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Human surfactant protein D (SP-D) belongs to the family of collectins that is composed

of a characteristic amino-terminal collagenous region and a carboxy-terminal C-type

lectin domain. Being present at the mucosal surfaces, SP-D acts as a potent innate

immune molecule and offers protection against non-self and altered self, such as

pathogens, allergens, and tumor. Here, we examined the effect of a recombinant

fragment of human SP-D (rfhSP-D) on a range of breast cancer lines. Breast cancer

has four molecular subtypes characterized by varied expressions of estrogen (ER),

progesterone (PR), and epidermal growth factor (EGF) receptors (HER2). The cell viability

of HER2-overexpressing (SKBR3) and triple-positive (BT474) breast cancer cell lines

[but not of a triple-negative cell line (BT20)] was reduced following rfhSP-D treatment

at 24 h. Upregulation of p21/p27 cell cycle inhibitors and p53 phosphorylation (Ser15)

in rfhSP-D-treated BT474 and SKBR3 cell lines signified G2/M cell cycle arrest. Cleaved

caspases 9 and 3 were detected in rfhSP-D-treated BT474 and SKBR3 cells, suggesting

an involvement of the intrinsic apoptosis pathway. However, rfhSP-D-induced apoptosis

was nullified in the presence of hyaluronic acid (HA) whose increased level in breast

tumor microenvironment is associated with malignant tumor progression and invasion.

rfhSP-D bound to solid-phase HA and promoted tumor cell proliferation. rfhSP-D-treated

SKBR3 cells in the presence of HA showed decreased transcriptional levels of p53

when compared to cells treated with rfhSP-D only. Thus, HA appears to negate the

anti-tumorigenic properties of rfhSP-D against HER2-overexpressing and triple-positive

breast cancer cells.
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INTRODUCTION

The immune surveillance of transformed cells by innate and
adaptive immunity remains one of the targeted areas of
research for developing therapeutic strategies (1, 2). In vivo

and in vitro studies using cancer models have demonstrated

compelling involvement of effector immune cells, soluble factors,
and signaling pathways in anti-tumor immune responses.

However, the immune system can also aid in the progression
of transformed cells by triggering immunosuppression and
promoting angiogenesis and metastasis of tumor cells (3, 4).

Human surfactant protein D (SP-D) is a potent innate
immune molecule found at pulmonary and non-pulmonary
mucosal surfaces (5). It is a member of the collectin family that
is involved in the clearance of pathogens and apoptotic/necrotic
cells and in the modulation of inflammatory responses (6).
SP-D is composed of an N-terminal cysteine-rich domain, a
triple-helical collagenous region, an α-helical coiled neck region,
and a C-terminal C-type lectin or carbohydrate recognition
domain (CRD) (7). The trimeric CRDs recognize carbohydrate or
charged patterns on pathogens and allergens, while the collagen
region is involved in interactions with receptor molecules present
on immune cells in order to trigger clearance mechanisms such
as agglutination, enhanced phagocytosis, and oxidative burst (6).
SP-D is primarily synthesized and secreted into the airspace
of the lungs by alveolar type II and Clara cells, with a key
role in surfactant homeostasis by reducing surface tension (6).
However, its extrapulmonary existence is well-established now,
ranging from themucosa of the gastrointestinal and reproductive
tracts (including ovaries) and nasal cavity to the brain and in
various exocrine ducts (8, 9), conjunctiva, cornea, lacrimal gland,
nasolacrimal ducts (8), and synovial fluid (10). Protective effects
of SP-D against a range of pathogens (6, 11) and allergens (12–16)
are well-documented in the literature. However, recent studies
have raised the possibility that SP-D may have an important
defense role against tumor.

A direct interaction of SP-D with a number of cancer cells
(leukemia, lung, prostate, and pancreatic) has been reported to
result in the suppression of cancer progression, migration, and
invasion, as well as enhanced apoptosis (17–21). The rfhSP-D-
treated acute myeloid leukemia (AML) cells were shown to result
in cell cycle arrest via activation of G2/M checkpoints, with an
increased level of p21 and Try15 phosphorylation of cdc2. rfhSP-
D treatment in AML cells also caused activation of pro-apoptotic
markers, such as cleaved caspase 9 and downregulation of pro-
survival protein HMGA1 (21, 22). Exogenous SP-D treatment
has been shown to downregulate epidermal growth factor (EGF)
signaling by preventing the binding of EGF to the EGF receptor
(EGFR), hence suppressing the cell proliferation, invasion, and
migration of A549 human lung adenocarcinoma cells (23).
Recently, rfhSP-D has been shown to induce apoptosis in p53
mutant (mt) and wild-type (wt) pancreatic adenocarcinoma
(PDAC) cell lines (Panc-1p53 mt, MiaPaCa-2p53 mt, and Capan-
2p53wt), via the TNF/Fas-mediated extrinsic pathway (17).
Furthermore, rfhSP-D can also suppress epithelial–mesenchymal
transition (EMT) and related gene signatures (Vimentin, Zeb1,
and Snail) and cell invasiveness in Panc-1 andMiaPaCa-2 cells via

downregulation of TGF-β (24). In an ovarian cell line, SKOV3,
rfhSP-D again triggered apoptosis via the Fas-mediated pathway
(18). In both pancreatic and ovarian cancer cell lines, rfhSP-D
treatment caused activation of caspase 3 cleavage and induction
of pro-apoptotic genes such as Fas and TNF-α. Furthermore, the
mTOR pathway was also affected by rfhSP-D treatment in both
ovarian and pancreatic cancer cell lines. rfhSP-D-treated SKOV3
cells show downregulation of Rictor and Raptor mRNA levels,
suggesting inhibition of cell proliferation (17, 18). Additionally,
the anti-tumor role of rfhSP-D has been reported in androgen-
resistant and androgen-responsive prostate cancer cells via p53
and pAkt pathways (19). In a recent bioinformatics study, a
higher expression of SP-D in ovarian and lung cancer was found
to be associated with a favorable prognosis (20). These studies
therefore suggest that SP-D has an immune surveillance function
against tumor cells. In this context, this study was aimed at
investigating the role of SP-D in breast cancer.

Breast cancer is the most common cancer diagnosed in
women worldwide, contributing to almost 60% mortality rate
in lower-income countries (25). There is a large variation in
the survival rates worldwide, with an estimated 5-year survival
rate of 80% in developed countries and below ∼40% in low-
income countries (26). Designing effective treatments are crucial
to improve the survival rates and to ensure the best possible
quality of life for cancer survivors. After lung cancer, breast
carcinomas are the second most leading cause of mortality
(27); ∼17.5 million new cases of breast cancer are diagnosed
globally, and 8.7 million deaths documented (28). As per
GLOBOCAN 2018, ∼2 million new cases were identified, and
6.6% of cancer-related deaths were caused by breast cancer.
Furthermore, the 5-year prevalence rate of breast cancer was
found to be ∼6.8 million (25). Breast cancer is characterized by
an abnormal growth of malignant cells in the mammary glands.
The physiological conditions that lead to breast tumorigenesis
include inherited genetic mutation and epigenetic modifications,
which can lead to premalignant transformation of mammary
cells (29). The development of advanced breast tumor is a
consequence of immune selection and immune evasion (30).
Breast cancer is subdivided into different molecular subtypes:
luminal A, luminal B, triple negative, human EGF receptor
(HER)2-enriched, basal, and normal-like tumors (31, 32).
The development and metastasis of cancer, including breast
cancer, appear to be influenced by innate immune surveillance
molecules and associated inflammatory mediators in the tumor
microenvironment (33, 34).

Here, we examined possible protective effects of rfhSP-
D in triple-negative (ER−/PR−/HER2−), triple-positive
(ER+/PR+/HER2+), and HER2+-overexpressing breast
cancer cell lines. We also examined a possible interaction
between SP-D and hyaluronic acid (HA; polymeric nonsulfated
glycosaminoglycan), the most abundant component of the
extracellular matrix (ECM), which plays an important role in
inflammation, angiogenesis, fibrosis, and cancer progression
(35). The interaction of breast cancer cells with HA can sustain
tumor growth and promote malignant progression. The altered
synthesis of HA in early and late stages of ductal breast carcinoma
in situ (DCIS) microenvironment is correlated with tumor stage
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progression and invasion (36). Several studies provide strong
evidence that HA participates in the regulation of breast tumor
cell migration and invasion in vitro and tumor growth and
progression in vivo (37–39). We report, for the first time, that
rfhSP-D interacts with HA that negates its anti-tumor properties;
i.e., in the presence of HA, rfhSP-D is unable to induce apoptosis
in triple-positive and HER2-overexpressing breast cancer cell
lines. Therefore, neutralizing the negative effect of HA on
rfhSP-D can have crucial implications for the development of
therapeutic strategies.

MATERIALS AND METHODS

Expression and Purification of rfhSP-D
Expression and purification of rfhSP-D were performed as
published earlier (19). Briefly, Escherichia coli BL21 (λDE3)
pLysS bacterial strain (Invitrogen) was transformed with plasmid
pUK-D1, composed of cDNA sequences for α-helical neck
and CRD region of human SP-D. Twenty-five milliliters of
bacterial primary inoculum was inoculated into 500 ml of Luria-
Bertani medium containing 100 µg/ml ampicillin and 34 µg/ml
chloramphenicol (Sigma-Aldrich) and grown to anOD600 of 0.6.
The bacterial cells were then induced with 0.5 mM isopropyl
β-D-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich) for 3 h.
The IPTG-induced bacterial cell pellet was treated with lysis
buffer (50 mM Tris–HCl pH 7.5, 200 mM NaCl, 5 mM EDTA
pH 8, 0.1% v/v Triton X-100, 0.1 mM phenyl-methyl-sulfonyl
fluoride, 50 µg/ml lysozyme) and subsequently sonicated (five
cycles, 30 s each). The sonicated was centrifuged at 12,000 × g
for 30 min, followed by denaturation and renaturation of rfhSP-
D inclusion bodies using refolding buffer (50 mM Tris–HCl
pH 7.5, 100 mM NaCl, 10 mM 2-mercaptoethanol) containing
8 M urea. The dialysate was then loaded onto a maltose–
agarose affinity column (5 ml; Sigma-Aldrich), and rfhSP-D was
eluted using 10 mM EDTA buffer containing 50 mM Tris–HCl
pH 7.5 and 100 mM NaCl. Eluted rfhSP-D fractions were then
tested for endotoxin levels using a QCL-1000 Limulus amebocyte
lysate system (Lonza). The endotoxin levels were found to be
∼5 pg/µg of rfhSP-D. The purity of protein was analyzed via
15% w/v SDS-PAGE, and its immunoreactivity was assessed via
western blotting.

Cell Culture and Treatments
Human breast cancer cell lines, triple-negative BT20
(ER−/PR−/HER2−) (ATCC-HTB19), triple-positive BT474
(ER+/PR+/HER2+) (ATCC-HTB20), and HER2-positive
SKBR3 (ER−/PR−/HER2+) (ATCC-HTB30), were cultured
in complete RPMI medium (Sigma-Aldrich), supplemented
with 10% v/v fetal bovine serum (FBS), 2 mM L-glutamine,
100 U/ml penicillin (Sigma-Aldrich), 100 µg/ml streptomycin
(Sigma-Aldrich), and 1 mM sodium pyruvate (Sigma-Aldrich)
and left to grow at 37◦C under 5% v/v CO2. Since these cell
lines were adherent, cells were detached using 2× trypsin–EDTA
(0.5%) (Fisher Scientific) for 10 min at 37◦C, then centrifuged
at 1,500 rpm for 5 min, and resuspended in complete RPMI.
Cell number and viability were assessed by mixing an equal
volume of the cell suspension and Trypan Blue (0.4% w/v)

(Fisher Scientific) and by counting using a hemocytometer with
a Neubauer chamber (Sigma-Aldrich).

Fluorescence Microscopy
BT20, BT474, and SKBR3 (50,000) cells were grown on coverslips
and incubated with rfhSP-D (10 µg/ml) in serum-free RPMI
medium for 1 h for cell binding analysis and 24 h for
apoptosis induction. For binding experiments, the coverslips
were washed three times with phosphate-buffered saline (PBS)
and incubated with polyclonal anti-rabbit human SP-D antibody
(1:200) (Medical Research Council Immunochemistry Unit,
Oxford) for 1 h at room temperature (RT). Following washes
with PBS, the cells were incubated with goat anti-rabbit IgG
conjugated to Alexa Fluor R© 488 (1:200) (Abcam) and Hoechst
(1:10,000) (Sigma-Aldrich) for immunofluorescence analysis. For
apoptosis induction analysis, the cells were incubated with FITC
Annexin V (1:200) and propidium iodide (PI) (1:200) diluted in
AnnexinV-binding buffer for 15min at RT in dark. After washing
with PBS three times, the coverslips were mounted on slides and
viewed under an HF14 Leica DM4000 microscope.

Flow Cytometry
BT20, BT474, and SKBR3 (0.4 × 106) cells were grown in a six-
well-plate and incubated with rfhSP-D (20 µg/ml), along with an
untreated control, for 24 h. The cells were then detached using
2 × trypsin–EDTA (0.5%) (Fisher Scientific) and centrifuged at
1,500 × g for 5 min. Staurosporine (1 µM/ml; Sigma-Aldrich)
was used as a positive control of apoptosis. Following washes
with PBS, the cells were incubated for 15 min with goat anti-
rabbit IgG conjugated to Alexa Fluor R© 488 (1:200) (Abcam) and
Hoechst (1:10,000) (Sigma-Aldrich) for apoptosis analysis. After
washing with PBS three times, apoptosis was measured using
a NovoCyte flow cytometer. Compensation parameters were
acquired using unstained, untreated FITC-stained, and untreated
PI-stained cells for all three cell lines. For solid-phase studies, six-
well-plates were coated with HA (20 µg/ml) (a kind gift from
Prof. Ivan Donati, Department of Life Sciences, University of
Trieste) overnight at 4◦C with and without rfhSP-D (20 µg/ml).
The wells were washed with PBS, and 0.4 × 106 cells were
added to the HA/rfhSP-D-coated wells and incubated 37◦C for
24 h. For proliferative studies, the cells were washed with PBS
and incubated with anti-mouse Ki-67 (BioLegend) diluted in a
permeabilization reagent of the FIX&PERMkit (Fisher Scientific)
for 30 min at RT. After PBS washes, the cells were probed
with a goat anti-mouse-FITC conjugate (1:200) (Fisher Scientific)
for 30 min at RT in the dark. Cells (12,000) were acquired
for each experiment and compensated before plotting the
acquired data.

Purification of Full-Length SP-D From
Breast Cancer Cell Lines
BT20, BT474, and SKBR3 (0.4 × 106) culture media were
collected and centrifuged at 5,000 rpm for 10 min. The
supernatants were passed through a maltose–agarose affinity
column. The bound full-length SP-D was eluted using an elution
buffer, containing 50 mM Tris–HCl pH 7.5, 100 mM NaCl,
and 10 mM EDTA. Full-length SP-D protein yield of 1 µg/ml
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was obtained from 100 ml of culture medium. The purity of
eluted fractions (10µg/ml) was analyzed via 15%w/v SDS-PAGE,
and its immunoreactivity was determined via western blotting.
For western blotting analysis, the eluted full-length SP-D was
heated for 10 min at 100◦C and subjected to SDS-PAGE (12%
v/v). The proteins were then electrophoretically transferred onto
a nitrocellulose membrane (320 mA for 2 h) in 1× transfer
buffer (25 mM Tris–HCl pH 7.5, 190 mM glycine, and 20%
methanol). The membrane was blocked using 5% w/v dried milk
powder (Sigma-Aldrich) in PBS overnight at 4◦C, followed by
washing with PBS three times for 5 min each. The membrane was
then incubated with polyclonal anti-rabbit human SP-D antibody
(MRC Immunohistochemistry Unit, Oxford) (1:1,000), followed
by probing with protein A–HRP (Sigma-Aldrich) (1:1,000).
Following washing with PBST, the membrane was developed
using a 3′-diaminobenzidine (DAB) substrate kit.

Apoptosis Analysis of Breast Cancer Cells
Treated With BT474-Derived Full-Length
SP-D
The purified full-length SP-D from breast cancer culture was
subjected to apoptosis assay using an Annexin V/FITC kit
(BioLegend). BT20, BT474, and SKBR3 cells (0.4 × 106) were
incubated with 20 µg/ml of culture-purified SP-D and incubated
for 24 h. The cells were then detached using 2 × trypsin–
EDTA (0.5%) (Fisher Scientific) and centrifuged at 1,500 × g
for 5 min. Following washes, the cells were then incubated
with both FITC and PI dye (1:200) for 15 min in the dark.
After washing with PBS, the cells were subjected to flow
cytometric analysis. Compensation parameters were acquired
using unstained, untreated FITC-stained, and untreated PI-
stained cells for all three cell lines.

Immunohistochemical Analysis
Surgical breast cancer tissues and adjacent peritumoral
mammary parenchymas were selected following ethical
approval by the University Hospital of Palermo Ethical Review
Board (approval number 09/2018). TNBC, HER2+, luminal B,
and luminal A breast cancer tissues were used, while normal
breast tissue was used as a control. Immunohistochemistry
(IHC) was performed using a polymer detection method. Briefly,
tissue samples were fixed in 10% v/v buffered formalin and
paraffin embedded. Four-micrometer-thick tissue sections were
deparaffinized and rehydrated. The antigen unmasking technique
was carried out using Novocastra Epitope Retrieval Solutions,
pH 6 EDTA based (Leica Biosystems), in a thermostatic bath
at 98◦C for 30 min. Sections were brought to RT and washed
in PBS. After neutralization of the endogenous peroxidase with
3% v/v H2O2 and Fc blocking (Novocastra, Leica Biosystems),
the samples were incubated overnight at 4◦C with mouse
anti-human SP-D monoclonal antibody (1:800) (Abcam).
Staining was revealed via a polymer detection kit (Novocastra,
Leica Biosystems) and 3-amino-9-ethylcarbazole (AEC, Dako,
Denmark) substrate chromogen. Slides were counterstained
with Harris hematoxylin (Novocastra, Leica Biosystems). Alcian
blue staining was carried out to detect the presence of mucins

in breast cancer tissue sections, according to the manufacturer’s
kit Bioptica (04-160802). Slides were analyzed under the Axio
Scope A1 optical microscope (Zeiss) and microphotographs were
collected through the Axiocam 503 color digital camera (Zeiss)
using the Zen 2 software.

Adhesion Assay
BT20, BT474, and SKBR3 (0.5 × 105) cells were labeled with
FAST DiI fluorescent dye (Molecular Probes, Invitrogen) and
allowed to adhere to 96microtiter wells pre-coated with 20µg/ml
of HA, rfhSP-D, and bovine serum albumin (BSA). The adhesion
of cells was measured after 35 min of incubation at 37◦C under
5% CO2. The non-adhered cells were washed off with PBS,
and the remaining cells were lysed using 10 mM Tris–HCl pH
7.4 + 0.1% v/v SDS. The plate was read at 544 nm using Infinite
200 (Tecan). Results were expressed as adhesion percentage with
reference to a standard curve established using an increasing
number of FAST DiI-labeled cells.

Intracellular Signaling Analysis
Signaling pathway was analyzed using the PathScan Intracellular
Signaling Array Kit (Cell Signaling Technology). Briefly,
0.5 × 106 breast cancer cell lines were grown in a six-well-plate
in serum-free RPMI medium. Cells were then left to adhere to
HA and rfhSP-D (20 µg/ml) pre-coated plates and incubated at
37◦C for 25 min. The unbound cells were then washed with cold
PBS and lysed in ice-cold cell lysis buffer containing a cocktail
of protease inhibitors (Roche Diagnostics). The Array Diluent
Blocking buffer was added to each well on themulti-well gasket at
RT for 15min. After decanting the Array Blocking Buffer, 75µl of
the total lysate (0.8 mg/ml) was added to each well and incubated
for 2 h at RT on an orbital shaker. The well contents were
decanted and washed with 100 µl of 1× Array Wash Buffer three
times (5 min each wash). The wells were then incubated with
biotinylated detection cocktail antibody for 1 h at RT, followed by
incubation with streptavidin-conjugated DyLight 680 for 30 min.
The fluorescence readout was measured via LI-COR Biosciences
Infrared Odyssey imaging system (Millennium Science), and data
were processed by the software Image Studio 5.0.

Western Blotting
BT20, BT474, and SKBR3 (0.4 × 106) cells were seeded in a
six-well-plate and treated with rfhSP-D (20 µg/ml) for 24 h,
along with an untreated control, in a serum-free RPMI medium.
After removing the medium, the cells were lysed using a lysis
buffer (50 mM Tris–HCl pH 6.8, 2% v/v SDS, 2% v/v β-
mercaptoethanol, 10% v/v glycerol and 0.1% w/v bromophenol
blue). The lysed cells were then sonicated for 15 s, and the
sonicated samples were heated for 10 min at 100◦C and
subjected to SDS-PAGE (12% v/v). The proteins were then
electrophoretically transferred onto a nitrocellulose membrane
(320 mA for 2 h) in 1× transfer buffer (25 mM Tris–HCl pH
7.5, 190 mM glycine, and 20% v/v methanol). The membrane
was blocked using 5% w/v dried milk powder (Sigma-Aldrich) in
PBS overnight at 4◦C, followed by washing with PBS three times
(5 min each). For apoptosis studies, the membrane was incubated
with rabbit anti-human caspase primary antibodies (anti-cleaved

Frontiers in Immunology | www.frontiersin.org 4 July 2020 | Volume 11 | Article 1171

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


Murugaiah et al. Innate Immune Surveillance by SP-D

caspase 9 and anti-cleaved caspase 3; Cell Signaling) at RT for 1 h.
The membrane was washed with PBST (PBS+ 0.05% Tween 20)
three times, 10 min each, followed by incubation with secondary
goat anti-rabbit IgG horseradish peroxidase (HRP) conjugate
(1:1,000; Fisher Scientific) for 1 h at RT. Following washes with
PBST, the membrane was developed using a DAB substrate kit
(Thermo Fisher).

ELISA
For HA (1,500 kDa) binding analysis, a constant concentration
of HA (20 µg/ml) was coated overnight at 4◦C using
carbonate/bicarbonate (CBC) pH 9.6 buffer, followed by blocking
with 2% w/v BSA at 37◦C. Recombinant maltose binding protein
(MBP) was used as a negative control in this experiment.
After three washes with PBST, rfhSP-D (5, 10, or 20 µg/ml)
was incubated in buffer containing 5 mM CaCl2 for 2 h
at 37◦C. After washing with PBST three times, the binding
was assessed by polyclonal anti-rabbit human SP-D antibody
(1:5,000) and incubated at 37◦C for 1 h. The wells were washed
again with PBST three times and incubated with protein A–
HRP secondary conjugate (1:5,000) (Sigma-Aldrich) for 1 h at
37◦C. After washes with PBST, the binding was detected using
3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Sigma-Aldrich).
The reaction was stopped using 2 N H2SO4, and the absorbance
was read at 450 nm using an iMarkTM microplate absorbance
reader (Bio-Rad).

Quantitative RT-PCR
BT20, BT474, and SKBR3 (0.4 × 106) cells were added to
six-well-plate pre-coated with HA (20 µg/ml), HA + rfhSP-D
(20 µg/ml), and rfhSP-D (20 µg/ml) and incubated at 37◦C
for various time points. The cell pellet for each time point
was subjected to RNA extraction using GenElute Mammalian
Total RNA Purification Kit (Sigma-Aldrich). RNA samples were
then treated with DNase I (Sigma-Aldrich), and the total RNA
concentration and purity were determined using a 260:280 nm
ratio using NanoDrop 2000/2000c (Thermo Fisher Scientific).
Two micrograms of total RNA was used for cDNA synthesis
using High Capacity RNA to cDNA kit (Applied Biosystems).
Primer sequences used in this study were designed for specificity
using the Primer-BLAST software (Basic Local Alignment
Search Tool) (http://blast.ncbi.nlm.nih.gov/Blast.cgi). p21 and
p27 mRNA levels were estimated by quantitative RT-PCR (qRT-
PCR) using the following primers: 5′-TGGAGACTCTCAGGG
TCGAAA-3′ and 5′-CGGCGTTTGGAGTGGTAGAA-3′ for p21,
and 5′-CCGGTGGACCACGAAGAGT-3′ and 5′-GCTCGCCTC
TTCCATGTCTC-3′ for p27. Briefly, the qPCR reaction consisted
of 5 µl of iQ SYBR Green Supermix (Bio-Rad, Milan, Italy),
75 nM of forward and reverse primers, and 500 ng template
cDNA in a 10 µl final reaction volume. qRT-PCR was performed
on a Rotor-Gene 6000 (Corbett, Explera, Ancona, Italy). The
melting curve of the reactions was recorded between 55 and
99◦C with a hold every 2 s. The comparative quantification
(CQ) method was used to determine the relative amount of gene
expression in each sample, and the data analyzed using Rotor-
Gene 1.7 software (Corbett Research) (40). The CQ method
is specific in calculating the efficiencies of each gene for each
individual PCR and is based on the second differential maximum

method. The samples were normalized using the expression
of human TATA binding protein (TBP) rRNA. Assays were
conducted in triplicates.

Statistical Analysis
Graphs were generated using GraphPad Prism 6.0; the statistical
analysis was carried out using an unpaired one-way ANOVA test.
Error bars represent SD or SEM (n = 3), as indicated in the
figure legends. The significant values were measured based on
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001 between
treated and untreated samples.

RESULTS

A Recombinant Form of Truncated Human
SP-D Binds Breast Cancer Cell Lines
rfhSP-D comprising the eight Gly-X-Y repeats and the neck
and CRD regions of human SP-D was affinity-purified and
migrated at ∼20 kDa on SDS-PAGE under reducing conditions
(Figure 1A). The immunoreactivity of purified rfhSP-D was
confirmed via western blotting using polyclonal anti-human
SP-D antibody raised in rabbit against native human SP-D
purified from lung lavage (Figure 1B). BSA was used as a
negative control protein. Purified rfhSP-D (5 µg/ml) bound
breast cancer cell lines, triple-negative BT20 (ER−/PR−/HER2−),
triple-positive BT474 (ER+/PR+/HER2+), and HER2-positive
SKBR3 (ER−/PR−/HER2+) (Figure 1D). The nucleus of the cell
was stained with Hoechst dye, while the membrane localization
of the bound rfhSP-D was revealed using green FITC/anti-
human SP-D conjugate. All rfhSP-D-treated breast cancer cell
lines showed a similar “cluster”-like binding pattern on the cell
membrane (Figure 1D). No FITC was detected in the untreated
controls (Figure 1C), probed with both primary and secondary
antibodies, suggesting the specificity of rfhSP-D binding.

Apoptosis Induction by rfhSP-D in Breast
Cancer Cell Lines
The quantitative and qualitative analyses of apoptosis induction
by rfhSP-D were performed using flow cytometry (Figures 2A,B)
and immunofluorescence microscopy (Figures 2C,D). A
significant proportion of BT474 and SKBR3 breast cancer cells
treated with rfhSP-D (20 µg/ml) underwent apoptosis at 24 h
as revealed by FACS analysis (Table 1). BT474 (∼61%) and
SKBR3 (∼68%) cell lines were more susceptible to apoptosis
induction when immobilized rfhSP-D (20 µg/ml) (Figure 2A)
was used; there was no effect on the BT20 cell line. rfhSP-D in
solution also induced apoptosis in BT474 (∼34%) and SKBR3
(∼53%) (Figure 2B); again, rfhSP-D had no significant effect on
the BT20 cell line (Figure 2A, Table 1). The integrity of the cell
membrane was intact in untreated cells, and hence, the cells were
still viable, blocking the translocation of phosphatidylserine (PS)
from the inner cell membrane to outer plasma membrane and
preventing the PS–Annexin V interaction. Nearly 56% BT474
and SKBR3 cells were both stained positive for FITC and PI,
suggesting that annexin V/FITC was able to bind to PS found
on the cell surface of the cells undergoing apoptosis. However,
there were more BT474 cells that stained for PI alone than the
SKBR3 cell line, suggesting that BT474 cells were either at the
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FIGURE 1 | SDS-PAGE (A) and immunoblot profile (B) of the purified

recombinant form of human surfactant protein D (rfhSP-D). Expression of

rfhSP-D under the bacteriophage T7 promoter, expressed as ∼20 kDa

insoluble protein. Eluted fractions were passed through a maltose–agarose

column, which appeared as a single band at ∼20 kDa. Immunoreactivity of

(Continued)

FIGURE 1 | affinity-purified rfhSP-D was examined via western blotting; lane

1: BSA as a negative control; lane 2: purified rfhSP-D (5 µg/ml). Binding of

rfhSP-D (10 µg/ml) to breast cancer cell lines using fluorescence microscopy,

following 1 h incubation at 4◦C (C,D). The nucleus of the cells was stained with

Hoechst (1:10,000), and both untreated (cells only) (C) and rfhSP-D-treated

(D) cells were probed with polyclonal anti-human SP-D/FITC antibody (1:200).

Membrane localization of the bound proteins was only detected in the treated

cells, while no FITC was detected in the untreated control (cells only).

late stage of apoptosis or undergoing necrosis. The percentage of
viable cells in the untreated (cells only) sample was significantly
higher as compared to the treated sample, BT474 (∼92%)
and SKBR3 (∼96%), suggesting that apoptosis induction was
a rfhSP-D protein-specific effect (Figure 2A). Staurosporine
(1 µM/ml) was used as a positive control for apoptosis studies.
Staurosporine-treated BT20, BT474, and SKBR3 showed ∼70%
of apoptosis induction at 24 h (Figures 2A,B). Staurosporine
is a well-known therapeutic, potent apoptosis inducer, which
is suggested to inhibit tumor cell growth and proliferation by
triggering cell death via an intrinsic apoptotic pathway (41).
Fluorescence microscopy analysis in BT474 and SKBR3 cell
lines treated with rfhSP-D revealed a positive staining for cell
membrane integrity marker, Annexin V (conjugated to FITC),
and disoriented cell membrane morphology (Figures 2C,D).
Thus, PI-positive staining was seen only in treated cell lines
(Figure 2D) compared to untreated control cells (Figure 2C),
indicating no occurrence of late apoptotic or necrosis. In
contrast, no positive staining of Annexin V or PI was detected in
BT20 treated cells, which were similar to the untreated control.

rfhSP-D Induces Apoptosis in BT474 and
SKBR3 Cell Lines via Intrinsic Pathway
Since rfhSP-D caused apoptosis in BT474 and SKBR3 cells, we
further examined the likely apoptotic pathway being triggered
following rfhSP-D treatment. Apoptosis can be initiated through
intrinsic or extrinsic pathways. Expression of caspases was tested
in rfhSP-D-treated breast cancer cell lines. Western blotting
analysis of rfhSP-D-treated BT474 and SKBR3 cells at 24 h
revealed cleavage of caspase 9 (∼37 kDa) and 3 (∼17 kDa),
suggesting the involvement of the intrinsic apoptosis pathway
(Figure 3). As expected, cleavage of caspases 3 (Figure 3A) and
9 (Figure 3B) was not detected in BT20 and untreated (cells
only) controls. Furthermore, cleaved caspase 8 was tested as a
marker for the extrinsic pathway, but no difference was observed
between rfhSP-D-treated cell lines and untreated controls (data
not shown).

Expression of Human SP-D and HA in
Breast Cancer Tissues
The expression of human SP-D was analyzed in eight cases of
invasive ductal carcinoma, no special type (NSP), comprising
two cases for each molecular class (luminal A, luminal B,
Her2-Neu, and triple negative) based on the expression of the
estrogen receptor (ER), the progesterone receptor (PR), and the
human EGF receptor 2 (Her2-Neu) status. Among biological
variables considered, besides the different molecular class, the
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FIGURE 2 | Flow cytometric analysis of apoptosis induction in breast cancer

cells treated with 20 µg/ml of immobilized (A) and solution-phase (B) rfhSP-D

for 24 h. For both Annexin V/FITC and DNA/PI staining, 12,000 cells were

acquired and plotted. A significant difference was seen among treated and

untreated (cells only) samples, as evident by the shift in the fluorescence

intensity. The data were expressed as the mean of three independent

experiments (n = 3) done in triplicates ± SEM. Statistical significance was

established using the unpaired one-way ANOVA test (**p < 0.01 and

****p < 0.0001). The percentage of apoptosis was calculated by normalizing

the treated cells with their untreated counterparts. Fluorescence microscopy

analysis of apoptosis induction in breast cancer cells treated with rfhSP-D

(20 µg/ml) for 24 h, using an Annexin V with a propidium iodide (PI) staining kit;

untreated (cells only) controls (C) and rfhSP-D-treated cells (D). The nucleus

(Continued)

FIGURE 2 | was stained with Hoechst (1:10,000), and the cell membrane was

stained positively with Annexin V and PI (1:200) in treated cell lines, suggesting

that cells treated with rfhSP-D induced apoptosis at 24 h, where translocation

of PS to the outer plasma membrane was able to bind Annexin V due to loss

of membrane integrity and PI stain was taken, which stained the DNA of

apoptotic cells. No Annexin V/PI staining was detected in untreated cells.

neoplastic tissues presented a different grade tumor, computed
with the Nottingham score, varying from moderate (G2) to
undifferentiated (G3). Indeed, the molecular classification allows
us to identify four different classes based on the expression
of the ER and PR and the human EGF receptor 2 (Her2-
Neu) status and called luminal A, luminal B, Her2-Neu, and
triple negative, respectively. The molecular subtypes reflect
the neoplastic heterogeneity of breast cancer and differ in
gene expression patterns, clinical and morphological features,
response to treatment, and outcome. Our aim was to evaluate
the presence and distribution of SP-D in all molecular subtypes
of breast cancer to dissect its biological role in neoplastic
progression and to consider a potential predictive and/or
prognostic marker of mammary carcinoma. Our data appear to
suggest heterogeneous inter-tumor and intra-tumor expressions
of SP-D within the molecular subtypes. IHC staining for SP-
D highlighted its cytoplasmic expression in both the neoplastic
tissue and the healthy peritumoral mammary parenchyma, as
previously demonstrated (20). Indeed, the presence of SP-D
was evident in cytoplasmic labeling and was highly expressed
by the ductal epithelium of peritumoral mammary parenchyma
and the neoplastic subclones of luminal A type, while its
reduced expression was evident in triple-negative breast cancer
(TBNC) (Figure 4A). For the luminal B and HER2 groups, a
heterogeneous expression of SP-D was observed (Figures 4i,ii).
We also examined serial sections for the localization of HA
within the tumor microenvironment following histochemical
analysis of normal and breast cancer tissue specimens. As shown
in Figure 4i, Alcian blue staining highlighted the presence of
acid mucins, containing HA and sialic acid (42–44), in the
tumor stroma, around the tumor cells and was very faint in the
peritumoral mammary parenchyma in all the molecular classes
of breast cancer considered. The luminal B and HER2 specimens
were characterized by a variable SP-D expression within the
tumor. In the luminal B and HER2 groups, Alcian blue staining
also showed a greatly heterogeneous expression of HA. Thus,
a stronger staining for Alcian blue was evident where a lower
presence of SP-D was detected, suggesting that a modification
of ECM might be associated with a variable distribution of SP-D
(Figures 4A,G–L).

rfhSP-D Binds to High-Molecular-Weight
HA
Confirmation of the presence of HA in the breast cancer tissues
prompted us to examine if rfhSP-D binds to HA and can
modulate the nature of rfhSP-D–breast cancer cell interaction.
In direct binding ELISA, rfhSP-D bound to solid-phase
high-molecular-weight (1,500 kDa) HA in a dose-dependent
manner (Figure 5A). Immobilized rfhSP-D (20 µg/ml) alone as
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TABLE 1 | Flow cytometric analysis of apoptosis induction in breast cancer cells treated with 20 µg/ml of immobilized and solution-phase rfhSP-D for 24 h.

Immobilized phase Solution phase

Background

apoptosis (%)

Normalized apoptosis

with rfhSP-D (%)

Normalized apoptosis with

staurosporine (%)

Background

apoptosis (%)

Normalized apoptosis

with rfhSP-D (%)

Normalized apoptosis with

staurosporine (%)

BT20 5 7 70 5 12 70

BT474 8 61 70 8 34 70

SKBR3 4 68 70 4 53 70

FIGURE 3 | Caspase activation in breast cancer cell lines following rfhSP-D

treatment at 24 h. Western blot analysis showed presence of cleaved caspase

3 at 17kDa in the cells treated with rfhSP-D for 24 h. (A) Western blot analysis

showed presence of cleaved caspase 9 at 37kDa (B), suggesting induction of

the intrinsic pathway.

well as HA (20 µg/ml)-bound rfhSP-D were then allowed to
interact with breast cancer cell lines. Cell adhesion assay was
performed by labeling the cells with the fluorescent probe FAST
DiI (Figure 5B). All three breast cancer cell lines (BT20, BT474,
and SKBR3) were able to adhere to HA, to rfhSP-D, and to
HA-bound rfhSP-D. rfhSP-D enticed a greater cell adhesion when
compared to HA alone or HA-bound rfhSP-D; all three cell lines
bound to similar extent (Figure 5B).

HA Binding Modulates the Ability of
rfhSP-D to Induce Apoptosis
The implication of HA–rfhSP-D interaction on apoptosis
induction in breast cancer cells was investigated (Figure 6A).
Breast cancer cells incubated with pre-coated HA, HA + rfhSP-
D, and rfhSP-D-only wells, along with untreated (cells only) cells,
were stained after 24 h with Annexin V/FITC; the quantification
of apoptosis was carried out using flow cytometry (Figure 6A).
Addition of HA to rfhSP-D reduced apoptosis induction by
∼45%. Since we noticed a reduced apoptosis induction by
HA+ rfhSP-D, we considered if rfhSP-D induced a proliferative
response in combination with HA. Thus, HA + rfhSP-D-treated
breast cancer cells were stained with mouse anti- Ki-67 antibody
to detect the percentage proliferation (Figure 6B). Ki-67 is a well-
known nuclear protein associated with active cell proliferation
and is expressed throughout the active cell cycle, including
G1, S, G2, and M phases. Addition of HA in rfhSP-D-treated
SKBR3 cells resulted in ∼30% cell proliferation (Figure 6B),
suggesting that HA negated pro-apoptotic effects of rfhSP-D
in breast cancer cell lines. In the case of BT474, only ∼47%
of proliferative cells were seen among rfhSP-D-treated BT474
cells, while HA + rfhSP-D-treated BT474 cells showed a higher
proliferation (∼95%) (Figure 6B). HA-only-treated BT474 cells
showed∼88% of Ki-67-positive cells, while∼66% of proliferative
cells were seen in HA-treated SKBR3 cells. However, proliferation
of BT20 cells was not affected by rfhSP-D or HA treatment,
suggesting that these cells continue to grow. These percentage
proliferations are compared to untreated control (cells only).
Given the presence of SP-D in the breast cancer tissues, we made
an attempt to purify SP-D from the culture supernatants of the
breast cancer cells on the assumption that breast cancer cells can
also be a likely source of SP-D in the tumor microenvironment.
We could purify SP-D only from BT474 cell culture (Figure 6C).
However, the purified SP-D was not able to induce apoptosis in
BT474 cells (Figure 6D).

rfhSP-D Treatment Upregulated Cell Cycle
Inhibitors and Induced p53-Dependent
Apoptosis
Activated p53 is a known mediator of DNA damage,
oxidative burst, cell cycle arrest, and induction of apoptosis.
Therefore, we analyzed the levels of activated p53 in rfhSP-
D-treated breast cancer cells. Increased levels of p53
phosphorylation at Ser15 was detected in rfhSP-D-treated
SKBR3 cells (Figure 7A), while downregulation was seen
in the BT20 cell line (Figure 7A), suggesting that p53
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FIGURE 4 | (Continued)
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FIGURE 4 | (i) SP-D and Hyaluronic acid (HA) presence in different histotypes of neoplastic breast (A–L), and normal ductal mammary epithelium (M–O). (A,D,G,J). A

high variability of SP-D expression between different histotypes is shown, although the positivity of the signal is always attributable to neoplastic cells, as can be

observed from the higher- resolution images in the right part of the figure (B,E,H,K). AEC (red) chromogen was used to visualize the binding of anti-human SP-D

antibodies. (C,F,I,L,O) Histochemical staining with Alcian Blue highlighted HA distribution in breast cancer and normal tissue sections; in particular, the staining was

visible in tumor-associated stroma. (ii) Immunohistochemical and histochemical analysis in Luminal-B and Her2+/ER-/PR- breast carcinoma sections of SP-D (A–F)

and HA (G–L) expression, respectively (B). A high variability of SP-D and HA expression within the same isotypes is shown. It is possible to notice a slight inverse

correlation between SP-D and HA expression. AEC (red) chromogen was used to visualize the binding of anti-human SP-D antibodies, whereas histochemical staining

with Alcian Blue highlighted HA distribution.
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FIGURE 5 | Interaction of rfhSP-D with HA. Binding of varied concentrations of rfhSP-D to HA (20 µg/ml) by ELISA (A). The effects of rfhSP-D on Breast cancer cell

lines adhesion (B). Breast cancer cells were labeled with the FAST DiI fluorescent dye and allowed to adhere to 96 microtiter wells pre-coated with HA, rfhSP-D, and

BSA. The data is expressed as the mean of three independent experiments. The adhesion of cells was measured after 35 minutes of incubation at 37◦C under 5%

CO2. Results are expressed as adhesion percentage with reference to a standard curve established using an increasing number of FAST DiI -labeled cells. The data is

expressed as the mean of three independent experiments (n = 3) done in triplicates ± SEM. Statistical significance was established using the unpaired one-way

ANOVA test (**p < 0.01 and ***p < 0.001). The statistical analysis was performed between rfhSP-D and HA + rfhSP-D -treated breast cancer cells.

upregulation may also have contributed to p53-dependent
apoptosis induction in SKBR3 cells. In addition, increased
transcript levels of p21 and p27 were observed in rfhSP-

D-treated BT474 and SKBR3 cell lines (Figure 7B) at

12-h time point, suggesting the possibility of cdc2–cyclin

B1 reduction leading to G2/M cell cycle arrest. Reduced
levels of phosphorylated p53, caspase 3, p21, and p27 were

observed in HA + rfhSP-D-treated SKBR3 and BT474 cells
(Figures 7A,B), suggesting reduced apoptosis induction by

the addition of HA. In the case of BT20, no significant
difference was found in terms of p21 and p27 mRNA
expression levels between rfhSP-D- and HA + rfhSP-D-treated
BT20 cells.

DISCUSSION

In this study, we show that rfhSP-D binds to all breast
cancer cell lines tested: BT20 (ER−/PR−/HER2−), BT474

(ER+/PR+/HER2+), and SKBR3 (ER−/PR−/HER2+). However,
the receptor, SP-D is binding to on the cancer cell surface, is
not yet known. Exogenous treatment with rfhSP-D reduced cell
viability of BT474 and SKBR3 cell lines and induced apoptosis
at 24 h. Cell viability and apoptosis assays were carried out
using varied concentrations of rfhSP-D (5, 10, and 20 µg/ml)
and different time points (12, 24, and 48 h), but only 20 µg/ml

concentration of rfhSP-D was effective in inducting the optimal
cell viability reduction and apoptosis induction at 24 h. rfhSP-D-
treated BT474 and SKBR3 cells showed a significant reduction
in viable cells compared to untreated control (cells only), as
evident from Trypan blue exclusion and MTT assay (data not
shown). However, no effect of rfhSP-D was seen on the triple-
negative (BT20) cell line in terms of cell viability. Recent studies
have shown the ability of the CRD region of human SP-D to
interact with N-glycans of EGFR, resulting in downregulation
of EGF signaling in A549 cell line (23). It is likely that rfhSP-
D-mediated apoptosis is due to HER2 expression on BT474 and
SKBR3 cells; a lack of it seems to increase BT20 cells resistant
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FIGURE 6 | Apoptosis induction in BT20, BT474, and SKBR3 cell lines following HA challenge in the presence and absence of rfhSP-D (A). The data were expressed

as the mean of three independent experiments (n = 3). A significant difference was seen among treated and untreated samples, as made evident by the shift in the

fluorescence intensity. Staurosporine (1 µM/ml) was used as a positive control. Proliferative effects of rfhSP-D treatment on BT474 and SKBR3 breast cancer cell lines

(B). BT474 and SKBR3 cells were seeded in wells pre-coated with HA, HA + rfhSP-D, and rfhSP-D alone. The percentage of proliferative cells was evaluated by

staining with mouse anti-human KI-67 antibody, and KI-67-stained cells were measured via flow cytometry. The data were generated from at least three independent

(Continued)
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FIGURE 6 | experiments (n = 3) and presented as mean ± SD (*p < 0.1, **p < 0.01, and ****p < 0.0001). The statistical analysis was performed between rfhSP-D

and HA + rfhSP-D-treated breast cancer cells. The secretion levels of FL-SP-D were confirmed and analyzed via western blotting (C). Culture medium collected from

BT20, BT474, and SKBR3 cell lines was passed through a maltose Agarose column, and the eluted fractions were validated via western blotting; FL-SP-D was

detected at ∼43 kDa only for BT474. Both BT20 and SKBR3 cell lines did not secrete any FL-SP-D. Secreted FL-SP-D by BT474 was tested for its ability to induce

apoptosis (D). No effect of secreted FL-SP-D was seen in terms of cell viability and apoptosis induction.

FIGURE 7 | Intracellular signaling to show phosphorylation of p53 in rfhSP-D-treated BT20 and SKBR3 cell lines (A). Breast cancer cell lines were allowed to adhere

to HA or HA-bound rfhSP-D, and the phosphorylation status of p53 was evaluated using total cell lysates with a PathScan Antibody Array Kit (Cell Signaling). Data

were generated from at least three independent experiments and presented as mean ± SD. rfhSP-D treatment resulted in upregulation of p21 and p27 cell cycle

inhibitors (B). BT20, BT474, and SKBR3 (0.4 × 106) cells were seeded in a six-well-plate pre-coated with rfhSP-D and HA + rfhSP-D. The treated cells were lysed

and pelleted down. The pelleted cells were subjected to RNA isolation, followed by cDNA synthesis and qPCR. The comparative quantification method was

performed to calculate the efficiencies of each gene for each individual PCR and is based on the second differential maximum method or takeoff analysis. The takeoff

results obtained with p21/p27 primers were normalized with the housekeeping gene TBP. qPCR assay was conducted in triplicates, and error bars represent ± SEM.

Unpaired one-way ANOVA test was used to determine the significance; *p < 0.05, **p < 0.01, and ***p < 0.001 (n = 3). The statistical analysis was performed

between rfhSP-D and HA + rfhSP-D-treated breast cancer cells.

to the rfhSP-D effect. Whether HER2 is implicated in mediating
rfhSP-D-induced apoptosis is under investigation.

The ability of rfhSP-D to induce apoptosis at 24 h in SKBR3
and BT474 cell lines was evident from a significant increase
in the number of Annexin V-/PI-positive breast cancer cells
examined via flow cytometry and fluorescence microscopy. The
cell surface of the healthy cells is composed of asymmetrically
distributed lipids on the inner and outer surfaces of the plasma
membrane. PS is one of these lipids, which is restricted to the
inner surface of the plasma membrane and, thus, is only exposed

to the cytoplasm of the cell. However, when apoptosis is triggered
by stress factors, lipid asymmetry is lost, and PS translocates to
the outer leaflet of the plasmamembrane (45). Annexin V is a 36-
kDa calcium-binding intracellular protein that binds to PS (45).
Thus, Annexin V can also stain cells undergoing necrosis due to
a ruptured membrane that permits the access of Annexin V to
the entire plasma membrane. Western blotting analysis of rfhSP-
D-treated BT474 and SKBR3 breast cancer cells revealed cleavage
of caspases 9 and 3 at 12-h treatment. Caspases are well-known
cysteine-aspartic proteases that play a crucial role in apoptosis;
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caspase 9 is triggered by cellular stress (e.g., DNA damage), via
its binding to apoptotic protease-activating factor 1 (Apaf-1).
Apaf-1/procaspase 9, in turn, triggers executioner caspases 3 and
7 (46). Caspase 3 is an essential apoptotic executor, triggered by
endoproteolytic cleavage at Asp175, which leads to inactivation
of PARP (a known marker of apoptosis) (45, 47). These findings
indicated that rfhSP-D-mediated apoptosis induction in SKBR3
and BT474 cell lines is likely to occur via the intrinsic apoptotic
pathway (48). Recently, an integral role of rfhSP-D in innate
immune surveillance against prostate cancer has been reported.
rfhSP-D-mediated apoptosis has been suggested to take place
by two distinct mitochondrial apoptotic mechanisms (19). It is
also possible that p53 upregulation in rfhSP-D-treated BT474
and SKBR3 cell lines may lead to downregulation of the pAkt
pathway, resulting in increased levels of Bad and Bax, triggering
the release of cytochrome c, caspase 9 cleavage, and apoptosis
induction. Furthermore, previous studies have also reported the
interaction of SP-D with HMGA1, CD14, CD91–calreticulin
complex, SIRPα, and EGFR (19, 22, 23, 49). The involvement
of SP-D with these key molecules is likely to be relevant as a
part of a possible mechanism/receptor through which rfhSP-
D is likely mediating its apoptotic functions on breast cancer
cells. As reported in previous studies, the CRD of SP-D can
interact with pattern recognition receptors TLR-2, TLR-4 (50),
and CD14 (22), which may block pro-inflammatory and pro-
survival downstream signaling on breast cancer cells. However,
further investigation is crucial to understand the involvement of
CRD and its possible interacting partners involved in triggering
the downstream mechanism of apoptosis induction.

During the development of breast tumorigenesis, the
tumor cells interact with surrounding stroma to create a
tumor microenvironment, supporting the growth, survival, and
invasion of cancer cells. The ECM is an essential constituent of
the niche, leading to progression of malignant tumor formation
and proliferation. ECM is composed of a wide range of
proteoglycans and glycosaminoglycans, which offers a structural
support and promotes tissue organization, thus contributing to
cell survival, proliferation, invasion, angiogenesis, and immune
cell infiltration (35, 51). HA is one of the specific components of
ECM, which is synthesized as a large linear anionic polymer at
the cell surface. The role of HA during inflammation-mediated
breast cancer has been established (52, 53). In vitro studies have
reported the ability of HA to regulate tumor cell migration and
invasion and tumor growth and progression using in vivomodels
(39). Synthesis and accumulation of HA have been detected in
invasive breast cancer cells compared to normal breast epithelial
tissues (39). Additionally, HA synthase 2 facilitates invasion in
breast cancer cells (51). Furthermore, tumor cells overexpressing
HA synthase 2 have been shown to enhance angiogenesis and
stromal cell recruitment, suggesting that increased levels of
HA in the tumor stroma support breast carcinoma (51). Pro-
tumorigenic roles of increased HA expression in breast tumors
and possible mechanisms through whichHAmight trigger tumor
proliferation are areas of great interest. Therefore, we examined
the interaction between rfhSP-D and HA and its implication on
the adhesion and proliferation of BT20, BT474, and SKBR3 breast
cancer cells.

Direct binding ELISA revealed that rfhSP-D bound to HA
in a dose-dependent manner. The ability of breast cancer cells
to interact with HA-bound rfhSP-D was examined via a cell
adhesion assay. Cell adhesion assay was performed to assess
the effect of rfhSP-D or HA treatment on the ability of breast
cancer cells to adhere. A greater cell adhesion binding pattern
was observed with rfhSP-D alone, when compared to HA-bound
rfhSP-D orHA alone. Thismay be due to the interaction of rfhSP-
D-treated cells with apoptotic-related receptors and pathways
leading to apoptosis induction. Apoptotic and proliferative assays
were also performed to investigate the effect of HA-bound rfhSP-
D in comparison to rfhSP-D alone. SKBR3 cells seeded on HA-
bound rfhSP-D resulted in an increased cell proliferation (1.7-
fold), when compared to rfhSP-D alone. In the case of rfhSP-D-
treated BT474 cells, addition of HA resulted in a two-fold increase
of proliferative cells. However, the percentage of proliferating
cells in the presence of HA-bound rfhSP-D was not significantly
different from that in HA alone or untreated SKBR3 and BT474
cells. Therefore, these findings suggest that pro-apoptotic effects
of rfhSP-D are modulated by HA addition. However, there
was no significant difference in the proliferation of BT20 cells
among all the conditions, suggesting that these cells continue
to grow and are not affected by rfhSP-D treatment alone or in
conjunction with HA. It is also possible that addition of HA
may modulate the interaction of rfhSP-D-treated cells with pro-
apoptotic signaling pathways, thereby restricting the possibility
of apoptosis induction. Thus, addition of HA could facilitate cell
proliferation by interacting with proliferative signaling cascades
(e.g., Ras-ERK and PI3K-Akt). Even though breast cancer tissues
express SP-D (Figures 4i,ii), the presence of HAwithin the breast
tumor microenvironment seems to provide a self-protective coat,
thus negating the anti-tumorigenic properties of SP-D. Since
BT474 and SKBR3 cells treated with rfhSP-D undergo apoptosis
and addition of HA to rfhSP-D enhances cell proliferation, it
is likely that breast cancer cells can use HA in their tumor
microenvironment as an escape mechanism from apoptosis
induction triggered by rfhSP-D.

To further understand the mechanism of apoptosis
induction by rfhSP-D treatment, the likely signaling pathways
involved in tumor adhesion, proliferation, and cell death were
analyzed. rfhSP-D treatment resulted in increased levels of p53
phosphorylation (at Ser15), possibly mediated by oxidative stress
caused by rfhSP-D (17, 49). p53 is an essential transcriptional
modulator of apoptosis and plays a crucial role in cellular
response to DNA damage as well as other genomic alterations.
Phosphorylated p53 and increased levels of P21/P27 expression
may cause inactivation of cyclin B–cdc2 complexes that are
crucial in regulating G2/M cell cycle transition, causing DNA
repair or induction of apoptosis (17). However, decreased levels
of caspase 3 and p53 were detected in HA + rfhSP-D-treated
cells, possibly suggesting its resistance to apoptosis by addition
of HA. Although the p21 trigger is p53 dependent in certain
events such as DNA damage, there are several scenarios in which
p21 expression is independent of p53 status, such as normal
tissue development and differentiation. p21 can lead to tumor
evolution directed toward tumor growth by slowing down the
accumulation of DNA damage. Induction of p21 expression has
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been shown to be crucial for promoting motility of tumor cells
and tumorigenesis. Due to controversial roles of p21, it can be
considered as an oncogenic protein and/or tumor suppressor,
depending on its cytoplasmic localization. The dual roles of
p21 as an oncogenic or tumor suppressor make it difficult to
study the mechanisms involved in p53–p21-mediated apoptosis
induction or cancer progression.

Targeting HA synthesis, accumulation, degradation, or HA–
receptor interaction represents a potential therapeutic approach
for treatment of breast and other cancers. The use of 4-
MU to inhibit HA synthesis has been shown to reduce
breast cancer proliferation and migration (54–57). 4-MU
treatment has also been shown to inhibit intracellular and
cell surface HA (57), in addition to suppression of Akt
phosphorylation. Use of hyaluronidases to degrade HA in the
tumor microenvironment has also been considered as a potential
therapeutic approach for cancer. Bacteriophage hyaluronidase
has been shown to effectively inhibit growth, migration, and
invasion of breast cancer cells (58). Hyaluronidase treatment has
also shown promising outcomes in pancreatic cancer in clinical
trials (59–61). Furthermore, recombinant human hyaluronidase
(rHUPH20) has been shown to improve drug delivery of
antibody-based trastuzumab targeted therapy in HER2+ breast
cancer (62). A recent study has shown that HA degradation
by pegvorhyaluronidase (PVHA) can remodel the TME in a
murine model of breast cancer so as to increase the uptake of
anti-ProgrammedDeath-Ligand 1 (PD-L1) therapeutic antibody.
PVHA treatment coincided with a dramatic effectiveness of anti-
PD-L1 antibody in reducing the tumor growth (63).

Involvement of rfhSP-D and its associated pro-apoptotic
properties in cancer models might be a novel therapeutic agent
to target multiple cellular signaling pathways, including tumor
cell survival factors, transcriptional factors, protein kinases, and
pro-apoptotic gene signatures. The mechanism which enables
rfhSP-D to induce apoptosis and inhibit tumor cell proliferation
is tumor specific due to the differential effects on the cell
types and probably expression of putative receptors. The nature
of interaction between HA + rfhSP-D and cellular receptors
is currently under investigation. The function of SP-D in the
biology of cancer is complex and is strongly dependent on the
tumor microenvironment. As SP-D and HA are overexpressed
in breast cancer and other carcinomas, targeting both HA and
SP-D is clinically relevant to inhibit HA-mediated intracellular
signaling that negates the pro-apoptotic role of rfhSP-D. It is

important to note that FL-SP-D purified from BT474 was not
able to induce apoptosis in any of the three breast cancer cell
lines. The plausible reasons could be that the tumor cells produce
a dysfunctional protein owing to mutations, protein misfolding,
and/or altered oligomerization.

In conclusion, rfhSP-D treatment was able to induce
apoptosis in BT474 and SKBR3 cell lines involving the
intrinsic apoptotic pathway, while having no effect on the
triple-negative BT20 cell line. In addition, HA-bound rfhSP-
D was able to restore cell growth, suggesting that these
breast cancer cells may use HA as an escape mechanism to
overcome pro-apoptotic effects of rfhSP-D. The mechanisms by
which HA-bound rfhSP-D restores cell proliferation are yet to
be elucidated.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

Surgical breast cancer tissues and adjacent peritumoral
mammary parenchymas were selected following ethical approval
by the University Hospital of Palermo, Italy (approval number
09/2018).

AUTHOR CONTRIBUTIONS

Data curation: CA, PV, and TM; formal analysis: HK, TM,
and RB; investigation: SA and AK; methodology: VM, PV, BB,
and TR; resources: SV; supervision: RB and UK; validation:
FA; writing—original draft: VM; writing—review and editing:
UK. All authors contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

The authors acknowledge the International Scientific Partnership
Program (ISPP) at King Saud University, Riyadh for funding
via ISPP-145 and the Institute for Maternal and Child Health,
IRCCS Burlo Garofolo, Trieste, Italy, for funding via RC20/16
and 5MILLE15D to CA.

REFERENCES

1. Swann JB, Smyth MJ. Immune surveillance of tumors. J Clin Invest. (2007)

117:1137–46. doi: 10.1172/JCI31405

2. Kim R, Emi M, Tanabe K. Cancer immunoediting from immune

surveillance to immune escape. Immunology. (2007) 121:1–14.

doi: 10.1111/j.1365-2567.2007.02587.x

3. Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ. Natural innate and

adaptive immunity to cancer. Annu Rev Immunol. (2011) 29:235–71.

doi: 10.1146/annurev-immunol-031210-101324

4. Palucka AK, Coussens LM. The basis of oncoimmunology. Cell. (2016)

164:1233–47. doi: 10.1016/j.cell.2016.01.049

5. Lu J, Teh C, Kishore U, Reid KBM. Collectins and ficolins: sugar pattern

recognition molecules of the mammalian innate immune system. Biochim

Biophys Acta. (2002) 1572:387–400. doi: 10.1016/S0304-4165(02)00320-3

6. Kishore U, Greenhough TJ, Waters P, Shrive AK, Ghai R, Kamran MF, et al.

Surfactant proteins SP-A and SP-D: Structure, function and receptors. Mol

Immunol. (2006) 43:1293–315. doi: 10.1016/j.molimm.2005.08.004

7. Nayak A, Dodagatta-Marri E, Tsolaki AG, Kishore U. An insight into the

diverse roles of surfactant proteins, SP-A and SP-D in innate and adaptive

immunity. Front Immunol. (2012) 3:131. doi: 10.3389/fimmu.2012.00131

8. Madsen J, Kliem A, Tornøe I, Skjødt K, Koch C, Holmskov U. Localization of

lung surfactant protein D on mucosal surfaces in human tissues. J Immunol.

(2000) 164:5866–70. doi: 10.4049/jimmunol.164.11.5866

Frontiers in Immunology | www.frontiersin.org 15 July 2020 | Volume 11 | Article 1171

https://doi.org/10.1172/JCI31405
https://doi.org/10.1111/j.1365-2567.2007.02587.x
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1016/j.cell.2016.01.049
https://doi.org/10.1016/S0304-4165(02)00320-3
https://doi.org/10.1016/j.molimm.2005.08.004
https://doi.org/10.3389/fimmu.2012.00131
https://doi.org/10.4049/jimmunol.164.11.5866
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Murugaiah et al. Innate Immune Surveillance by SP-D

9. Sotiriadis G, Dodagatta-Marri E, Kouser L, Alhamlan FS, Kishore U,

Karteris E. Surfactant proteins SP-A and SP-D modulate uterine contractile

events in ULTR myometrial cell line. PLoS One. (2015) 10:e0143379.

doi: 10.1371/journal.pone.0143379

10. Christensen AF, Sorensen GL, Junker K, Revald PH, Varnum C, Sorensen

FB, et al. Localization of surfactant protein-D in the rheumatoid synovial

membrane. Apmis. (2018) 126:9–13. doi: 10.1111/apm.12785

11. Wright JR. Immunomodulatory functions of surfactant. Physiol Rev. (1997)

77:931–2. doi: 10.1152/physrev.1997.77.4.931

12. Madan T, Kishore U, Shah A, Eggleton P, Strong P, Wang JY, et al.

Lung surfactant proteins A and D can inhibit specific IgE binding to

the allergens of Aspergillus fumigatus and block allergen-induced histamine

release from human basophils. Clin Exp Immunol. (2007) 110:241–9.

doi: 10.1111/j.1365-2249.1997.tb08323.x

13. Wang JY, Kishore U, Lim BL, Strong P, Reid KBM. Interaction of

human lung surfactant proteins A and D with mite (Dermatophagoides

pteronyssinus) allergens. Clin Exp Immunol. (1996) 106:367–73.

doi: 10.1046/j.1365-2249.1996.d01-838.x

14. Madan T, Kishore U, SinghM, Strong P, Clark H, Hussain EM, et al. Surfactant

proteins A and D protect mice against pulmonary hypersensitivity induced by

Aspergillus fumigatus antigens and allergens. J Clin Invest. (2001) 107:467–75.

doi: 10.1172/JCI10124

15. Madan T, Reid KBM, Singh M, Sarma PU, Kishore U. Susceptibility

of mice genetically deficient in the surfactant protein (SP)-A or

SP-D gene to pulmonary hypersensitivity induced by antigens and

allergens of Aspergillus fumigatus. J Immunol. (2005) 174:6943–54.

doi: 10.4049/jimmunol.174.11.6943

16. Mahajan L, Madan T, Kamal N, Singh VK, Sim RB, Telang SD, et al.

Recombinant surfactant protein-D selectively increases apoptosis in

eosinophils of allergic asthmatics and enhances uptake of apoptotic

eosinophils by macrophages. Int Immunol. (2008) 20:993–1007.

doi: 10.1093/intimm/dxn058

17. Kaur A, Riaz MS, Murugaiah V, Varghese PM, Singh SK, Kishore U. A

Recombinant fragment of human surfactant protein D induces apoptosis in

pancreatic cancer cell lines via fas-mediated pathway. Front Immunol. (2018)

9:1126. doi: 10.3389/fimmu.2018.01126

18. Kumar J, Murugaiah V, Sotiriadis G, Kaur A, Jeyaneethi J, Sturniolo I, et al.

Surfactant protein D as a potential biomarker and therapeutic target in

ovarian cancer. Front Oncol. (2019) 9:542. doi: 10.3389/fonc.2019.00542

19. Thakur G, Prakash G, Murthy V, Sable N, Menon S, Alrokayan SH, et al.

Human SP-D Acts as an innate immune surveillance molecule against

androgen-responsive and androgen-resistant prostate cancer cells. Front

Oncol. (2019) 9:565. doi: 10.3389/fonc.2019.00565

20. Mangogna A, Belmonte B, Agostinis C, Ricci G, Gulino A, Ferrara I, et al.

Pathological significance and prognostic value of surfactant protein D in

cancer. Front Immunol. (2018) 9:1748. doi: 10.3389/fimmu.2018.01748

21. Mahajan L, Gautam P, Dodagatta-Marri E, Madan T, Kishore U. Surfactant

protein SP-D modulates activity of immune cells: proteomic profiling of its

interaction with eosinophilic cells. Expert Rev Proteomics. (2014) 11:355–69.

doi: 10.1586/14789450.2014.897612

22. Mahajan L, Pandit H, Madan T, Gautam P, Yadav AK, Warke H, et al. Human

surfactant protein D alters oxidative stress and HMGA1 expression to induce

p53 apoptotic pathway in eosinophil leukemic cell line. PLoS One. (2013)

8:e85046. doi: 10.1371/journal.pone.0085046

23. Hasegawa Y, Takahashi M, Ariki S, Asakawa D, Tajiri M, Wada Y,

et al. Surfactant protein D suppresses lung cancer progression by

downregulation of epidermal growth factor signaling. Oncogene. (2015)

34:838–45. doi: 10.1038/onc.2014.20

24. Kaur A, Riaz MS, Singh SK, Kishore U. Human surfactant protein

D suppresses epithelial-to-mesenchymal transition in pancreatic

cancer cells by downregulating TGF-β. Front Immunol. (2018) 9:1844.

doi: 10.3389/fimmu.2018.01844

25. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of

worldwide burden of cancer in 2008: GLOBOCAN 2008. Int J Cancer. (2010)

127:2893–917. doi: 10.1002/ijc.25516

26. Coleman RE, Collinson M, Gregory W, Marshall H, Bell R, Dodwell D, et al.

Benefits and risks of adjuvant treatment with zoledronic acid in stage II/III

breast cancer. 10 years follow-up of the AZURE randomized clinical trial (BIG

01/04). J Bone Oncol. (2018) 13:123–35. doi: 10.1016/j.jbo.2018.09.008

27. Sun YS, Zhao Z, Yang ZN, Xu F, Lu HJ, Zhu ZY, et al. Risk factors

and preventions of breast cancer. Int J Biol Sci. (2017) 13:1387–97.

doi: 10.7150/ijbs.21635

28. Azamjah N, Soltan-Zadeh Y, Zayeri F. Global trend of breast cancer mortality

rate: a 25-year study. Asian Pacific J Cancer Prev. (2019) 20:2015–20.

doi: 10.31557/APJCP.2019.20.7.2015

29. Baxter E, Windloch K, Gannon F, Lee JS. Epigenetic regulation in cancer

progression. Cell Biosci. (2014) 4:45. doi: 10.1186/2045-3701-4-45

30. Bates JP, Derakhshandeh R, Jones L, Webb TJ. Mechanisms of

immune evasion in breast cancer. BMC Cancer. (2018) 18:556.

doi: 10.1186/s12885-018-4441-3

31. Fragomeni SM, Sciallis A, Jeruss JS. Molecular subtypes and local-regional

control of breast cancer. Surg Oncol Clin N Am. (2018) 27:95–120.

doi: 10.1016/j.soc.2017.08.005

32. Dai X, Li T, Bai Z, Yang Y, Liu X, Zhan J, et al. Breast cancer intrinsic

subtype classification, clinical use and future trends. Am J Cancer Res.

(2015) 5:2929–43.

33. Ben-Baruch A. Host microenvironment in breast cancer development.

Inflammatory cells, cytokines and chemokines in breast cancer progression:

Reciprocal tumor-microenvironment interactions. Breast Cancer Res. (2003)

5:31–6. doi: 10.1186/bcr554

34. Goldberg JE, Schwertfeger KL. Proinflammatory cytokines in breast cancer:

mechanisms of action and potential targets for therapeutics. Curr Drug

Targets. (2010) 11:1133–46. doi: 10.2174/138945010792006799

35. Heldin P, Basu K, Olofsson B, Porsch H, Kozlova I, Kahata K. Deregulation

of hyaluronan synthesis, degradation and binding promotes breast cancer. J

Biochem. (2013) 154:395–408. doi: 10.1093/jb/mvt085

36. Corte MD, González LO, Junquera S, Bongera M, Allende MT, Vizoso

FJ. Analysis of the expression of hyaluronan in intraductal and invasive

carcinomas of the breast. J Cancer Res Clin Oncol. (2010) 136:745–50.

doi: 10.1007/s00432-009-0713-2

37. Tolg C, McCarthy JB, Yazdani A, Turley EA. Hyaluronan and RHAMM in

wound repair and the “cancerization” of stromal tissues. Biomed Res Int.

(2014) 2014:103923. doi: 10.1155/2014/103923

38. Bourguignon LYW, Wong G, Earle C, Krueger K, Spevak CC. Hyaluronan-

CD44 interaction promotes c-Src-mediated twist signaling, microRNA-10b

expression, and RhoA/RhoC up-regulation, leading to Rho-kinase-associated

cytoskeleton activation and breast tumor cell invasion. J Biol Chem. (2010)

285:36721–35. doi: 10.1074/jbc.M110.162305

39. Li Y, Li L, Brown TJ, Heldin P. Silencing of hyaluronan synthase 2 suppresses

the malignant phenotype of invasive breast cancer cells. Int J Cancer. (2007)

120:2557–67. doi: 10.1002/ijc.22550

40. McCurdy RD, McGrath JJ, Mackay-Sim A. Validation of the comparative

quantification method of real-time PCR analysis and a cautionary tale of

housekeeping gene selection. Gene Ther Mol Biol. (2008) 12:15–24. Available

online at: https://research-repository.griffith.edu.au/handle/10072/25877

41. Antonsson A, Persson JL. Induction of apoptosis by staurosporine involves

the inhibition of expression of the major cell cycle proteins at the G2/M

checkpoint accompanied by alterations in Erk and Akt kinase activities.

Anticancer Res. (2009) 29:2893–8.

42. Zugibe FT. Diagnostic Histochemistry.Mosby St. Louis, MO (1970).

43. Pearse AGE, Stoward PJ. Histochemistry, Theoretical and Applied,

Histochemistry, Theoretical and Applied. London: Churchill

Livingstone (1980).

44. Lillie RD, Conn HJ, Commission BS, Stotz EH, Emmel VM. H. J. Conn’s

Biological Stains: A Handbook on the Nature and Uses of the Dyes Employed

in the Biological Laboratory. Edinburg: Williams &Wilkins (1977).

45. Porter AG, Jänicke RU. Emerging roles of caspase-3 in apoptosis. Cell Death

Differ. (1999) 6:99–104. doi: 10.1038/sj.cdd.4400476

46. Li P, Zhou L, Zhao T, Liu X, Zhang P, Liu Y, et al. Caspase-9: structure,

mechanisms and clinical application. Oncotarget. (2017) 8:23996–4008.

doi: 10.18632/oncotarget.15098

47. Walsh JG, Cullen SP, Sheridan C, Lüthi AU, Gerner C, Martin SJ. Executioner

caspase-3 and caspase-7 are functionally distinct proteases. Proc Natl Acad Sci

U S A. (2008) 105:12815–9. doi: 10.1073/pnas.0707715105

Frontiers in Immunology | www.frontiersin.org 16 July 2020 | Volume 11 | Article 1171

https://doi.org/10.1371/journal.pone.0143379
https://doi.org/10.1111/apm.12785
https://doi.org/10.1152/physrev.1997.77.4.931
https://doi.org/10.1111/j.1365-2249.1997.tb08323.x
https://doi.org/10.1046/j.1365-2249.1996.d01-838.x
https://doi.org/10.1172/JCI10124
https://doi.org/10.4049/jimmunol.174.11.6943
https://doi.org/10.1093/intimm/dxn058
https://doi.org/10.3389/fimmu.2018.01126
https://doi.org/10.3389/fonc.2019.00542
https://doi.org/10.3389/fonc.2019.00565
https://doi.org/10.3389/fimmu.2018.01748
https://doi.org/10.1586/14789450.2014.897612
https://doi.org/10.1371/journal.pone.0085046
https://doi.org/10.1038/onc.2014.20
https://doi.org/10.3389/fimmu.2018.01844
https://doi.org/10.1002/ijc.25516
https://doi.org/10.1016/j.jbo.2018.09.008
https://doi.org/10.7150/ijbs.21635
https://doi.org/10.31557/APJCP.2019.20.7.2015
https://doi.org/10.1186/2045-3701-4-45
https://doi.org/10.1186/s12885-018-4441-3
https://doi.org/10.1016/j.soc.2017.08.005
https://doi.org/10.1186/bcr554
https://doi.org/10.2174/138945010792006799
https://doi.org/10.1093/jb/mvt085
https://doi.org/10.1007/s00432-009-0713-2
https://doi.org/10.1155/2014/103923
https://doi.org/10.1074/jbc.M110.162305
https://doi.org/10.1002/ijc.22550
https://research-repository.griffith.edu.au/handle/10072/25877
https://doi.org/10.1038/sj.cdd.4400476
https://doi.org/10.18632/oncotarget.15098
https://doi.org/10.1073/pnas.0707715105
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Murugaiah et al. Innate Immune Surveillance by SP-D

48. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol.

(2007) 35:495–516. doi: 10.1080/01926230701320337

49. Janssen WJ, McPhillips KA, Dickinson MG, Linderman DJ, Morimoto K,

Xiao YQ, et al. Surfactant proteins A and D suppress alveolar macrophage

phagocytosis via interaction with SIRP alpha. Am J Respir Crit Care Med.

(2008) 178:158–67. doi: 10.1164/rccm.200711-1661OC

50. Ohya M, Nishitani C, Sano H, Yamada C, Mitsuzawa H, Shimizu T, et al.

Human pulmonary surfactant protein D binds the extracellular domains of

Toll-like receptors 2 and 4 through the carbohydrate recognition domain

by a mechanism different from its binding to phosphatidylinositol and

lipopolysaccharide. Biochemistry. (2006) 45:8657–64. doi: 10.1021/bi060176z

51. Bernert B, Porsch H, Heldin P. Hyaluronan synthase 2 (HAS2) promotes

breast cancer cell invasion by suppression of tissuemetalloproteinase inhibitor

1 (TIMP-1). J Biol Chem. (2011) 286:42349–59. doi: 10.1074/jbc.M111.278598

52. Soria G, Ben-Baruch A. The inflammatory chemokines CCL2

and CCL5 in breast cancer. Cancer Lett. (2008) 267:271–85.

doi: 10.1016/j.canlet.2008.03.018

53. Ponting J, Howell A, Pye D, Kumar S. Prognostic relevance of serum

hyaluronan levels in patients with breast cancer. Int. J. Cancer. (1992) 52:873–

6. doi: 10.1002/ijc.2910520607

54. Bohrer LR, Chuntova P, Bade LK, Beadnell TC, Leon RP, Brady NJ, et al.

Activation of the FGFR-STAT3 pathway in breast cancer cells induces a

hyaluronan-rich microenvironment that licenses tumor formation. Cancer

Res. (2014) 74:374–86. doi: 10.1158/0008-5472.CAN-13-2469

55. Nagy N, Kuipers HF, Frymoyer AR, Ishak HD, Bollyky JB, Wight TN,

Bollyky PL. 4-Methylumbelliferone treatment and hyaluronan inhibition as

a therapeutic strategy in inflammation, autoimmunity, and cancer. Front

Immunol. (2015) 6:123. doi: 10.3389/fimmu.2015.00123

56. Saito T, Tamura D, Nakamura T, Makita Y, Ariyama H, Komiyama K,

Oshihara T, Asano R. 4-Methylumbelliferone leads to growth arrest and

apoptosis in canine mammary tumor cells. Oncol Rep. (2013) 29:335–42.

doi: 10.3892/or.2012.2100

57. Urakawa H, Nishida Y, Wasa J, Arai E, Zhuo L, Kimata K, et al. Inhibition

of hyaluronan synthesis in breast cancer cells by 4-methylumbelliferone

suppresses tumorigenicity in vitro and metastatic lesions of bone in vivo. Int J

Cancer. (2012) 130:454–66. doi: 10.1002/ijc.26014

58. Lee JH, Moore LD, Kumar S, Pritchard DG, Ponnazhagan S, Deivanayagam

C. Bacteriophage hyaluronidase effectively inhibits growth, migration and

invasion by disrupting hyaluronan-mediated Erk1/2 activation and RhoA

expression in human breast carcinoma cells. Cancer Lett. (2010) 298:238–49.

doi: 10.1016/j.canlet.2010.07.011

59. Whatcott CJ, Han H, Posner RG, Hostetter G, Von Hoff DD. Targeting

the tumor microenvironment in cancer: why hyaluronidase deserves a

second look. Cancer Discov. (2011) 1:291–6. doi: 10.1158/2159-8290.CD-11-

0136

60. Provenzano PP, Cuevas C, Chang AE, Goel VK, Von Hoff DD, Hingorani

SR. Enzymatic targeting of the stroma ablates physical barriers to treatment

of pancreatic ductal adenocarcinoma. Cancer Cell. (2012) 21:418–29.

doi: 10.1016/j.ccr.2012.01.007

61. Jacobetz MA, Chan DS, Neesse A, Bapiro TE, Cook N, Frese KK, et al.

Hyaluronan impairs vascular function and drug delivery in a mouse model

of pancreatic cancer. Gut. (2013) 62:112–20. doi: 10.1136/gutjnl-2012-302529

62. Shpilberg O, Jackisch C. Subcutaneous administration of rituximab

(MabThera) and trastuzumab (Herceptin) using hyaluronidase. Br J Cancer.

(2013) 109:1556–61. doi: 10.1038/bjc.2013.371

63. Clift R, Souratha J, Garrovillo SA, Zimmerman S, Blouw B. Remodeling the

tumor microenvironment sensitizes breast tumors to anti-programmed

death-ligand 1 immunotherapy. Cancer Res. (2019) 79:4149–59.

doi: 10.1158/0008-5472.CAN-18-3060

Conflict of Interest: The 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 Murugaiah, Agostinis, Varghese, Belmonte, Vieni, Alaql,

Alrokayan, Khan, Kaur, Roberts, Madan, Bulla and Kishore. 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 17 July 2020 | Volume 11 | Article 1171

https://doi.org/10.1080/01926230701320337
https://doi.org/10.1164/rccm.200711-1661OC
https://doi.org/10.1021/bi060176z
https://doi.org/10.1074/jbc.M111.278598
https://doi.org/10.1016/j.canlet.2008.03.018
https://doi.org/10.1002/ijc.2910520607
https://doi.org/10.1158/0008-5472.CAN-13-2469
https://doi.org/10.3389/fimmu.2015.00123
https://doi.org/10.3892/or.2012.2100
https://doi.org/10.1002/ijc.26014
https://doi.org/10.1016/j.canlet.2010.07.011
https://doi.org/10.1158/2159-8290.CD-11-0136
https://doi.org/10.1016/j.ccr.2012.01.007
https://doi.org/10.1136/gutjnl-2012-302529
https://doi.org/10.1038/bjc.2013.371
https://doi.org/10.1158/0008-5472.CAN-18-3060
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

	Hyaluronic Acid Present in the Tumor Microenvironment Can Negate the Pro-apototic Effect of a Recombinant Fragment of Human Surfactant Protein D on Breast Cancer Cells
	Introduction
	Materials and Methods
	Expression and Purification of rfhSP-D
	Cell Culture and Treatments
	Fluorescence Microscopy
	Flow Cytometry
	Purification of Full-Length SP-D From Breast Cancer Cell Lines
	Apoptosis Analysis of Breast Cancer Cells Treated With BT474-Derived Full-Length SP-D
	Immunohistochemical Analysis
	Adhesion Assay
	Intracellular Signaling Analysis
	Western Blotting
	ELISA
	Quantitative RT-PCR
	Statistical Analysis

	Results
	A Recombinant Form of Truncated Human SP-D Binds Breast Cancer Cell Lines
	Apoptosis Induction by rfhSP-D in Breast Cancer Cell Lines
	rfhSP-D Induces Apoptosis in BT474 and SKBR3 Cell Lines via Intrinsic Pathway
	Expression of Human SP-D and HA in Breast Cancer Tissues
	rfhSP-D Binds to High-Molecular-Weight HA
	HA Binding Modulates the Ability of rfhSP-D to Induce Apoptosis
	rfhSP-D Treatment Upregulated Cell Cycle Inhibitors and Induced p53-Dependent Apoptosis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


