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Abstract Asbestos exposure causes asbestosis and

malignant mesothelioma, disorders which remain difficult

to cure. We focused on alveolar macrophages (AM) and

natural killer (NK) cells in asbestosis and mesothelioma,

respectively, and examined their functions upon exposure

to asbestos or in patients with mesothelioma. Exposure to

asbestos caused rat AM to exhibit high production of

transforming growth factor-beta (TGF-b) with prolonged

survival in the absence of other cells, not simultaneously

with the apoptosis caused by asbestos. The NK cell line

showed impaired cytotoxicity with altered expression of

activating receptors upon exposure to asbestos, and pri-

mary NK cells in culture with asbestos and peripheral

blood NK cells in mesothelioma shared a decrease in

expression of NKp46, a representative activating receptor.

The AM finding indicates that AM contribute to asbestosis

by playing a direct role in the fibrogenic response, as well

as the inflammatory response. The response of NK cells

indicates that exposure to asbestos has an immune-sup-

pressive effect, as well as a tumorigenic effect. Our studies

therefore reveal novel effects of asbestos exposure on AM

and tumor immunity, which may represent valuable

information for construction of a strategy for prevention

and cure of asbestosis and malignant mesothelioma.
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Introduction

Asbestos exists in the form of naturally occurring fibrous

minerals such as chrysotile, crocidolite, and amosite, all of

which consist of silicon, oxygen, hydrogen, and various

metal cations. Asbestos has been utilized globally to make

various products such as heat-resistant clothes, tiles, and

walls, because asbestos consists of thin, long fibers with

high flexibility and strong resistance to fire and heat.

However, it is now known that exposure to asbestos causes

two serious health disorders that cannot be cured at present.

One of these disorders is asbestosis, a form of lung fibrosis

following chronic inflammation caused by inhalation of

asbestos. The other disorder is malignant mesothelioma,

comprising a tumor of mesothelial cells, mainly in the

pleural or occasionally the peritoneal cavity, caused by

inhalation of asbestos. Therefore, we focused on exami-

nation of immune-competent cells that may contribute to

development of asbestosis and mesothelioma if their

functions are altered upon exposure to asbestos. The targets

for asbestosis and mesothelioma were alveolar macro-

phages (AM) and natural killer (NK) cells, respectively.
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Here, we review our studies regarding asbestos-caused

functional alteration of AM and NK cells. For the latter, we

show the functional similarity between NK cells in culture

upon exposure to asbestos and those in mesothelioma

patients. These studies have resulted in new insights con-

cerning the development of asbestosis and malignant

mesothelioma.

Role of alveolar macrophages in lung inflammation

caused by asbestos exposure

Asbestosis is a form of lung fibrosis following inflamma-

tion caused by inhalation of asbestos. It is well known that

AM play a crucial role in inflammation caused by exposure

to asbestos. AM produce reactive oxygen species (ROS)

[1], reactive nitrogen species (RNS) [2, 3], as well as

chemoattractant and inflammatory cytokines including

tumor necrosis factor-alpha (TNF-a), interleukin (IL)-1b,

and IL-6 [4, 5]. Since inhaled asbestos accumulates in the

lungs, inflammation caused by asbestos continues chroni-

cally. Therefore, these ROS/RNS-dependent inflammatory

responses lead to repeated injury of lung tissue followed by

tissue repair. As a consequence, a large amount of extra-

cellular matrix (ECM) is produced, and the lungs reach a

state of fibrosis and asbestosis [6, 7]. In particular, TNF-a
plays a role in production of transforming growth factor-beta

(TGF)-b, which induces production of ECM, and previous

studies have demonstrated that TNF-a receptor knockout

mice showed decreases in production of TGF-b and

accumulation of ECM after exposure to asbestos [6, 8].

Moreover, asbestos exposure causes apoptosis of lung

epithelial cells, mesothelial cells, and AM [9], and it has

been reported that intratracheal instillation with apoptotic

cells of macrophages induces increased production of

TGF-b and fibrosis of the lungs [10]. Thus, it has been shown

that asbestos-caused lung fibrosis is dependent on the

overproduction of ECM and that AM indirectly contribute

to the development of lung fibrosis, in which AM play a

role in the inflammatory response prior to production of

TGF-b, leading to a fibrogenic response (Fig. 1, left).

Long-surviving alveolar macrophages with high

production of TGF-b caused by exposure to asbestos

As mentioned above, AM are thought to contribute to

inflammation and the generation of apoptotic cells after

exposure to asbestos. However, AM are also able to pro-

duce TGF-b, which raises the possibility that AM might

contribute more directly to the development of lung fibrosis

through TGF-b production. Therefore, we examined

alteration in functions of AM caused by exposure to

asbestos using in vivo and in vitro experiments. We first

Fig. 1 Asbestos exposure-induced generation of fibrogenic alveolar

macrophages with high production of TGF-b. The illustration shows

the more significant contribution of alveolar macrophages (AM) to

asbestos-caused lung fibrosis by production of TGF-b, in addition to

production of inflammatory cytokines. TNF-a produced by AM early

after exposure to asbestos stimulates fibroblasts or lung epithelial

cells to produce TGF-b, leading to production of extracellular matrix

(ECM) (left). However, as demonstrated by our studies, asbestos

exposure induces generation of fibrogenic AM with high production

of TGF-b and enhanced survival. It is probable that these AM

contribute to accumulated production of ECM by their long-lasting

production of TGF-b in addition to an inflammatory response (right)
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tried to confirm the inflammatory response and subsequent

production of TGF-b in the lungs following exposure to

asbestos. Wistar rats were instilled with 4 mg of chryso-

tile B (CB) via the trachea, and bronchoalveolar lavage

fluid (BALF) was then obtained from these rats. BALF

obtained 1 day after instillation with CB showed increases

in granulocytes and inflammatory cytokines, TNF-a, IL-1b,

and IL-6, compared with the BALF of control rats. Five

days after instillation with CB, TGF-b increased in the

BALF, in which many apoptotic cells were found. We then

examined the production of TGF-b by AM prepared from

the BALF of CB-instilled rats. These results demonstrate

that we constructed an animal model for the inflammatory

response and subsequent production of TGF-b following

exposure to asbestos. Therefore, AM prepared from the

BALF of CB-instilled or control rats were cultured with or

without CB for 5 days, and examined for the production of

TGF-b. AM from CB-instilled rats showed high production

of TGF-b, which was not augmented by the in vitro

exposure to CB. In contrast, AM from control rats showed

low production of TGF-b. However, in vitro exposure to

CB caused an increase in TGF-b production by AM to the

same level observed for AM from CB-instilled rats, fol-

lowing high production of TNF-a at 1 day after culture.

We then examined apoptosis of AM in the culture. AM

actually showed apoptosis upon exposure to a high dose of

CB at 12.5 or 25 lg/cm2, but showed no such response at

1.25 or 2.5 lg/cm2. In contrast, the production of TGF-b
by AM peaked at 2.5 lg/cm2 of CB, but did not increase

following exposure to over 5.0 lg/cm2. Moreover, AM

showed further increased production of TGF-b in the

subsequent culture for an additional 3 days, and also

showed increased expression of Bcl-2 and Bcl-xL, genes

related to cell survival [11]. These results indicate that AM

acquire a high level of TGF-b production with enhanced

survival following the inflammatory response upon expo-

sure to asbestos, in which cells other than AM were not

necessary (Fig. 1, right). In addition, it was found that high

production of TGF-b by AM and their apoptosis are

induced upon exposure to different doses of CB. These new

findings allow us to consider the possibility that such

‘‘fibrogenic’’ AM with high production of TGF-b and

enhanced survival may contribute to an early stage of

asbestos-caused lung fibrosis by moving around, producing

TGF-b, and living for a long period.

Malignant mesothelioma and antitumor immunity

It is well known that malignant mesothelioma is caused

by inhalation of asbestos [12, 13]. In previous reports, it

was shown that levels of oxidized pyrimidines and alkyl-

ated bases are strongly correlated with the length of

occupational exposure to asbestos, and that an increase in

the mutation frequency of lung DNA was induced by

instillation with asbestos via the trachea [14, 15]. Based on

these findings, most researchers think that malignant

mesothelioma results exclusively from the tumorigenic

effect of exposure to asbestos. However, there are some

interesting issues concerning the relation between meso-

thelioma and asbestos exposure. People who have previ-

ously inhaled asbestos take about 40 years to develop

malignant mesothelioma. In addition, it is known that

malignant mesothelioma more often develops in people

exposed to a low or moderate dose of asbestos rather than a

high dose, which is inconsistent with the general rule

concerning the effect of toxic materials. These findings

support the possibility that the development of malignant

mesothelioma may be related to alternative effects of

asbestos exposure other than the tumorigenic effect, one of

which is antitumor immunity. In the body, antitumor

immunity plays a role in surveillance and deletion of

transformed cells or early tumor cells, in which NK cells

act at the front line of tumor immunity as first effectors to

combat cytotoxicity induced by the abnormal cells.

Therefore, we examined the effects of asbestos exposure on

cytotoxicity of NK cells, and also examined the character

of NK cells in patients with malignant mesothelioma.

NK cell receptors and cytotoxicity of NK cells

Unlike T cells, NK cells utilize various kinds of receptors

to recognize target cells. These receptors are divided into

activating and inhibitory receptors, which respectively

transduce and inhibit signals, connected to exocytosis of

cytotoxic granules for target cells [16]. The granules

include perforin and granzymes, which make targets

undergo apoptosis [17]. Thus, the cytotoxicity of NK cells

is controlled by a balance between signals derived from

activating and inhibitory receptors. NKG2D is the most

well-known NK cell-activating receptor, and a member of

the NKG2 family, which is characterized by a lectin-like

domain [18]. The NKG2 family also includes members

with an inhibitory function such as NKG2A, which makes

heterodimers with CD94 that act as inhibitory receptors.

Natural cytotoxicity receptors (NCRs) and the signaling

lymphocytic activation molecule (SLAM) family of

receptors are also other groups of NK cell-activating

receptors. NKp46 is a representative member of NCRs

expressed on NK cells constitutively [16, 19]. NCRs,

including others such as NKp44 and NKp30, also play a

major role in the NK-mediated killing of target cells. 2B4

is also expressed on NK cells, and can induce cytotoxicity

of NK cells by engagement with CD48, the ligand for 2B4,

or the anti-2B4 antibody [20–22]. The signals from those
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NK cell-activating receptors are mediated by common

molecules, one of which is extracellular signal-regulated

kinase (ERK) [23]. It has been shown that ERK is essential

for the polarization of cytotoxic granules to the immuno-

logical synapse, the area in contact with target cells [24].

Therefore, we focused on NK cell receptors and examined

the effect of exposure to asbestos on cytotoxicity and

receptor expression of NK cells, followed by analysis of

the phosphorylation of ERK. In addition, peripheral blood

NK cells in patients with malignant mesothelioma were

examined and compared with those of healthy volunteers.

Finally, we clarified that NK cells in mesothelioma patients

showed a similar character of impaired cytotoxicity with

altered expression of NK cell-activating receptors.

Impaired cytotoxicity with altered expression of NK

cell-activating receptors related to malignant

mesothelioma as well as asbestos exposure

We initially started the long-term culture of a human NK

cell line, YT-A1, upon exposure to CB asbestos at 5 lg/ml,

which did not show any influence on cell growth or

apoptosis of YT-A1 cells. The CB-exposed subline,

YT-CB5, was periodically examined for cytotoxicity against

K562 cells and expression of NK cell receptors and com-

pared with the control line, YT-Org. YT-CB5 did not differ

in cytotoxicity from YT-Org 1 month after culture with CB

asbestos. However, it showed a decrease in cytotoxicity

after around 5 months of culture, accompanied with

decreased expression of NKG2D and 2B4, but not NKp46

[25]. In contrast, YT-CB5 showed only a slight change in

expression levels of NKG2A and CD94. In agreement with

these results, YT-CB5 showed a decrease in degranulation

induced by stimulation with antibodies to NKG2D or 2B4.

In addition, phosphorylation of ERK induced by stimula-

tion with NKG2D was lower in YT-CB5 than in YT-Org

[26]. To confirm the relationship among cytotoxicity,

expression of NK cell-activating receptors, and phosphor-

ylation of ERK in primary cells, peripheral blood NK cells

from healthy volunteers were examined and compared. NK

cells with high cytotoxicity showed high expression of

NKG2D or NKp46, but not 2B4, and high phosphorylation

of ERK, whereas the opposite was shown by NK cells with

low cytotoxicity. On the basis of these results, we exam-

ined peripheral blood NK cells in patients with malignant

mesothelioma. The CD3-CD56? NK cells of these patients

showed impaired cytotoxicity with altered expression of

NK cell-activating receptors, in which a decrease was

observed for NKp46 but not for NKG2D or 2B4 [25]. Since

the decrease in expression of NKp46 was not observed in

the experiment using the cell line, we tried to culture pri-

mary cells upon exposure to asbestos. Peripheral blood

mononuclear cells (PBMCs) were cultured with CB

asbestos at 5 lg/ml for 7 days, and CD3-CD56? NK cells

in harvested PBMCs were examined for expression of

activating receptors. As found for NK cells in mesotheli-

oma patients, NK cells in the culture with CB showed

decreased expression of NKp46, but not NKG2D or 2B4.

In contrast, exposure to glass wool, a representative

asbestos substitute of manmade mineral fibers, did not

cause a decrease in NKp46. These results indicate that

exposure to asbestos causes impairment in cytotoxicity of

NK cells with altered expression of activating receptors,

and that the decrease in expression of NKp46 in NK cells is

related to asbestos exposure and malignant mesothelioma.

These findings suggest that such immunological effects

resulting from exposure to asbestos might contribute to the

development of mesothelioma and its tumorigenic effect.

Conclusions

We investigated functional alterations resulting from

exposure to asbestos in two kinds of immune cells related

to asbestosis and malignant mesothelioma. In the former

investigation, our study demonstrated that AM have the

potential to augment their own production of TGF-b upon

exposure to asbestos in an independent manner, not

simultaneously with the apoptosis of AM caused by

asbestos exposure. The contribution of AM to asbestosis is

usually explained as an inflammatory response, in which

AM produce inflammatory cytokines and ROS/RNS upon

exposure to asbestos, which subsequently leads to the

production of TGF-b followed by accumulation of ECM in

the lungs. However, as shown in our study, asbestos

exposure causes AM to produce a high amount of TGF-b
with prolonged survival, which is not related to any other

types of cells such as lung epithelial cells or fibroblasts.

Although the amount of TGF-b produced by AM may not

be large, the finding concerning autologous acquisition of

TGF-b production by AM cannot be ignored because TGF-b
induces more TGF-b production in a positive feedback

regulation, which amplifies signals to a level sufficient for

biological activity [27–30]. It is possible that such a fibr-

ogenic type of AM might move around and produce TGF-b
over the lungs upon exposure to asbestos, in which accel-

erated production of TGF-b might be triggered. As illus-

trated in Fig. 1, the increased signals of TGF-b provided by

AM may lead to a more severe situation of ECM accu-

mulation, compared with the situation in which AM just

produce inflammatory cytokines. Furthermore, it is inter-

esting that our results showed that the generation of fibr-

ogenic AM was separated from the asbestos-caused

apoptosis of cells, implying the silent generation of fibro-

genic AM without being accompanied by an obvious
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inflammatory response upon exposure to asbestos. Thus,

our findings regarding AM emphasize their role in the

fibrogenic response caused by exposure to asbestos, and

provide additional information concerning the mechanism

of asbestosis that may be useful for the development of an

effective clinical strategy against this disorder.

In the latter study, we demonstrated that asbestos

exposure causes impaired cytotoxicity of NK cells with

altered expression of activating receptors. We also showed

that NK cells in culture upon exposure to asbestos and NK

cells in patients with malignant mesothelioma show the

same decreased expression of NKp46. Although the results

obtained from experiments with the NK cell line were not

consistent with those from the primary NK cell culture or

from mesothelioma patients, they are significant because

they revealed the asbestos exposure-caused alteration in

expression of NK cell-activating receptors and the rela-

tionship between decreased expression of receptor and

subsequent signal transduction. It is known that NK cells

are rich in nonlymphoid organs, including the lung and

liver, as well as lymphoid organs, which may suggest that

NK cells are mainly exposed to asbestos in the lungs.

However, many studies have shown the existence of

asbestos bodies, fibers of asbestos coated with an iron-rich

material, in regional lymph nodes [31, 32]. It has also been

reported that nonoccupationally and occupationally asbes-

tos-exposed individuals have asbestos in their lymph nodes

[33–35]. Therefore, it is probable that NK cells suffer the

harmful effects of asbestos in lymph nodes as well as in the

lungs. In particular, the most noteworthy finding is that the

pattern of alteration in expression of activating receptors

was very similar between NK cells in culture exposed to

asbestos and NK cells in patients with malignant meso-

thelioma, in which a decrease was observed for NKp46 but

not for NKG2D or 2B4. Consideration of these findings

together with the observation of no decrease in NKp46

upon exposure to glass wool suggests that impaired cyto-

toxicity of NK cells with decreased NKp46 in mesotheli-

oma might be related to the effect of asbestos inhaled and

accumulated in the body. Such an immune-suppressive

effect of asbestos exposure might contribute to the devel-

opment of malignant mesothelioma with its tumorigenic

effect.

Thus, we present new findings concerning asbestos-

caused functional alteration in AM and NK cells in relation

to asbestosis and malignant mesothelioma, respectively.

The findings concerning AM emphasize the fact that AM

are the primary cells that phagocytose inhaled asbestos in

the lungs. The alteration in function of AM upstream of the

asbestos-caused response may be an event that seeds lung

fibrosis. Results regarding the functions of NK cells dem-

onstrate the presence of the suppressive effect of asbestos

exposure on antitumor immunity. In fact, we also showed

that T helper cells in culture with asbestos and in patients

Fig. 2 Immune-suppressive effect of asbestos exposure. The illus-

tration shows that asbestos exposure has the potential to impair the

functions of NK and Th cells, in addition to the previous findings

concerning the tumorigenic effect of asbestos. As demonstrated by

our studies, asbestos exposure causes decreased cytotoxicity of NK

cells with alteration in expression of activating receptors. In

particular, the decrease in expression of NKp46 is shared among

primary NK cells in peripheral blood mononuclear cell (PBMC)

culture upon exposure to asbestos and NK cells in the peripheral

blood of patients with malignant mesothelioma. Furthermore, our

studies demonstrated decreases in CXCR3 expression and interferon-

gamma (IFN-c) production by Th cells upon exposure to asbestos,

which was also observed in mesothelioma patients. Our findings

suggest that these immune-suppressive effects of asbestos exposure

might allow early tumor cells to escape from tumor immunity, leading

to development of malignant mesothelioma in people exposed to

asbestos
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with mesothelioma showed decreased Th1 cell activity

(Fig. 2) [36, 37]. The immune system originally plays a

role in deletion of exogenous or endogenous nonself sub-

stances to maintain health. As shown in our studies,

exposure to asbestos may interfere with these immune

responses and thereby lead to health disorders. Future study

of the immunological effects of asbestos exposure may

provide valuable information to solve the health problems

caused by asbestos.
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