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Abstract

Abstract

Since the production and use of engineered nanomaterials (NMs) is
steadily increasing, the development of new reliable methods to analyze
NMs effects are critical.

Here we propose the medicinal leech as alternative animal model to
study multi-walled carbon nanotubes (MWCNTSs) effects by means of in
vivo (environmental dispersion and MWCNT supplemented Matrigel
injection) and in vitro studies on leeches macrophages.

Our results show that water dispersed MWCNTs evoke a massive
migration of CD45'/CD68" monocyte-macrophages cells and the
production of molecules involved in innate immune response, such as
the pro-inflammatory cytokine IL-18 and amyloid fibrils.

Ultrastructural analysis of MWCNTs-supplemented biomatrix revealed
that in leech macrophages MWCNTs are internalized both actively
(phagocytosis) and passively (membrane piercing).

Finally, MWCNT in vitro treatment cause the decrease of cell
proliferation rate and the increase of both ROS production and apoptotic
rate.

Moreover, in this study we identified and characterized in Hirudo two
inflammatory markers striking similar to vertebrate’s MIF and GMFG,
showing that these molecules are involved in macrophage response to
MWCNTs.

Our combined experimental approaches, not only attest the ability of
MWCNTSs in inducing a potent inflammatory response, but also confirm
the medicinal leech as a good alternative model that can be successfully
used to study, both in vivo and in vitro, the possible harmful effects of
any nanomaterial.




Introduction

1. Introduction

In the last decade, the rapid development of nanotechnology has
brought to market a large variety of nanomaterials (NMs) with different
properties and possible applications. As defined by European
Commission in 2011, NMs are composed by particles with one or more
external dimension comprised between 1 and 100 nm (2011/696/EU,
2011). The other characteristics depend on their composing material (Ag,
Co, Fe, C, etc.) and on their shape (nanoparticle, nanofibre, nanotube,
etc.). Given the extreme difference in composition and structure of the
various NMs, it is impossible to draw up general guidelines on their use
and disposal. For this reason, each NM, interacting with living organisms,
may cause adverse effects that need to be assessed.

The widespread use of NMs is leading to an increased risk of their
environmental dispersion. Due to their nanoscale dimensions, it is
difficult to evidence their presence in the environment. NM
environmental contamination may occur through accidental spills,
sewage sludge application, deposition of airborne manufactured NM or
soil remediation (Gottschalk et al., 2013; Handy et al., 2008; Nowack and
Bucheli, 2007; Paterson et al., 2011).

NMs can be found mixed in the air, in the soil and more often being
washed from the soil into the water (rivers and lakes) being harmful to
the health of animals, including humans (Lam et al., 2006; Simate et al.,
2012).

Among NMs, carbon-based materials have been extensively used in
different fields, from industrial to biomedical, raising several issues
about their safety. Currently, the scientific debate is still open and it is
crucial to clarify NM health effects and their impact on the environment.

1.1 Carbon nanotubes

Since their discover in 1991 (lijima, 1991), carbon nanotubes (CNTs)
appeared a promising NM for different scopes, becoming a central
subject for technological studies. Originating from the rolling up of a
graphene sheet, CNTs are composed by covalently bound carbon atoms.
According to the number of carbon layers, CNTs are divided in 2
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Introduction

categories: single-wall carbon nanotubes (SWCNTs), with diameters of 1-
2nm, and multi-wall carbon nanotubes (MWCNTs), formed by multiple
layer of graphene, measuring from 10 up to 100nm in diameter and from
50nm up to several hundred microns in length (Liu et al., 2009).

Given their structure, CNTs have high strength and flexibility. Other
features that contribute to make them unique are the high thermal and
good electrical conductivities.

1.1.1 Synthesis and functionalization of MWCNTs

The main methods to synthesize MWCNTSs included arc-discharge, laser
ablation and chemical vapor deposition (CVD). The first two involve high-
temperature carbon vaporization starting from a solid-state carbon
precursor. Despite these sophisticated techniques producing materials of
high quality, large amounts of by-products are generated. The advantage
in CVD technique is the lower temperature process, which involve the
use of hydrocarbon gases as carbon source and a metal catalyst for
nanotube growth (Dai, 2002).

Raw MWCNTs present highly hydrophobic surfaces, resulting therefore
insoluble in agueous solutions. To overcome this problem, MWCNTs may
undergo to a covalent or non covalent functionalization process. This
process is fundamental to disperse MWCNTs and requires chemical
treatments to obtain biocompatible and low toxic MWCNTSs (Liu et al.,
2009).

1.1.2 MWCNT applications

MWCNTSs for their physical and chemical properties, represent a class of
NMs widely used for several different applications, from industrial to
biomedical field. Their electrical properties made them a promising
material in electronics, where they are used as nanoelectrodes or
nanowires components. Due to their strength and thermal conductivity,
MWCNTs have been used in association with polymers to produce light
weight and high-performance composites for different applications such
as sport gears, aircrafts and fire resistant coatings (Zhang et al., 2013).
MW(CNTSs, because of their incredible resilience, have been also used as
reinforcement in ceramic production. In biotechnological field they are
widely employed as scaffold to immobilize molecules, for the production

7
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of fine membranes and filters or to create nanoscale biosensors binding
MW(CNTSs to different enzymes (Schnorr and Swager, 2011).

As far as concern biomedical field, MWCNTs are promising for various
potential applications such as drug delivery systems, gene transfer or
gene silencing, and in vivo imaging (Liu et al., 2009).

1.1.3 MWCNT toxicity

In the past few years, another discipline related to nanotechnology
raised: the nanotoxicology (Donaldson et al., 2004), considered as “the
other side of the coin” of nanotechnology (Kagan et al.,, 2005). Their
nanometric dimensions as well as the same unique properties that make
NMs suitable for many different applications, may cause potentially
adverse effects on living organisms. Several studies highlighted the
potential toxic effects of NMs both in the context of occupational health
risk (Albini et al., 2015; Lam et al., 2006) and in the light of their potential
environmental impact (Du et al., 2013; Farré et al., 2011). As reported by
different authors, NMs dissolved in water or dispersed in soil can be
accumulated in the organism (Demir et al., 2011; Hayashi et al., 2012;
Kawata et al., 2009; Park et al., 2011), inducing toxic effects in different
animals, such as zooplankton (Alloy and Roberts, 2011; Edgington et al.,
2010; Kennedy et al., 2009; Roberts et al., 2007), earthworms (Coutris et
al., 2012; Shoults-Wilson et al., 2011a, 2011b) and gastropod molluscs
(Ali et al., 2014). Several in vivo studies in rodents lead to the same
evidence that MWCNTs are accumulated in organs inducing a severe
inflammatory response. After MWCNT administration via inhalation,
instillation and intravenous or intraperitoneal injection, the effects
observed in different organs included interstitial fibrosis, infiltration of
inflammatory cells and rapid generation of ROS (Poland et al., 2008;
Poulsen et al., 2015; Rawat et al., 2016). The same effects were observed
after in vitro treatments (Boyles et al.,, 2015; Wang et al., 2012). In
murine macrophages and rat epithelial cells, MWCNT exposure causes
an oxidative stress, leading to a reduction in cell viability and even
inducing apoptosis (Ravichandran and Baluchamy, 2010; Wang et al.,
2012). Other authors observed in human bronchial epithelial cells
exposed to MWCNTSs, reactive oxygen species (ROS) production in dose
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and time-dependent manner (Hussain et al., 2014). Moreover, other
authors reported granuloma and mesothelioma formation after MWCNT
treatment, remarking the similarity of this NM with asbestos (Donaldson
et al., 2010; Ma-Hock et al., 2009; Rittinghausen et al., 2014).

Humans may come into contact with nanomaterials not only by
inhalation, injection, penetration but also by ingestion, thus the
bioaccumulation of MWCNTSs in aquatic animals may as well represent
an indirect risk for people. Even if the literature abounds with studies on
MWCNT toxicity, the existing toxicological data are still fragmentary and
the interactions among nanomaterials and cells, proteins and tissues
have not yet been fully understood (Du et al., 2013).

Since there is the impellent need to analyze and fully understand NM
bioaccumulation and cytotoxicity, the development of standardized
methods combining in vivo and in vitro studies is an overriding concern.
Here we propose a freshwater invertebrate, the leech Hirudo verbana
(often wrongly sold in Europe as Hirudo medicinalis), as a comprehensive
model to assess MWCNT effects both on the whole organism, by means
of in vivo assays, and at tissues and cellular level, utilising different in
vivo and in vitro approaches.

1.2 Experimental model

The medicinal leech, is a protostome ectoparasite characterized by a
coelomic space extremely reduced (de Eguileor et al., 2003; Mann,
1962).

The “parenchimatous” body is delimited by a musculo-cutaneous sac
(Scheme 1) formed by epithelial cells (involved in the formation of the
cutaneous sac, barrier against potentially harmful agents, in cuticle
production, that preserve animal from drying and from sunlight, and in
respiration, osmoregulation and excretion) and by muscles (Mann, 1962;
Sawyer, 1986). Helicoidal muscle fibres, separated each other by
extracellular matrix, are grouped in small bundles disposed to form
circular, oblique and longitudinal layers. The body wall enwrap internal
organs such as gut characterized by diverticula for the storage of blood
(Mann, 1962), gonads, nervous system, reduced circulatory system.
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Between the gut and the body wall, two characteristic tissues are
present: the vaso-fibrous tissue, involved in tissue repair during wound
healing (Grimaldi et al., 2011; Huguet and Molinas, 1996, 1994), and the
botryoidal tissue with different functions, including hematopoiesis
(Grimaldi, 2016; Grimaldi et al., 2006) and angiogenesis (de Eguileor et
al., 2003; Grimaldi et al., 2013).

musclular
cuticle layers gut

vaso-fibrous tissue

botryoidal tissue
musculocutaneous sac

Scheme 1. Schematic representation of leech body wall in transversal section.

1.3 Innate Immune system

The immune system is arbitrarily divided into innate and adaptive
immunity. Although the former was classically considered non-specific
and primitive compared to the latter, this dogma has been recently
challenged. Several authors, in fact, showed the complementarily and
the overlap of these two systems during the immune response (van der
Meer et al., 2015). Moreover, although the concept of immune memory
has been for long associated to the adaptive immunity of vertebrate, in
the recent literature diverse forms of innate immune memory have been
observed in different invertebrate taxa (Milutinovi¢ and Kurtz, 2016),
including Annelids (Cooper and Roch, 2003; Engelmann et al., 2005;
Tettamanti et al., 2003a), but not yet fully clarified. For this reason the
study of the mechanisms underlying the innate immune response is
essential and the use of an invertebrate model, such as Hirudo, is an
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excellent way to explore the molecular basis of innate immunity
(Schikorski et al., 2008).

1.3.1 Hirudo as model to study immune system and neuroimmunity

The medicinal leech, as other invertebrates, is characterized by an innate
immune system showing cellular and humoral responses. One of the
advantages in using the leech as experimental model is due to its
anatomical and physiological simplicity, making it suitable to study
different events linked to bacterial infection, wound healing and tissue
repair (de Eguileor et al., 2003; Grimaldi et al., 2011; Tettamanti et al.,
2004). The entity of these responses, during the inflammatory phase, can
be easily and unambiguously detected in leech’s body wall. In
unstimulated animals, a few immunocompetent cells (i.e. macrophages,
granulocytes, NK cells), involved in phagocytosis and cytotoxicity, and
low levels of humoral molecules, such as pro-inflammatory cytokines and
growth factors, are constitutively present. However, after mechanical or
bacteria challenge both the number of immunocompetent cells and the
expression level of humoral factors increase (de Eguileor et al., 2000a,
2000b, 1999; Grimaldi et al., 2006; Tettamanti et al., 2006).

Hirudo reacts to a wide variety of stimuli with a massive angiogenesis
and fibroplasia.

New vessels formation is due to a remodelling of botryoidal tissue that
change from a solid cord of cells (in non stimulated animals), by means
of a dehiscence process, to pre-vascular cavities (de Eguileor et al.,
2001a; Grimaldi et al., 2013; Tettamanti et al., 2003a, 2003b).

The new vessels play an important role by conveying circulating
precursors of immunocompetent cells to the stimulated area where
extravasate and differentiate in mature leukocytes then mediating
inflammatory responses (de Eguileor et al., 2001b; Grimaldi et al., 2013,
2006, Tettamanti et al., 2003a, 2003b).

In parallel with angiogenesis, fibroplasia occurs: fibroblasts increase
numerically and synthesize a large amount of collagen that form a
scaffold favouring immunocompetent cell migration through the
affected site (Tettamanti et al., 2005, 2004).
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The leech is an excellent model to study also neuroimmune processes.
The leech central nervous system (CNS) responds to different stimuli (Le
Marrec-Croq et al., 2013) and when the nerve cord of this annelid is
crushed or partially cut, a rapid activation of microglial cells leads to their
accumulation at the lesion site. The axons grow across the lesion and in
the damaged region the conduction of signals is restored in a few weeks
(Nicholls and Baylor, 1968).

The leech CNS is constituted by 6 head ganglia, 21 body ganglia, and 7
fused tail ganglia (Scheme 2A). Each segmental ganglion contains about
400 neurons, a neuropil giant glial cell, six packet-glial cells (macroglia)
that unsheathe the cell bodies of neurons and a large population of
resident microglial cells (Scheme 2B). Each ganglion is linked to its
neighbours by thousands of axons that form longitudinal nerves known
as connectives (Nicholls and Baylor, 1968).

microglial cells

connective -

neurons

11

ganglion

macroglial cells
connective -

axons

A B

Scheme 2. Representation of the leech nervous system (A), with a detail of the ganglion (B).
(modified from Le Marrec-Croq et al, 2013).

Numerous studies show the surprising similarity among leech and
vertebrates with regard to both the cells involved in innate immune
response such as macrophages, NK cells and granulocytes (de Eguileor et
al., 2000a; Grimaldi et al., 2006; Schorn et al., 2015b), and the microglia,

12
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involved in neuroimmune processes (Drago et al., 2014; Le Marrec-Croq
et al., 2013; Macagno et al., 2010).

The response of the leech to a variety of treatments suggests that both
surgical and biochemical stimuli may evoke in this model a signalling
pathways analogous to those observed in vertebrates (de Eguileor et al.,
2001b). These data are highly supported by recent studies showing that
the majority of proteins known to participate in the vertebrate innate
immune response are present in the medicinal leech transcriptome
(Macagno et al., 2010).

All these evidences suggest that basic common features of fundamental
biological events involved in innate immune response are conserved and
extended across diverse species, supporting the general idea that an
increasing number of early acquisitions during metazoan evolution are
also common in higher vertebrates.

1.4 Molecules and mechanisms involved in leech innate immune

and neuroimmune responses

1.4.1 Cluster of Differentiation Antigens (CDs)

Leech immune cells not only display morphological features and
behaviours similar to those found in vertebrates, but several authors
provided also the evidences for the presence on leech immune cells
surface of different cluster of differentiation antigens (CDs), commonly
used as immune cells markers in Vertebrates (de Eguileor et al., 20003,
2000b, Grimaldi et al., 2006, 2004; Macagno et al., 2010; Schorn et al.,
2015a, 2015b). Hirudo macrophage-like cells express a panel of CDs
typical of Vertebrate macrophages such as CD68 (de Eguileor et al.,
2003), an intracytoplasmic molecule in human, and CD45 (Schorn et al.,
2015a, 2015b), a cell surface glycoprotein implicated in integrin-
mediated adhesion (Roach et al., 1997; St-Pierre et al., 2013; Zhu et al.,
2011) and in regulation of cell responsiveness to chemoattractants
(Mitchell et al., 1999; Roach et al., 1997). For these reasons several data
concerning Hirudinea, Oligochaeta and Sipuncula (phylum closely related
to annelids) support the use of antibodies raised against mammalian CDs
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to detect invertebrates immune cells (Blanco et al., 1997; Cossarizza et
al., 1996).

1.4.2 Allograft inflammatory factor-1 (AIF-1)

HmAIF-1, homolog to human AIF-1 is a molecule, recently identified and
characterized in H. medicinalis.

HmAIF-1, a 17 kDa cytoplasmic cytokine particularly expressed by leech
microglial cells (Drago et al., 2014) and peripheral macrophages (Schorn
et al., 2015b), is involved in the modulation of inflammatory response
acting through autocrine and paracrine pathways. Moreover, recent
studies proved HmAIF-1 to be a potent angiogenic factor and a specific
chemoattractant for macrophages during the early phases of immune
response (Schorn et al., 2015b).

1.4.3 Phagocytosis and amyloidogenesis

Phagocytosis is an essential event of immune system, highly conserved in
all metazoan.

In the leech, if a small non-self crosses the external barriers, it is
promptly recognized and phagocytozed by macrophage-like cells (de
Eguileor et al., 2000a). On the other hand, when the foreign material is
cumbersome, it is encapsulated by immunocompetent cells, that
surround it and then produce and depose a thick layer of melanin close
to the non-self. The synthesis of this pigment is always coupled, both in
Vertebrate (Fowler et al., 2006) and in invertebrates (Falabella et al.,
2012; Grimaldi et al., 2012b) with the physiological synthesis of amyloid
fibrils, acting as a template for melanin deposition (Grimaldi et al.,
2012a). Moreover, amyloidogenesis has also been proposed as a
physiological detoxifying event in vertebrate and invertebrate cells to
fight ROS increase (Falabella et al., 2012; Grimaldi et al., 2012b).

Amyloid fibrils are generally produced after the activation of a complex
system of stress responses characterized by a cross-talk of molecules
such as hormones, cytokines and neuromodulators. Among the intrinsic
factors, closely related to amyloidogenesis, there is the over expression
of Interleukin-18 (IL-18) (Grimaldi et al., 2012a, 2012b).
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1.5 Inflammatory markers in the medicinal leech

Due to the striking similarities shared by vertebrates and invertebrates
immune system, the research of new inflammatory factors is more than
ever necessary to improve our knowledge on the basic principles of
innate immunity. In this view, taking advantage of the establishment of
databases such as Expressed Sequence Tag (EST) library from the leech
CNS and the leech genome (Macagno et al.,, 2010), was possible to
identify and select potential conserved chemotactic factors.

1.5.1 Macrophage migration inhibitory factor (MIF)

Among the plethora of molecules involved in immune responses there is
the Macrophage migration inhibitory factor (MIF). In mammals, MIF is
constitutively expressed by macrophages and by tissues in direct contact
with the environment. MIF is a 12.5 kDa protein composed of 115 amino
acids. The secondary structure consists of 2 antiparallel a-helices and 6
B-pleated sheets and its active form is a homotrimer (Bach et al., 2009).
The Human gene MIF, composed of 3 exons separated by small introns,
is highly conserved across species (>80% homology between mouse, rat,
gerbil, chicken, calf and human) (Calandra, 2003).

Recently MIF has been defined as a mediator of inflammation and innate
immunity. Unlike other cytokines, MIF is a pre-formed intracellular
protein, stored in cytoplasmic pools and released by many cell types,
including macrophages, and circulates in blood (Roger et al., 2003) in
response to various stimuli such as microbial products, proliferative
signals, and hypoxia (Grieb et al., 2010). The promoted action leads to
differentiation of type | macrophages/microglia able in turn to mediate
the production of TNF-a and iNOS.

It has been previously suggested that MIF may function to sustain
inflammation by antagonizing the anti-inflammatory effects of
glucocorticoids and preventing cellular apoptosis, but also through its
chemotactic properties, retaining cells at sites of inflammation (Cox et
al., 2013). MIF is constitutively present within both glial and neuronal cell
types, and the CNS expression of MIF is regulated by inflammatory
stimuli (Bacher et al., 1998). The injection of LPS in mice induces a
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significant increase in the expression of mMRNAs encoding MIF, IL-13, IL-6,
and TNF-a.

1.5.2 Glia maturation factor (GMF)

GMF is a highly conserved protein throughout the eukaryotes from yeast
to mammals, with two isoforms being expressed in mammals: Glial
maturation factor-B (GMFB) and Glia maturation factor-y (GMFG).
However, the two GMF isoforms exhibit distinct tissue distribution,
suggesting a specific function in the respective tissues (Aerbajinai et al.,
2011).

GMFB is a 17-kDa highly conserved 141-amino acid polypeptide isolated
from the brain (Kaplan et al., 1991) with 99% homology between
humans and rodents. This protein is expressed in glial cells (mainly
astrocytes) and in some neurons while GMFB mRNA is predominantly
expressed in the brain and spinal cord (Zaheer et al., 2007). GMFB is
required in the production of pro-inflammatory cytokines and
chemokines and is a prominent mediator of inflammation in the CNS and
its expression is significantly upregulated under conditions of
neurodegeneration (Zaheer et al., 2008, 2011).

A new gene, GMFG, highly homologous to human GMFB (82% identity),
has been isolated (Asai et al., 1998). However despite the high sequence
similarity, GMFG shows a different tissue distribution from GMFB, being
present predominantly in proliferative and differentiative organs (Tsuiki
et al., 2000). While GMFB acts as a growth and differentiation factor on
neurons as well as glia in the vertebrate brain, GMFG show a very low
expression in brain, neuronal cells and glial cells and it is involved in actin
cytoskeleton reorganization in microvascular endothelial cells,
inflammatory cells, and hematopoietic progenitor cells (lkeda et al.,
2006). In particular, it modulates actin-based cellular functions by
interacting with Arp2/3 complex (Gandhi et al., 2010). Moreover, recent
works show its role in TLR4 trafficking in endosomes in response to LPS
(Aerbajinai et al., 2013).
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Goals of the Research

2. Goals of the Research

Nowadays, is more than ever necessary to develop new and alternative
assays to value possible toxic effects of NMs and to assess their presence
in the environment. For this purpose, our work has been focused on the
evaluation of the possible toxicity caused by MWCNT environmental
dispersion, with regard to aquatic compartment. Since now, our studies
has been centred on:

1) identification of new animal models to easily monitor and detect the
diffusion of NMs in the water environment;

2) investigation about the mode of action of NMs on different levels of
biological organisation from cells/tissue to individuals;

3) determination of the effects on organisms of NMs as stressors.

We selected as animal model the medicinal leech due to its anatomical
and physiological features that allow the easy detection and monitoring
of immunocompetent cell migration and of the angiogenic process.

Our combined experimental approaches, including morphological,
immunocytochemical, histoenzymatic and Western blot analysis, aim to
assess MWCNT effects both in vivo and in vitro, as a result of different
treatments, such as MWCNT environmental dispersion, in vivo injection
and in vitro treatment.

In the first part of our work, we evaluate the effects of multi-walled
carbon nanotube (MWCNT) environmental dispersion on the leech,
analysing both acute and chronic immune responses over a short (1, 3, 6
and 12 hours) and long time (from 1 to 5 weeks) exposure to MWCNTSs.
Then, in order to better understand the interactions between MWCNTSs
and immunocompetent cells, we adopt an innovative procedure to inject
MWCNTs in leeches and to study the subsequent immune response.
This procedure involves the use of Matrigel (MG), a basement
membrane extract, easily injectable without invasive surgical
procedures. MG can be also used for an in vivo cell sorting approach
permitting isolation and culture of specific cell populations by simply
adding the appropriate chemoattractant (Girardello et al., 2015a;
Grimaldi et al., 2011, 2009, 2008). As specific macrophage
chemoattractant we use the cytokine Allograft inflammatory factor-1
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(AIF-1) which is a well-established monocyte-macrophage marker and it
is involved in the activation and migration of macrophages both in
vertebrates (Tian et al., 2006; Utans et al., 1995; Yang et al., 2005) and in
leeches (Drago et al., 2014; Girardello et al., 2015a; Schorn et al., 2015b).
Isolated leech macrophages, has been cultured in order to obtain in vitro
expansion of these cells. After morphological and immunocytochemical
characterization, primary macrophage cultures were treated with
different concentrations of MWCNTSs in order to determine the direct
effects of this nanomaterial.

Basing on rapid colorimetric tests, our experimental approaches could be
used to evaluate NM presence in water and represent a quick sensitive
tool for aquatic pollution bio-monitoring.

Moreover, another purpose of this study is to identify and characterize
new inflammatory markers in Hirudo and to evaluate their expression
after injury or infection in the CNS, in the body wall and in cultured
macrophage cells.

Future research aims to extend our studies to other NMs in order to
acquire new data and to develop new assays. The ultimate goal of our
project is to obtain an alternative model and a set of techniques able to
provide not only a rapid assessment of the presence of any NM in
aquatic environment but also details about its interactions with the
biotic compartment.
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3. Materials and Methods

3.1 MWCNT characteristics and preparation

NANOCYL™ NC7000 carbon nanotubes were obtained from NANOCYL
(Sambreville, Belgium). Their dimensions amounted at 9.5 nm external
diameter by 1.5 um mean length with a specific surface area ranging
from 250 to 300 m*/g. NC7000 were manufactured by a CCVD (catalytic
carbon vapor deposition) process, presenting a purity of 90%. In these
experiments, no chemical modification was applied to MWCNTs before
use. Pristine MWCNT powder was weighed, dissolved in water or culture
medium depending on the subsequent experimental plan, and then
sonicated in an ultrasonic bath 15 min for two cycles to avoid
aggregation of particles.

MWCNT concentrations were determined, according to the exposure
type, basing on previous data in literature (Di Giorgio et al., 2011; Du et
al., 2013; Zhang et al., 2014) reporting cytotoxic effects, oxidative
responses and other biochemical parameter alterations after MWCNT
exposure.

3.2 Animals treatment

Adult leeches (H. verbana, Annelida, Hirudinea, from Ricarimpex,
Eysines, France) measuring 10 cm were kept in water at 19-20°C in
aerated tanks. Animals were fed weekly with calf blood. According to the
experimental protocol, leeches were anesthetized before dissection
and/or injection procedures in a 10% ethanol solution.

3.2.1 Environmental exposure assay

Leeches were exposed to MWCNTSs (400mg/L) for 1, 3, 6 and 12 hours, to
evaluate the acute response to treatment, and for 1, 2, 3, 4 and 5 weeks
to value chronic response (5 animals for each time-point). Not treated
(n.t.) animals were kept in freshwater without MWCNTs and used as
control. At the planned time points, n.t. and MWCNT exposed leeches
were sacrificed.

19



Materials and Methods

3.2.2 Matrigel assay

Animals were randomly divided into separate experimental groups
according to different protocols and treatments. Each treatment was
performed at the level of the 20th metamere.

Group 1: leeches injected with 300 pL of liquid MG (Corning
Incorporated, Corning, NY, USA) (an extract of the murine Engelbreth—
Holm—-Swarm (EHS) tumor produced as described by Kibbey, 1994)
served as controls.

Group 2: leeches injected with 300 uL of MG supplemented with 300ng
of the recombinant protein rHmAIf-1 (kindly donated by Jacopo Vizioli
and Francesco Drago, University of Lille, France), were used to
chemoattract macrophages.

Group 3: leeches injected with 300 pL of liquid MG supplemented with
20 pg of MWCNTs.

Group 4: leeches injected with 300 pL of liquid MG supplemented with
300ng rHmAIf-1 and 20 pg of MWCNTs.

Animals were sacrificed after 1 week. MG implants were removed from
the animal and processed in different ways depending on the type of
experiment.

3.2.3 MWCNT supplemented Matrigel

Leeches were injected with 300 pL of MG supplemented with 300ng of
rHmAif-1 and 2.5, 5, 10, 25, 50 and 100 pg/mL of MWCNTs. Leeches
injected with 300 pL of MG supplemented only with rHmAif-1 were used
as a not treated control (n.t.). MG implants were removed from the
animal after 1 week and processed for cryofixation.

3.2.4 primary macrophage cell culture

After 1 week in vivo (corresponding to a suitable cell concentration for
seeding) rHmAIF-1 supplemented MG implants were harvested and
cultured as previously described (Grimaldi et al., 2009, 2008). Each
implant was minced in small pieces using sterilized razor blades and
plated in wells of 60 mm in diameter in DMEM medium (Celbio, Milan,
Italy) modified by dilution (1:4) to reach isoosmolality and supplemented
with 1% glutamine, 10% fetal bovine serum and 1% gentamicin. Nor
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growth factors nor cytokines were provided during the in vitro culture.
Cells were maintained at 20°C and  histologically and
immunocytochemically examined 1 days and 1 week after seeding.

All cultures were performed in triplicate and scored at 1 week from
seeding with an inverted microscope (Olympus, Tokyo, Japan). Data
were recorded with a DS-5M-L1 digital camera system (Nikon, Tokyo,
Japan).

3.2.5 MWCNT in vitro treatment

Cells were cultured on a round coverslip in 24 wells plate for 1 week
before MWCNT treatment. MWCNT powder was weighed resuspended
in culture medium and then sonicated 15 min for 2 cycles in an ultrasonic
bath (starsonic 35, Liarre, Bologna, Italy) to avoid particles aggregation.
MWCNTs were administrated at 2.5, 5, 10, 25, 50 and 100 pg/mL for 24
h. Particle exposure concentrations were chosen upon assessment of
existing literature concerning exposure of vertebrate macrophages cell
lines to MWCNTs and SWCNTs (Di Giorgio et al., 2011). Cells were then
fixed with paraformaldehyde 3% for 10 minutes and washed in PBS
before proceeding with immunocytochemical and colorimetric assays
described above.

3.2.6 Inflammatory markers in leeches

Leech CNS were removed under sterile conditions and rinsed in Ringer
solution. CNS used in the experiments were lesioned by forceps crushing
at the connective level (Scheme 3) and then incubated at different times
at 18°C in complete L-15 medium (85% Leibovitz’s L-15 Medium, Gibco,
Invitrogen, Carlsbad, CA) supplemented with 2mM L-glutamine, 10UI/mL
penicillin, 10mg/mL streptomycin, 10mM Hepes, 0.6% glucose, and 10%
fetal calf serum).

ganglion

/ Scheme 3. Representation of the leech
\ CNS indicating the connectives lesion
injury connectives site.
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For peripheral tissues analyses, anaesthetized leeches were injected at
the level of the 20th metamere with different sterile solutions: PBS,
100ng/mL LPS or 200ng/mL of the recombinant protein rHmAIF-1, which
has been previously demonstrated to be a specific chemoattractant for
leech macrophage cells (Schorn et al., 2015b).

For macrophage isolation, anaesthetized leeches were injected with
300ul of liquid MG supplemented with 1 pg/mL rHmAIF-1 and/or 100
ng/mL LPS. MG were extracted and cryofixed after 1 week in vivo.

3.3 Assessment of internalization of MWCNTSs in leech tissues

Portions of tissue samples obtained after MWCNTs environmental
exposure were excised and digested in 5 N potassium hydroxide (KOH)
over night at room temperature. After repeated washes in distilled water
(dH,0) to remove potassium salt, samples were resuspended in 100 pl of
dH,0 and dried on copper grids, (Formvar Carbon Film) for transmission
electron (TEM) analysis (Jeol JEM 1010, Tokyo, Japan). Images were
acquired with Morada, Olympus (Tokyo, Japan) digital camera. As
control, KOH-treated and pristine MWCNTSs were observed.

3.4 Scanning electron microscopy (SEM) and X-ray spectroscopy
EDS

Leeches were then dissected and body wall tissues at the level of 20th
metamere were fixed with paraformaldehyde 4% for 1h at room
temperature. After standard ethanol dehydration, samples were
embedded in paraffin (Bioptica, Milan, Italy) and then cut with a Leica
Jung Multicut 2045 Microtome (Leica, Nussloch, Germany). Paraffin
sections were deparaffinised with xylene and rehydrate. Slides were
gold-sputtered and then observed with a SEM-FEG XL-30 microscope
(Philips, Eindhoven, Netherlands). Samples were observed in
backscattered electron mode with a scanning electron microscope
coupled with an energy dispersive X-ray analyzer (EDAX Genesis 2000,
EDAX, Mahwah, NJ, USA) to evaluate the presence of metal oxide
associated to the crude MWCNT powder. Photographic maps of element
distribution obtained on the image frames were processed by Image
Analysis (Soft-lmage Software; EDAX). These maps were then
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superimposed to each source image with Adobe Photoshop (Adobe
Systems).

3.5 Atomic Absorption Spectroscopy (AAS)

Chemicals used for the preparation of all standard and sample solutions
were metal trace analysis grade: MilliQ water (Millipore, Darmstadt,
Germany) and HCl (Baker 9530, 36.5—-38%). The calibration standard
solutions were prepared from a 1000 mg/L standard solutions (J.T. Baker
Instra-Analyzed), and the blanks were prepared with 0.1M HCI. All
measurements were performed on a Solaar M6 atomic absorption
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA): Al, Fe and
Co were determined with a graphite furnace (GFAA) coupled with
Zeeman background correction. Wavelength, bandpass and all others
instrumental parameters were set according to manufacturers
recommendations. The conventional instrumental detection limits (IDL,
based on three standard deviations of the Blank signal) were calculated
for each analytical run, typically ranging 1-3 ng/L. The reported results
are the mean of three measurements.

3.6 Optical and Trasmission Electron Microscopy (TEM)

Leech body wall and MG samples were fixed for 1h in 2%
glutaraldehyde/0.1 M cacodylate buffer at pH 7.4 and then washed in
the same buffer and post-fixed for 1 h with 1% osmium tetroxide in
cacodylate buffer, pH 7.4. After standard dehydration and embedding in
Epon-Araldite 812, specimens were allowed to polymerize over night at
70°C and then sectioned with a Reichert Ultracut S ultratome (Leica,
Wien, Austria). Semi-thin sections (0.75um in thickness) were stained by
crystal violet and basic fuchsin (Moore et al.,, 1960) and subsequently
observed under a Nikon Eclipse Ni (Nikon, Tokyo, Japan) light microscope
while data were recorded with a digital camera (DS-5M-L1, Nikon, Tokyo,
Japan). Ultrathin sections (80nm in thickness), were stained by uranyl
acetate and lead citrate, and observed with a transmission electron
microscope (Jeol 1010 EX, Jeol, Tokyo, Japan). Data were recorded with a
digital camera system (MORADA, Olympus, Tokyo, Japan).
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3.7 Indirect immunofluorescence

Leech tissues and MG samples, embedded in polyfreeze tissue freezing
medium (OCT, Tebu-Bio, Le Perray-en-Yvelines, France), were
immediately frozen in liquid nitrogen. Slides were prepared with 7um
cryosections, obtained with cryotome a Leica CM 1850 and they were
immediately used or stored at -20 °C. Cells, cultured on round coverslips,
were fixed with 2% paraformaldehyde for 15 min at room temperature.
For indirect immunofluorescence experiments, samples were treated for
5 min at room temperature with phosphate buffer saline (PBS) and then
incubated with a blocking solution with 2% Bovine Serum Albumin (BSA)
and 0.1% Tween20 in PBS for 30 min.
Slides were then incubated for 1h at room temperature with different
polyclonal primary antibodies:
— rabbit anti-human CD45 (Twin Helix, Milano, Italy), 1:200;
— rabbit anti-human CD68 (Santa Cruz Biotech., Dallas, TX, USA)
(1:200);

— rabbit anti-human IL-18 (Abnova, Taipei, Taiwan) (1:200);

— rabbit anti-HmAIF-1 (kindly donated by Jacopo Vizioli and
Francesco Drago) (1:200);

— goat anti-MIF (R&D systems, Minneapolis, MN, USA) (1:1000);

— rabbit anti- human GMFG (Abcam, Cambridge, UK) (1:1000).
After PBS washing, slides were incubated for 1h at room temperature
with the appropriate secondary antibody: donkey anti-rabbit (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) or anti-goat
(Biotium, Fremont, CA, USA), Cy3-conjugated, diluted 1:200 in BSA and
then washed with PBS. Nuclei were counterstained with the nuclear
marker DAPI (4',6-diamidino-2-phenylindole) (Sigma Aldrich, Saint Louis,
MO, USA) diluted 1:5000, for 15 min at room temperature and slides
were mounted with Citifluor (Citifluor, London, UK). In negative control
experiments, primary antibodies were omitted and sections were
incubated only with the secondary antibodies.
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3.8 Whole mount immunolocalization on CNS

Dissected leech nerve cords were mechanically stressed and, after
antibiotic treatment, incubated with a complete L15 medium for Oh, 24h,
and 3 days. After incubation, nerve cords were fixed for 1h at RT in 4%
paraformaldehyde. Membranes were permeabilized by incubating the
samples in PBS-1% Triton X-100 O/N at 4°C. Non-specific background
staining was blocked with a saturation buffer (PBS solution containing
1% Triton, 3% normal donkey serum, 1% BSA and 1% ovalbumin) for 4 h
at 4°C. Samples were then incubated with different anti-human
antibody: goat polyclonal anti-MIF (R&D systems, Minneapolis, MN, USA)
and rabbit polyclonal anti-GMFG (Abcam, Cambridge, UK), diluted
1:1000 in the saturation buffer overnight at 4°C. Primary antibodies were
removed and, after a rinsing step with PBS-1% Triton X-100, the samples
were incubated with the appropriate secondary antibody conjugated to
Alexa 488 (Invitrogen Corporation, Carlsbad, CA, USA) diluted 1:2000 in
the saturation buffer. Slides were mounted in Vectashield (Vector,
Burlingame, CA, USA).

3.9 Enzimatic hystochemistry and colorimetric staining.

For acid phosphatase (ACP) detection, after rehydration with PBS for 5
min, cryosections were incubated with 0.1M sodium acetate-acetic acid
buffer for 5 min and then treated for 1 hour and 30 min at 37 °C with the
reaction mixture (0.1 M sodium acetate-acetic acid buffer, 0.01%
naphtol AS-Bl phosphate, 2% NN-dimethylformamide, 0.06% Fast Red
Violet LB and 0.5nM MnCl,). After PBS washings, slides were mounted
with PBS/glycerol 2:1.

MG cryosections were also treated with May Grunwald Giemsa
differential staining (Bio Optica, Milan, Italy), which permits
identification of hematopoietic cells based upon their cytoplasmic pH
properties.

For thioflavine-T method for amyloid fibrils staining, cryosections were
brought to distilled water and then stained for 2 minutes with Mayer’s
emallume. After washing in dH,0, slides were incubated with 1%
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Thioflavine and mounted with a non fluorescent medium (Eukitt, Bio
Optica, Milan, Italy).

For double staining Thioflavin-T/CD68, the Thioflavin-T method was
followed by anti-CD68 immunedetection with the same protocol
described above.

3.10 Terminal deoxynucleotidy! transferase dUTP nick-end labeling
(TUNEL) assay

The DeadEnd™ Fluorometric TUNEL System (Promega, Pittsburgh, PA,
USA) was used to evaluate the presence of apoptotic cells in the
different samples. For leech tissues, sections were deparaffinized and
rehydrated, and tissues were then permeabilized with a 20ug/mL
Proteinase K solution in PBS for 10 minutes at room temperature.

MG cryosections and in vitro-treated macrophages were fixed in
paraformaldehyde 4% for 25 minutes at 4°C and then washed in PBS and
permeabilized in 0.2% Triton X-100 in PBS for 5 minutes. According to
the manufacturer’s protocol, After an equilibration step, the incubation
buffer, containing nucleotide mix and rTdT enzyme, was added. Slides
were incubated at 37°C for 1 hour in the dark and then immersed in a 1x
sodium chloride and sodium citrate buffer (SSC). Nuclei were
counterstained with 1 pug/mL Propidium lodide (Sigma Aldrich, Saint
Louis, MO, USA) for 15 minutes at room temperature in the dark. Slides
were mounted with a non fluorescent mounting medium Citifluor
(Citifluor, London, UK). A negative control was performed by omitting
the rTdT enzyme in the incubation buffer. A Positive control was
performed by treating cells with DNasel according to the manufacturer’s
protocol.

3.11 Cell proliferation assay

To assess the ability of cells to proliferate in MG and in vitro the 5-
Bromo-2’-deoxy-uridine Labeling and Detection Kit | (Roche, Basel,
Switzerland) was used.

Immediately after dissection, MG pellets were incubated with 5-Bromo-
2’-deoxy-uridine (BrdU) 10 uM in cell culture medium for 1 hour at 20°C.
After PBS washes, MG implants were embedded in a tissue freezing
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medium (OCT, Tebu-Bio, Italy) and immediately frozen in liquid nitrogen
and sectioned with a cryotome (CM 1850, Leica, Wetzlar, Germany). In
vitro treated macrophages were incubated in the same conditions
immediately after MWCNT treatment and then fixed with
paraformaldehyde 4% for 15 minutes at room temperature.

Before the detection step, cryosections and cells were treated with
acidic ethanol (50 mM glycine, absolute ethanol, pH 2.0), which allow the
antibody to access to BrdU, as indicated in the data sheet.

For the immunofluorescence procedure, specimens were incubated with
Anti-BrdU working solution (Roche, Basel, Switzerland) for 30 minutes at
37°C and then washed with the provided washing buffer. After that, an
anti-mouse DylLight 549 conjugated antibody (KPL, Gaithersburg, MD,
USA) was used for MG slides while an anti-mouse-Ig-fluorescein antibody
(Roche, Basel, Switzerland) was used for macrophages. Specimens were
incubated with the secondary antibody for 30 minutes at 37°C in the
dark. After further washes, nuclei were counterstained with DAPI for 5
minutes at room temperature in the dark. Slides were mounted with
Citifluor (Citifluor, London, UK).

3.12 Intracellular ROS evaluation

ROS production was evaluated after in vitro treatment by the use of
2’,7’-dichlorodihydrofluorescein diacetate (H,DCFDA) (Molecular Probes,
Eugene, OR, USA), a fluorigenic probe commonly used to detect
intracellular ROS. H,DCFDA is a non-fluorescent compound, able to cross
cell membranes. Once within the cell it is hydrolyzed to 2’,7'-
dichlorofluorescein (DCF), a compound which becomes fluorescent when
it is oxidized by ROS. ROS level can be detected by monitoring the
increase in fluorescence. Treated and not treated macrophages were
washed with Hank’s balanced salt (HBSS) solution (Sigma Aldrich, Saint
Louis, MO, USA) and then incubated with 10 uM H,DCFDA for 30 min at
20°C in the dark. Cells were then washed 3 times in HBSS and fixed with
paraformaldehyde 4% for 15 minutes. Nuclei were stained with DAPI.
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3.13 Images acquisition and recording

Slides were observed under a light/fluorescence microscope Nikon
Eclipse Ni (Nikon, Tokyo, Japan) equipped with 3 different
excitation/emission filters:

— 360/420nm, for DAPI nuclear staining;

— 488/525nm, for H,DCFDA, fluorescein and Thioflavin-S staining;

— 550/580nm, for propidium iodide, Cy3 and DyLight 549 signals.
Data were recorded with Nikon Digital Sight DS-SM (Nikon, Tokyo, Japan)
digital camera and images were combined with Adobe Photoshop
(Adobe Systems, San Jose, CA, USA).

Whole mount immunolocalizations were examined with Zeiss LSM 510
confocal microscopy (Zeiss, Oberkochen, Germany).

3.14 Protein extracts preparation, SDS-PAGE and Western Blot

Immediately after dissection, portions of Hirudo tissues were frozen in
liquid nitrogen. Tissues were then homogenized and suspended in
extraction buffer (2X Laemmli's Buffer) with the addition of a protease
inhibitor cocktail (Sigma, Milan, Italy). After centrifugation at 13000 rpm
for 10 min at 4 °C, supernatants were collected and then proteins
extracts were denatured at 100°C for 10 min. Equal amounts of protein
extracts were separated in analytical SDS-PAGE using 10% acrylamide
minigels. Broad range standards from Bio-Rad (Bio-Rad, Richmond, MA,
USA) were used to determine molecular weights. Once separated by
SDS-PAGE, proteins were then transferred onto Bio-Rad nitrocellulose
filters. Membranes were saturated with 5% non fat dried milk in Tris
buffered saline (TBS: 20 mM Tris-HCI buffer, 500 mM NaCl, pH 7.5) for 2
hours at room temperature, and then incubated for 90 min with rabbit
polyclonal anti-CD45 antibody (1:500 dilution in 5% TBS-milk). After
three washes, antigens were revealed with the secondary anti-rabbit I1gG
antibody HRP-conjugated (Jackson ImmunoResearch, West Grove, PA,
USA), diluted 1:5000. After further washing, the membranes were
incubated with luminol LiteAblot® PLUS Enhanced Chemiluminescent
Substrate (EuroClone S.p.A., Pero, Italy) to reveal the immunocomplexes.
In control experiments, anti-CD45 antibody was omitted. Bands were
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normalized by using the Imagel software package with the housekeeping
protein GAPDH, which was detected with a rabbit polyclonal anti-human
GAPDH IgG (Proteintech™, Chicago, IL, USA) diluted 1:2000. The
expression level of CD45 in exposed leeches was reported relatively to
control untreated animals. Experiments were performed in triplicate and
data represent the mean values * SEM. Statistical significance was
assessed by an unpaired Student’s t test (Statistica 7.0, StatSoft Inc.,
Tulsa, OK, USA).

3.15 RNA extraction from CNS

Dissected leech nerve cords were incubated in complete L15 medium for
0 h, 6h and 24 h and in complete L15 medium added with LPS (1:1000)
for 6 h.

The nerve cords were put in 2mL standard tubes prefilled with 1.4mm
ceramic (zirconium oxide) beads (Soft tissue homogenizing CK14,
precellys lysing kit, Bertin, Montigny le Bretonneux, France) with 500ul
Qiazol reagent (Qiagen, Hilden, Germany). The nerve cords were then
homogenized by shaking twice for 45 sec at 6500 rpm in a Precellys®24
homogenizer (Bertin, Montigny le Bretonneux, France).

3.16 cDNA Cloning

Genes homologous to Vertebrate MIF and GMFG, so named HMIF and
HGMFG for Hirudo, was identified in the EST database of Hirudo CNS
(Hirudinea Genomics Consortium). The cDNA encoding HMIF and
HGMFG were amplified by PCR from total leech CNS cDNA as template.
Amplifications were performed using specific forward (HMIF:

CATATGATGCCGTCTTACGTGCTGAA; HGMFG:
ATGGGAGAAAACGTACGTG) and reverse (HMIF:
GGATCCTCAGAAGGTTGAAGTACCATA; HGMEFG:

TCAACGGAAGAACTGCAGC) primers. PCR amplifications were carried out
on a ThermalCycler (Mastercycler Gradient, Eppendorf,
Hambourg,Germany) with 150ng of cDNA in a solution containing 2 U of
PlatinumVRTaq DNA Polymerase (Invitrogen, Carlsbad, CA, USA), 10mM
of each PCR primer, 10 mM dNTPs, 1.5 mM MgCl,, and 13 of PCR buffer
in a final volume of 50 uL. The reaction cycles were performed as
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follows: 94°C for 1 min, followed by 35 cycles of 30 s at 94°C, 30 s at58°C,
and 40 s at 72°C. A single PCR product was obtained and cloned into the
pPGEM T-easy vector (Promega, Madison, WI, USA) following the
manufacturer’s protocol.

3.17 Statistical analysis

Cells extracted from matrigel pellet were plated out in 60 mm diameter
at a density of 1000 cells/well and counted after one week from seeding,
using the Image J software package. Five fields for each time lapse (1 day
and 1 week) were analyzed and the number of counted cells is referred
to the total area of the well. Statistical significance was assessed by an
unpaired Student’s t test.

The percentages of positive and negative cells after BrdU and TUNEL
assays, and the fluorescence intensity of Thioflavin-S and ROS assays
were assessed by analysing 3 different slides for each time point/assay
using the Image J software package. Statistical differences were
calculated by Factorial ANOVA followed by Tukey’s post-hoc test and
p<0.05 was considered statistically significant.

Statistical analysis were performed using Statistica 7.0 software (StatSoft
Inc., Tulsa, OK, USA).

30



Results

4, Results

4.1 Environmental exposure assay

4.1.1 Determination of MWCNT presence in tissues

MWCNT internalization has been validated by KOH digestion of tissues
excised from exposed leeches. The particulates resulting after digestion
were observed. TEM analysis confirmed MWCNT presence in exposed-
animals tissues (Fig. 1 A). Moreover, their characteristics resulted
identical to MWCNT crude powder, used as control (Fig. 1 B). To
demonstrate that experimental procedures did not affect MWCNT
morphology, pristine MWCNTs were subjected to sonication (Fig. 1 C)
and KOH treatment (Fig. 1 D).

Fig. 1. Determination of MWCNT presence in tissues (A-D). (A) MWCNTSs extracted by means of
KOH digestion from exposed-animals tissues. (B-D) MWCNT crude powder (used as control) raw
(B), after sonication (C) and after KOH treatment (D). Bars in A-D: 500 nm. (Girardello et al.,
2015b).
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4.1.2 EDS and AAS analyses

In order to confirm the possible release of metal oxides impurities
associated to MWCNTs in leech exposure water, EDS analysis were
performed. Although microanalytical analysis have shown MWCNT
aggregates to contain aluminum residues (Fig. 2 A-C), no evidence for
this element in MWCNT exposed leech was detected (Fig. 2 D-F). As far
as concern iron and cobalt, no picks were detected. AAS analyses were
conducted on leech exposure water and the concentration of aluminum
oxide was of 0.25 pg/L. lron and cobalt concentrations were below the
instrument detection limits.
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Fig. 2. SEM-EDAX (A-F). SEM (A) and Elemental mapping images (B) of MWCNTs crude powder
(red: Carbonio; yellow: Aluminum). EDAX spectra for MWCNT crude powder (C) and aqueous
suspension (D). Combined SEM-EDAX elemental mapping image of a section of leech body wall 5
weeks after treatment (E). EDAX spectra for treated (F) and untreated (G) tissue samples. Bars in
A, B: 10 um; bar in D: 100 um. (Girardello et al., 2015b).
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4.1.3 Morphological analysis

The leech body wall was made of an epithelium enwrapping thick layers
of muscle fibers (Fig. 3 A). In the parenchyma between the muscular sac,
virtually avascular, and the gut, was localized the botryoidal tissue (Fig. 3
B). After MWCNT treatment, from 1h up to 12 h, a network of blood
vessels appeared in the thickness of musculocutaneous sac (Fig. 3 C). The
formation of new vessels, typical of the inflammatory phase of innate
immune response, was due to botryoidal tissue remodeling.
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Fig. 3. Morphological at optical (A-E, C, 1) and transmission electron microscopes (F, H, J-L)
analyses of sections from H. medicinalis body wall. (b: botryoidal tissue; v: neo-vessels; m:
muscles; e: epithelium; c: cavities; arrowhead in D: immunocompetent circulating precursors cell;
ecm: extracellular matrix; arrowheads in J-L: MWCNTSs). Bars in A, C, G: 100 um; Bars in B, D-E, I:
10 um; Bar in F: 5 um; Bar in H: 2 um; Bar in J: 500 nm; Bars in K-L: 200 nm. (Girardello et al.,

2015b).

During this process, the lumen of the new vessels and circulating
precursors of immunocompetent cells became visible (Fig. 3 D). At the
same time, leech fibroblasts, easily recognizable thanks to their spindle
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shape and the numerous lipid droplets in their cytoplasm, were involved
in a strong remodeling process of the extracellular matrix (Fig. 3 E, F).
After a prolonged period of MWCNT exposure (from 1 up to 5 weeks),
numerous infiltrating cells were visible in the musculocutaneous sac
among the newly formed vessels (Fig. 3 G-l).

In the cytoplasm of these migrating cells, showing typical macrophage
features, an engulfment of particles was evident (Fig. 3 J-L).

4.1.4 Characterization of circulating cells

Immunofluorescence experiments with anti-CD45 antibody confirmed
that circulating cells observed within the neo formed vessel lumen (Fig. 4
A) and in the peripheral vessels (Fig. 4 B) belonging to the leukocyte cell
line (Grimaldi et al., 2006).

Western blot analysis confirmed CD45 expression in control and
MWCNT treated animals extracts showing the presence of two
immunoreactive products of about 145 kDa and 180 kDa (Fig 4. C). These
molecular weights of leech products were consistent with existing
literature, reporting for vertebrates the presence of different CD45
isoforms with a molecular weight ranging from 140 kDa to 240 kDa
(Trowbridge and Thomas, 1994).
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Fig. 4. Morphological (A) and immunohistochemical (B) characterization of circulating precursors
cells (arrowhead). Western blot analysis (C-D) of untreated (n.t) and MWCNT treated leeches
from 1 to 12 hours and from 1 to 5 weeks. A protein extracts from the body wall were probed
with the anti-CD45 antibody. The housekeeping protein D-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a loading control. In all samples, the anti-CD45 detected
two specific immunoreactive bands of about 145 kDa and 180 kDa (C), according to the molecular
weight ladder (kDa). CD45 protein was quantified by densitometry from three experiments.
*P<0.05 compared with untreated leeches (D). Bars in A-B: 10 um. (Girardello et al., 2015b).
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Our data showed a variation in the expression profile of the two isoforms
depending on the time of MWCNT administration (Fig. 4 D). In particular,
in respect to the untreated leeches, the 180 kDa isoform increased
significantly after 1h MWCNT exposure, while the 145 kDa isoform
drastically decrease starting from 3 weeks MWCNTSs treatment.
Summarizing, the total CD45 expression presented a cyclical pattern with
2 peaks of expression, 3 hours and 1 week after treatment. The loading
samples were homogeneously distributed, as shown by GADPH, used as
internal reference. In the negative control experiments, performed
omitting the primary antibody, no signals were detected (data not
shown).

4.1.5 Characterization of migrating cells
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Cells infiltrating the extracellular matrix has been characterized by
means of histo- and immuno-cytochemical approaches. Compared to not
treated (n.t.) leeches, in MWCNT exposed animals a large number of
infiltrating cells resulted positive for acid phosphatase reaction (Fig. 5 A-
E), suggesting that these cells had a broad phagocytic activity. After 1
hour from MWCNTSs exposure the number of migrating cells increased,
the highest value was reached after 3 hours and persisted even after 5
weeks from treatment, as demonstrated by cell counting performed on 3
representative images for each time lapse, and was statistically
significant (Fig. 5 F). Migrating cells resulted also positive for the typical
macrophage marker CD68 (Fig. 5 G-L) and the evolutionarily conserved
pro-inflammatory cytokine IL-18 (Alboni et al., 2010) (Fig. 6 A-F).

untreated
6 hours

Fig. 6.

Anti-IL18 (A-F)

and  Thioflavine-T
staining (G-L) on
cryosections of
untreated (A, G)
and MWCNT-
treated leeches (B-
F, H-L) at different
time points.

Double staining of
Thioflavin-T (yellow)
and macrophage
markers CD68 (red)
(L).

(e: epithelium;

m: muscle;

white arrowheads:
immune-responsive
cells;

black arrowheads:
amyloid material).
Bars in A-E, G-K:
100 pum; barsin F, L:
10 um. (Girardello
et al., 2015b).
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We also observed a positivity for Thioflavin-T, confirming the production
of amyloid fibrils after MWCNT treatment (Fig. 6 G-L). This production
was part of the typical response to stress conditions already described
both in vertebrates and in invertebrates (Alboni et al., 2011; Grimaldi et
al., 2014, 2012a). Moreover, macrophages were confirmed as the main
producers of amyloid fibrils by coupling CD68 immunostaining with
Thioflavin-T method (Fig. 6 L).

4.1.6 Apoptosis detection assay

TUNEL test was performed on n.t. and MWCNT exposed leech tissues (6h
and 1week). Both in negative control and in n.t. leech tissues, no
apoptotic nuclei were detected (Fig. 7 A, B). Few TUNEL" nuclei were
visible in MWCNT exposed leeches (Fig. 7 C, D), indicating the presence
of apoptotic cells among muscle fibres (Fig. 7 E).

MWCNTs in wivo 6h

MWCNTs in vive 6h MWCNTs in wivo 1w

Fig. 7. TUNEL assay for apoptosis in leech body wall sections. Negative control (A). N.t. (B) and
MWCNT treated leeches (C, D). Combined optical and fluorescence images of leech body wall
showing a TUNEL+ cell migrating among muscle fibers (E). Nuclei, counterstained propidium
iodide, result in red while TUNEL positivity in green. The merge results in yellow. Bars in A-D: 50
um; Barin E: 20 pum.
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4.2 Matrigel injection assay

4.2.1 Light and Electron Microscopy

In control MG samples no migrating cells were visible (Fig. 8 A), while
MG specimens supplemented with rHmAIF-1 were colonized by a large
number of cells (Fig. 8 B, C). These cells were positive for May Grunwald
Giemsa differential staining (Fig. 8 E-G). In MG pellets, supplemented
only with MWCNTs, a reduced number of cells with the same
characteristics were present (Fig. 8 D, H).

Fig. 8. Morphological analysis of MG samples. (A) Control MG is practically empty. (B, C) rHmAIF-
1 containing samples presenting several migrating cells. (D) MWCNTs supplemented MG: only
few cells are visible. (E-H) May Grunwald Giemsa staining. Bars in A-H: 50 um. (Girardello et al.,
2015a).

TEM analysis showed that these cells had an elongated shape with a
cytoplasm rich in electron-dense granules. They had a pronounced
migratory phenotype showing pseudopodia and an active degradation of
the surrounding matrix (Fig. 9 A, B).

The MWCNTs, added to the MG, were clearly visible both by optical (LM)
and TEM analysis. At LM only large aggregates of nanotubes were
distinguishable, surrounded by a clot of cells, whereas at TEM the
MWCNTs were visible both dispersed throughout the matrix and
grouped in aggregates characterized by different sizes (Fig. 9 C, D). In
rHmAIF-1 and MWCNT supplemented MG pellets, a great number of
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migrating cells were present (Fig. 9 E) and MWCNTs were visible both in
intracellular vesicles (Fig. 9 F) as well as dispersed in the cytoplasm (Fig.
9 G).

G + rHmAIF-1 + MWCNTs

Fig. 9. TEM images of MG samples. (A, B) rHmAIF-1 supplemented MG contains cells with a
pronounced migratory phenotype electron-dense cytoplasmic granules (arrow), and in active
degradation of surrounding matrix (arrowhead). (C) In samples in which MWCNTs were added,
the nanomaterial was clearly visible both dispersed throughout the matrix both grouped in
aggregates differently sized (C). (D) MWCNTSs at higher magnification. (E) Cells migrating through
the matrix in rHmAIF-1 and MWCNTs supplemented MG. (F, G) MWCNTSs are visible in matrix
(circle), in intracellular vesicles (arrow) and freely dispersed in the cytoplasm (arrowhead). Bars in
A-C, E: 5 um; Bars in D: 200 nm; Bars in F, G: 500 nm. (Girardello et al., 2015a).

4.2.2 Immunocytochemical characterization

In all samples, the cells infiltrating the MG and surrounding the MWCNT
aggregates were strongly positive for the antibodies anti-CD68 (Fig. 10 A-
C) and anti-HmAIF-1 (Fig. 10 D-F). In negative control experiments no
signal was detected (Fig. 10 G).

In MWCNTs and rHmAIF-1 supplemented MG, cells were positive for
Thioflavin-S, indicating the presence of amyloid fibrils (Fig. 10 H). No
positivity was detected for this dye in the cells migrated in MWCNT
supplemented MG pellet (Fig. 10 1).
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MG+ rHmAIF-1
- MWCNTs MG+ MWCNTs

a-HmAIF-1 a-HmAIF-1 MG + rHmAIF-1 B a-HmAIF-1 MG + MWCNTs
+ MWCNTs

MG + rHmAIF-1 B Thioflavin-5 MG + tHmAIF-1 i i MG + MWCNTs
+ MWCNTs + MWCNTs

Fig. 10. Immunocytochemical characterization of MG infiltrating cells. a-CD68 (A-C) and a-HmAIF-
1 (D-F) are detected by a Cy3-conjugated secondary antibody (red). Nuclei are counterstained
with DAPI (blue). (G) Negative control. (H-) Thioflavin-S method. In rHmAIF-1 and MWCNTSs
supplemented MG, macrophages actively produce amyloid material (yellow in H) while in only
MWCNTs supplemented MG these cells are negative for this dye (I). Bars in A-l: 50 um.
(Girardello et al., 2015a).

4.2.3 Cell proliferation assay

The BrdU assay was performed to assess the proliferative ability of cells
infiltrated in the MG sponge. Leeches macrophages, chemoactracted in
MG sponges by means of HmAIF-1, presented BrdU" nuclei (red signal)
(Fig. 11 A). The negative control experiments, in which the primary
antibody was omitted, no BrdU signal was observed (Fig. 11 B).
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Fig. 11. Proliferation assay in MG. Cell migrated in MG sponges with BrdU+ nuclei (in red) (A). In
negative control (B) the primary antibody was omitted. Nuclei were counterstained with DAPI
(blue). Barsin A, B: 10 um.

4.2.4 Apoptosis detection assay

In the MG assay, several TUNEL" (green/yellow) nuclei were visible in the
positive control sample (Fig. 12 A), while in the negative control no signal
was detected (Fig. 12 B).

MG+AIF -1

Fig. 12.

TUNEL assay for
apoptosis on MG
sections. (A)
MG+AIF -1 + positive and (B)
MWCNT= 10 pgim] negative controls.
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with HmAIF-1 (C)
and with HmAIF-1

MG+AIF -1+ MGH+AIF 1 +
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and increasing
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MWCNTSs (D-1).
Nuclei,
MG+AIF -1 + MG+AFF -1+ MG+AIF -1 + .
MWCNTs 25 pg/iml MWCNTs 50 pg/ml MWCNTs 100 pg/m| counterstained

with propidium
jodide, result in
red while TUNEL
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In the cells infiltrating the MG supplemented with HmAIF-1 no evidence
of apoptosis was detected (Fig. 12 C), whereas in MWCNT supplemented
MG samples the number of TUNEL® nuclei appeared to increase in a
dose-dependent manner (Fig. 12 D-I), indicating that are MWCNTs
responsible for apoptosis induction in the cells migrated in the matrix.

4.3 |n vitro treatment

4.3.1 Leech macrophages primary cell culture

After 1 week in vivo, HmAIF-1 supplemented MG had been removed
from the leeches and cells were placed in culture. Starting from 1 day
after seeding, cultured cells appeared grouped in clones (Fig. 13 A, B),
while 1 week after seeding an increased cell number was appreciable
(Fig. 13 C), as demonstrated by cell counting (Fig. 13 D).
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Fig. 13. Phase contrast image of cultured cells 1 day (A, B) and 1 week after seeding (C).
Quantitative evaluation of cell numbers (D). Column 1: cells cultured for 1 day Column 2: cells
cultured for 1 week. ***p<0.01. These cells are ultrastructurally similar to macrophages with a
cytoplasm filled with electron-dense granules (arrows in E), are Giemsa positive cells (F) and
immuno-stained with CD45 (G), CD68 (H) and HmAIF-1 (1) antibodies, markers of macrophages
cells. (L) Negative control in which the primary antibody was omitted. These cells show also a
weak positivity to Thioflavin-S staining (yellow in M). Nuclei are counterstained with DAPI (blue in
G-M). Bars in A, C: 50 um; bars in B, D, F-M: 10 um; bar in E: 2 um. (Girardello et al., 2015a).
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TEM analysis (Fig. 13 E) showed that these cells exhibited the same
morphological characteristics described in the MG injection assay.
Cultured cells, after 1 week, resulted positive for May Grunwald Giemsa
differential staining (Fig. 13 F) and expressed monocyte-macrophage
specific markers, such as CD45 (Fig. 13 G), CD68 (Fig. 13 H) and HmAIF-1
(Fig. 13 1). In negative control sample, in which primary antibodies were
omitted, no signal was detectable (Fig. 13 L). Moreover these cells
showed a weak positivity for Thioflavin-S staining method, indicating
scarce amyloid fibril production (Fig. 13 M).

4.3.2 MWCNT in vitro treatment

Cultured macrophages were then incubated for 24h with increasing
concentrations of MWCNTSs dispersed in culture medium (2.5, 5, 10, 25,
50 and 100 pg/mL). Treated cells maintain their positivity for CD45 (Fig.
14 A-F) and HmAIF-1 (Fig. 14 G-L).

2.5pg/mil a-CD45 | Spg/mi a-CD45 | 10pg/ml @-CD45 [25pg/mi a-CD45 | 50pg/mi a-CD45 §100pg/mi a-CD45

2.5pg/ml a-HmAIF-1

2.5pug/mi Thio-S Thio-S J10ug/mi Thio-S PSpg/mi Thio-S | S0pg/ml Thio-S | 100pg/ml Thio-S

Fig. 14. Cells extracted from MG after 1 week from injection and treated for 24h with increasing
concentration of MWCNTSs (2.5, 5, 10, 25, 50 and 100 pg/mL) are CD45" (red in A-F), HmAIF-1*
(red in G-L) and show an increasing positivity for Thioflavin-S staining (yellow in M-R). Combined
fluorescence/transmission (S, T) and TEM images clearly show the amyloid fibril deposition
(vellow in S, T) and organized fibrillar material (arrowhead in U) by CD45"/HmAIF-1" macrophages
(V-W) strictly associated with MWCNT aggregates. Nuclei in blue are stained with DAPI. No signal
is detected in negative control experiments (X). Bars in A-T, V-X: 10 um; bar in U: 500 nm.
(Girardello et al., 2015a).
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Moreover, after MWCNTs treatment, macrophages resulted highly
positive for Thioflavin-S staining (Fig. 14 M-R). Ultrastructural analysis at
TEM highlighted that spatially organized amyloid fibrils were
accumulated in dilated reticulum cisternae (Fig. 14 U) and then released
in the extracellular environment (Fig. 14 T). Combined
fluorescence/transmission images clearly showed the strictly association
between HmAIF-1* and CD45" macrophages with MWCNTs aggregates
(Figure 14 V, W). Furthermore, the number of amyloid fibrils increased
with the MWCNT concentration augment, as demonstrated by
fluorescence intensity quantification (Fig. 15).
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Fig. 15. Histogram showing fluorescence intensity for surface unit after Thioflavin-S assay. Values
are normalized on the n.t. sample. Statistical differences were calculated by One-Way ANOVA
followed by Tukey’s post-hoc test, vertical bars denote 0.95 confidence intervals, different letters
indicate statistically significant differences (p<0.05).

4.3.3 Cell proliferation assay

After 24 and 48 hours from seeding, a large number of BrdU" cells was
observed (green signal) (Fig. 16 B, C). 24 and 48h of MWCNT treatment
highly reduced the number of proliferating cells (Fig. 16 D-I, Fig. 16 J-O).
An high dose of MWCNTs (100ug/mL) totally inhibited cell proliferation
and no BrdU" cells were detectable after 24 and 48h from treatment
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(Fig. 16 1, O). The control samples, in which the primary antibody was
omitted, were negative (Fig. 16 A).

MWCNTs 2.5pg/ml  24h| MWCNTs Spg/ml 24h[MWCNTs 10 pg/ml  24h

MWCNTSs 2.5 pg/ml 48h

MWCNTSs 25 pg/mi

Fig. 16. Proliferation assay after MWCNT in vitro treatment (A-O). Compared to the negative
control (A), in which the primary antibody was omitted, the major part of cells in n.t. samples are
BrdU" (green) both at 24h (B) and 48h (C). In MWCNT treated samples the number of positive
cells seems to decrease in a dose and time dependent manner (D-0). Nuclei were counterstained
with DAPI (blue). Bars in A-P: 10 um.
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Cell counting showed a remarkable decrease in BrdU" cells even at low
doses (2.5, 5 and 10 pg/mL) of MWCNTSs both at 24 and 48h. The effect is
even more evident after 48 hours from administration of higher doses
(25, 50 and pg/mL) of MWCNTSs (Fi. 17 A, B).

Cell proliferation assay
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Fig. 17. The graphs show the percentage of BrdU" cells after 24h (A) and 48h (B) MWCNTs
treatment. Statistical differences were calculated by Factorial ANOVA followed by Tukey’s post-
hoc test; vertical bars denote 0.95 confidence intervals, different letters indicate statistically
significant differences (p<0.05).

4.3.4 Apoptosis detection assay

The apoptosis evaluation assay was also performed after MWCNT in vitro
treatment. Apoptotic nuclei were stained in yellow, as confirmed by the
positive control (Fig. 18 A) while all nuclei were counterstained in red by
propidium iodide, as shown in the negative control (Fig. 18 B).

In both n.t. samples (Fig. 18 C, D) and in cells incubated for 24 hours
with low concentrations of MWCNTSs (2.5 and 5 pg/mL) (Fig. 18 E, F) no
apoptotic nuclei were visible. The number of TUNEL" cells remarkably
increased after administration of higher doses of MWCNTSs (Fig. 18 G-J).
After 48h from treatment apoptosis is induced in large number of cells
(Fig. 18 K-P) at any MWCNT concentrations.
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MWCNTs 2,5pg/mi MWCNTSs 5 pg/mi MWCNTs 10 pg/ml 24h

MWCNTSs 25 pg/mi MWCNTS 50 pg/mi 24h[MWCNTs 100 pg/ml  24h

o

MWCNTs 2,5pg/ml

MWCNTs 25 ug/ml _ 48h JMWCNTs 50 pg/mi  48h IMWCNTs 100 ug/iml _ 48h

’

Fig. 18. TUNEL assay for apoptosis after 24h (A-C, E-J) and 48h (K-P) MWCNT in vitro treatment.
Nuclei were counterstained with propidium iodide (red). TUNEL positivity is visible in
green/yellow. Bars in A-P: 20 um.
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Cell counting showed that apoptotic cell number was very low in n.t and
low-dose treated samples (2.5 and 5 pg/mL) for 24h. At the dose of 10
pg/mL, it underwent a sudden increase to then reach about 60% of total
cells at higher MWCNT doses (Fig. 19 A). The 48h MWCNT treatment
seemed to have a more rapid effect. TUNEL" cells were about the 80% at
the lowest dose (2.5 pg/mL) and reached the 100% with the 100 pg/mL
treatment (Fig. 19 B).

Apoptosis evaluation assay
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Fig. 19. Apoptosis evaluation assay. The graph illustrate the percentage of TUNEL" cells after 24
(A) and 48h (B) MWCNTs in vitro treatment. Statistical differences were calculated by Factorial
ANOVA followed by Tukey’s post-hoc test; vertical bars denote 0.95 confidence intervals,
different letters indicate statistically significant differences (p<0.05).

4.3.5 ROS production

ROS production was evaluated by means of H,DCFDA assay. In n.t. samples,
both after 24h (Fig. 20 A) and 48h (Fig. 20 B), no signal was detected. After 24h
MWOCNT in vitro treatment, ROS production was observed from concentrations
of 2.5 pug/mL up to 100 pg/mL (Fig. 20 C-H). In particular, ROS signal was
localized in cells in close contact with MWCNTs bundles (Fig. 20 1). A high
H,DCFDA positivity was observed also after 48h MWCNTs treatment (Fig. 20 J-

0).
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MWCNTS 2,5ug/ml

MWCNTS 10 ug/mi MWCNTs 25 pgiml

MWCNTs 100 pg/ml MWGCNTs 100 pg/mli

MWCNTSs 2,5pgiml MWCNTs 5 pgiml MWCNTs 10 pg/ml

MWCNTs 25 pg/ml MWCNTs 50 pg/mi MWCNTSs 100 pg/mi

Fig. 20. ROS production (A-0). H,DCFH-DA positivity (green) is not visible in n.t. macrophages
both at 24h (A) and 48h (B). After 24h in vitro treatment with increasing concentration of
MWCNTs a strong positivity is detectable (C-H). Combined optical and fluorescence detail
showing H2DCFDA" cells close to a MWCNTs bundle (I). The same dose-dependent ROS
production is appreciable after 48h treatment (J-O). Bars in A-O: 10 um.

Fluorescence intensity measurement, showed a significant increase in
ROS production after treatment with high doses of MWCNTSs (25, 50 and
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100 pg/mL) for 24h (Fig. 21 A), while after 48h, the increase of ROS
resulted evident starting from the 10 pug/mL dose up to the highest dose
(Fig. 21 B).

ROS evaluation assay

45 45

40 40

35 35
3.0 3.0

2.5

Normallzed fluorescence Intenslty / surface unit
Normallzed fluorescence Intensity / surface unit

20 * * L 2,0
1.5 1.5
1.0 1.0
05 a5
0.0 0.0 ¥ ¥ > ¥
nt 25ugim Spg/m 10pg/m 25pgim 50pgimd 100pgim nt 25ug/m  Spgm  10pgim 25pgim Spgim 100 pgim
[MWCNTs] [MWCNT]
24h A 48h B

Fig. 21. Histogram showing fluorescence intensity for surface unit after H,DCFH-DA assay on 24
(A) and 48h (B) MWCNT-treated cells. Statistical differences were calculated by Factorial ANOVA
followed by Tukey’s post-hoc test, vertical bars denote 0.95 confidence intervals, *p < 0.05, **p <
0.01, ***p < 0.001 (between n.t. and treatments).

4.4 Inflammatory markers in leeches

4.4.1 MIF cloning and immunolocalization

A cDNA sequence coding a gene homologous to mammal MIF was
identified in the EST library from the leech CNS in the Hirudo
transcriptome database (Macagno et al., 2010).

Based on the available sequence, specific primers were designed and
used for RT-PCR amplification. cDNA was then cloned and sequenced
(Fig. 22 A). The gene, named HMIF, has a coding sequence of 336 bp. The
open reading frame (ORF) encodes a 111 amino acid protein with a
calculated molecular mass of 12.5 kDa. The HMIF genomic sequence
revealed the presence of three exons separated by small introns. The
HMIF amino acid sequence presents a 35% identity with the human
protein and an identity range between 32 and 52% with the MIF proteins
of other Vertebrates and invertebrates (Fig. 22 B). Phylogenetic analysis
shows that HMIF has a closer relationship with a vertebrate than with
the other invertebrate species (Fig. 22 C).
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Fig. 22. Complete cDNA and primary sequence of leech HMIF (A). Forward and reverse primer
sequences used for amplification are underlined. Start and stop codons are in bold. (B) Multiple
alignment of MIF indicating identity between sequences from different selected species. Red
residues correspond to 100% identity rate. Lower rate values are indicated with blue (60%) and
black (<50%) letters. (C) Phylogenetic tree based on the primary structure of MIF by comparing
our sequence
(NP_001036786), Homo sapiens (CAA80598), Mus musculus (NP_034928),
galloprovincialis (AEN25591), Myxine glutinosa (AAP33795), Petromyzon marinus (AAP33793),
Rattus norvegicus (NP_112313), Xenopus laevis (NP_001083650). Node values indicate percent
bootstrap confidence derived from 1000 replicates. The bar shows the genetic distance.
Phylogenetic analysis were performed with TreeDyn (v198.3).

Danio rerio

Mytilus

Whole mount immunolocalizations were performed on samples of leech
CNS consistent of 4 ganglia and the connectives connecting them. The
middle connective was injured immediately after dissection to stimulate
the innate immune system. No positivity was detected in the ganglia
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(Fig. 23 A). Few positive cells were found along the connective, in
correspondence of the injury in both n.t. (Fig. 23 B-C) and 6h LPS-treated
samples (Fig. 23 D-E). In negative control experiments no signal was
detected (Fig. 23 F).

Téh LPS T6h LPS

Fig. 23. Anti-MIF whole mount immunolocalization on leech CNS (A-F). Few positive microglial
cells are visible at ganglia level (g) in dissected and immediately fixed (TO) CNS (A-C). A diffuse
positivity is visible al crush level (arrows) in LPS treated CNS (D-E). a-MIF is detected by a FITC-
conjugated secondary antibody (green). In negative control (F) only secondary antobody was
used. Nuclei are cunterstained with hoechst. Bars in A-F: 20 um.

Immunolocalization on cryosections of leech body wall showed that MIF
was constitutively expressed in unlesioned animals (Fig. 24 A). This
factor was mainly expressed in cells located in the connective tissue
underlying the body wall epithelium and surrounding the fields of muscle
fibers. A similar pattern was observed in samples analysed 6 h after PBS
injection, indicating that the mechanical stress induced by the injection
or the conveyed solution alone did not exert a significant effect on MIF
expression in the body wall of challenged animals (Fig. 24 B-C).
Interestingly, 6 h after LPS injection, numerous cells were clearly
recognizable in the challenged area. These cells were MIF" and mainly
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localized under the epithelium and among the muscle fibers (Fig. 24 D-
E).

MG Ctrl-

Fig. 24. Anti-MIF immunolocalization on cryosections of leech body wall (A-F) and MG pellet (G-I).
Note the population of resident macrophages in untreated (n.t.) animal (A). The same pattern of
expression is visible 6h after PBS injection (B-C). 6h after LPS injection, numerous positive cells
are visible underneath the epithelium (e) and among the muscle fibers (m) (D-E). Macrophages
migrated in MG added with LPS or rHmAIF-1 show high positivity for this marker (G-H). a-MIF is
detected by a Cy3-conjugated secondary antibody (red). Nuclei are counterstained with DAPI
(blue). Negative controls (F, 1) were performed by incubating only secondary antobody. Bars in A-
B, D-F: 100 um; Bars in C, G-I: 20 um; Bar in E: 10 um.

To better characterize the migrating cell expressing MIF, 300 pL of
biomatrix MG supplemented with rHmAIF-1 or LPS were injected into

the body wall of leeches, since we previously reported that the rHmAIF-1
or LPS injection (Girardello et al., 2015a; Schorn et al., 2015b) in the

53



Results

leech promoted the recruitment of macrophages cells. In cryosections of
MG pellet added with LPS or rHmAIF-1 a great number of MIF" cells were
observed (Fig. 24 G-H). No signal was detected in negative controls
experiments (Fig. 24 F, 1) in which the primary polyclonal anti-MIF
antibody was omitted and sections were incubated only with the
secondary antibody.

MWCNTs2.5 pg/ml MWCNTs5 pg/ml MWCNTs10 pg/mil

MWCNTs25 pg/ml MWCNTs50 pg/mil MWCNTs 100 pg/mi

Fig. 25. Anti-MIF immunolocalization on cryosections of MG supplemented with rHmAIF-1 and an
increasing concentration of MWCNTs. Macrophages infiltrating the MG sponges result high
positive for this marker (A-F). Negative control (G) was performed by omitting the primary
antibody. Combined fluorescence/transmission image (H) showing MIF* macrophages strictly
associated to MWCNTs aggregates (arrowheads). o-MIF is detected by a Cy3-conjugated
secondary antibody (red) while nuclei are counterstained with DAPI (blue). Bars in A-F: 20 pum;
bar in G: 50 um; bar in H: 10 um.
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Moreover, anti-MIF immunolocalizations on MG supplemented with
rHmAIF-1 and an increasing concentration of MWCNTs (from 2.5 up to
100 pg/mL) were performed (Fig. 25 A-H). Macrophages migrated into all
MG sponges resulted positive for this marker, while only in samples
supplemented with 50 and 100 pg/mL of MWCNTSs a diffuse positivity in
the matrix surrounding the cells was detected (Fig. 25 E-F). In negative
control sample, the primary antibody was omitted (Fig. 25 G). Combined
transmission/fluorescence image (Fig. 25 H) showed MWCNT aggregates
surrounded by MIF* macrophages.

4.4.2 GMF cloning and immunolocalization

An homolog of human GMF was identified in the leech nervous system.
cDNA was cloned and sequenced using specific primers designed on the
predicted sequences available in the databases. The gene has a coding
sequence of 429bp, encoding a 142 amino acid protein (Fig. 26 A).
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Fig. 26. Complete cDNA and primary sequence of leech HGMFG (A). Forward and reverse primer
sequences used for amplification are underlined. Start and stop codons are in bold. Multiple
alignment of GMFG primary sequences (B), indicating identity between sequences from different
selected species. Red residues correspond to 100% identity rate. Lower rate values are indicated
with blue (60%) and black (<50%) letters.
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Sequence analysis revealed that the sequence belongs to ADF-gelsolin
superfamily.

The protein was named HGMFG, presenting 63% identity with human
GMFG and 60% identity with human GMFB. Multiple alignment of show
high identity between sequences from different selected species (Fig. 26
B).

Whole mount immunolocalization using a polyclonal antibody raised
against human GMFG was performed on leech injured CNS at different
time-points. From TO to T3d, a widespread punctiform signal was
detected in the cytoplasm of macroglial cells, at ganglia level (Fig. 27 A-
C).

Fig. 27. Anti-GMF whole mount immunolocalization on leech CNS. Samples were injured and
incubated at different time points (TO hour, 1 and 3 days). Confocal laser scanner images at
ganglia (g) (A-C) and injured connectives level (arrows) (D-F). Few positive microglial cells are
visible among neurons (G). In H is shown a 20 section planes projection. Negative control (1) was
performed by incubating only secondary antibody. Nuclei are counterstained with hoechst. Bars
in A-F, H-1: 20 um; Bar in G: 10 pm.
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The same pattern of expression was detectable in the injured
connective, surrounding microglial cells accumulated at lesion site (Fig.
27 D-F). Only few microglial cells in a ganglion resulted clearly positive
for this marker (Fig. 27 G). The control sample, in which the primary
antibody was omitted, was negative (Fig. 27 1).

In leech body wall injected with rHmAIF-1, numerous GMFG" migrating
cells were detectable underneath the epithelium and among the muscle
fibers (Fig. 28 A-B). The numerous cells infiltrating the LPS or rHmAIF-1
supplemented MG resulted high positive for the antibody anti GMFG. It
is interesting to note that the strong positivity for this marker was mainly
localized at the level of pseudopodia, involved in cell migration (Fig. 28
D-E). Control sections, performed by omitting the primary antibody,
were negative (Fig. 28 C, F).

Fig. 28. Anti-GMFG immunolocalization on cryosections of leech body wall after 6h from rHmAIF-
1 injection (A-C) and MG pellets loaded with LPS or rHmAIF-1 (D-F). a-GMFG is detected by a Cy3-
conjugated secondary antibody (red). Numerous positive cells are visible underneath the
epithelium (e) and among the muscle fibers (m). (A-B). Macrophages infiltrating the MG sponges
result high positive for this marker (D-E). Negative controls (C, F) were performed by omitting the
primary antibody. Nuclei in blue are counterstained with DAPI. Bars in A, C, F: 50 um; Bars in B, D,
E: 20 pm.
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Numerous GMFG" migrating cells were detectable also in MWCNT
supplemented MG samples (Fig. 29 A-F). The control slide, in which the
primary antibody was omitted, resulted negative (Fig. 29 G). Combined
transmission/fluorescence images showed the association between
GMFG" macrophages and MWCNT aggregates (Fig. 29 H, 1).

MWCNTs 2,5 pg/mi MWCNTs 5 pg/mi MWCNTs 10 pg/ml

MWCNTs 50 pg/ml | MWCNTSs 100 pg/ml

Fig. 29. Anti-GMFG immunolocalization on cryosections of MG supplemented with rHmAIF-1 and
an increasing concentration of MWCNTs. a-GMFG is detected by a Cy3-conjugated secondary
antibody (red). The most part of macrophages infiltrating MWCNT supplemented MG resulted
positive for this marker (A-F). In negative control (G) the primary antibody was omitted. Nuclei
(blue) were counterstained with DAPI. Bars in A-F: 20 um; bar G: 100 um; bar in H: 5 um; bar in I:
10 pm.
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5. Discussion

Different contaminants, such as organic compounds (Fleeger et al., 2007,
Grimaldi et al., 2012b; Ma-Hock et al., 2009) or metals (Banni et al.,
2009; Bouraoui et al., 2009; Dondero et al., 2011; Maria and Bebianno,
2011), can increase the risk of cell and tissue damages. Referring to NMs,
although numerous studies has been conducted since last decades,
much remains unknown about their interactions with living cells (Chang
et al., 2009; Du et al., 2013). With regard to the wide use of engineered
NMs and their possible environmental discharge, is becoming
increasingly important to study their behaviour in the environment.

In particular, since MWCNTs are already worldwide used and their
production is increasing and increasing, their fate and behaviour in the
environment and their interaction with cells and organisms might be
taken into account (Du et al., 2013; Farré et al., 2011). In this study, we
take advantage of an invertebrate model, the medicinal leech, to
evaluate a set of aspects of the innate immune response to MWCNTSs
both in vivo and in vitro after different types of treatment.

5.1 Environmental exposure assay

This assay aims to mimic a possible environmental dispersion of
MWCNTSs, allowing us to understand the effects of this nanomaterial at
the organism level. Our study shows that internalization of MWCNTSs in
leech tissues, validated by KOH digestion, may occur, indicating that
MWCNTs mainly enter through the skin or by oral uptake during food
intake.

Morphological analyses reveal the presence of MWCNT aggregates in the
musculocutaneous sac and in macrophage cytoplasm. Moreover, a
massive remodelling of extracellular matrix plays a role in sustain
inflammation by the formation of a scaffold that support angiogenesis
and immunocompetent cells migration (Oberdérster et al.,, 2005;
Tettamanti et al., 2004).

AAS and EDS analysis confirm that no metals, such as aluminum, cobalt
and iron, are detectable neither in leech exposure water nor in leech
tissues, supporting that the immune responses observed are evoked by
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MWCNTs and not by metal oxide impurities. Moreover, our results are
consistent with literature, in which MWCNTs are seen to induce
inflammation and fibrosis in different tissues in rodents (Albini et al.,
2015; Lam et al., 2006).

The MWCNT-induced inflammation observed in leeches suggests the
ability of this NM to overcome superficial barriers and then to promote
angiogenesis, fibroplasia, immune cells migration, pro-inflammatory
cytokine production and amyloid fibrils formation.

In leeches the innate immune system myeloid lineage cells, such as
macrophages, perform different types of responses in relation to the
antigen. Small dimensions antigens, i.e. bacteria are phagocytized while
larger ones induce both cytotoxic response and encapsulation. The
massive migration of macrophages towards stimulated region observed
after MWCNT exposure is the same response occurring after injury or
bacterial injection (Schorn et al., 2015b).

These cells derive from undifferentiated precursors, expressing the
common leukocyte marker CD45, which are conveyed to the body wall
by newly formed vessels. Once in the peripheral vessels, the precursors
leave the bloodstream and differentiate into mature macrophages with
migratory and phagocytic capacity, as demonstrated by their positivity to
CD68 immunostaining and acid phosphatase reaction (Grimaldi et al.,
2006).

CDA45 expression trend, observed after MWCNT treatment, suggest that
cyclic recruitment of monocytes aimed at maintaining an elevated
number of macrophages at the inflammation site.

In addition to cytokines, already known as actors of the innate immune
system (Schorn et al., 2015b), a new player in innate immune responses
has been recently identified as amyloid fibril production (Albini et al.,
2015). Amyloidogenesis is proposed as a detoxifying event (Alboni et al.,
2011) evolutionarily conserved both in Vertebrates (Albini et al., 2015),
and invertebrates (Falabella et al., 2012; Grimaldi et al., 2012a, 2012b).
This event occurs also in leeches after MWCNT exposure, as
demonstrated by Thioflavin-T staining. Moreover, amyloid fibril and I1L-18
production increases progressively with MWCNT exposure time, in a
time-dependent way, suggesting a correlation between these two events
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during macrophage activation. These data are supported by recent
studies showing a relation between IL-18 and amyloidogenesis process
(Alboni et al., 2011, 2010).

5.2 Matrigel injection assay

Despite extensive investigation focused on the inflammatory response
induced by carbon nanotubes, the mechanisms of interaction and
entrance of these nanomaterials in the cells are still unclear.

In order to better understand this point, we focused our attention on
leech macrophages observing the in vivo behaviour of these cells toward
the nanomaterial. For this purpose we use a consolidated experimental
approach based on a novel developed assay that allows the isolation of a
specific cell population using the biomatrice Matrigel injected in the
leech body wall (Girardello et al.,, 2015a; Grimaldi et al., 2011, 2009,
2008). First, we have investigated the effects of MWCNTSs alone on the
macrophage recruitment. Nanotubes alone induce the migration of a
reduced number of macrophages into the MG sponges. The number of
recruited cells in MG, allowing us to better analyze the internalization
process of this nanomaterial, increase in the MG loaded with both
MWCNTs and the cytokine rHmAIF-1, which has been recently
demonstrated to be a powerful chemoattractant for leech macrophages
(Schorn et al.,, 2015b). One week from injection, rHmAIF-1 invokes a
larger number of cells within the Matrigel and MG pellets are rich in cells
which are positive for both CD68 and HmAIF-1, specific monocyte-
macrophage markers (Grimaldi et al., 2006; Schorn et al., 2015b; Tian et
al., 2006; Yang et al., 2005). Ultrastructural analysis at TEM revealed that
in leech macrophages MWCNTs are both internalized in vesicles and
freely dispersed in the cytoplasm.

These preliminary data suggest that short and curled MWCNTs may be
internalized by phagocytosis or during the process of matrix degradation,
while straight and rigid MWNCTs seem to be able to pierce cell
membranes during cells migration and are then found free in the cytosol.
Our findings are in accordance with the observations of other authors on
vertebrate macrophages (Di Giorgio et al., 2011; Nagai and Toyokuni,
2012; Pulskamp et al., 2007). Moreover, since recent experimental

61



Discussion

studies show that carbon nanotubes influence the aggregation process
of proteins associated with neurodegenerative diseases like amyloid
fibrils production, we demonstrated, by using the colorimetric methods
of Thioflavin-S (Grimaldi et al., 2012a), that MWCNTSs are able to induce
amyloid deposits in correspondence of MWCNTs/macrophages
associations. The presence of these fibrils in MWCNTs and rHmAIF-1
supplemented MG confirms the strong reaction of macrophages to the
nanomaterial, whereas the poor amyloid production by macrophages in
samples containing only MWCNTSs could be due to the small amount of
cells within the matrix. The difference in number of cells recruited in the
MG added only with MWCNTs in respect with MG supplemented with
HmAIF-1 is probably due to the fact that the chemoattractant induces a
more rapid migratory response than MWCNTSs alone. Starting from these
preliminary results, the next goal of our work is to obtain in vitro
expansion of macrophages primary leech cells that can be used as a
sensitive method to evaluate the presence of the nanomaterial in
contaminated water.

5.3 In vitro treatment

Our data on MWCNT injection show the ability of MWCNTs to induce
macrophage migration and activation within the MG matrix in vivo.
Starting from these results, in vitro studies have been necessary to clarify
the interactions between MWCNTs and macrophages and the effects of
this NM on immune cells.

We have isolated these cells in vivo, by means of the biopolymer MG
supplemented with rHm-AIF-1, in order to obtain primary culture of
leech macrophages. After 1 week culture, the same specific macrophage
markers (CD45, CD68, HmAIF-1) observed in vivo are expressed by these
cells.

The ability of MWCNTs to induce amyloid fibrils production, already
observed in the in vivo assay, has been confirmed and the amounts of
amyloid fibrils have been assessed by measuring Thioflavin-S
fluorescence. This dye is strictly specific for amyloid fibril structure and it
can be used as a detector of their production. A significant increase in
Thioflavin-S staining has been observed in exposed macrophages with
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respect to untreated cells. This concentration-dependent amyloid fibril
production is necessary for the formation of a scaffold around MWCNTSs
aggregates, creating a barrier to contain the exogenous material.

5.4 Proliferation, apoptosis and ROS production

Our recent data show that environmental dispersion of MWCNTSs induces
a strong immune response in the medicinal leech, causing, among other
effects, a massive migration of macrophages (positive for CD45 and CD68
markers) (Girardello et al., 2015b). Moreover, ultrastructural analysis
demonstrated that MWCNTs are be able to pierce cell membranes,
leading to possible ROS increase and consequently to the onset of cell
death mechanisms (Girardello et al., 2015a). In this study, we focused on
these aspects, investigating the effects of MWCNTSs on leeches both in
vivo, by environmental exposure and subcutaneous injection, and in
vitro.

The proliferation assay on MG sponges demonstrates that our
consolidated experimental approach for macrophage isolation
(Girardello et al., 2015a; Grimaldi et al., 2011, 2009) does not cause
damages to cells, which retain their proliferative ability. On the other
hand, after MWCNT jn vitro treatment this ability significantly decreases.
As revealed by TUNEL assay, both MWCNT environmental dispersion and
injection are able to induce apoptosis. Moreover, our in vitro approach
lead us to affirm that there is a correlation between apoptosis and
MWCNT treatment, and that the observed effect is dose and time
dependent. These data are consistent with other studies indicating the
induction of apoptosis as an indicator of NMs toxicity (Torres and Fadeel,
2013). In addition, we provide evidences of an increase in ROS
production after MWCNT exposure. Since ROS increase is generally
considered a major contributor to NM toxicity (Saria et al., 2014;
Shvedova et al., 2012), we assume that it can also concur in apoptosis
induction. Moreover, since MWCNTs were observed in the cytoplasm of
cells showing nor morphological alterations nor membrane ruptures, we
are confident that ROS and apoptosis are induced by MWCNT entrance
and not by membrane damages.
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In conclusion, our study provides evidence to support that MWCNTSs are
able to induce, both in vivo and in vitro, a plethora of inflammatory
responses leading cells to a strong production of ROS, a reduced
proliferation rate and the onset of programmed cell death pathways. In
particular, in vitro treatment demonstrated that the observed responses
are correlated to both MWCNTSs doses and exposure time.

Taken together, our results represent another relevant piece in the
puzzle of NM toxicity. Moreover, since autophagic cell death pathway
activation is emerging as a possible consequence of MWCNT treatment
(Tsukahara et al., 2015), in the future we will attempt to clarify this
aspect in order to completely understand MWCNT-induces toxicity.

5.5 Inflammatory markers in leeches

In the present study, we have demonstrated that, in the medicinal leech,
the factors MIF and GMFG are highly expressed by macrophage-like cell
exhibiting a similar function to MIF and GMFG of vertebrates. Moreover,
we show that, in leeches, as in Vertebrates, these molecules are
constitutively expressed in untreated animals but they are dramatically
enhanced after any stimulation, such as LPS or cytokine injection and
MWCNT treatment.

Despite HMIF sequence has been identify in the EST library from the
leech CNS and then sequenced, the presence of the protein in the CNS is
not confirmed yet. Whole mount immunolocalization shows a feeble
positivity in the nerve cord, indicating that this protein in not abundant
in this department. In fact, at confocal microscopy, only few positive
cells are visible at lesion site. On the other hand, MIF is highly expressed
by migrating cells in the body wall after LPS injection but also by resident
macrophages in untreated leeches suggesting a constitutive expression
of this cytokine. Using the biopolymer MG as HmAIF-1 or LPS-rich
microenvironment we have been able to isolate and better characterize
these cells from an immunocytochemical point of view. In rHmAIF-1
supplemented MG sponge cryosections a remarkable positivity for MIF
antibody is detectable in macrophage cytoplasm, while in LPS
supplemented samples a spread positivity throughout the matrix is
clearly visible, suggesting that MIF is released by LPS activated
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macrophages. Moreover, the same spread positivity is observed in high
dose MWCNT supplemented samples, indicating the ability of this NM to
activate macrophages. Overall, these data indicate that, in leech as well
as in mammals (Bacher et al.,, 1998; Roger et al., 2003), MIF is
constitutively expressed by macrophages and released after
inflammatory stimuli.

With regard to GMF, as already described for MIF, we found a basal
expression of GMFG in leech CNS. In this tissues GMFG is detectable as a
spotted signal localized in macroglial cell cytoplasm and in the area
around the injured connectives where microglial cells in active migration
are accumulated. These results are consistent with literature data on
mammals, where GMFG is found only at low levels in the CNS (lkeda et
al., 2006). By contrast, GMFG is highly expressed in the body wall and in
particular in many cells located among the muscle fibers and migrating
towards the HmAIF-1 injected area. These migrating cells are
macrophages, as confirmed by the immunohistochemical analysis of MG
sponge supplemented with LPS or rHmAIF-1, which are known to be
specific leech macrophages chemoattractant (Girardello et al., 2015a;
Schorn et al., 2015b). Indeed a high level of expression of this marker is
mainly detected in the cytoplasmic expansions of the MWCNT
supplemented MG infiltrated cells. These data lead us to speculate that
this molecule could be involved, like in Vertebrates, in actin cytoskeleton
remodelling during the migrating process (Gandhi et al., 2010).
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6. Conclusions

Environmental pollution is an issue that needs to be addressed. Human
or animal exposure to different compounds has been shown to lead to
tissue, cells and DNA damages rousing to several disorders and
pathologies (Lam et al., 2006; Simate et al., 2012). As far as concern
NMs, although this topic has been studied since decades, much remains
unclear about their behaviour in association with the biotic
compartment (Du et al., 2013; Oberdorster et al., 2005). Between NMs,
MWCNTs are currently worldwide produced and used in different
applications. This large-scale production drastically increases the risk of
their dispersion in the environment, becoming a potential hazard to
animal and human health. For these reasons, the effects of MWCNTSs, as
well as other NMs, need to be studied from all point of view.

In this context, Annelids have been studied since long time because of
their immune reactions, in response to very different stimuli, which is
very functionally similar to those of vertebrates involving the same
molecules (de Eguileor et al., 2003, 2000a; Grimaldi et al., 2006; Hayashi
and Engelmann, 2013). Here we use the medicinal leech to evaluate a set
of aspects of the innate immune response to MWCNTSs both in vivo and
in vitro. Our recent studies show that MWCNTs environmental exposure
causes in the leech an extremely rapid inflammatory response, inducing
a strong cytokine production (in particular I1L-18) and involving mainly
CD45"/CD68" macrophage-like cells (Girardello et al., 2015b), suggesting
the ability of this NM to overcome superficial barriers.

Moreover, a novel developed assay based on the use of a biomatrix
(MATRIGEL) (Grimaldi et al., 2011, 2009, 2008) was used to study
macrophages behaviours after MWCNT in vivo injection, showing the
ability of this NM to enter the cells not only by active phagocytosis but
also by piercing cell membranes (Girardello et al., 2015a).

Leeches macrophages primary cultures have also been studied before
and after MWCNTs treatment. Our results demonstrate that MWCNTSs
are able to induce, both in vivo and in vitro, a plethora of inflammatory
responses leading cells to a strong production of ROS, a reduced
proliferation rate and the onset of programmed cell death pathways. In
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particular, in vitro treatment demonstrated that the observed responses
are correlated to both MWCNT dose and exposure time. Taken together,
our results represent another relevant piece in the puzzle of
nanomaterial toxicity. Moreover, since autophagic cell death pathway
activation is emerging as a possible consequence of MWCNT treatment
(Tsukahara et al., 2015), in the future we will attempt to clarify this
aspect in order to completely understand MWCNTSs-induces toxicity.
Finally, it is important to emphasize that nowadays the scientific
community has the urgent need to reduce in vivo study in accordance
with international guidelines concerning animal testing (Boyles et al.,
2015).

In the light of the facts, our data, not only represent a cornerstone in the
determination of the toxicity of pristine MWCNTSs, but they also attest
the relevance of our alternative model to study, both in vivo and in vitro,
the possible harmful effects of any NM.

Further research is necessary to deeply investigate the fate of MWCNTSs
once in the cell. In this perspective, it would be interesting to understand
how much biopersistant are MWCNTs and whether macrophages are
able to completely reject them. Another issue that should be addressed
is the detection of an exposure limit to avoid an ecological disaster and
to protect environmental, animal and human health. Finally, our
experimental model and our pool of techniques may be developed to
become a sensitive tool to study the presence and the effects of any NM
in the aquatic compartment.
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Abstract

The recent widespread applications of nanomaterials, because of their properties, opens
new scenarios that affect their dispersal in the environment. In particular multiwall carbon
nanotubes (MWCNTSs), despite their qualities, seem to be harmful for animals and humans.
To evaluate possible toxic effects caused by carbon nanotube environmental dispersion,
with regard to aquatic compartment, we proposed as experimental model a freshwater inver-
tebrate: Hirudo medicinalis. In the present study we analyse acute and chronic immune
responses over a short (1, 3, 6 and 12 hours) and long time (from 1 to 5 weeks) exposure to
MWCNTSs by optical, electron and immunohistochemical approaches. In the exposed
leeches angiogenesis and fibroplasia accompanied by massive cellular migration occur.
Immunocytochemical characterization using specific markers shows that in these inflamma-
tory processes the monocyte-macrophages (CD45*, CD68*) are the most involved cells.
These immunocompetent cells are characterized by sequence of events starting from the
expression of pro-inflammatory cytokines (in particular IL-18), and amyloidogenensis. Our
combined experimental approaches, basing on high sensitive inflammatory response can
highlight adverse effects of nanomaterials on aquatic organisms and could be useful to
assess the MWCNTSs impact on aquatic, terrestrial animal and human health.

Introduction

The use and manufacturing of nanomaterials are paralleled with a rapid expanding of their
environmental discharge that are expected to be important in determining toxicity. These
nanoscale pollutants are non-biodegradable and for this reason, it is difficult to clean up once
the environment is contaminated. Nanoparticles (NPs) can be found mixed in the air, in the
soil and more often being washed from the soil into the water (rivers and lakes) being harmful
to the health of many animals, including humans [1,2].

Although some researches have shown a lack of toxic effects [3], several studies have
reported potential impacts of carbon nanotubes (CNTs) on both aquatic and soil organisms
which can uptake nanomaterials via skin contact or oral uptake through the gastrointestinal
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tract [4,5]. CNTs dissolved in water and accumulate in soils through accidental spills, applica-
tion of sewage sludge, deposition of airborne manufactured nanoparticles, use of manufactured
nanoparticles in agrochemicals or soil remediation. [6], can induce toxic effects in different
organisms [7-10] or can be accumulated in several animals such as earthworms [11-13], gas-
tropod molluscs [4], zooplankton [14-17]. However, for these nanomaterials the mechanisms
determining the toxicity are still unclear. CNTs toxicity deriving from mammalian tests show
that they are cytotoxic and genotoxic for different types of cells such as macrophages where the
exposure induces the release of reactive oxygen species (ROS) [18], necrosis, chromosomal
aberrations, apoptosis [19] and inflammatory cytokine expression, such as IL-8 [20]. Therefore
studying the NPs evoked inflammatory processes could be crucial to understand the potential
effects of nanomaterial as stressor on organisms.

In this work, we evaluate the inflammatory response induced in the leech Hirudo medicina-
lis after in vivo exposure to MWCNTs. The interest in using this animal model is due to its ana-
tomical and physiological features that allows to observe and study events linked to the cellular
immune response. In particular, it can be easily and unambiguously evaluated in leech’s body
wall, which is a predominantly avascular muscular district containing a few immunocompetent
cells of myeloid origin, i.e. macrophages, granulocytes and NK [21]. In addition our previous
papers [22-27] and a recent report [28] indicated the existence in leech of several CDs (cluster
of differentiation) proteins, similar to mammalian CDs, which can be used as markers to easily
identify cells involved in the immune response. Once the leech innate immune systems recog-
nizes foreign antigens, the responses against non-self material, lesion or bacterial challenge in
the body wall are rapidly induced (24 hours) and can be studied by morphological and histo-
chemical analyses [21,26].

Our data indicate that in leech MWCNTs, induce macrophage recruitment and amyloid
deposition, highlighting the potential risks for public health link to carbon nanotubes aquatic
environmental diffusion.

Materials and Methods

All experiments were performed in triplicate.

MWCNTSs preparation

Commercially available and industrially employed Nanocyl Thin Multi-wall Carbon Nano-
tubes NANOCYL™ NC7000 were obtained from NANOCYL (Belgium, Sambreville). The
MWCNTSs have an average 9.5 nm external diameter by 1.5 um mean length with surface area
of 250-300 m*/g. They were manufactured by a CCVD (catalytic carbon vapor deposition)
process with a purity of 90% C and 10% metal oxide, of which 9.6% was aluminum oxide with
traces of iron and cobalt [29]. In these experiments, the pristine MWCNTSs were used directly
without any chemical processing before use. MWCNTs powder was weighed, dissolved in
water and sonicated in an ultrasonic bath 15 min for two cycles to avoid aggregation of parti-
cles. The concentration MWCNT's was determined basing on previous data in literature [30]
reporting specific biochemical parameters alteration (i.e. mitochondrial enzymatic activity)
after in vivo MWCNTS exposure.

In vivo study design

Leeches (H. medicinalis, Annelida, Hirudinea, from Ricarimpex, Eysines, France), measuring
10 cm, kept in water at 20°C in aerated tanks and fed weekly with calf blood. H. medicinalis
were exposed to [400mg/L] MWCNTSs powder dissolved in water. Animals extensively agitate
the water as part of their normal activities, generating a continuous re-suspension of
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nanotubes, preventing their aggregation in water, and thereby continuously exposing their
body wall. The model reflects that associated to aquatic animals that can be subjected to an
uncontrolled direct and indirect exposition to CNTs. Animals were randomly divided into sep-
arate experimental groups (five individuals for each time points) and exposed to MWCNTs for
1, 3, 6 e 12 hours, to evaluate the acute response to treatment, and for 1, 2, 3, 4 and 5 weeks to
value chronic response. Controls consisted of animals that were kept similarly without
MWCNTs in the water. Before sacrifice, control and MWCNT's exposed at specific time points
leeches were anesthetized with an 10% ethanol solution and then dissected to remove body
wall tissues at the level of 20 metamere.

Assessment of internalization of MWCNTs and metal oxide in leech
tissues

Internalization of MWCNTs in leeches was assessed by the following procedure: portions of
tissue samples obtained after MWCNTSs environmental exposure were excised and digested in
5 N potassium hydroxide (KOH) over night at room temperature, then washed repeatedly in
distilled water (dH,0) to remove potassium salt, resuspended in 100 pl of dH,O and dried on a
copper grids, (Formvar Carbon Film) for transmission electron (TEM) analysis (Jeol JEM
1010, Tokyo, Japan). Images were acquired with Morada, Olympus (Tokyo, Japan) digital cam-
era. To show that the KOH treatment does not affect MWCNTs structure, crude powder was
treated in the same way of tissue sample. As control, pristine MWCNT's were re-suspended in
dH,O and observed.

Optical and Trasmission Electron Microscopy (TEM)

Tissues from leech body wall, were fixed for 2 h in 0.1 M cacodylate buffer at pH 7.4, contain-
ing 2% glutaraldehyde. Specimens were then washed in the same buffer and post-fixed for 1 h
with 1% osmium tetroxide in cacodylate buffer, pH 7.4. After standard ethanol dehydration,
specimens were embedded in an Epon-Araldite 812 mixture. Sections were obtained with a
Reichert Ultracut S ultratome (Leica, Wien, Austria). Semi-thin sections (0.75 um in thickness)
were stained by conventional methods (crystal violet and basic fuchsin, according to Moore

et al. [31]) and subsequently observed under the light microscope Nikon Eclipse Ni (Nikon,
Tokyo, Japan). Data were recorded with a DS-5M-L1 digital camera system Nikon. Ultrathin
sections (80 nm in thickness), stained by uranyl acetate and lead citrate, were observed with a
Jeol 1010 EX electron microscope. Data were recorded with a MORADA digital camera system
(Olympus).

Scanning electron microscopy (SEM) and X-ray spectroscopy (EDS)

To obtain three-dimensional imaging by SEM, tissues from leeches untreated or exposed to
MWCNTs were fixed in 4% paraformaldehyde for 1 h at room temperature. The specimens,
washed in PBS (pH 7.2), were dehydrated in an increasing series of ethanol, cleared in in xylene
for 30 minutes and then penetrated with paraffin (melting point, 58-60°C, Bioptica, Milan,
Italy), at 60°C over night. Paraffin sections (7 um) were deparaffinized with xylene and dehy-
drated in an increasing series of ethanol. Slides were mounted on stubs, sputter coated with a
thin layer of gold and then observed with a SEM-FEG XL-30 microscope (Philips, Eindhoven,
The Netherlands).

To confirm the presence of aluminum, iron and cobalt associated to the crude MWCNTs
powder and evaluate their entrance in leech tissues, samples were observed in backscattered
electron mode with a scanning electron microscope coupled with an energy dispersive X-ray
analyzer (EDAX Genesis 2000). Samples were stuck onto slide holders and sputter coated with
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a thin layer of gold. Photographic maps of element distribution obtained on the image frames
were processed by Image Analysis (1994) (Soft-Image Software GmbH). These maps were then
superimposed to each source image with Adobe Photoshop (Adobe Systems).

Atomic Absorption Spectroscopy (AAS)

Chemicals used for the preparation of all standard and sample solutions were metal trace anal-
ysis grade: MilliQ water (Millipore) and HCI (Baker 9530, 36.5-38%). The calibration standard
solutions were prepared from a 1000 mg/L standard solutions (J.T. Baker Instra-Analyzed),
and the blanks were prepared with 0.1M HCI.

All measurements were performed on a Solaar M6 atomic absorption spectrometer
(Thermo Fisher): Al, Fe and Co were determined with a graphite furnace (GFAA) coupled
with Zeeman background correction. Wavelength, bandpass and all others instrumental
parameters were set according manufacturers recommendations.

The conventional instrumental detection limits (IDL, based on three standard deviations of
the Blank signal) were calculated for each analytical run, typically ranging 1-3 ng/L.

The reported results are the mean of three measurements.

Immunohistrochemistry, enzimatic hystochemistry and Thioflavin-T
staining

Leech tissues were embedded in polyfreeze tissue freezing medium (OCT, Tebu-Bio, Italy) and
immediately frozen in liquid nitrogen. Cryosections (7 um in thickness) were obtained with a
Leica CM 1850 cryotome and slides were immediately used or stored at -20°C.

For indirect immunofluorescence, cryosections were rehydrated with phosphate buffer
saline (PBS) for 5 min at room temperature and then incubated for 30 min in a blocking solu-
tion with 2% BSA (Bovine Serum Albumin) and 0.1% Tween20 in PBS. Subsequently, sections
were incubated for 1h at room temperature with the following polyclonal primary antibodies
diluted 1:200 in blocking solution: rabbit anti-human CD45 (Twin Helix, Milano, Italy), which
reacts, as previously demonstrated, with leech hematopoietic precursors cells and myeloid leu-
kocytes cells [24]; rabbit anti-human CD68 (Santa Cruz Biotechnology, CA, USA) which
reacts, as previously demonstrated, with leech macrophage-like cells [26,32] and rabbit anti-
human IL-18 (Abnova, Germany). After washing, sections were incubated for 1h at room tem-
perature with the secondary antibody donkey anti-rabbit Cy3-conjugated (excitation 562 nm,
emission 576 nm), diluted 1:200 (Jackson ImmunoResearch Laboratories, Inc., West Grove,
USA). After further washing with PBS, cryosections were incubated for 15 min with the nuclear
marker DAPI (4',6-diamidino-2-phenylindole). Then, slides were mounted with Cytifluor
(Cytifluor, USA). In control experiments, primary antibodies were omitted and sections were
treated with BSA-containing PBS and incubated only with the secondary antibodies.

For acid phosphatase (ACP) detection, cryosections were rehydrated with PBS for 5 min,
incubated with 0.1 M sodium acetate-acetic acid buffer for 5 min and then treated for 1 hour
and 30 min at 37°C with the reaction mixture (0.1 M sodium acetate-acetic acid buffer, 0.01%
naphtol AS-BI phosphate, 2% NN-dimethylformamide, 0.06% Fast Red Violet LB and 0.5nM
MnCI2). After washings in PBS, the slides were mounted with PBS/glycerol 2:1.

According to Grimaldi et al. [33], amyloid fibrils were specifically highlighted using fluores-
cent dye Thioflavine T (excitation wavelength of 465 nm emission) [34]. For double staining
Thioflavin-T/CD-68, the Thioflavin-T method was first applied, followed by the immunedetec-
tion of anti-CD68 antibody.

PLOS ONE | DOI:10.1371/journal.pone.0144361 December 4, 2015 4/16



@ PLOS |one

MWCNTSs and Innate Immune Response in Leeches

Samples were examined by light/fluorescence microscope Nikon Eclipse Ni (Nikon, Japan)
and pictures were collected with the digital camera Nikon D5-5M (Nikon). Images were com-
bined with Adobe Photoshop (Adobe Systems, Inc.).

Statistical Analysis

The number of migrating ACP™ cells were counted in each section of three independent experi-
ments for each time lapse using the Image J software package (http://rsbweb.nih.gov/ij/
download.html). The number of counted cells is standardized on the untreated leeches. Statisti-
cal significance was assessed by an unpaired Student’s t test using Origin 5.0 software
(Microcal).

Protein extracts preparation, SDS-PAGE and Western Blot

H. medicinalis tissues from the body wall were frozen in liquid nitrogen and then homogenized
with a mortar. For SDS-PAGE, leech homogenates were suspended in extraction buffer (2X
Laemmli's Buffer in the presence of a protease inhibitor cocktail (Sigma, Milan, Italy). The par-
ticulate material was removed by centrifugation at 13000 rpm for 10 min at 4°C in a refriger-
ated Eppendorf Minispin microcentrifuge. Supernatants were denatured at 100°C for 10 min.

Equal amounts of protein extracts were separated in analytical SDS-PAGE using 10% acryl-
amide minigels. Molecular weights were determined by concurrently running broad range
standards from Bio-Rad (Bio-Rad, Richmond, MA, USA). Proteins separated by SDS-PAGE
were transferred onto Bio-Rad nitrocellulose filters. Membranes were then saturated with 5%
non fat dried milk in Tris buffered saline (TBS, 20 mM Tris-HCl buffer, 500 mM NaCl, pH
7.5) at room temperature for 2 hr, and incubated for 90 min with rabbit polyclonal anti-CD45
antibody (1:500 dilution in 5% TBS-milk). After washing the membrane three times with
TBS-Tween 0,1%, the antigens were revealed with the secondary anti-rabbit IgG antibody
HRP-conjugated (Jackson ImmunoResearch Laboratories), diluted 1:5000. After washing, the
immunocomplexes were revealed with luminol LiteAblot™ PLUS Enhanced Chemilumines-
cent Substrate (EuroClone S.p.A., Pero, Italy). In control experiments, anti-CD45 antibody was
omitted. Bands were normalized, using the Image]J software package (http://rsbweb.nih.gov/ij/
download.html), with the housekeeping protein GAPDH, which was detected with a rabbit
polyclonal anti-human GAPDH IgG (Proteintech™, Chicago, USA) diluted 1:2000. The expres-
sion level of CD45 in exposed leeches was reported relatively to control untreated animals.
Experiments were performed in triplicate and data represent the mean values + SEM. Statistical
significance was assessed by an unpaired Student’s t test.

Results
Determination of MWCNT presence in tissues

The internalization of MWCNTs has been first validated by means of KOH digestion tissues
derived from exposed animal (for detail see experimental procedure in the material and
method section). TEM analysis showed that nanotubes from digested exposed-animals tissues
(Fig 1A) had the same characteristics of MWCNT crude powder, used as control Fig 1B). Fur-
thermore, sonication and KOH treatment do not affected MWCNTs morphology (Fig 1C and
1D).

Morphological analysis of untreated and MWCNT exposed leech tissues

H. medicinalis body wall is made of an epithelium enwrapping thick layers of muscle fibers
packed in groups (Fig 2A). Under the muscular sac, virtually avascular, there is the botryoidal
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Determination of MWCNTs presencein tissue

Fig 1. Determination of MWCNTSs presence in tissues (A-D). (A) MWCNTSs extracted by means of KOH digestion from exposed-animals tissues. (B-D)
MWCNTSs crude powder (used as control) raw (B), after sonication (C) and after KOH treatment (D). Bars in A-D: 500nm.

doi:10.1371/journal.pone.0144361.g001

tissue embedded in the parenchyma localized between the gut and the body wall (Fig 2A).
Starting from 1h up to 12 h after MWNT's treatment, a network of blood vessels were evident
in the thickness of muscle-cutaneous sac (Fig 2C). The angiogenic process, typical of inflam-
matory phase, is considered part of innate immune responses. The formation of new vessels is
due to a remodeling of the botryoidal tissue in which, by a dehiscence process, a lumen and
immunocompetent circulating cells became visible (Fig 2D). Parallel a massive fibroplasia
affecting the entire body wall was observed. Leech fibroblasts, responsible for synthesis and
remodeling of the extracellular matrix, were spindle-shaped, with numerous lipid droplets in
the cytoplasm and laminar projections forming a microenvironment where fibrillogenesis
occurred (Fig 2E and 2F).

Analyses at optical microscope showed that the inflammatory state, already observed in
short-time-treated animals, also persisted after a prolonged period of MWCNT' exposure.
Starting from 1 up to 5 weeks of MWCNT's treatment, the muscle-cutaneous sac were highly
vascularized (Fig 2G-2I) and infiltrated by a large number of cells (Fig 2G, 2H and 2I) derived
from circulating cells as previously demonstrated [24]. Ultrastructural analysis at TEM showed
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Fig 2. Morphological analysis (A-L). Morphological at optical (A-E, C, I) and transmission electron microscopes (F, H, J-L) analyses of sections from H.
medicinalis body wall. The body wall of untreated leeches results practically avascular (A) and the botryoidal tissue (b) appears as a solid chord of clustered
cells (B). After 1 hour from MWCNTSs treatment, numerous neo-vessels (v) are found among muscles (m) and under the epithelium (e) (C). Within the new
cavities (c) lined by the botryoidal tissue (b), immunocompetent circulating precursors cells (arrowhead) are clearly distinguishable (D). After 3 hours from
treatment, numerous fibroblasts are visible immersed in an abundant extracellular matrix ECM (E, F). After 1 (G, H) up to 5 weeks (I) from MWCNTs
treatment, numerous vessels (v) and fibroblasts (arrowheads) are still visible in the body wall. (J-L) Detail of MWCNTSs (arrowheads) freely dispersed in the
cytoplasm of macrophage-like cells. Bars in A, C, G: 100um; Bars in B, D-E, I: 10pym; Bar in F: 5um; Bar in H: 2um; Bar in J: 500nm; Bars in K-L: 200nm.
doi:10.1371/journal.pone.0144361.9002

that particulate acquisition was evident as engulfment of particles settled in the cytoplasm of
infiltrating cells showing typical macrophage features (Fig 2J-2L), as we recently demonstrated

[35]. These data suggest that macrophages constitute the cells primarily involved in the recog-
nition of this exogenous (non self) material.
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Characterization of cells involved in the inflammatory response caused
by MWCNTSs exposure

In order to characterize the cell types recruited in the muscle body wall after MWCNTSs expo-
sure and to confirm the hypothesis that MWCNTSs can induce an immune response activation,
immuno-staining experiments, enzymatic histochemistry and colorimetric analyses were per-
formed on cryosections of tissues collected starting from 1 hour up to 5 week after treatment.
Immunofluorescence experiments confirmed that the circulating cells, within the neo formed
lumen (Fig 3A) and in the peripheral vessels (Fig 3B), were positive for the antibody anti-
CD45, the marker commonly used to identify vertebrates leukocytes and leech precursors of
circulating cells [24]. The expression of CD45 in control and in MWCNTs treated animals was
confirmed by Western blot assay (Fig 3C). Immunoblot analysis of leech body wall extracts val-
idated the presence of two immunoreactive products of about 145 kDa and 180 kDa. These
molecular weights were consistent with those found in vertebrates, in which different isoforms
of CD45 has been identified with a molecular weight ranging from 140 kDa to 240 kDa [36].
The expression profile of the two isoforms varied in relation to the timing of nanotube admin-
istration (Fig 3D). 1 hour after MWCNT treatment, the 180 kDa isoform expression increased
significantly in respect to the basal expression level of untreated leeches while the expression of
the 145 kDa isoform dramatically decreased starting from 3 week after MWCNTs exposure.
Summarizing, the total amount of CD45 expression showed a cyclical pattern, with a peak of
expression after 3 hours and after 1 week from treatment. GAPDH was used as internal refer-
ence and bands intensity appeared homogeneously distributed in the loaded samples. No spe-
cific signals were observed on the negative control experiments performed omitting the
primary antibody.

Gror R 5 = = =
- b
=
) CD45
=
- nt. 1h 3h 6h 12h 1w 2w 3w 4w 5w C
CD45/not treated
35 * * )
£ 5
2|
w = *
< = 1,5
=] G
2 E o5 H
ntt. lh 3h 6h I12h 1w 2w 3w 4w 5w
MWCNTs time exposure D

Fig 3. Characterization of circulating precursors cells (A-D). Morphological (A) and immunohistochemical (B) analysis of cryosections from H.
medicinalis body wall. The circulating precursors (arrowhead) visible in lumen of neo-vessels are highly positive for anti-CD45 antibody. Nuclei were
counterstained with 4,6-diamidino-2-phenylindole (DAPI; blue). (C-D) Western blot analysis. A protein extracts from the body wall of untreated (n.t) and
MWCNTSs treated leeches from 1 to 12 hours and from 1 to 5 weeks were probed with the anti-CD45 antibody. The housekeeping protein D-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a loading control. In all samples, the anti-CD45 detected specific immunoreactive band 24 of about 145
kDa (C), according to the molecular weight ladder (kDa). CD45 protein was quantified by densitometry from three experiments. *P<0.05 compared with
untreated leeches (D). Bars in A-B: 10um.

doi:10.1371/journal.pone.0144361.9003
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To characterize the large amount of cells infiltrating the extracellular matrix among the
muscle fibers and the new vessels, histo- and immuno-cytochemical enzymatic approaches
were used. Unlike control leeches, in animals exposed to MWCNTSs, starting from 1 hour up to
5 weeks, an increased amount of migrating cells were observed in the muscle body wall.
Numerous migrating cells were positive for the acid phosphatase reaction (Fig 4A-4E), selec-
tively staining lysosomal enzyme of cells with phagocytic activity, such as macrophages. Results
showed that the number of migrating cells increased after 1h from MWCNTSs exposure, the
highest value was reached after 3h and persisted even after 5 weeks from treatment, as demon-
strated by cell counting performed on 3 representative images of each time lapse, and was sta-
tistically significant (Fig 4F). The same cells, visible underneath the epithelium and migrating
towards the MWCNTs aggregates located in the muscular layer, expressed the typical macro-
phage marker CD68 (Fig 4G-4L) and the evolutionarily highly conserved pro-inflammatory
cytokine IL-18 [37,38] (Fig 5A-5F). We have previously demonstrated, both in vertebrates and
invertebrates, the link among stress condition, immune responses and amyloid fibril produc-
tion [33,39]. Here we verified whether MWCNT's were able to induce the production of amy-
loid fibrils as well. By using the specific Thioflavin-T colorimetric method (Fig 5G-5L) and
performing double localization CD68/Thioflavin-T experiments, we confirmed macrophages
as main producers of amyloid fibrils (Fig 5L).

EDS and AAS analyses

EDS analysis was performed in order to confirm the possible presence, in the leech exposure
solution, of metal oxide impurities associated to MWCNTs and to describe their possible
entrance in leech tissues. Even if microanalytical EDS analysis confirmed the presence of alu-
minum associated to MWCNT's aggregates (Fig 6A-6C), no signal was detected for this metal
in leech tissues after MWCNT's exposure (Fig 6D-6F). No picks were instead detected for iron
and cobalt (Fig 6C, 6E and 6F).

The concentration of aluminum oxide in leech exposure water, assessed by AAS was, of
0,25 ug/L, while the concentration of iron and cobalt were below the IDL (instrumental detec-
tion limits).

Discussion

Every exposure to different contaminants, such as organic compounds [30,40,41] or metals
[42-45], increases the risk of damage to tissues, cells, DNA and other vital molecules. For the
mentioned stressors each exposure potentially can cause programmed cell death, genetic muta-
tions, cancers, immune and endocrine system disorders [46]. With respect to nanomaterials,
after decades of research, much remains unknown about how MWCNTs interact with cell
behaviors [47,48]. Our data suggest that more attention should be required controlling not
only the use and manufacturing of engineered nanomaterials but also their environmental dis-
charge. Indeed, utilizing an animal model with a relative simple anatomy, in this work we dem-
onstrated that MWCNTSs exposure can stimulate a response of the innate immune system of
organisms. The evidenced strong inflammatory responses induced in leeches by nanotube
exposure, suggests that this nanomaterial is able to penetrate superficial barriers, and to pro-
mote angiogenesis, fibroplasia, massive migration of immune cells, and pro-inflammatory
cytokines such as IL-18 in turn linked to amyloid fibril formation.

Internalization of MWCNTs is validated by KOH digestion of tissues and the gross accumu-
lation of MWCNTs in the leech tissues indicates that they mainly enter through the skin.
Moreover, optical and ultrastructural analysis at TEM confirm the presence of MWCNT's
aggregates in the muscular layer and dispersed in the cytoplasm of macrophage-like cells. After
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Fig 4. Acid phosphatase reaction (A-F) and anti CD68 immunofluorescence staining (G-L). Resident in untreated (A, G) and migrating macrophages-
like cells in treated leeches (B-E) and (H-L), located under the epithelium (e) and among the muscle fibers (m), are positive for acid phosphatase reaction
(arrowheads in A-F) and for anti-CD68 (G-L). (F) Quantitative evaluation of cell numbers. Column 1: number of cells in untreated sample, columns 2—-10:
number of cells in MWCNTSs treated sample from 1h up to 5 weeks. *p<0.01. (J) Combined transmission and fluorescence images showing CD68* cells (in
red) in spatial association with MWCNTSs aggregates (circled). Bars in A-E, G-I, K-L: 100um; Barin F, J: 10um.

doi:10.1371/journal.pone.0144361.9004
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Fig 5. Anti-IL18 (A-F) and Thioflavine-T staining (G-L). (A-F) Localization of IL-18. Note the population of resident in untreated (A) and migrating (B- F)
immune-responsive cells (arrowheads) located under the epithelium (e) and among the muscle (m). Nuclei are counterstained with DAPI (blue). (G-K)
Thioflavin-T method. Amyloid material is stained in yellow (arrowheads). (L) Double-staining of Thioflavin-T (yellow) and macrophage markers CD68 (red) in
a cryosection of 3 hours MWCNTSs treated leech body wall. Bars in A-E, G-K: 100um; EDS analysis.

doi:10.1371/journal.pone.0144361.g005
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Fig 6. SEM-EDAX analysis (A-F). SEM (A) and Elemental mapping images (B) of MWCNTSs crude powder (red: Carbonio; yellow: Aluminum). EDAX
spectrum for MWCNTSs crude powder (C). Combined SEM-EDAX elemental mapping image of a section of H. medicinalis body wall 5 weeks after treatment
(D). EDAX spectra for treated (E) and untreated (F) tissue samples. Bars in A, B: 10pym; bar in D: 100um.

doi:10.1371/journal.pone.0144361.9006

MWCNTs exposure, we observed a massive remodeling of extracellular matrix that plays a key
role in terms of immune response since the collagen is reorganized to form a scaffold that
drives and supports new vessels branching and immunocompetent cells migration [25,49].
AAS analysis confirmed that the concentration of aluminum oxide in the leech exposure
solution is even lower than that accepted for human health in drinking water (as reported in
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the guide line of World Health Organization 2011 [50]) and no metals, such as aluminum,
cobalt and iron, were detectable in leech tissues by EDS analysis. These data confirm that the
tested responses in leeches are caused by MWCNTSs and not by metal oxide impurities in the
exposure solution. Our data are also supported by previous finding in rodents, showing that
MWCNTs were capable of producing inflammation and fibrosis in different tissues regardless
of the process by which they were synthesized and the types and amounts of metals they con-
tained [1,51].

H. medicinalis, like other invertebrates, has an innate immune system which provides for a
nonspecific response characterized by proliferation and migration of immune cells towards
stimulated area. In leeches the innate immune system utilizes the cells of myeloid lineage such
as macrophages, granulocytes and NK performing different types of responses in relation to
the antigen. Small dimensions antigens, i.e. bacteria penetrating into the body wall, are phago-
cytized while larger ones induce both cytotoxic response and encapsulation. In particular, after
injury or bacterial injection a massive migration of macrophages towards stimulated region
occurs [26,52]. The same responses are observed in leeches after MWCNTs exposure. The
undifferentiated precursors, expressing the common leukocyte marker CD45, are conveyed by
vessels to the body wall where they can leave the bloodstream. Here they differentiate into
mature CD68 positive cells with migratory and phagocytic capacity, as demonstrated by their
positivity to the acid phosphatase reaction [24]. The different expression of CD45, at various
time of exposure, leads to hypothesize that a cyclic call of monocytes on the inflammation site
to maintain high and constant the macrophage number occurs. As we previously demonstrated
[26,53], the cytokines released by macrophages, endothelial cells and fibroblasts, are potent
angiogenic factors which stimulate chemo-attraction, proliferation, secretion and cell migra-
tion. Recently a new player in innate immune responses has been identified and amyloidogen-
esis is proposed as a fundamental detoxifying event [39] that during evolution also acquired
physiological additional functions packaging melanin and driving the pigment towards a non-
self-invader both in vertebrates [54] and in invertebrates [33,55].

Here we find that, after MWCNT's exposure, leech CD68 positive macrophages produce
amyloid material, as demonstrated by Thioflavin-T staining. Recently, a correlation between
amyloidogenesis and the production of IL-18 (a cytokine highly conserved and responsible for
activation and regulation of innate immune system) has been demonstrated [37,38]. We
observed that in leeches the expression of IL-18 in concomitance with Thioflavin-T signals
increases in a time-dependent way and progressively with MWCNTs exposure time. Here we
suggest that in leeches IL-18 and amyloid material production are associated processes within
macrophage cell activation.

Conclusions

Our combined experimental approaches, basing on high sensitive inflammatory response can
highlight adverse effects of nanomaterials on aquatic organisms. These simple experimental
approaches and the use of an anatomically simple model such as leeches, where the effects of
stressful events are unequivocally interpretable, are an important tool that can be finalized to
monitor the diffusion of MWCNTSs in the water environment and the effects of this nanoma-
terial as stressor on organisms.
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Abstract

The novel features of engineered nanoparticles, such as multi-wall carbon nanotubes (MWCNTs) are impressive
and attractive for technology, however they dissolved in water and accumulate in soils through the application of
sewage sludge, accidental spills, and deposition from the air, agrochemicals or soil remediation. Given that several
studies have revealed that chronic exposure to these nanomaterials products through the ingestion of drinking water,
inhalation and dermal contact may harbour potential risks to human health, risk assessment of this nanomaterials in the
aquatic environment are becoming essential. Here we propose a freshwater invertebrate, the leech Hirudo medicinalis,
as a model to assess the effects MWCNTs on the immune system by means of in vivo and in vitro experiments. For this
study, we used a consolidated experimental approach based on injection in the body wall of the leech of the biomatrice
Matrigel (MG), added with a specific macrophage chemoattractant, the cytokine Allograft inflammatory factor-1 (AIF-1)
and/or with MWCNTs. MG sponges analysis show the presence of a larger number of cells positive for both CD68 and
HmAIF-1, specific monocyte-macrophage markers. Ultrastructural analysis suggests that MWCNTs may be internalized
by phagocytosis but they seem also to be able to pierce cell membranes during cells migration.

Cells extracted from MG were also used for in vitro treatment with MWCNTs at different concentration (2.5, 5, 10,
25, 50 and 100 pg/ml) for 24 h to study cell morphology changes and production of amyloid fibrils in order to encapsulate
the foreign bodies. Our results, not only confirm the ability of MWCNTs in inducing a potent inflammatory response, but
highlight rapid colorimetric assays that can be successfully used as sensitive tools for aquatic pollution biomonitoring.

Keywords: Multi-wall carbon nanotubes (MWCNTs); Hirudo
medicinalis; Macrophages; Matrigel; Innate immune response; Amyloid
fibrils

Introduction

The rapid development of nanotechnology and nanoscience
during the last decade has led to the discovery of nanomaterials such as
carbon nanotubes, classified into single-walled (SWCNTs) and multi-
walled (MWCNTSs) carbon nanotubes, which have several potential
applications. The former are mainly used in biology and medicine [1],
while the latter are widely used in industry, and their applications are
increasing constantly in particular in waste water treatment [2]. Due
to their massive production and in the light of the most recent studies,
which emphasize the potential toxicity of nanotubes, it is more than
ever necessary to take into account their impact on the environment [3].
Aquaticecosystems seem to be particularly susceptible to contamination
by MWCNTs and other pollutants with harmful consequences for the
organisms that inhabit them. Several studies, in fact, demonstrate
MWCNTs toxicity and bio-persistence within tissues and cells [4-6].
The bioaccumulation of MWCNTs in aquatic animals may as well
represent a risk to humans, who may be exposed to this nanomaterial
through many pathways, such as inhalation, injection, penetration but
also ingestion [7]. In particular several studies revealed that the physical
dimension of MWCNTSs are critical factors in mesothelial injury and
carcinogenesis [8] and are associated with phagocytosis [9] that leads
to the production of pro-inflammatory cytokines and reactive oxygen
species (ROS) [10]. Although the literature abounds with studies on
MWCNTs toxicity, the existing toxicological data are still fragmentary
and their biological interactions with cells, proteins and tissues have
not yet been fully understood [3].

The aim of this work is to develop and optimize approaches
to suggest an invertebrate animal model able to give rapid and

sensitive responses upon the presence of pollutions in water, such
as nanoparticles, even if at low concentration. Immune system of
organisms represents a sensitive physiological indicator that may be
affected even at low concentrations of nanomaterial exposure; however
the animal models usually employed in ecotoxicological studies are not
suitable due to their immune responses strictly linked to their bauplan.

The model organism chosen in this study is the leech Hirudo
medicinalis. This aquatic invertebrate is suitable for experimental
manipulation, economic, easily treated and without significant ethical
considerations related to use and regulatory restrictions. Leech is
a new interesting animal model for several reasons: i) its immune
response processes includes the same steps described for vertebrate
[11-15], involving similar cellular mechanisms and key molecules
that play pivotal roles for guiding and regulating the hematopoietic
cells activation and differentiation, revealing a conserved regulation
immune response processes; ii) any response evoked by different
stimuli are activated within a short period of time (6, 24 hours) and
clear and easily detectable due to their small size and anatomical
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simplicity; iii) it shows an added value related to a novel developed
assay based on the use of a biomatrix (MATRIGEL) [16-18] to obtain
in vitro expansion of macrophages primary leech cells implicated in
immune response process that could be used to test the effect of the
nanomaterial on immune cells.

Our combined experimental approaches, based on high sensitive
inflammatory response and rapid colorimetric tests, can highlight
adverse effects of MWCNTs on immune system cells, even at low
concentration, and could be used as quick sensitive tools for aquatic
pollution bio-monitoring.

Materials and Methods

Animals and treatment

Leeches (H. medicinalis, Annelida, Hirudinea, from Ricarimpex,
Eysines, France) measuring 10 cm were kept in water at 19-20°C in
aerated tanks. Animals were fed weekly with calf blood. Animals were
randomly divided into separate experimental groups according to
different protocols and treatments. Each treatment was performed at
the level of the 20" metamere. Before each experiment, leeches were
anaesthetized with a 10% ethanol solution.

Group 1: Leeches injected with 300 pl of liquid MG (an extract
of the murine Engelbreth-Holm-Swarm (EHS) tumor produced as
previous described [19]) served as controls.

Group 2: Leeches (five animals/condition) injected with 300 pl of
liquid MG supplemented with 100, 150 and 300 ng of the recombinant
protein rHmAIF-1 (kindly donated by Jacopo Vizioli and Francesco
Drago, University of Lille, France), were used to selectively isolate the
macrophages cells migrating under the influence of HmAIF-1. The
best concentration of rHmAIF-1 required to induce significant cell
migration was 300 ng and was used for the next experiments.

Group 3: Leeches injected with 300 pl of liquid MG supplemented
with 20 pg of Multi-walled commercially available and industrially
employed Carbon Nanotubes (MWCNTs), NANOCYL™ NC7000
(Belgium NANOCYL, Sambreville; average 9.5 nm diameter by 1.5
pm mean length with surface area of 250-300 m?/g, not functionalized,
manufactured by catalytic carbon vapour deposition (CCVD) process,
with a purity of 90%). For these experiments, the pristine MWCNTs
were used directly without any chemical processing before use. This
concentration of MWCNTSs was necessary to obtain visible aggregates
in the Matrigel pellet.

Group 4: Leeches injected with 300 ul of liquid MG supplemented
with 300 ng rHmAIF-1 and 20 ug of MWCNTs.

Animals were sacrificed after 1 week. MG implants were removed
from the animal and processed in different ways depending on the type
of analyses.

Transmission electron microscopy (TEM)

MG implants for routine transmission electron microscopy (TEM)
were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH
7,2) for 1 hour at room temperature. Specimens were washed in the
same buffer and then post-fixed for 1h with 1% osmium tetroxide in
cacodylate buffer at room temperature. After standard dehydration in
ethanol series, specimens were treated with propylene oxide/ Epon-
Araldite (1:1) for 1 hour and then embedded in an Epon-Araldite 812
mixture. Sections were obtained with a Reichert Ultracut S ultratome
(Leica, Nussloch, Germany). Thin sections (80-90 nm) were stained
by uranyl acetate and lead citrate and observed with a Jeol 1010 EX

electron microscope (Jeol, Tokyo, Japan). Images were acquired with
digital camera Morada, Olympus (Tokyo, Japan).

Colorimetric and indirect immunofluorescence staining

MG implants were embedded in Polyfreeze tissue freezing medium
(Polysciences, Eppelheim, Germany) and immediately frozen in liquid
nitrogen. Cryosections (7 pm) were obtained with a Leica CM1850
cryotome and slides were immediately used or stored at -20°C.

For colorimetric assays, cryosections were immersed in distilled
water and incubated with May Grunwald Giemsa differential
staining (Bio Optica, Milano, Italy), which permits identification of
hematopoietic cells based upon their cytoplasmic pH properties.

For Thioflavin-S method, samples were treated with Mayer’s
hemalum for 2 minutes. After washings with water samples were stained
with 1% Thioflavin-S in aqueous solution. After further washing, they
were treated with 1% acetic acid for 20 minutes. This method stains the
amyloid fibrils in green/yellow fluorescence.

For indirect immunofluorescence, samples washed with PBS
were pre-incubated for 30 min with PBS containing 2% bovine serum
albumin (BSA) before the primary antibody incubation for 1 hour
at room temperature. The primary antibodies (diluted 1:200) used
were: rabbit anti-human CD45 (GenScript, USA), which reacts with
leech hematopoietic precursors cells, rabbit anti-human CD68 (Santa
Cruz Biotechnology, USA), which reacts with leech macrophages, as
previously demonstrated [14], and rabbit anti-Hm-AIF-1 (kindly
donated by Jacopo Vizioli and Francesco Drago, University of Lille).
The washed specimens were incubated for 1 h at room temperature
with an anti-rabbit secondary antibody (Jackson Immuno Research
Laboratories, USA) Cy3 conjugated (dilution 1:200). After further
washing with PBS, cryosections were incubated for 10 minutes with
the nuclear marker DAPI (4’,6-diamidino-2-phenylindole). The slides
were mounted in Citifluor (Citifluor Ltd, London, UK) with coverslips
and observed by light and fluorescence microscopy Nikon Eclipse Ni
(Nikon, Japan).

The staining was visualized using excitation/emission filters of
490/525 nm for Thioflavin-S, 550/580nm for Cy3 and 360/420 nm for
DAPI. Data were recorded with Nikon Digital Sight DS-SM (Nikon,
Japan) digital camera. Images were combined with Adobe Photoshop
(Adobe Systems, Inc.). In control samples, primary antibodies were
omitted and sections were treated with BSA-containing PBS.

In vitro matrigel assays

After 1 week in vivo (corresponding to a suitable cell concentration
for seeding) rHmAIF-1 supplemented MG implants were harvested
and cultured. Each implant was minced in small pieces using sterilized
razor blades and plated in wells of 60 mm in diameter in DMEM
medium (Celbio, Milan, Italy) modified by dilution (1:4) to reach iso-
osmolality and supplemented with 1% glutamine, 10% fetal bovine
serum and 1% gentamicin [16]. Cells were maintained at 20°C and
histologically and immunocytochemically examined 1 days and 1 week
after seeding.

All cultures were performed in triplicate and scored at 1 week from
seeding with an inverted Olympus microscope (Tokyo, Japan). Data
were recorded with a DS-5M-L1 digital camera system (Nikon).

Assessment of cell viability with trypan blue

Cell viability was assessed using the vital dye Trypan blue, which
is incorporated only in dying or dead cells. The cells were incubated at
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room temperature for 5 min with 0.4% trypan blue solution (diluted
1:1 in basal medium) and directly observed using an inverted optical
microscope (Olympus).

In vitro MWCNTs treatment

Cells were cultured on a round coverslip in 24 wells plate for 1
week before MWCNTSs treatment. MWCNTs powder was weighed re-
suspended in culture medium and then sonicated 15 min for 2 cycles
in an ultrasonic bath (starsonic 35, Liarre, Italy) to avoid particles
aggregation. MWCNTs were administrated at 2.5, 5, 10, 25, 50 and 100
pg/ml for 24 h. Particle exposure concentrations were chosen upon
assessment of existing literature concerning exposure of vertebrate
macrophages cell lines to MWCNTs and SWCNTs [3]. Cells were then
fixed with paraformaldehyde 3% for 10 minutes and washed in PBS
before proceeding with immunocytochemical and colorimetric assays
described above.

Statistical analysis

Cells extracted from matrigel pellet were plated out in 60 mm
diameter at a density of 1000 cells/well and counted after one week
from seeding, using the Image J software package. Five fields for each
time lapse (1 day and 1 week) were analyzed and the number of counted

cells is referred to the total area of the well. Statistical significance was
assessed by an unpaired Student’s t test using Origin 5.0 software
(Microcal).

Results

Morphological, immunocytochemical and colorimetric
characterization of cells infiltrating the MG sponge

Light and trasmission electron microscopy: First, since MG
can be supplemented with different concentrations of cytokines, we
sought the best rHmAIF-1 concentration for the macrophages tissue
cells recruitment in the biomatrix. We supplemented 300 pl of MG
with 100, 150 (data not shown) and 300 ng of rHmAIF1 and the MG
pellets, formed following inoculation, were recovered and processed
for standard histology one week after injection. While cellular
infiltrates were not observed in control MG samples (Figure 1A), the
number of cells migrating in the biomatrix increased in relation to the
rHmAIF-1 concentration with the highest cell density obtained with
300 ng of rHmAIF-1 in the MG (Figure 1B). In order to assess the
interaction between MWCNTs and cells migrated in the MG pellet, we
used the biopolymer matrigel supplemented with both rHmAIF-1 and
MWCNTs. Numerous migrated cells were visible in the MG sponge,

Figure 1: Morphological and colorimetric analyses of cells infiltrating the MG removed from the animal 1 week after injection. (A-H) Appearance under the light
microscope of the cells infiltrating the gels without (A, E) and with the rHm AIF-1 (B, F). The rHmAIF-1 recruits a large number of cells (B) positively stained by
May GrunwaldGiemsa method (E, F). (C, D, G, H) in MG pellet supplemented with both MWCNTSs and rHmAIF-1 (C, G) or only with MWCNTSs (D, H), migrating
cells positive for GrunwaldGiemsa staining (G, H) are visible dispersed in the biomatrix and surrounding the MWCNTs aggregates (arrowheads). (I-O) TEM
images. (I, J, M-O) Detail of cells infiltrating the MG pellets characterized by a cytoplasm with numerous highly electron-dense granules (arrows), pseudopodia
(arrowheads in |, J) and lamellipodia (arrowheads in M). (K, L, N, O) Detail of MWCNTSs dispersed or grouped in aggregates differently sized inside the MG sponge
(K, L, encircled in N, O) or in intracellular vesicles (arrows in N) and freely dispersed in the cytoplasm (arrowhead in O). Bars in A-H: 50 pm; Bars in |-K, M: 5 um;

Bars in L: 200 nm; Bars in N, O: 500 nm.
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most forming a clot around the large MWCNTs aggregates (Figure 1C).
Migrating cells, even if in a reduced number, was present in the MG
pellet supplemented only with MWCNTs (Figure 1D). Cells coloured
with the May Grunwald Giemsa differential staining showed dark blue
nuclei typical of monocyte and macrophages cell lines (Figure 1E-1H).

Ultrastructural analysis at TEM showed that in MG supplemented
only with rHmAIF-1 cells appear either round or with an irregular
shape with a cytoplasm rich in electron-dense granules, with a
pronounced migratory phenotype showing pseudopodia and an
active degradation of the surrounding matrix (Figure 1I and 1J). Cells
migrated in MG pellet supplemented with MW CNTs, visible dispersed
throughout the MG sponge or grouped in aggregates (Figure 1K and
1L), showed increased membrane ruffling and lamellipodia associated
with phagocytosis (Figure 1M). Moreover, particulate acquisition was
evident as engulfment of particles settled in vesicles or in the cytoplasm
(Figure IN and 10).

Immunocytochemical characterization: In order to better
characterize the cells infiltrating the MG and surrounding the
MWCNTs aggregates, the Matrigel pellets were removed from the
leech after one week from injection and sections of the biopolymer
were immunostained with antibodies to macrophage cell markers. The
cells infiltrating the Matrigel sponge, either supplemented with only
the rHmAIF-1 protein, with both rHmAIF-1 and MWCNTs or with
only MWCNTs, were strongly positive for the antibodies anti-CD68

(Figure 2A-2C) and anti-HmAIF-1 (Figure 2D-2F). In particular, in the
MG containing MWCNTSs, numerous infiltrating CD68*/HmAIF-1*
macrophages reached and surrounded the MWCNTs aggregates
(Figure 2 B, 2C, 2E and 2F). No signal was detected in negative control
experiments where primary antibodies were omitted (Figure 2G).

Thioflavin-S staining for amyloid fibrils detection: Since recently
has been demonstrated that MWCNT's aggregates induce macrophage
recruitment, tissue inflammation and amyloid deposition in mice [20],
we performed a Thioflavin-S staining on MWCNTSs supplemented
MG sponges to reveal the presence of amyloid fibrillar material.
Thioflavin-S positivity was found in the macrophages surrounding the
aggregates of MWCNTs, indicating that these cells were implicated in
the production and deposition of amyloid fibrils (Figure 2H and 2I).

Cultured Cells and MWCNTs in vitro treatment

In order to obtain primary cultures of leech macrophages cells,
the MG polymers supplemented with rHmAIF-1 was removed from
the leeches after 1 week in vivo and the cells placed in culture. Starting
from day 1 after seeding, cultured cells were present as clusters (Figure
3A and 3B). One week after seeding, cultures were formed by an
increased number of cells (Figure 3C). To determine the growth and
viability characteristics of the cultured cells, the cells from the matrigel
polymers that had been removed from the leeches after 1 week in vivo,
were plated at a density of 1000 cells for each well, and the number of

Figure 2: Immunocyto chemical characterization of macrophage cells recruited into the matrigel sponges by rHmAIF-1 and MWCNTs and removed 1 week after
injection. Combined fluorescence/transmission images of MG implants cryosections shows that the numerous cells a-CD68 (red in A-C) and a-HmAIF-1 (red in
D-F) infiltrate the biomatrix and surround the MWCNTs aggregates (arrowheads in B, C, E, F). Nuclei are counterstained with DAPI (blue). (G) Negative control.
(H-1) Thioflavin-S staining recognizes amyloid structures (yellow in H, I) associated to macrophages infiltrating the MWCNTs supplemented MG sponge or forming
a scaffold around the MWCNTs aggregates (arrowheads in H, I). Bars in A-I: 50 um.
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Figure 3: Culture of cells recruited into the matrigel sponges by rHm AIF-1. After 1 week in vivo the MG was removed and the cells infiltrating the matrigel sponge
were plated out. Phase contrast image of cultured cells 1 day (A, B) and 1 week after seeding (C). (D) Quantitative evaluation of cell numbers. Column 1: cells
cultured for 1 day Column 2: cells cultured for 1 week. *p<0.01. These cells are ultra structurally similar to macrophages with a cytoplasm filled with electron-dense
granules (arrows in E), are Giemsa positive cells (F) and immuno-stained with CD45 (G), CD68 (H) and Hm AIF-1 (J) antibodies, markers of macrophages cells. (L)
Negative control in which the primary antibody was omitted. These cells show also a weak positivity to Thioflavin-S staining (yellow in M). Nuclei are counterstained
with DAPI (blue in G-M). Bars in A, C: 50 pm; bars in B, D, F-M: 10 ym; bar in E: 2 ym.

cells were counted after one week from seeding. As shown by statistical
analysis the number of cells increased by 2.5 times (Figure 3D). Trypan
blue exclusion demonstrated that these cells were still viable (data
not shown), exhibited the same morphological aspects described for
the cells within the MG in vivo (Figure 3E), were positive for May
Grunwald Giemsa differential staining (Figure 3F) and expressed the
leukocyte-specific marker CD45 (Figure 3G), and the macrophage
markers CD68 (Figure 3H) and HmAIF-1 (Figure 3I). No signal was
visible in negative control sample (Figure 3L). Moreover these cells
showed a weak positivity for Thioflavin-S dye (Figure 3M).

After obtaining primary culture of macrophages, we evaluated
their ability to produce amyloid fibrils after MWCNTSs exposure
(Figure 4A-4X). CD45" (Figure 4A-4F) and HmAIF-1* (Figure 4G-
4L) macrophages incubated for 24 h with increasing concentrations
of MWCNTs (2.5, 5, 10, 25, 50 and 100 pg/ml) were highly positive
for Thioflavin-S staining. The amyloid fibrils stained in yellow (Figure
4M-4R) were accumulated in large dilated reticulum cisternae filled
with spatially organized fibrillar material, as visible by ultrastructural
analysis at TEM (Figure 4U) and then released in the extracellular
environment (Figure 4T). Combined fluorescence/transmission images
clearly showed that HmAIF-1"/CD45" macrophage cells (Figure 4V
and 4W), strictly associated to MWCNT's aggregates, produce amyloid
fibrils Thioflavin-S* (Figure 4S and 4T).

Discussion

The contamination of water by various different pollutants is a
serious problem worldwide in terms of human health and agriculture.
MWCNTs are currently attracting intense research efforts because
of their unique properties, which make them suitable for many
industrial developments, applications in biomedicine, nanoelectronics,
mechanical engineering, personal care products and textiles. MWCNT's
are currently also produced and used in industry on a large-scale,
increasing therisk forawidespreadhumanand environmental exposure.
Data in literature [21] have demonstrated that these nanoparticles
have a very long half-life in vivo, could affect cellular functions at
molecular levels and are capable of penetrating physiological barriers
to reach vital organs inducing chronic inflammation, which it is often
associated with insurgence of cancer. The physical dimensions and the
biopersistence of MWCNTSs were found to be similar to asbestos, and
they indeed have revealed asbestos-like pathogenicity [22,23]. In order
to avoid making the same mistakes, more research must be done on
these new and emerging products in the market to provide a complete
understanding of biological properties of MWCNTs, including uptake,
distribution, intracellular trajectory, interactions with the immune
system.

We have recently observed that in vivo treatment of H.
medicinalis with water dispersed MWCNTs induce toxic effect
also at low concentrations and after a short time of exposure. The
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Figure 4: Effects of MWCNTs treatment on cultured macrophages. Cells extracted from MG after 1 week from injection and treated for 24 h with increasing
concentration of MWCNTs (2.5, 5, 10, 25, 50 and 100 pg/ml) are CD45* (red in A-F), Hm AIF-1* (red in G-L) and show an increasing positivity for Thioflavin-S
staining (yellow in M-R). Combined fluorescence/transmission (S, T) and TEM images clearly show the amyloid fibril deposition (yellow in S, T) and organized
fibrillar material (arrowhead in U) by CD45*/Hm AIF-1* macrophages (V-W) strictly associated with MWCNTs aggregates. Nuclei in blue are stained with DAPI. No
signal is detected in negative control experiments (X). Bars in A-T, V-X: 10 ym; bar in U: 500 nm

uptake of MWCNTs by leeches is associated with the induction of an
inflammatory process, inducing a massive angiogenesis and migration
of CD45* and CD68* macrophages throughout the animal body wall
(Unpublished data, submitted to Plosone). These results suggest a
novel entry mechanisms and toxicity profiles of MWCNTSs, in fact,
immunity is an essential function to retain organism’s well-being, and
represents a sensitive physiological indicator that may be affected even
at low concentrations of nanomaterials exposure [24].

Inorder to better understand this point, we focused our attention on
leech macrophages observing the behaviour of these cells in vivo and in
vitro toward the nanomaterial. For this purpose we use a consolidated
experimental approach based on a novel developed assay that allows
the isolation of a specific cell population using the biomatrix Matrigel
injected in the body wall of the leech [16-18].

We observe that aggregates of nanotubes are able to induce the
migration of macrophages into the MG sponges. To increase the
number of recruited cells in MG, allowing us to better analyze the
internalization process of this nanomaterial, we loaded MG with
both MWCNTSs and the cytokine rHmAIF-1, which has been recently
demonstrated to be a powerful chemo attractant for leech macrophages
[25,26]. One week from injection, rHmAIF-1 invokes within the
Matrigel a larger number of cells which are positive for the markers
CD45, CD68 and HmAIF-1 which has been already demonstrated to
be expressed by the monocyte/macrophage lineage both in leech and
in vertebrates [14,26-28]. Ultrastructural analysis at TEM revealed that
in leech macrophages MWCNTs are both internalized in vesicles and
freely dispersed in the cytoplasm.

These data suggest that curled MWCNTSs are internalized by
phagocytosis or during the process of matrix degradation, while
straight and rigid MWNCTSs seem to be able to pierce cell membranes
during cells migration and are then found free in the cytosol. These
findings corroborate the observations of other authors on vertebrate

macrophages [29-31]. Moreover, since recent experimental studies
show that carbon nanotubes influence the aggregation process of
proteins associated with neurodegenerative diseases like amyloid
fibril production, we evaluate, by using the colorimetric methods of
Thioflavin-S [32], the MWCNTs ability to induce amyloid deposits
in correspondence of MWCNTs/macrophages associations [20].
Several studies demonstrated in fact that nanoparticles that enter
cells by diffusing through cell membranes or by active uptake, such as
endocytosis [33], cause toxic effects such as the formation of reactive
oxygen species (ROS) [5,8,34]. Oxidative stress can induce proteins
to adopt an insoluble beta-pleated sheet conformation [35], and
according to numerous authors [36-40] oxidative damage appears to
be the earliest events preceding amyloid fibril formation. Thus, we
evaluate the amyloid fibril production from macrophage in relation to
MWCNTs exposure. As expected, we found a massive accumulation
of fibrils Thioflavin-S*, associated to the macrophages forming a
scaffold around the MWCNTs aggregates. The presence of these fibrils
in MWCNTs and rHmAIF-1 supplemented MG confirms the strong
reaction of macrophages to the nanomaterial.

Starting from these results, the next target of our work was to obtain
in vitro expansion of macrophages primary leech cells that could be
used as a sensitive method to evaluate the presence of the nanomaterial
in contaminated water. We used the biopolymer MG supplemented
with rHm-AIF-1 as a vector to isolate these cells in vivo and then
culture them obtaining an in vitro expansion of macrophages primary
leech cells. Seven days after seeding cells cultured in a normal medium
expressed the same specific macrophage markers (CD45, CD68,
HmAIF-1) as that already observed in vivo. The ability of MWCNTSs
to induce amyloid fibrils generation were assessed by measuring
Thioflavin-S fluorescence as a reporter of amyloid fibrils generation.
As compared with control unexposed cells, a significant increase in
Thioflavin-S staining was observed in exposed macrophage cell in
concentration independent manner and the amyloid fibrils formed
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a scaffold around the MWCNTs aggregates, indicating that amyloid
deposition might be a barrier to contain non-self-material.

Recent data on murine model [20] showed inflammatory
responses generated by commercially available nanotubes that are
inhaled. Moreover, literature is beginning to show data concerning the
potential risks to public health and the aquatic environment when these
nanomaterials are dispersed in water. Our data on leeches confirmed
the toxicological effects of nanotubes. The use of annelids to implement
the data so far produced is in order to demonstrate the reliability and
reproducibility of the new model in respect to those commonly utilized
by eco-toxicologists. In fact, unlike other invertebrates, H. medicinalis
use the same strategies and the same molecules of vertebrates in response
to different stimuli. For these reasons, it is critical to investigate the
question of the nanomaterial safety utilizing new models and methods
for assessing the environmental risks of these possible toxic particles.

The data produced by this project will be a cornerstone in
determining the potential toxicity of MWCNTs and the eventual
precautions needed in the wastewater discharge. Our results also
provide critical information to regulatory agencies and industry
to determine the need for monitoring and regulation regarding
MWCNTs.
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