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Silica-induced fibrosis: an ancient response from the early
metazoans

ABSTRACT
Exposure to crystalline silica particles causes silicosis, an occupational
disease leading to an overproduction of collagen in the lung. The first
step of this pathology is characterized by the release of inflammatory
mediators. Tumour necrosis factor (TNF) is a pro-inflammatory
cytokine directly involved in silica-induced pulmonary fibrosis. The
marine demosponge Chondrosia reniformis is able to incorporate silica
grains and partially dissolve the crystalline forms apparently without
toxic effects. In the present work, C. reniformis tissue explants were
treated with fine quartz dust and the expression level of fibrogenic
genes was assayed by qPCR, demonstrating an overexpression of a
fibrillar and a non-fibrillar collagen and of prolyl-4-hydroxylase enzyme.
The deposition of new collagen could also be documented in quartztreated sponge explants. Furthermore, TNF pro-inflammatory cytokine
overexpression and involvement in silica-induced sponge collagen
biosynthesis was demonstrated in quartz-treated explants as
compared with controls by means of specific TNF inhibitors affecting
the fibrogenic gene response. As no documentable detrimental effect
was observed in treated explants, we conclude that the C. reniformis
unique quartz engulfment and erosion is physiological and beneficial to
the animal, leading to new collagen synthesis and strengthening of the
body stiffness. Thus, we put forward the hypothesis that an ancient
physiological behaviour from the lowest of the Metazoa, persisting
through evolution via the same molecular mediators such as TNF, may
have become the cause of disease in the specialized tissues of higher
animals such as mammals.
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INTRODUCTION

Chondrosia reniformis is a marine sponge, common in the
Mediterranean Sea, belonging to the Demospongiae class. As it
does not possess an internal skeleton, to strengthen its structure, this
sponge usually incorporates solid particles like little stones and sand
into its body (Cerrano et al., 2007). In particular, it is able to engulf
silica sand particles (quartz crystals) in its ectosome, and partially
dissolve them through ascorbic acid-driven surface erosion, leading
to an increase in the concentration of soluble silicates in the
surrounding water (Bavestrello et al., 1995). Indeed, ascorbic acid is
an abundant vitamin present in C. reniformis tissues. This unique
reaction has been demonstrated to be specific for the crystalline
form of silica (quartz), leaving the amorphous form quite untouched
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(Fenoglio et al., 2000). In C. reniformis, in fact, amorphous silica, in
the form of spicules deriving from other demosponges, is also
engulfed but is retained inside the sponge to strengthen the body
structure. The retention of the spicules is due both to the fact that the
ascorbic acid-driven erosion is ineffective on this form of silica and
to the fact that C. reniformis does not possess silicases, the enzymes
that specifically dissolve amorphous silica and are only present in
demosponges able to produce siliceous spicules (for a review, see
Ehrlich et al., 2010a). Histological analysis reveals that the engulfed
crystalline silica grains are enveloped by tight collagen fibres
associated with ectosomal cells, revealing that this particular
process of incorporation/erosion of quartz is cell mediated
(Pozzolini et al., 2016a). Despite the ecological relevance of
soluble silica turnover to the marine environment, the physiological
significance of this peculiar process in C. reniformis is still unclear.
However, it is well known that inhalation of crystalline silica
particles in mammals causes severe respiratory diseases such
as pulmonary inflammation, fibrosis and lung cancer (Ding et al.,
2002). Silica-induced fibrosis, termed silicosis, is characterized by
an imbalance of extracellular matrix deposition, resulting in the
accumulation of collagen fibres in the lung tissue. Although
silicosis is a widespread occupational disease and has been
recognised for many years, the molecular bases that drive this
pathology are not completely elucidated. It is known that one of the
first molecular events is the overproduction of inflammatory
mediators (Hamilton et al., 2008). Among these humoral factors,
tumour necrosis factor alpha (TNF) plays a fundamental role in the
pathogenesis of silica-induced lung injury (Piguet et al., 1990). The
pro-fibrotic role of TNF seems to be especially related to silicainduced fibrosis (Piguet et al., 1990), but it is not yet entirely clear
what kind of molecular events make TNF a pro-fibrotic cytokine in
silica-mediated diseases. An accurate knowledge of this pathway
would provide new perspectives on possible therapies of silicosis.
Given the fibrotic effect of quartz dust in mammalian models, it has
been speculated that crystalline silica sand incorporation and erosion
by C. reniformis could be causal to sponge collagen biosynthesis
(Giovine et al., 2013). The identification by immunostaining of the
enzyme involved in collagen maturation, prolyl-4-hydroxylase (P4H),
around the numerous sand grains usually incorporated by this sponge
strongly supports this hypothesis (Pozzolini et al., 2015). A functional
relationship between collagen and silica has already been described in
glass sponges (Hexatinellida). In fact, in Hyalonema seboldi, a fibrillar
collagen with an unusual double-hydroxylated motif, has been found
in the axial filaments of the metre-long siliceous spicules of this
sponge and it has been speculated by Ehrlich et al. (2010b) that this
collagen, with its peculiar hydroxylated motifs, serves as a template for
silica precipitation during the formation of the spicule itself. These
findings suggest a close interaction between this protein and various
forms of silica.
Quite recently, a full-length cDNA coding for a non-fibrillar
collagen type was described and cloned from C. reniformis and
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5 mmol l−1 final concentration) or SPD304 (22 µmol l−1 final
concentration) as described in Pozzolini et al. (2016b).
Gene expression analysis

Specimens of Chondrosia reniformis Nardo 1847 were collected in
the area of the Portofino Promontory (Liguria, Italy) at depths of
10–20 m. During sampling and transport, the temperature was
maintained at 14–15°C. Short-term stabilization was performed as
described in Pozzolini et al. (2014). Briefly, the sponges were stored
at 14°C in 200 l aquaria containing natural seawater collected in the
same area of the Portofino Promontory with a salinity of 37‰ and
equipped with an aeration system.

Total RNA was extracted using Isol-RNA Lysil (5′-Prime, Eppendorf
srl, Milan, Italy), according to the manufacturer’s instructions, from
C. reniformis fragmorphs stimulated as described above.
Subsequently, the poly-A fraction was isolated using FastTrack®
MAG mRNA isolation kit (Life Technologies, Milan, Italy). The
sponge cDNA was obtained by reverse transcription with iScript
cDNA Synthesis kit (Bio-Rad Laboratories, Milan, Italy), according
to the manufacturer’s protocol, using 200 ng of purified mRNA.
GAPDH (accession number KM217385) was used as reference gene
for sample normalization. Each PCR reaction was performed in 20 μl
containing: 1× master mix iQ SYBR®Green (Bio-Rad), 0.2 µmol l−1
of each primer and 0.8 µl of synthesized cDNA. All samples were
analysed in triplicate. The following conditions were used: initial
denaturation for 3 min followed by 45 cycles with denaturation at 95°
C for 15 s, annealing and elongation at 57.7°C for 60 s. Fluorescence
was measured at the end of each elongation step. The next step was a
slow heating (1°C s−1) of the amplified product from 55 to 92°C in
order to generate a melting temperature curve. All primers (Table 1)
were designed using the software Beacon Designer 7.0 (Premier
Biosoft International, Palo Alto, CA, USA) and obtained from
TibMolBiol (Genova, Italy). Data analysis was carried out using the
DNA Engine Opticon® 3 Real-Time Detection System Software
program (3.03 version). In order to detect the relative gene expression
of chTNF, fibrillar and non-fibrillar collagen (F- and NF-collagen,
respectively), P4H and the anti-apoptotic gene Bcl-2, each compared
with an untreated (control) calibrator sample, the comparative
threshold Ct method (Aarskog and Vedeler, 2000) was used with
the software Gene Expression Analysis for iCycler iQ Real-Time
Detection System (Bio-Rad) (Vandesompele et al., 2002).

Chondrosia reniformis fragmorph model preparation

Collagen assay

Fragmorph models were prepared as previously described
(Pozzolini et al., 2012). Briefly, specimens of C. reniformis were
taken from the aquarium and immediately transferred to plastic
containers filled with filtered natural seawater (FNSW). The
sponges were cut in cylindrical fragments of 7 mm diameter
(fragmorphs) using a sterilized brass borer, then quickly transferred
to 12-well plates and stored in the aquarium for approximately
1 month, until complete surface healing and attachment to the
plastic plates. For each set of experiments, fragmorphs obtained
from a single large sponge were used.

Chondrosia reniformis fragmorph specimens treated with quartz
dust for 7 days, as described in ‘Experimental conditions’ (above),
were cut into small pieces and a solution of 50 mmol l−1 Tris-HCl
and 1 mol l−1 NaCl ( pH 7.5) in a 1:10 ratio (tissue mass:solvent)

MATERIALS AND METHODS
Chemicals

All reagents were acquired from Sigma-Aldrich (Milan, Italy),
unless otherwise stated.
Experimental animals

Quartz dust suspension preparation

Quartz dust (Min-U-Sil 5, US Silica, Berkeley Spring Plant, WV,
USA) was dry sterilized. A suspension of 10 mg ml−1 in FNSW was
prepared and sonicated just before use.
Experimental conditions

Mature fragmorph samples (n=3, 1 month old) were removed from
the aquarium, washed twice in FNSW, then incubated in 6 ml of
FNSW and stimulated by injection of 100 µl per fragmorph of
10 mg ml−1 quartz dust suspension at 14°C for 18 h, 48 h and
7 days. Control fragmorph samples (n=3) were injected with 100 µl
of FNSW per fragmorph.
In a second set of experiments, in order to establish the role of
chTNF on quartz collagen and P4H gene regulation, fragmorphs were
incubated in the same conditions and for the above-specified times, in
the presence of two different TNF inhibitors: pentoxifylline (PTX,
4008

Table 1. Sequence of oligonucleotides used as primers for PCR
reactions
Name

Sequence (5′–3′)

Position

FP4H (forward)
RP4H (reverse)
Fgapd (forward)
Rgapd (reverse)
Ftnf (forward)
Rtnf (reverse)
FColch (forward)
RColch (reverse)
FColf (forward)
RColf (reverse)
27F (forward)
(Lane, 1991)
1492R (reverse)
(Lane, 1991)
FBcl-2
RBcl-2

5′-AGAGGAGGAACGATTAGGAGAAC-3′
5′-CCGCATAATGACAGCCAAGG-3′
5′-AAGCCACCATCAAGAAGG-3′
5′-CCACCAGTTTCACAAAGC-3′
5′-AGAAATCGCCAGAAGCAAGTTG-3′
5′-GATGAGCACATTGATAGCAGACC-3′
5′-CCTTGTGTGGTCTGTAATG-3′
5′-ATTGTTGTCTTTCTTCCTTCG-3′
5′-GTCATCCAGGTCGTCAAG-3′
5′-TAGGTCAATCTCTAATTCAGC-3′
5′-AGAGTTTGATCCTGGCTCAG-3′

187–2091
294–3131
882–8992
1023–10402
210–2313
264–2863
1932–19504
2060–20804
1306–13235
1482–15025
–

5′-GGYTACCTTGTTACGACTT-3′

–

5′-ATATTCACCAAGCCAATGC-3′
5′-CCAGACACCACTCTATCG-3′

366–3846
525–5426

With respect to JQ699291.1 sequence. 2With respect to KM217385.1
sequence. 3With respect to KR072662 sequence. 4With respect to
DQ874470.3 sequence. 5With respect to KR072663.1 sequence. 6With
respect to MF380423 sequence.
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expression of this gene is positively regulated by soluble silicates
(Pozzolini et al., 2012). Furthermore, a TNF homologue was
characterized from C. reniformis (chTNF) and is involved in
collagen and P4H gene expression (Pozzolini et al., 2016b).
In the light of the recently acquired molecular information on
C. reniformis, and thanks to its ability to incorporate quartz without
any detectable biological damage, this animal may constitute an
extraordinary model to understand the molecular evolution of
mammalian silica-induced fibrosis.
In the present work, in order to evaluate the relationship between
quartz incorporation and collagen synthesis in C. reniformis, we
evaluated the expression levels of fibrogenic genes (collagen and
P4H) in tissue explants of this animal treated with quartz dusts.
Moreover, in order to verify a possible chTNF involvement in this
process, the gene expression levels of this cytokine were measured
in quartz-stimulated C. reniformis fragmorph models and the
expression of fibrogenic genes was analysed in the presence of
specific TNF inhibitors.

Journal of Experimental Biology (2017) 220, 4007-4015 doi:10.1242/jeb.166405

was added. The samples were continuously and vigorously stirred
overnight at 4°C. The solution, devoid of debris, was than
centrifuged (15,000 g for 60 min at 4°C) to obtain a transparent
solution containing the soluble collagen fraction. The solution was
concentrated 10 times with Amicon filters with a molecular cut-off
of 12,000 kDa (VWR International, Milan, Italy). Collagen content
was quantified using the Sircol Assay (Biocolor Ltd, Carrickfergus,
County Antrim, UK) according to the manufacturer’s instructions.
A solution of 1 mg ml−1 mouse type I collagen was used for
construction of a calibration standard curve. Collagen content was
then normalized to the wet mass of the fragmorph.
Histological analyses
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the nucleoSpin Tissue kit (Machery-Nagel GmbH, Düren, Germany),
according to the manufacturer’s instructions. The relative amount of
bacterial genes in different samples was analysed by qPCR using a
Chromo 4 instrument (MJ Research, Bio-Rad). Chondrosia reniformis
GAPDH was used as the reference gene. Amplification of the
prokaryotic DNA was performed using the universal set of primers
338F/518R (Lane, 1991). Each PCR reaction was performed in 15 μl
containing: 1× master mix iQ SYBR®Green (Bio-Rad), 0.2 µmol l−1 of
each primer and 4.5 ng of purified genomic DNA or negative control.
All samples were analysed in triplicate. The following conditions were
used: initial denaturation for 3 min, followed by 45 cycles with
denaturation at 95°C for 15 s, annealing and elongation at 60°C for
60 s. Fluorescence was measured at the end of each elongation step.
The next step was a slow heating (1°C s−1) of the amplified product
from 55°C to 92°C in order to generate a melting temperature curve. All
primers were designed using the software Beacon Designer 7.0
(Premier Biosoft International, Palo Alto, CA, USA) and obtained from
TibMolBiol (Genova, Italy). Data analysis was carried out using the
DNA Engine Opticon® 3 Real-Time Detection System Software
(v.3.03). In order to detect the relative gene copy number compared
with the sample with the lowest DNA content, the comparative
threshold Ct method was used with the Gene Expression Analysis
Software for iCycler iQ Real-Time Detection System (Bio-Rad).

Chondrosia reniformis fragmorphs were gently detached from the
plastic containers and fixed overnight at 4°C in 4% paraformaldehyde
(Carlo Erba Reagents, Milan, Italy) in 0.1 mol l−1 phosphatebuffered solution (pH 7.4) at 4°C, embedded in Paraplast
(McCormick, IL, USA) at 56°C and cut into 6 μm-thick sections.
Slides for light microscopy were stained with Haematoxylin and
Eosin (HE), Picro Sirius Red (PSR) staining for collagen (Junqueira
et al., 1979) and Masson’s trichrome (MT) used to highlight the
internal anatomy of wild C. reniformis. The PSR method was used for
its ability to differentially stain the various collagen fibres; in
particular, in bright-field microscopy, collagen appears red, but when
examined through cross-polarized light microscopy, the larger
collagen fibres are bright yellow or orange by birefringence,
corresponding in vertebrates to Type I collagen, while the thinner
ones, including the reticular fibres, are green by birefringence,
corresponding to vertebrate Type III collagen (Junqueira et al., 1979).
All the stained sections were visualized through a Leica DMRB light
and epifluorescence microscope (Leica Microsystems, Milan, Italy)
equipped with cross-polarizers and differential-interference contrast
filters (Nomarski) and using a 40× Leica air objective with 0.65
numerical aperture. The images were acquired with a Leica CCD
camera (DFC420C, Leica Microsystems), and analysed by the
ImageJ open source software (Rasband, 1997-2016).
We compared the percentage of large- and small-calibre collagen
fibres in five acquired images for each condition by the use of
ImageJ software. In particular, the yellow/red and green areas within
each image stained by PSR were quantified by the number of pixels
of each coloured region of interest (ROI). For the yellow/red areas,
the hue was set from 0 to 63 and the brightness from 150 to 255; for
the green areas, the hue was set from 30 to 195 and the brightness
from 150 to 255. The sum of pixels of the green areas in each image
was then expressed as a percentage of the total number of pixels of
the image (2592×1944). Data were graphed as the mean±s.d. of
three image calculations for each condition (control, and quartz
treatment for 18 h and 7 days).

In order to evaluate the fibrogenic effect of quartz dust in C. reniformis,
fragmorph tissue explants were treated with Min-U-Sil quartz for 18 h,
48 h and 7 days. The gene expression levels of NF- and F-collagen,
and of P4H enzyme were assayed by qPCR (Fig. 1A). At 18 h postinjection, no significant variation of NF- and F-collagen expression
levels was observed, while at this time point, P4H mRNA expression
was 2.1-fold higher than the control (P<0.0001). Conversely, at 48 h,
expression of both collagen genes was upregulated in quartzstimulated fragmorphs compared with control (1.74-fold increase for
NF-collagen and 1.95-fold for F-collagen, P<0.0001 and P<0.001,
respectively), while no significant variation of P4H mRNA was
observed. Finally, for the longest quartz stimulation time (7 days), only
F-collagen expression was upregulated, with a 3.36-fold increase
compared with the control (P<0.001). Overall, these data indicate that
quartz dust treatment in fragmorphs induces a significant upregulation
of fibrogenic gene expression.

Soluble silicate assay

Collagen assay

Soluble silicates were assayed in the medium of fragmorph
specimens stimulated as described in ‘Experimental conditions’
(above). All media (6 ml each) were recovered and centrifuged at
10,000 g at room temperature. Soluble silicate concentration was
measured on 100 μl of the cleared medium by a Silicate Kit (Merck,
Sharp and Dohme SpA, Rome, Italy), quantifying the silicic acid
through the ammonium molybdate colorimetric method (McGavack
et al., 1962), according to the manufacturer’s instructions.

Collagen production was assayed in C. reniformis fragmorphs after
7 days of quartz dust stimulation using the colorimetric Sircol assay
on the fraction of newly synthesized tropocollagen. The results,
displayed in Fig. 1B, show that in silica-treated specimens the levels
of salt-soluble tropocollagen (collagen of recent synthesis) were
significantly higher (2-fold increase, P<0.001) with respect to
control, untreated explants, confirming the fibrogenic effect of
quartz particles on C. reniformis tissues.

Symbiont bacteria quantification

Soluble silica quantification

Genomic DNA was extracted from C. reniformis fragmorphs,
stimulated as described in ‘Experimental conditions’ (above), using

The release of soluble silica from C. reniformis fragmorphs injected
with quartz dust was quantified in the specimen media after

Statistical analyses

Statistical analysis was performed using one-way ANOVA plus
Tukey’s post-test (GraphPad Software, Inc., San Diego, CA, USA).
P<0.05 was considered significant.
RESULTS
Effect of quartz dust on C. reniformis collagen biosynthesis
Gene expression analysis
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The collagen in the fragmorphs was highlighted by PSR staining,
while HE staining was used to identify the cells embedded in the
extracellular matrix. Sections of control and quartz-treated samples
at 18 h and 7 days were stained, observed and photos were taken
accordingly (Fig. 2).
PSR staining revealed an abundance of thick collagen fibres in
yellow/red areas and thin fibres in dark green areas (Fig. 2A–C),
which were also quantitatively graphed in Fig. 2G. This technique
allowed us to observe an increase of the thin calibre fibres (green
ROIs graphed as a percentage of total pixels for each condition in
Fig. 2G) over time from 18 h to 7 days of quartz treatment with
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Fig. 1. Fibrogenic gene and protein expression and silicate quantification
in Chondrosia reniformis. (A) Quantitative PCR gene expression analysis of
healed and plate-attached C. reniformis fragmorphs treated with 100 µl of
10 mg ml−1 quartz dust suspension for 18 h, 48 h and 7 days. NF-collagen,
non-fibrillar collagen; F-collagen, fibrillar collagen; P4H, prolyl-4-hydroxylase.
Data are expressed as fold-increase relative to control at the same end-point
and normalized to GAPDH housekeeping gene expression. Each bar
represents the mean±s.d. of three independent experiments performed in
triplicate. Asterisks indicate significance in Tukey’s test (ANOVA: P<0.000001;
Tukey: NF-collagen 48 h versus control, P<0.0001; F-collagen 48 h and 7 days
versus control, P<0.001 for both; P4H 18 h versus control, P<0.0001). (B) Saltsoluble tropocollagen quantification measured using the Sircol colorimetric
method in plate-attached fragmorphs treated or not (control) with 100 µl of
10 mg ml−1 quartz dust suspension for 7 days. Each bar represents the mean
±s.d. of three experiments performed in duplicate. The asterisk indicates
significance in Tukey’s test (ANOVA: P<0.000001; Tukey: quartz versus
control, P<0.001). (C) Soluble silicate quantification measured by the
ammonium molybdate colorimetric assay in the medium of plate-attached
fragmorphs treated or not with 100 µl of 10 mg ml−1 quartz dust suspension for
18 h, 48 h and 7 days. FNSW, filtered natural seawater. Each bar represents
the mean±s.d. of three experiments performed in duplicate. Asterisks indicate
significance in Tukey’s test (ANOVA: P<0.000001; Tukey: quartz 48 h and
7 days versus control, P<0.05 for both).
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Fig. 2. Histological analysis and quantification of collagen deposition in
C. reniformis. Histological sponge explant sections in control (A,D) and
quartz-treated specimens (B,E: 18 h; C,F: 7 days) shown by Picro Sirius Red
(PSR, A–C) and Haematoxylin–Eosin (HE, D–F) staining. Sections were
prepared and analysed by a Leica DMRB microscope equipped with a 40× air
objective as explained in Materials and methods. Arrow heads, thin fibres
(green); Asterisks, collagen rarefaction. SC, spherulous cells; SP, cytoplasmic
granules; F, fibroblasts or lophocytes; small circles indicate morphologically
unidentifiable cells. Scale bars, 25 µm. (G) Quantification of the thin calibre
collagen fibres shown in dark green in the PSR-stained panels (A–C) in the
sponge explants treated or not (control) with quartz dust for 18 h or 7 days.
Data are shown as the percentage of all the green pixel regions of interest
identified in each acquired image with respect to the total image pixels and are
the means±s.d. of three different image calculations for each condition. The
asterisks indicate significance in Tukey’s test (ANOVA: P<0.05; Tukey: 7 days
and 18 h versus control, P<0.05).
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respect to control, untreated specimens. Conversely, at both 48 h and
7 days of treatment, a slight, but significant increase of soluble
silicates was measured in the media of the quartz-treated fragmorphs
with respect to the controls (l.37±0.108- and 1.44±0.233-fold
increase, respectively, P<0.05 for both), indicating the ability of
C. reniformis to partially dissolve silica from the quartz particles.
Finally, no significant differences between the media of the control
fragmorphs and FNSW alone were ever detectable.

% Green/total pixels

4.0

Tropocollagen
(mg
sponge dry mass)

mRNA fold-increase relative to control

treatment at 18 h, 48 h and 7 days using a colorimetric test based on
the ammonium molybdate method reacting with silicic acid.
As shown in Fig. 1C, at 18 h of treatment, no significant differences
were observed in the media of the quartz-treated fragmorphs with
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Porifera host a great variety of microorganisms that in many cases
develop mutualistic relationships with sponges, sharing part of the
metabolic pathway (Arillo et al., 1993) and having a profound
impact on host biology. For example, microorganisms may
contribute to host defence via the production of biologically
active metabolites (Unson et al., 1994; Schmidt et al., 2000). In
order to establish whether quartz treatment could affect
quantitatively the bacterial component of the sponge body, a
qPCR analysis was performed on fragmorph genomic DNA from
treated and untreated samples at 18 h, 48 h and 7 days, using a
couple of universal primers designed on a 16S conserved bacterial
region (Lane, 1991). The amplified prokaryotic genomic DNA was
then normalized to the amplified DNA of the GAPDH sponge gene
and expressed as a fold-increase with respect to the relative control
at each time point. As shown in Fig. 3, while no significant

Relative gene copy number
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*
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0.5
0
18 h

48 h

7 days

Fig. 3. DNA quantification of prokaryotic symbiont population in C.
reniformis. Analysis of sponge prokaryotic symbiont population by qPCR
DNA quantification in plate-attached fragmorphs treated or not (control) with
100 µl of 10 mg ml−1 quartz dust suspension for 18 h, 48 h and 7 days. Data
are expressed as prokaryotic DNA gene copy number relative to control and
normalized to the gene copy quantification of the sponge GAPDH
housekeeping gene. Each bar represents the mean±s.d. of three independent
experiments performed in triplicate. Asterisks indicate significance in Tukey’s
test (ANOVA: P<0.000001; Tukey: quartz versus control, P<0.0001).

TNF involvement in quartz-induced sponge fibrogenesis

In order to investigate a possible TNF involvement in the quartzmediated fibrogenesis in C. reniformis, the cytokine transcript levels
of this sponge (chTNF) were initially quantified in the fragmorphs
injected or not with quartz after 18 h, 48 h and 7 days (Fig. 4A). The
data obtained indicate that a significant, transient overexpression of
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Fig. 4. Involvement of TNF gene in quartz stimulation in C. reniformis.
(A) Chondrosia reniformis TNF gene expression analysis by qPCR on healed
and plate-attached fragmorphs treated or not (control) with 100 µl of
10 mg ml−1 quartz dust suspension for 18 h, 48 h and 7 days. Data are
expressed as fold-increase relative to control and normalized to expression of
the GAPDH housekeeping gene. Each bar represents the mean±s.d. of three
independent experiments performed in triplicate. Asterisks indicate
significance in Tukey’s test (ANOVA: P<0.000001; Tukey: versus control,
P<0.0001 for all three). (B) P4H, F-collagen and NF-collagen gene expression
analysis by qPCR on healed and plate-attached fragmorphs treated or not
(control) with 100 µl of 10 mg ml−1 quartz dust suspension alone or in the
presence of 5 mmol l−1 pentoxyfilline (PTX) or 22 µmol l−1 SPD304. Data are
expressed as fold-increase relative to control and normalized to expression of
the GAPDH housekeeping gene. Each bar represents the mean±s.d. of three
independent experiments performed in triplicate. Asterisks indicate
significance in Tukey’s test (ANOVA: NF-collagen, P<0.000001; Tukey: quartz
versus control, P<0.01; quartz+PTX and quartz+SPD304 versus quartz,
P<0.0001 for both; ANOVA: F-collagen, P<0.0001; Tukey: quartz versus
control, P<0.01; quartz+PTX and quartz+SPD304 versus quartz, P<0.05 for
both; ANOVA: P4H, P<0.000001; Tukey: quartz versus control, P<0.0001;
quartz+PTX and quartz+SPD304 versus quartz, P<0.0001 for both).
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Symbiont quantification

differences in the amount of the bacterial population were observed
in quartz-stimulated fragmorphs after 18 and 48 h with respect to the
controls at the same time points, after 7 days of treatment the relative
bacterial gene copy number was 2-fold higher (P<0.05) than the
respective control, indicating that quartz treatment stimulates
sponge bacterial symbiont growth.

TNF mRNA fold-increase relative to control

respect to the control (Fig. 2B,C versus A, and Fig. 2G, P<0.05 for
both treatments versus control). As the thin calibre collagen fibres in
the literature (Junqueira et al., 1979) are usually associated with
newly deposited collagen, these histological data confirm the
biochemical quantification of new collagen deposition at 7 days of
quartz treatment in the sponge explants (Fig. 1B).
The HE sections (Fig. 2D–F) show that in the fragmorph model
the typical original structure of the sponge appears greatly
simplified when compared with the original (Fig. S1). There are
no more choanocyte chambers filling the mesohyl. These chambers
are normally crossed by the canals and supported by collagen
arranged to better wrap the filtering structure. Regarding the cells, it
was possible to identify spherulous cells (SC), the largest in size,
and their residues after the expulsion of cytoplasmic granules
(spherules, SP), the fibroblasts or lophocytes (F) and finally a group
of morphologically unidentifiable cells indicated by a small circle.
No differences in cell density and/or cell-type predominance were
observed in the quartz-treated explants with respect to the control
(Fig. 2E,F versus D). Finally, it was not possible to identify the
presence of the fine quartz dust (Min-U-Sil) added during the
experiments except in a few small areas of the observed sections.

mRNA fold-increase relative to control
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chTNF was detectable in quartz-treated fragmorphs at 18 h of
treatment with respect to the control (2.83-fold increase, P<0.0001).
Conversely, at longer times of quartz treatment, a slight but
significant decrease of chTNF expression was measured compared
with controls at the same time points (0.55- and 0.67-fold increase at
48 h and 7 days, respectively, P<0.0001 for both).
NF- and F-collagen, as well as P4H gene expression levels were
then evaluated in quartz-treated fragmorphs in the presence or
absence of two different TNF inhibitors, namely PTX and SPD304
(Fig. 4B). Pentoxifyllin is a phosphodiesterase inhibitor able to
inhibit TNF production in several patho/physiological conditions
(Poulakis et al., 1999), while SPD304 is a specific inhibitor
determining the disassembly of the TNF trimeric form with the
consequent impairment of TNF signalling (He et al., 2005).
The data obtained indicate that for P4H expression after 18 h of
quartz stimulation, the presence of both TNF inhibitors strongly
repressed the silica-induced mRNA upregulation (Fig. 4B,
P<0.0001 for both). Similar results were observed for NFcollagen expression after 48 h of stimulation; in this case too, the
mRNA upregulation elicited by the quartz dust was abolished by
both TNF inhibitors (Fig. 4B, P<0.0001 for both). Finally, for Fcollagen gene expression levels after 7 days of quartz stimulation,
the presence of the two TNF inhibitors slightly increased the quartzinduced mRNA upregulation (1.18- and 1.33-fold increase in the
presence of PTX and SPD304, respectively, compared with quartz
alone, P<0.05 for both, Fig. 4B). These data indicate that chTNF is
an early upregulated gene in C. reniformis upon quartz stimulation,
and that its inhibition impairs P4H and NF-collagen upregulation,
while concomitantly stimulating F-collagen deposition.
Cell proliferation and apoptosis

mRNA fold-increase relative to control

In mammalian models, quartz dust exposure induces cell death in
macrophages (Scarfì et al., 2009) while it concomitantly stimulates
cell survival and growth in fibroblasts (Pozzolini et al., 2016c). In
order to establish what kind of cellular outcome arises from quartz
treatment in the C. reniformis sponge model, the cell proliferative
state during quartz treatment in fragmorph tissues was analysed by a
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Fig. 5. Apoptosis quantification in quartz-stimulated C. reniformis
explants. Chondrosia reniformis Bcl-2 gene expression analysis by qPCR on
healed and plate-attached fragmorph samples treated or not (control) with
100 µl of 10 mg ml−1 quartz dust suspension for 18 h, 48 h and 7 days. Data
are expressed as fold-increase relative to control and normalized to expression
of the GAPDH housekeeping gene. Each bar represents the mean±s.d. of
three independent experiments performed in triplicate. The asterisk indicates
significance in Tukey’s test (ANOVA: P<0.000001; Tukey: versus control,
P<0.0001).
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BrdU incorporation assay while apoptosis was investigated by the
quantification of expression levels of the anti-apoptotic gene Bcl-2
by qPCR.
The first set of experiments showed that no BrdU incorporation
was observable either in the control or in the quartz-treated
fragmorphs (not shown), after 48 h of treatment.
Subsequently, qPCR quantification of Bcl-2 mRNA expression
in quartz-treated fragmorphs compared with controls was
performed. The results (Fig. 5) showed that a peak of expression
of this gene was reached after 48 h of treatment with a 1.86-fold
increase with respect to the control (P<0.0001). Overall, these data
indicate that quartz is not detrimental to the C. reniformis system
and may promote cell survival rather than cytotoxicity and cell death
as conversely observed in mammals.
DISCUSSION

Occupational and environmental inhalation of quartz causes various
pulmonary diseases (Ding et al., 2002) characterized by early lung
inflammation mediated by pro-inflammatory mediators such as
TNF, a cytokine that plays a key role in pulmonary fibrosis (Piguet
et al., 1990). In contrast, in Porifera, the oldest phylum in the
Animalia kingdom, the C. reniformis species is able to actively
incorporate siliceous sediment, including quartz sand, in its
ectosome without any detrimental effect. Compared with the
elevated cytotoxicity observed in higher organisms (Hamilton et al.,
2008), the unique quartz incorporation and erosion in C. reniformis
is extremely interesting, and understanding the reasons and the
physiological advantages behind this peculiar sponge behaviour
could help us to better elucidate the molecular events triggering
silica cytotoxicity and pulmonary fibrosis in higher animals. Quartz
erosion in this sponge was suggested to be related to collagen
biosynthesis (Giovine et al., 2013), but these speculations were
never confirmed at the molecular level.
In the present work, for the first time, clear molecular evidence of
the fibrogenic effect of crystalline silica in C. reniformis is
showcased. Performance of this study required us to consider
some important aspects regarding the choice of the appropriate
experimental model and conditions. Studies focusing on the
elucidation of molecular mechanisms in vivo need reproducible
and controlled systems, and this is extremely difficult to achieve
when dealing with marine sponges, which are very difficult to rear
in aquaculture; concomitantly, individuals within the same species
show extreme variability in shape, pigmentation, dimensions and
developmental stages. Although optimized protocols to obtain
in vitro sponge cell cultures have been described (Custodio et al.,
1998; Mussino et al., 2013), they overall fail on C. reniformis
species as a result of a low cell/extracellular matrix ratio (not
shown). However, tissue explants (fragmorphs) can be easily
obtained and can be maintained successfully in vitro for several
months (Nickel and Brümmer, 2003).
In order to evaluate the fibrogenic effect of quartz dust,
C. reniformis fragmorphs were exposed to quartz particles
(microcrystals) and the expression levels of fibrogenic genes, as
well as the rate of new collagen deposition and the involvement of
chTNF in this process were analysed. As the NF-collagen gene is
physiologically upregulated in the external region of the fragmorph
reconstituting the ectosomal tissue (Pozzolini et al., 2012), only
completely healed fragmorphs were used; moreover, because
C. reniformis is characterized by a body polarity in sediment
incorporation (Bavestrello et al., 1998), only fragmorphs attached to
the plastic plate were chosen for all the experiments. Finally, because
crystalline silica grains at various stages of erosion are usually
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already present in the sponge ectosome, in the present study
fragmorphs were experimentally exposed to high concentrations
of fine silica microcrystals (Min-U-Sil), as used in rodent
experimental models of pulmonary fibrosis (Oghiso et al., 1992;
Becher et al., 2007).
The gene expression analysis performed by qPCR revealed that
all fibrogenic genes were upregulated by silica stimulation, albeit
with different kinetic profiles (Fig. 1). The data suggest that, after
silica stimulation, the P4H enzyme involved in collagen maturation
is upregulated early, while both collagen mRNAs only increase
subsequently. The gene expression evidence was also confirmed
by the increase of new collagen protein deposition in the quartztreated fragmorphs compared with controls, demonstrated both
biochemically and histologically (Figs 1B and 2). This sponge
response to silica microcrystals anticipates the behaviour described
in higher animals concerning both P4H (Jin et al., 2008) and
F-collagen upregulation (Mäkelä and Vuorio, 1986; Ghosh, 2002),
while in the case of NF-collagen, no correspondence can be found in
mammals, suggesting that this upregulation is specific of the sponge
response to quartz. The C. reniformis NF-collagen analysed in this
model is a type IV-related short-chain collagen, which, until now,
has been identified only in some invertebrates, such as nematodes
(Johnstone, 2000). This protein is highly abundant in the ectosome
(Pozzolini et al., 2012), where it is one of the constituents of
spongin, a demosponge-specific set of collagenous proteins. NFcollagen is considered an exo-collagen involved in substrate
adhesion (Exposito et al., 1990), the structural organization of
which is not completely understood, but it is possible that the
upregulation of this gene, restricted to 48 h post-injection of quartz,
may be involved in an early contact/encapsulation of silica grains. It
should be noted that the upregulation of genes involved in the
formation of support structures by quartz interaction has previously
been reported in another demosponge. Indeed primmorph models of
Petrosia ficiformis grown on quartz rocks showed an increased
expression of silicatein (involved in spicule formation) compared
with those grown on other rocky substrata, such as marble
(Pozzolini et al., 2010). Taken together, these data suggest that
crystalline silica can affect positively the growth of these organisms
acting at the gene regulation level.
As reported by Bavestrello et al. (1995), when whole specimens
of C. reniformis are incubated in the presence of silica sand, it is
possible to detect a time-dependent soluble silicate release in the
seawater, demonstrating the active sponge-mediated erosion
process. In the present work, showing a new experimental model
of silica microcrystal-stimulated sponges, the data obtained indicate
that in this system, a slight but significant difference in silicate
concentration in the silica-treated fragmorph medium with respect
to the control was also observable (Fig. 1C), confirming the
crystalline silica dissolution by C. reniformis for this form of quartz
(Min-U-Sil) too, not just for the silica sands as already published.
In mammalian models, silica-induced collagen deposition
causing silicosis is directly controlled by cytokines, one of the
most important being TNF-α (Piguet et al., 1990). A TNF
homologue was recently identified in C. reniformis (Pozzolini
et al., 2016b) and, in the present work, its possible involvement in
quartz-induced fibrogenesis was investigated (Fig. 4).
qPCR analysis of fragmorph samples exposed to silica
microcrystals indeed revealed a time-dependent TNF gene
upregulation. In order to verify a direct involvement of TNF in
quartz-induced collagen gene upregulation, fragmorph samples were
stimulated with quartz in the presence of two different TNF inhibitors
and the mRNA level of the fibrogenic genes was evaluated. The
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results indicate that the presence of both TNF inhibitors strongly
repressed P4H and NF-collagen gene upregulation while, in contrast,
it produced a slight but significant increase of F-collagen gene
expression (Fig. 4). Taken together, these data indicate that in marine
sponges, the increase of collagen synthesis induced by
microcrystalline silica exposure, as in the mammalian model, is
mediated by cytokine release. This observation suggests that during
evolution, with the increase in tissue specialization, a physiological
process involving crystalline silica engulfment and erosion in
sponges became harmful in higher organisms, which are still able
to perform the engulfment process but have lost the ability to dissolve
the crystalline silica, resulting in the development of a chronic
inflammatory response. However, it is important to note some
differences between sponges and mammals. Firstly, while in
mammals the TNF overexpression persists for a long time after the
first silica stimulation, the kinetic profile of TNF gene expression in
sponges is characterized by an early upregulation at 18 h followed by
a prolonged downregulation. Furthermore, there is a significant
difference in the collagen gene targets that are stimulated by TNF. In
mammals, in fact, collagen type I is typically upregulated by TNF,
while in sponges, as demonstrated with the experiments in presence
of TNF inhibitors, it is NF-collagen. Indeed, in mammals it is known
that TNF can act in different tissue compartments alternatively
reducing or enhancing type I collagen expression (Verrecchia and
Mauviel, 2004). Notably, NF-collagen is a specific sponge collagen
sharing some structural features with type IV collagen (Pozzolini
et al., 2012), and in mammals it is apparently not involved in silicotic
disease; however, the transcription of its gene is controlled by TNF in
some specific tissues (Siu et al., 2003).
The qPCR analysis of the quantitative variation of the sponge
bacterial component indicates that at 7 days after quartz dust
treatment, the total bacterial population was increased with respect
to the controls (Fig. 3). As the quartz-treated fragmorphs did not
show any signs of deterioration or rotting during prolonged
observation (more than 2 weeks; not shown), we conclude that the
increase of prokaryotic DNA derives from an increment of the
sponge bacterial symbiont population. Because an increase of
microbial symbionts is usually considered metabolically beneficial
to the sponge host (Webster and Taylor, 2012), this phenomenon
also seems to indicate that quartz engulfment and erosion in
C. reniformis is a positive event for the physiology of this sponge.
To further confirm our hypotheses, we also evaluated the presence
of proliferative or apoptotic cells in quartz-treated fragmorphs
compared with controls. Firstly, it was not possible to highlight any
proliferation either in control or in quartz-treated fragmorphs by
BrdU incorporation (not shown). Indeed, no differences in cell
density were observed following HE staining of treated versus
control explants (Fig. 2), indicating that sponge cells in the
fragmorphs are in a quiescent state and that quartz is not able to
induce any proliferation in this model. Secondly, the evaluation of
Bcl-2 anti-apoptotic gene expression showed an upregulation in
quartz-treated specimens compared with controls. These two facts
clearly exclude an apoptotic effect of quartz in the exposed
fragmorphs, as conversely is observed in mammals (Scarfì et al.,
2009), and on the contrary indicate an increased cell survival ability.
The lack of an apoptotic response in this model could be
explained by the ability of the sponge cells, unlike their mammalian
counterparts, to chemically attack the crystalline silica grain through
ascorbic acid and partially dissolve it (Bavestrello et al., 1995).
In vitro interaction between ascorbic acid and quartz dust causes
both the release of soluble silicates and a silica surface modification
increasing OH• radicals (Fenoglio et al., 2000); in fact, in mammalian
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models of cell toxicity, quartz microcrystals pre-treated with
ascorbic acid are significantly more cytotoxic than untreated
crystals (Giovine et al., 2002) and are able to induce higher levels
of inflammatory factors and cell responses (Scarfì et al., 2007, 2009;
Pozzolini et al., 2016c). However, sponge cells seem able to handle
efficiently the huge release of radicals during the silica erosion
process, preventing its detrimental effects. Indeed, these animals are
able to adapt their antioxidant efficiency in response to
environmental stress (Regoli et al., 2004) and, moreover, Porifera
and their symbionts are known to produce various antioxidant
compounds that could act as scavengers of the radicals formed on
the surface of the silica grains.
The absence of quartz cytotoxicity in sponges could also be
explained by the fact that the sponge TNF receptor lacks a death
domain; thus, in this phylum, TNF is not able to trigger an apoptotic
signal, as described for C. reniformis (Pozzolini et al., 2016b) and
also recently revised by Quistad and Traylor-Knowles (2016).
Furthermore, the TNF gene expression profile in silica-treated
fragmorphs is transient with respect to the silicotic models in higher
animals. In the latter, in fact, the persistence of TNF gene
overexpression is related to the inability of macrophages to clear
the quartz particles, finally causing apoptosis and a recycling of the
released crystals in a new macrophage-driven engulfment process,
perpetuating the inflammation.
In conclusion, in the present work, we demonstrate for the first time
at the molecular level that quartz microcrystal incorporation in lower
invertebrates leads to a beneficial increase of collagen deposition,
which is probably advantageous in terms of strengthening of the
sponge. Similar to the mammalian silicotic models, in sponges this
process appears to be mediated by the pro-inflammatory cytokine
TNF, suggesting that a molecular pathway controlling a physiological
response in lower animals, and persisting during evolution, may have
become the cause of disease in some specialized tissues in higher
animals.
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