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Preface

We have the great pleasure of setting afloat the first volume of Current Topics in
Environmental Health and Preventive Medicine (EHPM), a book series by the

Japanese Society for Hygiene (JSH). This first volume, Biological Effects of
Fibrous and Particulate Substances, is now published. We sincerely appreciate

all the authors contributing their wonderful reviews on the theme of this book. All

of you who read it can enjoy learning more about the cellular and molecular

mechanisms for the biological effects of fibrous and particulate substances includ-

ing nanomaterials, various effects of nanomaterials, immunological effects of silica

and asbestos, and particularly autoimmunity and antitumor immunity. In this

eBook, you can learn about biological, especially immunological, effects caused

by fibrous and particulate matters such as asbestos fibers and silica particles as well

as nanomaterials from the basic cellular and molecular biological aspects and points

of view closely related to clinical work.

You—and we too—are learning about recent advances in the study of the

immunological effects of fibrous and particulate materials and can imagine and

consider how we can translate these findings into therapy. In this respect, we are

thinking of the clinical patients who are suffering from diseases due to exposure to

these materials as well as people who are in localities that pose higher risks for

exposure to these substances and how we can develop preventive and therapeutic

methods and tools for these individuals—in short, how scientific achievements can

support and cure them.

We truly appreciate your having this book, so that you and we together can

proceed hand in hand toward the aims described above.

Kurashiki, Japan Takemi Otsuki

Suita, Japan Yasuo Yoshioka

Missoula, MT, USA Andrij Holian
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Chapter 1

Macrophage and Multinucleated Giant Cell

Classification

Kevin L. Trout, Forrest Jessop, and Christopher T. Migliaccio

Abstract The purpose of this chapter is to provide an overview of macrophage

subtype and multinucleated giant cell classification with a specific discussion of

their role(s) in response to particulates and other foreign bodies. Topics covered for

the different subtypes include the following: environmental factors involved in their

generation, functional characterization, disease associations, and interactions with

particulates. This chapter is separated into three major parts. The first portion

describes the normal structure and functions of the macrophage. Second, the

currently published macrophage subsets are outlined. The classifications included

in the discussion are based on function (“M” polarization) rather than anatomical

position (tissue-specific macrophages – Kupffer cells, alveolar macrophages, etc.).

As shown in Fig. 1.1, the ontogeny of the various types of macrophages being

discussed in this chapter depends on the pathway of activation. The third major

section focuses on multinucleated giant cells, which are formed by fusion of

individual macrophages. The ontogeny of each subset will be discussed and the

current literature regarding particulate/foreign-body interaction will be reviewed.

Keywords Macrophage • Polarization • Multinucleated • Giant cells • Particles

Abbreviations

Arg-1 Arginase-1

CD Cluster of differentiation

Ch3l3 (Ym1) Chitinase 3-like 3

CXCL Chemokine (C-X-C motif) ligand

FcγR Fc-gamma receptor

GC Glucocorticoids

GM-CSF Granulocyte-macrophage colony-stimulating factor

HIV Human immunodeficiency virus
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IFNγ Interferon gamma

IL Interleukin

iNOS Inducible nitric oxide synthase

LIF Leukemia inhibitory factor

M-CSF Macrophage colony-stimulating factor

MGC Multinucleated giant cell

MHC Major histocompatibility complex

MMP9 Matrix metalloproteinase 9

RELMα (FIZZ1) Resistin-like molecule alpha

ROS Reactive oxygen species

TAM Tumor-associated macrophage

TGFβ Transforming growth factor beta

Th1/Th2 Type 1 or type 2 helper T cells

TLR Toll-like receptor

TNFα Tumor necrosis factor alpha

VEGF Vascular endothelial growth factor

1.1 Regulators of Immunity: Macrophages

It is important to note that macrophage behavior in vivo cannot be fully explained

by studies in vitro. From all that has been learned, we know that the macrophage is a

complex cell in a very complex environment. The environment defines the cell, and

the macrophage is altered when the environment is perturbed either by a toxic

exposure or by any manipulation to study the tissue. Consequently, our best

information always has room for error. In addition, there is much that we do not

know about the macrophage response to toxic exposures and the macrophage’s role
in pathogenesis.

Macrophages are derived from bone marrow stem cells (Fig. 1.1). The

monoblasts mature to promonocytes and then to monocytes. Monocytes remain in

the bone marrow for a short period and move into the circulatory system where they

remain for 36–104 h [1]. From there monocytes enter the tissue and mature into

macrophages. Once in the tissue, macrophages are relatively long-lived cells with a

lifetime in the order of months [2]. Maturation of monocytes to macrophages is

driven by a combination of at least three factors: (1) genetic programming,

(2) growth factors/cytokines, and (3) the environment of the tissue. The extent of

the effect of the environment on cell maturation is a recent area of research. Current

thought is that the environment, growth factors, and cytokines all contribute to the

macrophage phenotype.

The term “big eater” was coined by Metchnikoff in 1892 to describe the

phagocytic function of the macrophage, which is still considered one of the most

important functions of the macrophage. This includes recognition and, if possible,

degradation of foreign material. The macrophage is well suited for this activity, as it

possesses a large number of receptors functionally linked to phagocytosis, such as

2 K.L. Trout et al.



immunoglobulin, complement, and scavenger receptors. Since macrophages are

relatively large cells, they can accommodate ingested material. Macrophages are

mobile cells capable of responding to various chemotactic factors. They can release

superoxide anion and proteolytic enzymes to kill and/or digest microbes and can

present digested peptide fragments with the major histocompatibility complex
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Fig. 1.1 Ontogeny of macrophage subtypes. Tissue macrophages are derived from bone marrow

progenitor stem cells. Bone marrow-derived monocytes migrate through the blood, exit into

extravascular tissue, and differentiate into macrophages. Once in resident tissue, macrophage

differentiation into sub-phenotypes is dependent upon a complex array of microenvironmental

stimuli including both endogenous (cytokines, chemokines, and growth factors) and exogenous

(TLR-agonists such as pathogens) factors. The deriving factors and resulting subsets depicted are

not exhaustive. M1 or “classical” macrophage polarization is often observed during infection or

acute inflammation due to particle exposure in which tissue damage is prevalent, and TLR

signaling and IFNγ levels are increased to boost phagocytic activity and antimicrobial/viral

defenses. These are hallmark characteristics of a Th1 response. M2a and M2c populations are

unregulated following the acute inflammatory response and have an important role in wound

healing and collagen deposition in response to foreign bodies such as particulates. Other M2

subsets (M2b, M2d), as well as M4 and Mhem/Mox phenotypes, may also be affected by particle

exposure, though the link between exposure and macrophage-induced pathology has not been

investigated. Multinucleated giant cells (MGC) share common stimulating factors as the M2a

subset; however, it is likely that there are additional factors required to induce macrophage fusion

into MGC. MGC are observed regularly in granulomas, but their role in the foreign-body response

is not well known
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(MHC) to trigger an immune response [3–6]. Finally, they can release various

mediators to (1) recruit additional phagocytic cells (polymorphonuclear neutro-

phils, monocytes, and macrophages); (2) stimulate maturation of phagocytic cells;

and (iii) modulate the function of other local cells to respond to the adverse

condition. A major function of macrophages is regulatory in nature, in that as a

front-line immune responder, it affects the subsequent nature of the response.

Therefore, the nature, or phenotype, of the macrophage can have a profound effect

on the outcome of an immune response. In the context of exposure to foreign

material (i.e., particles), the outcome is dictated by the local macrophage content,

which may be dominated by one or several different subsets at any given time.

The term macrophage has occasionally been used to describe monocytes and

monocyte-derived cells in culture. This is a misnomer that can create confusion.

The term macrophage should be used to describe tissue mononuclear phagocytic

cells, and monocytes should be used to describe the circulating mononuclear

precursor cells. Since mononuclear-derived cells in vitro may not adequately

describe the true macrophage [7, 8] in part for the preceding reasons, they should

be clearly distinguished.

Blood monocytes are larger than lymphocytes, have a rounded shape, and have a

nuclear/cytoplasmic ratio of approximately one. They often present with a bean-

shaped nucleus with considerable margination of heterochromatin. Macrophages

are larger cells, have many lamellipodia, many subsurface vacuoles, and an irreg-

ularly indented nucleus with little heterochromatin. Macrophages also have more

rough endoplasmic reticulum, coated vesicles, lysosomes, and microtubules than

monocytes. The macrophage nuclear/cytoplasmic volume ratio is less than one.

Consequently, the cells are easily distinguished morphologically.

1.2 “M” Classification of Macrophages

Just a few decades ago macrophages were considered to have a relatively homo-

geneous phenotype. Macrophages were defined as mediators and regulators of

inflammation, and that inflammation was generally considered to be Th1. This is

characterized by a response involving classic inflammatory mediators: IFNγ,
TNFα, IL-6, and IL-1β. However, recent research has determined that macrophages

are subject to their environment and macrophage functions are altered by the local

mix of signaling factors. Macrophages are now categorized based on phenotypes

that are defined by the expression of surface markers, intracellular pathways, and

soluble mediators. These categories are described using an “M” nomenclature

system [9–13]. There is no general consensus on macrophage polarization prior

to induction of an inflammatory response. Original naming created the M1 and M2

macrophage subsets where the M1 was considered the classic subset and the M2, by

default, the alternatively activated. Over time more subsets were defined when the

M2 was further divided to account for different phenotypes, mechanisms of acti-

vation, and additional pathologies associated with atherosclerosis.

4 K.L. Trout et al.



1.2.1 M1: Classic Macrophages

1.2.1.1 Environment/Generation

The “classical” nomenclature, labeled as the M1 subset, refers to the phenotype

typically associated with macrophages: inflammatory cytokines, Th1-association,

and antigen-presentation capability. This subset is most commonly generated with

either IFNγ or TLR-agonists [11, 12]. Recent reports identify GM-CSF stimulation

as a partial M1 agonist, specifically through its ability to enhance antigen presen-

tation and many other M1 macrophage functions [14].

1.2.1.2 Function/Phenotype

The M1 subset has a pro-inflammatory phenotype. This manifests in both the types

of soluble mediators and surface proteins expressed upon activation. Ex vivo

polarization of alveolar macrophages with IFNγ induced changes in approximately

41 genes, specifically including increased expression of toll-like receptors and

multiple CXCL chemokines [15]. In addition to the classic cytokines of IFNγ,
TNFα, IL-6, and IL-1β, the M1 has been associated with production and release of

IL-12p70, reactive oxygen species (ROS), and nitric oxide (NO) [16, 17]

(Table 1.1). This subset has also been described to express both MHC II and

CD86 on the surface which are key for T lymphocyte activation.

1.2.1.3 Disease Associations

The M1 subset has been found to increase renal cell damage [18], as well as

increase disease in the mdx mouse model of muscular dystrophy [19]. M1 is the

dominant macrophage phenotype in infection (acute and chronic) and is thought to

play a critical role in granuloma formation in tuberculosis [17]. In addition, the M1

has been described as the predominant phenotype associated with nonmalignant

tumor-associated macrophages (TAM) [20, 21], and aspects of the phenotype have

been shown to prevent HIV-1 infection [22].

1.2.1.4 Interaction with Particulates

In animal exposure models to particulates such as silica or nanomaterials, an initial

Th1 response has been implicated in the pathology, specifically through IL-1

signaling [23, 24]. In addition, recent studies have described a role of M1 macro-

phages in the inflammatory response to joint replacement wear debris [25–28]. The

usage of replacement joints leads to the generation of particulates that are

1 Macrophage and Multinucleated Giant Cell Classification 5



categorized as wear products. Some have proposed skewing toward an M2a phe-

notype as a potential treatment for inflammation in worn joint replacement [26, 28].

1.2.2 M2a: Th2-Associated Macrophages

1.2.2.1 Environment/Generation

This subset was originally designated as the M2 or alternatively activated macro-

phage. However, as more phenotypes were characterized, this subset was given the

nomenclature of M2a and was described as being activated by the Th2-associated

cytokines IL-4 and IL-13 [10–12, 29, 30]. The dependence of this subset on Th2

Table 1.1 Common markers of M-category subsets

Subset Markers References

M1 TNFα [11, 14, 16, 15, 17, 123]

IL-1β
IL-6

IL-12

ROS, iNOS

CD80/86

MHC II

CXCL9

CXCL10

GM-CSF

M2a Ch3l3/Ym1 (mouse) [30, 32, 124–128]

FIZZ1/RELMα (mouse)

IL-1ra

Arg-1

IL-10

CD206

M2b IL-1β [11, 37, 123]

IL-6

IL-10

TNFα
CD86

MHC II

M2c TGFβ [18, 44–49]

IL-10

CD163

TLR1

TLR8

M2d/TAM VEGF [30, 51, 50, 53, 54, 56]

6 K.L. Trout et al.



immunity was confirmed by studies using IL-4Rα null mice, where this protein is a

key functional component of both the IL-4 and IL-13 receptors [31].

1.2.2.2 Function/Phenotype

The M2a subset has a Th2-promoting phenotype. The production of several soluble

mediators has been associated with the M2a phenotype and promoting of Th2 type

of inflammation. While IL-10 and IL-1ra are more associated with an anti-Th1

inflammation type of activity, the release of Ym1/Chi3l3 has been found to induce

Th2 responses [32]. In addition, the surface expression of CD206 is greatly

increased in the M2a [30]. The M2a are also associated with increased intracellular

expression of Arg-1 and FIZZ1, both of which had been a couple of the original

markers used for identification of these cells [9, 33, 34] (Table 1.1).

1.2.2.3 Disease Associations

Both M2a and M2c subsets have been found to increase type VI collagen and

fibrosis in an adipocyte model [35]. Furthermore, the M2a phenotype has also been

associated with pulmonary and renal fibrosis [18].

1.2.2.4 Interaction with Particulates

Th2 immunity plays a well-accepted role in models of lung fibrosis. This is entirely

consistent with the observed function of M2a macrophages in fibrosis and the

therapeutic rationale for targeting this subset. In studies comparing wild-type

mice and IL-4Rα null mice, a significant increase in the M2a in the wild-type

corresponded with the development of silica-induced pulmonary fibrosis. However,

IL-4Rα null mice that lack the ability to generate the M2a had a significant decrease

in the pathology [31].

1.2.3 M2b: Alternatively Activated Macrophages

1.2.3.1 Environment/Generation

This subset is generated by the presence of antibody-antigen complexes [11, 36,

37]. Because these are also a pro-inflammatory type of macrophages, their activa-

tion is via FcγR ligation in conjunction with a TLR signal.

1 Macrophage and Multinucleated Giant Cell Classification 7



1.2.3.2 Function/Phenotype

The M2b subset has a pro-inflammatory phenotype that is similar to the M1. These

macrophages produce the classic inflammatory cytokines IL-1β, TNFα, and IL-6 in
addition to the surface proteins MHC II and CD86 [11, 38] (Table 1.1). These

markers suggest an ability and propensity to activate nearby immune cells either by

contact or within the vicinity. However, a key difference between the M2b and the

M1 is the finding that it also produces IL-10 [11, 38].

1.2.3.3 Disease Associations

The M2b subset has been found to play a key role in the pathology in the murine

model of lupus, and shifting macrophages to the M2a phenotype was shown to

alleviate the disease [39]. M2b have also been found in circulation and peripheral

tissues following severe burns, supporting a systemic activity for this subset

[40, 41].

1.2.3.4 Interaction with Particulates

Silicosis and asbestosis have been associated with autoimmune comorbidities,

including lupus, which involve TLR signaling and FcyR ligation [42, 43]. Though

there are no reports on the M2b phenotype in particle exposure and associated

disease, their involvement is likely.

1.2.4 M2c: Regulatory Macrophages

1.2.4.1 Environment/Generation

This subset is generated by the presence of classic anti-inflammatory mediators:

TGFβ, IL-10, or glucocorticoids [44].

1.2.4.2 Function/Phenotype

The M2c are categorized as regulatory, but have anti-inflammatory or immunosup-

pressive activity. This subset is a good example of a macrophage being a product of

its environment. Because the M2c is activated/generated by known immunosup-

pressive mediators, it follows that they possess the same qualities. They have been

shown to produce TGFβ and IL-10 [45–47]. In addition, surface expression of

CD163 is associated with this subset [48] (Table 1.1).

8 K.L. Trout et al.



1.2.4.3 Disease Associations

The M2c, or “anti-inflammatory,” subset has been shown to be induced by apopto-

tic cell uptake and promote epithelial and vascular repair [18, 49], as well as play a

modulating role to the M1 activity in the mdx mouse model [19]. Both M2a and

M2c subsets have been found to increase type VI collagen and fibrosis in an

adipocyte model [35].

1.2.4.4 Interaction with Particulates

To date there have been no studies focused on the specific interaction between the

M2c macrophage subset and particulates. Because the phenotype is considered to

be regulatory in activity, the potential role these could play in disease is evident.

Some groups have hypothesized (personal communications) that deletion of this

subset would result in a loss of regulation, which may be a key event in developing

particle-induced pathologies (i.e., nanomaterials, silica). In addition, the use of this

subset as a type of cellular therapy could be beneficial in chronic inflammatory

pathologies induced by particulates.

1.2.5 M2d: Tumor-Associated Macrophages

1.2.5.1 Environment/Generation

While the M1 subset is considered to be antitumor, the M2d are generated by the

local environment and associated with tumor growth [50]. The factors involved in

the generation of the M2d include IL-6, leukemia inhibitor factor (LIF), and

M-CSF [51].

1.2.5.2 Function/Phenotype

The general definition of the M2d/TAM subset is that it promotes the growth of

tumors [52]. It is thought that these cells possess an immunosuppressive phenotype

[50, 51]. This activity has been found to be antagonized by the M1

macrophages [53].

1.2.5.3 Disease Associations

This subset is the rare type that is associated with the disease state that

generates them.

1 Macrophage and Multinucleated Giant Cell Classification 9



1.2.5.4 Interaction with Particulates

While such particles as asbestos have been associated with cancer [54, 55], the link

between particulates and TAM is not clear. Especially with such cancers as lung or

gastrointestinal tumors, where exposures to environmental particulates are rela-

tively consistent, the role of the M2d/TAM as a potential mediator in this process is

ripe for investigation. In addition, current research in oncology treatments has

started focusing on the use of nanomaterials [56–58]. The use of particulates to

treat tumors could take advantage of the phagocytic capacity of macrophages in a

targeted therapy.

1.2.6 M4 and Mhem/Mox: Atherosclerotic Associated

1.2.6.1 Environment/Generation

Macrophages and their contribution to atherosclerosis, as an inflammatory disease,

have been an area of interest in cardiovascular research [59–61]. There are two to

three types of macrophages that have recently been described in association with

atherosclerosis: M4 and Mhem/Mox [62–64]. The M4 appear to be generated by

activation with the chemokine CXCL4 [63]. The atheroprotective macrophages are

generated by the presence of either heme (Mhem) or oxidized phospholipids (Mox)

[62, 64].

1.2.6.2 Function/Phenotype

The roles and functions of these subsets are areas of active research. While the M4

appears to fall into a role of promoting atherosclerosis, it is the Mhem/Mox subset

(s) that are described as having atheroprotection activities. The M4 is a classical-

type macrophage that is pro-inflammatory and, therefore, promotes atherosclerotic

pathology through this mechanism. The protective activity of the Mhem/Mox

subset(s) involves the stabilization of plaques [64].

1.2.6.3 Disease Associations

As described in the above section regarding the generation of these subsets, they are

associated with the environment that is responsible for their generation:

atherosclerosis.

10 K.L. Trout et al.



1.2.6.4 Interaction with Particulates

To date no studies have investigated, let alone linked, the activities of these subsets

with particulate exposures and pathology. However, the association between par-

ticulate exposure and cardiovascular disease has been shown [65], as has the effect

of air pollution particulates on macrophage functions [66, 67]. With the contradic-

tory functions of these subsets in the pathology, and the known influence of

particulates on the disease progression, it is a potential area of research to evaluate

a possible connection.

1.3 Multinucleated Giant Cells

Cells with more than two nuclei within a common cytoplasm are described as

multinucleated or polykaryotic. Multinucleated cells formed by cell fusion are

called syncytia, while multinucleated cells formed by repeated mitoses without

cytokinesis are called coenocytes. Multinucleated cells are formed by cell-cell

fusion in select human tissues as part of normal physiological processes. These

include the fusion of macrophages into osteoclasts, myoblasts into myotubes,

cytotrophoblast cells into syncytiotrophoblast, and sperm with oocyte [68]. Addi-

tionally, recent discoveries suggest bone marrow stem cells fuse with several cell

types as a mechanism of tissue regeneration [69, 70].

Multinucleated giant cells (MGC) are typically defined as macrophage syncytia

associated with granulomas. MGC are distinct from osteoclasts, which are associ-

ated with bone and are present in normal, noninflammatory conditions. The concept

that MGC are formed by macrophages fusing together is supported by fluorescent-

and radio-labeling studies [71, 72]. This is in contrast to the mechanism of mega-

karyocyte formation. Megakaryocytes become polyploid by endomitosis, resulting

in a single polylobulated nuclei with a histological appearance similar to MGC [73].

Usage of the phrase “giant cell” is occasionally generalized to include cells of

non-monocytic origin that become multinucleated in certain pathological condi-

tions (Box 1.1). These giant cells are less commonly observed than giant cells of

monocytic origin and are not necessarily formed by cell fusion in association with

granulomas. For the remainder of this chapter, the phrase “multinucleated giant

cell” (MGC) will refer to macrophage syncytia associated with granulomas. These

macrophage-derived MGC can be classified as Langhans giant cells, foreign-body

giant cells, and Touton giant cells.

1 Macrophage and Multinucleated Giant Cell Classification 11



Box 1.1: Miscellaneous cells that become multinucleated in pathological

conditions. These cells may not necessarily be of monocytic origin,

associated with granulomas, or formed by fusion

Aschoff cells are formed by fusion of Anitschkow cells (occasionally called

caterpillar cells), which are pathognomonic for rheumatic fever

[155]. Anitschkow cells are likely to be of macrophage origin, but a

potential myocyte origin has been a source of controversy [156, 157].

Balloon cells are pathognomonic for type IIb focal cortical dysplasia (also

called Taylor dysplasia) and are found in subependymal giant cell astro-

cytomas, subependymal nodules, and cortical tubers [158]. These balloon

cells (not to be confused with multinucleated melanocytes) have been

suggested to be of either neuronal or glial origin [159].

Floret giant cells have been observed in various neoplasms including

multinucleate cell angiohistiocytoma, pleomorphic lipoma, giant cell

fibroblastoma, giant cell collagenoma [160], neurofibroma [161], pleo-

morphic fibroma [162], and dermatofibroma [163]. The name “floret”

reflects the unique nuclear arrangement around the periphery of the cell,

similar to petals on a flower. Although fibroblast or dendritic cell origins

have been suggested [161], the etiology of floret giant cells is unknown.

Multinucleated epithelial giant cells are most often observed adjacent to the

epithelial surface or lumen in pathological conditions of the epidermis,

gastrointestinal tract, vulva, epididymis, and lungs [164–166].

Multinucleated erythroblasts are pathognomonic for congenital

dyserythropoietic anemia III and may be formed by incomplete cytokine-

sis of proerythroblasts [167].

Multinucleated fibroblasts were recently discovered in vitro to form as either

syncytia or coenocytes, depending on whether the culture contained cell

lines or primary fibroblasts, respectively [168].

Multinucleated hepatocytes are found in neonatal giant cell hepatitis and

autoimmune hepatitis [169, 170].

Multinucleated melanocytes found in nevi and melanomas are described as

having a balloon appearance due to large vacuoles or a starburst appear-

ance due to nuclear arrangement in lentigo maligna [171, 172].

Reed-Sternberg cells are pathognomonic for Hodgkin’s lymphoma and are

formed by multinucleation of the B cell-derived Hodgkin cell [173]. They

become multinucleated by a unique mechanism: mitosis with incomplete

cytokinesis followed by re-fusion of daughter cells [174].

Warthin-Finkeldey cells associated with measles, HIV, and Kimura lymph-

adenopathies are suggested to be derived from T cells [175] or dendritic

cells [176].

12 K.L. Trout et al.



1.3.1 Multinucleated Giant Cell (MGC) Morphology

Multinucleated giant cells are classified into three morphological variants.

Langhans giant cells and foreign-body giant cells are the most common variants

and are observed in a range of granulomatous conditions. Touton giant cells are less

common because they are usually only observed lesions with high lipid content.

The eponym of the Langhans giant cell is Theodor Langhans, who was the first

to describe their unique nuclear arrangement in 1868 [74, 75]. The nuclei of

Langhans giant cells are arranged near the periphery of the cell in a circular pattern

or in a semicircular pattern accumulating at one or two pole(s) of the cell (Fig. 1.2).

Langhans giant cells usually contain less than 20 nuclei and have a spherical or

slightly ovoid shape with a diameter of less than 50 μm. Langhans giant cells should

not be confused with Langerhans cells and islets of Langerhans.

The nuclei of foreign-body giant cells are diffuse throughout the cytoplasm with

no well-defined spatial pattern (Fig. 1.2). Foreign-body giant cells may have a

spherical or irregular shape. The number of nuclei and cell size fluctuates greatly,

with some cells containing over 100 nuclei and exceeding one mm in diameter.

The eponym of the Touton giant cell is Karl Touton, who originally called them

“xanthelasmatic giant cells” in 1885 [74, 76]. The Touton giant cell size, number of

nuclei, and arrangement of nuclei is similar to that of Langhans giant cells, except

the nuclei in Touton giant cells are surrounded by a foamy cytoplasm. This suggests

that these cells may be formed by fusion of foam cells, which are lipid-laden

macrophages.

Fig. 1.2 MGC morphology. Two frequently observed morphological variants of MGC are the (a)

Langhans giant cell and (b) foreign-body giant cell. (c) MGCwith less distinct nuclear patterns can

lead to subjectivity or uncertainty when classifications are based upon morphology alone. Not

shown is the less common Touton giant cell. Methods: in all three images, MGC were generated

in vitro by IL-4 treatment of C57Bl/6 mouse bone marrow-derived macrophages. (a, b) Fluores-

cent images were captured using an Olympus FluoView FV1000 IX81 confocal microscope with

HCS NuclearMask (green) and CellMask Plasma Membrane (grayscale) stains (Life Technolo-

gies, Gaithersburg, MD). (c) Brightfield images were captured using a Zeiss Axioskop with a stain

comparable to Wright-Giemsa (Protocol Hema 3, Thermo Fisher Scientific, Waltham, MA).

Credit: Kevin Trout – University of Montana, Missoula, MT, USA

1 Macrophage and Multinucleated Giant Cell Classification 13



The morphology-based classification of these variants can lead to uncertainty in

their identification, especially when MGC have relatively few nuclei or unclear

patterns of nuclear arrangement. This gray area is augmented because MGC are

usually observed at only one timepoint during the continuum of the multinucleation

process. For example, it is possible that Langhans giant cells are precursors to

foreign-body giant cells or vice versa.

1.3.2 Environment/Generation

One of the environments in which MGC are generated is in granulomas surrounding

implanted medical devices or biomaterials. This particular environment provides a

useful model system to characterize the dynamics of MGC formation. MGC begin

to form within the first three days following biomaterial implantation in rodents,

reach a peak population at 2–4 weeks, and slowly decrease in population until

reaching a steady state [77, 78]. The relatively short lifespan of an individual MGC

is estimated to be approximately one week; at this point the MGC is thought to

undergo apoptosis [79]. The MGC population at the implant site is maintained by

continuous recruitment and differentiation of monocytes from the circulation until

the foreign body has been degraded or removed [80]. These MGC populations have

been observed to persist beyond 15 years post-implantation [81].

Well-known stimulators of macrophage fusion into MGC include IL-4 [82],

IL-13 [83], and IFNγ [84]. In some in vitro models, MGC formation is increased

when these fusion stimulators are combined with macrophage maturation factors:

GM-CSF, M-CSF, or IL-3. The macrophage maturation factors alone do not induce

fusion [85, 86]. Stimulation with IL-4 or IL-13 in vitro results predominantly in

foreign-body giant cell formation, while stimulation with IFNγ results predomi-

nantly in Langhans giant cell formation [87]. Other factors suggested to stimulate

MGC formation include α-tocopherol (a form of vitamin E) [88], calcitriol (1,25-

dihydroxyvitamin D3) [89], phorbol 12-myristate 13-acetate [90], and T-cell mito-

genic plant lectins concanavalin A and phytohemagglutinin [91].

Progress in MGC research within the previous two decades has begun to

elucidate the mechanism of macrophage fusion. An overview of this mechanism

is provided here. For a more comprehensive description of proteins and signaling

pathways implicated in MGC formation, excellent summaries have been published

as book chapters [81, 92, 93] and reviews [94, 95]. The mechanism of macrophage

fusion into MGC can be divided into three major steps [96]:

1. Competence. Fusion-stimulating factors such as IL-4 increase macrophage

fusogenicity or “fusion-competency.” Programming into a fusion-competent

state usually involves endogenous or exogenous signals that increase transcrip-

tion of key proteins such as MMP9 [97], E-cadherin [98], dendritic cell-specific

transmembrane protein (DC-STAMP), and osteoclast stimulatory transmem-

brane protein (OC-STAMP) [99].
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2. Commitment. The fusion-competent macrophage must migrate into proximity

with a fusion partner. A chemokine that induces this migration during MGC

formation is chemokine (C-C motif) ligand 2 (CCL2), also called monocyte

chemoattractant protein 1 (MCP-1) [100]. Cell-cell and cell-substrate adhesion

are part of macrophage commitment to fusion. For example, engagement of β1
and β2 integrins regulates MGC formation [101].

3. Fusion. Finally, the membranes merge and the cell undergoes a series of

cytoskeletal rearrangements. As an example of a membrane merging event,

ATP activation of purinergic receptor P2X7 results in exposure of phosphati-

dylserine in the plasma membrane [102], which is recognized by class B

scavenger receptor CD36 in the fusion partner [103]. Cytoskeletal

rearrangements are important during migration as well as post-fusion. A

known factor involved in actin polymerization and reorganization during

MGC formation is Rac1 [100].

1.3.3 Function/Phenotype

Due to their macrophage origin, it is suspected that MGC share some of the same

functions as macrophages. Also, similarly to macrophages, it is likely that MGC

possess heterogeneous phenotypes based upon tissue location, pathological associ-

ation, and stimulating factors (e.g., IL-4 versus IFNγ). Another factor that may

affect MGC phenotype is the cell maturation stage. This alteration of activity is

evident in MGC capacity for phagocytosis. An MGC is capable of internalizing

approximately the same number of particles as a mononuclear macrophage

[104, 105], but phagocytosis decreases as the number of MGC nuclei increases

[77, 106].

MGC can phagocytose larger particles than macrophages [98]. When a foreign

body is too large to be engulfed, MGC attempt to degrade them extracellularly.

MGC form adhesive structures called podosomes that are localized to the ventral

cell periphery, forming a compartment between the MGC and foreign body

[107]. A degradative microenvironment is formed within this sealed compartment,

likely as a result of lysosomal exocytosis. This microenvironment contains degra-

dative enzymes, an acidic pH, and reactive oxygen species generated predomi-

nantly by NADPH oxidase [95]. In the context of medical implants, MGC can

degrade biomaterials through a mechanism similar to osteoclast degradation of

bone [108]. Specific enzymes released by MGC that have been implicated in

foreign body degradation include MMP9 [97, 109] and cathepsin K [110]. It has

been hypothesized that this MGC degradative activity may eventually be down

modulated [81]. If this is the case, it is possible that MGC may reach an inactive

phase, during which their primary function is to protect the host by sequestering the

foreign material or pathogen.
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1.3.4 Disease Associations

MGC are most commonly associated with granulomas of diverse etiology

(Table 1.2). Multinucleated cells have also been described in giant cell tumor of

bone and soft tissues; however, these cells exhibit features more characteristic of

osteoclasts [111, 112].

1.3.5 Interaction with Particulates

The most well-known lung conditions associated with MGC include tuberculosis

infection [106] and sarcoidosis [71]. There is a growing body of studies that

describe MGC formation in response to particle inhalation. MGC are frequently

Table 1.2 Granulomatous conditions in which macrophage-derived multinucleated giant cells are

found. This list of example conditions is not exhaustive

Classification Disease or pathogenic material

Autoimmune/

idiopathic

Annular elastolytic giant cell granuloma or granuloma annulare [129]

Crohn’s disease and ulcerative colitis [130]

Langerhans cell histiocytosis [131]

Rheumatoid disease [132]

Sarcoidosis [71]

Vasculitides such as giant cell arteritis [133]

Endogenous

materials

Keratin [134]

Lipids [74] and cholesterol crystals [135]

Monosodium urate crystals [136]

Exogenous

materials

Engineered nanomaterials such as silver nanowires [118] and carbon

nanotubes [119]

Medical implants [137]

Metals such as Al [138], Be [122], Zr [139], and Co/WC alloys [140]

Minerals such as asbestos [141], silica [141], and talc [142]

Plant materials [143] such as cactus spines, corn starch used with medical

gloves, and wood splinters

Infection –

bacteria

Brucellosis [144]

Cat-scratch disease [145]

Mycobacteria infection such as leprosy [146] and tuberculosis [106]

Syphilis [147]

Infection – fungus African histoplasmosis [148]

Aspergillosis [149]

Cryptococcosis [150]

Infection –

parasite

Filariasis such as dirofilariasis [151] and onchocerciasis [152]

Leishmaniasis [153]

Schistosomiasis [154]
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observed in response to inhalation of antigens that cause hypersensitivity pneumo-

nitis [113, 114] and inhalation of other organic materials such as mycobacteria and

fungi (Table 1.2). Inhalation of inorganic particles is also known to induce MGC

formation. MGC have been observed in the lungs of rodents after exposure to silica

[115, 116], asbestos [115, 117], sepiolite nanoclay [116], silver nanowires [118], or

multiwalled carbon nanotubes [119]. Giant cell interstitial pneumonitis is a patho-

logical pattern of hard metal lung disease that is characterized by the presence of

MGC [120, 121]. This interstitial lung disease is usually observed as a result of

occupational exposure tungsten carbide and cobalt alloys. Inhalation of other

metals has also been reported to induce formation of MGC, such as beryllium [122].

1.4 Conclusion

The nature of the macrophage as a first-line agent of immunity is to phagocytose

foreign material and generate/regulate the subsequent immune response. As this

chapter has outlined, there are multiple types of “macrophages” that vary according

to morphology and function. While some subsets have already been directly

implicated in particulate/foreign-body-induced pathologies, involvement of other

subsets may be revealed by further investigation. For example, etiology could be

explained if either type of atherosclerotic macrophage (M4, Mhem/Mox) is affected

by particulates (i.e., decreased atheroprotective activity or increased

atherosclerotic-promoting activity). Although multinucleated giant cell association

with granulomas has been known for many years, determining whether or not they

significantly contribute to formation of the granuloma requires an increased under-

standing of their biology. Overall, the implications of various functional subsets

illustrate the key role that macrophages play in particulate/foreign-body exposures

and their potential in therapeutic development. If a subset is known to have a role in

pathology, then it can be targeted or antagonized to treat the disease/pathology.
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Chapter 2

NLRP3 Inflammasome-Mediated Toxicity

of Fibrous Particles

Sanae Kanno

Abstract Long airborne fibers such as asbestos and carbon nanotubes (CNTs) are

more potent activators of carcinogenesis, inflammation, and genotoxicity than short

or tangled fibers. It has recently been reported that fibrous particles trigger the

secretion of proinflammatory cytokines such as interleukin (IL)-1β and IL-18 and

cause inflammatory diseases through the NOD-like receptor pyrin domain

containing 3 (NLRP3) inflammasome. The NLRP3 inflammasome is a major

component of the innate immune system in responses to infection and tissue injury

in phagocytotic cells. The shape, size, charge, and biopersistence of particulate

substances are the most important factors affecting their ability to cause NLRP3

inflammasome-mediated proinflammatory responses. In this review, the current

understandings are summarized and discussed regarding the mechanisms of

NLRP3 inflammasome induction by various fibrous particles. In addition, the

review demonstrates the potential mechanism of IL-1β secretion through the

NLRP3 inflammasome, with a focus on the role of the GTPase effector Rho kinases

(ROCK1 and 2), which are known to be involved in a wide range of cellular

functions including adhesion, regulation of the cytoskeleton, and phagocytosis.

Keywords Rho kinase (ROCK) • NLRP3 inflammasome • Fibrous particles •

IL-1β

2.1 Introduction

Epidemiological studies show that exposure to ambient particulate matter (PM) is

associated with increased pulmonary and cardiovascular morbidity and mortality

[1, 2]. It is well known that inhalation of some types of fibrous particles leads to

thoracic diseases including asbestosis, lung cancer, and mesothelioma. Recently,

fibrous manufactured nanomaterials (defined as materials designed and produced to

have structural features with one or more external dimensions �100 nm) have been
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widely used for various industrial and medicinal applications; however, concerns

have been raised regarding their possible harmful effects. Therefore, the assess-

ments of adverse effects of fibrous particles on human health are imperative for the

fields of nanotoxicology and nano-risk.

Inflammation is a tightly regulated response of innate immune systems to

infection and tissue injury and is caused by various exogenous and endogenous

stimuli [3]. Inflammasomes, which serve a critical role in the innate immune

system, are large multimolecular complexes that are composed of a sensor protein,

the adaptor apoptosis-associated speck-like protein containing a caspase activation

and recruitment domain (CARD) (ASC), and the inflammasome protease caspase-1

[4]. The NOD-like receptor (NLR) pyrin domain containing 3 (NLRP3)

inflammasome is activated by a wide range of signals including pathogen-

associated molecular patterns (PAMPs) and danger-associated molecular patterns

(DAMPs). Activation of the NLRP3 inflammasome triggers activated caspase-1-

dependent proteolytic processing of immature proinflammatory cytokine interleu-

kin (IL)-1 family members, such as IL-1β and IL-18, and enhances the secretion of

mature proinflammatory cytokines [5]. It has been reported that the production of

proinflammatory cytokines initiates immune responses. It has recently been

reported that fibrous particles including not only asbestos and silica but also fibrous

manufactured nanomaterials act as a danger signal, triggering proinflammatory

cytokine secretion and causing inflammatory diseases through the NLRP3

inflammasome in phagocytotic cells [6–10]. NLRP3 inflammasome activation has

been reported to be a key factor in the harmful health effects of particulate

matter [6].

We recently reported that Rho kinases (ROCKs) are involved in NLRP3

inflammasomes induced by fibrous particles [11]. ROCKs (ROCK1 and ROCK2)

are the effectors of Rho GTPase and have a molecular mass of up to 160 kDa

[12]. ROCKs are known to be involved in a wide range of fundamental cellular

functions [13, 14].

This review briefly describes types of fibrous particles and their toxicity, NLRP3

inflammasomes induced by the particles, the involvement of ROCKs in NLRP3

inflammasomes, and the subsequent pyroptosis.

2.2 Fibrous Materials and Their Toxicity

Inhalation exposure to airborne pollutants is associated with several adverse health

effects. It is well known that inhalation of some types of fibrous particles leads to

thoracic diseases including asbestosis, lung cancer, and mesothelioma. The bioac-

tivity and toxicity of fibrous particles are dependent not only on fiber dimension but

also fiber shape, surface reactivity, chemical composition, the number of fibers, and

their biopersistence. Airborne fibrous materials to which people can be exposed to

occupationally and environmentally can be divided into two groups based on their

origin: naturally occurring and synthetic materials groups.
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2.2.1 Naturally Occurring Materials

The naturally occurring materials group consists mainly of a variety of asbestos

fibers and crystalline silica. Naturally occurring asbestos consists of long thin fibers.

Crystalline silica is abundant in nature as granites, quartz, and sands.

2.2.1.1 Asbestos

“Asbestos” is actually composed of six different fiber types: the amphibole types,

amosite, crocidolite, tremolite, actinolite, and anthophyllite, and the serpentine

type, chrysotile. Although asbestos has been banned in several countries, its use

in other countries, especially in third-world countries, is unregulated. It is widely

recognized that exposure to asbestos can result in pulmonary fibrotic disease

asbestosis, lung cancer, and pleural and peritoneal mesothelioma after a long

latency period in humans [15]. The deposition of asbestos fibers in the parietal

pleura is an early event of mesothelioma and fibrosis; however, the mechanism of

delivery to the parietal pleura remains to be elucidated. Donaldson et al. suggested

that retention of long fibers around the parietal pleural stomata due to length-

restricted clearance from the pleural space might initiate inflammation and meso-

thelioma [16]. The critical determinants of fibrogenicity and carcinogenicity of

asbestos fibers are dependent on several fiber parameters including fiber dimen-

sions. Wylie et al. reported that there was a good correlation between tumor

formation and the number of fibers >8 μm in length and �0.25 μm in diameter,

which are known as Stanton’s criteria [17, 18]. There have been some studies of the

comparative toxicity of long and short asbestos fibers. Adamson et al. reported that

when long fibers (average length, 24.4 μm) or short fibers (average length, 0.6 μm)

were administered into mouse lung by intratracheal instillation, long fibers were

deposited in the bronchiolar region and induced fibrosis, while short fibers reached

the alveoli but did not induce fibrosis [19]. Moreover, mesothelial and subpleural

cell proliferation was increased in response to long fibers [20]. On the other hand,

Goodglick et al., using mouse peritoneal macrophages, reported that the transition

metal ions in crocidolite asbestos fibers generated oxidant stress and caused lung

injury, although such toxicity was independent of the length of the crocidolite

asbestos fiber [21].

Some studies have investigated and documented the effect of asbestos on the

formation of DNA. Both Libby and crocidolite asbestos fibers generate reactive

oxygen species (ROS), which is involved in asbestos-related diseases (ARD), in

exposed macrophages; but only crocidolite asbestos induces DNA damage

[22]. Long amosite asbestos fibers caused more chromosomal aberrations than

short fibers in rats exposed to either long or short amosite asbestos fibers [23].
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2.2.1.2 Silica

Silica, known as silicon dioxide (SiO2), is a naturally occurring substance that

presents as a crystalline or an amorphous form. Amorphous silica nanoparticles are

used in various fields, such as cosmetics, drug delivery, foods, and chemicals. The

chronic effects of amorphous silica for human health are regarded to be no more or

less than those of crystalline silica [24]. The main exposure routes are considered to

be inhalation and dermal contact. Few papers have described the effects of dermal

exposure to amorphous silica. Subchronic dermal exposure of rat skin to amorphous

silica nanoparticles showed no toxicity and no changes in internal organs [25]. On

the other hand, a single intratracheal instillation of ultrafine amorphous silica

particles (diameter, 14 nm) into mice elevated mRNA and protein levels of inflam-

matory cytokines in the lung, indicating that ultrafine amorphous silica particles

induced transient lung inflammation [26].

Crystalline silica is classified as a human carcinogen (Group 1) by the Interna-

tional Agency for Research on Cancer (IARC) [24]. Chronic exposure to airborne

crystalline silica by occupational inhalation can result not only in progressive

pulmonary fibrosis (known as silicosis) and lung cancer but also in immunological

disorders [27, 28]. There have been many studies that have examined the details of

silica-induced lung fibrosis in mouse or rat experiments. Fibrotic responses are

increased by single pharyngeal aspiration of crystalline silica into NMRI mice [29]

and into MyD88 knockout mice [30]; however these responses are uncoupled from

lung inflammation. Lung fibrosis is caused by the profibrotic activity of anti-

inflammatory cytokines such as IL-10 and transforming growth factor (TGF)- β1,
rather than by inflammation [31]. Similar results were obtained in rat experiments.

Exposure to crystalline silica elevates the generation of reactive nitrogen species

(RNS) and ROS. Subsequently, ROS activates nuclear factor-κB (NF-κB), leading
to the secretion of proinflammatory cytokines such as tumor necrosis factor (TNF)-

α and IL-1 from epithelial cells. These events contribute to the development of

fibrosis [32, 33].

In vitro exposure to crystalline silica increased intracellular oxidants such as

RNS and ROS as an early event and caused elevation of various signaling pathways

in many types of cells. ROS that was induced by crystalline silica activated the

activator protein-1 (AP-1) in JB6 cells [34], and in BET-1A human bronchial

epithelial cells, it activated NF-κB, subsequently causing IL-8 production [35]. Fur-
thermore, it has been reported that the oxidative stress generated in crystalline

silica-exposed rat alveolar macrophages is associated with cytotoxicity and

genotoxicity [36].
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2.2.2 Synthetic Materials

High aspect ratio nanomaterials (HARN), such as nanotubes and nanowires, have

considerable beneficial uses in diverse fields. This synthetic materials group con-

sists of single-walled carbon nanotubes (SWCNTs), double-walled carbon

nanotubes (DWCNTs), multiwalled carbon nanotubes (MWCNTs), and various

metal nanomaterials such as silver (Ag) wires [37], titanium dioxide (TiO2) [38],

or cerium oxide (CeO2) nanorods [39].

2.2.2.1 Carbon Nanotubes

CNTs are one of the most promising nanomaterials for many industrial and

biomedical applications such as electronics, energy, pharmaceuticals, cosmetics,

agriculture, biomedical engineering, and gene therapy. There has been considerable

concern with the increasing use of CNTs, in view of their environmental and human

health effects [9, 10, 40]. Although CNTs display unique physiological properties

such as a nanoscale diameter, high aspect ratio and large surface area in comparison

with large particles, and biopersistence, their fibrous shape suggests that they may

have toxic properties similar to those of asbestos [41, 42].

CNTs are composed of tubular nanoscaled structures rolled up in a graphene

sheet. They are classified into two main types, SWCNTs and MWCNTs, based on

whether they have one or more layers. The main differences between SWCNTs and

MWCNTs are rigidity and physical state, which affect their dispersion, distribution,

and pathogenicity. MWCNTs are more rigid, straighter, and discrete than SWCNTs

[43]. It is more difficult for SWCNTs to penetrate plasma membranes and bound-

aries than MWCNTS, due to the low dispersion of SWCNTs in solution. Therefore

the distribution of SWCNTs within the lungs differs significantly from that of

MWCNTs. SWCNTs inhaled into the lung were present within the interstitial

space, with a few being incorporated into alveolar macrophages, whereas

MWCNTs readily penetrated cells and were incorporated within alveolar and

interstitial macrophages. The differential distribution of SWCNTs and MWCNTs

in the lung might be associated with the formation of granuloma [44]. Both

SWCNTs and MWCNTs cause genotoxicity in in vivo and in vitro assays [45–

49]. Experiments comparing SWCNTs and MWCNTs indicated that MWCNTs and

carboxylated, but not plain, short SWCNTs caused in vitro DNA damage

[48]. CNTs (SWCNTs >50 %) induced DNA damage assessed by comet assay in

BEAS-2B cells [45]. MWCNTs induced mitotic spindle disruption in BEAS-2B

cells [49].
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Single-Walled Carbon Nanotubes

There have been some studies that documented the toxicological effect of

SWCNTs. Single intratracheal exposure of mice to SWCNTs induced peribronchial

inflammation and necrosis. The pulmonary toxicity of SWCNTs is higher than that

of carbon black and possibly that of quartz, resulting in the possibility that chronic

inhalation exposure to SWCNT dust in a work environment might be a serious

occupational health hazard [50]. There are several studies that show that SWCNTs

induce a strong acute inflammatory reaction through induction of the secretion of

proinflammatory cytokines in mice [51, 52]. Pharyngeal aspiration exposure of

mice to SWCNTs induced an acute inflammatory reaction with a fibrogenic

response and the formation of granulomas [53]. Furthermore, inhalation exposure

of mice to SWCNTs was more effective than pharyngeal aspiration exposure in

causing an inflammatory response, oxidative stress, collagen deposition, and fibro-

sis, as well as mutagenesis [51]. It has been reported that repeated intratracheal

instillation of SWCNTs in mice exacerbates ovalbumin-induced allergic airway

inflammation and increases oxidative stress [52].

It was recently demonstrated that SWCNTs can be biodegraded by the human

neutrophil enzyme myeloperoxidase (MPO) in vitro [54]. An in vivo study also

showed that, after pharyngeal aspiration exposure to SWCNTs, knockout mice

displayed impaired clearance of SWCNTs from the lung and an enhanced pulmo-

nary inflammatory/profibrotic response compared to wild-type mice [55].

Multiwalled Carbon Nanotubes

Experiments regarding the toxicity of MWCNTs have revealed various toxic effects

including cytotoxicity, inflammation, fibrosis, genotoxicity, tumorigenesis, and

immunotoxicity [43]. Cytotoxicity and a type of cell death caused by MWCNTs

have been reported in multiple cell types including macrophages. MWCNTs

(diameter, 67 nm) triggered cytotoxic effects in J774.1 mouse macrophages [56],

and the effect was higher than that of crocidolite asbestos in BEAS-2B human

bronchial epithelial cells [57]. Thin MWCNTs (diameter, <50 nm) with high

crystallinity showed cytotoxicity and cell membrane piercing in MeT5A human

mesothelial cells without internalization of the MWCNTs [58]. Conversely, in

NR8383 rat macrophages, MWCNTs (length, >100 μm; diameter, 10–30 nm)

showed no sign of acute toxicity on cell viability as assessed by the WST-1 method

and PI staining [59]. Furthermore, the cytotoxicity of CNTs is associated with their

functionalization because the functionalization (unpurified> purified> FITC

functionalization) of CNTs greatly reduced their toxicity in J774A mouse macro-

phages [60]. Carboxylated MWCNTs showed increased cytotoxicity compared

with pristine MWCNTs in BEAS-2B human bronchial cells, whereas in A549

human alveolar cells, pristine MWCNTs showed higher inflammatory responses

than carboxylated MWCNTs [61]. Although the bioactivity of MWCNTs increased

with diameter and length, carboxylation of MWCNTs eliminated their bioactive
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potential regardless of size in an in vitro study [62]. These studies suggested that the

toxicity of MWCNTs depends not only on shape and size but also on surface

properties, which can alter their surface charge and reactivity.

The cytotoxicity of MWCNTs was due to direct membrane injury or necrosis

rather than to apoptosis in J774.1 mouse macrophages [56]. In LE rat lung epithelial

cells, MWCNTs activated apoptosis [63]. MWCNTs induce ROS generation in

NR8383 rat macrophages in an MWCNT dose-dependent manner [59] and acti-

vated oxidative stress-associated signaling pathways such as NF-κB and AP-1 in

both A549 human alveolar cells [64] and LE rat lung epithelial cells [63]. Elevated

ROS and NF-κB are involved in proinflammatory signaling [65] such as in IL-8

upregulation [64].

Acute pulmonary exposure to inhaled MWCNTs induced dose-dependent

inflammation, fibrosis, and rare pleural penetration, indicating that MWCNTs can

reach the pleura after inhalation [66]. Acute exposure to a high concentration of

MWCNTs caused pleural mononuclear cell accumulation and subpleural fibrosis in

mice [67]. Based on in vivo experiments using rats, it was suggested that the

administration of large-sized MWCNTs (length, 8 μm; diameter, 150 nm) by

transtracheal intrapulmonary spraying has a higher risk of causing asbestos-like

pleural lesions relevant to mesothelioma development than small-sized MWCNTs

(length, 3 μm; diameter, 15 nm) [68]. A long-term inhalation study of mice exposed

to MWCNTs by pharyngeal aspiration demonstrated that MWCNTs (mean dimen-

sions of 3.9 μm� 49 nm) have the potential to produce a progressive, fibrotic

response in the alveolar tissues of the lungs [44].

2.3 The NLRP3 Inflammasome

Inflammation is a tightly controlled response of the innate immune system to cell

injury and infection. Inflammasomes, which play a key role in inflammation, are

large multimolecular complexes composed of a sensor protein, an adaptor protein,

ASC, and an effector protein, caspase-1. Four different types of sensor proteins

have been identified: NLRP1b, NLRP3, and NLRC4, which belong to the NLR

family, and the ALR member absent in melanoma 2 (AIM2) protein [69]. NLRs are

characterized by the combined presence of the nucleotide-binding and oligomeri-

zation domain (NACHT), a variable number of leucine-rich repeat domains

(LRRs), and either a CARD or a pyrin domain (PYD). In general, LRRs found at

the carboxyl terminus of most NLRs are thought to survey PAMPs and DAMPs in

intracellular compartments [69]. The NLRP3 inflammasome is the most extensively

studied receptor.
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2.3.1 NLRP3 Inflammasome Activators

It is known that the NLRP3 inflammasome can be activated by diverse triggers

including PAMPs and DAMPs. PAMPs include lipopolysaccharide (LPS) and

lipoteichoic acid (LTA), which are components of the outer membrane of bacteria,

and pneumolysin, nigericin, and maitotoxin, which are pore-forming toxins

[70]. DAMPs are classified into two major classes based on their origin: exogenous

activators and endogenous activators.

2.3.1.1 Exogenous Activators

The NLRP3 inflammasome is activated by exogenous DAMPs such as crystalline

silica [8, 6], asbestos [6, 7, 11, 71, 72], CNTs [11, 10], aluminum salt (alum) [8],

and erionite [72] through occupational or environmental exposure. IL-1β, a

proinflammatory cytokine, has been reported to be involved in the pathogenesis

of asbestos-induced mesothelioma [6]. DWCNT- and needlelike MWCNT-induced

IL-1β secretion is linked to NLRP3 inflammasome activation in human monocytes,

in a manner similar to the linkage of DAMPs such as asbestos [9, 10]. Ag nanowires

or CeO2 nanorods induce IL-1β secretion in THP-1 human monocytes

[39, 73]. Mouse alveolar macrophages exposed to a TiO2 nanobelt also showed

IL-1β secretion via lysosomal rupture and cathepsin B release [38]. Several reports

have demonstrated that noncrystalline nanoparticles have the ability to induce the

NLRP3 inflammasome. It has been reported that NLRP3 inflammasomes are also

induced by nano-sized silica and TiO2 through adenosine triphosphate (ATP),

adenosine diphosphate (ADP), and adenosine in human and murine macrophages

[74]. Noncrystalline silica nanoparticles as well as crystalline silica particles induce

IL-1β secretion in LPS-primed RAW 264.7 cells and rat primary lung macrophages

[75]. Furthermore, diesel exhaust particles have been reported to induce pulmonary

inflammation in a manner that depends on IL-1β, but is independent of the classical
NLRP3/caspase-1 pathway [76]. Exogenous activators and their mechanisms of

action are summarized in Table 2.1.

2.3.1.2 Endogenous Activators

Endogenous fibrous particles include particles such as monosodium urate (MSU)

[77, 78], cholesterol crystals [79], β-amyloid fibers [80], and calcium pyrophos-

phate dehydrate (CPPD) [77]. Hemozoin crystals [81] are also known as endoge-

nous DAMPs, although they are not host derived, but are parasite derived. Many

reports indicate that aberrant activation of NLRP3 inflammasomes is observed in

autoinflammatory and autoimmune disorders. Inappropriate NLRP3 activation by

endogenous DAMPs such as cholesterol crystals and β-amyloid fibers is related to

atherosclerosis and Alzheimer’s disease, respectively. MSU, which is a well-
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studied pathogenic endogenous fiber, or CPPD, deposits in the joints of

hyperuricemic humans and can cause acute and chronic inflammatory responses

such as gout or pseudo-gout, respectively [77]. Although they do not have a fibrous

shape, ATP [82], heat-shock protein hsp72 [83], serum amyloid A, an acute-phase

protein in serum [84], and saturated free fatty acids [85] are also known as

activators of NLRP3 inflammasomes (Table 2.2).

2.3.2 The Cell Membrane Receptor that Recognizes Fibrous
Particles

The deposition rate of ultrafine particles (UFP) with a diameter less than 100 nm or

that of the HARN in the peripheral lung is higher than that of larger particles; and

these particles are retained more efficiently in exhaustively lavaged lung [86],

indicating that the alveolar lining may be affected greatly by nanoparticles or

fibrous particles. It is well known that macrophages play an important role in the

body’s first defense against various environmental particles and microorganisms.

Alveolar macrophages bind and ingest environmental particles and bacteria through

scavenger receptors [87]. Scavenger receptor class A is known to play a critical role

in innate immunity and apoptotic clearance. The macrophage receptor with a

collagenous structure (MARCO) was identified as a scavenger receptor class A

protein that is expressed on the cell surface of macrophages [88]. MARCO has been

reported to play a pivotal role in the phagocytosis of unopsonized environmental

particles and in the clearance of bacteria from the lung. The molecular structure of

the MARCO resembles that of the scavenger receptor-A1, which contains a triple-

helix collagenous domain and a scavenger receptor cysteine-rich domain at the C

terminus [89]. Mutagenesis studies with human MARCO have shown that the

N-terminal side of the cysteine-rich domain is important for ligand binding

[88]. MARCO mediates the binding and ingestion of unopsonized particles such

as TiO2, Fe2O3, latex beads [87], silica [90], unopsonized polystyrene nanoparticles

[91], and MWCNTs [40]. Recently, there have been a few reports regarding the

interaction of MARCO and inflammasomes. Rupa Biswas et al. have reported that

silica increased NLRP3 inflammasome activation and the release of IL-1β from

MARCO�/� alveolar macrophages compared to wild-type alveolar

macrophages [92].

2.3.3 Phagocytosis of Fibrous Particles

Alveolar macrophages play a crucial role in fibrous particle-induced inflammation

and pulmonary fibrosis. Macrophages can endocytose small or short fibrous mate-

rials and attempt to phagocytose long fibrous materials. However, macrophages
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often cannot enclose such long fibers due to their great length and high potential for

aggregation, leading to “frustrated phagocytosis,” which is characterized by

prolonged production of ROS. “Frustrated phagocytosis” was observed with silver

nanowires �10–14 μm in length using backscatter scanning electron microscopy in

in vivo and in vitro studies [93]. It has been demonstrated that the actin cytoskeleton

is necessary for both phagocytosis and “frustrated phagocytosis” [6, 94]. Both

phagocytosis and “frustrated phagocytosis” of fibrous particles such as DWCNTs,

alum, asbestos, and silica are involved in NLRP3 inflammasome activation

[6, 9]. The IL-1β secretion induced by asbestos or MSU was inhibited by

cytochalasin D, which disrupts actin filaments, whereas noncrystalline NLRP3

activators were not affected by cytochalasin D [6]. These results indicate that the

actin cytoskeleton is necessary for phagocytosis but does not drive mature IL-1β
secretion and that phagocytosis is essential for inflammasome activation induced by

fibrous particles.

2.4 Activation of the NLRP3 Inflammasome by Fibrous

Particles

It has been suggested that NLRP3 responds to certain cellular changes downstream

of initial triggering events because it is unlikely that NLRP3 can directly detect

many and diverse activating stimuli. The following three possible intermediate

activators have been proposed: (1) potassium (K+) efflux [95], (2) generation of

ROS [96], and (3) lysosomal rupture [8]. These intermediates coordinately activate

NLRP3 inflammasomes. It has been reported that phagocytosis of fibrous particles

is required as an initial step for inflammasome activation [9]. Phagocytosis of

fibrous particles leads to lysosomal rupture and K+ efflux, as well as leakage of

the lysosomal cysteine proteases and cathepsins B and L, into the cytoplasm, which

is associated with activation of the NLRP3 inflammasome [9]. Activation of the

NLRP3 inflammasome triggers activated caspase-1-dependent proteolytic

processing of immature proinflammatory cytokine IL-1 family members, such as

IL-1β and IL-18, and enhances the secretion of mature proinflammatory cytokines

[5]. Mature IL-1β is released from secretory lysosomes through K+-dependent

mechanisms [97] and promotes inflammatory responses [5]. Long aspect ratio

materials such as asbestos and CNTs lead to “frustrated phagocytosis,” which

generates ROS through an NADH oxidase [6]. This elevated ROS generation

activates the NLRP3 inflammasome through two pathways. One pathway is that

ROS leads to lysosomal rupture and cathepsin B release and subsequently activates

the NLRP3 inflammasome [69]. The other pathway is mediated via the thioredoxin

(TRX)-interacting protein (TXNIP). TXNIP dissociates from the TXNIP/TRX-1

complex in a ROS-sensitive manner, acts as an NLRP3 activator, and leads to

subsequent IL-1β secretion via the NLRP3 inflammasome [98]. It has been reported

that ROS is associated with NLRP3 inflammasome activation by fibrous particles
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such as MSU [6], Ag nanowires [73], and crystalline silica [99]. DWCNTs activate

the NLRP3 inflammasome via K+ efflux and lysosomal destabilization, but not by

ROS generation in primary human monocytes. In addition to NADPH oxidase-

induced ROS, recent study demonstrated that mitochondrial damage-induced ROS

is implicated in NLRP3 inflammasome activation [100]. The release of mitochon-

drial ROS leads to subsequent lysosomal and mitochondrial membrane permeabi-

lization and eventual cell death. Such damage may activate the NLRP3

inflammasome [100]. P2X7 receptors, which are extracellular ATP-gated ion chan-

nels, are reported to be associated with NLRP3 inflammasome activation [84].

Inflammasome-mediated secretion of IL-1 cytokines is associated with the simul-

taneous secretion of inflammasome components into the cell culture supernatant

[10]. P2X7 receptor inhibition by siRNA clearly decreased IL-1β secretion from

primary human macrophages, indicating that the P2X7 receptor is essential for the

NLRP3 inflammasome activation that is triggered by needlelike materials [10]. Fur-

thermore, the activation and secretion of proinflammatory cytokines via the NLRP3

inflammasome by needlelike materials is dependent on Src and Syk tyrosine

kinases [10].

Activation of the NLRP3 inflammasome by ATP, crystalline silica, or nigericin

was recently shown to result in the release of ASC specks that were composed of

ASC and a mutant form of NLRP3, as well as the release of mature IL-1β and

caspase-1 into extracellular spaces. The ASC speck promoted further activation of

caspase-1 extracellularly, as well as intracellularly after phagocytosis by macro-

phages, and amplified the inflammatory response [101, 102].

2.4.1 ROCKs

There are more than 20 Rho GTPase proteins in humans. Of these proteins, three

important Rho GTPase members, Cdc42, Rac1, and Rho, are well characterized in

terms of cellular function. The Rho GTPases act as molecular switches that

alternate between active GTP-bound forms and inactive GDP-bound forms

[103]. Rho GTPases not only have classical roles such as the regulation of cyto-

skeletal dynamics but more recently have also been shown to have roles in cellular

trafficking and tumor invasion [103]. Small GTPases are known to regulate ROCKs

(ROCK1 and ROCK2), which have a molecular mass of up to 160 kDa [12]. Acti-

vated ROCK1 induces myosin light chain (MLC) phosphorylation and cellular

F-actin and activates the actin-myosin contractile system [104], whereas ROCK2

is required for myosin-2-dependent phagocytosis [105]. It has been reported that

phagocytosis through the Fcγ receptor (FcγR) or the complement receptor 3 (CR3)

requires the actin-organizing complex, Arp2/3. Phagocytosis of opsonized particles

via the FcγR is mediated by Rac/Cdc42, and that of C3bi-coated particles is

mediated by Rho and ROCKs via CR3 [14]. However, in contrast to opsonized

particle phagocytosis, the interaction of unopsonized particles and ROCKs is not

well known.
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2.4.2 ROCK-Dependent Activation of the NLRP3
Inflammasome by Fibrous Particles

Previous studies have suggested that cytoskeletal proteins such as tubulin and actin

are required in the production of fibrous particle-induced IL-1β through the NLRP3
inflammasome [9, 106]. More recently, it has been reported that microtubule-driven

transport of mitochondria and the apposition of ASC on mitochondria to NLRP3 on

the endoplasmic reticulum are required for NLRP3 inflammasome activation

[94]. Inhibitors of tubulin polymerization such as colchicine and nocodazole

suppressed NLRP3-dependent IL-1β secretion in response to NLRP3

inflammasome activators such as nigericin, ATP, MSU, or silica, suggesting that

microtubules are associated with NLRP3 inflammasome activation by both

phagocytosis-dependent and phagocytosis-independent inducers [94]. It has been

reported that the guanine nucleotide exchange factor (GEF)-H1/RhoA/ROCK path-

way plays an important role in linking microtubule disassembly to remodeling of

the actin cytoskeleton [107, 108]. Rho/ROCK signaling has also been reported to be

associated with the stability or active role of microtubules [109]. Based on these

findings, we considered that ROCKs might possibly contribute to the fibrous

particle-induced NLRP3 inflammasome. We examined whether ROCKs are asso-

ciated with MWCNT-, asbestos-, or LPS-induced IL-1β secretion in human mono-

cytic THP-1 cells using the selective ROCK inhibitor, Y27632, and small

interfering RNA targeted against ROCK [11]. These experiments showed that

exposure of the cells to MWCNTs or asbestos provoked IL-1β secretion and that

this secretion was suppressed by Y27632, whereas LPS-induced IL-1β secretion

was not inhibited by Y27632. Consistent with these data, siRNA designed for

knockdown of both ROCK1 and ROCK2 suppressed MWCNT- and asbestos-

induced IL-1β secretion, but did not change LPS-induced IL-1β secretion. Further-
more, Y27632 suppressed pro-IL-1β protein levels and the release of activated

cathepsin B and activated caspase-1 that were induced by MWCNTs or asbestos. In

contrast, LPS-induced pro-IL-1β protein was not suppressed by Y27632. These

results suggest that ROCKs are involved in fibrous particle-induced NLRP3

inflammasome activation in THP-1 cells. Furthermore, such inhibitory effects

were observed not only in THP-1 cells but also in human blood-derived macro-

phages (our unpublished data). The ROCK inhibitor suppressed only the fibrous

particle-induced NLRP3 inflammasome which requires phagocytosis, indicating

that ROCKs might be involved in phagocytosis of the fibrous particles. The

proposed NLRP3 inflammasome pathway that is activated by fibrous particles is

illustrated in Fig. 2.1. Misawa et al. reported that microtubule-driven transport of

mitochondria and apposition of ASC on mitochondria to NLRP3 on the endoplas-

mic reticulum are required for NLRP3 inflammasome activation by both

phagocytosis-dependent and phagocytosis-independent inducers [94]. Therefore,

there is a possibility that the ROCK inhibitor suppressed the transport of mitochon-

dria and the apposition of ASCs (dotted line shown in Fig. 2.1).
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On the other hand, some studies have reported that nanomaterials can affect

ROCK activity. It was reported that crocidolite asbestos lowered the activity of

ROCKs in human malignant mesothelioma cells and that the reduced ROCK

activity was recovered by the treatment of the cells with antioxidant [110]. Quantum

dots inhibit ROCK signaling and impair macrophage morphology and the ability of

phagocytosis in J774A.1 cells and in mouse experiments [111].

2.4.3 Pyroptosis

Pyroptosis is a recently described programmed and proinflammatory form of cell

death. Pyroptosis is dependent on the activation of caspase-1 which is induced

through the inflammasome pathway [3]. Unlike apoptosis, the most notable mor-

phological features of pyroptosis are the following: (1) loss of plasma membrane

integrity, (2) increase in cell size due to cell swelling and release of cytoplasmic

content and membrane vesicles, and (3) rupture of the plasma membrane [112,

113]. However, similar to apoptosis, pyroptosis is also characterized by DNA

fragmentation [114]. There have been many studies regarding pyroptosis induced

by infection with intracellular pathogens; however pyroptosis induced by DAMPs

including fibrous particles has been poorly defined. It has been reported that the

exposure to MWCNTs induces NLRP3 inflammasome-dependent pyroptosis in

primary human bronchial epithelial cells [115]. Exposure to a high concentration

of carbon black nanoparticles induces pyroptosis in RAW264.7 mouse

macrophages [116].
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2.5 Conclusions

The NLRP3 inflammasome, which serves a critical role in the innate immune

system, is activated by a wide range of signals including PAMPs and DAMPs. In

addition to endogenous DAMPs, the NLRP3 inflammasome is activated by exog-

enous DAMPs including naturally occurring materials such as asbestos and crys-

talline silica and synthetic fibrous nanomaterials such as CNTs. This review

summarized the toxicity of fibrous particles including exogenous and endogenous

DAMPs that are mediated by the NLRP3 inflammasome. In addition, this review

demonstrated that ROCKs are involved in fibrous particle-induced IL-1β secretion

via the NLRP3 inflammasome. A proposed pathway of NLRP3 inflammasome

induction by fibrous particles is illustrated in Fig. 2.1. Although there have been

many studies regarding the mechanisms of NLRP3 inflammasome function, the

mechanism of NLRP3 inflammasome induction by fibrous particles remains largely

unknown. The application and production of various nanomaterials with a fibrous

shape are expanding rapidly due to their unique physical and chemical properties.

Therefore, further studies are needed to clarify the mechanism of NLRP3

inflammasome induction by fibrous particles in order to prevent the adverse effects

of the use of new fibrous nanomaterials. The understanding of the molecular

mechanism(s) that underlie NLRP3 inflammasome activation would make the

design and application of new, safe, and useful nanomaterials possible without

impairing their benefits. Furthermore, an understanding of these mechanisms would

be helpful for the design of therapies targeting inflammasome-related diseases in

the future.
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Chapter 3

Approaching a Unified Theory for Particle-

Induced Inflammation

Melisa Bunderson-Schelvan, Raymond F. Hamilton, Kevin L. Trout,

Forrest Jessop, Mary Gulumian, and Andrij Holian

Abstract Particles such as silica, asbestos, and engineered nanomaterials (ENM)

that fall within a relatively small size range (<100 nm in at least one dimension) are

known to have serious health consequences following exposure. Studies aimed at

determining the mechanisms of toxicity for environmental particles have been

ongoing for decades. However, the recent explosion of ENM into the market has

resulted in the emergence of many recent studies aimed at determining the mech-

anisms underlying the pathologies associated with certain forms of ENM. In this

chapter, we propose that many of the principles that have guided the toxicity studies

of environmental particles may also apply to bioactive ENM. In fact, the initiating

event for all downstream pathologies caused by exposure to both bioactive ENM

and environmental particles appears to be lysosomal membrane permeabilization

(LMP). Therefore, focusing on LMP as the “unifying” principle for particle toxicity

studies may allow the field to advance at an increased pace.

Keywords Engineered nanomaterials • Silica • Asbestos • Lysosomal membrane

permeabilization • Particle toxicology

3.1 Introduction

The emerging field of engineered nanomaterials (ENM) has gained momentum for

its applicability to a wide range of industries and its significant commercial

potential. In 2008, total global expenditures for research and development of

nanotechnologies were calculated to be US$18.1 billion [1], and global sales of
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engineered nanomedicines were estimated to exceed $100 billion in 2014 [2]. How-

ever, concerns regarding the safety of ENM have resulted in a great deal of scrutiny

from the research community. In some cases, biological effects of ENM have been

considered to be a new field of research. However, in this chapter, we suggest that

the most toxic ENM may share traits with environmental particles that have been

extensively studied in the past. Consequently, by incorporating our understanding

of the mechanisms of toxicity for environmental particles with recent findings

regarding ENM, we are suggesting a unified theory for particle-induced toxicity

based on inflammatory pathways.

Prior to recent studies with particulate matter and ENM, particle toxicology

included the study of three primary particle types: quartz (silica), asbestos, and

carbon-based particles (coal dust, diesel exhaust, urban particulate matter, residual

oil fly ash, etc.). Although a link between exposure to environmental particles and

disease was mentioned as early as the fifteenth and sixteenth centuries, the modern

era of research began around the 1940s when silicosis in rats was initiated following

exposures to quartz and mixed dusts [3]. Later, man-made particles known as

synthetic vitreous fibers, which were used as industrial alternatives to asbestos,

underwent scrutiny for suspected health hazards due to their similarities to envi-

ronmental particles. Through the formation of the International Agency for

Research on Cancer (IARC), it was eventually concluded that particle toxicity is

due, in part, to “size” [4] and/or “biopersistence”[5] rather than source (i.e.,

man-made versus environmental). However, recent focus has shifted from the

study of silica, asbestos, coal, and synthetic vitreous fibers to the study of ENM.

ENM are widely used in manufacturing processes ranging from medical technolo-

gies to cosmetics and can be mass produced under a variety of conditions, elements,

and forms [6]. Nanomaterials are often utilized as drug delivery systems with the

hope of targeting specific organelles to receive the drug of interest [7]. Many ENM

specifically target the lysosome, often through the use of protein modifications, in

order to modulate lysosomal function [8]. Other ENM types, such as quantum dots,

may naturally accumulate in the lysosomal compartment [9]. A large number of

researchers believe the relatively small size (<100 nm in at least one dimension)

and resulting unique material physical qualities of ENM have created a new field of

particle toxicology that is independent of the mechanisms known to contribute to

the health effects following exposure to environmental particles. However, in this

chapter, we describe the mechanisms by which particle toxicology is independent

of source or type but rather is dependent on the particle’s ability to cause lysosomal

membrane permeabilization (LMP).

While ENM present new challenges to the field of particle toxicology due to the

unlimited methods for manipulation of size, shape, and manufacturing processes,

the overall mechanisms for toxicity/bioactivity may remain the same as defined by

vintage particle research conducted primarily with asbestos and silica. Specifically,

we suggest that LMP is the initiating event that determines whether a particle is

“bioactive” and will cause adverse health effects—regardless of the type (i.e.,

asbestos, silica, ENM, etc.). LMP, as the “unifying” event for downstream particle

toxicity, may also provide important insight into the toxicity of endogenous
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particles that have also been reported to activate the NLRP3 inflammasome, such as

amyloid plaques [10], cholesterol crystals [11], and uric acid crystals [12].

There is significant overlap between the properties of “bioactive” natural parti-

cles and bioactive ENM (see Table 3.1), suggesting that the mechanisms of toxicity

are not dependent on source or type, but on properties contributing to bioactivity

(e.g., size, rigidity, and ability to induce LMP). Crystalline silica is generally

considered to be a more toxic form than amorphous or colloidal silica particles

[13]. Similarly, crocidolite [14, 15] and chrysotile [16] are types of asbestos that

have been well documented to cause severe pulmonary disorders and cancer,

whereas wollastonite is considered to be a relatively benign form of a crystalline

mineral [17, 18]. In fact, wollastonite has been used as a control particle for

comparisons to asbestos in toxicity studies [19]. In addition, the degree of bioac-

tivity can be altered through processing methods as described by Sandberg

et al. [20], who observed similarities in bioactivity as measured by the release of

IL-1β from macrophages treated with both crystalline and noncrystalline silica

particles in the nano- and submicron-size range [20]. These differences in toxicity

correlate well with the ability of the most toxic forms within the various particle

types to increase “bioactive” cellular pathways, resulting in inflammation and/or

cell death. This suggests that particle toxicity is due to an initiating event or

pathway that is common to all “toxic” particles but absent in the less toxic forms.

3.2 Lysosomal Membrane Permeabilization

Cellular lysosomes are critical organelles that have been affectionately dubbed the

“recycling centers” of the cell [21]. The lysosome contains a highly concentrated

pool of hydrolases that are capable of degrading macromolecules within the cell.

While lysosomes serve an important function in maintaining cellular homeostasis,

damage to the lysosomal membrane can result in permeabilization and subsequent

“leakage” of the hydrolases into the cytosol. Generally, leakage of the lysosomal

contents leads to a phenomenon known as lysosomal cell death, which may

oftentimes resemble necrotic or apoptotic pathways. Note that literal usage of the

phrase “lysosomal membrane permeabilization” pertains to lysosomes only, but

common usage is typically inclusive of both lysosomes and other vesicles formed

by fusion with lysosomes (e.g., phagolysosomes). In either scenario, LMP leads to

the release of degradative lysosomal contents, which may have significant down-

stream consequences.

There are a number of environmental agents and/or events that are known to

cause LMP, aside from particles. Weak bases that cross through the lysosomal

membrane and then become trapped after protonation in the acidic environment of

the lysosome can acquire detergent properties that enable them to weaken the

lysosomal membrane [22]. These “lysosomotropic detergents” can be potent

inducers of LMP. Similarly, viruses that rupture the lysosomal membrane and

become active within the acidic environment can cause LMP [23]. Other known
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inducers of LMP include bacterial toxins that destabilize the lysosomal membrane

[24], reactive oxygen species formed from the degradation of iron-containing

macromolecules [25], cathepsin proteases [26], apoptotic caspases [27], phospho-

lipase A2 activation [28], and p53 activation [29].

The uptake of both environmental particles [30, 31] and ENM [32] into cellular

phagosomes is a well-documented process that has been shown in multiple studies.

Subsequent to phagocytosis, the particle-containing phagosomes fuse with the

lysosome, resulting in the formation of a phagolysosome. Under normal circum-

stances, the formation of a phagolysosome allows the degradation of the

phagosomal contents via the hydrolytic enzymes within the acidic environment of

the lysosome. However, certain bioactive particles cause permeabilization of the

phagolysosomal membrane. This phenomenon has been demonstrated with the

more toxic environmental particles and ENM tested to date. It is this initial event

causing LMP that appears to determine the pathogenic potential of a particle. For

example, asbestos fibers are known to cause LMP and have also been demonstrated

to be potent pulmonary toxicants [33, 34] and carcinogens [35–37], whereas

wollastonite has low toxicity profiles and does not cause LMP [38]. Similarly,

titanium dioxide nanoparticles have shown a potent (size-dependent) bioactivity in

animal and cell culture studies [39, 40]; carbon nanotubes with long, needlelike

properties also display similar bioactivity to that seen with asbestos [41]. Other

ENM known to cause pathologies and LMP include zinc oxide nanoparticles [42]

and cationic nanoparticles [43].

3.3 Potential Causes of Particle-Induced LMP

3.3.1 Cholesterol Trafficking

It has been suggested that cholesterol trafficking may play a significant role in

mediating lysosomal membrane permeability (Fig. 3.1). For example, lysosomal

stability is increased by the addition of cholesterol [44–46]; accordingly, reduced

lysosomal cholesterol content increases the potential for lysosomal membrane

destabilization [47]. In addition, cholesterol cannot be degraded within the lyso-

some and must be actively transported out of the organelle [48]. Interestingly,

crocidolite asbestos has been shown to inhibit the cholesterol synthesis pathway

[49], and evidence suggests that exposure to silica reduces lysosomal cholesterol

content and subsequent release of pro-inflammatory mediators [50].
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3.3.2 Sphingomyelin Pathway

The incorporation of cholesterol into the lysosomal compartment is coordinately

regulated by sphingomyelin, which acts as a scaffold within the lysosomal mem-

brane [51]. Proteolytic cleavage of the sterol regulator element-binding proteins

also regulates cholesterol and membrane fatty acid profiles within cellular organ-

elles by modifying transcription of their biosynthetic genes [52]. Sphingosine,

which is formed due to the activity of either ceramidase or sphingosine-1 phosphate

(S1P) phosphatases, promotes apoptosis [53] and contributes to LMP via its

detergent-like properties [54]. Heat shock protein (Hsp) 70 binding to the

endolysosomal phospholipid BMP leads to increased activity of acid

sphingomyelinase, which has been shown to stabilize lysosomal membranes

(Fig. 3.1) [55]. Acid sphingomyelinase catalyzes hydrolysis of sphingomyelin to

form ceramide and phosphorylcholine and is proposed to promote survival in

cancer cells through the stabilization of the lysosomal membrane [56].

SM synthase

S1P

S1P phosphatase
SM

Cer Sph
Sph kinaseacid ceramidase

PtdCho
PA DAG lysoPtdCho

PLA2

PtdCho-PLC

PLD Cholesterol

PCho

P

acid SMase

Cer synthase

Cho

Cho

Hsp70

Calpain 1

Cleavage

Stimulate
acid SMase

LAMP2

Lumen of lysosome
or fused vesicles

Cytosol

Intralysosomal
Vesicle

BMP
Hsp70

Fig. 3.1 Potential regulators of particle-induced lysosome membrane permeabilization (LMP).

Shown in this diagram are membranes of a lysosome and an intralysosomal vesicle. Alterations in

lysosomal membrane cholesterol content can contribute to LMP. Similarly, LMP can be caused by

a disruption of sphingolipid metabolism at various stages, such as altered acid SMase activity.

Hsp70 has been shown to enter the lysosome and bind to the phospholipid BMP, facilitating its

activity as an acid SMase cofactor. Activities of phospholipases PLA2, PtdCho-PLC, and PLD

have been proposed to contribute to LMP. Finally, LMP can be induced by cleavage of the LAMP2

protein by calpain 1. Abbreviations: BMP bis(monoacylglycero)phosphate, Cer ceramide, Cho
choline, DAG diacylglycerol, Hsp70 heat shock protein 70, LAMP2 lysosome-associated mem-

brane glycoprotein 2, P phosphate, PA phosphatidic acid, PL phospholipase (i.e., phospholipase

C¼PLC), PtdCho phosphatidylcholine, S1P sphingosine-1-phosphate, SM sphingomyelin, Sph
sphingosine
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3.3.3 Other Membrane Phospholipids

The phospholipid composition of the lysosomal membrane is critical for

maintaining membrane integrity. For example, arachidonic acid [57] and

lysophosphatidylcholine [58] are generated by phospholipase A2 and have been

shown to increase lysosomal permeability to potassium ions and protons. Phospha-

tidic acid, the hydrolysis product of phosphatidylcholine, has also been shown to

destabilize the lysosomal membrane [59]. In addition to the phospholipids them-

selves, key enzymes that regulate the membrane lipid composition can alter the

membrane function, including phospholipase A2, phospholipase C, and

sphingomyelinase (Fig. 3.1) [54]. In fact, silica nanoparticles, multiwalled carbon

nanotubes, and carbon black have been shown to stimulate the activity of phospho-

lipase C [60]. Similarly, superoxide production caused by exposure to chrysotile

asbestos is proposed to be mediated by the phospholipase A2 enzyme [61].

3.3.4 Calpain 1 and LAMP2

The calpains are a family of cysteine proteases that are known to inhibit autophagy

[62]. Calpain 1, specifically, has been shown to induce lysosomal membrane

permeability through cleavage of the lysosomal-associated membrane protein

2 (LAMP2) (Fig. 3.1)—a process that is inhibited through the use of calpain

inhibitors [63, 64]. While there are 25 known lysosomal membrane proteins [65],

LAMP2 specifically is a single-spanning transmembrane protein contributing to as

much as 50 % of all proteins within the lysosome and late endosome membranes

[66]; LAMP2 is also required for maturation of autophagosomes [67].

3.3.5 Autophagy

Autophagy is a highly conserved mechanism by which cells maintain homeostasis

through sequestration, degradation, and recycling of damaged cytosolic macromol-

ecules and organelles. Ubiquitinated macromolecular structures are specifically

targeted to autophagic vesicles via the sequestosome (p62), which is contained

together with the targeted structure inside the forming autophagic vesicle

[68]. Autophagosomes are known to take up a variety of nanoparticles within

different cell types [69]—a phenomenon that may result in the dysfunction of the

autophagy pathway [70]. Disruption of the autophagic pathway has been attributed

to increased cytotoxicity and inflammation following exposure to rare earth

nanoparticles and CNT. In addition, phagophores—autophagic initiating organ-

elles—have been demonstrated to maintain close proximity with lysosomes and

late endosomes [71]; therefore, opportunities exist for the disruption of the
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lysosomal membrane upon uptake of bioactive particles. Interactions between rare

earth oxide nanoparticles and autophagosomes may give some insight into the

mechanisms relating autophagy disruption and lysosomal membrane permeabi-

lization. Specifically, rare earth oxide nanoparticles disrupt the autophagic flux

and function of the lysosomal phosphoproteins [72]. This, in turn, prevents the

acidification necessary for the formation of the autolysosome.

3.4 Consequences of LMP

Downstream events following LMP include mitochondrial damage and reactive

oxygen species (ROS) formation, release of cathepsin B, NLRP3 inflammasome

activation, and cell death. It is these features that determine whether a particle is

labeled as “bioactive” and ultimately allows it to be categorized as safe or hazard-

ous. The initiating event for particle-induced toxicity appears to be LMP. For

example, Joshi and Knecht demonstrated that the earliest detectable cellular event

following chronic inhalation of crystalline silica was phagolysosomal leakage,

which ultimately resulted in macrophage cell death by apoptosis and necrosis

[73]. As illustrated in Fig. 3.2, in the presence of a second signaling event such as

NF-κB, bioactive particles are taken up by a phagosome, which then fuses with the

intracellular lysosomes and effectively causes LMP. Subsequent release of the

lysosomal proteases such as cathepsin B causes several downstream events, includ-

ing 1) the activation of the inflammasome and caspase-1-mediated maturation of

IL-1β and IL-18 and 2) mitochondrial damage and production of ROS leading to 3)

cell death. Therefore, it is critical to note that the prevention of LMP would,

effectively, attenuate the pathological consequences of exposure to bioactive

ENM and particles [74].

3.4.1 NLRP3 Inflammasome Activation and Release of IL-1β
and IL-18

Chronic inflammation is gaining recognition as a primary contributing factor to

many degenerative and environmentally related diseases such as heart disease [75],

cancer [76], and fibrosis [77]. Environmental particles, in particular, are known to

contribute to inflammation by activating the NLRP3 inflammasome [78, 79], which

results in increased levels of the pro-inflammatory cytokines IL-1β and IL-18 [80–

82]. Similarly, titanium nanoparticles have been shown to activate the NLRP3

inflammasome [83]. In addition, some forms of multiwalled carbon nanotubes

(MWCNT) also cause lung inflammation and fibrosis. The mechanisms have not

been fully elucidated, but it has been shown that lysosomal disruption [69],

autophagy [69], and NLRP3 inflammasome activation [84] most likely play a role.
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While mechanisms involved in the activation of the NLRP3 inflammasome have

not been entirely elucidated, it is understood that events causing stress or result in

“danger” signals promote recruitment of an adaptor protein ASC. The assembly of

NLRP3 and ASC facilitates binding of procaspase-1 [85], which is activated by

proximity-induced autoproteolysis [86]. In turn, active caspase-1 processes pro-IL-

1β and pro-IL-18 to their active forms IL-1β and IL-18, respectively [87]. IL-1β, in
particular, has been associated with a wide array of inflammatory conditions

[88]. In fact, the activation of the NLRP3 inflammasome and the subsequent release

of IL-1β have been linked to pathologies associated with both asbestos and silica

[89]; ENM with various physicochemical properties are also known to activate the

NLRP3 inflammasome [90, 91]. Lysosomal membrane permeabilization is likely

the event that initiates inflammasome activation following particle exposure.

3.4.2 Mitochondrial ROS Production and Cell Death

It is well known that exposure to bioactive ENM and environmental particles results

in the generation of ROS. A question that arises is whether the ROS is a cause or

ROS
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Fig. 3.2 Consequences of lysosome membrane permeabilization. Environmental particles,

endogenous particles, or engineered nanomaterials enter the cell by phagocytosis, and then the

phagosome fuses with a lysosome to form a phagolysosome. Permeabilization of the

phagolysosome leads to the release of proteases into the cytosol, which induces cell death and

the activation of the NLRP3 inflammasome, either directly or indirectly through mitochondrial

damage. NLRP3 inflammasome assembly leads to the activation of caspase-1, which cleaves the

propeptide from IL-1β and IL-18. Secretion of these mature cytokines increases the inflammatory

response. A second signal is required to activate NF-κB transcriptional upregulation of pro-IL-1β,
pro-IL-18, and inflammasome proteins. This second signal may include various alarmins or IL-1

family cytokines
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consequence of particle-induced bioactivity. While ROS have long been considered

a primary player in the toxicity of environmental particles, some evidence suggests

their role in determining a particle’s bioactivity may be less significant than

previously thought. For example, environmental particles causing similar oxidative

stress effects in vitro are known to cause diverse pathologies in vivo [92]. Further-

more, recent evidence suggests that the release of proteases from a compromised

lysosome may result in mitochondrial damage and subsequently generate ROS

[21, 54] (Fig. 3.2). Consequently, mitochondrial-generated ROS and the release

of pro-inflammatory cytokines have attracted attention for their possible role in

chronic inflammation and disease [93]. Mitochondrial ROS have also been reported

to activate the NLRP3 inflammasome [94], an event that has been well character-

ized for bioactive nanoparticles. These data provide important insight into the

importance of LMP in particle-induced ROS generation and the subsequent initia-

tion of cell death. Moreover, studies have shown that LMP can initiate the intrinsic

apoptosis pathway [95], and it is well known that environmental particles and silica

can contribute to apoptosis [19, 96–98]. Similarly, the induction of apoptosis has

been observed in many types of ENM [83, 99–101]. While LMP has not been

confirmed for all types of bioactive ENM, a trend is emerging that could link

environmental particle- and ENM-induced apoptosis to the release of lysosomal

proteases that lead to mitochondrial damage and initiation of the apoptotic signaling

cascades. Exposure to titanium dioxide nanoparticles reduced the stability of the

mitochondrial membrane in mouse epidermal JB6 cells, ultimately resulting in

apoptosis [102]. The effects of titanium dioxide nanoparticles on the mitochondrial

membrane, along with increased ROS generation, were further confirmed in human

lung fibroblast WI-38 cells [103]. Similarly, asbestos fibers are known to generate

ROS [104, 105] and to cause apoptosis [19, 106, 107]—an effect that is not

observed with the nonfibrogenic wollastonite fibers [19].

3.4.3 Role of Cellular “Alarmins”

3.4.3.1 DAMPs

The production of pro-inflammatory cytokines following exposure to bioactive

particles is dependent upon the activation of NF-κB, as illustrated in Fig. 3.2.

Danger-associated molecular patterns (DAMPs) encompass a broad class of cellu-

lar proteins, lipids, and nucleic acids released following sterile injury and are

primarily pro-inflammatory or chemotactic in nature. DAMPs play a critical role

in regulating the NF-κB pathway during inflammation in acute lung injury caused

by trauma or bleomycin and fibrosis that occurs from these conditions. A well-

described DAMP involved in particle exposure is high-mobility group box

1 (HMGB1), though others are likely involved such as IL-1α, S100s, and Hsps

[108–110]. HMGB1 also plays an important role in autoinflammatory diseases that

have been linked to particle exposure [111–113].
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Under normal physiological conditions, HMGB1 is an abundant nuclear protein

that participates in DNA packaging and transcription regulation. HMGB1 is

released from the cell following exposure to particles including silica, asbestos,

uric acid crystals, and MWCNT [109, 114–116]. Necrotic cell death is a major

source of DAMPs, including HMGB1, and has been implicated in asbestos-induced

inflammation [116]. Apoptosis is also elevated following exposure to most bioac-

tive particulates and can also be a source of HMGB1; however, the primary activity

of HMGB1, whether pro-inflammatory or chemotactic under these circumstances,

is not well defined. Macrophages have been shown to actively secrete HMGB1

through an NLRP3 inflammasome and caspase-1-mediated pathway following

exposure to silica, MWCNT, and other nonparticulate NLRP3-activating agents

[109, 117]. The mechanism, by which particles induce HMGB1 release, whether it

is mediated by cell death or the inflammasome, is likely dependent upon the dose of

the particle and the type of cell involved (i.e., whether a lung macrophage or

epithelial cell). Many extracellular DAMPs, including HMGB1, bind TLR4 and

the receptor for advanced glycation end products (RAGE), resulting in the activa-

tion of the NF-κB pathway and MAPK pathways [118]. It is reported that specific

redox states of HMGB1 regulate its extracellular activity as a chemotactic DAMP

or an activator of TLR4 to promote inflammation [119]. Additionally, extracellular

HMGB1 has been shown to complex with other extracellular proteins or nucleic

acid and bind to TLR2 and TLR9 [120].

3.4.3.2 PAMPs

Pathogen-associated molecular patterns (PAMPs) and DAMPs act upon similar

receptors to activate the NF-κB transcription response. An example of a common

PAMP is lipopolysaccharide, which binds TLR4 to activate NF-κB. In addition,

exposing rodents to endotoxin exacerbates MWCNT-induced inflammation and

pathology [121]. Though PAMPs likely play a role in disease progression in

humans, many studies do not account for their potential contribution because the

research is typically done in specific-pathogen-free animals.

3.4.3.3 IL-1α

IL-1α is considered to be a cellular alarmin that is released following the activation

of caspase-1, -11, and initiation of pyroptosis [122]. Pyroptosis is a caspase-1-

dependent inflammatory form of cell death that is characterized by the release of

pro-inflammatory cytokines, such as IL-1β, IL-18, and IL-1α. Unlike IL-1β, IL-1α
does not require processing into its active form and is available to immediately bind

with its receptor to initiate transcription of pro-inflammatory genes via the NF-κB
pathway [110]. The cyclical process involving recognition of pyroptotic cells,

release of alarmins, inflammasome activation, and further induction of pyroptotic

cell death is thought to be a key element of noninfectious inflammatory pathways
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[123]. In fact, the early release of IL-1α and IL-33 into the alveolar space following
treatment with silica preceded the expression of pro-IL-1β and neutrophilic inflam-

mation in mice [110]. Furthermore, the degree of lung inflammation in mice

following exposure to silica correlated with the release of IL-1α in J774 macro-

phages [110]. The importance of IL-1α in particle-induced toxicity has only

recently gained attention, and wide gaps in knowledge still remain to be elucidated.

However, the mechanism responsible for IL-1 α secretion in response to particles

has not been explained, and the interrelationship between IL-1 α secretion and

IL-1β secretion is still unclear.

3.4.3.4 IL-33

IL-33 is a constitutively expressed alarmin that serves to alert the immune system of

damage to endothelial or epithelial cells following trauma or infection [124]. Ele-

vated levels of IL-33 have been observed in mice exposed to MWCNT experienc-

ing impaired pulmonary function [125, 126]. Furthermore, the toxicity of MWCNT

is attenuated in mice lacking sufficient mast cell populations or mast cells that are

unable to respond to the IL-33 danger signals [127].

3.5 Disease Outcomes

While evidence is mounting in support of LMP as the determinant of the pathogenic

potential of a particle or fiber and as such the initiating event for the downstream

pathologies associated with exposure to bioactive particles and fibers, there are still

wide gaps in knowledge. Mechanisms for asbestos, silica, and ENM toxicity may

share similar convergent pathways; however, there can be wide differences in

actual disease outcomes through divergent pathways (Fig. 3.3). Subsequently,

although the prediction of the pathogenic potential of ENM may be achievable

through the convergent mechanism of LMP, further investigations will be needed as

to the prediction of the disease outcome that may be associated with exposure to

ENM.

These differences in divergent pathways produced by environmental particles,

fibers, and ENM may be due, in part, to exposure route, duration, location, down-

stream targets, and/or particle tendency to migrate within the different body

compartments. The differences may also be the result of their surface and other

properties. For example, transformation of the particles once they have been

introduced into a biological system may play a role in the subsequent development

of disease. Various rates of diffusion, aggregation, and sedimentation within the

bloodstream may modify the way a particle will interact with biomolecules and

influence the resulting particle biological outcomes [128] as well as their ability to

cross biological barriers. Finally, differential immune responses between the
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various particles and fibers may also be an important divergent pathway and hence

determinant of disease outcome.

3.5.1 ENM Surface Modifications

ENM surface modifications, such as the addition of peptides designed to help

penetrate cellular membranes, may affect their ability to move between cells.

This transcellular movement has been shown to create temporary holes in the

membrane and cause membrane thinning and erosion [129]. Modifications to the

ENM surface can also influence whether it is able to penetrate the cell membrane

without disrupting the bilayer in order to cross between cells. These modifications

may also determine if the ENM will become trapped within the endosomal com-

partment [130]. The goal of modifying ENM surfaces is to create particles with

properties that easily lend them to specific industrial uses. However, disruption of

the cellular membrane and facilitation of cell-to-cell translocation can increase

particle toxicity [129] and possibly lead to more severe disease outcomes.

Physicochemical Properties

Surface modification/functionalization

Biodegradation and/or bioerosion rate

Size, aspec tratio, specific surface area

Effective surface charge(zeta potential)

Hydrophobicity, protein adsorbability

Chemical composition, contaminants

Electronic band structure

Environmental Particle,

Endogenous Particle, or

Engineered Nanomaterial
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• Route: inhalation,ingestion,

dermal contact, injection

• Dose, duration, biopersistence

• Ability to cross organ barriers

• Lung deposition location

Disease Outcome

Properties

affect aspects

of exposure

Properties

determine

bioactivity

Bioactivity

1. Ability to induce lysosomal

membrane permeabilization

2. Biological consequences: cell

death and immune response

Fig. 3.3 Factors affecting disease outcome. Physicochemical properties of environmental parti-

cles, endogenous particles, or engineered nanomaterials determine their bioactivity and affect

certain aspects of exposure. For example, particle hydrophobicity will determine the composition

of its protein corona, which affects the ability of the particle to cross organ barriers. Exposure and

particle bioactivity both contribute to the development of disease
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3.5.2 Route of Administration

A likely factor for determining the risk of particle-induced pathologies is the route

of exposure, including inhalation, ingestion, dermal contact, or direct injection into

the circulation. The majority of research has focused on inhalation as the most

concerning route. Research has shown that particle size determines whether the

particles will be deposited in the nasopharyngeal, tracheobronchial, or alveolar

regions of the respiratory tract [128]. These differences in pulmonary deposition

may affect outcomes associated with the respiratory tract and the likelihood of

translocation to peripheral organs and subsequent disease outcomes. For example,

particles entering the body through an inhalation exposure have been observed to

translocate to the liver, spleen, kidneys, heart, brain, bone, and soft tissues

[131]. Studies analyzing the outcome from ingesting radiolabeled gold

nanoparticles also found a differential accumulation of the material depending on

size and charge. Specifically, the highest accumulation of the particle in secondary

organs occurred with the smaller and positively charged particles. The highest

accumulation of gold particles was found in the brain and heart tissues following

ingestion [132].

3.5.3 Crossing Organ Barriers

The ability of particles to permeate specific barriers between the different organ

systems, such as the blood–brain barrier, the blood–testis barrier, and the placental

barrier, may provide powerful clues toward determining disease outcomes. In

addition to the route of exposure and size, various physicochemical properties of

the nanoparticle may be particularly important for determining their ability to cross

organ barriers. For example, it is known that internalized particles may undergo a

process of exocytosis [133]. This may, in turn, result in the attachment of various

macromolecules that make up a protein coat around the particle known as a

“corona.” The composition of the particle’s corona may then influence its likeli-

hood of undergoing passive or active transport and even subsequent turns of

endocytosis in order to cross organ barriers [134]. The formation of a biomolecular

corona on the surface of the particles has been described as “conferring a new

biological identity” to the particle in question [135], with possible long-term

consequences for the development of disease.

3.5.4 Innate and Adaptive Immune Responses

An increased immune response resulting from particle exposure is a hallmark of the

bioactivity that results from LMP. However, differential immune responses
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between the various particles have been observed. For example, the development of

silicosis is thought to predominantly involve a T-helper-1-like response in mice that

is characterized by lung lymphocytes, primarily CD4+ T cells and natural killer

cells [136]. However, silicosis has also been shown to develop in the absence of an

adaptive immune response [137]. The transition between innate and adaptive

responses and the corresponding release of inflammatory cytokines and transcrip-

tion factors following particle exposure could have significant consequences for

disease development. This phenomenon is being exploited in the development of

suitable vaccines against various pathogens. Particle size has been shown to

influence the balance of type 1/type 2 cytokines following immunization with

nanobeads serving as antigen carriers in mice [138]. While benefits, such as those

observed in the development of nanomedicines, may exist, a better understanding

of circumstances in which those benefits turn detrimental is warranted.

Finally, it is also important to mention that due to these identified differences,

certain but not all bioactive particles and fibers make individuals susceptible to

other environmental exposures. For example, asbestosis and silicosis are two well-

characterized diseases resulting from exposure to asbestos and silica, respectively,

where each disease presents with specific characteristics that are unique to its

specific pathology [139]. Although exposure to silica is widely known to increase

one’s risk of contracting tuberculosis [140, 141], a similar relationship between

asbestos and tuberculosis has only recently been investigated [142] and has not

been examined for ENM.

3.5.5 Acute Versus Long-Term Effects

Exposure to dissimilar ENM can result in differential effects when comparing

acute, local effects to long-term systemic responses [143]; however, the relation-

ship between acute toxicity and long-term progression of disease is not well

understood. Evidence suggests that disease outcomes can be variable depending

on the number and duration of exposure events. For example, rats exposed to a

single dose of cobalt metal dust mixed with tungsten carbide particles experienced

acute alveolitis persisting for more than one month, yet no evidence of fibrosis was

present four months following the exposure. In contrast, repeated intratracheal

instillations of cobalt metal dust mixed with tungsten carbide particles one month

apart resulted in interstitial fibrosis that could be differentiated from the fibrotic

response following exposure to crystalline silica [144]. Similarly, acute instillations

of silver nanoparticles are rapidly cleared by the lung but then enter systemic

circulation inducing possible long-term disease outcomes [145]. Size and surface

coating may also play an important function in mediating acute versus long-term

disease outcomes to ENM, but the details are not well understood

[146]. Compounding the issue are unexpected in vivo pathological outcomes that

differ from those predicted solely from in vitro toxicity studies [92]. Clearly there is
a very important role for in vitro studies that are mechanistically based to screen
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large numbers of new materials such as ENM. However, due to the infinite number

of potential ENM, long-term studies become time and cost prohibitive. Neverthe-

less, a reliance on in vitro studies for assessing risk and disease outcome may be

inappropriate.

3.6 Summary

The physicochemical properties of ENM continue to be recognized as important

factors in determining the bioactivity or biocompatibility of ENM. Specifically,

aspect ratio, dissolution, material bandgap, ROS generation, surface charge, and

surface chemistry have been shown to be important factors [147]. Similar conclu-

sions have been reported for natural particles such as silica and asbestos

[148]. While these characteristics are undoubtedly important for determining

whether or not a particle will be bioactive and therefore cause a pathological

response, we propose that these factors either contribute to or are a direct conse-

quence of LMP. As a result, LMP is the most likely defining factor for particle

bioactivity and should be used as a routine screening tool for gauging toxicity.

However, although the prediction of the pathogenic potential of ENM may be

achievable through the convergent mechanism of LMP, further investigations will

be needed as to the prediction of the disease outcome that may be associated with

exposure to particles. In fact, future research focusing on the divergent mechanisms

resulting in variable pathologies following LMP may prove to be critical in the

overall risk assessment for particle exposure.
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Chapter 4

Reproductive and Developmental Effects

of Nanomaterials

Yuki Morishita, Yasuo Yoshioka, Kazuma Higashisaka,

and Yasuo Tsutsumi

Abstract Reproductive and developmental toxicity are among the most important

factors for evaluating the safety of chemical substances. Some critical organs for

reproduction are protected by biological barriers: the fetus is protected by the

blood–placental barrier and the testes by the blood–testis barrier. The small size

of nanomaterials affords them unique biodistribution characteristics and thus bio-

logical effects that differ from those of larger materials. Their small size might

allow nanoparticles to penetrate barriers and cause unexpected reproductive and

developmental toxicity. In this chapter, the reproductive and developmental toxic-

ity of nanomaterials, including biodistribution within and biological effects on

reproductive tissues, fetuses, and offspring, are reviewed. Investigations show

that nanomaterials can penetrate biological barriers and can be distributed to the

ovaries, testes, and fetuses of rodents. Nanomaterials thus have the potential to

affect both male and female reproductive functions. Maternal exposure to

nanomaterials during gestation or lactation could also adversely affect the fetus
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or offspring. This review compiles current knowledge and highlights remaining

open questions in evaluating the reproductive and developmental toxicity of

nanomaterials.

Keywords Nanomaterials • Nanoparticles • Blood–placental barrier • Blood–testis

barrier • Reproductive and developmental toxicity

4.1 Introduction

Fetuses and infants are more sensitive than adults to environmental toxins

[1, 2]. Therefore, some chemicals transmitted through the placenta or through

breast milk could adversely affect fetuses or infants, even if the dose is low enough

not to induce adverse effects in mothers [2–4]. In addition, adverse effects that are

induced in offspring during the fetal or infant period of development could affect

the offspring’s subsequent growth [5]. Ensuring the safety of these susceptible

populations is one of the most important issues in chemical safety. In addition,

when evaluating the safety of chemicals for progeny, effects on reproductive

functions of parents should also be considered. Rates of male and female infertility

continue to increase, and infertility has been a difficult problem to solve

[6, 7]. Unlike toxicity-induced problems such as congenital abnormalities, infertil-

ity is less visibly apparent. Nevertheless, the damaging effect of infertility is severe

when one considers the potential lives lost. Therefore, the reproductive and devel-

opmental toxicity of chemicals are very important points to be evaluated.

There is increasing concern regarding the safety of fine particles. For example,

exposure to particulate matter less than 2.5 μm in diameter (PM2.5) is well known

to increase cardiovascular or respiratory mortality [8]. In addition, effects of PM2.5

on fetuses, infants, or reproductive functions of parents have also been reported

[9, 10]. Collection of more detailed information about reproductive and develop-

mental toxicity of fine particles is still urgently needed. Importantly, recent epide-

miological studies have shown that exposure to nanoparticles, rather than

microparticles, highly relates to relate health risks caused by fine particles

[11, 12]. In addition, there is an increasing use of engineered nanomaterials,

including nanoparticles, nanofibers, and nanosheets, in various applications such

as foods, cosmetics, and medicines [13–15]. Consequently, opportunities for

humans to be exposed to nanoparticles are increasing rapidly. Some health risks

of these engineered nanoparticles on humans have been reported [16–18]. Thus,

further collection and understanding of safety information of nanomaterials should

be regarded as an urgent need.

In this chapter, we summarize the current body of knowledge regarding the

reproductive and developmental toxicity of nanomaterials, focusing mainly on

in vivo and ex vivo studies of nanoparticle toxicity in mammals.
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4.2 Reproductive and Developmental Toxicity

of Nanomaterials in Females

4.2.1 Effects of Nanomaterials on Female Reproductive
Functions

Compared to the amount of safety information focused on gestational and lacta-

tional exposure (described in Sects. 4.2.2 and 4.2.3), relatively little information has

been collected regarding the effects of nanomaterials on female reproductive

functions. Gao G. et al. showed that, after oral administration for 90 days at

10 mg/kg in mice, titanium oxide nanoparticles could be distributed to the ovaries

and could induce ovarian damage, altered gene expression in the ovaries, an

imbalance of sex hormones, and decreased fertility [19]. Distribution to ovaries

and an imbalance of sex hormones after oral administration of titanium dioxide

nanoparticles (1 or 2 mg/kg for 5 days) were demonstrated also by Tassinari

et al. [20]. At the moment, it is difficult to judge whether these results can be

generalized to multiple types of nanomaterials or whether they are specific to

titanium dioxide. Therefore, the effects of nanomaterials on female reproductive

functions should be investigated more thoroughly through the use of various types

and sizes of nanoparticles.

4.2.2 Safety of Intrauterine Exposure to Nanomaterials

4.2.2.1 Penetration of Blood–Placental Barrier by Nanomaterials

Many nanomaterials such as gold nanoparticles [21–23], carbon nanotubes [24],

fullerenes [25, 26], titanium oxide nanoparticles [27, 28], silica nanoparticles [28],

polystyrene nanoparticles [29], iron oxide nanoparticles [30], silver nanoparticles

[31], and quantum dots [32] have been reported to penetrate the blood–placental

barrier (BPB) and to be distributed to fetuses in rodent studies. However, in other

studies, gold nanoparticles [33, 34] and quantum dots [35] have been reported to be

unable to penetrate the BPB. These conflicting results may be due to differences in

detection methods or detection limits. Studies that have demonstrated

nanoparticles’ penetration of the BPB have used high-sensitivity quantitative

methods such as inductively coupled plasma mass spectrometry (ICP-MS), induc-

tively coupled plasma atomic emission spectroscopy (ICP-AES), and radioisotope

measurements [21–23, 32]. In contrast, studies that have shown that nanoparticles

do not penetrate the BPB have used relatively insensitive methods such as

autometallography, spectroscopic examination, and microscopic examination

[33, 35]. Although an ex vivo human placenta perfusion study that showed that

gold nanoparticles do not penetrate the BPB [34] used a quantitative method

(ICP-MS), the detection limit of gold in the fetal side of the placenta was only
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0.13–0.2 % of the amount detectable in the maternal side. Considering the low

transfer rate of gold nanoparticles through the BPB in late pregnancy period by

rodent study (about 0.00005–0.07 % of the amount of gold administered to dams)

[21–23], the sensitivity of the detection methods might have been insufficient to

detect gold in the fetal side. In addition, penetration of the human BPB by

polystyrene nanoparticles has been demonstrated by Wick et al. and Grafmüller

et al. [36, 37]. Therefore, it is possible that nanomaterials could penetrate the BPB

in humans and rodents, although the transfer rate would be low. These reports about

transitivity of nanomaterials to fetuses by means of the BPB are summarized in

Table 4.1. Some factors that determine the transitivity of nanomaterials through the

BPB have been revealed. One of the factors is the size of the nanomaterials: smaller

particles were reported to be more easily distributed to the fetus than were larger

particles for gold [21, 22], silica [28], and polystyrene [29, 36, 37] nanoparticles as

well as quantum dots [32]. The gestational day is also an important factor. Yang

et al. showed that 13-nm gold nanoparticles were distributed more readily to fetal

tissue before gestational day 9.5 than after gestational day 11.5 [23]. In addition,

surface modification or coating with polyethylene glycol (PEG), acids, amino or

carboxyl groups, proteins, or SiO2 can change the nanoparticles’ transitivity of the

BPB [23, 29, 32]. Therefore, it could be possible to regulate the transitivity of

nanomaterials to fetuses by designing appropriate particles or by using

nanomaterials during times in the pregnancy term that are determined to be safe.

4.2.2.2 Biological Effects of Nanomaterials on Embryos and Fetuses

Some nanomaterials have been reported to cause hazardous effects on fetuses in

rodent studies (Table 4.2). Carbon nanotubes [24, 38–40], fullerenes [25], titanium

oxide nanoparticles [28], silica nanoparticles [28], cadmium oxide nanoparticles

[41], and quantum dots [32] present hazards leading to miscarriage, fetal death,

fetal resorption, fetal growth restriction, or fetal malformation when exposed to

dams. In addition, treatment of blastocysts or oocytes by silver nanoparticles [42] or

quantum dots [43, 44] has been reported to cause increased resorption of post-

implantation embryos and decreased fetal weights. Similar to the case of the

transitivity through the BPB, the size and surface modification of the nanomaterials,

as well as the pregnancy term, determine the hazard on the fetus. Smaller silica

nanoparticles [28] and quantum dots [32] had a greater hazard of causing fetal

death, fetal resorption, or fetal growth restriction than did larger particles. Surface

modification or coating by PEG, 3-mercaptopropionic acid, amino groups, carboxyl

groups, SiO2, or ZnS could change the nanomaterials’ hazard to the fetus [28, 32,

43, 44]. The degree of oxidation of carbon nanotubes was found to contribute to

their toxicity [39]. The period of pregnancy during exposure also seems to deter-

mine what effects are observed on the fetus. Many studies focused on exposure

during the organogenic period have revealed teratogenicity of nanomaterials

[25, 38, 39]. On the other hand, exposure to nanomaterials late in pregnancy

induced fetal death/resorption or fetal growth restriction [28, 32]. These results
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Table 4.1 Distribution of nanomaterials to fetuses

Nanomaterials Animals Exposure protocol Results References

Gold nanoparticles

(5, 30 nm)

Wistar

rats

Single intravenous

injection on gesta-

tional day (GD) 19 at

0.02 mg/rat

Gold nanoparticles

were detected in

fetus; fetal accumu-

lation was greater

for the smaller

nanoparticles

[21]

Gold nanoparticles

(1.4, 18 nm)

WKY rats Single intravenous

injection in third

trimester

Gold nanoparticles

were detected in

fetus; fetal accumu-

lation was greater

for the smaller

nanoparticles

[22]

13-nm gold

nanoparticles with

surface modifica-

tions (ferritin, PEG,

or citrate)

CD-1

mice

Single intravenous

injection at GD 5.5,

7.5, 9.5, 11.5, 13.5, or

15.5 (7.2 μg/g)

Gold nanoparticles

were detected in

fetal tissue; fetal

gold levels declined

dramatically post-

E11.5; fetal accu-

mulation of ferritin-

or PEG-modified

nanoparticles was

considerably greater

than that of citrate-

capped

nanoparticles

[23]

Oxidized multi-

walled carbon

nanotubes

Kunming

mice

Single intravenous

injection on GD 17 at

20 mg/kg

Carbon nanotubes

were detected in

fetus

[24]

Fullerene (C60) SLC mice Single intraperitoneal

injection on GD 10 at

25–137 mg/kg

Fullerene was

detected in embryos

[25]

Fullerene (C60) Sprague–

Dawley

rats

Single intravenous

injection on GD 15 at

0.3 mg/kg

Fullerene was

detected in fetus

[26]

Titanium dioxide

nanoparticles (ana-

tase, 25–70 nm)

ICR mice Subcutaneous injec-

tion on GD 3, 7,

10, and 14 at 0.1 mg/

mouse

Titanium dioxide

nanoparticles were

detected in testes

and brain of male

offspring

[27]

Titanium dioxide

nanoparticles

(217 nm), silica

nanoparticles

(70, 300, 1000 nm),

carboxyl-modified

silica nanoparticles

(70 nm), amine-

modified silica

nanoparticles

(70 nm)

BALB/c

mice

Intravenous injection

on GD 16 and 17 at

0.8 mg/mouse

Titanium dioxide

nanoparticles and

silica nanoparticles

with diameters of

less than 70 nm were

detected in fetal liver

and brain; larger sil-

ica particles

(300, 1000 nm) were

not detected in fetus

[28]

(continued)
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Table 4.1 (continued)

Nanomaterials Animals Exposure protocol Results References

Carboxyl-modified

polystyrene

nanoparticles

(20, 100, 500 nm),

amine-modified

polystyrene

nanoparticles

(200 nm)

Mouse

placenta

(ex vivo)

Injection via extra-

embryonic tissue on

GD 7.5

20- and 200-nm

polystyrene

nanoparticles were

detected in embryo;

100- and 500-nm

polystyrene

nanoparticles were

not detected

[29]

Iron oxide

nanoparticles coated

with dimercapto-

succinic acid

(3–9 nm)

BALB/c

mice

Single intraperitoneal

injection on GD 8 at

50, 100, 200, and

300 mg/kg

Iron oxide

nanoparticles were

detected in fetal liver

[30]

Silver nanoparticles

(35 nm)

Wistar

rats

Single intragastrical

administration on GD

20 at 1.69–2.21 mg/

kg

Silver nanoparticles

were detected in

fetus

[31]

CdTe/CdS quantum

dots (with various

sizes and cappings)

Kunming

mice

Single intravenous

injection on 20–22

days after female

mice were housed

with male mice at

20, 50, 86, or 125 μg
Cd/mouse

Smaller quantum

dots were more eas-

ily transferred to

fetus than larger

ones; capping with

an inorganic silica

shell or organic

polyethylene glycol

reduced the transfer

of quantum dots to

fetus

[32]

Gold nanoparticles

(2, 40 nm)

C57BL/6

mice

Single intravenous

injection on GD 16 to

18 at 12.13 μg (2-nm

gold nanoparticles)

or 58.21 μg (40-nm

gold nanoparticles)

Gold nanoparticles

were not detected in

fetal liver

[33]

PEGylated gold

nanoparticles

(10, 15, 30 nm)

Human

placenta

(ex vivo)

Once-through perfu-

sions (15, 30 nm) or

recirculating perfu-

sions (15, 30 nm)

Gold nanoparticles

were not detected in

fetal outflow

[34]

CdSe/ZnS quantum

dots coated with

PEG

Wistar

rats

Intraperitoneal injec-

tion on GD 13, at

0.4 nmol/rat

Quantum dots were

not detected in fetus

[35]

Polystyrene

nanoparticles

(50, 80, 240, 500 nm)

Human

placenta

(ex vivo)

Dual recirculating

perfusion

Polystyrene particles

with diameter up to

240 nm were able to

cross the placental

barrier

[36]

Polystyrene

nanoparticles

(80, 500 nm)

Human

placenta

(ex vivo)

Dual recirculating

perfusion

The 80-nm particles

were able to cross

the placental barrier

while the 500-nm

particles were not

[37]
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Table 4.2 Biological effects of nanomaterials on fetuses

Nanomaterials Animals Exposure protocol Results References

Oxidized multi-

walled carbon

nanotubes

Kunming

mice

Single intravenous

injection on GD 17 at

20 mg/kg

Increased abortion

rate

[24]

Single-walled car-

bon nanotubes

functionalized with

a hydroxyl group

CD-1

mice

Single oral adminis-

tration on GD 9 at

10 or 100 mg/kg

Carbon nanotubes

administration

(10 mg/kg) increased

the number of

resorptions and

resulted in fetal mor-

phological and skele-

tal abnormalities

[38]

Pristine, oxidized, or

ultraoxidized single-

walled carbon

nanotubes

CD-1

mice

Single intravenous

injection on GD

5.5 at 0.01, 0.1, 0.3,

3, or 30 μg/mouse

A high percentage of

early miscarriages

and fetal

malformations were

observed in females

exposed to single-

walled carbon

nanotubes, while

lower percentages

were found in ani-

mals exposed to the

pristine material; the

lowest effective dose

was 0.1 μg/mouse

[39]

Multi-walled carbon

nanotubes

ICR mice Single intraperito-

neal or intratracheal

administration on

GD 9 at 2, 3, 4, or

5 mg/kg (intraperito-

neal) or 3, 4, or 5 mg/

kg (intratracheal)

In the intraperitoneal

study, various types

of malformation were

observed in all car-

bon nanotube-treated

groups. Such

malformations were

observed in groups

given 4 or 5 mg/kg

body weight, but not

in those treated with

3 mg/kg in the

intratracheal study

[40]

Fullerene (C60) SLC mice Single intraperito-

neal injection on GD

10 at 25–137 mg/kg

Increased fetal death

(137 mg/kg) and fetal

abnormalities

(25, 50, and 137 mg/

kg)

[25]

(continued)

4 Reproductive and Developmental Effects of Nanomaterials 83



seem reasonable, because teratogenic effects arise mainly following exposure

during the organogenic period. It remains to be clarified which period of pregnancy

is most susceptible to exposure of nanomaterials. Hazardous effects, such as

hepatotoxicity and nephrotoxicity, might be induced in fetuses at doses that do

not induce adverse effects on mothers [28]. Since the “no observed adverse effects

level” (NOAEL) is lower for fetuses than for mothers, particular attention should be

paid to the fetal toxicity of nanomaterials. Unfortunately, the mechanism of these

hazardous effects is not well understood and needs to be evaluated further. Our

research revealed a partial mechanism of silica nanoparticle–induced fetal growth

restriction in mice [28]. In our research, heparin treatment prevented decreased fetal

weight caused by silica nanoparticles. Heparin mainly works as anticoagulant.

However, heparin is also known to have an anticomplement activation effect [45]

and a role as a placental growth factor [46–48]. Therefore, silica nanoparticle–

induced fetal growth restriction might involve coagulation, complement activation,

or placental dysfunctions. Extensive vascular lesions and increased production of

reactive oxygen species (ROS) were also observed in placentas of malformed

fetuses by carbon nanotube administration to dams [39]. Oxidative stress in the

placenta can cause placental dysfunction and induce pregnancy complications

Table 4.2 (continued)

Nanomaterials Animals Exposure protocol Results References

Titanium dioxide

nanoparticles

(217 nm), silica

nanoparticles

(70, 300, 1000 nm),

carboxyl-modified

silica nanoparticles

(70 nm), amine-

modified silica

nanoparticles

(70 nm)

BALB/c

mice

Intravenous injection

on GD 16 and 17 at

0.8 mg/mouse

Titanium dioxide

nanoparticles and sil-

ica nanoparticles

with diameters of less

than 70 nm induced

reduction of fetal

weight and increased

resorption rate while

other materials did

not

[28]

Cadmium oxide

nanoparticles (10–

15 nm)

CD-1

mice

Inhalation every

other day of 100 μg
of particles or daily

inhalation of 230 μg
particles from

PND4.5 to 16.5

Daily inhalation of

230 μg particles

decreased the inci-

dence of pregnancy,

delayed maternal

weight gain, altered

placental weight, and

decreased fetal length

[41]

CdTe/CdS quantum

dots (with various

sizes and cappings)

Kun

Ming

mice

Single intravenous

injection on 20–22

days after female

mice were housed

with male mice at

20, 50, 86, or 125 μg
Cd/mouse

Smaller quantum

dots produced dead

pups; PEG or SiO2

coating could

enhance the survival

of the pups

[32]
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[49]. Therefore, ROS induction in the placenta and placental dysfunction is a

possible mechanism of fetal toxicity by nanomaterials.

4.2.2.3 Postnatal Effects of Intrauterine Exposure to Nanomaterials

In utero exposure to nanomaterials can also induce postnatal effects in rodents

(Table 4.3). Hazard information has been collected mainly for titanium oxide

nanoparticles and carbon black nanoparticles. After intrauterine exposure, titanium

oxide nanoparticles have been observed to distribute to the testes or brain of pups

[27]. In addition, they have been shown to induce testicular injury and reduce sperm

production [27], as well as brain dysfunctions: altered gene expression [50, 51],

altered neurotransmitters [52], increased apoptosis in the olfactory bulb [27], and

neurobehavioral alterations [53] of pups. Titanium oxide nanoparticles have also

been reported to alter hepatic gene expression of pups [54] and to increase neonatal

asthma susceptibility [55]. Carbon black nanoparticles presented hazards similar to

those of titanium oxide nanoparticles upon intrauterine exposure, including the risk

of causing testicular damage and reduced sperm production [56] (reduced sperm

production was even observed in F2 pups [57]), neurobehavioral alterations [58],

altered hepatic gene expression [59], hepatic gene damage [60], and renal abnor-

malities in pups [61]. As for other nanomaterials, decreased growth and abnormal

spermatogenesis of pups caused by iron oxide nanoparticles [30] and delayed

neonatal growth caused by cadmium oxide nanoparticles [41] have been reported.

Taken together, the findings indicate that prenatal exposure to nanomaterials could

affect the growth, liver, kidney, brain, and testes of neonates. Although the broad

range of tissues and organs affected by the nanomaterials suggests that the toxicity

of nanomaterials is not tissue-specific, it is interesting to note that many hazards

were observed for the brain and testes of pups. These tissues might have been

affected owing to the immaturity of the blood–brain barrier and blood–testis barrier

(BTB) during the fetal and juvenile periods [62–65]. Substances that would rarely

pass through these barriers in adults, such as nanomaterials or proinflammatory

cytokines produced by exposure to nanomaterials, might be more easily distributed

to the brain or testes during the fetal and juvenile periods, resulting in increased

toxicity for these susceptible tissues. Proinflammatory cytokines, including mater-

nal proinflammatory cytokines, have been shown to affect fetal brain development

[66]. In view of these possibilities, more detailed mechanistic analysis of

nanomaterials’ postnatal effects should be conducted. In addition, for postnatal

effects of nanomaterials, information about the relationship between toxicity and

physical properties of nanomaterials such as size and surface modification is

deficient and should be investigated in future studies.
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Table 4.3 Postnatal effects of intrauterine exposure to nanomaterials

Nanomaterials Animals Exposure protocol Results References

Titanium dioxide

nanoparticles (ana-

tase, 25–70 nm)

ICR mice Subcutaneous injec-

tion on GD 3, 7,

10, and 14 at 0.1 mg/

mouse

Reduced sperm pro-

duction and increased

apoptosis in olfactory

bulb were observed

in offspring

[27]

Titanium dioxide

nanoparticles

(2570 nm)

ICR mice Subcutaneous injec-

tion on GD 6, 9,

12, and 15 at 0.1 mg/

mouse

Changes in the

expression of genes

associated with apo-

ptosis, brain devel-

opment, response to

oxidative stress, neu-

rotransmitters, and

psychiatric diseases

were found in the

brain of pups

[50]

Titanium dioxide

nanoparticles (ana-

tase, 25–70 nm)

ICR mice Subcutaneous injec-

tion on GD 6, 9,

12, and 15 at 0.1 mg/

mouse

Alteration of gene

expression in the

cerebral cortex,

olfactory bulb, and

regions related to

dopamine systems of

pups

[51]

Titanium dioxide

nanoparticles (ana-

tase, 25–70 nm)

ICR mice Subcutaneous injec-

tion on GD 6, 9,

12, 15, and 18 at

0.1 mg/mouse

Dopamine and its

metabolites were

increased in the pre-

frontal cortex and the

neostriatum of pups

[52]

Titanium dioxide

nanoparticles

(97 nm)

C57BL/

6BomTac

mice

Inhalation 1 h/day of

42 mg/m3 aerosol-

ized powder from

GD 8 to 18

Offspring tended to

avoid the central

zone of the open field

and female offspring

displayed enhanced

prepulse inhibition

[53]

Titanium dioxide

nanoparticles

(97 nm)

C57BL/

6BomTac

mice

Inhalation 1 h/day of

42 mg/m3 aerosol-

ized powder from

GD8 to 18

Changes in gene

expression related to

the retinoic acid sig-

naling pathway in the

female pups

[54]

Titanium dioxide

nanoparticles

BALB/c

mice

Single intranasal

administration on GD

14 at 50 μg/mouse

Increased asthma

susceptibility in

offspring

[55]

Carbon

nanoparticles

(14 nm)

ICR mice Intratracheal admin-

istration on GD7 and

14 at 0.2 mg/mouse

Histological abnor-

malities in testes and

reduced daily sperm

production of pups

[56]

(continued)
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Table 4.3 (continued)

Nanomaterials Animals Exposure protocol Results References

Carbon black

nanoparticles

(140 nm)

C57BL/

6 J mice

Intratracheal admin-

istration on GD 7, 10,

15, and 18 at 67 μg/
mouse

F2 offspring, whose

fathers were prena-

tally exposed to car-

bon black

nanoparticles,

showed lowered

sperm production

[57]

Carbon black

nanoparticles

(140 nm)

C57BL/

6BomTac

mice

Intratracheal admin-

istration on GD 7, 10,

15, and 18 with total

doses of 11, 54, and

268 μg/mouse

Female offspring

displayed altered

habituation pattern

during the open-field

test

[58]

Carbon black

nanoparticles

(140 nm)

C57BL/

6BomTac

mice

Intratracheal admin-

istration on GD 7, 10,

15, and 18 with total

doses of 11, 54, and

268 μg/mouse

Gene expression

changes in pup’s
liver

[59]

Carbon black

nanoparticles

(140 nm)

C57BL/

6BomTac

mice

Inhalation of 42 mg/

m3 carbon black

nanoparticles for 1 h/

day from GD 8 to

18, or intratracheal

administration on GD

7, 10, 15, and 18 with

total doses of 11, 54,

or 268 μg/mouse

Inhalation exposure

induced DNA strand

breaks in the liver of

offspring, whereas

intratracheal admin-

istration did not

[60]

Carbon black

nanoparticles

(14 nm)

ICR mice Intranasal adminis-

tration on GD 5 and

9 at 50 μg/mouse

Increased expression

of the gene encoding

collagen, type VIII,

alpha 1 in the tubular

cells in the kidney of

12-week-old off-

spring mice

[61]

Iron oxide

nanoparticles

coated with

dimercaptosuccinic

acid (3–9 nm)

BALB/c

mice

Single intraperitoneal

injection on GD8 at

50, 100, 200, or

300 mg/kg

Decreased growth of

pups; decrease in

spermatogonia, sper-

matocytes, sperma-

tids, and mature

sperm of pups

[30]

Cadmium oxide

nanoparticles (10–

15 nm)

CD-1

mice

Inhalation every

other day of 100 μg
of particles or daily

inhalation of 230 μg
particles from

PND4.5 to 16.5

Daily inhalation of

230 μg particles

induced delayed neo-

natal growth

[41]
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4.2.3 Safety Information Regarding Lactational Exposure
to Nanomaterials

4.2.3.1 Distribution of Nanomaterials to Breast Milk

The possibility that nanomaterials could be distributed to breast milk has been

demonstrated in a few studies. Titanium oxide nanoparticles [67] and silver

nanoparticles [31] were detected in neonates after oral administration to lactating

dams. However, these results are thought to be insufficient to verify the transitivity

of nanomaterials to breast milk, because neonates could be exposed to

nanomaterials not only through breast milk but also from contact with the dam’s
excretion or the dam herself. Among the very few studies that have directly

examined nanomaterials’ transitivity to breast milk, Sumner et al. showed that

fullerenes could be distributed to breast milk after intravenous injection to lactating

rats [26] and Hougaard et al. showed that titanium dioxide nanoparticles are not

detected in breast milk after inhalation by pregnant mice [53]. Information about

the transitivity of other nanoparticles to breast milk is limited. Therefore, the

transitivity of nanomaterials to breast milk should be investigated more thoroughly,

using various species and sizes of nanoparticles.

4.2.3.2 Biological Effects on Neonates by Lactational Exposure

to Nanomaterials

Very little information is available regarding the hazards of neonatal exposure to

nanomaterials via lactation, compared to the information available for in utero

exposure. Gao X. et al. orally treated lactating rats with 100 mg/kg of titanium

oxide nanoparticles from postnatal days 2–21, and they revealed that the offspring’s
synaptic plasticity, namely, input/output functions, paired pulse reaction, and long-

term potentiation in the hippocampal dentate gyrus area, all were attenuated [67]. In

addition, they showed that if dams were exposed to titanium oxide nanoparticles

during pregnancy, rather than while lactating, only the paired pulse reaction was

attenuated in the offspring. These results suggest that the susceptibility of neonates

or infants to the nanomaterials varied among pregnancy and lactation periods.

Therefore, more investigations focused on lactational exposure to nanomaterials

would help to reveal more hazards to neonates, including the identification of target

tissues, in addition to the hazards described in Sect. 4.2.2.3.
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4.3 Effects of Nanomaterials on Male Reproductive

Functions

4.3.1 Penetration of BTB by Nanomaterials

Many nanomaterials such as gold nanoparticles [68–70], carbon nanotubes [71],

titanium oxide particles [72, 73], silica nanoparticles [74], iron oxide nanoparticles

[75], silver nanoparticles [76–79], ceria nanoparticles [80], magnetic nanoparticles

[81, 82], cobalt–chromium nanoparticles [83], and polymethyl methacrylate

nanoparticles [84] have been reported to be distributed to the testes (Table 4.4).

In addition, smaller nanomaterials were more easily distributed to the testes than

were larger nanomaterials [68, 74, 77]. The BTB is the barrier between blood

vessels and seminiferous tubules that is formed by tight junctions of Sertoli cells.

Distribution to the testes itself does not mean that the BTB has been penetrated,

because some interstitial testis cells exist on the external side of the BTB. However,

gold nanoparticles [70], titanium oxide particles [72, 73], silica nanoparticles [74],

and magnetic nanoparticles [81] have been detected inside seminiferous tubules or

Sertoli cells raising the possibility that nanomaterials can penetrate the BTB.

Furthermore, gold nanoparticles [70] and silica nanoparticles [74] have been

shown to be distributed to male germ cells. Testicular distribution of nanomaterials

has some interesting characteristics. Nanomaterials distributed to the testes are

retained for a long time compared to those retained in other tissues [78, 79]. Accu-

mulation of gold nanoparticles in testes has been reported to occur from 1 month

postinjection [69]. Considering these findings of long retention and late accumula-

tion, further studies on nanomaterials in testes should focus on long-term analysis.

4.3.2 Biological Effects of Nanomaterials on Male
Reproductive Functions

Some nanomaterials have been reported to cause hazardous effects on the male

reproductive functions of rodents in vivo (Table 4.5). Carbon nanotubes [71],

carbon black nanoparticles [85], titanium oxide nanoparticles [72, 73, 86], silica

nanoparticles [87], silver nanoparticles [88], and cobalt–chromium nanoparticles

[83] can cause oxidative stress or tissue damage in the testes. Gold nanoparticles

[70], carbon black nanoparticles [85], titanium oxide nanoparticles [20, 72], and

nanoparticle-rich diesel exhaust [89, 90] have been shown to disrupt the endocrine

activity of the male reproductive system. Carbon black nanoparticles [85], titanium

oxide nanoparticles [72, 73, 86, 91], silver nanoparticles (especially smaller silver

particles) [88], and cobalt–chromium nanoparticles [83] can affect sperm produc-

tion or injure sperm (or germ cells). Although such occurrences are thought to be

infrequent, male germ cells have been shown to be directly exposed to

nanomaterials in some cases [70, 74]. In this regard, hazard information for male
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Table 4.4 Distribution of nanomaterials to testes

Nanomaterials Animals Exposure protocol Results References

Gold nanoparticles

(10, 50, 100, 250 nm)

Wistar

rats

Single intravenous

injection at 77, 96,

89, or 108 μg/rat (for
10-, 50-, 100-, and

250-nm particles,

respectively)

Gold nanoparticles

were detected in tes-

tes; 10-nm

nanoparticles were

the most easily dis-

tributed to testes

[68]

Gold nanoparticles

(20 nm)

Wistar

rats

Single intravenous

injection at 3.02 μg/
rat

Gold nanoparticles

were detected in tes-

tes; significant accu-

mulation of Au in

testes took place

only after 1–2

months postinjection

[69]

PEG-NH2�modified

or ω-methoxy and

ω-aminoethyl poly

(ethylene glycol)–

modified gold

nanoparticles (14 nm)

ICR

mice

Single intravenous

injection at 45 mg/kg

Gold nanoparticles

were detected in tes-

tes;

PEG-NH2�modified

gold nanoparticles

accumulate more

easily in testis than

do ω-methoxy and

ω-aminoethyl poly

(ethylene glycol)–

modified gold

nanoparticles

[70]

Carboxylate-

functionalized multi-

walled carbon

nanotubes

BALB/c

mice

Single intravenous

injection at 5 mg/kg

Carbon nanotubes

were detected in

testes

[71]

Titanium dioxide

nanoparticles (ana-

tase, 294 nm)

CD-1

mice

Intragastric adminis-

tration for 90 days at

2.5, 5, or 10 mg/kg

Titanium dioxide

nanoparticles were

detected inside of the

seminiferous tubules

[72]

Titanium dioxide

nanoparticles

(310 nm)

CD-1

mice

Intragastric adminis-

tration for 90 days at

2.5, 5, or 10 mg/kg

Titanium dioxide

nanoparticles were

detected in Sertoli

cells

[73]

Silica nanoparticles

(70, 300 nm)

BALB/c

mice

Intravenous injection

on two consecutive

days at 0.8 mg/

mouse

70-nm silica

nanoparticles were

detected within

Sertoli cells and

spermatocytes, while

300-nm silica parti-

cles were not

[74]

Iron oxide

nanoparticles

(144 nm)

Sprague–

Dawley

rats

Single intratracheal

administration at

4 mg/rat

Iron oxide

nanoparticles were

detected in testes

[75]

Silver nanoparticles

(56 nm)

F344 rats Oral administration

for 90 days at

30, 125, or 500 mg/

kg

Silver nanoparticles

were detected in

testes

[76]
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Table 4.4 (continued)

Nanomaterials Animals Exposure protocol Results References

Silver nanoparticles

(22, 42, 71, 323 nm)

ICR

mice

Oral administration

for 14 days at 1 mg/

kg

Smaller silver

nanoparticles (22 nm

and 42 nm) were

detected in testes,

while larger silver

nanoparticles

(71 and 323 nm)

were not

[77]

<20-nm noncoated,

or <15-nm

polyvinylpyrrolidone-

coated silver

nanoparticles

Sprague–

Dawley

rats

Oral administration

for 28 days at 90 mg/

kg

Silver nanoparticles

were detected in tes-

tes; silver

nanoparticles were

not cleared from the

testes after 8 weeks

post-dosing

[78]

Silver nanoparticles

(10, 25 nm)

Sprague–

Dawley

rats

Oral administration

for 28 days at 100 or

500 mg/kg

Silver nanoparticles

were detected in tes-

tes; silver concentra-

tions in the testes did

not clear well after

the 4-month recov-

ery period

[79]

Ceria nanoparticles

(30 nm)

Sprague–

Dawley

rats

Single intravenous

administration at

�100 mg/kg

Ceria nanoparticles

were detected in

testes

[80]

Silica-overcoated

magnetic

nanoparticles (50 nm)

ICR

mice

Intraperitoneal

administration for

4 weeks at 25, 50, or

100 mg/kg

Magnetic

nanoparticles were

detected inside of the

seminiferous tubules

[81]

Magnetic

nanoparticles (50 nm)

ICR

mice

By nose-only expo-

sure chamber system

with a total particle

number of 4.89 x 105

/cm3 (low concentra-

tion) and 9.34 x 105 /

cm3 (high concentra-

tion) for 4 weeks

(4 h/d, 5 d/wk)

Magnetic

nanoparticles were

detected in testes

[82]

Cobalt–chromium

nanoparticles (55 nm)

Sprague–

Dawley

rats

Intra-articular

administration once

a week at 20, 100, or

500 μg/kg for

10 consecutive

weeks

Cobalt–chromium

nanoparticles were

detected in testes

[83]

Polymethyl methac-

rylate nanoparticles

(130 nm)

Wistar

rats

Single oral

administration

Polymethyl methac-

rylate nanoparticles

were detected in

testes

[84]
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Table 4.5 Biological effects of nanomaterials on male reproductive functions

Nanomaterials Animals Exposure protocol Results References

Carboxylate- and

amine-

functionalized

multi-walled carbon

nanotubes

BALB/c

mice

Intravenous injection

every 3 days for

5 times at 5 mg/kg

Nanotubes generated

oxidative stress and

decreased the thick-

ness of the seminif-

erous epithelium in

the testes at 15 days

after the first dose,

but the damage was

repaired at 60 and

90 days after the first

dose

[71]

Carbon black

nanoparticles

(14, 56, 95 nm)

ICR mice Intratracheal admin-

istration for 10 times

every week at

0.1 mg/mouse

Carbon black

nanoparticles

induced increased

serum testosterone,

partial vacuolation of

the seminiferous

tubules, and reduced

daily sperm

production

[85]

Titanium dioxide

nanoparticles (ana-

tase, 294 nm)

CD-1 mice Intragastric adminis-

tration for 90 days at

2.5, 5, or 10 mg/kg

Titanium dioxide

nanoparticles

induced testicular

lesions, sperm

malformations, alter-

ations in serum sex

hormone levels, and

altered gene expres-

sion in testes

[72]

Titanium dioxide

nanoparticles

(310 nm)

CD-1 mice Intragastric adminis-

tration for 90 days at

2.5, 5, or 10 mg/kg

Titanium dioxide

nanoparticles

induced testicular

oxidative damage

and/or apoptosis,

altered gene expres-

sion in testes, and

increased abnormal

sperm

[73]

Titanium dioxide

nanoparticles

(33, 160 nm)

CBAB6F1

mice

Oral administration

for 7 days at 40, 200,

or 1000 mg/kg

Particles induced

increased frequency

of spermatids with

two and more nuclei

(33, 160 nm), apo-

ptosis in testes (only

33 nm)

[86]

(continued)
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Table 4.5 (continued)

Nanomaterials Animals Exposure protocol Results References

Silica nanoparticles

(10–15 nm)

Wistar

mice

Single oral adminis-

tration at

333.33 mg/kg

Silica nanoparticles

induced testicular

lesions

[87]

Silver nanoparticles

(20, 200 nm)

Wistar rats Single intravenous

injection at 5 (20 and

200 nm) or 10 (only

20 nm) mg/kg

Silver nanoparticles

induced decrease of

the epididymal

sperm count, DNA

damage in germ

cells, and change in

the testes seminifer-

ous tubule

morphometry

[88]

Cobalt–chromium

nanoparticles

(55 nm)

Sprague–

Dawley

rats

Intra-articular

administration once

a week at 20, 100, or

500 μg/kg for

10 consecutive

weeks

Cobalt–chromium

nanoparticles

reduced epididymal

sperm motility, via-

bility, and concen-

tration, increased

abnormal sperm rate,

and induced testicu-

lar damage and path-

ological changes via

oxidative stress

[83]

PEG-

NH2�modified or

ω-methoxy and

ω-aminoethyl poly

(ethylene glycol)–

modified Gold

nanoparticles

(14 nm)

ICR mice Three intravenous

injection each other

day at 45 or

225 (only for

ω-methoxy and

ω-aminoethyl poly

(ethylene glycol)–

modified gold

nanoparticles) mg/kg

PEG-NH2�modified

gold nanoparticles

increased plasma

testosterone levels

[70]

Titanium dioxide

nanoparticles

Sprague–

Dawley

rats

Oral administration

for 5 days at 1 or

2 mg/kg

Titanium dioxide

nanoparticles

increased plasma

testosterone levels

[20]

Nanoparticle-rich

diesel exhaust

F344 rats Inhalation for 4, 8, or

12 weeks (5 h/day,

5 days/week) at

15.37, 36.35, or

168.84 μg/m3

Increased plasma

testosterone, plasma

inhibin, and testicu-

lar testosterone

concentration

[89]

Nanoparticle-rich

diesel exhaust

F344 rats Inhalation for 4, 8, or

12 weeks (5 h/day,

5 days/week) at

15.37, 36.35, or

168.84 μg/m3

Increased plasma

testosterone

concentration

[90]

Titanium dioxide

nanoparticles

ICR mice Intraperitoneal injec-

tion every other day

for 5 times at 200 or

500 mg/kg

The high-dose group

showed reduced

sperm density and

motility, increased

sperm abnormality,

and germ cell

apoptosis

[91]
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germ cells directly exposed to nanomaterials have been collected by some in vitro
studies. In these studies, gold nanoparticles [92], magnetic nanoparticles [93], and

silver nanoparticles [94] could penetrate into the sperm or the spermatogonial stem

cell. Silver nanoparticles were shown to decrease motility and viability of sperm

[95], and gold nanoparticles were shown to decrease motility of sperm, increase

fragmentation of sperm, and disturb nuclear chromatin decondensation in sperm

[92, 96]. In view of these reported hazards, opportunities of nanomaterial exposure

to sperm, such as distribution of nanomaterials to seminal vesicle fluid, should be

investigated in greater detail. In addition, transgenerational effects through fathers

have been reported [97–100]. Therefore, biological effects on neonates from fathers

exposed to nanomaterials should also be evaluated.

Some nanomaterials have been reported to have beneficial effects rather than

hazardous effects on male reproductive functions in vivo. Hydrated fullerenes have
been reported to restore decreased weight in reproductive tissues, blood testoster-

one, sperm motility, and sperm concentration in the epididymis and to mitigate

testicular injury in streptozotocin-induced diabetic male rats [101]. In addition,

fullerenol can prevent testicular oxidative stress induced by doxorubicin [102]. In

humans, rates of male infertility continue to increase and male infertility has been

an arduous problem [7]. Therefore, beneficial nanomaterials should be utilized to

improve male fertility with consideration of the balance between risk and benefit.

4.4 Conclusion

In this chapter, the biodistribution of nanomaterials to reproductive tissues, fetuses,

and infants and the potential effects of nanomaterials on these susceptible tissues

and populations have been reviewed. When female rodents are exposed to

nanomaterials, the nanomaterials might be distributed to the ovaries and affect

sex hormone secretion and fertility. Exposure to nanomaterials during pregnancy

results in accumulation of nanomaterials in the fetus and has the potential to cause

miscarriage, fetal death, fetal resorption, fetal growth restriction, and fetal malfor-

mation. In utero exposure of nanomaterials also presents a risk of causing

malfunctions in offspring, including hepatotoxicity, nephrotoxicity, reproductive

toxicity, neurotoxicity, and immunotoxicity. Although more detailed studies of

lactational exposure effects are needed, nanomaterials might be distributed to breast

milk and cause neurotoxicity of breast-fed offspring mice. When male rodents were

exposed to nanomaterials, the nanomaterials could be distributed to the testes or

male germ cells and could affect sex hormone secretion and sperm production.

Smaller nanomaterials are more easily distributed to the fetus or testes through the

BPB or BTB. In addition, some hazardous effects are more severe for smaller

particles than for larger particles. Therefore, special attention should be paid to

nanoparticles, more so than larger particles, when considering reproductive and

developmental toxicity. On the other hand, similarly sized particles can induce

different biological effects when the surface coating or modification of the particles
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is varied, which complicates understanding of the safety of nanomaterials. Interac-

tions between biomolecules (such as lipids and proteins) and nanomaterials, to form

the so-called corona, are assumed to affect the nanomaterials’ biodistribution and

biological effects [103]. Thus, it is necessary to reveal the factors that define the

reproductive and developmental toxicity of nanomaterials by focusing not only on

the physicochemical properties of the nanoparticle but also on the biomolecular

corona. The NOAEL is not clear for many of the hazards described in this article.

Therefore, determination of the NOAEL for each nanomaterial is also important.
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Chapter 5

Fibrogenic and Immunotoxic Responses
to Carbon Nanotubes

James C. Bonner

Abstract Carbon nanotubes (CNTs) are a major product of the emerging nano-

technology industry that have numerous applications. Human exposure to CNTs is

inevitable as they will be manufactured and incorporated into consumer products.

CNTs represent a widely varying class of nanomaterials that vary due to numbers of

concentric walls (single versus multiple) and manufacturing process that result in

variable rigidity and metal catalyst content. Moreover, post-synthesis functiona-

lization to enhance the properties of CNTs will create a vast array of new

nanomaterials that have unknown effects on biological systems. Toxicologists

have been proactive in investigating the potential adverse effects of CNTs, and an

overwhelming body of evidence shows that fibrosis is a common outcome of

pulmonary exposure in rodents. CNTs also have adverse effects on the immune

system, including impaired macrophage function and exacerbation of preexisting

lung inflammatory diseases. In addition, CNTs may cause systemic immune sup-

pression. A major issue is the potential carcinogenic effects of CNTs, particularly

with regards to mesothelioma. The overall goal is to predict and prevent human

disease that could occur from CNT exposure.

Keywords Carbon nanotubes • Fibrosis • Immunotoxicity • Lung

5.1 Introduction

The nanotechnology industry emerged only over the past few decades, and yet even

in this relatively short period of time, thousands of different types of engineered

nanoparticles (ENMs) have been created with a myriad of potential uses in engi-

neering, electronics, and medicine [1, 2]. ENMs produced in the greatest volume

include titanium dioxide, cerium oxide, zinc oxide, silver, and carbon nanotubes

(CNTs). A concern is that these newly emerging nanoscale particle- and fiber-like
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structures with widely varying physical dimensions and chemical features will pose

a risk for disease through occupational, consumer, or environmental exposure.

Almost all human diseases that have been associated with environmental expo-

sure to particles and fibers involve chronic tissue remodeling that originates from

the dysregulation of the immune system. CNTs are no exception and have the

potential to cause lung immunotoxic and fibroproliferative responses due their high

surface area per unit mass, increased reactivity, greater ability to cross biological

barriers, and increased opportunity to directly interact with immune cells [3].

CNTs are graphene sheets rolled into cylinders that are one (“single-walled,”

SWCNT) or multiple (“multiwalled,” MWCNT) layers thick. MWCNTs have

unique physical and chemical properties that make them particularly hazardous,

including fiber-like shape with increased rigidity reinforced by multiple concentric

layers and residual metal catalyst from the manufacturing process [4]. SWCNTs

and MWCNTs have numerous useful applications in structural engineering, elec-

tronics, and medicine. However, CNTs also represent a risk to human health as they

have been shown to cause pulmonary fibrosis and immunotoxicity in rodents

following inhalation exposure.

The focus of this chapter is to overview some of the mechanisms of

CNT-induced lung fibrogenesis and immunotoxicity. Growing evidence from

rodent studies indicate that fibrosis caused by CNT exposure is determined by

multiple factors, including rigidity, metal catalyst contamination, dispersion, and

post-synthesis functionalization. In addition, the development and utility of in vitro
cell and tissue culture assays to predict in vivo responses in rodents will be

discussed as means to more effectively and rapidly test adverse effects on human

health in the face of a rapidly growing diversity of ENMs, including CNTs.

5.2 Pulmonary Fibrosis

Fibrosis is a chronic fibroproliferative disease caused by environmental or occupa-

tional exposure to a variety of particles, fibers, and metals [5, 6]. Pathological

changes can occur within the pulmonary interstitium of the distal lung parenchyma,

around the conducting airways or vasculature, or at the subpleura. In severe cases,

sustained fibroproliferative responses compromise lung function through progres-

sive accumulation of extracellular matrix that impedes gas exchange. In severe

fibrosis cases, including asbestosis, sarcoidosis, and idiopathic pulmonary fibrosis

(IPF), fibrosis is the dominant phenotypic outcome and results in respiratory failure.

Pulmonary fibrosis is an occupational hazard following exposure to many particles

and fibers. CNTs could pose a significant risk for the development of fibrosis

because of their increased surface area to mass ratio and ROS-producing potential.

CNTs have been compared to asbestos fibers based mainly on rigid fiber-like shape

[4]. Asbestos fibers are a known cause of fibrosis and mesothelioma in humans.

However, CNTs also have some uniquely different properties from asbestos,

including nanoscale width and highly conformal structure. While not yet known,
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a growing body of evidence from rodent studies suggests that CNTs will cause

pulmonary fibrosis in humans [7, 8].

5.2.1 Inhalation Versus Aspiration

Fibrosis has been documented in the lungs of rodents after exposure to CNTs

delivered by several methods, including inhalation, instillation, or oropharyngeal

aspiration. Inhalation exposure is ideal as it represents a more realistic exposure in

terms of deposition patterns in the lung that would occur in occupational settings.

The deposition of inhaled CNTs is determined by a number of factors including

size, shape, electrostatic charge, and aggregation state. For example, inhalation

exposure to well-dispersed MWCNTs results in deposition in the distal regions, i.e.,

alveolar duct bifurcations and alveolar epithelial surfaces in the lungs of mice or

rats [9, 10]. Inhalation of dry MWCNTs or aerosolized MWCNTs in surfactant-

containing media causes diffuse interstitial fibrotic lesions within the alveolar and

subpleural regions of the lung. Exposure by instillation or oropharyngeal aspiration,

which involves a bolus delivery of CNT suspended aqueous media, can also result

in deposition at distal sites in the lungs if the nanoparticles are well dispersed.

However, a number of studies have reported granulomas in the lungs of rodents that

result from agglomerated SWCNTs or MWCNTs that lodge within small airways,

which is not observed in most inhalation studies. However, methods for dispersing

CNTs in aqueous suspension using surfactant-containing media prior to instillation

or aspiration in rats or mice have greatly improved, making this route of exposure

generally acceptable [11]. The different types of fibrotic lesions described above are

illustrated in Fig. 5.1.

5.2.2 Agglomeration

The relative state of agglomeration is an important determinant of fibrogenic

responses to CNTs. Agglomeration refers to nanoparticles that loosely adhere to

one another through noncovalent interactions, such as electrostatic charge or van

der Waals forces. Agglomerated CNTs can be dispersed by surfactant-containing

media. In addition, surface functionalization of CNTs that decrease electrostatic

charge reduces agglomeration. Agglomerated CNTs tend to produce granulomatous

lesions [12–15]. In contrast, dispersion of MWCNTs with dipalmitoylphosphati-

dylcholine (DPPC) caused enhanced uptake by macrophages and an increase in

diffuse pulmonary fibrosis in mice [16]. Also, in this same study, it was shown that

well-dispersed MWCNTs were readily taken up by macrophages and stimulate

increased growth factor (PDGF-AA, TGF-β1) and IL-1β production compared with

agglomerated MWCNTs. Agglomeration status is also an important determinant for

in vitro testing cultured cells since agglomerated CNTs tend to remain in the culture
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medium, whereas dispersed CNTs reach the cell surface more effectively. There-

fore, the actual dose at the cell surface can be significantly different when compar-

ing agglomerated versus dispersed CNTs and should be taken into consideration for

in vitro testing [17].

5.2.3 Rigidity

Long, rigid MWCNTs disrupt macrophage function by causing frustrated phago-

cytosis, which results in the disruption of cell membranes and cell death

[4, 18]. Cell membrane disruption also causes leakage of cellular constituents

(e.g., enzymes, cytokines) that can cause injury to surrounding cells and tissues.

While CNT length is an important determinant of clearance rate from the lungs,

length alone does not necessarily determine CNT persistence. For example, long

SWCNTs are flexible and when folded are taken up by macrophages without

causing frustrated phagocytosis or impeding macrophage clearance. Rigid

MWCNTs disrupt macrophage function if the nanotube length exceeds the width

of the engulfing phagocyte. Short, rigid MWCNTs are capable of being taken up by

macrophages without causing frustrated phagocytosis. MWCNTs from different

Fig. 5.1 Illustration of different types of fibrotic lesions observed in the lungs of mice after

exposure to MWCNTs. (a) Interstitial fibrosis associated dispersed MWCNTs in the alveolar

region of the lung (b). Granuloma formation caused by agglomerated MWCNTs at the alveolar

duct bifurcation. (c) Airway fibrosis and interstitial fibrosis caused by dispersed MWCNTs in the

lungs of mice prechallenged with ovalbumin or house dust mite allergen
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manufacturing sources possess different degrees of rigidity even though they may

have similar width; some are “curly” whereas others are straight. This comparison

is reminiscent of the comparison between asbestos fiber types; chrysotile asbestos is

a curly fiber, whereas crocidolite asbestos is a more toxic straight rigid fiber.

5.2.4 Metal Catalysts

A variety of metals are used as catalysts in the manufacture of CNTs by chemical

vapor deposition (CVD). For example, cobalt is used as a catalyst in the synthesis of

SWCNTs, while nickel or iron is used as a catalyst in the synthesis of MWCNTs.

These same metals are known to mediate pulmonary fibrosis in humans in occupa-

tional settings [19]. For example, nickel is known to cause occupational asthma and

contact dermatitis, whereas iron and cobalt cause interstitial pulmonary fibrosis in

occupations related to mining and metallurgy. Metal catalysts used in the CVD

manufacturing process become integrated into the carbon structure of nanotubes

and mediate some of the pro-inflammatory effects seen after exposure to MWCNTs

in rodents. For example, the activation of macrophage inflammasomes and subse-

quent IL-1β production induced by MWCNT exposure are due at least in part to

residual nickel contamination [20]. Acid washing of MWCNTs removes some, but

not all, of residual nickel, and intralaboratory comparisons of the pro-inflammatory

effects of acid-washed MWCNTs and pristine MWCNTs show that neutrophilic

inflammation in the lungs of mice is reduced by partial removal of nickel.

5.2.5 Functionalization

CNTs can be modified post-synthesis by adding molecules to the surface to alter

physicochemical characteristics and functionality. Surface functionalization of

MWCNTs alters charge and agglomeration status, thereby modifying biological

responses in vitro and in vivo. For example, MWCNTs functionalized with strong

cationic polyetherimide (PEI)-MWCNTs induced significant lung fibrosis in mice,

while carboxylation of MWCNTs significantly decreased the extent of pulmonary

fibrosis compared with pristine MWCNTs [21]. Carboxylated MWCNTs also

stimulate less neutrophilic inflammation in mice as compared with pristine

MWCNTs [22]. These results demonstrated that surface charge plays an important

role in the structure-activity relationships that determine the profibrogenic potential

of functionalized CNTs in the lung. Surface functionalization of MWCNTs by

atomic layer deposition (ALD) thin film coating, which allows for a highly confor-

mal nanoscale coating, can be achieved with a variety of inorganic and organic

substrates. ALD functionalization has been shown to modify the fibrogenic

response in vitro and in vivo. For example, ALD coating of MWCNTs with

Al2O3 reduces the secretion of profibrogenic cytokines (e.g., osteopontin and
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tumor necrosis factor-α) in human monocytic THP-1 cells and human peripheral

blood monocytes in vitro, and this correlates to reduced levels of these cytokines in
the lungs of mice in vivo [23]. Moreover, Al2O3-coated MWCNTs cause less

fibrosis in the lungs of mice compared with uncoated MWCNTs. Figure 5.2

shows transmission electron micrographs of MWCNTs before and after ALD

functionalization with Al2O3 and the resulting lung pathology in mice after expo-

sure to these MWCNTs.

Fig. 5.2 (a) Illustration and
transmission electron

micrographs of pristine

uncoated (U)-MWCNT or

MWCNT coated with

Al2O3 (A-MWCNT) by

50 cycles of atomic layer

deposition (ALD). (b)
Representative microscopic

images of trichrome-stained

slides (20X) and

semiquantitative

morphometry at 28 days

following exposure to 0.1 %

pluronic/PBS vehicle

(control), U-MWCNT, or

A-MWCNT at a dose of

4 mg/kg (Adapted from Ref.

[23])
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5.2.6 Biocorona Formation

An important concept in nanotoxicology is the formation of a “biocorona” on the

surface of the ENMs that alters the interaction of the nanoparticle with other

molecules and cell membranes. The biocorona forms in biological systems as

nanomaterials adsorb biomolecules [24]. For example, SWCNTs recovered from

the bronchoalveolar lavage fluid of mice after delivery by oropharyngeal aspiration

adsorbed surfactant phospholipids (phosphatidylcholine, phosphatidylglycerol, and

surfactant proteins A, B, and D) as determined by liquid chromatography mass

spectrometry (LC-MS) [25]. In this same study, the authors showed that the

surfactant biocorona on SWCNTs enhanced uptake of SWCNTs by RAW264.7

mouse macrophages. The consequence of surfactant biocorona formation on CNTs

in vivo is not clear, but surfactant proteins are critical to lung development, normal

lung homeostasis, and protection against nickel-induced lung injury [26]. It is

possible that CNTs could disrupt normal lung homeostasis by adsorbing surfactant

proteins. Other work has shown that coating CNTs with phospholipids modifies

recognition and phagocytosis by macrophages. Coating SWCNTs with phosphati-

dylserine (PS), a phospholipid on the surface of apoptotic cells that signals macro-

phage recognition and phagocytosis of dying cells, promoted uptake of SWCNTs

in vitro by RAW264.7 macrophages and in vivo following pharyngeal aspiration in
a mouse model [27]. These studies highlight the importance the biocorona in

modifying the innate immune response of macrophage to CNTs. SWCNTs and

MWCNTs also bind a variety of proteins in cell culture media (FBS-DMEM) which

has important implications for studying biological responses in vitro [28]. In

addition to phospholipids and serum proteins, it is also possible that CNTs could

adsorb other biomolecules such as growth factors, cytokines, enzymes, and nucleic

acids.

5.2.7 Clearance and Degradation

CNTs taken up by macrophages are removed from the lungs through two primary

mechanisms: (1) the mucociliary escalator and (2) the lymphatic drainage system.

The mucociliary escalator is driven by ciliary beating of airway epithelial cells that

move a layer of mucus up and out of the lungs [29]. Macrophages containing CNTs

migrate to the distal portion of small airways where they are transported by the

escalator to larger airways and ultimately out of the trachea where they are

swallowed or expelled through coughing. A secondary macrophage-mediated

clearance passage for CNTs out of the lungs is the lymphatic drainage system,

which includes lymphatic vessels that drain into the pleural cavity. Some macro-

phages containing MWCNTs exit the lung via the pleural lymphatic system and

enter the pleural space or can be found in lung-associated lymph nodes [30]. As

mentioned above, rigid MWCNTs disrupt macrophage function by causing
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frustrated phagocytosis, which results in the release of inflammatory mediators

(ROS and cytokines) and cell death. The innate immune function of macrophages

could also be compromised by the formation of bridges composed of parallel

bundles of SWCNTs that link two or more macrophages [31]. As mentioned

above, CNTs that are long and rigid impede clearance. Structures longer than 10–

15 μm (the approximate width of an alveolar macrophage) are difficult to clear from

lung tissues via macrophage-mediated mechanisms. Some MWCNTs are

biopersistent and transmission electron microscopy shows that some remain in

lung and subpleural tissue for months [32]. However, several studies in recent

years have shown that CNTs are susceptible to degradation by naturally occurring

enzymes (peroxidases). For example, CNTs can be degraded by neutrophil

myeloperoxidase and eosinophil peroxide [33, 34]. Interestingly,

myeloperoxidase-deficient mice have impaired clearance of CNTs and enhanced

pulmonary inflammation and fibrosis [35].

5.3 Mechanisms of Fibrogenesis

The cellular and molecular mechanisms that mediate pulmonary fibrogenesis in the

lung depend on the insulting agent (e.g., metals, fibers, chemotherapeutic drugs,

radiation) and genetic susceptibility [5]. A common denominator in the progression

of fibrosis is mesenchymal cells (fibroblasts, myofibroblasts, and fibrocytes) that

provide the major source of secreted collagen that defines end-stage lung fibrosis.

The most notable mesenchymal phenotype that contributes to the majority of

secreted matrix during the fibrogenic process is the myofibroblast [6]. Abundant

evidence indicates that myofibroblasts provide the major source of collagen that

defines the fibrotic lesion and that TGF-β1 is the dominant growth factor that

stimulates matrix synthesis by lung mesenchymal cells. Myofibroblast accumula-

tion can result from several possible mechanisms (recruitment of circulating

fibrocytes, epithelial-mesenchymal cell transition, or migration and proliferation

of resident lung mesenchymal cells). The resolution of fibrosis is determined by

degradation of collagen by matrix metalloproteinases and myofibroblast growth

arrest/apoptosis. In contrast, progressive fibrosis is the result of sustained matrix

deposition or the lack of matrix degradation, coupled with myofibroblast survival.

5.3.1 Oxidative Stress

Like other ENMs, the high surface area per unit mass of CNTs allows for increased

potential for ROS production and subsequent cellular damage. Treatment of mice

with the antioxidant N-acetyl-L-cysteine has recently been shown to inhibit

MWCNT-induced fibrosis, and this is related to NADPH oxidase-dependent

inflammasome activation [36]. NADPH-oxidase-deficient mice exhibit increased
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accumulation of neutrophils and decreased fibrosis [37]. This is further evidence

that oxidative stress is linked to fibrogenesis. Studies with a panel of cultured lung

cells in vitro (BEAS-2B, A549, WI38) show that MWCNTs induced substantial

ROS production and mitochondrial damage, which was implicated in the activation

of redox-sensitive transcription factor NF-κB and the production of a variety of

profibrogenic cytokines and growth factors [38]. Macrophage activation by CNTs

involves a complex network of intracellular signaling pathways, some of which are

designed as protective responses to oxidative stress and cell injury. For example,

long MWCNTs activate nuclear translocation of the antioxidant transcription factor

Nrf2 in cultured human THP-1 monocytic cells and cause increased gene expres-

sion of Nrf2-regulated genes, heme oxygenase-1(HO-1) and glutathione

S-transferase (GST) [39]. Furthermore, this study showed that the long nanotubes

increased release of the pro-inflammatory cytokine IL-1β by THP-1 cells, and this

effect was inhibited by the antioxidant Trolox, suggesting a role of oxidative stress

in the upregulation of this cytokine. MWCNTs also increase levels of the cycloox-

ygenase-2 (COX-2) enzyme through MAP kinase-dependent activation in mouse

RAW264.7 cells in vitro, and the initiation of this pathway is oxidant dependent as

it is blocked by the antioxidant N-acetyl-L-cysteine [40]. COX-2 is a protective

factor against lung disease that is increased to counteract ROS-induced cellular

stress, and interestingly, COX-2 knockout mice are susceptible to airway fibrosis

caused by exposure to ovalbumin allergen and MWCNTs [41].

5.3.2 Cytokines and Growth Factors

A variety of growth factors, cytokines, and chemokines that stimulate

myofibroblast differentiation, growth, migration, and extracellular matrix produc-

tion are induced in the lungs of rats or mice after exposure to ENMs [5]. SWCNTs

or MWCNTs delivered to rats by intratracheal instillation or mice by inhalation or

oropharyngeal aspiration increase mRNA and protein levels of platelet-derived

growth factor (PDGF) [31, 42, 43]. PDGF stimulates the replication, chemotaxis,

and survival of lung mesenchymal cells (fibroblasts, myofibroblasts, and smooth

muscle cells) to promote lung fibrogenesis [44]. SWCNTs or MWCNTs delivered

to the lungs of mice also increase levels of TGF-β1, a central mediator of collagen

production by fibroblasts and myofibroblasts [12, 42]. In addition to TGF-β1,
osteopontin (OPN) stimulates collagen deposition and fibroblast migration, and

levels of OPN are increased in the lungs of rats exposed to single-walled CNTs

[31]. Alveolar macrophages, as well as airway epithelial cells and fibroblasts,

produce PDGF, TGF-β1, and OPN. Chemokines for inflammatory cells involved

in the innate immune response are also induced by CNT exposure and drive the

inflammatory response in the lung. CXCL8 (IL-8), a potent neutrophil

chemoattractant, is produced by a human bronchial epithelial cell line in vitro
after exposure to multiwalled CNTs [45]. CXCL1 (MIP-1) and CXCL2 (KC) are

the murine homologues to human CXCL8. Both CXCL1 and CXCL2 are induced in
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the lungs of mice exposed to MWCNT and correspond to neutrophil influx into the

lungs at 1 day postexposure by oropharyngeal aspiration [46]. CCL2, also known as

monocyte chemoattractant protein-1 (MCP-1), is produced by macrophages and

airway epithelial cells and is increased in the bronchoalveolar lavage fluid of mice

after MWCNT inhalation exposure [42]. These are only a few examples of the

variety of cytokines, chemokines, and growth factors induced by CNT exposure

that contribute to inflammation and the progression of pulmonary fibrosis.

5.4 Immunotoxicity

The immune system has evolved to cope with foreign material entering the body

that is “not self” and defend against invading microbes (e.g., viruses, bacteria) and

immunogenic particles (e.g., allergens). Most of these foreign structures are at the

nanoscale. Therefore, it is not surprising that ENMs will present a challenge to our

immune system. Immunotoxicity is defined as any adverse effect on the immune

system following toxicant exposure that results in immune stimulation or immune

suppression. Immunostimulation increases the incidence of allergic reactions,

inflammatory responses, fibrogenesis, or autoimmunity, while immunosuppression

suppresses the maturation and proliferation of immune cells, resulting in increased

susceptibility to infectious diseases or tumor growth. ENMs, including CNTs, have

been reported to have either immunostimulatory or immunosuppressive effects in

the lung, and this largely depends on the specific type of ENM in question

[47]. However, the effects of ENMs on the immune system can also depend on

the context of exposure, for example, repeated ENM exposures versus ENM

exposure after the establishment of allergic inflammation.

5.4.1 Impairment of Immune Cell Function

Lung macrophages play a critical role in immune surveillance of pathogens and

removal of inhaled particles and fibers. CNTs, like many other inhaled particles and

fibers, are avidly taken up by alveolar macrophages. Many of the principles that

apply to fiber-like particles, such as frustrated phagocytosis, apply to CNTs. As

mentioned above, rigid MWCNTs cause frustrated phagocytosis in macrophages,

which results in cell membrane damage and leakage of cellular constituents

[4]. Also, as discussed below, the uptake and clearance of bacteria is reduced by

exposure to CNTs. Some unusual interactions with macrophages have also been

observed with CNTs. For example, SWCNTs and some MWCNTs cause bridge-

like structures between two or more macrophages [31]. These CNT structures

would almost certainly impede the migration of macrophages.

112 J.C. Bonner



5.4.2 Inflammasomes

A variety of fiber-like particles, including asbestos, silica, and CNTs, all exert at

least part of their pro-inflammatory activity by activating macrophage

inflammasomes. Inflammasomes are protein scaffolds that facilitate the action of

caspase-1 to cleave pro-IL-1β to a mature, secreted form of IL-1β that has important

functions in neutrophil infiltration. Several studies have reported that CNTs stim-

ulate inflammasome activation in macrophages [36, 48, 49]. The dysregulation of

inflammasomes has been implicated in a variety of disease states

[50]. Inflammasome activation by MWCNTs and other high aspect ratio materials

(e.g., nanofibers, TiO2 nanobelts) is mediated by lysosomal disruption and ROS

production [51]. Inflammasome activation leading to the release of mature IL-1β
has been proposed as a profibrogenic event [16]. However, macrophage IL-1β
release is also an important innate immune response for recruiting neutrophils to

the lung to participate in microbial killing and the resolution of inflammation

[51]. Inflammasome activation occurs to a greater degree in classically activated

macrophages (CAMs), which are important in microbial killing. In allergic asthma

or fibrosis, macrophages are polarized to “alternatively activated macrophages”

(AAMs) in the presence of Th2 cytokines IL-4 or IL-13. AAMs are thought to play

important roles in fibrosis and cancer [52]. A recent study showed that

inflammasome activation and IL-1β production are suppressed by the Th2 cyto-

kines IL-4 and IL-13 in human monocytic THP-1 cells in vitro and in the lungs of

mice sensitized with house dust mite allergen prior to MWCNT exposure by

oropharyngeal aspiration [46]. The mechanism of inflammasome suppression by

these Th2 cytokines was through an STAT6-dependent decrease in pro-caspase-1,

the precursor to caspase-1 which serves as the key inflammasome component that

cleaves pro-IL-1β to mature IL-1β. This study also showed that MWCNT exposure

exacerbated house dust mite allergen-induced airway fibrosis while reducing num-

bers of neutrophils in the lung, suggesting that inflammasome activation was not a

mechanism of airway fibrosis but may instead serve to resolve tissue injury by

recruiting neutrophils. Neutrophilic inflammation in the lung is a classic response to

MWCNT exposure. Other work has shown that IL-1 receptor knockout (IL-1R KO)

mice do not exhibit neutrophilic inflammation and yet develop pulmonary fibrosis

to a greater degree than wild-type mice [53]. Recently, inflammasome activation by

MWCNTs in human airway epithelial cells in vitro was reported as a possible

mechanism of driving profibrogenic responses in fibroblasts [54]. The role of

inflammasomes and IL-1β in CNT-induced fibrosis remains controversial, and

whether IL-1β is profibrogenic or antifibrogenic may depend on its temporal

expression, which in turn could determine the duration of neutrophilic inflamma-

tion in the lung.
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5.4.3 CNTs and Allergen-Induced Airway Disease

Engineered nanoparticles, including CNTs, could pose the greatest health risk to

individuals with preexisting lung disease, including asthma. Asthma is a complex

disease characterized by chronic airway remodeling that includes increased levels

of Th2 cytokines (e.g., IL-4 and IL-13), eosinophilic inflammation, mucous cell

metaplasia, and airway fibrosis. Studies from mouse models of allergen airway

inflammation suggest that CNTs exacerbate preexisting asthma. For example,

MWCNTs enhance allergic airway inflammation in mice caused by ovalbumin

sensitization as evidenced by increased Th2 cytokines and chemokines and serum

IgE levels as compared with allergen alone [55]. MWCNTs also exacerbate the

development of airway fibrosis in the ovalbumin mouse model [42]. This concept is

illustrated in Fig. 5.1. SWCNTs exacerbate allergic airway inflammation in mice by

enhancing T-helper cell immunity and increasing oxidative stress [56, 57]. More

recent work has shown that rodlike MWCNTs, but not tangled MWCNTs, induce

eosinophilia, mucus hypersecretion, and the expression of Th2-type cytokines in

the absence of any allergen challenge, suggesting that certain types of CNTs could

directly cause asthma-like effects [58]. In addition, this study showed that mast

cells partially regulated the inflammation caused by rodlike CNTs. Mast cells play

key roles in the allergic immune response and have been shown to participate in the

activation of the IL-33/ST2 axis to mediate adverse pulmonary and cardiovascular

responses to MWCNTs [59, 60]. Other work suggests that MWCNTs cause IL-33

release from injured airway epithelial cells, which in turn promotes innate lym-

phoid cell recruitment and the development of an IL-13-dependent inflammatory

response [61]. Dendritic cells (DCs) are important immune initiators that serve to

capture and present allergens to naı̈ve T cells, thereby driving T cell polarization

[62]. The exacerbation of allergen-induced airway disease by CNTs could be due to

inappropriate activation of antigen-presenting DCs. Interestingly, CNTs have been

reported to inhibit the differentiation of peripheral blood monocytes into DCs

[63]. Also, CNTs have direct effects on DCs that result in immune suppression

[64]. Genetic susceptibility also plays an important role in the CNT-induced

exacerbation of allergic airway disease. For example, deficiencies in the COX-2

enzyme and the STAT1 transcription factor have both been demonstrated to confer

susceptibility to MWCNT exacerbation of ovalbumin-induced airway remodeling

in mice [41, 65]. Moreover, mice lacking the transcription factor T-bet, which

maintains Th1 immunity, develop allergic airway remodeling after exposure to

MWCNTs or nickel nanoparticles in the absence of any allergen challenge

[66]. While these studies suggest that individuals with allergic asthma are suscep-

tible to lung and airway disease caused by ENMs exposure, it remains unknown

whether ENMs will cause or exacerbate asthma in humans.
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5.4.4 CNTs, Bacteria, and Viruses

CNT exposure can influence susceptibility to microbial infection (bacteria or

viruses) or can modify the inflammation caused by biomolecules derived from

microbes. For example, bacterial lipopolysaccharide (LPS) is a potent

pro-inflammatory agent and has been implicated in a number of occupational and

environmental lung diseases in humans, including bronchitis, chronic obstructive

pulmonary disease (COPD), and asthma. Pulmonary inflammation and fibrosis

induced by MWCNTs are increased by LPS preexposure in rats [43]. In addition,

CNT-induced production of PDGF, a mediator of fibrosis, by rat alveolar macro-

phages and lung epithelial cells is enhanced by LPS preexposure [43]. These studies

provide evidence that LPS-induced lung inflammation is a susceptibility factor that

increases the severity of fibroproliferative lung disease caused by CNT exposure.

ENMs have also been reported to impair phagocytosis and clearance of live

bacteria. For example, mice exposed to SWCNTs have impaired clearance of the

bacteria Listeria monocytogenes [67]. Decreased bacterial clearance in SWCNT-

preexposed mice was associated with decreased phagocytosis of bacteria by mac-

rophages and a decrease in nitric oxide production by these phagocytes. Helical

carbon nanotubes delivered in mice infected with Pseudomonas aeruginosa
inhibited macrophage-mediated phagocytosis of the bacteria [68]. However, clear-

ance of P. aeruginosa was not affected because exposure to the helical CNTs

primed the immune system for an enhanced inflammatory response to pulmonary

infection consisting of an influx of neutrophils and macrophages. CNTs also

influence viral infectivity. SWCNTs have been reported to increase pandemic

influenza A H1N1 virus infectivity of lung epithelial cells in vitro [69]. These

in vitro observations suggest that CNTs would increase viral infectivity in vivo,
similar to observations of diesel exhaust particulates, which enhance viral infectiv-

ity in mice [70].

5.4.5 Systemic Immunotoxicity

Many types of inhaled ENMs are capable of stimulating or suppressing immune

responses systemically, since they can cross lung epithelial and vascular endothelial

barriers [71]. While the majority of inhaled CNTs do not enter the circulation,

especially in agglomerated form, recent findings have shown that a significant

fraction of MWCNTs migrate to lymph nodes and singlet MWCNTs have been

detected by enhanced dark-field microscopy in extrapulmonary organs including

the brain and kidney [72]. However, CNTs do not necessarily need to translocate to

distant organs to have systemic effects since soluble mediators released from the

injury site can influence immune status. For example, inhaled MWCNTs cause

systemic immunosuppression in mice through a mechanism that involves the

release of TGF-β1 from the lungs, which enters the bloodstream to signal
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COX-2-mediated increases in PGE2 and IL-10 in the spleen, to suppress T cell

proliferation [73, 74].

5.5 Pleural Disease

Pleural disease is a major concern for CNTs due to their fiber-like similarities to

asbestos, which is a known cause of subpleural fibrosis and mesothelioma. As with

asbestos, which encompasses a variety different mineral types (e.g., chrysotile,

crocidolite, amosite), different types of CNTs may have widely differing effects on

pleural injury and subsequent disease.

5.5.1 Acute Pleural Responses

CNTs are of particular concern for human health since they have been shown to

migrate to the mesothelial lining surrounding the lungs (pleura). CNTs have been

shown to interact with the pleural lining directly (i.e., by physically piercing the

mesothelial lining driven by forces of lung expansion and contraction during

breathing) or macrophages containing CNTs which can interact with the mesothe-

lial lining of the pleura when moving through the stomata from the lung to the

pleural cavity. The persistence and durability of CNTs, along with their fiber-like

shape and reactivity (i.e., ROS-generating capacity), result in injury to mesothelial

cells. MWCNTs delivered to the lungs by inhalation or aspiration migrate to the

subpleura, some of which penetrate the mesothelium. An acute response to

MWCNTs at the pleura in C57BL6 mice involves focal mononuclear cell accumu-

lation [32]. In this same study, elevated levels of PDGF and CCL2 were observed in

bronchoalveolar lavage fluid from MWCNT-exposed mice. Interestingly, PDGF

and MWCNTs or Ni nanoparticles synergistically increase CCL2 production by

cultured rat mesothelial cells in vitro [75]. The accumulation of mononuclear cell

foci at the pleural surface after exposure to MWCNTs could be mediated by PDGF

secreted by activated macrophages, since in vitro studies with cultured mesothelial

cells show that PDGF stimulates the production of CCL2. In turn, CCL2 is a known

chemoattractant for monocytes and is a likely candidate for promoting mononuclear

cell foci observed at the pleura of mice after inhalation of MWCNTs [32].

5.5.2 Subpleural Fibrosis

Subpleural fibrosis, like airway and interstitial pulmonary fibrosis, involves the

activation of myofibroblasts to produce collagen and other matrix proteins that

define the fibrotic lesion. However, some differences are that communication
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between mesothelial cells and myofibroblasts is likely an important event in

subpleural fibrogenesis, whereas airway epithelial-myofibroblasts interactions or

alveolar epithelial-fibroblast interactions (termed epithelial-mesenchymal cell tro-

phic unit) are important in airway or interstitial lung fibrosis, respectively. The

concept of a mesothelial-mesenchymal cell trophic unit has not been investigated.

Alveolar macrophages that migrate to the subpleural region could also play a role in

stimulating subpleural fibrosis by producing growth factors (e.g., PDGF, TGF-β1)
for myofibroblasts to stimulate proliferation and collagen deposition, respectively.

5.5.3 Mesothelioma

CNTs, especially MWCNTs, have been proposed to have asbestos-like behavior

and long-term immune or inflammatory effects that could lead to pleural cancer

(i.e., mesothelioma). Early studies showed that intraperitoneal injection of

MWCNTs in mice, a surrogate assay for pleural mesothelial injury, induced

inflammation and granuloma formation on the mesothelial surface of the perito-

neum [76]. This study showed that long MWCNTs were particularly potent for

inducing granulomas as compared with short MWCNTs. Another study showed

that mice deficient in the tumor suppressor p53 showed mesothelioma formation in

the abdominal cavity after injection of CNTs [77]. However, it has been difficult to

translate these studies to definitive answers for CNT-induced mesothelioma forma-

tion in the lungs of rodents. Recent work showing MWCNT-induced adenocarci-

noma tumors in B6C3F1 mice relied on the use of a tumor initiator,

methylcholanthrene (MCA), which alone caused a relatively high background of

tumors [78]. This study indicated that MWCNTs could pose a carcinogenic risk but

was not conclusive for the issue of mesothelioma. Nevertheless, the fact that some

rodlike MWCNT can penetrate the pleura in mice is a cause for concern that they

could pose a risk for significant injury to the mesothelial lining and cause meso-

thelioma [79]. The issue of whether CNTs are capable of causing mesothelioma in

humans remains an elusive but important issue for assessing the human health

hazards of CNTs.

5.6 Summary

Carbon nanotubes have been extensively studied for toxic effects on cultured cells

in vitro and in rodents in vivo. The overwhelming evidence indicates that CNTs,

both SWCNTs and MWCNTs, cause pulmonary fibrosis and should be regarded as

a significant occupational health hazard. Growing evidence also indicates that

CNTs possess immunotoxicity and can have systemic effects beyond the lungs.

The variety of different CNT types, including many of which are functionalized,
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must be taken into consideration in assessing biological properties and human

health effects.
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1. Nel A, Xia T, Mädler L, Li N. Toxic potential of materials at the nanolevel. Science.

2006;311:622–7.

2. Bonner JC. Nanoparticles as a potential cause of pleural and interstitial lung disease. Proc Am

Thorac Soc. 2010;7(2):138–41.

3. Thompson EA, Sayers BC, Glista-Baker EE, Shipkowski KA, Taylor AJ, Bonner JC. Innate

immune responses to nanoparticle exposure in the lung. J Environ Immunol Toxicol. 2014;1

(3):150–6.

4. Donaldson K, Murphy FA, Duffin R, et al. Asbestos, carbon nanotubes and the pleural

mesothelium: a review of the hypothesis regarding the role of long fibre retention in the

parietal pleura, inflammation and mesothelioma. Part Fibre Toxicol. 2010;7:5.

5. Bonner JC. Mesenchymal cell survival in airway and interstitial pulmonary fibrosis.

Fibrogenesis Tissue Repair. 2010;3:15.

6. Wilson MS, Wynn TA. Pulmonary fibrosis: pathogenesis, etiology and regulation. Mucosal

Immunol. 2009;2(2):103–21.

7. Li JG, Li WX, Xu JY, et al. Comparative study of pathological lesions induced by multiwalled

carbon nanotubes in lungs of mice by intratracheal instillation and inhalation. Environ Toxicol.

2007;22:415–21.

8. Porter DW, Hubbs AF, Mercer RR, et al. Mouse pulmonary dose- and time course-responses

induced by exposure to multi-walled carbon nanotubes. Toxicology. 2010;269:136–47.

9. Ma-Hock L, Treumann S, Strauss V, et al. Inhalation toxicity of multiwall carbon nanotubes in

rats exposed for 3 months. Toxicol Sci. 2009;112(2):468–81.

10. Pauluhn J. Subchronic 13-week inhalation exposure of rats to multiwalled carbon nanotubes:

toxic effects are determined by density of agglomerate structures, not fibrillar structures.

Toxicol Sci. 2010;113(1):226–42.

11. Mercer RR, Scabilloni J, Wang L, et al. Alteration of deposition pattern and pulmonary

response as a result of improved dispersion of aspirated single-walled carbon nanotubes in a

mouse model. Am J Physiol. 2008;294:L87–97.

12. Shvedova AA, Kisin ER, Mercer R, Murray AR, Johnson VJ, Potapovich AI, Tyurina YY,

Gorelik O, Arepalli S, Schwegler-Berry D, Hubbs AF, Antonini J, Evans DE, Ku BK,

Ramsey D, Maynard A, Kagan VE, Castranova V, Baron P. Unusual inflammatory and

fibrogenic pulmonary responses to single-walled carbon nanotubes. Am J Physiol. 2005;289

(5):L698–708.

13. Muller J, Huaux F, Moreau N, Misson P, Heilier JF, Delos M, Arras M, Fonseca A, Nagy JB,

Lison D. Respiratory toxicity of multi-wall carbon nanotubes. Toxicol Appl Pharmacol.

2005;207:221–31.

14. Murray AR, Kisin ER, Tkach AV, et al. Factoring-in agglomeration of carbon nanotubes and

nanofibers for better prediction of their toxicity versus asbestos. Part Fibre Toxicol. 2012;9:10.

15. Warheit DB, Laurence BR, Reed KL, et al. Comparative pulmonary toxicity assessment of

single-wall carbon nanotubes in rats. Toxicol Sci. 2004;77:117–25.

16. Wang X, Tian X, Ntim SA, et al. The dispersal state of multi-walled carbon nanotubes

influences pro-fibrogenic epithelial and macrophage responses that correlate with the extent

of pulmonary fibrosis. ACS Nano. 2011;5(12):9772–87.

17. DeLoid G, Cohen JM, Darrah T, Derk R, Rojanasakul L, Pyrgiotakis G, Wohlleben W,

Demokritou P. Estimating the effective density of engineered nanomaterials for in vitro

dosimetry. Nat Commun. 2014;5:3514.

118 J.C. Bonner



18. Murphy FA, Schinwald A, Poland CA, et al. The mechanism of pleural inflammation by long

carbon nanotubes: interaction of long fibres with macrophages stimulates them to amplify

pro-inflammatory responses in mesothelial cells. Part Fibre Toxicol. 2012;9:8.

19. Kelleher P, Pacheco K, Newman LS. Inorganic dust pneumonias: the metal-related parenchy-

mal disorders. Environ Health Perspect. 2000;108(4):685–96.

20. Hamilton Jr RF, Buford M, Xiang C, et al. NLRP3 inflammasome activation in murine alveolar

macrophages and related lung pathology is associated with MWCNT nickel contamination.

Inhal Toxicol. 2012;24(14):995–1008.

21. Li R, Wang X, Ji Z, Sun B, Zhang H, Chang CH, Lin S, Meng H, Liao YP, Wang M, Li Z,

Hwang AA, Song TB, Xu R, Yang Y, Zink JI, Nel AE, Xia T. Surface charge and cellular

processing of covalently functionalized multiwall carbon nanotubes determine pulmonary

toxicity. ACS Nano. 2013;7(3):2352–68.

22. Bonner JC, Silva RM, Taylor AJ, Brown JM, Hilderbrand SC, Castranova V, Porter D,

Elder A, Oberd€orster G, Harkema JR, Bramble LA, Kavanagh TJ, Botta D, Nel A, Pinkerton

KE. Interlaboratory evaluation of rodent pulmonary responses to engineered nanomaterials:

the NIEHS Nano GO Consortium. Environ Health Perspect. 2013;121(6):676–82.

23. Taylor AJ, McClure CD, Shipkowski KA, Thompson EA, Hussain S, Garantziotis S, Parsons

GN, Bonner JC. Atomic layer deposition coating of carbon nanotubes with aluminum oxide

alters pro-fibrogenic cytokine expression by human mononuclear phagocytes in vitro and

reduces lung fibrosis in mice in vivo. PLoS One. 2014;9(9), e106870.

24. Bhattacharya K, And�on FT, El-Sayed R, Fadeel B. Mechanisms of carbon nanotube-induced

toxicity: focus on pulmonary inflammation. Adv Drug Deliv Rev. 2013;65(15):2087–97.

25. Kapralov AA, FengWH, Amoscato AA, Yanamala N, Balasubramanian K,Winnica DE, Kisin

ER, Kotchey GP, Gou P, Sparvero LJ, Ray P, Mallampalli RK, Klein-Seetharaman J, Fadeel B,

Star A, Shvedova AA, Kagan VE. Adsorption of surfactant lipids by single-walled carbon

nanotubes in mouse lung upon pharyngeal aspiration. ACS Nano. 2012;6(5):4147–56.

26. Bein K, Wesselkamper SC, Liu X, Dietsch M, Majumder N, Concel VJ, Medvedovic M, Sartor

MA, Henning LN, Venditto C, Borchers MT, Barchowsky A, Weaver TE, Tichelaar JW,

Prows DR, Korfhagen TR, Hardie WD, Bachurski CJ, Leikauf GD. Surfactant-associated

protein B is critical to survival in nickel-induced injury in mice. Am J Respir Cell Mol Biol.

2009;41(2):226–36.

27. Konduru NV, Tyurina YY, Feng W, Basova LV, Belikova NA, Bayir H, Clark K, Rubin M,

Stolz D, Vallhov H, Scheynius A, Witasp E, Fadeel B, Kichambare PD, Star A, Kisin ER,

Murray AR, Shvedova AA, Kagan VE. Phosphatidylserine targets single-walled carbon

nanotubes to professional phagocytes in vitro and in vivo. PLoS One. 2009;4(2), e4398.

28. Shannahan JH, Brown JM, Chen R, Ke PC, Lai X, Mitra S, Witzmann FA. Comparison of

nanotube-protein corona composition in cell culture media. Small. 2013;9(12):2171–81.

29. Bonner JC. Respiratory toxicology. In: Smart RC, Hodgson E, editors. Molecular and bio-

chemical toxicology. 4th ed. New York: Wiley; 2008. p. 639–70.

30. Mercer RR, Scabilloni JF, Hubbs AF, Wang L, Battelli LA, McKinney W, Castranova V,

Porter DW. Extrapulmonary transport of MWCNT following inhalation exposure. Part Fibre

Toxicol. 2013;10:38.

31. Mangum JB, Turpin EA, Antao-Menezes A, Cesta MF, Bermudez E, Bonner JC. Single-

walled carbon nanotube (SWCNT)-induced interstitial fibrosis in the lungs of rats is associated

with increased levels of PDGF mRNA and the formation of unique intercellular carbon

structures that bridge alveolar macrophages in situ. Part Fibre Toxicol. 2006;3:15.

32. Ryman-Rasmussen JP, Cesta MF, Brody AR, Shipley-Phillips JK, Everitt JI, Tewksbury EW,

Moss OR, Wong BA, Dodd DE, Andersen ME, Bonner JC. Inhaled carbon nanotubes reach the

subpleural tissue in mice. Nat Nanotechnol. 2009;4(11):747–51.

33. Kagan VE, Konduru NV, Feng W, Allen BL, Conroy J, Volkov Y, Vlasova II, Belikova NA,

Yanamala N, Kapralov A, Tyurina YY, Shi J, Kisin ER, Murray AR, Franks J, Stolz D, Gou P,

Klein-Seetharaman J, Fadeel B, Star A, Shvedova AA. Carbon nanotubes degraded by

5 Fibrogenic and Immunotoxic Responses to Carbon Nanotubes 119



neutrophil myeloperoxidase induce less pulmonary inflammation. Nat Nanotechnol. 2010;5

(5):354–9.

34. And�on FT, Kapralov AA, Yanamala N, Feng W, Baygan A, Chambers BJ, Hultenby K, Ye F,

Toprak MS, Brandner BD, Fornara A, Klein-Seetharaman J, Kotchey GP, Star A, Shvedova

AA, Fadeel B, Kagan VE. Biodegradation of single-walled carbon nanotubes by eosinophil

peroxidase. Small. 2013;9(16):2721–9.

35. Shvedova AA, Kapralov AA, Feng WH, Kisin ER, Murray AR, Mercer RR, St Croix CM,

Lang MA, Watkins SC, Konduru NV, Allen BL, Conroy J, Kotchey GP, Mohamed BM,

Meade AD, Volkov Y, Star A, Fadeel B, Kagan VE. Impaired clearance and enhanced

pulmonary inflammatory/fibrotic response to carbon nanotubes in myeloperoxidase-deficient

mice. PLoS One. 2012;7(3), e30923.

36. Sun B, Wang X, Ji Z, Wang M, Liao YP, Chang CH, Li R, Zhang H, Nel AE, Xia T. NADPH

oxidase-dependent NLRP3 inflammasome activation and its important role in lung fibrosis by

multiwalled carbon nanotubes. Small. 2015. doi:10.1002/smll.201402859 [Epub ahead of

print].

37. Shvedova AA, Kisin ER, Murray AR, Kommineni C, Castranova V, Fadeel B, Kagan

VE. Increased accumulation of neutrophils and decreased fibrosis in the lung of NADPH

oxidase-deficient c57bl/6 mice exposed to carbon nanotubes. Toxicol Appl Pharmacol.

2008;231:235–40.

38. He X, Young SH, Schwegler-Berry D, Chisholm WP, Fernback JE, Ma Q. Multi-walled

carbon nanotubes induced a fibrogenic response by stimulating reactive oxygen species

production, activating NF-kB signaling, and promoting fibroblast-to-myofibroblast transfor-

mation. Chem Res Toxicol. 2011;24(12):2237–48.

39. Brown DM, Donaldson K, Stone V. Nuclear translocation of Nrf2 and expression of antiox-

idant defence genes in THP-1 cells exposed to carbon nanotubes. J Biomed Nanotechnol.

2010;6(3):224–33.

40. Lee JK, Sayers BC, Chun KS, Lao HC, Shipley-Phillips JK, Bonner JC, Langenbach R. Multi-

walled carbon nanotubes induce COX-2 and iNOS expression via MAP kinase-dependent and

-independent mechanisms in mouse RAW264.7 macrophages. Part Fibre Toxicol. 2012;9:14.

41. Sayers BC, Taylor AJ, Glista-Baker EE, Shipley-Phillips JK, Dackor RT, Edin ML, Lih FB,

Tomer KB, Zeldin DC, Langenbach R, Bonner JC. Role of cyclooxygenase-2 in exacerbation

of allergen-induced airway remodeling by multiwalled carbon nanotubes. Am J Respir Cell

Mol Biol. 2013;49(4):525–35.

42. Ryman-Rasmussen JP, Tewksbury EW, Moss OR, Cesta MF, Wong BA, Bonner JC. Inhaled

multiwalled carbon nanotubes potentiate airway fibrosis in a murine model of allergic asthma.

Am J Respir Cell Mol Biol. 2009;40(3):349–58.

43. Cesta MF, Ryman-Rasmussen JP, Wallace DG, Masinde T, Hurlburt G, Taylor AJ, Bonner

JC. Bacterial lipopolysaccharide enhances PDGF signaling and pulmonary fibrosis in rats

exposed to carbon nanotubes. Am J Respir Cell Mol Biol. 2010;43(2):142–51.

44. Bonner JC. Regulation of PDGF and its receptors in fibrotic diseases. Cytokine Growth Factor

Rev. 2004;15:255–73.

45. Hirano S, Fujitani Y, Furuyama A, et al. Uptake and cytotoxic effects of multi-walled carbon

nanotubes in human bronchial epithelial cells. Toxicol Appl Pharmacol. 2010;249(1):8–15.

46. Shipkowski KA, Taylor AJ, Thompson EA, Glista-Baker EE, Sayers BC, Messenger ZJ, Bauer

RN, Jaspers I, Bonner JC. An allergic lung microenvironment suppresses carbon nanotube-

induced inflammasome activation via STAT6-dependent inhibition of caspase-1. PLoS One.

2015;10(6):e0128888.

47. Hussain S, Vanoirbeek JA, Hoet PH. Interactions of nanomaterials with the immune system.

Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2012;4(2):169–83.
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Chapter 6

Potential Hazards of Skin Exposure

to Nanoparticles

Toshiro Hirai, Yasuo Yoshioka, Kazuma Higashisaka, and Yasuo Tsutsumi

Abstract Our environment is teeming with nanoparticles—in cosmetics and other

consumer products, motor vehicle emissions, and even the soil itself. These

nanoparticles bombard us not only through the airways but also skin. However,

the health risk of skin exposure to nanoparticles is not yet well established.

Qualitative data suggest that nanoparticles penetrate skin only very infrequently.

However, the mutagenicity and sensitizing ability of nanoparticles need to be

considered, because these adverse effects are sometimes induced even at relatively

low-level skin exposure to a chemical substance. Furthermore, although exposure

to nanoparticles often occurs simultaneously with exposure to other chemical

compounds and environmental allergens, little is known about the hazards of

combined skin exposure to nanoparticles and other substances. Here, we summarize

current knowledge regarding skin exposure to nanoparticles, especially those in

nanomaterials, and discuss its possible health risk. We believe that further study

will enable us to coexist safely and beneficially with nanoparticles.
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6.1 Introduction

Because of their unique physicochemical properties and functions, manufactured

nanoparticles (or nanomaterials) [1, 2] are increasingly used to add value to goods

including cosmetics, foods, medicines, and industrial products [3–5]. However,

these same features may render nanomaterials hazardous under various conditions

[6]. For example, titanium dioxide nanoparticles reportedly increase the leakiness

of subcutaneous blood vessels and the number of pulmonary metastases [7]. In

addition, silica nanoparticles, but not microparticles, induce pregnancy complica-

tions in mice [8]. We must intensively collect more information about the safety of

nanomaterials to fully reap their potential benefits.

Emphasizing concerns about health risks associated with nanomaterials, numer-

ous epidemiologic studies indicate that exposure to environmental particulate mat-

ters (PMs), such as PM2.5 or Asian dust, induces many adverse effects, including

facilitating the onset and severity allergic diseases [9–12]. Furthermore, the adverse

effects of PMs might be particularly attributable to nanosized particles [12–14]. Air-

borne PMs readily enter the body by inhalation and cause adverse responses in the

lungs [10, 15]. Because such adverse effects have primarily been attributed to

inhaled PMs, safety studies of nanomaterials have largely focused on their effects

after inhalational exposure [16]. In contrast, few studies have evaluated the effects of

nanoparticles via skin exposure, even though, in the context of environmental

exposure, inhalational and skin exposure to airborne PMs occur concurrently. In

addition, the small size of nanoparticles increases their likelihood of penetrating

skin, one of the most frequent exposure routes for nanomaterials. In this review, we

summarize current knowledge regarding skin exposure to nanoparticles, particularly

those in nanomaterials, and discuss possible associated health risks.

6.2 Skin Exposure to Nanoparticles

6.2.1 Opportunities for Skin Exposure to Nanoparticles

Nanomaterials have become indispensable in various consumer products. For example,

titanium dioxide and zinc oxide nanoparticles are essential in sunscreens because they

are colorless and reflect ultraviolet (UV) rays more efficiently than do larger particles

[17–19]. Typically used as an anti-setting agent, silica nanoparticles are found in awide

variety of cosmetics [20]. The 60-carbon nanomaterial fullerene is a strong antioxidant

and effectively quenches radical oxygen species (ROS), leading to its frequent use as a

“radical sponge” in cosmetics and skin-care products [21–23]. Furthermore, opportu-

nities for skin exposure to nanoparticles extend beyond skin-care products. For exam-

ple, silver nanoparticles are widely applied as antimicrobials to consumer products

including apparel, shoes, socks, antibacterial sprays, and household detergents

[24, 25]. Theworkplace is another potential source of skin-acquired nanomaterials [26].
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The environment itself can be a source of unintentional skin exposure to

nanoparticles. Environmental nanoparticles in urban areas arise primarily from com-

bustion sources such as burning coal, fuel oil, and biomass; and waste and motor

vehicle emissions typically account for the greatest proportion of environmental

nanoparticles [27, 28]. Comprising only a small proportion of ambient air particles

by mass but a large proportion in terms of number [29], airborne nanoparticles are

usually present as aggregates (diameter, ~100 nm) of very small (diameter, �10 nm)

primary nanoparticles [28]. Although information regarding the health effects of

environmental exposure is limited to effects after inhalation [30], skin exposure to

environmental nanoparticles occurs in the same contexts in which they are inhaled.

Recent reports acknowledge that naturally occurring nanoparticles represent a

previously unrecognized opportunity for exposure [31]. For example, various metal

objects, including earrings and wire, spontaneously generatemetal nanoparticles [32],

and laundering silver-embedded textiles releases silver nanoparticles [33]. These

naturally occurring metal nanoparticles are thought to arise through the nucleation

of metal ions released due to chemical or photochemical reduction [32, 34].

Together, these findings suggest that we are exposed to nanoparticles via the skin

merely as a consequence of our daily lives—for example, whenever we wear metal

accessories or dress in clothes containing or washed with metal-embellished fabric.

In addition, nanoparticles abound in nature. Various soils are naturally rich in

nanoparticles, and earthquakes generate massive quantities of new soil-derived

nanoparticles via mechanical grinding [31]. Although unavoidable, exposure to

nanoparticles via the airways and skin is not a new problem but a long-standing

facet of everyday life, at least in terms of naturally occurring nanoparticles.

6.2.2 Skin Penetration by Nanoparticles

We know little regarding how naturally occurring nanoparticles or those emitted

during industrial processes enter and cross the skin. However, the intense research

done to confirm the safety of nanomaterials has taught us about the skin-penetrating

characteristics of nanoparticles.

6.2.2.1 Titanium Dioxide and Zinc Oxide

Primary nanoparticles of titanium dioxide and zinc oxide are 10–20 nm in diameter,

but they typically exist as 30- to 150-nm aggregates and frequently are used in

cosmetics [35]. In a minipig model of human skin, inductively coupled plasma mass

spectroscopy failed to detect any significant increase in the titanium concentration in

the dermis or at draining lymph nodes after 22 days of sunscreen application [36]; in

the same study, transmission electronmicroscopy (TEM)of the dermis revealed only a

few titanium particles, equivalent to 10�6 to 10�4 % of the total amount applied. In

another study, multiphoton microscopy of human skin in vivo 4 h after the application
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of zinc oxide nanoparticles revealed zinc oxide nanoparticles in the stratum corneum

but none in viable epidermis [37]; a similar quantitative analysis was unable to

document any noteworthy penetration of the skin by titanium nanoparticles

[38]. Therefore, even though aggregates of titanium dioxide nanoparticles and zinc

oxide nanoparticles penetrate the skin in some situations, the rate is extremely low or

below the limit of detection of most modern methods of quantitation.

6.2.2.2 Silica Nanoparticles

Manufactured synthetic silica nanoparticles are amorphous silica and are divided into

two main types: pyrogenic silica and wet-process silica (i.e., precipitated silica and

silica gels) [20, 39]. All pyrogenic silica nanoparticles exist as aggregates and

agglomerates; some of the wet-process types also are well dispersed. Pyrogenic silica

nanoparticles are widely used in cosmetics, but available data regarding the skin

penetration of silica nanoparticles largely derive from the wet-process type, which is

used for coatings and ink-receptive papers and as a filter aid in food production. In a

mouse model involving epicutaneous application (“skin painting”) for 3 days or

28 days, TEM analysis revealed well-dispersed silica nanoparticles (diameter,

70 nm) not only in epidermal Langerhans cells but also in the dermis and draining

lymph nodes [40, 41], but the images obtained suggested that the penetration rate was

minimal, at most. Fluorescence microscopy and flow cytometry showed that fluores-

cently labeled silica nanoparticles (diameter, 42 nm) enter keratinocytes and

Langerhans cells in human tape-stripped epidermis; the authors stated that tape

stripping removed part of the stratum corneum and contents of the follicular infun-

dibulum [42]. Although quantitative data regarding skin penetration by silica

nanoparticles is currently unavailable, well-dispersed silica nanoparticles likely will

enter viable skin at some point during our daily lives.

6.2.2.3 Quantum Dot Nanoparticles

Quantum dot nanoparticles are intrinsically fluorescent, and their dispersion char-

acteristics are easily manipulated by modifying the particle surface; consequently,

they are widely used as models to investigate the biodistribution of nanoparticles. In

an early study, confocal scanning microscopy suggested that two types of quantum

dot nanoparticles with different coatings (PEG [polyethylene glycol]-carboxylic

acid and PEG-amine; diameter, 15 to 45 nm) penetrated the epidermis of pigs [43];

however in a follow-up study using TEM and inductively coupled plasma-optical

emission spectroscopy, this same group was unable to detect the entry of a similar

nanoparticle preparation (40 nm with PEG modification) [44]. In contrast, our TEM

analysis revealed that 40-nm quantum dot nanoparticles penetrated slightly into

viable skin in mice [40], and confocal microscopy and TEM both demonstrated

very low, but qualitatively higher, penetration of quantum dot nanoparticles in

UVR-exposed skin compared with intact skin in mice [45]. The findings of another

group suggested that, among the preparations and pH conditions they evaluated,
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only pegylated quantum dot nanoparticles at pH 8.3 penetrated intact human skin

[46]. These interesting, but contradictory, observations and quantitative data sug-

gest that, like other nanoparticles, well-dispersed quantum dot nanoparticles can

enter our bodies through skin, but the amount that enters is minimal.

The mechanismunderlying the penetration of skin by nanoparticles remains unclear.

Skin presents two physical barriers: the stratum corneum and tight junctions (TJs). To

be absorbed through the skin, a medicine must be less than 500 Da in molecular weight

[47]; that is, a compound exceeding 500 Da cannot cross the TJ barrier. Therefore all

nanoparticles are thought to be too large to penetrate the TJ barrier, at least when it is

fully functional. However, nanoparticles may be able to elude the TJs in hair follicles

[48], whose heterogeneously differentiated epithelial cells and their various functions

may impart some flexibility in regard to penetration [49]. In addition, Langerhans cells

can uptake external antigens despite the presence of an intact TJ barrier [50], thus

representing another possible mechanism for the skin penetration of nanoparticles.

The skin is the body’s primary defense against the environment and thus is under

constant assault from mechanical irritation, microbial pathogens, and chemical

insults. Therefore, although the skin barrier is quite strong, it is not always completely

protective. For example, tape stripping [51], mechanical flexion [52], and UV expo-

sure [45] all increase nanoparticle penetration in skin. Therefore, in reality,

nanoparticles likely gain access into our body through skin that is damaged during

the activities of daily living. However, wewant to reiterate that the rate of any possible

penetration is extremely low, given that state-of-the-art quantitative techniques are

unable to detect significant numbers of penetrated particles (Fig. 6.1).

Stratum corneum

Mechanical irritation
Microbial pathogens
UV, etc.

Epidermis
(Viable skin)

Dermis

Cosmetics
Vehicle
emissions
Soil, etc.

Tight junction

We need to remember that some hazards 
of nanoparticles are inducible even at

low exposure levels.

Fig. 6.1 Skin exposure to

nanoparticles
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6.3 Potential Hazards of Skin Exposure to Nanoparticles

The potential hazards associated with nanoparticles are divided into two main

categories according to the context in which the exposure occurs.

6.3.1 Potential Direct Health Effects of Nanoparticles

Whether nanoparticles are directly inflammatory and cytotoxic currently is the

main topic of debate regarding their health risk [53–56]. However, because the

rate at which nanoparticles enter through skin is extremely low, we think that they

are unlikely to directly cause significant inflammation and cytotoxicity in most

situations in skin. Therefore, we now focus on the potential for nanoparticles to lead

to mutation and sensitization, adverse effects that are sometimes induced even at

relatively low-level skin exposure to a chemical substance.

Many reports suggest that nanoparticles are mutagenic [57–60], but almost all of

these studies indicate that the mechanisms underlying the observed mutagenicity

were ROS dependent [57–60]. ROS are not “evil” in and of themselves; instead the

duration and intensity of exposure determine whether their health effects are

harmful or beneficial [61, 62]. For example, high doses of the herbicides, paraquat

and juglone, shorten the life span of Caenorhabditis elegans by inducing ROS,

whereas low doses extend the organism’s life span [63, 64]. However, because only
very low numbers of nanoparticles enter the body via the skin, the mutagenicity of

nanoparticles is unlikely to occur through ROS-dependent mechanisms. Additional

research is warranted to address potential mechanisms for the mutagenicity of

nanoparticles and the conditions that enhance their entry or accumulation.

Whether nanoparticles act as directly as sensitizing agents has not been deter-

mined. A local lymph node assay, which identifies chemical sensitizers by their

capacity to induce the proliferation of cells from draining lymph nodes after dermal

exposure [65], was unable to detect any sensitizing ability associated with amine-

modified polystyrene nanoparticles (diameter, 50 nm) or titanium dioxide primary

nanoparticles (diameter, <25 nm) [66]. Another study evaluated the sensitizing

ability of two types of wet-process silica nanoparticles, mesoporous silica and

colloidal silica, both of which were about 100 nm in diameter [67]. After three

consecutive days of skin painting, mesoporous silica but not colloidal silica

increased the ear thickness of mice, prompting the authors to conclude that

mesoporous silica nanoparticles acted as a chemical sensitizer. However, the

changes in ear thickness were slight, and unlike the positive control

(2,4-dinitroflourobenzene, a strong chemical sensitizer), the mesoporous silica

nanoparticles did not elicit any cell proliferation in the local lymph node assay [67].

To date, the only nanoparticle that is confirmed to be antigenic is fullerene: the

immunization of mice with complete Freund’s adjuvant and a C60 fullerene deriv-

ative conjugated to bovine thyroglobulin successfully induced C60 fullerene-
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specific antibodies [68, 69]. However, evaluating the sensitizing ability based on

OECDGuideline 406, Ema et al. however could not detect any sensitizability of C60

fullerene [69]. These results suggest that C60 fullerene must be haptenized to induce

specific antibody. However, such haptenization seems unlikely under natural con-

ditions, implying that C60 fullerene would be safe in terms of sensitizing ability,

according to our current knowledge [70]. Considering all of these findings together,

we conclude that the notion that nanoparticles act as chemical sensitizers after skin

exposure has not been confirmed.

In contrast, several epidemiologic studies indicate that airborne particulates

containing sensitizing metals contribute to the onset of metal allergy [71–73]. Con-

sidering metal nanoparticles release metal ions, a supposed cause of metal allergy,

metal nanoparticles may act as sensitizers, not because of their own antigenicity,

but because of the antigenicity of their released metal ions. Future safety evalua-

tions of nanoparticles need to address this potential function of nanoparticles as

indirect sensitizing agents.

6.3.2 Combined Exposure to Nanoparticles and Other
Substances

Exposure to nanoparticles often occurs simultaneously with exposure to other

chemical compounds and environmental allergens [30]. However, little is known

about the hazards of combined skin exposure to nanoparticles and other substances.

As mentioned earlier, exposure to environmental nanoparticles facilitates the onset

and severity of allergic diseases. Because the most important exposure route for

these effects is unknown, the possibility that concurrent skin exposure to

nanoparticles and allergen contributes to the onset of allergy needs to be

considered.

We first focus on allergic contact dermatitis, which typically is induced by a

chemical sensitizer. In one study, injection of titanium dioxide nanoparticles

(diameter, 15–25 nm) was done before 2,4-dinitrochlorobenzene-induced expan-

sion of cells from the draining lymph nodes of mice [74]. Furthermore, 3 consecu-

tive days of skin painting with a mixture of mesoporous silica nanoparticles and

2,4-dinitroflourobenzene induced more severe ear swelling in mice than

2,4-dinitroflourobenzene alone did [67]. Furthermore, the fragrances in cosmetics,

which frequently contain nanoparticles as well, are a leading cause of allergic

contact dermatitis [75]. Additional studies to reveal the mechanisms of these

nanoparticle-associated effects and to identify the threshold amount for an adverse

response are needed urgently.

Atopic allergies are IgE-related allergic conditions, such as atopic dermatitis. As

mentioned earlier, exposure to environmental nanoparticles is one of the most

important factors in the induction or aggravation of atopic allergy. Yanagisawa

et al. found that intradermal injection of mixture of mite allergen, which is the

6 Potential Hazards of Skin Exposure to Nanoparticles 129



major cause of atopic dermatitis [76], and titanium dioxide nanoparticles or poly-

styrene nanoparticles aggravated atopic dermatitis-like skin lesions in the NC/Nga

mouse model [77, 78]. We confirmed that intradermal injections of silica

nanoparticles caused similar adverse effects, and smaller nanoparticles caused

more severe reactions [79]. In contrast, skin painting of zinc oxide nanoparticles

with ovalbumin and staphylococcal enterotoxin B did not exacerbate atopic

dermatitis-like skin lesions [80]. These findings together suggest that although

some nanoparticles might aggravate atopic dermatitis directly, this potential

might be weaker under non-laboratory exposure conditions. One potential mecha-

nism for the role of nanoparticles in atopic allergy is that the interaction of

nanoparticles and allergen changes the skin penetration kinetics of the allergen

and induces IgE-biased immune responses, which are a characteristic feature of

human atopic allergies [81, 82]. For this effect, skin penetration by nanoparticles is

unnecessary. Therefore studies designed to obviate nanoparticles’ possible health

risks should focus on not only the direct immunomodulating effects of

nanoparticles but also on their potential to interfere with a healthy response to

coexisting chemical substances or allergens.

6.4 Conclusion

Existing data are inconclusive regarding the health risk of skin exposure to

nanoparticles. Although qualitative data suggest that nanoparticles enter the body

via the skin in some situations, almost every quantitative study has concluded that

the penetrating amount of nanoparticles is less than the detection limit of present

technology, at least in the model used. To continue the discussion regarding the

adverse effects of skin-acquired nanoparticles, we propose that further quantitative

analyses are needed to determine the rate at which nanoparticles penetrate the skin

and any potential for their accumulation. We also believe that additional research

should be focused on determining whether nanoparticles cause immunologic sen-

sitization, either directly or by promoting the sensitizing effects of co-exposed

substances. These future studies will not only reveal ways through which we can

accommodate an environment rich in nanoparticles; they also will provide insight

into means to improve the safety and efficacy of nanomedicines for skin care.
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Chapter 7

Health Effects of Silver Nanoparticles

and Silver Ions

Takamitsu Miyayama, Yuta Arai, and Seishiro Hirano

Abstract The health effects of silver nanoparticles (AgNPs) have not been well

investigated, despite AgNPs now being widely used in consumer products. We

introduce living environment, analysis, metabolic behavior, toxicity, and human

health effect of AgNPs in comparison to silver nitrate (AgNO3). The American

Conference of Governmental Industrial Hygienists (ACGIH) has established sepa-

rate threshold limit values (TLV) for metallic silver (0.1 mg/m3) and soluble

compounds of silver (0.01 mg/m3). Argyria and argyrosis are chronic disorders of

skin microvessels and eyes in humans, and these disorders reportedly develop

following extended oral and inhalational exposure to Ag. In mammals, AgNO3

and AgNPs increased the number of the total cells, neutrophils, and

pro-inflammatory cytokine production “IL-1β,” and these were distributed in the

lung, kidney, and liver. The amount of Ag in the metallothionein (MT)-bound form

was related in cellular behavior and toxicity of AgNPs and AgNO3. The cytotoxic

effect of AgNPs is a simple function of neither the number nor total surface area.

Although the effect may vary among the cell types and the culture conditions,

AgNPs were transported to lysosomes and only gradually dissolved in mammals,

causing milder inflammatory stimulation.
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Metallothionein

T. Miyayama (*)

Department of Hygiene and Public Health I, School of Medicine, Tokyo Women’s Medical

University, Shinjyuku-ku, Tokyo, Japan

Environmental Nanotoxicology Project, RCER, National Institute for Environmental Studies,

Tsukuba, Ibaraki, Japan

e-mail: t-miyayama@research.twmu.ac.jp

Y. Arai

Graduate School of Pharmaceutical Sciences, Chiba University, Chiba, Japan

S. Hirano

Environmental Nanotoxicology Project, RCER, National Institute for Environmental Studies,

Tsukuba, Ibaraki, Japan

Graduate School of Pharmaceutical Sciences, Chiba University, Chiba, Japan

© Springer Japan 2016

T. Otsuki et al. (eds.), Biological Effects of Fibrous and Particulate Substances,
Current Topics in Environmental Health and Preventive Medicine,

DOI 10.1007/978-4-431-55732-6_7

137

mailto:t-miyayama@research.twmu.ac.jp


7.1 AgNPs in Environment

7.1.1 Chemistry and Commercial Use of AgNPs

Ag is a chemical element with atomic number 47. It is composed of two stable

isotopes, 107Ag and 109Ag. The natural abundances between 107Ag and 109Ag are

51.839 % and 48.161 %, respectively. Ag atomic weight is 107.8682 g/mol. A soft,

white, lustrous transition metal, it possesses the highest electrical conductivity of

any element and the highest thermal conductivity and reflectivity of any metal. Ag

occurs naturally in its pure, free form, as an alloy with gold and other metals.

Almost all Ag is produced as a by-product of copper, gold, lead, and zinc refining.

AgCl argentometry is based on a famous reaction in Ag chemistry, where colorless

aqueous AgNO3 and colorless solution of NaCl produce white precipitates of AgCl.

This reaction is important to investigate the metabolic behavior of Ag both in vitro

and in vivo, because body fluids and culture medium contain chloride ions at a

concentration about 4000 ppm and the reaction may take place on the surface of

AgNPs. AgNPs are suspended in either citrate or polyvinylpyrrolidone (PVP),

which increases dispersion and stability in solution [1]. Citrate and PVP serve as

capping agents and stabilize the formed nanoparticles against agglomeration but

also play a role in the formation of specific nanoparticles [2]. PVP suspended

particles (20 and 110 nm) were taken up by mammalian cells to a greater degree

when compared to citrate suspended particles of the same size and shape [3]. On the

other hand, the other researchers reported that 10 nm citrate- and PVP-coated

AgNPs were not difference in uptake [4].

AgNPs are currently used in consumer products such as cosmetics, food storage

containers, medical supplies, and pharmaceuticals [5]. Among over 1800 commer-

cially available products, identified as containing nanomaterials according to man-

ufacturers’ reports, about 25 % contain AgNPs [6]. Recently, there are increasing

concerns about potential risks of AgNPs to humans and to the environment because

of Ag behavior in mammals. Ag has antibacterial properties, and it was used for

surgical prosthesis, splints, and fungicides. Soluble Ag compounds, such as silver

salts, have been used in treating mental illness, epilepsy, nicotine addiction, gas-

troenteritis, and infectious diseases. It has been shown that Ag is deposited in the

skin, eyes, and other organs in workers processing Ag-containing materials

[7, 8]. Argyria and argyrosis are chronic disorders of skin microvessels and eyes

in humans, and these disorders reportedly develop following extended oral and

inhalational exposure to Ag in occupational exposures. Despite the knowledge

about increasing discharge of AgNPs into environment as wastewater and its

potential toxicity to microorganisms [9], the interaction of AgNPs with heavy

metals in the biological removal process remains poorly understood.
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7.1.2 Characterization of AgNPs

The assessment of the physicochemical and biological properties of AgNPs is

complicated because these properties depend on a number of parameters such as

size, shape, charge, dispersion state, and surface functionality. Therefore, the

comparison of the results from different groups is typically difficult because either

different particles were used or different chemical or biological methods were

applied [2]. Most researchers evaluate primary size, hydrodynamic diameter, and

zeta-potential of metal nanoparticles by transmission electron microscope (TEM)

and dynamic light scattering (DLS). As the results of TEM and DLS analysis, the

addition of fetal bovine serum (FBS) enhanced the stability of the particle suspen-

sion by steric hindrance [10, 11]. The presence of proteins reduces the surface

energy of a nanoparticle and decreases adhesion of the nanoparticles to the cellular

membranes [12, 13]. Because FBS used for the cell culture contains bovine serum

albumin, the use of albumin is reasonable to disperse particulate substances and

diminish the propensity of nanoparticles to agglomerate in in vivo and in vitro

studies [14].

7.1.3 Exposure Limits

Ag can be absorbed into the systemic circulation from the drinking water and also

through parenteral routes such as inhalation and dermal exposure [15]. ACGIH has

established separate TLV for metallic silver (0.1 mg/m3) and soluble compounds of

silver (0.01 mg/m3). Occupational Safety and Health Administration (OSHA) and

Mine Safety and Health Administration (MSHA) proposed that a permissible

exposure limit (PEL) for both metallic and most soluble Ag compounds should

be 0.01 mg/m3 [16]. Argentina, Bulgaria, Columbia, Jordan, Korea, New Zealand,

Singapore, and Vietnam recognize the American Conference of Governmental

Industrial Hygienists (ACGIH) threshold limit values (TLV) of 0.1 mg/m3 for

metallic Ag, while Austria, Denmark, Germany, the Netherlands, Norway, Swit-

zerland, and Japan recognize 0.01 mg/m3 as the occupational exposure limit for all

forms [17]. There is thus a high probability of exposure to AgNPs through inges-

tion, skin contact, and inhalation, which raises a potential health risk of Ag in

humans.

7.1.4 Measurement and Analysis of AgNPs

Metal analysis provides important information on cellular uptake and tissue distri-

bution of administered metals and also identification and quantification of metal- or

metalloid-containing biomolecules. Atomic absorption spectrometry (AAS) and
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inductively coupled plasma-atomic emission spectrometry (ICP-AES) have been

used for metal analysis of biological samples because of their sensitivity and

accuracy. Inductively coupled plasma-mass spectrometry (ICP-MS) has higher

sensitivity and accuracy for the detection of multielements than AAS and

ICP-AES. Particularly, ICP-MS is able to analyze isotopes, which enables the use

of enriched stable isotopes as tracers in biological studies. The use of stable isotopes

rather than radioisotopes is recommended for biological research [18].

7.1.5 Speciation of Ag in Biological Samples

Speciation is the analytical methods of identifying and/or measuring the quantities

of one or more individual chemical species in biological samples as blood plasma,

tissue extract, urine, digested spots from electrophoresis, and cell extract

[19]. High-performance liquid chromatography (HPLC) coupled with ICP-MS

has a multi-separation of biological samples and a high sensitivity and specificity

of metal detections. It is suitable for the screening of Ag distribution in tissue and

culture cells. In mammals following exposure to AgNPs and AgNO3, it has been

reported that Ag-bound metallothioneins (Ag-MT) were determined by HPLC-ICP-

MS [20–22]. MT-I, MT-II, MT-III, and MT-IV are low-molecular-weight proteins

(MW ~7 kDa). MT-I and MT-II can bind to a variety of essential and toxic metals,

such as copper, zinc, cadmium, mercury, and Ag [23–26]. The induction of MTs

protects cells against heavy metal toxicity by chelating those metals with cysteine

residues and by reducing reactive oxygen species (ROS) generation [27]. It has

been reported that AgNO3 and AgNPs were incorporated into cells, where the Ag

ion induced de novo synthesis of MT-I and MT-II [28]. These reports suggested that

the amount of Ag in the MT-bound form was related to cellular behavior of AgNPs

and AgNO3. The analytical collaborations between HPLC-ICP-MS and molecular

biological techniques may reveal Ag behavior in mammals.

7.2 Metabolic Behavior of AgNPs

7.2.1 Inhalated AgNPs

There is a high probability of exposure to AgNPs through inhalation, which raises a

potential health risk of silver in humans. Inhaled AgNPs are typically cleared from

the respiratory tract by coughing, mucociliary transport, and phagocytosis of

alveolar macrophages. The major deposition mechanism for particles smaller than

0.5 μm is diffusion. In the lung, squamous alveolar (type I) cells form the structure

of the alveolar wall, whereas cuboidal alveolar (type II) cells continuously release

pulmonary surfactant by exocytosis. Once AgNPs reach the alveoli, further barriers
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to diffusion into the blood circulation are limited. This is because the epithelium

that separates the inhaled air from the blood capillaries is very thin (<0.5 μm),

consisting of a monolayer of type I and type II epithelial cells [6]. Therefore AgNPs

can penetrate deeply into the alveolar region, where clearance may be insufficient.

Any cellular or protein damage in this region could not only have an impact on

pulmonary homeostasis but would also determine possible translocations of AgNPs

to other organs and allow them to elicit toxic effects at extrapulmonary sites. Hence,

the first interactions of AgNPs with the lung epithelium urgently need to be

addressed, in order to predict their adverse effects, provide guidelines for their

safe use, and direct the regulation of AgNPs.

7.2.2 AgNPs Exposed via Other Routes

Adult-male C57BL/6 N mice received intraperitoneal administration (i.p.) of 25 nm

AgNPs at doses of 100, 500, or 1000 mg/kg, and effects of AgNPs on gene

expression in various regions of the mouse brain were investigated. It was

suggested that AgNPs may produce neurotoxicity by generating free radical-

induced oxidative stress and by altering gene expression, producing apoptosis and

neurotoxicity [29]. The study showed the transdermal uptake of Ag by AgNP-

containing wound dressings in male rats leading to elevated Ag levels in blood,

feces, brain, testis, lung, heart, and muscle tissue after a burn trauma. The Ag blood

levels showed a significant increase after 3 weeks of external application of two

commercially available Ag wound care products (AgNPs and Ag sulfate). After

6 weeks of application, a significant accumulation of Ag was detected in all

analyzed organs and tissue specimens (spleen, kidney, liver, brain, testis, lung,

heart, and muscle tissue). AgNPs resulted in higher Ag levels in the organs than the

Ag sulfate-containing product [30].

7.3 Toxicity of AgNPs

7.3.1 Toxic Mechanism of AgNPs

AgNPs may enter the cell via phagocytosis, macropinocytosis, or endocytosis and,

then, be distributed to cytoplasmic compartments such as endosome, lysosomes,

mitochondria, and nucleus. Cellular effects of AgNPs occur as a result of intracel-

lular release of Ag+, leading to oxidative damage to the cell [31]. It was reported

that dissolution of metal nanoparticles to ions in the acid environment of the

lysosomes causes lysosomal destabilization and cell death [32]. However, cytotox-

icity of AgNPs in human hepatoma cell (HepG2) appeared to be mediated by

oxidative stress independent of Ag+ release [33]. The cytotoxicity mechanisms of
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AgNPs depend on not only their concentration, size, shape, and surface modifica-

tion but also on the target cell type.

7.3.2 Toxicity of AgNPs In Vivo

In mice, AgNO3 and AgNPs increased the number of the total cells, neutrophils,

pro-inflammatory and cytokine production “IL-1β” and were distributed in the lung,
kidney, and liver after 24 h instillation. Other researchers reported that a single

intratracheal instillation of AgNPs (average diameter, 243.8 � 176.7 nm) caused

helper type 2-dominant inflammatory responses, pro-inflammatory cytokine pro-

duction, and lung tissue damage [34]. Subchronic inhalation exposure of Sprague-

Dawley rats to different concentrations of AgNPs (average diameter 18–19 nm)

showed that AgNPs were mainly distributed to the lungs and liver and caused lung

inflammation and bile-duct hyperplasia [35]. These researchers suggested that the

no-observable-adverse-effect level (NOAEL) was calculated to be 100 μg/m3. An

in vivo study based on oral administration of 15 nm AgNPs to rats indicates the

accumulation of Ag in the kidney and liver [21]. The Ag is relatively labile, being

eliminated after 30 days. Ag is homogeneously distributed in the liver, whereas in

the kidney, it is preferentially located in the cortex. Ag speciation determined

Ag-MT in the kidney and liver. The presence of intact AgNPs in rat feces was

detected and excreted about 50 % of administrated AgNPs.

7.3.3 Toxicity of AgNPs In Vitro

In mammalian cells, one of the major toxicological interests regarding Ag used in

commercial products is the difference in cellular uptake, tissue distribution, and

toxicity between ionic (Ag+) and nanoparticulate forms. Exposure to AgNO3

in vitro decreased the cell viability dose dependently in various types of cells

such as rat hepatocytes [36], human dermal fibroblasts [37], Jurkat cells [38],

human leukocytes [39], and neuronal PC12 rat pheochromocytoma cells [40]. Silver

ion interacts with a variety of biomolecules, such as nucleic acids, cell wall

components, and sulfhydryl groups of metabolic enzymes, MTs, and glutathione

(GSH), which leads to cellular dysfunction [41, 42]. The toxicity of AgNO3 and

AgNPs arises in part from their inhibitory effect on mitochondrial function and

cellular energy metabolism [15, 43]. The cytotoxic effects of AgNO3 and AgNPs

seem to be associated with oxidative stress [15, 44] and apoptosis signaling

[31, 45]. It was reported that the viability of macrophages decreased dose and

size dependently following 24-h exposure to 15, 30, and 55 nm AgNPs at concen-

trations ranging from 10 to 75 μg/mL [43]. The similar effects were reported using

titanium oxide and silica nanoparticles [46, 47]. We reported the cytotoxicity,

induction of MTs, and intracellular distribution of Ag in AgNO3- or AgNP-exposed
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J774.1 murine macrophage cells [20]. The cytotoxic EC50 values of the 20, 60, and

100 nm AgNPs were 38.4, 27.9, and 51.8 μg Ag/mL, respectively, in J774.1 murine

macrophage cells, suggesting that smaller Ag particles were slightly more cytotoxic

and the cytotoxic effect of AgNPs was not a simple function of either the number or

total surface area [20]. In this study chemical speciation analyses of silver in the

supernatant of cell lysate were performed. The amount of Ag in the soluble fraction

of the cell lysate was higher than that in the insoluble fraction in AgNO3-exposed

cells, while the amount of Ag in the insoluble fraction was higher than that in the

soluble fraction in AgNP-treated cells. In the HPLC-ICP-MS elution profile of Ag,

the intensity of the Ag peak in the MT fraction increased in the AgNO3-treated

J774.1 cells, whereas no Ag-bound MT was observed in the AgNP-exposed cells;

instead, Ag eluted in a high-molecular protein fraction. It is also indicated that

intracellular glutathione level did not play a role in the cytotoxic effect of AgNO3.

The phase-contrast images of AgNPs colocalized with fluorescent images of lyso-

somes in AgNP-exposed cells. AgNPs may be transported to lysosomes and only

gradually dissolved in the macrophages (Fig. 7.1), causing milder inflammatory

stimulation in the mouse lung compared to AgNO3.

7.4 Effects of AgNPs on Humans

The most common health effects associated with prolonged exposure to Ag are the

development of a characteristic, irreversible pigmentation of the skin (argyria), and

the eyes (argyrosis). The affected area becomes bluish gray or ash gray and is most

prominent in areas of the body exposed to sunlight [48, 49]. Argyria and argyrosis

are chronic disorders of skin microvessels and eyes in humans, and these disorders

reportedly develop following extended oral and inhalational exposure to AgNO3

Fig. 7.1 Distribution and

behavior of AgNPs in

J774.1 murine macrophage

cells. AgNPs were

accumulated in the

lysosomes. It is plausible

that AgNPs gradually

dissolved and liberated Ag

ions bound to intracellular

proteins without inducing

MTs in J774.1 cells
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[50], silver oxide [51, 52], and particulate and colloidal Ag [7]. Excessive nasal

exposure to a Ag-protein complex resulted in a blue-grey pigmentation in the skin

due to intradermal silver deposition [53, 54]. Generalized argyria was most often

reported that AgNO3 makers were in occupational exposures [51]. The lung and

liver were the main target tissues for prolonged AgNP exposure, and NOAEL of

AgNPs was determined as 100 μg/m3 [35]. Actually, bronchitis, emphysema, and a

reduction in pulmonary volume were observed when silver polishers were exposed

to Ag [17, 51]. Mayr M et al. reported the patient of argyria in 2009 [55]. The

patient, a former laboratory technician, produced a silver colloid solution. The

diagnosis was argyrosis of the kidney and discrete signs of benign nephroangio-

sclerosis. The history of severe hypertension led to the assumption that the cause of

the decreased kidney function was benign nephroangiosclerosis. Pala G

et al. reported the patient of argyrosis in 2008 [56]. The patient was a 71-year-old

man, working from the age of 17 as a craftsman producing a variety of Ag items,

including vases, plates, trays, and frames. The working bench was situated approx-

imately 30–40 cm from patient’s face, who never wore any ocular or respiratory

protective devices. No aspiration systems were present in the workplace. Ocular

examination revealed a bilateral, marked blue-gray discoloration of the tarsal and

bulbar conjunctive and of the cornea. These case reports highlight the hazard of Ag

workers without adequate protection and indicate that occupational ocular argyria

and argyrosis may still be observed in clinical practice today.

7.5 Conclusion

AgNPs have been gaining attention in both research and industry. Cytotoxicity of

AgNPs not only depends on concentration, size, shape, and surface modification but

also on the target cell type. Multidimensional approaches were used to reveal the

toxicological mechanisms for AgNPs and also Ag ions in cells. These approaches

include analysis for chemical species of Ag in cells and tissues by HPLC-ICP-MS,

molecular imaging, transcriptional induction, gene product expression, and local-

ization of target proteins in AgNP- or Ag ion-exposed mammalian cells.
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Chapter 8

Multiwalled Carbon Nanotube-Induced
Pulmonary Fibrogenesis

Jonathan H. Shannahan and Jared M. Brown

Abstract Engineered nanomaterials are increasingly being incorporated into a

variety of technologies and applications due to their unique properties. In particular,

multiwalled carbon nanotubes (MWCNT) hold great promise for many different

industries. MWCNTs are made of carbon and have a cylindrical structure which can

be synthesized with diameters in the nanometer-sized range and variable lengths

into the micron range. MWCNTs have unique properties allowing for high electri-

cal and thermal conductance, high tensile strength, low weight, and the ability to be

manufactured with a variety of physicochemical properties and to undergo numer-

ous surface modifications. Along with their vast potential, there is growing concern

regarding human exposure and the possibility for adverse health effects. The

primary route of human exposure to MWCNT is through inhalation in both occu-

pational and environmental settings. Based on a commonality of properties includ-

ing high aspect ratio and biopersistence within the lung, there is concern of

asbestos-like toxicity following inhalation of MWCNTs. To date there has been

sufficient toxicological evaluation in cell culture and animal models establishing

the fibrogenic potential of MWCNTs. This chapter summarizes our current under-

standing regarding MWCNT-induced pulmonary fibrosis specifically examining

current occupational human exposure levels, pulmonary deposition, susceptibility,

and mechanisms of MWCNT-induced fibrogenesis. Further gaps in our current

knowledge and likely areas of future study are highlighted throughout.
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8.1 Introduction

Engineered nanomaterials are increasingly being incorporated into numerous fields

of study and applications thereby influencing almost all aspects of society.

Engineered nanomaterials are defined as synthesized materials existing with at

least one dimension of 100 nm or less. The inclusion of engineered nanomaterials

has revolutionized a variety of technologies including construction, consumer

products, renewable energy, and the biomedical field [1]. These nanomaterials

have broad-reaching potential due to their diverse physicochemical properties

such as size, shape, chemical composition, and surface functionalization. Based

on this recent rapid development and utilization of engineered nanomaterials, it is

likely that human exposures will increase and necessitate toxicological evaluation.

Exposure to engineered nanomaterials is likely to occur in a variety of scenarios

incorporating both environmental and occupational settings. Due to their vast

applicability, there is potential for all routes of human exposure to engineered

nanomaterials including oral, dermal, parenteral, and inhalation. Inhalation expo-

sure to engineered nanomaterials represents an occupational and consumer expo-

sure concern due to their small size and potential to deposit deep within the lung

allowing for them to circumvent mechanisms that the pulmonary system uses to

clear larger particles [2]. Further, it has been postulated that inhalation of

engineered nanomaterials is increasingly toxic compared to larger particles due to

their increased surface area, particle number based on mass, surface reactivity, and

deposition potential [3]. Specifically, exposure of animals to metal- and carbon-

based engineered nanomaterials by inhalation has demonstrated multiple mecha-

nisms of pulmonary toxicity including cytotoxicity, inflammation, apoptosis, oxi-

dative stress, and damage to the epithelial air interface [4–9]. Based on the

emerging evaluation of engineered nanomaterial exposure, one of the primary

health and safety concerns following exposure is the development of pulmonary

fibrosis resulting in impaired pulmonary function.

Pulmonary fibrosis typically occurs following lung inflammation and tissue

injury resulting in fibroblast activation and the deposition of excess collagen

forming scar tissue. The development of excess fibrotic connective tissue or scar

tissue within the lung reduces the functionally active tissue of the lung and causes

impaired pulmonary function. One of the most well-recognized inhalable exposures

to cause pulmonary fibrogenesis is asbestos [10, 11]. Asbestos is known to cause

fibrosis through a sustained pulmonary inflammatory response due to its

biopersistence within the lung. This biopersistence is related to the asbestos fibers’

high aspect ratio, rigidity, and chemical composition. Multiwalled carbon

nanotubes (MWCNTs) are a class of engineered nanomaterials that represent a

similar concern in regard to the development of pulmonary fibrosis. This concern is

related to their similar characteristics to asbestos fibers such as high aspect ratio,

rigidity, and vast surface area for interaction with lung cells and tissue.

Human exposures to MWCNTs will likely increase based on their inclusion in

current products and technologies as well as their future potential for widespread
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use. Of specific concern are pulmonary responses to MWCNTs due to their

inhalation in occupational and environmental settings. This concern has resulted

in an increase in research studies on the health and safety of MWCNTs focusing on

the development of pulmonary fibrosis following exposure.

8.1.1 Multiwalled Carbon Nanotubes

Carbon nanotubes are composed of sp2-hybridized carbon with a cylindrical struc-

ture. Single-walled carbon nanotubes exist as a single roll of graphene, whereas

MWCNTs have layers of rolled graphene. Typically, these materials can be syn-

thesized with diameters in the nano range, while the length is often measured in

microns. These high aspect ratios, similar to asbestos fibers, are of concern regard-

ing possible toxicity. Carbon nanotubes have unique properties including high

electrical and thermal conductance, high tensile strength, low weight, and the

ability to be synthesized with a variety of physicochemical properties (length,

diameter, surface coatings, etc.). Further, carbon nanotubes can undergo various

surface modifications through the addition of amino acids, peptides, and other

molecules. These surface modifications modify the function of carbon nanotubes

by allowing for their use in a variety of nanomedicine applications, for example.

Modifications to the surface however also can have toxicological implications by

influencing cytotoxicity, cellular uptake, oxidative stress, and biodistribution. To

date, MWCNT appears to be the most utilized carbon nanotube for industrial and

biomedical applications based on its wide range of applications. MWCNTs can be

synthesized through a variety of processes including chemical vapor deposition, arc

discharge, and laser ablation. These processes are able to precisely produce

MWCNTs of reproducible dimensions. Currently, chemical vapor deposition is

the most common method for the production of carbon nanotubes. These methods

of production however often utilize a metal catalyst, which could impact the purity

of the MWCNTs and influence toxicity through increasing surface reactivity. This

diversity of MWCNT features along with their increased usage makes evaluation of

their toxicity necessary in order to prevent adverse human health effects and

specifically the development of pulmonary fibrosis.

8.1.2 Occupational Human Exposure Levels

To date, there is limited research on the direct effects of MWCNT exposure on

humans; however, a growing number of animal and cellular studies have demon-

strated that exposure could result in pulmonary health effects. One significant

hurdle in the assessment of MWCNT-induced health effects is determining

human exposure levels especially in occupational settings where MWCNTs are

being synthesized and utilized in manufacturing processes. Without appropriate
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exposure assessments in occupational settings, it is impossible to perform relevant

toxicological studies in animal and cell models. Exposure to elemental carbon

occurring at eight US-based manufacturers of MWCNTs was analyzed using

personal breathing zone sample [12]. The mean concentration for these occupa-

tional settings was determined to be 10.6 μg/m3, which equated to an average

deposited dose of 4.07 μg/day in a human and is equivalent to 2 ng/day for a

mouse. The highest concentration observed at one MWCNT manufacturing facility

was 79.6 μg/m3. This study assumed that 25 % of this concentration would be

respirable resulting in an average respirable fraction of 2.65 μg/m3. Based on

studies such as this and other exposure assessments, the US National Institute of

Occupational Safety and Health (NIOSH) has adjusted their relative exposure limit

for carbon nanotubes from 7 to 1 μg/m3 for an 8 h time-weighted average of

elemental carbon [13]. This exposure limit is based on the respirable fraction of

carbon and not the total. This study begins to provide context to relate occupational

exposure assessment with human relevant dosimetry for in vivo toxicology evalu-

ation of MWCNT. Further evaluations regarding the concentrations to which

individuals are exposed to MWCNTs in occupational and environmental settings

are needed for impactful human relevant in vivo animal studies. Additional

research is also needed to compare characteristics of airborne MWCNTs in an

occupational setting compared to MWCNT being utilized for animal- and cell-

based studies.

Based on the potential for increased occupational exposure as well as the

possibility for the resulting disease progression of pulmonary fibrosis, the NIOSH

has made recommendations for employers regarding worker exposures [13]. In

summary, some of these recommendations include establishing engineering con-

trols, routine evaluation of airborne exposure levels, development of procedures for

spills, implementation of medical screening, and worker education. Most impor-

tantly, employers need to provide access to proper personal protective equipment

such as respirators, lab coats, and gloves and provide facilities for routine

handwashing as well as showering and clothes-changing areas to mitigate cross-

contamination of nonwork areas. These recommendations are necessary as infor-

mation regarding the possible health effects of MWCNTs are being continually

studied and confirmed.

8.1.3 MWCNT Deposition

Sites of deposition following inhalation typically correspond to the location of

pathogenesis within the lung. Due to their size, MWCNTs may have a unique

deposition profile. Many studies have utilized various exposure techniques includ-

ing aspiration, instillation, and inhalation, of which the latter is the most relevant for

human exposures. These various exposure techniques influence deposition and sites

of fibrosis within the lung. Fifty-six days following aspiration of MWCNTs, the

majority of MWCNTs are found within or penetrating alveolar macrophages (68 %)
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[14]. The other sites of deposition included granulomatous lesions within the

alveolar airspace (20 %), the interstitium of the alveolar tissue (8 %), and the

subpleural region (1.6 %). The granulomas that formed were located near the

terminal bronchioles of the lung likely due to this being a primary site of deposition

following oropharyngeal aspiration. There are inherent issues with delivering

MWCNTs as well as any other toxicant via oropharyngeal aspiration and/or instil-

lation. Of primary concern regarding these methods is a difference in deposition of

the material compared to inhalation as well as the effect of delivering a bolus dose.

Most studies that deliver MWCNTs through instillation or aspiration show agglom-

eration of MWCNTs at the terminal bronchioles, which will likely influence

responses. A comparison of deposition of MWCNTs following instillation and

inhalation demonstrates differences in deposition profile due to the mechanism of

delivery. Following an inhalation exposure to 10 mg/m3 of MWCNTs for 4 days

and collection of lungs 1-day postexposure, the total lung burden was 13 ug

[15]. This lung burden of MWCNTs was distributed to the airways (24 %) and

the alveolar region (76 %). Specifically, these MWCNTs were found in macro-

phages and interacting with the lung tissue, while a few were identified at the

pleural wall. In general, delivery by aspiration and instillation results in deposition

of MWCNT agglomerates near or at the terminal bronchioles, while inhalation

allows for single nanotube delivery into the deeper regions of the lung. These

differences in deposition patterns likely are responsible for variations in sites of

fibrosis development within the lung. Comparisons are difficult between inhalation

studies evaluating deposition as MWCNT properties such as length, diameter, and

flexibility are likely crucial to the deposition profile. These deposition studies

however have been used to inform mechanistic in vitro studies allowing them to

focus on specific cell types within the lung including macrophages and airway

epithelial cells.

8.1.4 MWCNT-Induced Pulmonary Inflammation

The toxicological response to MWCNT exposure within the lung includes a robust

acute inflammatory response and progressive fibrosis. The acute inflammatory

response has been shown to peak at 7 days and taper off slowly through 56 days

[16]. Studies have demonstrated various outcomes investigating inflammatory

responses following MWCNT exposure. For example, a comparison of

intratracheal instillation and inhalation in the Sprague-Dawley rat model demon-

strated similar localization of MWCNTs within alveolar macrophages by both

routes [17]. However, administration of MWCNTs by intratracheal instillation

resulted in significant neutrophilia that was unseen in inhalation-exposed animals

[17]. Inflammation in this study as measured by increased bronchoalveolar lavage

neutrophil counts returned to baseline by 21 days postexposure. These variations in

inflammatory response are likely related to differences in the physicochemical

properties of the MWCNT, differences in animal models, and route of exposure.
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Collectively, these studies have raised enough concern to limit human exposures to

MWCNTs due to the likely development of fibrotic lung diseases following

exposure.

8.2 Fibrosis Studies

Inhalation is the major route of exposure for MWCNT thereby making the lung a

critical site for the investigation of toxicity. Based on their size, MWCNTs are able

to gain access into the deep alveolar regions of the lung. Due to their asbestos-like

qualities such as their biopersistence, surface reactivity, and high-aspect ratio, there

is significant concern regarding possible lung toxicity and a need to mitigate human

exposures. A growing body of evidence from animal studies has indicated a number

of pulmonary pathologic responses that occur following exposure including inflam-

mation, oxidative stress, genotoxicity, formation of granulomas, fibrosis, and dec-

rements in pulmonary function.

8.2.1 MWCNT Physicochemical Properties and Fibrosis

MWCNTs can be synthesized to have a wide range of physicochemical properties

including adjustments to diameter and length. These modifiable properties likely

are responsible for variations in fibrotic response. Variations in lengths of

MWCNTs (0.8 vs 4 um) have been shown to result in differential pulmonary

fibrotic responses [18]. Although both lengths of MWCNT were determined to

induce fibrosis, the longer MWCNT type (4 um) was found to induce more severe

fibrosis as compared to the shorter (0.8 um). This enhanced fibrotic response to the

long MWCNT type corresponded to a unique fibrotic gene expression profile

compared to the short MWCNT type. Specifically, the long MWCNT type was

found to induce greater expression of genes related to TGF-β1 signaling as com-

pared to the short MWCNT type. These results demonstrate the influence of

MWCNT characteristics on fibrotic response. However, due to the limitless mod-

ifications and combinations of MWCNT characteristics, this raises concerns regard-

ing the evaluation and diversity of MWCNT fibrogenic potential.

Modifications in surface functionalization can influence the pulmonary inflam-

matory response following exposure. Pulmonary instillation of original, purified

(acid washed), and carboxylic acid functionalized MWCNTs has demonstrated

differences in inflammatory response, which may alter the development of fibrosis

[17]. Following exposure to all three MWCNT types, a concentration-dependent

inflammatory response was observed that included increases in neutrophilic influx

at 1-day postexposure. Specifically, original MWCNTs induced a more robust acute

inflammatory response at 1-day postexposure compared to purified and carboxylic

acid functionalized MWCNTs as measured by neutrophilia and histopathological
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scoring of inflammation. This inflammatory response was resolved by 21 days

following exposure, although MWCNTs persisted within the lung, primarily inter-

nalized in alveolar macrophages. Macrophages more readily internalized carbox-

ylic acid functionalized MWCNTs as compared to the other MWCNT types at

21 days postexposure. These findings demonstrate differences in the acute inflam-

matory response as well as macrophage retention based on surface functiona-

lization. These differences in inflammatory response may equate to variations in

fibrogenic potential following repeated exposures.

The dispersion of MWCNTs in instillation studies is important as agglomerates

within the sample administered may drive many of the effects observed in these

studies. These agglomerates may not form during real-world exposures where

inhalation is occurring in environmental and/or occupational settings. Examination

of different dispersion solutions has demonstrated that addition of a surfactant and

protein combination (dipalmitoylphosphatidylcholine (DPPC) and bovine serum

albumin (BSA)) results in a more stable suspension of MWCNTs. These well-

dispersed MWCNTs induce greater fibrosis compared to non-dispersed MWCNTs

in a C57BL/6 mouse model 21 days following a single oropharyngeal instillation

[19]. Specifically, compared to a non-dispersed sample, a well-dispersed MWCNT

sample induced higher levels of TGF-β1 and platelet-derived growth factor-AA

(PDGF-AA) in the bronchoalveolar lavage fluid while also causing increased

fibrosis as measured by collagen deposition. This study also demonstrated

concentration-dependent responses (0.5, 1, 2, or 4 mg/kg) in these endpoints of

bronchoalveolar lavage fluid TGF-β1 and PDGF-AA protein levels and collagen

deposition. Ultimately, this demonstrates the importance of MWCNT dispersion for

administration of MWCNTs through instillation. Further, these findings suggest

that agglomeration of MWCNTs may reduce their potency for the generation of

fibrotic responses and may result in an underestimation of the biological response.

8.2.2 Interlaboratory Evaluation of MMWCNT-Induced
Fibrosis

Reproducibility of findings between laboratories is necessary for the assessment of

MWCNT-induced fibrosis as well as the development of exposure guidelines. A

National Institutes of Health interlaboratory evaluation of three different MWCNTs

was performed in the C57BL/6 mouse model and two rat models including

Sprague-Dawley and Fisher 344 rats [20]. The C57BL/6 mouse model was evalu-

ated for responses to MWCNTs in four independent laboratories, while the rat

models were assessed for MWCNT responses in three independent laboratories.

These three MWCNTs included original, purified (acid washed), and carboxylic

acid functionalized. All MWCNTs were found to induce neutrophilia 1 day fol-

lowing exposure in three out of the four labs using mice and in all labs utilizing rat

models. These findings also confirmed the ability of MWCNTs to induce an acute
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inflammatory response, which may establish a pulmonary environment conducive

to the development of fibrotic lung disease. Through the use of standardized

methods and materials, many inconsistencies between laboratories can be mini-

mized. These interlaboratory assessments can be highly informative and can pro-

duce data necessary for risk assessment of nanomaterials.

8.2.3 Susceptibility to MWCNT-Induced Fibrosis

MWCNTs also have the potential to promote or exacerbate fibrotic response when

an underlying disease state may exist. Allergic asthma is a respiratory condition

with pathogenesis that includes chronic remodeling of airways, eosinophilia, mucus

secretion, thickening of airway smooth muscle, and airway fibrosis. The population

of individuals affected by this disease is large and growing and may be particularly

susceptible to the effects of MWCNTs. To understand this population’s likely

susceptibility to MWCNT exposure, an asthmatic mouse model was utilized

[21]. Following induction of an asthmatic condition by ovalbumin sensitization,

mice were exposed via inhalation to MWCNTs and assessed for markers of fibrosis.

The combination of asthmatic disease and MWCNT exposure resulted in increased

collagen deposition as well as increased mRNA expression of IL-5. These findings

demonstrate how an underlying respiratory condition may enhance pulmonary

fibrotic responses to MWCNTs.

Individuals in occupation settings likely will not be exposed to only MWCNTs,

rather it is highly likely that co-exposures may occur. One co-exposure that could

occur is inhalation of bacteria, which may exacerbate MWCNT-induced fibrosis.

To assess this, MWCNT-induced fibrosis has been examined following a

co-exposure to LPS. In this scenario, exposure to MWCNTs+LPS increased pul-

monary fibrosis compared to MWCNTs alone [4]. Further, the mediator PDGF-AA

was synergistically enhanced in animals receiving LPS and MWCNTs compared to

MWCNT alone. In vitro studies determined these responses were related to PDGF-

AA produced by macrophages and epithelial cells and increased fibroblast expres-

sion of the PDGF-Rα within the lung. Overall, this model demonstrates that

individuals with conditions that have a pulmonary inflammatory component may

be at increased risk for fibrogenesis following subsequent MWCNT exposure.

It is likely that there are gender differences in the development of fibrosis

following MWCNT inhalation based on gender-related variations in deposition

following inhalation. In a 13-week inhalation exposure study utilizing male and

female rats, focal fibrosis of the alveolar walls was observed in both sexes [22]. This

study also demonstrated similar concentration-dependent inflammatory responses

in both sexes. Interestingly, males were shown to have a greater lung burden

following exposure than females. This difference in lung burden is likely due to

gender-related differences in minute volume. Overall, this study demonstrates that a

long-term inhalation exposure to MWCNT can induce fibrosis, which was not
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gender specific even though males were found to accumulate more MWCNTs

within their lungs. It is likely that due to differences in deposition that males may

be more susceptible to fibrosis over long-term exposures. Furthermore, it may be

that females are more sensitive to MWCNT-induced fibrogenesis as they demon-

strated similar fibrotic lesions with less lung burden. Future studies however are

needed to evaluate gender differences in MWCNT-induced pulmonary fibrosis and

to elucidate possible variations in mechanism.

8.2.4 Mechanisms of MWCNT-Induced Fibrogenesis

It has been hypothesized that MWCNTs induce fibrosis through the activation of

multiple cell types within the lung leading to the release of proinflammatory and

profibrotic mediators. A study utilizing a variety of cell lines assessing this mech-

anism demonstrated that in vitro exposure of alveolar epithelial and fibroblast cell

lines to MWCNTs induced concentration-dependent cytotoxicity, reactive oxygen

species production, and mitochondrial damage [23]. This generation of oxidative

stress within these cells can promote cell death and activation of specific profibrotic

signaling pathways leading to the development of pulmonary fibrosis. Further,

exposure to MWCNTs was found to activate NF-kB signaling leading to secretion

of inflammatory mediators including TNF-α, IL-1β, IL-6, IL-10, andMCP-1 as well

as profibrotic factors TGF-β1 and PDGF. Incubation of lung fibroblasts with the

supernatants from macrophages exposed to MWCNTs containing the inflammatory

and profibrotic mediators resulted in transformation of these cells into

myofibroblasts. This transformation is a key step in the development of fibrosis

resulting in the synthesis, deposition, and remodeling of the collagen matrix of

the lung.

Recently, the contribution of the NLRP3 inflammasome to the development of

pulmonary fibrosis following exposure to silica, asbestos, and bleomycin has been

postulated [24]. Following formation of the NLRP3 inflammasome complex, acti-

vation of caspase-3 occurs resulting in the cleavage of IL-1β and IL-18. Inhibition

of the inflammasome pathway as well as inhibition of inflammasome-associated

cytokines has been shown to reduce the fibrotic response in cell and animal models

of fibrosis. Activation of the NLRP3 inflammasome by MWCNT-induced NADPH

oxidase generation of reactive oxygen species has been hypothesized to be a

mechanism by which fibrosis occurs [25]. Specifically, knockout of phox47, a

cystolic component of the NADPH oxidase complex, has been shown to inhibit

MWCNT-induced increases in IL-1β and fibrosis. Treatment with n-acetyl cysteine
was determined to attenuate MWCNT-induced IL-1β and fibrosis further

supporting the role of reactive oxygen species generation in MWCNT-induced

fibrosis.

Another source of reactive oxygen species are the metal catalysts used to

synthesize MWCNTs by chemical vapor deposition. This provides a source of

contaminants that likely contributes to induction of cytotoxicity, oxidative stress,
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and inflammation. These contaminants are often removed through acid washing,

which modifies the surface of the MWCNT. Further, MWCNTs can be

functionalized via the addition of carboxyl groups to their surface. Alterations in

the surface of MWCNTs also influence toxicity and cellular response. Specifically,

unmodified MWCNTs have been shown to induce greater IL-1β production and

cytotoxicity compared to purified MWCNTs in alveolar macrophages [26]. Inter-

estingly, carboxylation of raw and purified MWCNTs was found to almost

completely inhibit IL-1β production and cytotoxicity. Further IL-1β production

was reduced through various inhibitors of the inflammasome supporting its role

in MWCNT-induced responses. Taken together these studies demonstrate a likely

mechanism by which MWCNT induce fibrosis through activation of the

inflammasome. Also these studies demonstrate how activation of the

inflammasome can be modified through alterations in the surfaces of MWCNTs.

Deposition studies have demonstrated that following introduction into the lung,

MWCNTs can reach the alveolar space and interact with epithelial cells within this

region. Small airway epithelial cells in vitro demonstrate oxidative stress and

alterations in gene and protein expression following MWCNT exposure [27]. Spe-

cifically, quantitative PCR determined 24 genes to be significantly downregulated

and 29 genes to be significantly upregulated following exposure to MWCNTs.

Following a functional analysis of these MWCNT-altered genes, biological func-

tions including cellular development, cellular growth and proliferation, cell signal-

ing, small molecule biochemistry, and cellular movement were established as

modified pathways. Analysis of upstream regulators of these MWCNT-induced

genes identified active involvement of two potential regulators NF-kB and IL-1β.
This study provided specific gene responses, which may lead to the development of

pulmonary fibrosis. These genes possibly represent specific gene profiles involved

in MWCNT-induced fibrosis.

8.2.5 IL-33/ST2 Receptor and Mast Cell-Mediated Fibrosis

Recent research examined the role of mast cells in the pulmonary fibrotic response

to MWCNTs and signaling through the IL-33/ST2 axis [28, 29, 9]. Specifically, a

study investigated the ability of exposure to increasing concentrations of MWCNTs

(1, 2, or 4 mg/kg) to produce pulmonary fibrosis and decrements in pulmonary

function 30 days following exposure in C57BL/6 mice [9]. Although concentration-

dependent increases were seen in bronchoalveolar inflammatory cell populations

(macrophages, neutrophils, and eosinophils), significant collagen deposition and

fibrosis were only observed at the highest concentration (4 mg/kg). These fibrotic

changes equated to decrements in pulmonary function consistent with obstructive

pulmonary pathology such as fibrosis. Decrements in pulmonary function consisted

of increased Newtonian resistance and total lung resistance with decreased lung

compliance. One cytokine of interest that was induced following exposure to

MWCNTs was IL-33. IL-33 is a member of the IL-1 cytokine family and is the
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only known ligand for the ST2 receptor. Due to its role in activating an immune

response, IL-33 has been termed an “alarmin.” Investigation utilizing an IL-33−/−

mouse model has shown an inhibition of MWCNT-induced fibrosis and an allevi-

ation of the decrements seen in pulmonary function in the wild-type C57BL/6

model [29]. In addition, pretreatment with the steroid methylprednisolone was

determined to inhibit the robust inflammatory response following MWCNT expo-

sure and thereby inhibited the development of fibrosis and decrements in pulmo-

nary function. Treatment with albuterol however did not alleviate alterations in

pulmonary function suggesting that these decrements in function are due to the

MWCNT-induced fibrotic lesions at the terminal bronchioles and not smooth

muscle contraction or hypertrophy.

One understudied cell type in regard to its role in immunotoxicological

responses is the mast cell. Mast cells express the ST2 receptor on their surface,

and IL-33 can activate this receptor leading to release of inflammatory cytokines

and fibrotic growth factors. In contrast to C57BL/6 mice, exposure to MWCNT was

found not to induce fibrosis or a decrement in pulmonary function in mice lacking

either mast cells or the ST2 receptor [28]. These findings suggest that release of

IL-33 following MWCNT exposure can cause mast cell activation through the ST2

receptor. This mast cell response then initiates and contributes to the acute inflam-

mation that occurs in the lung following MWCNT exposure and is involved in the

development of pulmonary fibrosis.

8.3 Areas of Future Study and Conclusions

Currently, our understanding of MWCNT-induced pulmonary fibrosis is lacking in

several key areas. To appropriately assess human disease potential, it is necessary to

first understand environmental and occupational human exposure levels. For

impactful in vivo and in vitro studies to be performed this information is needed

to determine appropriate experimental exposure concentrations. There are also

discrepancies in response to MWCNTs due to route of exposure (e.g., instillation

vs inhalation). This issue can be remediated by an understanding of differences in

deposition patterns and human exposure assessment data. By having accurate

human exposure assessment data, studies can more appropriately translate concen-

trations of instillation studies to accurately depict inhalation studies. Further, an

understanding of airborne MWCNT characteristics is required to more accurately

evaluate real-world exposures. To date, it is difficult to translate laboratory research

findings to human exposure risk, as there is a vast amount of physicochemical

diversity in the MWCNTs that have been evaluated. This diversity has resulted in

not all studies demonstrating fibrosis following MWCNT exposure. These negative

studies are likely due to differences in physicochemical properties, which do not

elicit fibrogenic effects. Therefore, a thorough systematic evaluation is needed in

assessing variations in MWCNT physicochemical properties and fibrotic lung

disease. There is also a lack of studies evaluating models of underlying disease
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states, as these may represent susceptible populations of individuals to the fibrotic

effects of MWCNT exposure. Furthermore, of the studies performed, genetic

diversity in animal models was not taken into consideration. For example, studies

utilizing animal models, which elicit a minor inflammatory response, may under

represent possible human inflammation and progression to fibrosis. Lastly, studies

need to be expanded in evaluating mechanisms of MWCNT-induced toxicity,

which lead to the development of pulmonary fibrosis.

Although studies investigating MWCNT-induced pulmonary disease develop-

ment are ongoing, significant research has confirmed possible adverse health effects

following inhalation. Therefore, mitigation techniques should be put into place,

especially within occupational settings, to protect individuals. These protections

include knowledge of exposure levels within the workplace and environments as

well as the use of personal protective equipment such as fume hoods and respira-

tors. Through the use of these controls, the potential risks from MWCNT exposure

for the individual can be mitigated.

In conclusion, due to their rapidly expanding applications and their increased

usage, there is concern regarding increased human exposures to MWCNTs. To

date, a sufficient amount of research in both animal models and cell culture has been

performed demonstrating that exposure to MWCNTs can promote pulmonary

fibrosis. In order to mitigate possible adverse human health concerns, controls

should be in place to limit inhalation of MWCNTs especially in occupational

settings where exposure may be elevated.
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Chapter 9

Silicates and Autoimmunity

Jessica M. Mayeux, Rahul D. Pawar, and K. Michael Pollard

Abstract Inhalation of particulate matter is associated with a number of acute and

chronic disorders including autoimmune rheumatic diseases. The strongest evi-

dence for a link with autoimmune disease comes from epidemiological studies

describing the association of occupational exposure to crystalline silica dust with

the systemic autoimmune diseases SLE and RA. Very little is known regarding the

mechanism by which silica exposure leads to systemic autoimmune disease. How-

ever, in the case of silicosis, there is an extensive research literature that can help

identify disease processes that may precede development of autoimmunity. The

pathophysiology of silicosis consists of deposition of particles into the alveoli of the

lung where they cannot be cleared. Ingestion of deposited particles by alveolar

macrophages initiates an inflammatory response which then stimulates fibroblasts

to proliferate and produce collagen. Silica particles are enveloped by collagen

leading to fibrosis and nodular lesions. These findings are consistent with an

autoimmune pathogenesis that begins with activation of the innate immune system

leading to proinflammatory cytokine production, inflammation of the lung leading

to activation of adaptive immunity, breaking of tolerance, autoantibodies, and

tissue damage. The variable frequency of these features following silica exposure

suggests significant genetic involvement and gene/environment interaction in

silica-induced autoimmunity.

Keywords Silica • Asbestos • Silicosis • Autoimmunity • Animal model

9.1 Introduction

Particulate matter (PM) is a complex mixture of extremely small particles and

liquid droplets. It is made up of a number of components, including acids, organic

chemicals, metals, and soil or dust particles. Particulate matter is categorized

according to size, which defines its facility to be retained in the lungs. PM10

(particles up to 10 μm in diameter) deposit in the nasal passages or larger airways,
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while PM2.5 (particles smaller than 2.5 μm in diameter) can reach the alveoli

[1]. Inhalation of particulate matter is associated with a number of acute and

chronic disorders [1, 2] including autoimmune rheumatic diseases [3, 4]. The

strongest evidence for a link with autoimmune disease comes from studies describ-

ing the association of exposure to crystalline silica with the systemic autoimmune

diseases systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), systemic

sclerosis (SSc), and anti-neutrophil cytoplasmic antibodies (ANCA)-related vascu-

litis [5]. Another silicate, asbestos, has been linked with RA and the presence of

autoimmune features in the absence of diagnosed disease [5, 6]. In this chapter, the

relationship between exposure to silicates and autoimmunity is examined with

particular reference to silica and asbestos; the controversial relationship between

silicone-containing breast implants and autoimmunity [7] is not reviewed here

because, although silicone contains silicon, they have very different physical and

chemical properties. The role of animal models in replicating observations of

silicate-induced human autoimmunity is discussed. The limited information on

possible mechanisms of silicate-induced autoimmunity, deduced from both

human and animal studies, are compared and contrasted, and themes for future

research suggested.

9.2 Silica and Autoimmunity in Humans

Silica (SiO2) is an oxide of silicon and can exist in mineral form as well as being

produced synthetically. Crystalline silica exists in seven types or polymorphs.

Quartz is the most common form in nature and exists in two forms, α- and

β-quartz, with α-quartz being the only stable form under normal conditions

[8]. Occupational exposure to respirable crystalline silica (<10 μm) occurs in

many situations where materials containing crystalline silica, such as rocks, are

reduced to dust or when fine particles containing silica are disturbed. Occupations

include drilling, mining, sand blasting, grinding, and cutting and are often referred

to as the dusty trades [9, 10]. While oral ingestion of silica is essentially nontoxic,

inhalation of crystalline silica dust can lead to silicosis, airway disease, cancer, and

autoimmune diseases [9]. Silicosis is characterized by chronic inflammation and

scaring in the upper lobes of the lung and can be classified based on the amount

inhaled, time course, and duration of exposure as chronic simple silicosis, acceler-

ated silicosis, and acute silicosis (silicoproteinosis) [8, 9, 11]. Chronic simple

silicosis is the most common form and occurs after 10–15 years of exposure to

low to moderate levels of respirable crystalline silica. A hallmark of the disease is

the presence of silicotic nodules. A complicated form occurs when smaller lesions

amalgamate to form nodules of greater than 2 cm. Accelerated silicosis occurs in a

shorter time span, 5–10 years after first exposure to higher exposure levels. Acute

silicosis can develop within weeks to several years following exposure to extremely

high levels of respirable crystalline silica. It has a rapid onset of symptoms and is

the most severe form of silicosis. The pathophysiology of silicosis, especially the
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chronic form, consists of deposition of particles into the alveoli of the lung where

they cannot be cleared. Ingestion of deposited particles by alveolar macrophages

initiates an inflammatory response which then stimulates fibroblasts to proliferate

and produce collagen. Silica particles are enveloped by collagen leading to fibrosis

and nodular lesions [9].

A number of epidemiological studies support the association of silica exposure

with autoimmune diseases in humans [5, 12–16]. It is unclear if silicosis is required

for the expression of silica-induced autoimmune diseases, although high exposure

levels were associated with SLE [10]. Other studies identified an association

between the intensity of exposure and the production of autoantibodies but found

no relationship between autoantibodies and silicosis [17, 18]. Importantly, autoan-

tibodies specific to connective tissue diseases (SLE, SSc) were found in exposed

individuals including anti-DNA, anti-SS-A/Ro, anti-SS-B/La, anti-centromere, and

anti-topoisomerase I [17, 18]. A study of silicotics found no association between

histocompatibility antigens and ANA, RF, or serum IgG and IgM; however, there

was increased prevalence of B44 and A29 which supported previous observations

of a link between HLA and silicosis [19] although the nature of the requirement

requires further study. In some individuals the presence of disease-specific autoan-

tibodies preceded the appearance of autoimmune disease [18]. Several studies

found increased occurrence of different diseases in individual study populations

[10]. Because clinical features and autoantibodies can overlap between diseases,

this suggests that silica exposure may trigger a common mechanism among sys-

temic autoimmune diseases.

Although the relative risk of a specific connective tissue disease (CTD) follow-

ing silica exposure can increase manyfold [16], with the exception of rheumatoid

arthritis (RA), most occur at 1 % or less in silica-exposed populations [5, 10, 16,

17]. However, the prevalence of non-disease-specific immunological features asso-

ciated with autoimmunity occurs in far greater numbers. Antinuclear autoantibodies

(ANAs) can be found in up to 30 % of silica-exposed individuals without CTD

symptoms, with higher frequencies and titers associated with the development of

CTDs [17, 20]. In patients with silicosis, hypergammaglobulinemia can occur in

over 65 % of patients [21], and ANA prevalence can be 34 % or higher [22,

23]. ANA often occurs in association with increased cytokines [24]. Even in

ANA-negative individuals [25, 26], silica exposure can be associated with changes

in cell surface markers and cytokines [26, 27]. Proinflammatory cytokines and

inflammation in the lung are thought to be precursors to silicosis [28] which can

occur in 47–77 % of individuals with adequate follow-up after silica exposure

[29]. End-stage renal disease due to silica exposure occurs in about 5 % of exposed

individuals [29]. The mechanism of silica nephropathy is unclear but appears to

have two components: a direct nephrotoxicity and induction of autoimmune disease

[30]. These findings are consistent with a disease progression that begins with

activation of the innate immune system leading to proinflammatory cytokine

production, inflammation of the lung leading to activation of adaptive immunity,

breaking of tolerance, autoantibodies, and renal damage [9, 28, 31, 32].
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9.3 Asbestos and Autoimmunity in Humans

Asbestos consists of six naturally occurring silicate minerals with a characteristic

external shape (crystal habit) consisting of long, thin fibrous crystals, with each

visible fiber consisting of microscopic fibrils that can be released by abrasion

[8]. There are two classes: serpentine and amphibole. Chrysotile is one of the

three different polymorphs of the serpentine class; the other two are antigorite

and lizardite. Amphibole fibers are needle-like and include the following members:

amosite, crocidolite, tremolite, anthophyllite, and actinolite. Chrysotile, unlike

amphibole, is sensitive to acidic environments and disassociates from its crystalline

state [33]. This may help explain differences in chronic inflammation and pathol-

ogy, including cancer, induced by exposure to these two forms of asbestos [6, 8,

33]. Prolonged exposure to asbestos results in asbestosis, a chronic lung disease

caused by scarring of the lung tissue, which has a pathophysiology similar to that

described above for silicosis [34].

In contrast to silica, there is insufficient evidence that asbestos exposure is linked

to autoimmune diseases [5, 6]. A case-control study of current and former residents

of Libby, Montana, who were exposed to vermiculite contaminated with asbestos

found an association with development of RA [35], but no medical records were

evaluated to confirm the self-reported diagnoses. Another small case-control study

in Sweden found an association with asbestos exposure in men with newly diag-

nosed RA [36]. A number of studies have suggested an association of asbestos

exposure with immune activation or features of autoimmunity (e.g., elevated

immunoglobulins, RF, ANA, or ANCA) [5, 6]. For the most part, these studies

produced variable results making a definitive assessment of the potential of asbes-

tos exposure to elicit autoimmunity difficult. This may stem in part from the

difficulty in defining the contribution of asbestos and silica in concurrent exposures,

identifying the important features of asbestos fibers in inflammation and disease,

and identifying appropriate study cohorts and diagnostic criteria [5, 6, 34, 37].

9.4 Animal Models of Silica-Induced Autoimmunity

Although there is great confidence that silica exposure is a significant risk factor for

human autoimmunity [38], there are few studies of silica-induced autoimmunity in

nonhuman species [9, 34, 35]. The paucity of animal studies led a recent National

Institutes of Environmental Health Sciences (NIEHS) workshop to note that the

lack of a suitable animal model of silica-induced autoimmunity is a critical barrier

to progress in understanding how silica exposure leads to autoimmunity [39]. Induc-

tion of autoimmunity following silica exposure has been examined in the

SLE-prone NZM2410 mouse [40] and in the brown Norway rat [41, 42]. Intranasal

instillation of 1 mg of crystalline silica (Min-U-Sil 5, with an average crystal length

of 1.5–2.0 μM) twice over a two-week period resulted in exacerbation of
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autoimmunity in NZM2410 mice compared to controls over the 22-week observa-

tion period. Silica-exposed mice had reduced survival, increased proteinuria, cir-

culating immune complexes, renal deposits of IgG and C3, autoantibodies, and

pulmonary inflammation and fibrotic lesions. Unlike their human counterparts, the

mice had reduced levels of serum IgG. A follow-up study confirmed the reduced

IgG and IgG1 as well as showing increased proinflammatory cytokines in

bronchoalveolar lavage fluid (BALF), increased B1a B cells and CD4+ T cells in

lymph nodes, and an alteration in the ratio of CD4+ T-to-CD4+CD25+ T cells

[43]. Brown Norway rats exposed to 3 mg of sodium silicate (NaSiO4) by oral or

subcutaneous administration once a week for 5 weeks developed differing autoan-

tibody responses. After 7 and 14 weeks, it was found that subcutaneous adminis-

tration resulted in a greater number of ANA-positive animals, but specific

autoantibodies (i.e., anti-double-stranded DNA, anti-Sm, anti-SS-A, anti-SS-B)

were infrequently detected [42]. A subsequent study revealed that most of the

ANA-positive samples also had anti-RNP reactivity [41]. The only other studies

to examine the effect of silica on autoimmunity employed its toxic effects to deplete

macrophages in a chicken model of autoimmune thyroiditis [44] and in rat [45, 46]

and mouse [47] models of diabetes.

9.5 Animal Models of Asbestos-Induced Autoimmunity

Ironically, even though less is known of the relationship between asbestos and

human autoimmunity compared with silica, there have been more studies using

animal models and asbestos or asbestos-like material. Exposure of female C57BL/6

mice to two doses of 60 μg of Korean tremolite one week apart resulted in an

increased frequency of ANA, anti-DNA, anti-SS-A/Ro, and IgG renal deposits

[48]. Exposed mice also had decreased percentage of CD4+CD25+ T cells as well

as decreased serum IgG. To explore possible differences in response to amphibole

and chrysotile, female C57BL/6 mice were exposed to Libby 6-Mix or intermediate

chrysotile by intratracheal instillation twice over 3–4 weeks (60 μg in total). While

both materials induced inflammatory responses, only amphibole asbestos increased

the frequency of ANA and levels of IL-17 [49]. In a companion study female

C57BL/6 mice were exposed to erionite, an asbestos-like fibrous material, and

compared to responses to amphibole (Libby 6-Mix, Korean tremolite) and chrys-

otile asbestos [50]. Erionite-treated mice had increases in serum ANA, IL-17, and

TNF-α as well as renal deposits of IgG. Libby 6-Mix amphibole also elicited

increased ANA but chrysotile did not. These studies highlight the importance of

the properties of asbestos fibers in determining inflammation and autoimmunity.

The Libby 6-Mix amphibole has also been used in animal studies to determine if

asbestos exposure can exacerbate RA [51] based on the observation that amphibole

exposure in Libby, Montana, was associated with increased risk of RA in humans

[35]. Prior to induction of arthritis by either collagen or peptidoglycan-

polysaccharide (PG-PS) injection, female Lewis rats received either Libby
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amphibole or amosite by intratracheal instillation over a 13-week period. Asbestos

exposure consisted of a range of doses from 0 to 5 mg in total. Neither exposure

affected development of collagen-induced arthritis or production of RF or anti-

cyclic citrullinated peptide antibodies. Prior exposure to Libby amphibole reduced

features of disease in the PG-PS model. However, both exposures elicited ANA in

PG-PS and non-arthritis controls but not rats receiving collagen injections. A

follow-up publication attempted to identify the ANA specificity following Libby

amphibole exposure and to determine if other features of systemic autoimmunity

were present [52]. Although elevated ANA was detected as early as 8 weeks after

exposure to the highest dose of Libby amphibole, this could not be explained by

reactivity to an extract of soluble nuclear antigens (ENA) or selected nuclear

antigens (e.g., Sm, RNP, SS-A/Ro, SS-B/La, Scl-70, DNA). Asbestos exposure

was not associated with changes in kidney histology or renal deposition of immu-

noglobulin or complement, although evidence of proteinuria was found. Intrigu-

ingly, almost all of the sera reactive with the soluble nuclear extract were found to

react with the Jo-1 antigen, a cytoplasmic protein. Antibodies to Jo-1 are specific

for histidyl-tRNA synthetase which is one of a group of autoantibodies against

aminoacyl-tRNA synthetases (ARS) which are the key features of the anti-

synthetase syndrome (aSS), characterized in part by interstitial lung disease

[53]. This raises the interesting possibility that an anti-Jo-1 response may indicate

interstitial lung disease following asbestos exposure. However, it remains to be

determined if this autoantibody response is common among different forms of

asbestos, if it occurs following exposure to other silicates and whether it plays a

role in disease pathogenesis.

9.6 Mechanisms of Silicate-Induced Autoimmunity

9.6.1 Human Studies

Very little is known regarding the mechanism by which silica exposure leads to

systemic autoimmune disease particularly in relevant patient populations [5]. How-

ever, a number of observations, made in a cohort of Japanese brickyard workers

diagnosed with silicosis, have been argued as providing insight into immune

abnormalities that arise following silica exposure and that might precede develop-

ment of autoimmune disease [54]. These studies come with two caveats. First, none

of the patients studied had evidence of symptoms of autoimmune diseases [54],

specifically sclerotic skin, Raynaud’s phenomenon, facial erythema, or arthralgia

[31]. Thus, the absence of disease makes it difficult to determine if any of the

observations gathered are relevant to the development of systemic autoimmune

disease. Moreover, as the patient population appears to number less than 100 [55–

57], the chance of any individual patient developing a specific systemic autoim-

mune disease is relatively remote given the low prevalence of systemic
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autoimmune diseases like RA [58] and SLE [59] in the Japanese population.

Second, there is conflicting data concerning the relationship between development

of silicosis and autoimmune disease following silica exposure [10]. Therefore, it is

unclear if a population of silicotics is the most relevant group in which to study

immune abnormalities that may herald impending development of systemic auto-

immune disease following silica exposure.

This group of patients was described as having higher titers of ANA than a

control group [54], including antibodies to DNA topoisomerase I (also known as

anti-Scl-70) [60], an autoantibody response useful in predicting scleroderma

patients at higher risk for interstitial fibrosis/restrictive lung disease [61]. Other

studies identified the presence of autoantibodies against CD95/Fas [62], caspase-

8 [63], and desmoglein [64]. These findings support other observations of a range of

autoantibody specificities in silica-exposed individuals [17, 18, 20] together with

evidence of a disease-related specificity. The observation that apoptosis-related

molecules (CD95/Fas, caspase-8) were targets of autoantibodies led to an exami-

nation of Fas expression which identified increased levels of soluble Fas, presence

of alternatively spliced versions of Fas lacking the transmembrane domain, and

increased expression of decoy receptor 3 (DcR3) which functions to inhibit Fas

[54]. These findings suggested inefficient Fas-mediated cell death in silicosis which

may allow prolonged survival of self-reactive lymphocytes. Analysis of cell surface

markers, coupled with in vitro responses to silica particles, of peripheral blood cells

from silicosis patients suggested the presence of two T cell populations. The first

being chronically activated T cells resistant to Fas-mediated apoptosis, and the

second chronically activated T regulatory cells sensitive to Fas-mediated apoptosis

[31, 54]. These findings have received some support from animal model studies

where alterations in the ratio of CD4+-to-CD4+CD25+ T cells have been found

following silica exposure of NZM2410 mice [40], and reduced CD4+CD25+ T cell

numbers have been found in C57BL/6 mice exposed to asbestos [48]. However, it is

clear that much more probing of mechanism needs to be done especially with larger

study populations if there is to be insight into how silicates induce and/or exacer-

bate autoimmunity and autoimmune disease in humans.

9.6.2 Animal Studies

The scarcity of studies on silica-induced autoimmunity in animal models signifi-

cantly restricts discussion of mechanisms that might explain development of

disease [65]. However, clues to the sequence of events that may eventually lead

to autoimmunity may be found in the inflammation and pathology that follows

crystalline silica exposure. Strain-specific responses have been found for exposure

to silica and induction of silicosis [66–68]. Six different strains exposed to 5 mg of

α-quartz by intratracheal instillation showed three different levels of response after

4 weeks [67]. The most responsive strains included the DBA/2, C57BL/10, and

BALB/c, while the C57BL/6 and C3H/He had intermediate responses and the
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CBA/J the least response. However, all strains had extensive disease compared to

saline controls. Comparison of the fibrotic response to intratracheally administered

silica also showed strain-dependent responses in eight strains with the C57BL/6

showing the greatest hydroxyproline content and CBA/J the least [68]. Breeding

studies and genome-wide linkage analysis identified quantitative trait loci (QTL) on

chromosome 4 and suggestive QTL on chromosomes 3 and 18 [68]. Inflammation

and fibrosis can be uncoupled in NMRI mice by administration of anti-

inflammatory molecules which reduced inflammation and proinflammatory cyto-

kines (IL-1β and TNF-α) but had no significant effect on fibrosis or expression of

the fibrogenic cytokines TGF-β and IL-10 [69]. Intense silicosis does not develop

with inhalation of amorphous quartz silica, but the more biologically active poly-

morph crystalline silica produces more extensive disease in an orderly dose-time

relationship with little disease activity observed before 3–4 months after exposure

[66]. C3H/HeN mice demonstrated histopathological silicotic lesions and enlarged

bronchus-associated lymphoid tissue (BALT) and increased lung wet weight;

bronchoalveolar lavage (BAL) recovery of macrophages, lymphocytes, and neu-

trophils; and total lung collagen (hydroxyproline). BALB/c mice developed slight

pulmonary lesions, while autoimmune-prone MRL/MpJ mice demonstrated prom-

inent pulmonary infiltrates with lymphocytes, and NZB mice developed extensive

alveolar proteinaceous deposits, inflammation, and fibrosis [66]. BALT was partic-

ularly numerous in the MRL/MpJ. These regions are of particular interest as recent

studies argue that inducible BALT provides a niche for T cell priming and B cell

education [70]. The differences in response among strains were attributed to genetic

differences, involving histocompatibility loci and other unrelated genetic differ-

ences among the strains [66]. These findings show that strain differences exist in

response to silica exposure and that a genetic predisposition to autoimmunity is

associated with more aggressive pulmonary inflammation arguing that gene-

environment interaction may be important in development of frank autoimmune

disease.

9.6.2.1 Silica-Induced Autoimmune Phenotypes in Mice

Another critical barrier to progress in understanding the link between particulate

exposure and autoimmunity is the lack of criteria for identifying human autoim-

mune disease phenotypes associated with environmental-induced autoimmunity

[71]. However, in the case of silica, there is a rich literature of human and animal

research because of the well-documented association with occupational disease [9,

10, 16, 28, 29, 31]. The silica-induced immunological responses in mice and rats

include lung inflammation [66, 67, 69], proinflammatory cytokines [72–75], acti-

vated adaptive immunity [76–79], autoantibodies [40, 42, 48, 51, 52], and renal

disease [40, 48].

The immunological responses to silica which lead to autoimmunity are believed

to begin with an inflammatory response in the lung associated with production of

proinflammatory cytokines which leads to recruitment of the adaptive immune
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system characterized by helper CD4+ T cell activation and reduced T regulatory cell

function [28, 31, 80]. This milieu allows breaking of tolerance and autoantibody

production and tissue pathology [10, 20, 25]. The first pathological indices follow-

ing silica exposure are pulmonary inflammation followed by fibrosis which,

although nonspecific in terms of autoimmune disease, are common in inbred

mice, and both high and low responders show similar patterns of inflammation

and fibrosis which are specific to silica exposure [67]; autoimmune-prone mice

appear to have more pronounced responses [66]. Whether silicosis is a precursor of

autoimmunity [10] is less clear as inflammation requires only cells of the innate

immune system [81], and pulmonary inflammation can be dispensable for the

development of fibrosis [69].

9.6.2.2 Involvement of Innate Immunity in Silica-Induced
Autoimmunity

The findings that the innate immune response is sufficient for the development of

silicosis [81] beg the question as to which innate immune cells and pathways play

predominant roles. Silica deposition in the lungs leads to participation of alveolar

macrophages in an attempt to clear the particles. This involves scavenger receptors

such as macrophage receptor with collagenous structure (MARCO) and can result

in cell death [82]. It has been recently appreciated that such cell death allows

release of endogenous stores of IL-1α which precedes expression of IL-1β and

inflammation consisting predominantly of neutrophils [83]. IL-1β expression

requires activation of the inflammasome and caspase-1 in both silica and asbestos

exposures [84, 85]. This appears to involve lysosomal destabilization particularly

by particles less than 3 μm in length [86] and generation of reactive oxygen species

(ROS) [87] leading to cathepsin B activation [84]. However, it is possible that

lysosomal destabilization may not be essential for IL-1β production if silica binding
to the cell membrane results in potassium ion efflux [88]. In vitro studies suggest

that chrysotile asbestos and amphibole (Libby 6-Mix) induce different inflamma-

tory events with chrysotile better at inflammasome activation, while amphibole

generated more ROS [89].

Proinflammatory cytokine expression has not been directly compared among

different mouse strains, but several strains, including C57BL/6 and A/J, show

increases in TNF-α, IL-1β, IFN-γ, and IL-6, particularly in BAL fluid [75, 77,

90–92]. Neutralization of IL-1β attenuates silica-induced lung inflammation and

fibrosis in C57BL/6 mice [57] and inflammation, and macrophage apoptosis fol-

lowing silica exposure was found to be induced by IL-1β and nitric oxide [76]. This
is not unexpected given the importance of these cytokines to pulmonary inflamma-

tion and silicosis [28, 93]. Silica-activated macrophages expressed high levels of

IL-10 in the lung of silica-sensitive but not silica-resistant strains of mice, indicat-

ing that besides chronic lung inflammation, a pronounced anti-inflammatory reac-

tion may also contribute to the extension of silica-induced lung fibrosis and

represent an alternative pathway leading to lung fibrosis [95]. Cytokine expression
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can be transient lasting hours up to several days following exposure [75, 91]. How-

ever, cytokine expression is found in the blood of silica-exposed individuals [26,

27] suggesting that repeated exposure leads to systemic expression. Given that

individual genes, such as TNF-α [94] and IFN-γ [93], are required for silicosis, it is
possible that genetic heterogeneity in cytokine expression may significantly impact

immune responses to silica.

9.6.2.3 Involvement of Adaptive Immunity in Silica-Induced
Autoimmunity

Although innate immunity is sufficient for silicosis in mice [81], pulmonary

inflammation is also characterized by the presence of T and B cells [93, 95–98],

and anti-CD4 treatment reduces fibrosis [97]. Lupus-prone NZM mice have

increased numbers of CD4+ but not CD4+CD25+ T cells following silica exposure

[43]. This is reminiscent of the reduced expression of CD25 (IL-2Rα) in human

silicosis [24, 26, 99] and supports the suggestion that silica exposure results in the

loss of T regulatory cell function [99, 100]. This may be associated with increased

presence of soluble CD25 in silicosis [101] which has the ability to promote

autoimmune disease and enhance Th17 responses through its ability to sequester

IL-2 [102]. In experimental silicosis, production of IL-17A by ϒδ T and Th17 cells

induces acute alveolitis, but is not necessary for the development of the late

inflammatory and fibrotic lung responses to silica [97].

Elevation in immunoglobulin levels in both serum and BAL has been observed

in response to silica in rodents [79, 103, 104]; however, in autoimmune NZM2410

mice, serum IgG was reduced even though autoimmunity, including autoantibodies,

was exacerbated [40, 43]. Asbestos exposure also reduced serum IgG while induc-

ing autoantibodies in C57BL/6 mice [48]. Effects on immunoglobulin levels can

also vary in human populations with studies showing increases [21, 105–107] or no

change [26]. Other factors may also impact immunoglobulin levels including

cytokines [79]. ANAs are quite common in both mice and rats following exposure

to silica, asbestos, or sodium silicate with 50–100 % of animals being positive [40,

42, 48, 52] although this was influenced by the site of exposure [42] and the

presence of ANA in control animals [48]. Although ANAs can exhibit disease

specificity [108], they have been found to occur before clinical onset of disease with

some specificities (e.g., anti-SS-B/La, anti-SS-A/Ro) more prevalent than disease-

specific autoantibodies (e.g., anti-dsDNA, anti-Sm) [109]. Anti-dsDNA, anti-SS-B/

La, and anti-SS-A/Ro have been found to occur in up to 50 % of rodents exposed to

silica or asbestos [42, 48].

9.6.2.4 Silica-Induced Nephropathy

Kidney disease is a complication of silicosis and may have an autoimmune com-

ponent. Apart from evidence of immune deposits in autoimmune-prone NZM2410
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mice given silica [40] and C57BL/6 mice exposed to asbestos [48], there has been

little done to define the requirements for silica-induced nephropathy in experimen-

tal animals. The mechanism of silica nephropathy is unclear but appears to have

two components: a direct nephrotoxicity and induction of autoimmune disease

[30]. These findings are consistent with a disease progression that begins with

activation of the innate immune system leading to proinflammatory cytokine

production, inflammation of the lung leading to activation of adaptive immunity,

breaking of tolerance, autoantibodies, and renal damage [9, 28, 31, 32]. The

variable frequency of these disease features suggests significant genetic involve-

ment and gene-environment interaction.

9.7 Genetic Requirements of Silica-Induced Autoimmunity

There is very little known about the genetic requirements of silica-induced auto-

immunity; however, as noted above studies of silicosis in mice have identified

significant genetic involvement. Silica-induced pulmonary inflammation is depen-

dent on IFN-γ [93], but not Th2 cytokines such as IL-4 and IL-13 [79] or IL-12

[110]. Innate immunity mediates this process as SiO2-induced inflammation and

fibrosis can occur in the absence of T, B, NK T, or NK cells [81]. Notably, although

acute lung inflammation requires IL-17 [78], chronic inflammation is dependent on

type 1 IFN and IRF7 [72]. The NLRP3 inflammasome and caspase-1 and IL-1β are
also required for silicosis [85, 111–113], as is IL-1α [83]. MyD88 which links TLR

signaling to proinflammatory cytokine production is required for silica-induced

inflammation but not fibrosis [114]. Deficiency of either scavenger receptors

MARCO or CD204, expressed mainly on macrophages, impairs silica clearance

and exacerbates silica-induced lung inflammation [115, 116]. Significantly, both

MARCO and CD204 have been argued to promote tolerance to apoptotic cell

material [117]. Thus, the immunological response to silica requires genes involved

in both innate and adaptive immunity. There have been no studies identifying the

genetic loci required for silica-induced autoimmunity. A quantitative trait locus

(QTL) study of murine silicosis identified a major QTL on chromosome 4 and

suggestive loci on chromosomes 3 and 18 [68] suggesting that responses to silica

involve multiple genes.

9.8 Conclusions and Future Research

Epidemiological data has established a solid link between silica dust exposure and

several systemic autoimmune diseases. However, limited research has been done to

unravel the mechanism of this effect. This stems in part from a lack of suitable

human cohorts to study but also limited studies toward development of a suitable

animal model. The variable frequency of features of silica-induced inflammation

9 Silicates and Autoimmunity 173



and subsequent autoimmune features in human subjects suggests significant genetic

involvement as well as gene/environment interaction. This is reflected in the

differences in response to silica by inbred mouse strains. Development of a

model expressing this heterogeneity of response is unlikely to come from studies

of inbred mice. This obstacle may be overcome by the use of outbred strains such as

the Diversity Outbred [118] where genetic diversity may lead to a more appropriate

representation of the heterogeneity of human responses. On the other hand, the

extensive literature on silica-induced responses in the mouse including genetic

requirements for both inflammation and fibrosis provides a foundation from

which to explore the requirements for silicate-induced autoimmunity. A deeper

understanding of the contribution of inflammation to fibrosis is required, as is an

understanding of how both inflammation and fibrosis contribute to the induction

and development of autoimmunity. The contribution of BALT also needs exami-

nation as this feature may be essential in the adaptive (auto)immune response

following silica exposure, and the development of these discrete foci in the lung

may be a site of either the genesis and/or expansion of autoreactive lymphocytes.

These are just some of the unresolved issues that plague our understanding of

particulate matter and particularly silica-induced autoimmunity. However, given

the active research in this area, it is very likely that the next few years will see a

significant increase in our understanding of the relevant mechanisms.
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Chapter 10

Asbestos Exposure and Autoimmunity

Jean C. Pfau, Kinta Serve, Linda Woods, and Curtis Noonan

Abstract Inflammation and immune dysfunction occur with inhalation exposure to

fibrous (asbestiform) silicon oxide dusts. As research delves deeper, it is clear that

despite some commonalities in the responses to mineral fibers, there appear to be

distinct differences in the specific nature of the dysfunction elicited by various

fibers that leads ultimately to fiber-specific disease outcomes. A growing body of

evidence supports an association between asbestos exposure and autoimmune

responses such as antinuclear antibodies (ANA). However, there is limited epide-

miological support for an association between asbestos exposure and any specific

autoimmune disease. While there are several possible reasons for this, recent data

strongly suggests that a key factor lies in the physical chemistry of the fibers

themselves, requiring comparative studies of different fiber types. In order to

illustrate the importance of this premise, this chapter explores the current data

comparing the autoantibody responses following amphibole exposure with those

seen following chrysotile exposure. Both human and mouse data suggest that

amphibole, but not chrysotile, increases the frequency of positive ANA tests and

may increase the risk for systemic autoimmune diseases such as systemic lupus

erythematosus. Asbestiform amphibole also drives production of pathogenic auto-

antibodies against mesothelial cells that appear to contribute to a severe and

progressive pleural fibrosis. While occupational asbestos exposures may be

decreasing, environmental exposures are on the rise as evidenced by multiple recent

discoveries of naturally occurring asbestos. These findings emphasize the need for

renewed efforts toward screening and understanding fiber-specific disease

manifestations.
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10.1 Introduction

Animal model studies strongly support a role for environmental exposures in

autoimmune diseases [1], although systemic autoimmune diseases (SAID) includ-

ing systemic lupus erythematosus (SLE), systemic sclerosis (SSc), and rheumatoid

arthritis (RA) clearly have complex etiologies that include gene-environment

interactions [2]. Inhalation of silicate dusts, including crystalline silica and asbes-

tos, increases the production of various autoantibodies. Although the mechanistic

details remain unclear, it has been hypothesized that chronic tissue damage induced

by the presence of persistent particles within the lungs contributes to autoantibody

formation. In this model, apoptotic events following lung tissue injury lead to

excessive cellular debris that may in turn become antigenic within the highly

inflammatory environment of the injured lung [2–4]. The critical question remains

regarding how much these autoantibodies contribute to disease outcomes.

While an association between crystalline silica and both increased antinuclear

antibodies (ANA) and increased risk of SLE, RA, and SSc is widely accepted [3, 5,

6], such links have not been well established with asbestos exposure despite reports

of immune markers that are consistent with autoimmune mechanisms [reviewed in

[7]]. The limited support for an association between asbestos and autoimmune

disease may be attributed to several issues, including (a) small or diffuse exposure

cohorts, (b) uncertain disease latency, (c) subclinical disease manifestation or

autoimmune responses that do not meet current clinical diagnostic criteria, and

(d) imprecision regarding fiber types within the exposure. This latter issue refers to

the term “asbestos,” which has traditionally been limited to commercially exploited

mineral fibers with an aspect ratio greater than 3:1 and defined as either “serpen-

tine” (chrysotile) or “amphibole” (tremolite, amosite, crocidolite, actinolite, antho-

phyllite) [8]. Broadly speaking, asbestos is known as both a carcinogen and a cause

for pulmonary fibrotic disease called “asbestosis.” However, this generalization is

misleading due to the distinct physicochemical properties (shape, durability in

physiological fluids, surface chemistry, aerodynamic properties) of the various

fibers [7, 8], distinctions that could result in very different disease outcomes.

The asbestos research community has been tasked by both the US Environmen-

tal Protection Agency and the National Institute for Environmental Health Sciences

to address problems with nomenclature and dosage and to better understand the

modes of action (MOA) behind asbestos-induced health effects [9, 10]. This effort

has been triggered in part by the growing awareness of increasing environmental

exposures to elongated mineral fibers that do not fall into the strict definition of

asbestos but clearly have the potential for severe health effects. Best known among

these is the mixture of amphibole fibers that contaminated the vermiculite mined

outside of Libby, Montana, termed “Libby amphibole” (LA). This material has led

to hundreds of deaths from cancers and fibrotic diseases in and around this small

rural town. Moreover, LA-containing products have been used in homes and other

buildings throughout the USA. Due to recent discoveries, asbestos exposure cannot

be considered an outdated occupational exposure hazard. First, data have clearly
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shown that mineral fibers not meeting the strict regulatory definition of “asbestos”

nevertheless have severe health consequences [11, 12]. Therefore, the current

public health hazard includes asbestiform fibers such as winchite, erionite, and

even novel elongated nanomaterials such as “nanotubes” that may behave similarly

to asbestos [13]. Second, newly discovered rock outcroppings containing such

mineral fibers occur in many parts of the USA, leading to high levels of exposure

due to land development and use of the material in roads, parking lots, and

recreational areas [14–16]. The severe health outcomes of these exposures include

mesothelioma, pulmonary carcinoma, and a variety of fibrotic pleural diseases [16–

20]. The possibility of an increased risk for systemic or local autoimmune disease

by these materials adds to the public health risk from these exposures.

The Libby Epidemiology Research Program (LERP), funded by the Agency for

Toxic Substances and Disease Registry (ATSDR), was designed to develop the

necessary data to study relationships (a) between different fiber exposures and

autoimmune responses and (b) between those autoimmune responses and pulmo-

nary disease. This chapter reviews current data, including critical findings from the

LERP that help distinguish the immunological effects of different fiber types and

that may help guide future mechanistic and epidemiological studies.

10.2 Health Effects of Amphibole and Chrysotile

Chrysotile and amphibole asbestos are structurally distinct silicate fibers that cause

a range of respiratory tract diseases, including malignant mesothelioma, lung

cancer, and asbestosis. Nonmalignant pleural abnormalities are also associated

with asbestos exposure and traditionally manifest as pleural plaques, diffuse pleural

thickening, or pleural effusions. Plaques are circumscribed, acellular deposits of

collagen often located on the parietal pleura and are generally asymptomatic

[21]. In contrast, diffuse pleural thickening often affects the visceral pleura

[22, 23] and is associated with decreased lung function indicative of restrictive

pulmonary disease [24, 25].

Some researchers have suggested that amphibole fibers, including amosite,

tremolite, and crocidolite, are more potent inducers of malignant and nonmalignant

respiratory diseases than are chrysotile fibers [26, 27]. This increased potency may

be related to longer retention of amphibole fibers in lung tissue compared to

chrysotile [28–30]. Biopersistent fibers provide a source of prolonged irritation,

thus inducing chronic inflammation, cellular proliferation, and collagen deposition

– all hallmarks of the fibrotic disease process. However, it is possible that differ-

ences in fiber biopersistence alone do not fully explain the striking differences in

nonmalignant respiratory disease incidence and progression observed between

groups exposed to chrysotile or amphibole asbestos.

Libby amphibole (LA), a unique mixture of amphibole fibers including winchite,

richterite, tremolite, and amosite [31], seems to be especially potent in inducing

pleural disease [17, 32, 33]. Several studies of populations exposed to
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LA-contaminated vermiculite mined from Libby, Montana, demonstrate increased

incidence of pleural abnormalities and cancers among people working in and living

near either the vermiculite mine or the processing plants [32, 34–37]. Even at the

relatively low cumulative fiber exposure (CFE) of 1 fiber/cc-year, a significantly

increased risk of developing pleural abnormalities has been reported [12, 36]. Addi-

tionally, pleural disease in this population is described as thin, but extensive,

lamellar scarring associated with a progressive loss of pulmonary function and

constitutes a significant source of morbidity and mortality [17, 19, 33], an outcome

not reported for chrysotile-exposed populations. Chrysotile-associated pleural dis-

ease is primarily characterized by localized plaques with minimal disease progres-

sion [38, 39]. A better understanding of the mechanistic basis for these striking

fiber-specific differences in disease presentation is essential. Data reviewed below

suggest that part of the difference may be explained by differential autoimmune

responses following fiber exposure.

10.3 Asbestos Exposure and Autoantibodies

The history of epidemiological studies exploring an association between asbestos

exposure and autoantibody responses was recently reviewed [7]. As early as 1965,

cross-sectional studies demonstrated that humoral responses, including rheumatoid

factor (RF) and ANA, as well as increased serum IgG/IgA and immune complexes,

were associated with asbestos exposures. Most recently, subjects exposed to LA

were shown to have elevated frequency and titers of ANA compared to a reference

population [40]. Among the autoantibodies detected were those that target common

SLE autoantigens, including dsDNA, SSA/Ro52, and ribonuclear proteins (RNP)

[40, 41].

Exposure to amphibole asbestos increases the frequency of positive ANA tests in

non-autoimmune-prone mice and rats as well. Mice exposed to tremolite exhibited

immune complex deposition in the kidneys and mild glomerular changes suggestive

of lupus nephritis [42]. LA has also been shown to induce ANA in intratracheally

exposed mice [43] and rats [44]. Amosite, a component of LA, was also shown to

induce ANA in rats [44]. However, it was recently demonstrated that unlike LA,

chrysotile asbestos does not induce ANA in mice [43, 45].

This interesting finding correlates with our comparisons of human cohorts

exposed to LA versus chrysotile. Figure 10.1 shows ANA frequency data for a

subset of the Libby cohort which is matched for age distribution with a cohort of

asbestos workers exposed almost entirely to chrysotile. The latter subjects are

steamfitters and pipe insulators from New York [46], and they are part of the

ongoing screening of that population. Because the Libby cohort includes nearly

50 % females, while the chrysotile subjects are all male, we compared the ANA

frequency among only the males in the Libby cohort and found a similar result

(Fig. 10.1, Table 10.1). The ANA testing was performed both in a research

laboratory with extensive experience (“in-house,” J. Pfau) and a certified clinical
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laboratory (Pathology Associates Medical Laboratories, PAML) in order to dem-

onstrate that these results are consistent across assay sites. The significant differ-

ence in frequency of ANA between these cohorts exposed to different types of

fibers is paralleled by a striking difference in the titers of the ANA (Table 10.1),

where titers among the five ANA-positive chrysotile-exposed workers are much

lower than those among the ANA-positive LA-exposed subjects. Generally, a

higher titer would be considered a higher risk for autoimmune disease [47].

While the chrysotile subjects are occupationally exposed males, the LA cohort

had primarily environmental exposure (homes, gardens, community) and includes

males and females. These demographic differences limit our ability to confidently

assign the striking differences in outcome to the fiber type. However, combined

with the mouse studies mentioned above, the data appear to support the hypothesis

that LA, but not chrysotile, induces systemic autoantibodies characteristic of

systemic autoimmune diseases such as SLE.

10.4 Systemic Autoimmune Disease (SAID) and Asbestos

Despite the presence of autoantibodies, however, there are very few epidemiolog-

ical studies that support an association between asbestos exposure and SAID. There

may be several reasons to explain this, ranging from small cohort sizes, long latency

for disease, asbestos-related autoimmune responses that do not fit SAID diagnostic

criteria, and problems with exposure assessment [7, 48]. Among the SAIDs,

rheumatoid arthritis has been most frequently associated with asbestos exposure

[49–51]. Other SAIDs are so rare (prevalence estimates ranging from 4 to 24 per

100,000 subjects) that most studies of asbestos-exposed populations have insuffi-

cient statistical power to detect robust risk estimates for these outcomes. Neverthe-

less, an increased risk for scleroderma (SSc) deaths was described for a cohort with

likely occupational exposure to asbestos [52]. A recent case-control study of self-
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reported SLE patients, nested within a medically screened general population

cohort in Libby, Montana, showed a more than fourfold increased risk associated

with a history of greater opportunities for LA exposure via environmental

pathways [50].

To our knowledge, no studies have clearly demonstrated the induction or

exacerbation of SAID by asbestos exposure in animal models. Tremolite was

shown to increase immune complex deposition in the kidneys of exposed mice

along with autoantibodies to dsDNA, Ro52, and RNP [42], which are common in

human SLE. However, these animals did not exhibit significant proteinurea or overt

kidney disease. In rats, despite induction of ANA after exposure to Libby amphi-

bole or amosite, there was little evidence of exacerbated disease in a model of

induced RA other than increased proteinurea [44, 53].

Taken together, there are fairly strong human and animal data regarding induc-

tion of autoantibodies by asbestos, but the corresponding studies supporting an

association between asbestos exposure and SAID are limited [7]. When focused on

studies of amphibole asbestos, or mixtures with heavy amphibole content, however,

recent reviews support an association between asbestos exposure and autoimmunity

[7, 54]. This therefore raises the issue of the different mineralogy of these fibers and

whether they have differential effects in immune dysfunction.

Table 10.1 Demographic and autoantibody data

Libby amphibole Chrysotile P value

N (females/males) 313 (154/159) 227 (0/227)

Mean age (SD) 60.4 (11.2) 59.3 (10.3) 0.166a

Females, mean age (SD) 60.3 (11.7) NA

Males, mean age (SD) 61.7 (10.7) 59.3 (10.3) 0.051a

ANA findingsb

No. positive (%) 81 (26 %) 5 (2 %) <0.001c

No. positive among males (%) 38 (24 %) 5 (2 %) <0.001c

No. ANA titerd ≥320 (% of ANA-positive males) 17 (45 %) 1 (20 %) 0.38c

MCAA findings

No. positive (%) 97 (31 %) 41 (18 %) <0.001c

a2-Tailed, unpaired t-test
bPfau lab, “in-house”
cFisher’s exact test
dANA titers were calculated by IIF using serial dilutions of ANA-positive sera. The titer is the

maximal dilution at which a positive test was still detected

186 J.C. Pfau et al.



10.5 Autoantibodies and Pulmonary Disease

Several of the studies reporting ANA following asbestos exposure also indicated

that having a positive ANA test was associated with either more severe or more

rapid progression of lung disease [40, 55–58]. However, it will be very challenging

to determine whether this association represents causation. The longitudinal studies

by Tamura et al. argue in favor of causation since the autoantibodies were present

prior to lung disease in many cases [57, 59]. However, it may be easier to

demonstrate an etiological role for antibodies that are associated with localized

autoimmunity rather than SAID. Autoantibodies to specific cell types have been

implicated in vascular and fibrotic disorders. Anti-endothelial cell antibodies may

contribute to vasculitis [60], SSc [61], and SLE [62], while anti-fibroblast anti-

bodies (AFAs) are implicated in the pathogenesis of SSc [63–65]. Recently, inves-

tigators have explored associations between asbestos fiber exposure and such cell-

specific autoantibodies. AFAs and mesothelial cell autoantibodies (MCAAs) have

been demonstrated in serum of mice and humans, respectively, exposed to LA

fibers [56, 66]. MCAA presence also was significantly associated with radiographic

changes in the pleura. AFAs and MCAAs were shown to induce collagen produc-

tion following binding to cultured fibroblasts and mesothelial cells, respectively

[66, 67]. Together, these data suggest a mechanism by which asbestos-associated

autoantibodies could directly increase collagen accumulation within the pleural

space, contributing to the fibrotic process (Fig. 10.2).

Similar studies examining cell-specific autoantibody presence and association

with pleural disease have not been reported following chrysotile exposure. As part

of the LERP, researchers hypothesized that, if the MCAAs are involved in progres-

sive pleural disease, MCAA would occur less frequently in the chrysotile-exposed

cohort compared to the LA cohort. To examine MCAA frequency, a cell-based

binding ELISA was performed using the Met5A cells as previously described

[56]. Consistent with the hypothesis, the percent of subjects positive for MCAA

was significantly higher in the LA group compared to the chrysotile group

(Table 10.1). It was therefore critical to determine whether the MCAAs were

associated with pleural disease in either group.

Fig. 10.2 Schematic of possible mechanism of MCAA-induced fibrosis. Exposure to asbestos

leads to production of MCAA in mouse serum. MCAAs bind to mesothelial cells and induce

collagen production
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Subjects demonstrating any pleural change as assessed by radiographic screenings

were equivalent between the two populations (58 %). However, the percentage of

subjects testing positive for both MCAAs and pleural abnormalities was different

between the two asbestos-exposed populations, with 44 % double positive for the LA

population and only 6 % double positive for the chrysotile population. Logistic regres-

sion analysis, adjusted for age and sex, revealed no association between chrysotile

MCAA and pleural disease (p¼0.17), whereas this association was statistically signif-

icant for the Libby MCAA (0¼0.04). These data suggested that the LA MCAA might

be more pathogenic than the chrysotile MCAA with respect to pleural changes. Inter-

estingly, the association between MCAA was significant for pleural, but not interstitial

disease, suggesting a specific local autoimmune contribution to pleural disease [56].

10.6 MCAA and Serum Antibody Isotypes

Studies of other tissue-specific antibodies have indicated that the different IgG

subtypes vary in their potential to be pathogenic [68]. For MCAA-positive samples,

binding was lost upon clearance of IgG from the sera, confirming that the MCAAs

are IgG-type antibodies [67]. Screening of MCAA for IgG subtypes revealed

differences in subtype distribution between LA MCAA and chrysotile MCAA.

LA MCAAs were comprised predominantly of a mix of subtypes IgG1 and IgG3,

with no detectable levels of IgG2 or IgG4, while chrysotile MCAAs were an equal

mix of subtypes 1, 3, and 4 (Fig. 10.3). Additionally, IgG1 made up a significantly

larger proportion of LA MCAA compared to chrysotile MCAA, while IgG4 made

up a significantly higher proportion of the chrysotile MCAA.

Fig. 10.3 IgG subclass

distribution differed

significantly among LA and

chrysotile MCAAs, as

assessed by cell-based

ELISA. Comparison of IgG

subtype distribution among

LA MCAAs to chrysotile

MCAAs demonstrated

significantly higher

proportion of IgG1 in LA

MCAAs and IgG4 in

chrysotile MCAAs, *p<
0.005 by 2-tailed t-test,
mean�SE, n¼at least 9
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Normal human serum has an IgG subtype distribution where IgG1 ≫IgG2 ≫
IgG3>IgG4 [69]. Interestingly, IgG subtype distributions of total serum IgG also

differed between the two fiber exposures (Fig. 10.4). Analysis of a representative

sample of the larger population revealed a similar IgG subtype distribution among

total serum IgG of LA-exposed subjects and LA MCAA, with predominantly IgG1

and IgG3 subtypes (Fig. 10.4a). In contrast, the total serum IgG subtype distribution

in chrysotile-exposed subjects was quite different from their MCAA-specific dis-

tributions, with chrysotile MCAA demonstrating significantly decreased ( p<0.02)

IgG1 and increased IgG4 in a cell-based ELISA for MCAA (Fig. 10.4b). Thus,

while particularly apparent with LA, both forms of asbestos shifted the total IgG

subtype distribution away from IgG2 and toward IgG3. However, the most com-

pelling difference remains the shift in the MCAA IgG distributions with LA

maintaining high levels of IgG1 and IgG3, while the chrysotile MCAA shifted

toward IgG4.

Although this analysis represents a subset of the entire cohort, these data provide

a striking difference between the immune effects of LA compared to chrysotile

asbestos. Certain IgG subclasses are considered more pathogenic and have a

stronger correlation with autoimmune disease than others based on their effector

functions [68]. IgG1 and IgG3 are considered inflammatory immunoglobulins due

to their ability to bind Fc receptors and activate complement [70], while IgG4 is a

small, noninflammatory peptide that does not bind Fc-γ receptors or activate

complement [71]. Since IgG1 and IgG3 have strong complement-binding capabil-

ities, the increased proportions of these IgG subtypes among LA MCAAs may

Fig. 10.4 IgG subclass distributions differed among total IgGs and MCAAs detected in sera of

LA and chrysotile-exposed populations. (a) In sera of LA-exposed subjects, IgG1 and IgG3 were

the predominant subtypes detected when distributions of total IgG were assessed, with

undetectable IgG2 and IgG4 levels. (b) In sera of chrysotile-exposed subjects, IgG1 was the

predominant subtype detected, followed by IgG3 and IgG2. Low levels of IgG4 were detected.

IgG1 detection was significantly higher and IgG4 significantly lower among total sera IgG

compared to MCAA-specific IgG, *p¼0.018 by one-way ANOVA, mean�S.E., n�9
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contribute to overall autoantibody pathogenicity in vivo. In contrast, IgG4 does not
activate complement, potentially providing a degree of protection against inflam-

mation and cellular death in chrysotile-exposed subjects, thus partially attenuating

pleural diseases. Additionally, it has recently been suggested that IgG4 binds to a

subclass of Fc-γ receptors (IIB) with higher affinity than other IgG subtypes

[72]. Since IgG binding of FcγRIIB blocks cellular activation, it is possible that

the decreased association of chrysotile MCAA with pleural disease may be in part

due to the inhibitory functions of IgG4.

10.7 Conclusions

Asbestos-related pleural disease is considered a hallmark of asbestos exposure and

is described as localized or diffuse pleural thickening. These conditions may be

associated with restrictive lung function and decreased quality of life, at least

among subjects exposed to LA [19, 73]. While chrysotile asbestos has previously

constituted a more significant source of human asbestos exposure due to its wide-

spread commercial use, LA is considered a more potent inducer of nonmalignant

pulmonary disease including the unique thin lamellar pleural thickening that leads

to severe and progressive disease [17]. Therefore, generalization of pleural out-

comes without distinguishing fiber type could be leading to mischaracterization of

pleural findings that also contributes to inconsistencies in reported disease out-

comes and patient management. To begin to understand what appear to be fiber-

specific pathologies, it is essential to explore mechanistic hypotheses. This chapter

has reviewed the background for a possible immune-based etiology wherein either

systemic or tissue-specific autoantibodies contribute to the onset or progression of

asbestos-induced pleural disease.

While amphibole asbestos such as LA induces ANA in mice, rats, and humans,

chrysotile does not appear to do so. This differential in fiber-specific responses may

help explain the limited epidemiological data linking “asbestos” in general with

SAID. In addition, while both LA and chrysotile induce antibodies that target

mesothelial cells, only those associated with LA exposure appear to be pathogenic

and to be associated with pleural disease in humans. These data provide a critical

foundation for future mechanistic studies that will determine the trigger for the

autoantibodies and begin to identify potential immune-based therapeutic targets for

the severe and progressive pulmonary manifestations of LA exposure.
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Chapter 11

T Cell Alteration Caused by Exposure

to Asbestos

Megumi Maeda, Shoko Yamamoto, Tamayo Hatayama,

Hidenori Matsuzaki, Suni Lee, Naoko Kumagai-Takei, Kei Yoshitome,

Yasumitsu Nishimura, Yoshinobu Kimura, and Takemi Otsuki

Abstract A model to examine the effects of continuous exposure to asbestos on

human T cells was established to interpret experimental findings for clinical

utilization. Although transient exposure causes apoptosis in the human polyclonal

cell line MT-2, continuous and relatively low-dose exposure resulted in resistance

against asbestos-induced apoptosis with a higher production of TGF-β and IL-10

and subsequent resistance to TGF-β-induced growth inhibition and activation of

STAT3 and Bcl-2. These alterations caused by continuous exposure to chrysotile

asbestos were also observed in a subline exposed continuously to crocidolite and

included resistance to apoptosis, changes of cytokine production, and demonstra-

tion of the importance of Bcl-2 for resistance against apoptosis. In addition, analysis

of protein expression among the MT-2 original cell line, which was never exposed

to asbestos, and the continuously exposed subline showed the phosphorylation of

β-actin and the increasing level of cytoskeletal molecules. These findings indicate

the importance of the cytoskeleton as the initial contact site between cells and

asbestos fibers, particularly fibers that cannot move into the inside of cells because

of their physical features. Finally, the CXCR3 chemokine receptor and related

antitumor cytokine IFN-γ were assayed in these sublines continuously exposed to

asbestos, as well as in vitro stimulated freshly isolated peripheral CD4þ T cells

derived from healthy donors and exposed to asbestos fibers. The CXCR3 expression

and production capacity for IFN-γ were reduced by asbestos exposure, and these

findings were also confirmed for peripheral CD4þ T cells derived from patients

with pleural plaque and malignant mesothelioma. The overall findings observed in

continuously exposed human T cell models will contribute towards the early
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detection of asbestos exposure and occurrence of mesothelioma using peripheral

blood and will improve the immune status (reducing antitumor immunity in

asbestos-exposed patients) through the use of certain physiological substances

derived from plants, foods, and microorganisms.

Keywords Asbestos • T cell • Apoptosis • Continuous exposure • β-actin • CXCR3

11.1 Local Immunological Effects of Asbestos Fibers

Asbestos exposure causes lung fibrosis (asbestosis) and various forms of cancer

such as lung cancer and malignant mesothelioma (MM) [1–5]. Basically, asbestos

fibers are inhaled through the airway, and the initial portal of entry is the lung.

Asbestos fibers possess an aspect ratio of more than 3:1, usually ranging from 20:1

to 100:1 or higher (>5 μm in length). As a consequence, not all fibers reach the end

of the respiratory tracts such as the alveolar space, and fibers may straggle towards

the small bronchus when moving to alveolar spaces [1–5].

The first component that meets and attempts to handle the asbestos fibers

comprises the alveolar macrophages (AM) [1–6]. Once AM recognize these fibers,

the activation of inflammasomes occurs. The discovery of inflammasomes led to a

better understanding of the cellular and molecular events that occur after certain

danger signals are recognized as foreign bodies that enter through the cell surface

[7–10]. These danger signals vary from extracellular substances such as silica

particles, aluminum, bacterial toxins, as well as asbestos fibers and intracorporeal

crystals such as uric acid and amyloid. All of these ligands/foreign bodies activate

the intracytoplasmic NALP3 (NOD-like receptor family, pyrin domain containing

3) receptor. NALP3, which contains a pyrin domain, a nucleotide-binding site

(NBS) domain, and a leucine-rich repeat (LRR) motif, forms the inflammasome

with an adaptor protein called ASC (apoptosis-associated speck-like protein

containing a CARD, caspase recruitment domain) at the site of its pyrin domain

(PYD) and pro-forms of caspases 1 and 5 [7–10]. The NALP3-inflammasome

formed by these cascades truncates and activates interleukin (IL)-1β and IL-18 to

trigger the inflammation and immune responses. The danger signals possessing

crystalline structures activate the NLRP3 inflammasome in macrophages, leading

to the production of IL-1β. Thus, the initial biological reactions unfolded when AM
initially meets asbestos fibers resulting in the attraction of fibroblasts into the

surrounding areas where AM is located by the action of secreted IL-1β [7–10].

The progression of these danger signals towards lung fibrosis is known as

pneumoconiosis, as represented by silicosis and asbestosis, and involves important

roles played by reactive oxygen species (ROS) and reactive nitrogen species (RNS)

and inflammatory cytokines such as tumor necrosis factor (TNF)-α, transforming

growth factor (TGF)-β, IL-6, as well as IL-1β secreted from AM as activated by

asbestos fibers [11–14]. We previously reported details of these cytokine reactions
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following asbestos exposure and emphasized the crucial role of the long-surviving

AM with higher production of TGF-β [6].

The abovementioned reactions begin to affect the human body after asbestos

fibers are inhaled and start the development of lung fibrosis and/or other cancers.

11.2 Immunological Effects of Asbestos

11.2.1 Bi-Views of General Immunological Effects Caused
by Asbestos

As mentioned above, we are beginning to obtain a better understanding of the initial

local reactions occurring when asbestos is inhaled into the respiratory systems in

regard to immunological reactions [7–10]. However, most of the fibers remain in

the human body at the lung spaces, as well as the local lymph nodes, and contin-

uously meet with circulating immune cells. These direct effects may therefore

affect the asbestos-induced health impairments. Although researchers maintain

there is inadequate regulation of autoimmunity that causes various autoimmune

diseases in asbestos-exposed patients [15–18], we have been investigating this issue

by focusing on silicosis patients [19–24] because of the incidence of complicated

autoimmune diseases such as rheumatoid arthritis, systemic sclerosis, and

antineutrophil cytoplasmic antibody-related vasculitis/nephritis [25–28]. Silica par-

ticles induce an unbalance between CD4þ25þ regulatory T cells (Treg: positive

for FOXP3 (forkhead box P3) gene) [29–31] and responder T cells to form

reduction of Treg and the long survival of responder T cells. Details of these

investigations have been described elsewhere [22–24].

A consideration of the occurrences of cancers may reveal that asbestos-exposed

patients have reduced antitumor immunity and that this might be the reason why

asbestos-related cancers show a long-term latency period of 30–40 years [1–5]. We

therefore focused on the immunological investigation of the effects of asbestos on

immune cells.

11.2.2 Immunological Effects of Asbestos on Natural Killer
(NK) Cells and Cytotoxic T Lymphocytes (CTL)

We have been investigating the cellular and molecular effects of asbestos fibers on

various immune cells. The effects of NK cells have been summarized previously

[32–34]. Asbestos exposure causes impaired cytotoxicity of NK cells with reduc-

tion in the expression of activating receptors. Among such receptors, the NKp46

receptor was particularly crucial. We conducted experiments in which a human NK

cell line and freshly isolated human NK cells derived from healthy donors
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(HD) activated in vitro were cultured with chrysotile fibers [32–34]. Results

showed that the cell line exhibited a reduction of NKG2D and 2B4 receptors,

with a diminishing level of extracellular signal-regulated kinase (ERK) phosphor-

ylation to signal the release of cytotoxic granules such as perforin and granzymes

[32–34]. The in vitro activated NK cells showed decreased expression of NKG2D

or NKp46, but not 2B4. Since the expression of some activating receptors was

reduced as a whole, we analyzed the status of these receptors in asbestos-exposed

patients such as those exhibiting pleural plaque (PP) and MM. Our results revealed

that the reduced expression of NKp46 was clearly correlated with NK cell cyto-

toxicity in these patients and in healthy donors. These findings indicated that

asbestos causes impairment of NK cell activity and may induce the unencumbered

progression of transformed mesothelioma cells [32–34].

The effects of asbestos fibers on CTL and CD8þ T cells as naı̈ve CTL is

described in another chapter of this book [35]. Experiments involving in vitro

exposure of chrysotile asbestos onto a mixed lymphocyte reaction (MLR) assay

to estimate clonal expansion (proliferation and differentiation) of CD8þ T cells

revealed the inhibition of both proliferation and differentiation [36]. These results

should be interpreted as the impairment of CTL differentiation in the lymph nodes

where asbestos fibers are located continuously in asbestos-exposed people. In

addition, analyses of cellular functions in asbestos-exposed patients with pleural

plaque (PP) and malignant mesothelioma (MM) are discussed. PP patients showed

an increase in effector memory CD8þ T cells compared to healthy donors or MM

patients [37]. Furthermore, MM patients showed a decrease in perforin-expressing

CD8þ T cells. These results indicated that although asbestos-exposed individuals

are ready to respond with transformed cells, CTLs may lose their function once

mesothelioma progresses [35–37].

11.2.3 Effects of Asbestos Fibers on T Cells

11.2.3.1 Establishment of an Asbestos Exposure Cell-Line Model

(Fig. 11.1)

There are numerous studies of the effects of asbestos fibers on alveolar epithelial

cells and pleural mesothelial cells by transient and relatively high (as a means to

cause cellular toxicity) doses of asbestos [38–47]. Most of these reports showed the

importance of ROS/RNS in causing DNA damage and activation of the mitochon-

drial apoptotic pathway to cause cell death. It was then suggested that certain

molecular changes trigger escape from the apoptotic pathway with persistent

DNA damage during long-term, chronic, and recurrent exposure following the

continuous presence of asbestos fibers in the body. This could be interpreted as

carcinogenesis. The carcinogenic effects of asbestos fibers are regarded as (a) ROS/

RNS mainly produced by iron contained in fibers, (b) physiological damage of
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cellular chromatins and genes by fiber tangling, and (c) adsorption of other carci-

nogenic agents around the fiber bodies [48–50].

We attempted to establish a continuous and long-term exposure model of

asbestos exposure on human T cells to investigate the chronic alteration of T

cells caused by fibers as shown in Fig. 11.1. After first determining to use the

candidate cell lines including those derived from T cells and B cells (listed in

Fig. 11.1), we performed experiments using an initial transient and high-dose (as a

means of causing certain toxic effects such as cell damage and cell death caused by

fibers) exposure for several culture days [51]. Chrysotile B asbestos was initially

selected because of its common usage (more than 90% of utilized asbestos)

worldwide. Furthermore, we investigated whether iron-containing fibers such as

crocidolite and amosite induce dominant cellular effects on cells due to the pres-

ence of iron [1–5].

Fig. 11.1 Schematic model showing the effects of asbestos fibers on alveolar epithelial and

pleural mesothelial cells, on which production of ROS/RNS causes DNA damage, and the

appearance of induced apoptosis and escape from these cellular changes as recognized steps of

asbestos-induced carcinogenesis and their effects on human immune cells. The initial experiments

were designed to examine the growth inhibitory effects of chrysotile asbestos on various human

cell lines, including transformed B or T cell lines and virus-immortalized B or T cell lines. Our

findings led us to select MT-2 as the candidate cell line for an analysis of the effects of asbestos on

T cells. The transient and high-dose exposure of chrysotile on MT-2 cells causes production of

ROS, activation of mitochondrial apoptotic pathways including proapoptotic activation of MAP

kinase signaling, and subsequent apoptosis
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Results revealed that most of the cell lines from malignant cells, including those

derived from T and B cells, were not sensitive to 50 μg/ml of chrysotile B. The

concentration was similar to that utilized in the various abovementioned published

experiments that used alveolar and mesothelial cells while changing “μg/cm2” in

culture dishes to “μg/ml” because of the difference between adhered cells and

floating hematological cells. On the other hand, we employed virus-immortalized

cell lines such as KMS-9 and KMS-15, which are our own established

lymphoblastoid B cell lines immortalized by the Epstein-Barr virus [52], and the

MT-2 cell line immortalized by human T cell leukemia/lymphoma virus type

1 (HTLV-1). The Mt-2 cell line was most sensitive to asbestos-induced growth

inhibition. The MT-2 cell line, which is derived from CD4þ T cells [53, 54], was

therefore selected for subsequent studies since the T cell is much more important

for antitumor immunity and immortalized cells show greater resemblance to the

human immune counterparts rather than cells in transformed cell lines.

Growth retardation of MT-2 by asbestos exposure was analyzed. Cells that died

by apoptosis were verified by a TUNEL assay and morphological observations.

Cellular and molecular changes were then investigated. The production of O2-

(hydroethidine), phosphorylation of JNK (c-Jun N-terminal kinases) and p38 sig-

naling molecule-mediated proapoptotic MAPK (mitogen-activated protein

kinases), release of cytochrome c from mitochondria, increase of the BAX/Bcl-2

expression ratio, and activation of caspases 9 and 3 were found in a dose-dependent

manner relative to the added chrysotile concentrations [51].

These results indicated that the human T cell model MT-2 exhibited asbestos-

induced apoptosis similar to that reported for alveolar and mesothelial cells. The

next task was to determine changes caused by the continuous and long-term

exposure to chrysotile in MT-2.

11.2.3.2 Cellular Features of Continuously Exposed Sublines (Fig. 11.2)

The MT-2 cell line (original cell line: ORG) was exposed continuously to 5 or

10 μg/ml of chrysotile. These concentrations were determined through trials in

which less than half of the cells died from the induced apoptosis [55]. After the

chrysotile fibers were removed from the culture and cultured without fibers, the

MT-2 continuously exposed subline cells (MT-2CE) were examined every month

and the level of apoptosis following exposure to 0–50 μg/ml of chrysotile was

determined and compared to that of MT-2ORG cells. MT-2CE cells showed a

significantly lower level of apoptosis after eight months, indicating that the cells of

this subline acquired resistance to the asbestos-induced apoptosis [55]. Cellular and

molecular characterizations were then made, which revealed that the MT-2CE cells

showed (a) enhanced production of IL-10 and TGF-β, (b) excess phosphorylation of
STAT3 located downstream of IL-10 (autocrine usage of IL-10), (c) upregulation of

Bcl-2 and downregulation of BAX, (d) acquisition of resistance to TGFβ-induced
growth inhibition, and (e) increased p38 phosphorylation located downstream of

TGF-β signaling (Fig. 11.2) [55, 56].
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Regarding the IL-10 to Bcl-2 scenario, the importance of Src kinases was

verified by an assay using the Src-kinase-specific inhibitor PP2. This inhibitor

reduced mRNA expression and secretion of IL-10 in both MT-2ORG and

MT-2CE cells. In addition, the crucial role of Bcl-2 was assayed using siRNA for

Bcl-2. The Bcl-2 silenced clones of the MT-2CE subline revealed significant

growth inhibition due to re-coculture with chrysotile fibers [55].

For the TGF-β-scenario, MT-2CE cells showed excess production of TGF-β and
a reduced growth inhibitory property with reduced expression of TGF receptor

2. As already mentioned above, the MAPK signaling molecules such as ERK2, p38,

and JNK were phosphorylated when MT-2ORG was exposed to chrysotile, and

MT-2CE cells maintained only p38 phosphorylation which was canceled in the

TGF-β knockdown MT-2CE clones. In addition, MT-2CE cells showed a decrease

of phosphorylation of SMAD2 and increase of phosphorylation of SMAD3, and

both of these molecules are also signaling molecules located downstream of TGF-β.

Fig. 11.2 Establishment of MT-2 sublines continuously exposed to asbestos (CB1–3, CA1-3, and

CR). The continuous and low-dose exposure of chrysotile onto the MT-2 cell line yielded a subline

that exhibited resistance to asbestos-induced apoptosis and was designated MT-2CE. This subline

was later named CB1 after another six sublines were established independently. The MT-2CE

subline exhibited excess production of TGF-β following p38 phosphorylation and resistance to

TGF-β-induced growth inhibition. Furthermore, this subline showed excess production of IL-10

causing phosphorylation of STAT3 and upregulation of Bcl-2. The importance of Bcl-2 for the

acquisition of resistance to asbestos-induced apoptosis was confirmed using siRNA for Bcl-2 in

the subline. The six independently established chrysotile-exposed sublines showed similar mRNA

expression patterns when assayed by cDNA microarrays
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However, these SMAD2/3 changes were not altered in TGF-β knockdown MT-2CE

clones [55, 56].

Furthermore, excess secretion of both IL-10 and TGF-β suggested an interesting
possibility because both cytokines are typical soluble factors of Treg [29–31]. Thus,

an evaluation of Treg function as altered by continuous exposure to asbestos fibers

is needed since Treg plays an important role in antitumor immunity, and if its

numbers and/or function is enhanced by some factors, the antitumor immunity has

to be reduced [29–31].

Since these observations were performed using only the MT-2CE subline, we

tried to establish other continuously exposed sublines. We established two more

independently established sublines exposed to chrysotile B (the first one used in the

abovementioned experiments was called CB1, and the other two sublines were

called CB2 and CB3) and three other sublines exposed to chrysotile A (called CA1,

CA2, and CA3) [57]. Chrysotile A and B show tiny differences in which iron

contents are slightly higher in chrysotile B [58]. To examine the similarities and

differences among these six sublines continuously exposed to chrysotile, a cDNA

microarray assay was performed [57]. The results (Fig. 11.2) indicated that most of

the upregulated and downregulated genes were similar among the six sublines when

compared with the MT-2ORG line. 84 genes were upregulated and 55 were

downregulated. In addition, it is commonly thought that the carcinogenicity of

crocidolite is approximately 500 times higher than that of chrysotile because of the

difference in iron contents and physical properties [1–5]. The usage of these

continuously exposed sublines may indicate changes in T cells of asbestos-exposed

patients such as PP and MM. Therefore, the cellular and molecular characteriza-

tions of these sublines were analyzed and compared with MT-2ORG, which has

never been exposed to asbestos fibers [55, 57].

11.2.3.3 Cellular Effects of Chrysotile and Crocidolite on T Cell

and Protein Expression (Fig. 11.3)

Since most of the asbestos fibers used in the world are those of chrysotile, a

serpentine material, this fiber was initially used for observations of its immunolog-

ical effects on T cells, although we should not ignore the amphibole forms of

asbestos such as amosite and crocidolite [59]. As mentioned above, carcinogenicity

is thought to be significantly higher for amphibole than chrysotile. We therefore

compared differences and similarities of cellular alterations between MT-2ORG

cells exposed to chrysotile and those exposed to crocidolite. For the transient

exposure experiments, the degrees of growth inhibition and appearance of apoptosis

(assayed by staining with annexin V on Day 2, detection of active caspase 3 on Day

3, and TUNEL staining on Day 4) were much higher when MT-2ORG cells were

exposed to chrysotile rather than crocidolite. Although the production of ROS was

higher in cells exposed to crocidolite rather than chrysotile, the overall level of

apoptosis and observed mechanisms were similar between cells exposed to the two

asbestos fibers [59].

202 M. Maeda et al.



A subline of MT-2 exposed continuously was then established and named the

CR subline, as mentioned above. As with the sublines continuously exposed to

chrysotile, the acquisition of resistance to asbestos-induced apoptosis was moni-

tored monthly, and the continuously exposed subline was then examined after more

than one year [59]. Some properties of the continuously exposed sublines in the CB

series were then examined (Fig. 11.3). Cytokine production showed a similar

tendency between CB1 and CR sublines. The cytokine profile showed reduced

secretion of interferon (IFN)-γ and TNF-α, markedly increased production of IL-10

(although CB was producing this cytokine to a high level), and no change of IL-6

[59]. Furthermore, upregulation of the Bcl-2/BAX expression ratio was also
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Fig. 11.3 The acquisition of resistance to asbestos-induced apoptosis was also verified in the

subline MT-2CR, which was continuously exposed to crocidolite (CR) asbestos for more than one

year. The transient exposure caused growth inhibition and apoptosis with production of ROS. The

degrees of these changes differed slightly between chrysotile B (CB) and CR exposures, whereas

the tendencies of cellular changes were similar. In addition, cytokine profile levels and activation

of Bcl-2 were also observed changes in MT-2CB1 and MT-2CR sublines when compared with

MT2ORG cells, which were never exposed to asbestos fibers. In addition to the cDNA microarray

analysis, the differences and similarities among MT-2ORG, MT-2CBa, and CA1 sublines were

examined. The ProteinChip assay revealed that up- and downregulated proteins in the cytoplasmic,

nuclear, and membrane fractions of the CA1 and CB1 sublines were similar to those of the

MT-2ORG line. A 2-dimensional gel electrophoresis assay revealed enhanced phosphorylation

of β-actin in the CB1 subline in comparison to the MT-2ORG line. Moreover, various cytoskeletal

molecules were also upregulated in the continuously exposed subline. The overall findings indicate

the importance of cytoskeletal molecules for initiation of the cellular and molecular alterations
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observed in the MT-2CR subline. The overall results indicate that the effects of

crocidolite on the human T cell CD4þ were similar to those caused by chrysotile

when cells were exposed to asbestos fibers continuously with a relatively low dose.

Data of cDNA arrays (Org vs. CB1 and Org vs. CR) showed that commonly altered

genes represented 650 of 2,074 total genes uniquely altered in the first set and 1,970

genes from the second set. In addition, network analyses using a cDNA array assay

indicated both sets showed very similar transcription factors in which the numbers

of expressed molecules, including alternative splice variants, were ranked highly,

i.e., HNF4-α (hepatocyte nuclear factor 4α), SP1 (specificity protein 1), c-Myc,

ESR1 (estrogen receptor 1 (α)), CREB1 (CAMP-responsive element-binding pro-

tein), and others [59].

The differences and similarities of protein expression between CB1 and CA1

were assayed using the ProteinChip assay [60]. Figure 11.3 shows that the tenden-

cies of up- and downregulated proteins were almost similar to those of the

MT-2ORG line, and as mentioned above, the differences between chrysotile A

and B were very slight. These results therefore seemed to be reasonable [60]. An

attempt to identify some altered protein in the CB1 subline in comparison to the

ORG line yielded a single change as shown by the spot in the figure. This alteration

was then identified as excess phosphorylation of β-actin, as well as higher expres-
sion of β-actin in protein and mRNA levels [60]. This may be explained by

assuming that the asbestos fibers were not incorporated into the intracellular spaces,

and the change in cellular and molecular functions was supposedly caused by the

initial and recurrent and continuous and chronic attachments between fibers and cell

surface molecules. Therefore, modification of cytoskeletal molecules is the most

considerable change occurring in continuously exposed sublines [60]. In response

to these considerations, a cell-free binding assay was performed on extracted pro-

teins derived from ORG and CB1 cells exposed to the chrysotile fibers. Results

showed increased levels of several cytoskeletal molecules such as myosin

9, vimentin, and tubulin β2. The assays analyzing alteration of proteins indicated

that cytoskeletal molecules may be the initial and continuous targets of the effects

of asbestos that induce the cellular and molecular changes of cell functions [60].

11.2.3.4 Reduced Expression of CXCR3 Caused by Asbestos Exposure

in T Cells

Pathway and network analyses using data from the cDNA microarray shown in

Fig. 11.2 reveal the interesting reduction of CXCR3 (C-X-C chemokine receptor

type 3) expression in sublines continuously exposed to asbestos in comparison to

MT-2ORG cells [57, 61]. We then analyzed the importance of the role played by the

expression of CXCR3 and its related cytokine IFN-γ in antitumor immunity. The

mRNA and protein levels of CXCR3 expression were again confirmed by real-time

RT-PCR, a flow cytometric assay, and immunohistochemical analysis and com-

pared with those of MT-2ORG cells [57, 61]. All six sublines continuously exposed

to chrysotile showed reduced expression of CXCR3 (Fig. 11.4). In addition, IFN-γ
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production in the culture supernatants also decreased in the six sublines compared

to that of the MT-2ORG line. The changes were then examined in freshly isolated

peripheral blood CD4þ T cells derived from HD stimulated with anti-CD3 and

CD28 monoclonal antibodies and IL-2 for 4 weeks with or without chrysotile fibers.

Results showed that the reduction of CXCR3 surface expression and intracellular

IFN-γ positive cells decreased significantly when cells were cultured with chryso-

tile (Fig. 11.4) [57, 61]. The CXCR3 expression of peripheral blood CD4þ cells

from asbestos-exposed patients such as PP and MM was then analyzed. Our

findings revealed that CD4þCXCR3þ cells in CD4þ cells were significantly

reduced in PP compared with HD and in MM compared with HD and PP. In

addition, the relative IFN-γ-mRNA expression in these cells decreased in MM

compared with PP and HD. These results indicated that our established MT-2

sublines that were continuously exposed to asbestos exhibited altered cellular

Fig. 11.4 Pathway and network analyses using data from the cDNA microarrays shown in

Fig. 11.2 show the interesting reduction of CXCR3 (C-X-C chemokine receptor type 3) expression

in sublines continuously exposed to asbestos when compared to MT-2ORG cells. All sublines

exhibited reduction of XCXR3 expression at mRNA and protein levels. Furthermore, freshly

isolated peripheral CD4þ cells stimulated in vitro also showed reduction of CXCR3 and IFN-γ.
Finally, these findings were confirmed when using freshly isolated peripheral CD4þ cells derived

from asbestos-exposed patients with PP and MM. These results indicated that our continuously

exposed model is suitable for the observation of cellular and molecular alterations caused by

continuous exposure to asbestos fibers and that it can be utilized for effective clinical

implementations for the early detection of exposed patients and improvement of diminished

antitumor immunity in asbestos-exposed patients for the prevention of cancers
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characteristics in peripheral blood T cells caused by asbestos exposure

[57, 61]. These observations and the abovementioned impairment of NK cells and

CTL cell functions indicated that antitumor immunity in asbestos-exposed patients

was reduced, and this may be part of the factors causing carcinogenesis in these

patients with a very long latency period [62–65].

11.3 Conclusion

This chapter discussed experimental analyses of cellular and molecular alterations

in human T cells caused by continuous exposure to asbestos. Instead of using

experiments with a transient and relatively high-dose exposure to asbestos, our

experimental setting utilized a continuous and relatively low-dose exposure to yield

experimental models to determine the effects of asbestos on peripheral T cells in

asbestos-exposed patients. Although this chapter presented details of T cell mod-

ifications, we have demonstrated that NK cells and CTL were also altered by

asbestos exposure, and our overall findings indicated that asbestos-exposed patients

possess a reduced antitumor immunity [34, 35, 62–64].

A clinical implementation of these experimental findings would be to extract

modified cytokines, proteins, and genes altered by chronic, continuous, and recur-

rent asbestos exposure in peripheral blood immune cells for the development of an

early detection screening device for asbestos exposure and the occurrence of

malignant tumors in these patients. This will support screening for people who

reside or have resided near asbestos-handling manufacturers, as well as building

demolition workers or laborers handling rubble resulting from an earthquake or

other disasters. Another approach would be to recover reduced antitumor immunity

in immune cells caused by asbestos exposure using certain physiologically active

substances derived from plants, foods, or other structural components of

microorganisms.

Future investigations will examine the effects of asbestos on other immune cells

such as dendritic, Th17, and NKT cells in order to understand the whole status of

antitumor immunity. A comprehensive understanding of the immunological effects

of asbestos will then follow and form the basis of effective clinical implementations

and investigations of other fibrous and particulate substances such as silica,

nanoparticles, and nanotubes.
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Chapter 12

Effects of Asbestos Fibers on Human

Cytotoxic T Cells

Naoko Kumagai-Takei, Yasumitsu Nishimura, Hidenori Matsuzaki,

Megumi Maeda, Suni Lee, Kei Yoshitome, and Takemi Otsuki

Abstract The immunological effects of asbestos have been demonstrated and

include reduction of antitumor immunity such as the reduction of natural killer

(NK) cell activity with decreased expression of NK cell-activating receptor,

NKp46, as well as reduced expression of CXCR3, chemokine receptor, and inter-

feron (IFN)-γ in CD4+ T cells. In this review, the effects of asbestos as demon-

strated by our investigations on the cellular characteristics and functions of

cytotoxic T lymphocytes (CTLs) differentiated from CD8+ T cells are shown and

discussed. Experiments involving in vitro exposure of chrysotile asbestos onto a

mixed lymphocyte reaction (MLR) assay to estimate clonal expansion (prolifera-

tion and differentiation) of CD8+ T cells revealed the inhibition of both prolifera-

tion and differentiation. These results should be interpreted as the impairment of

CTL differentiation in the lymph nodes, where asbestos fibers are located contin-

uously in asbestos-exposed people. In addition, analyses of cellular functions in

asbestos-exposed patients with pleural plaque (PP) and malignant mesothelioma

(MM) are discussed. PP patients showed an increase in effector memory CD8+ T

cells compared to healthy donors or MM patients. Furthermore, MM patients

showed a decrease in perforin-expressing CD8+ T cells. These results indicated

that although asbestos-exposed individuals are ready to respond with transformed

cells, CTLs may lose their function once mesothelioma progresses.
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12.1 Asbestos and Antitumor Immunity

The cellular and molecular biological effects of asbestos fibers are usually consid-

ered in regard to fibrogenesis and carcinogenesis [1–3], since people who have been

exposed suffer from lung fibrosis known as asbestosis [4–6], one of the typical

forms of pneumoconiosis, as well as malignancies such as malignant mesothelioma

(MM) and lung cancer [7–9]. In addition, several reports have shown that people

exposed to asbestos show increased incidences of other malignancies such as those

involving the larynx, gastrointestinal tracts, and ovary [10–12]. A consideration of

these facts might suggest that these people possess reduced antitumor immunity

caused by asbestos exposure as evidenced by the occurrence of the abovementioned

tumors and the long-term latent period of 30–40 years since the initial exposure.

Based on these considerations, issues regarding asbestos remain an important

concern globally, particularly problems related to asbestos-causing malignancies

[13, 14]. The occurrence of MM is expected to total 300,000 people worldwide. In

response to these concerns, the asbestos issue in Japan was explored in the summer

of 2005 [15–17]. The media as represented by broadcasts and newspapers

announced details of patients who developed MM without any history of direct

exposure, but who lived near asbestos-handling factories. Awareness of the dangers

associated with environmental exposure to asbestos created social and political

problems, especially since these patients were not compensated by any common

worker compensation policy, and the lack of responsibility of companies and

government was highlighted. Eight months later, a new law for compensation of

work-unrelated MM patients had been enacted, and people in Japan became aware

of the many problems associated with asbestos exposure, such as the types of health

impairments created; the steps involved in the diagnosis, treatment, and prognosis

of these diseases; and how they can apply and benefit from the compensation law.

However, it is very difficult to identify the low-dose exposure history in individual

cases [15–17]. Furthermore, earlier diagnosis of MM is not easy, and the prognosis

is still poor, even though various therapies have been introduced involving

advances in surgical methods, molecular targeting therapies, and immunotherapies

[18–20].

There are few investigations regarding the general immunological effects of

asbestos [21, 22], except for recent advances in the recognition of inflammasomes

[23–25]. It was considered that asbestos may affect human immune cells because

silica (SiO2), which represents the core atomic elements of asbestos, acts on the

human immune system and causes autoimmune diseases in silicosis patients [26,

27]. We have been studying the mechanisms of silica-induced dysregulation of

autoimmunity [28–31], although silica-induced impairment of autoimmunity was

considered to be an adjuvant mechanism. Our findings indicated that silica particles

activate both responder/effector T cells (Tresp) and regulatory T cells (Treg). Tresp

produces acquired resistance for CD95/Fas-mediated apoptosis due to excess pro-

duction of soluble Fas (sFas), as well as decoy receptor 3 (DcR3) and other

alternative spliced variants, which function in a manner similar to sFas by inhibiting
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CD95/Fas-mediated apoptosis and enabling Tresp to survive for a longer period.

Treg is also activated by exposure to silica particles and expresses CD95/Fas at

excessive levels to cause early apoptotic cell death [32]. Both induce an unbalance

of the Tresp/Treg population that results in less Treg and the development of

autoimmune diseases [28–31].

A physical aspect of asbestos is its fibrous property, which is completely

different from that of silica particles. These differences may affect human immune

cells and cause reduction of antitumor immunity as indicated by the occurrence of

malignant tumors in asbestos-exposed people. Our investigations in regard to these

considerations have shown that natural killer (NK) cells have impaired cytotoxic

function following asbestos exposure and reduced expression of the NK cell-

activating receptor, NKp46. We also found reduction of signal transduction located

downstream from NKp46 and decreased cytotoxic granules such as granzymes and

perforin [26–33], as well as reduction of CXCR3, a chemokine receptor, on the cell

surface of CD4+ T cells, including reduced secretion of interferon (IFN)-γ [37–40].
In this review, the effects of asbestos on CD8+ cytotoxic lymphocytes (CTLs)

are presented and discussed.

12.2 The Role of CTLs in Antitumor Immunity

CTLs and NK cells play an important role in antitumor immunity through recog-

nition of tumor antigens and the direct attack and killing of target tumor cells [41–

43]. Although NK cells do not express antigen-specific receptors, they have various

activating and inhibitory receptors that produce cytotoxicity against target tumor

cells. In contrast, since CTLs possess T cell receptors specific to a tumor antigen,

CTLs attack tumor cells through MHC (major histocompatibility complex) class I

antigen at the tumor-cell surface. After activation of naı̈ve CD8+ cells that recog-

nize the tumor antigens, it is important to process clonal expansion with cell

proliferation and differentiation in order to possess the killing activity in a tumor

antigen-specific manner [41–43]. The differentiated CTLs store the lytic granules,

including granzyme B, and perforin induces apoptosis of target tumor cells by

secreting these molecules by degranulation after recognizing the tumor antigen [44,

45]. The lytic granule is composed of a lipid bilayer including lysosome-associated

membrane glycoprotein-1 (LAMP1/CD107a) and is known to expose CD107a

transiently on the cell surface of CTLs at degranulation [46]. In addition, CTLs

secret tumor-killing cytokines such as IFN-γ and tumor necrosis factor-α [41–43].

12.2.1 Effects of Asbestos Exposure on CTL Differentiation

To investigate the effects of asbestos exposure on CTL differentiation, a mixed

lymphocyte reaction (MLR) system using human peripheral blood mononuclear
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cells (PBMC) was applied for easy and effective estimation. After incubation with

irradiated allo-PBMC in MLR, naı̈ve CD8+ T cells differentiate to CTLs specific to

the alloantigen. Thus, MLR using PBMCs derived from healthy donors (HD) and

healthy allo-donors was performed with or without the addition of 5 μg/ml of

chrysotile B for seven days. In our system, seven days is a suitable period to

observe differentiation of alloantigen-specific CTLs with proliferation as clonal

expansion from naı̈ve CD8+ cells. As a control for induction of differentiation, a

PBMC culture without allo-PBMC was utilized as shown in Fig. 12.1 [47].

In the allo-stimulated PBMC culture, an increase of CD3+ CD8+ cells was

observed compared to the no stimulation culture, whereas an allo-stimulated culture

with chrysotile did not show this increase, resulting in chrysotile fibers inhibiting

the proliferation of naı̈ve CD8+ cells. A cell killing assay was then performed using

retrieved CD8+ cells from the PBMCs of MLR as effector cells and fluorescent-

labeled allo-PBMC as target cells. Since the effector cells from MLR without

chrysotile B caused an increase of dead target cells, it is thought that alloantigen-

specific CTLs existed in the PBMC population following MLR without chrysotile

fibers. However, the number of dead target cells was lower when PBMCs from

MLR with chrysotile were used as the effector cells. This suggested that chrysotile

fibers inhibited the differentiation of CTLs against the specific alloantigen [47].

Fig. 12.1 The in vitro induction of cytotoxic T lymphocyte (CTL) differentiation by the mixed

lymphocyte reaction (MLR) using peripheral blood mononuclear cells (PBMCs) derived from

healthy donors with or without irradiated allo-PBMC, as well as with or without chrysotile B

asbestos fibers, is used to estimate the effects of asbestos fibers on differentiation of CD8+ T cells

into CTLs at the lymph node (LN) and in asbestos-exposed people
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It was thought that the reduction of cytotoxicity observed in PBMCs from MLR

with chrysotile may depend on the decrease of total CD8+ cells, since proliferation

was also inhibited as mentioned above. Thus, CD8+ lymphocytes were used as the

effectors instead of whole PBMCs, and their cytotoxicity was examined. Results

showed that CD8+ cells from MLR with chrysotile showed decreased cytotoxicity

when compared to cells from MLR without chrysotile. This indicated that the

function of cell killing in CD8+ CTLs was reduced in individual cells [47].

It is well known that granzyme B secreted from CTLs is important for the

cytotoxicity shown by CTLs. Granzyme B is one of the proteases and induces

apoptosis of target cells through activation of caspase 3. In addition, IFN-γ pro-

duced by CTLs also functions to cause inhibition of proliferation and cell death

against the tumor cells. In our experimental model, the levels of both IFN-γ and

granzyme B+ cells in CD8+ lymphocytes following MLR with chrysotile were

lower than those following MLR without chrysotile [47].

The differentiation of CTLs can also be examined by cell surface markers such

as CD45RA for the naı̈ve type, CD25 for the activated type, and CD45RO for the

effector/memory type. MLR without chrysotile revealed a decrease of CD45RA

and an increase of CD25 and CD45RO, indicating allo-PBMC stimulation caused

the differentiation from naı̈ve to effector/memory CTLs. In contrast, MLR with

chrysotile inhibited the above changes. A consideration of these findings, as well as

inhibition of the IFN-γ+ and granzyme B+ cell population, reveals that exposure to

chrysotile in MLR induced inhibition of the differentiation from CD8+ lympho-

cytes to CTLs [47].

We next examined whether the chrysotile-induced inhibition of proliferation in

CD8+ lymphocytes is dependent on the static or apoptotic effects of chrysotile.

Although the number of CD8+ lymphocytes in MLR showed a drastic increase

from day 6 to 7, MLR with chrysotile did not show this change. In addition, annexin

V+ apoptotic cells, the so-called activation-induced cell death (AICD), in MLR

without chrysotile were found at certain levels, and MLR with chrysotile also

showed similar levels. Thus, apoptosis was not related to inhibition of proliferation

in CD8+ lymphocytes and chrysotile-induced growth static effects on these

cells [47].

Regarding cytokines, IFN-γ and TNF-α are known to induce CTL differentia-

tion, whereas interleukin (IL)-10 inhibits this differentiation. IL-2 is essential for

proliferation of CD8+ lymphocytes. The cytokine concentrations in culture super-

natants at day 7 of MLR with chrysotile showed decreases of IFN-γ, TNF-α, and
IL-10, whereas no change of IL-2 was observed for MLR without chrysotile. These

findings indicated that the inhibition of CTL differentiation was due not to IL-10

but to the decrease of IFN-γ and TNF-α [47].

12 Effects of Asbestos Fibers on Human Cytotoxic T Cells 215



12.2.2 Significance of Experimental Findings

Naı̈ve CD8+ lymphocytes differentiate to CTLs at lymph nodes [48]. In addition, it

was reported that the number of chrysotile fibers in lymph nodes was higher than

that in lung parenchyma in five asbestos-exposed cases and four of six patients with

pleural plaque (PP) [49, 50]. These findings indicate that lymph nodes contain

amounts of asbestos fibers similar to those of lung parenchyma and plaque,

resulting in differentiation to CTLs in asbestos-exposed cases [49, 50].

It is difficult to compare the actual number of chrysotile fibers in the lymph

nodes of asbestos-exposed cases and the abovementioned experimental conditions.

However, we used 5 μg/ml of chrysotile in our investigations, which was lower than

the level used in our other experiments to investigate the effects of these fibers on

CD4+ T and NK cells [33–40]. In addition, another research group used 5–25 μg/ml

of fibers to investigate the biological effects of asbestos on human mesothelial cells

[51]. Considering our findings in which 5 μg/ml of chrysotile did not induce

apoptosis of CD8+ lymphocytes, the overall data indicate that the experimental

concentrations of chrysotile are sufficient to cause alteration of CTL differentiation,

but did not produce acute toxicity.

Since we exposed chrysotile onto PBMCs derived from HD during MLR for

CTL differentiation, the various findings can be interpreted to elucidate the effects

of asbestos on the differentiation of naı̈ve CD8+ lymphocytes, which have had no

contact with asbestos, into CTLs at lymph nodes (Fig. 12.1) [47].

12.2.3 Functional Assays of CD8+ Lymphocytes in PP
and MM Patients

The biological function of CD8+ lymphocytes derived from PP and MM patients

was compared with that of cells derived from healthy volunteers. Although the

population of CD3+/CD8+ lymphocytes and IFN-γ + cells in CD8+ lymphocytes

did not differ, the CD45RA-negative population in PP and MMwas higher than that

in HD [52].

In addition, although the granzyme B+ population in CD8+ lymphocytes did not

show any differences among the three groups, it was higher in PP after stimulation

of CD8+ lymphocytes by phorbol 12-myristate 13-acetate (PMA) and ionomycin.

A comparison of reduced values of granzyme B+ cells in CD8+ lymphocytes before

and after stimulation revealed that they were higher in PP than in MM or HD [52].

The level of perforin + cells in CD8+ lymphocytes of PP and MM groups was

higher than that of the HD group, whereas the level after stimulation was higher

only in the PP group. In particular, the level in the MM group showed a significant

reduction compared with that of the HD group. To determine whether this reduction

was caused by excess degranulation of perforin in CD8+ lymphocytes of the MM

group, evaluation of degranulation (expression of CD107a) did not show
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differences among the three groups. In addition, the individual samples which

showed drastic reduction of perforin expression after stimulation did not show

higher expression levels of CD107a. Thus, the reduction of perforin in CD8+

lymphocytes derived from MM patients was not due to the excess

degranulation [52].

12.2.4 Insights into the Function of Peripheral CD8+
Lymphocytes from Asbestos-Exposed Patients

Among the asbestos-exposed groups, MM patients showed a lower level of perforin

+ cells after in vitro stimulation on CD8+ lymphocytes than PP patients. The level

of perforin + cells before stimulation is interpreted as a certain level of perforin in

peripherally circulating CD8+ lymphocytes. Furthermore, if the individual values

of perforin + cells are higher after simulation, the cytotoxicity in whole CD8+

lymphocytes is enhanced by stimulation in individual patients. Thus, the whole

cytotoxicity that resulted was reduced in MM patients. Moreover, the alteration of

perforin levels in CD8+ lymphocytes after stimulation may be an indicator of the

occurrence of MM in the asbestos-exposed population (Fig. 12.2) [52].

It was revealed that the increase of perforin + cells and decrease of CD45RA-

negative cells were the same features of CD8+ lymphocytes in PP and MM groups.

These findings indicate elevation of CTLs possessing cytotoxic function in the

peripheral blood of those patients and, particularly, in PP patients who do not carry

malignant tumors. It is interesting that there are immune reactions against non-self

cells and cancerous cells caused by the carcinogenicity of asbestos in PP patients. In

addition, since the perforin present is limited in effector memory CD8+ T cells and

not in central memory cells, the asbestos-exposed patients with or without malig-

nant tumors showed a higher effector memory population in their CD8+ lympho-

cytes. On the other hand, since MM patients showed persistent reduction of

cytotoxicity, the maintenance of adequate antitumor immunity in asbestos-exposed

patients is a key factor for the occurrence of cancers [52].

We initially assumed a reduction of non-naı̈ve CT8+ cells in PP patients from

the results of CTL differentiation using MLR. However, CD8+ lymphocytes from

PP revealed an increase of perforin + and CDRA-negative populations in CD8+

lymphocytes, as well as an increase of the perforin + and granzyme B+ fractions

after in vitro stimulation. The differences may be explained by noting that the MLR

assay indicates the direct effects of asbestos fibers on differentiation into CTLs,

whereas the functional assay in CD8+ lymphocytes derived from PP patients

examines not only the immunological effects of asbestos fibers but also the com-

plicated biological reactions in the whole body of asbestos-exposed patients. Thus,

it would be better to distinguish these results when they are interpreted in clinical

situations. It is noteworthy that there was an apparent difference in functional

assays of CD8+ lymphocytes between PP and MM. The capacity of antitumor
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immunity, at least which induced by CTLs, may be bifurcation of the occurrence of

cancerous diseases in asbestos-exposed patients [52].

12.3 Conclusion

In this chapter, the effects of chrysotile fibers on CD8+ lymphocytes were presented

and discussed [47, 52]. A consideration of all the data and our other findings

regarding the effects of asbestos on CD4+ T cells and NK cells suggests that

asbestos-exposed patients progress toward a reduction of antitumor immunity.

Regarding CD8+ lymphocytes, there are many other factors and cells such as

dendritic cells and CD4+ helper T cells that can affect the differentiation of

CTLs. Thus, future investigations to examine the effects of asbestos on these

cells and analyze unified immune responses are required for a better understanding

of the immunological effects of asbestos fibers and to utilize these findings for the

development of new clinical devices for the early diagnosis and prevention of

asbestos-induced malignancies.
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