 95% confidence intervals (CIs)
were determined by calculating arithmetic mean values
and variance (standard deviation, SD) of three indepen-
dent experiments. To evaluate whether differences
between the obtained values were significant, analysis of
variance (ANOVA, Tukey's test) was used in case of the
experiments with more than two experimental groups.
Prism software (GraphPad, San Diego, CA, USA) was
used, considering a p value <.05 as statistically
significant.

3 | RESULTS

3.1 | sHA effects on tumor and
associated cells survival

First, we assessed viability, cytotoxicity, apoptosis, and
proliferation action of sHA1 and sHA3 at different con-
centrations (20, 100, and 1,000 μg/ml) on MDA-MB-231,
H1299, and LoVo tumor cell lines, endothelial cell line,
HMEC-1 and Mo/MØ derived from human peripheral
blood. In the triple negative (TN) breast cancer cell line
MDA-MB-231 we observed that sHA1 decreased cell

FIGURE 1 Cell viability, cytotoxicity, apoptosis, and proliferation on MDA-MB-231 (a), H1299 (b) and LoVo (c) cells under different

concentrations of sHA1 and sHA3 (μg/ml). Cell viability was performed with the MTS assay. Cytotoxicity was measured LDH liberation in

colorimetric assay (C+ positive control). Apoptosis was evaluated by Annexin V in flow cytometry assay, which determined early and late

apoptotic events. Proliferation was measured by thymidine incorporation assay. (*) p < .05, (**) p < .01, (***) p < .001, regard to basal

control (BC)
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viability significantly at the concentration of 100–
1,000 μg/ml whereas sHA3 decreased cell viability at
every concentration tested (20–1,000 μg/ml); with these
data, the IC50 was calculated for sHA1 and sHA3, being
189.3 ± 0.13 μg/ml for sHA1 and 112.3 ± 0.39 μg/ml for
sHA3 (Figure S1). Moreover, sHA3 at its higher concen-
tration caused cytotoxicity. On the other hand, we found
that sHA did not induce apoptosis or modify the prolifer-
ation rate of this cells (Figure 1a). Contrary to the non-
small cell lung cancer cell line H1299, we found that
sHA1 at every concentration tested and sHA3 at the con-
centration of 20 and 100 μg/ml increased cell viability,
but sHA3 decreased cell viability and induced cytotoxicity
at its higher concentration. None of the sHA species cau-
sed apoptosis. However in this cell line, sHA3
(100 μg/ml) significantly decreased the proliferation rate,
whereas SHA1 enhanced the proliferation (Figure 1b),
indicating that in these cells only sHA3 can reduce cell
survival. On the other hand, in the colorectal cancer cell
line Lovo, both sHA increased cell viability at 20 and
100 μg/ml. None of the sHA species induced cytotoxicity
or apoptosis, but sHA3 (100 μg/ml) significantly
decreased the proliferation rate (Figure 1c). Indicating
that in these cells, sHA3 are able to reduce cell
proliferation.

Considering these results, we decided to treat tumor
cell lines with sHA1 or sHA3 at a concentration of
100 μg/ml, because it was lower than the IC50, and that
concentration did not induce significant cytotoxicity.

Additionally, we also evaluated the effect of sHA on
the viability of endothelial cells (HMEC-1) and Mo/MØ
derived from human peripheral blood. In the case of
endothelial cells, we observed that sHA1 or sHA3 did not
affect the viability of HMEC-1 cells at any assessed con-
centration (Figure S2a). However, sHA1 or sHA3
increased the cell viability of Mo/MØ (Figure S2b). Tak-
ing into account these results, we decided to treat these
cells with the same sHA concentration used with tumor
cells (100 μg/ml).

From these results, we conclude that sHA affects can-
cer cell death depending on the cell type by inducing
molecular mechanisms of death other than apoptosis.

3.2 | In vitro cell migration of HMEC-1
cells and Mo/MØ

Previous studies reported that sHA has antiangiogenic
action.28 Thus, we decided to analyze, first, endothelial
cell (EC) migration levels towards (a) sHA1 or sHA3,
(b) the conditioned media (CM) of MDA-MB-231 (MCM),
H1299 (HCM), and LoVo (LCM) cells treated with sHA
or (c) CM of Mo/MØ treated with sHA with or without

CM of tumor cells; and to take into account a tumor-free
context and a tumor context associated or not with the
presence of Mo/MØ. Secondly, Mo/MØ migration levels
towards (a) sHA1 or sHA3 and (b) CM MDA-MB-231,
H1299 and LoVo cells treated with sHA. sHA1 or sHA3
significantly increased the migration of ECs in compari-
son to cell culture media in a tumor-free context.
(Figure 2a). However, sHA3 significantly decreased the
migration of Mo/MØ in comparison to cell culture media.
On the other hand, in a tumor context, CM of MDA-MB-
231 and H1299 cells treated with sHA1 or sHA3
decreased EC chemotaxis, compared to BC (CM of cells
without treatment) (Figure 2b). Nevertheless, CM of
LoVo cells treated with sHA1 or sHA3 did not affect EC
chemotaxis (Figure 2a). In the case of Mo/MØ, we
observed a decrease in cell migration toward CM of
MDA-MB-231 and H1299 cells treated with sHA3
(Figure 2b). However, CM of LoVo cells treated with
sHA1 or sHA3 did not modulate Mo/MØ migration levels
(Figure 2b). When we evaluated EC migration toward
CM of Mo/MØ, we observed, first, that EC chemotaxis
increased with CM of Mo/MØ treated with sHA1
(Figure 2c) compared to BC (CM of cells without treat-
ment). However, in a tumor context EC chemotaxis
decreased with CM of Mo/MØ treated with CM of MDA-
MB-231 and H1299 treated with sHA1 or sHA3
(Figure 2c) compared to CM of MDA-MB-231 and H1299
without treatment. Nevertheless, CM of Mo/MØ treated
with CM of LoVo cells treated with sHA1 or sHA3 did
not affect EC migration levels significantly (Figure 2c).
This indicated that the sHA has a differential effect in a
tumoral microenvironment compared to a physiological
milieu.

3.3 | Detection of Angiogenic factors in
tumor cells and Mo/MØ

Consequently, we decided to evaluate which angiogenic
factors decreased EC and Mo/MØ migration levels trig-
gered by sHA in the tumor context. We evaluated VEGF
levels in MDA-MB-231, H1299, and LoVo supernatants
and found a significant decrease with sHA3 treatment
only in MDA-MB-231 supernatants (Figure 3a). Further-
more, it is well known that Mo/MØ induce tumor vascu-
larization by secreting angiogenic factors, such as VEGF,
IL-8, and FGF-2. We evaluated the mRNA expression
levels of these factors in Mo/MØ treated with sHA with
or without CM of MDA-MB-231 and H1299. We observed
that the CM of these cell lines treated with sHA3 reduces
the VEGF, IL-8, and FGF-2 mRNA expression to
undetectable levels, being variable in the case of sHA1
treatment. Similarly, sHA inhibited the mRNA
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expression in physiological conditions (culture media;
Figure 3b,c).

3.4 | Cytokines profile of Mo/MØ

Since it is important to define the phenotype that Mo/MØ
acquired in the tumor environment, we decided to evalu-
ate whether sHA could modulate the biosynthesis of key
anti- or proinflammatory cytokines TGF-1β and IL-1β in
Mo/MØ (Figure 4a,b). We observed a significant reduc-
tion of total TGF-1β in Mo/MØ previously exposed to CM
of MDA-MB-231, a similar tendency was observed for the
other cell lines. Regarding the modulation of IL-1β, we
could not detect significant changes in Mo/MØ

previously exposed to CM of MDA-MB-231 and H1299,
contrary in Mo/MØ previously exposed to CM of Lovo
cells, where we observed a significant reduction of these
cytokines (Figure 4c).

3.5 | Soluble HA levels in tumor cells
and Mo/MØ

Because it was reported that sHA modulates HA metabo-
lism, synthesis, and degradation, acting as hyaluronidases
inhibitor11 we decided to analyze the content of HA
secreted by MDA-MB-231, H1299 and LoVo cells and
Mo/MØ in a physiological and tumor context. In the case
of Mo/MØ, sHA did not modulate soluble HA levels in a

FIGURE 2 In vitro cell

migration of endothelial cells

(ECs) and Mo/MØ in

physiological and tumor

contexts. Migration toward to

culture media with or without

sHA (a) and conditioned media

of tumor cells treated with sHA1

or sHA3 (b). ECs migrated to

conditioned media of Mo/MØ

treated with sHA1 or sHA3 and

conditioned media of tumor cells

plus sHA1 or sHA3 (c). Results

are expressed as an index of cell

migration with respect to non-

treated basal control (BC)

± SEM from three representative

visual fields. The results are

representative of three

independent experiments: (*)

p < .05, (**) p < .01, (***)

p < .001. Black asterisks indicate

significant differences regard to

BC; red asterisks indicate

significant differences between

treatments. CM, conditioned

media; W/T, without treatment
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physiological context (culture media). However, it
increased significantly with CM derived from MDA-MB-
231 treated or not with sHA3 and from LoVo treated or
not with sHA3 (Figure 5a) with respect to culture media
(basal control: BC). CM from H1299 cells treated or not
with sHA did not modulate Mo/MØ soluble HA levels
(Figure 5a) with respect to culture media (BC). Surpris-
ingly, CM from MDA-MB-231 and H1299 treated with
sHA1 reduced Mo/MØ soluble HA levels with respect to
CM without treatment (W/T), respectively. Besides, CM
of LoVo treated with sHA1 decreased Mo/MØ soluble
HA levels with respect to CM from LoVo W/T
(Figure 5a). On the other hand, we did not observe signif-
icant differences in the soluble HA levels, between treat-
ments, in any tumor cell line (Figure 5b). Thus, we could
observe that only sHA1 could reduce the HA levels in
Mo/MØ in all tumor contexts.

3.6 | 3D tumor culture, spheroid size,
and HA levels

Tumor cells in vivo form 3D structures that are essential to
interact with the surrounding ECM, thus it is a better
model to study the impact of ECM on tumor cell behav-
ior.24 Therefore, we decided to culture MDA-MB-231,
H1299 and LoVo cells in 3D, using the hanging drop tech-
nique, and evaluate spheroids size and total HA levels.
sHA1 treatment did not affect mammosphere size, how-
ever, sHA3 treatment reduced tumorsphere size (Figure 6a,
b, top panel). At the same time, sHA1 and sHA3 treatment
reduced H1299 spheroids size (Figure 6a,b, middle panel).
Nonetheless, sHA1 or sHA3 treatment did not affect LoVo
spheroids size (Figure 6a,b, bottom panel).

On the other hand, sHA3 treatment increased total
HA levels of MDA-MB-231 with respect to basal control

FIGURE 3 VEGF protein expression and mRNA levels of proangiogenic factors in Mo/MØ treated with sHA1 or sHA3 in physiological

and tumor contexts. VEGF levels in supernatants of MDA-MB-231, H1299, and LoVo cells, treated or not with sHA1 or sHA3, measured by

ELISA (a). Data are expressed as mean ± SEM of VEGF levels (pg/ml) from three independent experiments. VEGF, FGF-2 and IL-8 mRNA

levels measured by RT-qPCR, in Mo/MØ treated or not with sHA1 or sHA3 in physiological and breast (b) or lung (c) contexts. Data are

expressed as normalized relative quantities (NRQ) mean ± SEM from three independent experiments. (*) p < .05, (**) p < .01, (***) p < .001.

Black asterisks indicate significant differences with respect to basal control (BC). CM, conditioned media; W/T, without treatment
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and sHA1 treatment (Figure 6c). Otherwise, sHA1 treat-
ment significantly increased total HA levels of H1299,
with respect to basal control, however, sHA3 decreased
total HA levels of H1299 with respect to basal control
and sHA1 treatment (Figure 6c). None of the sHA treat-
ments modulated total HA levels of LoVo cells
(Figure 6c) with respect to basal control.

3.7 | TSG-6 protein expression in Mo/MØ
in a breast tumor context and sHA
treatment

We previously reported that HA could modulate TSG-6, a
hyaluronan-binding protein, in Mo/MØ in a breast tumor
context, and this was associated with a reduction of the
angiogenic behavior of these cells.20 Therefore, we used
western blot to evaluate the protein expression levels of
TSG-6 in supernatants of Mo/MØ treated with sHA. We
detected two species: (a) � 35 kDa corresponding to free
TSG-6 and (b) � 120 kDa corresponding to the complex
generated by the heavy chain (HC) of IαI and TSG-6, as
has been documented by other authors.25 We detected
that sHA1 significantly increased the TSG-6–35 kDa spe-
cies corresponding to free TSG-6 compared to basal con-
dition and sHA3. Besides, similar results were observed
in experimental conditions with MCM and MCM plus
sHA3 (Figure 7a). However, the �120 kDa species,

corresponding to TSG-6�HC that was only detected in the
tumor context, has a tendency to increase with the treat-
ment of MCM plus sHA3 and to decrease with MCM plus
sHA1 (Figure 7a). This indicates that, sHA could modify
the enzymatic activity of TSG-6 depending on the sul-
fated grade.

3.8 | Effect of Mo/MØ preincubated with
sHA1 or sHA3 on xenograft breast cancer
model

Nu/nu mice were injected with MDA-MB-231 cells, and
9 days later, animals with similar tumor volumes were
inoculated with Mo/MØ preincubated with sHA1 or
sHA3. Tumor volume was measured weekly, and we
found no differences in tumor growth between treat-
ments (data not shown). Tumors were fixed, and sections
were stained with: (a) H&E to rule out changes in tumor
histology, (b) TSG-6, (3) HA, and (4) GSL-1 to analyze
ECs forming blood vessels.

Mice inoculated with Mo/MØ preincubated with sHA1
or sHA3 exhibited significantly decreased TSG-6 immuno-
fluorescence intensity compared to mice inoculated with
Mo/MØ without treatment (Figure 7b). Additionally, these
treatments reduced the immunofluorescence intensity
levels of HA when compared to tumor controls and
Mo/MØ control (Figure 7b).

FIGURE 4 Cytokine

protein expression from

supernatants Mo/MØ treated

with sHA1 or sHA3 in

physiological and tumor context.

Total TGF-β1 (a), activated TGF-

β1(b) and IL-1β (c). Data are
expressed as mean ± SEM of

cytokines levels (ng/μl; pg/ml)

from three ELISA independent

experiments. (*) p < .05, (**)

p < .01, (***) p < .001. Black

asterisks indicate significant

differences with respect to basal

control (BC); red asterisks

indicate significant differences

between treatments. CM,

conditioned media; W/T,

without treatment
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Mo/MØ preincubated with sHA1 or sHA3 induced a
significant decrease in the tumor vasculature in the
MDA-MB-231 model detected by immunofluorescence
intensity (AU) of GSL-1-FITC in comparison to the
tumor control as well as those animals inoculated with
Mo/MØ without treatment (Figure 8a). These in vivo
data are in concordance with the in vitro results, indicat-
ing that sHA modulate the angiogenic behavior of
Mo/MØ, probably through modulation of TSG-6 and HA
levels.

3.9 | In silico protein–protein
interactions analysis of TSG-6 implicated in
tumor inflammation, blood vessel
morphogenesis, and cancer

To explain the observed results about the modulation of
TSG-6 by sHA we perform an in silico protein

interaction network analysis associated with TSG-6,
using the STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) online tool.27 The analysis
showed that TSG-6 interacts directly or indirectly with
CCL5, CXCL8 (IL-8), CXCL11, ITIH4 (inter-alpha-
trypsin inhibitor heavy chain H4) and PTX3 (Pentraxin-
related protein), proteins involved in immune responses,
inflammatory reactions, and cell chemotaxis. Besides,
TSG-6 interacts with other components of ECM like
THBS1 (Thrombospondin-1) and FN1 (Fibronectin type
III) and with HA synthase 2 (Figure 8a). Then we ana-
lyzed biological processes, WikiPathways, molecular
functions and KEGG pathways related to this network.
Because of the enrichment of biological processes, the
red was associated with inflammatory response, cell
migration and proliferation, cell adhesion and chemo-
taxis of monocytes and other blood cells, responses to
cytokines and chemokines, blood vessels morphogenesis
and HA metabolism (Figure 8b, green bars). We also

FIGURE 5 HA levels, measured by ELISA, in supernatants of Mo/MØ treated or not with sHA1 or sHA3 in physiological and tumor

contexts (a) and MDA-MB-231, H1299 and LoVo cells treated or not with sHA1 or sHA3 (b). Data are expressed as mean ± SEM of HA

levels (ng/ml) from three independent experiments. (*) p < .05, (**) p < .01, (***) p < .001. Black asterisks indicate significant differences

regard to basal control (BC); red asterisks indicate significant differences between treatments. CM, conditioned media; W/T, without

treatment
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observed some of these functions in the molecular func-
tion group (Figure 8d, orange bars). In Wiki and KEGG
pathways, we found that TSG-6 and related proteins
were associated with inflammatory response pathways
like toll-like receptor and IL-18 signaling pathway and
cytokine–cytokine receptor interaction, senescence and
autophagy in cancer and lung fibrosis (Figure 8c,f, blue
and yellow bars, respectively). Moreover, we used
STRING to predict the association between the analyzed
target network based on PubMed co-citation references
and the following key articles were found connected to
inflammation and ECM in tumor microenvironment,
hyaluronan, monocyte/macrophage differentiation, regu-
lation of chemokine function, and others (Figure 8d,
violet bars).

4 | DISCUSSION

Our work has examined the action of sHA in TN breast,
lung, and colorectal models, and its impact in associated
cells of the tumor microenvironment, such as endothelial
and the monocyte/macrophage immune cells. As men-
tioned above, it was previously shown that sHA reduced
tumor aggressiveness in several cancer models as bladder,
prostate, and breast cancer.12–15 However, no reports
were found about action on tumor-associated cells, which
was evaluated in our study. It is important to note that
sHA action is dependent on sulfation degree, thus our
first objective was to assess if the sHA1 and sHA3 sHA as
LMW or fragments, with different sulfation degrees but
similar MW range 30–60 kDa (around 60–100 monomers,

FIGURE 6 In vitro 3D growing of MDA-MB-231, H1299 and LoVo cells, treated or not with sHA1 or sHA3. Left to right panels: images

of spheroids observed with light microscope and fluorescence microscope (100�) (a), spheroids area (b) and HA levels analysis (c), of each

cell lines treated with sHA1 or sHA3. Data are expressed as fold change of spheroids area and HA levels from three independent

experiments. (*) p < .05, (**) p < .01, (***) p < .001. Black asterisks indicate significant differences regard to basal control (BC); red asterisks

indicate significant differences between treatments
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see Table 1) affect the behavior of immune cells, Mo/MØ
or EC associated to a tumor context.

Therefore, the highlight of our work is that sHA, in a
breast and lung tumor context, can induce an anti-
angiogenic action on tumor cells and Mo/MØ, evidenced
by the decrease of EC migration and angiogenic factor
levels. Notably, the negative effect of sHA on the migra-
tion of EC is not observed in a physiological context, indi-
cating a specific action in the tumor microenvironment.
Multiple factors can affect their invasive capacity.29

Tumor-associated cells and ECM might alter EC and the
action of different molecules.30 Thus, our results are an
example that the tumor microenvironment should be
considered to establish the antiangiogenic properties of
molecules and cells. We could suggest that factors present
in CM derived from tumor cells treated with sHA change
the migratory behavior of ECs (shown in Figure 2b).

Moreover Mo/MØ exposed to these CM released factors
also diminished the ECs migration.

Besides, in breast tumor cells, we found that sHA1
and sHA3 reduced cell viability, measured by MTS, but
none of them affected the apoptosis or proliferation pro-
cess. We only observed an enhanced cytotoxicity effect at
the higher concentration of sHA3 in breast and lung can-
cer cell lines. This result indicates that cell viability is
affected by necrosis of necrosis-like mechanism, indepen-
dent of apoptotic events.31 However, more profound stud-
ies will be required for determining the molecular
process. In contrast, in lung tumor cells, sHA1 and sHA3
increased cell viability and showed an opposite effect in
the proliferation rate induced by sHA3 We also observed
a similar effect of both sHA in cell viability and prolifera-
tion of colorectal cancer cells. These results indicate that
sHA effects are dependent on the type of tumor. In fact,

FIGURE 7 TSG-6 expression modulation in Mo/MØ in breast cancer microenvironment and treated with SHA1 or sHA. TSG-6 protein

levels detection (Free TSG-6 [�35 kDa] and TSG-6/HC [�120 kDa]), by western blot assay, in conditioned media of Mo/MØ treated with

sHA1 or sHA3 in physiological and breast tumor context. Protein levels were semi quantified by densitometry from three independent

experiments (a). Xenograft breast cancer model. nu/nu mice were injected with MDA-MB-231 cells and 9 days later, animals with similar

tumor volumes were inoculated with Mo/MØ preincubated with sHA1 or sHA3. Tumors were fixed, and sections were stained with DAPI

(blue, nuclei), TSG-6 (red) and HA (green) (top picture) or hematoxylin/eosin (H&E) and GSL-1 (green, endothelial cells) to analyze in vivo

angiogenesis (bottom picture). Bars represent the average amount of TSG-6+, HA+ and GSL-1-FITC+ staining/field ± SEM from

10 representative visual fields (b). (*) p < .05, (**) p < .01 and (***) p < .001. Black asterisks indicate significant differences regard to basal

control (BC); red asterisks indicate significant differences between treatments. MCM: MDA-MB-231 conditioned media (treated we

sHA1, sHA3)
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the 3D culture results showed that sHA1 and 3 reduced
tumor sphere size in the TN breast and lung cancer cells
but not in colorectal tumor cells.

When we analyzed the sHA effect on Mo/MØ we
observed a differential effect between physiological and
tumor context, depending on the tumor type. For
instance, sHA3 and conditioned media (CM) of breast
and lung tumor cells preincubated with sHA3 induced,
on Mo/MØ, a decrease in migratory capacity, and mRNA
expression of angiogenic factors (VEGF, FGF-2, and IL-8).
Probably associated with a modulation of VEGF biosyn-
thesis (as was observed a dismissed in sHA3 treated
breast cancer cell line); or that sHA3 could affect VEGF,
since sHA could affect its activity.13

Besides, the biosynthesis of TGF-1β, a key anti-
inflammatory cytokine in the cancer milieu,32 was
reduced in Mo/MØ exposed to CM from breast and lung
cancer cells treated with sHA3. These results suggest that
sHA, particularly sHA3, affects the angiogenic and anti-
inflammatory phenotype of Mo/MØ, acquiring a anti

tumoral side face.18 However, this treatment with sHA3
and MCM on Mo/MØ increased the TSG-6�HC complex,
where TSG-6 is associated with anti-inflammatory pro-
cess.21 We have previously reported that HMW HA
induce proangiogenic behavior in Mo/MØ20 and simulta-
neously decrease TSG-6�HC complex levels. Thus, it is
possible to suggest that in a cancer microenvironment,
TSG-6 directly affects non or sulfated HA function, and
could directly action on angiogenesis. The TSG-6�HC pro-
tein complex, observed in Figure 7a, indicatives of the
enzymatic activity of TSG-6 because TSG-6 catalyzes the
transfer of the IαI HC to HA. This interaction affects the
activity of the proteinase inhibitor,33,34 the HA structure,
its binding capacity to its receptors and its function.35 In
fact, HC�HA from human amniotic membranes could be
potently antiangiogenic.36 Furthermore, TSG-6 was found
to inhibit the interaction of FGF2 and PTX3, restoring
FGF2 proangiogenic activity.21,37 In this sense, TSG-6 is
not a direct promoter of angiogenesis, but it inhibits the
inhibition of this process.21 In our model, the modulation

FIGURE 8 In silico protein–protein interactions network (a) and enrichment analysis (b–f) generated by STRING v11 database for

TSG-6. In (a), each node represents all the proteins produced by a single protein-coding gene locus and edges represent direct or indirect

protein–protein associations. TSG-6 is shown as red node and interactions were predicted with a high confidence threshold of 0.7. In (b)–(f),
functional enrichments significance was presented as—Log10 FDR (false discovery rate)
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of TSG-6�HC complex or the diminishing of free TSG-6
under MDA-MB-231 CM treated with sHA3 could reduce
endogenous HA angiogenic action, indicating that sHA
could also be associated with TSG-6 functions. Besides, it
is possible to suggest that sHA also induce intracellular
signal by the same receptors of endogenous HA, affecting
this interaction by different mechanisms. It has been
documented that MW and the sulfation of HA, change,
or decrease the interaction with its main receptor CD44,
without abolishing its binding.38 For example, down-
regulation of RHAMM or CD44, was observed in prostate
cancer cell lines, resulting in a diminished PI3K/Akt sig-
naling pathway.12 Recently, Koutsakis et al.15 have dem-
onstrated that sHA (similar to our sHA) modulates the
expression of HA synthase but not CD44 in breast cancer
cells. Finally, when we used an in vivo xenograft breast
cancer model, we found a significant decrease in vascu-
larization in tumors inoculated with Mo/MØ pre-
incubated with sHA1 or sHA3. These results
concordance with the in vitro model, indicating that sHA
has an antiangiogenic action in Mo/MØ in the breast
tumor context. Alternatively, a reduction in the total
levels of TSG-6 was found in tumors inoculated with
Mo/MØ preincubated with sHA1 or sHA3, as well as a
decrease in total HA. Moreover, with the results obtained
in the in silico using the STRING analysis, we deter-
mined the network associated with TSG-6 and observed
strong relations with proteins involved in inflammation,
components of ECM, as fibronectin and hyaluronan
metabolism, monocyte/macrophage differentiation and
regulation of chemokine function. Reinforcing our
hypothesis that sHA affect the enzymatic TSG-6 activity,
modulates HA and, in turn, the tumor and associated
cells, allowing the generation of an antitumoral and anti-
angiogenic microenvironment in breast and lung tumors.

However, these findings require more studies to
examine how sHA affects tumor cells' viability, which fac-
tors modulate or interact within the tumor context, for
defining it as a new compound with antitumor properties.
In summary, this study showed for the first time that sHA,
a molecule with low toxicity and high efficacy, has anti-
angiogenic action in tumor cells and Mo/MØ in the breast
and lung carcinoma milieu. These findings are of great
interest since sHA seems to be a promising agent to comple-
ment and increase the success of chemoimmunotherapy
used in the treatment of these types of cancer.
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