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Preface

Asbestos-related issues are a major international concern, and the World Health 
Organization (WHO) has issued a declaration to eliminate asbestos-related diseases. 
However, there are still countries that export asbestos, and some countries have 
not banned its use. Considering that asbestos-related diseases, such as refractory 
and refractory malignant mesothelioma, will develop 30 to 50 years after the first 
exposure, the issue of asbestos-related diseases is of great importance.

Dr. Otsuki has been studying the immune effects of asbestos for 20 years. In 
observing the immunological effects of asbestos fibers, he, along with Associate 
Professor Nishimura, obtained research results that asbestos fibers bring about a 
reduction in antitumor immunity to various immunocompetent cells. This poses 
a challenge for the treatment of malignant mesothelioma using the immune 
checkpoint agent described in this text. Although there are biomarkers that can 
be used to detect asbestos exposure, there is currently only one way to detect 
pleural plaque and this is with radiological techniques. However, there are cases in 
which mesothelioma is discovered without sufficient discovery. In terms of cost, 
it is expensive to continuously screen members of high-risk groups of exposure 
(e.g., current or past workers in asbestos-handling factories, building demolition 
business, rubble disposal, etc.). 

This book describes the immunological effects of asbestos fibers, biomarkers for 
malignant mesothelioma, pathology and clinical practice (especially the effects of 
immune checkpoints), and matrix metallopreteinases (MMPs).

This book is a useful reference for those who are involved in clinical and research 
studies of asbestos-induced diseases, as well as legislation and all other related 
areas.

Takemi Otsuki
Professor,

Department of Hygiene,
Kawasaki Medical School,

Kurashiki, Japan
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Chapter 1

Suppressed Immune System 
Caused by Exposure to Asbestos 
and Malignant Mesothelioma
Yasumitsu Nishimura, Naoko Kumagai-Takei, Suni Lee, 
Kei Yoshitome and Takemi Otsuki

Abstract

Mesothelioma is the most serious of the asbestos-related diseases. It is caused 
by exposure to relatively low doses of asbestos and takes a long period to develop, 
which suggests the enactment of gradual adverse effects other than cellular toxicity. 
The immune system, which can play a role in tumor prevention, is a presumable tar-
get of asbestos by accumulation in lymph nodes and then slowly affecting functions 
of immune cells. Here, we describe key findings obtained from our studies concern-
ing the immune-suppressive effects of asbestos and functional alteration in immune 
cells of patients with mesothelioma as well as plaque-positive subjects. Asbestos 
exposure of cell cultures resulted in decreased natural and acquired cytotoxicity 
exerted by NK cells and CTLs and the ability of Th1 cells to activate and support 
antitumor immunity. In contrast, asbestos exposure augmented Treg cell function 
and generation of fibrogenic/suppressive macrophages. Mesothelioma patients also 
showed similar characteristics in certain alterations caused by asbestos exposure. 
Additionally, our recent study established immunological screening devices for 
mesothelioma and asbestos exposure on the basis of comprehensive analysis of 
peripheral blood. Those findings underscore the importance of the immunological 
effects of asbestos and should assist further understanding of the mechanism and 
early detection of mesothelioma.

Keywords: macrophage, NK cell, Th1, Treg, CTL

1.  Introduction: immune system as a key player in malignant 
mesothelioma following exposure to asbestos

Although asbestos has been banned in many European countries and the USA, 
as well as Japan, it continues to be used globally, and a report in 2018 by the WHO 
estimated that about 125 million people in the world continue to be exposed 
to asbestos at the workplace [1]. Occupational exposure to asbestos causes the 
death of at least 107,000 people from lung cancer, malignant mesothelioma, and 
pneumoconiosis (asbestosis) every year. Additionally, countries where asbestos 
remains have an increasing number of newly exposed individuals, especially 
during activities related to the destruction of old houses and buildings made of 
materials including some kinds of asbestos. That type of exposure to asbestos can 
occur in a variety of contexts such as the illegal destruction of asbestos-containing 



Asbestos-Related Diseases

2

structures, the aftermath of natural disasters such as earthquakes and tsunamis, 
or even terrorism. It is known that the terrorist attacks in New York City on 
September 11, 2001, released 2000 tons of asbestos fibers into the air, subjecting 
an estimated 410,000 people to those fibers, including first responders, nearby 
residents, and workers in charge with cleaning up [2]. In the case of malignant 
mesothelioma, a poor prognostic disease specifically caused by the inhalation of 
asbestos, the disease develops silently and suddenly after about 40 years following 
the initial commencement of asbestos exposure, which means that deaths from 
malignant mesothelioma are increasing or achieving a peak in asbestos-banned 
countries. It has been estimated by Murayama T. that those deaths in Japan will 
peak around the year 2030 [3].

Thus, malignant mesothelioma is a global issue that needs to be solved. 
However, the following characteristics of mesothelioma make early diagnosis dif-
ficult to achieve. Malignant mesothelioma does not follow a dose-dependent rule 
in terms of toxicology but rather develops in people exposed to asbestos at low 
or middle doses of concentration [4]. Additionally, as mentioned above, it takes 
about 40 years to develop it. Therefore, sometimes people are suddenly informed 
that they have malignant mesothelioma, even though they do not remember any 
exposure to asbestos in their history, thereby leading to a delay in diagnosis. In 
the context of these characteristics of the relationship between asbestos exposure 
and malignant mesothelioma, we arrived at one possibility: alterations in immune 
functions might connect asbestos exposure to malignant mesothelioma. It is true 
that asbestos fibers cause cellular toxicity, mutagenicity, and the production of 
reactive oxygen species (ROS). Oxidized pyrimidine and alkalized nucleic acid 
base components correlate with the time of asbestos exposure, and the mutation 
frequency of lung DNA increased following intratracheal instillation of rats with 
asbestos [5–9]. Those findings indicate that asbestos fibers have the potential to 
cause transformation of healthy mesothelial cells. However, the body is equipped 
with an immune system, which can detect and remove those abnormal cells 
transiently arising due to certain kinds of toxic effects. Therefore, it is reason-
able to assume that the immune system plays a role in protecting the body from 
malignant mesothelioma following exposure to asbestos and that the immune 
system must be subject to some kind of impairment prior to the development 
of mesothelioma. In fact, inhaled particles and fibers reach draining lymph 
nodes, and it has been reported that people exposed to asbestos occupationally or 
nonoccupationally showed accumulation of asbestos fibers in their lymph nodes 
[10, 11]. It is possible for asbestos to accumulate in the body slowly at low doses 
of exposure, thus subjecting immune cells to chronic asbestos exposure. Those 
cells circulate through the peripheral blood which might then result in a sup-
pressed immune system. Moreover, if some alterations in the immune system are 
observed upon exposure to asbestos as well as in patients with malignant meso-
thelioma, we might utilize those changes to establish immunology-based screen-
ing devices to assist in the early detection of malignant mesothelioma as well as in 
cases of general asbestos exposure. Thus, we believe that the immune system is a 
key player in the mechanism involving asbestos-induced malignant mesothelioma 
and therefore a prime target for the development of screening methodologies. 
Consequently, we have been investigating the immunological effects of asbestos 
exposure and immunological alterations in patients with malignant mesothelioma 
and in people exposed to asbestos using multiple analyses of peripheral blood. 
Here we present the results of our investigations in this field and finally propose 
immunological screening devices for the detection of mesothelioma and asbestos 
exposure.
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2.  TGF-beta production by macrophages is crucial for suppressed 
antitumor immunity/tumor progression as well as lung fibrosis 
following asbestos exposure

Macrophages are the first population of immune cells which interact with inhaled 
asbestos in the body. It is well-known that alveolar macrophages (AMs) play a role in 
inflammation following inhalation of asbestos, where AM-mediated activities include 
the generation of reactive oxygen species (ROS), reactive nitrogen species (RNS), 
and inflammatory cytokines such as TNF-α [12–16]. Those inflammatory responses 
continue chronically since inhaled asbestos accumulates in the lungs, which induces 
overproduction of the extracellular matrix (ECM) and leads to asbestos-induced 
lung fibrosis, known as asbestosis [6, 17]. TNF-α chronically produced by AMs is a 
key phenomenon upstream of fibrosis because it induces production of transform-
ing growth factor-beta (TGF-β) by fibroblasts and other cells, which in turn induces 
production of ECM. In fact, it has been reported that TNF-α-deficient mice showed 
decreased TGF-β as well as ECM following exposure to asbestos [17, 18]. Additionally, 
we also demonstrated in a previous study that the macrophage cell lines of RAW264.7 
and J774 showed production of O2

− and NO2
− upon exposure to asbestos [14].

Thus, it is not unexpected that AMs have received attention given their role in 
inflammatory responses upon exposure to asbestos. However, we decided to focus 
on the fact that AMs also have the potential to produce TGF-β and that AMs can 
migrate away from the local site with chronic inflammation to other areas, where 
they are able to exert their effect in the absence of asbestos, which is more crucial 
for the induction of fibrogenic responses than simple production of TGF-β only at 
inflammatory sites. First, we noted that high doses of asbestos caused apoptosis of 
AMs during culture, while low doses failed to do so but did induce production of 
TGF-β. Therefore, we compared the ex vivo production of TGF-β by AMs from rats 
instilled with asbestos via the trachea with the in vitro production of TGF-β by AMs 
during culture upon exposure to asbestos. AMs collected at 5 days after instillation 
of rats with asbestos showed significantly higher amounts of TGF-β production in 
the culture for 5 days than AMs collected from control rats. However, it was surpris-
ing that AMs collected from control rats showed the same amount of TGF-β in the 
5-day culture as AMs collected from rats exposed to asbestos in vivo. Moreover, 
AMs came to produce much greater amounts of TGF-β during continuous culture in 
fresh medium, and these viable AMs upon exposure to asbestos showed increased 
intracellular expression of Bcl-2, the product of a representative anti-apoptotic 
gene [19]. Those findings indicate that asbestos-exposed AMs can acquire the 
ability to produce high amounts of TGF-β in the absence of other cell types and 
with long survival supported by an anti-apoptotic gene, which might contribute 
to the progression of lung fibrosis following exposure to asbestos. That study was 
originally performed from the viewpoint of investigating the fibrogenic role of AMs 
as mentioned above. However, we believe that this functional alteration in AMs 
upon exposure to asbestos can be meaningfully interpreted as antitumor immunity 
upon exposure to asbestos. TGF-β is a representative cytokine that functions to 
suppress cell proliferation and survival of immune cells, natural killer (NK) cell 
function, and generation of cytotoxic T lymphocytes (CTLs) specific for tumors, as 
well as function in the induction of regulatory T cells [20–28]. TGF-β is produced by 
lymphoid cells as well as myeloid lineage cells, and those myeloid-derived suppres-
sor cells play a role in angiogenesis which leads to tumor promotion [29]. Taken 
together, our findings underscore the significance of TGF-β production by macro-
phages which is crucial for suppressed antitumor immunity and tumor progression 
as well as lung fibrosis following asbestos exposure.
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3.  Impaired cytotoxicity of NK cells with altered expression of activating 
receptors caused by asbestos related with mesothelioma

NK cells represent one population of cells involved in innate immunity and 
play a role in tumor-surveillance as a first line of defense. One previous study 
has reported that people with low natural cytotoxic activity of peripheral blood 
lymphocytes showed higher cumulative incidence rates of cancer diseases than 
people with high activity in both men and women [30]. This highlights the impor-
tance of NK cell function in the prevention of tumor diseases including malignant 
mesothelioma following asbestos exposure. NK cells have a different machinery 
to recognize target cells compared with T lymphocytes. NK cells equip activating 
and inhibitory receptors against ligands expressed on the cell surface of targets, 
thereby determining whether or not to attack targets [31–37]. Finally, activating 
receptors engage in signal transduction to degranulate cytotoxic granules, includ-
ing perforin and granzymes, which cause apoptosis of target cells [38]. Therefore, 
we focused on the effect of asbestos exposure on the expression of receptors on 
NK cells. First, we commenced continuous exposure of human NK cell line YT-A1 
culture to asbestos. Following 1 month of culture, YT-A1 cells did not show any 
alterations in natural cytotoxic activity as measured by incubation with K562 cells. 
However, cells showed marked decreases in cytotoxicity after 4–5 months of culture 
with asbestos. It was also found that intracellular levels of granzyme A and perforin 
decreased in cells cultured with asbestos at the same time, but granzyme B did not 
decrease [39]. Furthermore, YT-A1 cells continuously exposed to asbestos (YT-CB5) 
showed decreases in cell surface expression of activating receptors NKG2D and 
2B4 but did not show any alterations in the expression of NKG2A or CD94, which 
form a heterodimer that functions as an inhibitory receptor. NKG2D and NKG2A 
are members of the NKG2 family, members of which contain a lectin-like domain, 
whereas 2B4 (CD244) is a representative member of the signaling lymphocytic 
activation molecule (SLAM) family expressed on NK cells [32, 34]. Since NKG2D 
is known to contribute to natural cytotoxicity against K562 cells [40], it is reason-
able to suggest that decreased cytotoxicity of YT-CB5 can be attributed to low 
expression of NKG2D. Signals from many activating receptors are mediated by 
extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) 
to effect degranulation [40]. In fact, it was found that YT-CB5 showed decreases 
in degranulation as well as phosphorylation of ERK1/2 following stimulation with 
antibodies to NKG2D [41]. 2B4 can receive stimulation with CD48 as ligand or 
anti-2B4 antibody to generate a signal that leads to cytotoxicity [35–37]. As 2B4 
is not involved in the cytotoxicity of K562 cells, we utilized P815 cells bound to 
anti-2B4 antibody as targets to measure cytotoxicity with 2B4 receptor. It was 
found that YT-CB5 showed decreases in cytotoxicity against those P815 cells and in 
the degranulation induced by plate-coated antibodies to 2B4 [39]. Those findings 
indicate that asbestos exposure causes impaired cytotoxicity of NK cells attributable 
to alterations in cell surface expression of activating receptors. Moreover, we also 
examined the effect of asbestos exposure on NK cells using human peripheral blood 
mononuclear cells (PBMCs). Unlike the result obtained from cultures of YT-A1, 
NK cells in PBMC culture upon exposure to asbestos showed clear decreases in cell 
surface expression of NKp46 but not in NKG2D or 2B4 compared with grass wool 
representative man-made mineral fiber. NKp46 is a member of the natural cytotox-
icity receptor (NCR) family, and it is known that the density of NKp46 is correlated 
with cytotoxicity against K562 cells [32–34]. Finally, we examined the natural 
cytotoxicity and expression of activating receptors of NK cells in PBMCs prepared 
from healthy volunteers and patients with malignant mesothelioma. Interestingly, 
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NK cells of mesothelioma patients showed low natural cytotoxicity as well as low 
expression of NKp46, but not of NKG2D or 2B4 in a similar manner to NK cells in 
PBMC culture exposed to asbestos. Taken together, our investigations of NK cell 
functions indicate that exposure to asbestos has the potential to decrease expression 
of activating receptors on NK cells, where NKp46 is a representative target for the 
effects of asbestos exposure, in addition to the NK cells of patients with malignant 
mesothelioma.

4.  Decrease in Th1 phenotype caused by asbestos exposure and shown in 
mesothelioma patients more strongly than plaque-positive subjects

In an effort to examine the effect of asbestos exposure on CD4+ T lymphocytes, 
our study utilized the human polyclonal T-cell line MT-2 [42, 43], and cells were 
cultured with continuous exposure to asbestos. From those cultures we obtained 
six asbestos-exposed sublines (MT-2CA1-3, MT-2CB1-3) and the original control 
MT-2 cell line (MT-2Org). Those cell lines were subjected to DNA microarray assays 
followed by clustering analyses. From the results, it was found that expression of 
84 genes increased and 55 genes decreased by ca. twofold in the asbestos-exposed 
sublines and that all of the asbestos-exposed cell lines showed similar gene expres-
sion patterns [44]. Pathway and network analysis using the MetaCore System 
clarified that the Top 30 pathway results included the IFN-γ signaling pathway. 
Additionally, our previous study also identified decreases in IFN-γ production by 
MT-2CB1 cells [45]. In fact, the asbestos-exposed sublines showed decreases in 
expression of IFN regulatory factor 9 (IRF9) and IFN-stimulated gene factor-3 
(ISGF3) as well as a chemokine receptor of CXCR3, which is positively regulated by 
IRF9. Th1 cells induced by stimulation are known to show increases in IFN-γ pro-
duction and CXCR3 expression, which contribute to antitumor immune function 
[46, 47]. Flow cytometric analyses and real-time PCR (RT-PCR) confirmed that 
the percentage of cells positive for CXCR3 and mRNA levels of CXCR3 decreased in 
asbestos-exposed sublines, whereas that of CCR5, another chemokine receptor of 
the Th1-type, remained unchanged [44]. Moreover, CD4+ T lymphocytes prepared 
from PBMCs were cultured in a similar manner upon exposure to asbestos. First, 
freshly purified CD4+ T cells were expanded by stimulation with CD3 and CD28 
to obtain sufficient cell numbers, and then those cells were utilized for culture in 
media supplemented with IL-2 upon exposure to asbestos. After 7 days of culture, 
there was no difference in %CXCR3+ cells between cultures with and without 
asbestos exposure, although the percentage of those cells decreased 28 days later, 
in contrast to no changes being observed in %CCR5+ cells. Additionally, asbestos-
exposed CD4+ T cells also showed decreases in intracellular expression of IFN-γ. 
Those findings are consistent with the results obtained from the experiment with 
MT-2 and indicate that asbestos exposure has the potential to effect a decrease 
in Th1 cell function of human primary T helper cells [48]. Finally, PBMCs from 
patients with malignant mesothelioma and subjects positive for pleural plaque, a 
representative sign of asbestos inhalation [5], were analyzed in a manner similar 
to the in vitro experiments mentioned above. Compared with healthy volunteers, 
both mesothelioma and plaque-positive groups showed low %CD4+CXCR3+ cell 
numbers in PBMCs and were much lower in the mesothelioma than in the plaque-
positive group, whereas %CD4+CCR5+ numbers did not differ among the groups. 
Additionally, the mesothelioma group (but not the plaque-positive group) showed 
lower IFN-γ mRNA levels in CD4+ T cells compared with healthy people [48]. Taken 
together, the results obtained from our studies demonstrate that asbestos exposure 
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causes decreases in the Th1 phenotype of CD4+ T cells, which is shown in patients 
with malignant mesothelioma more strongly than in plaque-positive subjects.

5.  Augmented Treg function mediated through cell–cell interaction and 
suppressive cytokines caused by exposure to asbestos

Treg cells represent a key population of cells with the phenotype 
CD4+CD25+Foxp3+ and function to suppress excess activation of immune 
responses as well as allow tumor cells to escape from immune surveillance  
[49, 50]. It has been reported that MT-2 cells also show this phenotype of cell sur-
face markers and Treg-like suppressive function [51–54]. Additionally, MT-2 is a 
human polyclonal T-cell line immortalized by human T-cell leukemia virus type-1 
(HTLV-1) and infection which causes adult T-cell leukemia (ATL) [42, 43]. Most 
CD4+CD25+ ATL cells express Foxp3, and some ATL cells have Treg-like suppres-
sive function [51, 52, 54–56]. As a result, it has been suggested that ATL cells are 
derived from Treg cells. Therefore, MT-2 is useful in examining Treg cell function 
as well as Th cell function. Accordingly, we examined the Treg cell function of the 
MT-2 cell line continuously exposed to asbestos in the same manner as described 
above. First, we determined that the production of IL-10 increased twofold in the 
cell line exposed to asbestos relative to the original cell line, while the production 
of IFN-γ, TNF-α, and IL-6 decreased. IL-10 and TGF-β are immune-suppressive 
cytokines produced by Treg cells [26]. To examine phenomena upstream of the 
increase in IL-10 production, cells were treated with PP2, a specific inhibitor of 
Src family kinases (SFKs) which positively control IL-10 through transcription 
factors [57–59]. PP2 suppressed IL-10 mRNA levels, resulting in no difference 
between asbestos-exposed and nonexposed MT-2 sublines. Additionally, the 
subline exposed to asbestos showed increased Bcl-2 mRNA levels and a decrease 
in Bax, consistent with the fact that those cells survived in the toxic environ-
ment induced by exposure to asbestos. In fact, bcl-2 siRNA caused a decrease in 
cell growth upon exposure to asbestos. Moreover, phosphorylation of STAT3, 
part of the signaling pathway downstream of stimulation with IL-10 and target 
transcription of the bcl-2 gene, increased in the MT-2 subline exposed to asbestos 
[45]. Those findings indicate that asbestos induced an SFK-mediated increase in 
production of IL-10, in other words increased “Treg function,” with increased sur-
vival ability attributed to high bcl-2 expression through the STAT pathway down-
stream of IL-10 in an autocrine manner. Furthermore, MT-2 subline exposed to 
asbestos was analyzed for Treg function in terms of suppressing the proliferation 
of CD4+CD25− responder T (Tresp) cells, to express GITR and CTLA-4 cell surface 
markers and to produce suppressive cytokines such as TGF-β as well as IL-10. The 
asbestos-exposed subline showed enhanced suppression of Tresp cell proliferation 
stimulated with anti-CD3 antibody and induced dendritic cells (DCs), whereas 
there were no differences in cell proliferation stimulated with anti-CD3 and 
anti-CD28 antibodies between the sublines, suggesting the importance of cell–cell 
interactions for the enhanced suppression. Consistent with those findings, it was 
found that MT-2 subline exposed to asbestos tended to have decreased cell surface 
CTLA-4, which exerts suppressive function by cell–cell interactions with CD80 or 
CD86 on DCs [60, 61]. Additionally, TGF-β was produced at high concentrations 
by MT-2 subline exposed to asbestos, as IL-10 was also produced. It is interesting 
that the inhibited production of IL-10 or TGF-β by shRNA for those cytokine 
genes decreased the suppression efficiency of Tresp cell proliferation in the culture 
with transwell, indicating the absence of cell–cell interactions. Taken together, our 
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results indicate that exposure to asbestos causes augmentation of Treg function 
mediated through cell–cell interactions as well as the production of suppressive 
cytokines.

6.  Interfered induction and maintenance of cytotoxic T lymphocyte 
activity caused by asbestos and shown in mesothelioma, but not 
plaque-positive, subjects

CD8+ cytotoxic T lymphocytes (CTLs) play a crucial role in antitumor immu-
nity where they function to attack tumor cells together with NK cells [62]. Both 
NK cells and CTLs utilize perforin and granzymes to attack targets [63]. However, 
in contrast to NK cells, CTLs need to be induced from naïve CD8+ T cells by 
stimulation with antigen for activation, which occurs upon interaction with DCs 
as well as CD4+ T lymphocytes in lymph nodes [64–67], where inhaled asbestos 
fibers accumulate as mentioned above. Therefore, we sought to examine the effect 
of asbestos exposure on the induction phase of functional CTLs following stimu-
lation with antigen. The mixed lymphocyte reaction (MLR) is an experimental 
and useful method to induce cell-mediated immunity by culturing two kinds of 
whole immune cells that differ allogenically from each other, such as CD8+ T as 
well as CD4+ T cells and DCs. Therefore, we employed MLR by culturing PBMCs 
as responder with allogenically different and irradiated PBMCs as stimulator upon 
exposure to asbestos in an effort to examine a variety of characteristics such as 
cell proliferation, cytotoxicity for allogenic target cells, and cytokine production 
by CD8+ T cells. Asbestos exposure during culture for MLR caused suppressed 
cytotoxic activity of CTLs with decreased proliferation of CD8+ T cells and 
production of IFN-γ and TNF-α, representative cytokines produced by activated 
CTLs [68]. Additionally, those CTLs harvested from culture with asbestos showed 
decreases in CD25 and CD45RO and an increase in CD45RA, which are activated 
and antigen-encountered markers and naïve markers on the cell surface, respec-
tively [69]. Moreover, it is possible that prolonged exposure to asbestos might 
affect the functional activity of CTLs following antigen stimulation. EBT-8 is a 
cell line established from large granular lymphocyte leukemia of T-cell origin and 
shows surface expression of CD2, CD3, CD8, HLA-DR, and T-cell receptor alpha/
beta, which are characteristic of cytotoxic T lymphocytes. Therefore, we exam-
ined alterations in the function of EBT-8 cells continuously exposed to asbestos 
for greater than 1 month. EBT-8 cells exposed to asbestos showed decreases 
in the percentage of cells positive for intracellular perforin, but not granzyme 
B. Additionally, those cells showed significantly decreased production of IFN-γ 
following stimulation with anti-CD3 antibody compared with control cells [70]. 
Those findings indicate that asbestos exposure interfered with the induction of 
functional CTLs following stimulation with antigen and that prolonged exposure 
to asbestos disrupts the functionality of CTLs, thereby leading to decreases in 
cytotoxic potential as well as production of IFN-γ. Along with those studies, we 
examined the functionality of CD8+ T cells in peripheral blood of patients with 
malignant mesothelioma and pleural plaque-positive subjects. Mesothelioma 
patients showed decreases in the percentage of stimulation-induced intracellular 
perforin+, but not granzyme+, cells in CD8+ T cells compared with healthy people, 
whereas plaque-positive subjects did not show any decrease [71]. Taken together, 
our results indicate that asbestos exposure interferes with induction and main-
tenance of functional CTLs, similar to peripheral CD8+ T cells of mesothelioma 
patients.
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7. Conclusion

Thus, our studies clarified a number of characteristics pertaining to asbestos-
induced immunological impairment in acquired immunity as well as in innate 
immunity, some of which were also actually observed in patients with malignant 
mesothelioma. Figure 1 summarizes those immune-suppressive effects of asbestos 
which presumably contribute to the development of malignant mesothelioma. 
Asbestos exposure suppressed immune-activating functions (Th1) and natural 
(NK) and acquired cytotoxicity (CTLs), whereas asbestos augmented functions 
of suppressive T lymphocytes (Tregs). Additionally, high production of TGF-β by 
long-surviving macrophages (Mϕ) caused by asbestos contributes to lung fibrosis 
as well as immune suppression. The immunological conditions generated by those 
characteristics allow abnormal cells caused by cellular toxicity of asbestos to escape 
from immune surveillance and survive to develop malignant mesothelioma. As 
mentioned above, it is actual that some of the characteristics caused by asbestos 
exposure were also shown in patients with malignant mesothelioma. Interestingly, 
plaque-positive subjects (without tumors) showed no impairment in some func-
tions compared with mesothelioma patients, suggesting that their sustained 
immune functions protected them from malignant mesothelioma following 
asbestos exposure. On the basis of our present knowledge, we recently undertook 
a comprehensive analysis of the immunological characteristics of peripheral 
blood of mesothelioma patients as well as plaque-positive subjects. Parameters 
examined included cell surface markers, mRNA expression, and plasma cytokine 
concentrations. From the results of these analyses, we established three formulae 
for scoring mesothelioma, pleural plaque without tumors, and asbestos exposure 
(for both mesothelioma patients and plaque-positive subjects) (international patent 

Figure 1. 
Summarized illustration of the findings concerning a suppressed immune system caused by exposure to asbestos 
obtained from our studies. It was found that asbestos exposure showed immunological effects on various kinds 
of cells (purple arrows). Asbestos exposure during culture caused decreases in natural and acquired cytotoxicity 
and Th1 function associated with decreases in expression of NKp46, perforin, IFN-γ, TNF-α, and CXCR3 
(colored red). In contrast, asbestos exposure caused increases in Treg function as well as fibrogenic/suppressive 
macrophages associated with increases in expression of CTLA-4, TGF-β, and IL-10 (colored blue). Those 
suppressed immune functions presumably allow abnormal mesothelial cells, arising from healthy cells caused by 
toxicity of asbestos, to escape from immune surveillance and survive to develop into malignant mesothelioma.
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pending). The immunological screening devices might contribute to the detection 
of subgroups of people who have suppressed immune functions among people 
exposed to asbestos prior to diagnosis by CT images and histological observations. 
Moreover, those of our knowledge encourage us to treat mesothelioma with some 
kinds of immunotherapy. It is reasonable to assume that inhibitors targeting on 
Treg cells or suppressive macrophages might contribute to treatment of malignant 
mesothelioma. In addition, it has also been found that asbestos-caused decrease 
in cytotoxicity of CTL was improved by exogenous IL-2, but not accompanied 
with restoration of cell surface markers [72], which suggests that an appropriate 
immunotherapy might be developed to augment antitumor immunity in patients 
with mesothelioma as well as subjects exposed to asbestos. Thus, our studies could 
further our understanding of the immunological mechanisms associated with 
asbestos-induced malignant mesothelioma and perhaps facilitate the development 
of methodologies that can be employed for the early detection as well as treatment 
of mesothelioma. These are issues we intend to further address in the future.
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Chapter 2

Asbestos-Related Diseases and 
Blood Biomarkers
Alenka Franko, Vita Dolzan, Katja Goricar  
and Metoda Dodic Fikfak

Abstract

Asbestos-related diseases, including asbestosis, benign pleural diseases, lung 
cancer, other types of cancer, and especially malignant mesothelioma (MM), still 
represent an enormous problem all over the world and are among the most investi-
gated occupational diseases. Considering that MM is a highly aggressive and severe 
malignant cancer of pleura, peritoneum and other serosal surfaces, new blood 
biomarkers for earlier diagnosis, following response to treatment and disease pro-
gression, have been intensively investigated. Several studies suggested that soluble 
mesothelin-related peptides, fibulin-3, survivin, osteopontin, vimentin, calretinin, 
and many others could be helpful in diagnosis, detecting the progression of MM 
and evaluating tumour response to treatment; however, these biomarkers have not 
been validated in clinical practice. Therefore, search for novel better stand-alone or 
composite biomarkers is under way. The aim of this chapter is to present the impor-
tance of blood biomarkers in evaluating the risk of developing asbestos-related 
diseases, early diagnosis, following the response to treatment and progression of 
these diseases, with special emphasis on MM.

Keywords: asbestos-related diseases, malignant mesothelioma, blood biomarkers

1. Introduction

Although the asbestos production and usage have been banned in many coun-
tries, the asbestos-related diseases still represent an enormous public health prob-
lem all over the world [1–3]. Occupational and environmental exposure to asbestos 
fibres has been associated with the development of asbestosis, pleural diseases such 
as pleural plaques, diffuse pleural thickening, pleural effusion, malignant mesothe-
lioma (MM) of the pleura, peritoneum and other serosal surfaces, lung cancer, and 
some other types of malignant diseases, including cancer of the larynx, cancer of 
the ovary, and possibly also cancers of the buccal mucosa, the pharynx, the gastro-
intestinal tract, and the kidney [1–10]. The asbestos-related diseases are considered 
to be among the most investigated occupational diseases [1–3, 7, 8, 10]. In particu-
lar, MM, a highly aggressive cancer, causes serious concerns because of its dismal 
prognosis, poor therapeutic strategies, and fatality [11–13]. Therefore, search for 
novel better stand-alone or composite biomarkers is under way. This is especially 
important for high-risk populations with a known history of asbestos exposure.

The aim of this chapter is to present the importance of blood biomarkers 
in evaluating the risk of developing asbestos-related diseases, early diagnosis, 
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following the response to treatment and progression of these diseases, with special 
emphasis on MM.

2. Blood biomarkers in asbestos-related diseases

It has been proposed that blood biomarkers, such as mesothelin, fibulin-3, 
osteopontin, vimentin, and many others, could enable noninvasive and early detec-
tion of asbestos-related diseases and could be particularly helpful in diagnosing 
MM, detecting the progression of this cancer and evaluating tumour response to 
treatment.

2.1 Mesothelin

One of the most investigated biomarkers in MM is mesothelin, a circulating form 
of a glycoprotein attached to the cell surface, that is considered to have a role in cell 
adhesion, proliferation, invasion, and possibly in cell-to-cell signalling. Mesothelin 
is highly expressed in MM as well as in several other cancers [14–18]. It exists in 
different forms that can be detected in serum in the form of soluble mesothelin-
related peptides (SMRP) by enzyme-linked immunosorbent assay (ELISA) using 
monoclonal antibody techniques [19].Many studies have investigated mesothelin as 
a possible tumour biomarker for diagnosing MM, evaluating response to treatment, 
as well as for detecting the progression of this malignoma [16, 20–26].

Robinson et al. proposed SMRP as a marker for diagnosis and monitoring pro-
gression of the disease [20]. Later, the same group also suggested that SMRP may 
also be useful for monitoring MM progression and may prove useful for screening 
asbestos-exposed individuals for early MM [16].

Different mesothelin-related antibodies were tested in studies to detect differ-
ent forms of mesothelin. Maeda et al. found that the soluble N-terminal fragment 
N-ERC/mesothelin is a very stable and plentiful in the blood [27]. Shiomi et al. 
identified N-ERC/mesothelin as a potential biomarker for MM and used newly 
developed ELISA system to gain data on N-ERC/mesothelin levels in different clini-
cal settings. In their study, serum N-ERC/mesothelin levels showed that the median 
values from MM patients were extremely high as compared to levels obtained 
from other subjects (e.g., healthy volunteers and asbestos-related non-malignant 
 diseases) [28].

Several other studies also reported higher levels of SMRP in subjects with MM 
and proposed that SMRP could be a useful tumour biomarker for diagnosing MM 
and monitoring the disease progression [21–24].

Franko et al. found that pre-treatment SMRP levels were significantly higher 
than in stable disease, partial response, and complete response, as were SMRP 
levels in progressive disease compared to stable disease, partial response, and 
complete response. The findings of this study also suggested that SMRP may be a 
useful tumour marker for detecting the progression of MM and evaluating tumour 
response to treatment [25].

A study of Hollevoet et al. investigated the diagnostic accuracy and use of serum 
mesothelin in early diagnosis by performing an individual patient data meta-
analysis. The results of the study showed that in patients suspected of having MM, a 
positive blood test for mesothelin at a high-specificity threshold presented a strong 
incentive to urge further diagnostic steps. On the other hand, they reported that the 
poor sensitivity of mesothelin clearly limits its added value to early diagnosis [26].

The overall diagnostic accuracy of SMRPs in serum and the pleural fluid was 
also investigated in meta-analysis of Cui et al. [29]. The authors concluded that 
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SMRPs in serum and pleural fluid are helpful biomarkers for diagnosing MM, and 
that they have a similar diagnostic accuracy. However, they stressed that negative 
results of SMRP determinations are not sufficient to exclude MM, while the positive 
test results indicate that further invasive diagnostic steps might be necessary for the 
diagnosis of MM [29].

The meta-analysis by Gillezeau et al. studied the mean differences of mesothe-
lin, osteopontin, and fibulin-3 in blood and pleural samples. A total of 32 studies 
with mesothelin levels were included. Statistically, significant mean differences 
have been found between MM patients and all the other comparison groups for 
mesothelin blood and pleural levels. It has been concluded that based on the find-
ings, mesothelin levels seem to be significantly lower in all control groups compared 
with those with MM, suggesting a possible role of mesothelin as a screening bio-
marker for MM [30].

2.2 Fibulin

Human fibulin-3, also known as epidermal growth factor containing fibulin-like 
extracellular matrix protein 1 (EFEMP1), has also been investigated as a potential 
biomarker for asbestos-related diseases, especially for MM [31–33]. It is a member 
of a family of extracellular matrix glycoproteins [34] that have been proposed to be 
important in the regulation of cell proliferation and migration and to act as tumour 
suppressors or activators in different cancers [34–38]. Fibulin-3 is predominately 
localised in the extracellular matrix of elastic tissue, and it has restricted expression 
in the body [37].

Several studies showed that levels of fibulin-3 expression decreased in several 
types of cancer and were correlated with poor survival of patients with breast can-
cer [39], hepatocellular carcinoma [40], and lung cancer [41, 42]. On the contrary, 
an increase in fibulin-3 was found in cervical carcinomas [43], pancreatic cancer 
[44], and malignant gliomas [45].

Fibulin-3 was first investigated as a potential tumour biomarker of MM in the 
study of Pass et al. who found that plasma fibulin-3 levels can distinguish asbestos-
exposed healthy persons from patients with MM [31]. Their results showed that 
plasma fibulin-3 levels in conjunction with fibulin-3 levels in pleural effusions can 
differentiate MM effusion from other malignant and benign effusions [31].

Several further studies investigated the possible role of fibulin-3 in the diagnosis 
of MM, but the results were not consistent. Kaya et al. proposed that real use of 
serum fibulin-3 was not for prognosis but for diagnosis of MM [46].

Ren et al. performed a systematic review and a meta-analysis of eight studies to 
evaluate the diagnostic value of fibulin-3 in plasma, serum, and pleural effusion. 
They found that the overall sensitivity and specificity for blood fibulin-3 were 0.87 
[95% confidence interval (CI) 0.58-0.97] and 0.89 (95% CI 0.77-0.95), respectively. 
Based on these results, they concluded that fibulin-3 is a useful diagnostic bio-
marker for MM [47]. Similarly, Pei et al. reported that fibulin-3 confers a relatively 
high diagnostic efficacy and could be acceptable as an auxiliary biomarker to aid in 
MM identification [32].

Jiang et al. investigated the utility of fibulin-3 not only for MM but also for 
other asbestos-related diseases, therefore including patients with pleural plaques, 
asbestosis, and MM. The results showed that median plasma fibulin-3 level of 
subjects in the MM group was higher than that in other groups. The results also 
showed that subjects in the asbestosis group had a higher median fibulin-3 level 
compared to those in the control group. Their study proposed that fibulin-3 could 
be a potential biomarker for early screening of MM, but not for other asbestos-
related diseases [33].
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The meta-analysis of Gillezeau et al., which includes nine studies with fibulin-3 
levels, also presented a statistically significant difference in both blood and pleural 
levels of fibulin-3 in MM patients compared with those of all other groups [30].

On the other hand, some other studies suggested that plasma fibulin-3 levels 
have low diagnostic accuracy [48–50]. The study of Creaney et al. identified soluble 
mesothelin as a superior diagnostic biomarker for MM compared to fibulin-3, 
whereas fibulin-3 provided superior prognostic information compared to meso-
thelin [48]. Kirschner et al. reported that plasma fibulin-3 level was significantly 
elevated in MM patients from the Sydney cohort, but not the Vienna cohort; how-
ever, the diagnostic accuracy was low. The data confirmed the potential prognostic 
value of pleural effusion fibulin-3 [49]. The same applies to the study of Ledda et al. 
who reported that fibulin-3 did not show a superior diagnostic performance [51].

The study of Kovac et al. aimed to evaluate the potential applicability of fibu-
lin-3 plasma levels as a biomarker of response to treatment and its prognostic value 
for progressive disease within 18 months. The results of the study showed signifi-
cantly higher fibulin-3 levels in progressive disease in comparison with the levels 
before treatment, in complete response to treatment, and in stable disease, which 
indicated that fibulin-3 could be helpful in identifying the progression of MM. On 
the contrary, no significant difference was observed between the fibulin-3 levels 
before treatment in comparison with the levels in complete response to treatment, 
partial response to treatment, and stable disease. The findings of this study suggest 
that fibulin-3 could be helpful in detecting the progression of MM [52].

2.3 Survivin

Survivin is a member of the inhibitor of the apoptosis protein (IAP) family and 
is known to have a role in the regulation of cell division and apoptosis (programmed 
cellular death). Survivin was first described as an inhibitor of caspase -9. However, 
several studies found that the role of survivin in pathogenesis of malignant diseases 
involves not only apoptosis but also the regulation of the mitotic spindle check-
point, as well as chemoresistance and promotion of angiogenesis. This protein is 
commonly not expressed in normal differentiated tissues; however, it was found to 
be expressed in some cancers. Survivin is related to increased tumour aggressive-
ness, both in pleural fluid and in tissue [53].

Few studies investigated the role of survivin in asbestos-related diseases, or 
more precisely in MM. In their study, Hmeljak et al. performed on tissue samples 
aimed to elucidate whether survivin expression is associated with tumour cell 
proliferation and apoptosis and to investigate the prognostic and predictive value 
of survivin expression in MM. The results indicated that survivin expression might 
contribute to prediction of treatment response. However, the survivin expression in 
pleural MM did not show to have prognostic significance [54].

The only study so far that included blood (serum) samples is the study of 
Goricar et al. who investigated the influence of serum survivin levels on the out-
come of cisplatin-based chemotherapy in patients with MM. The findings suggested 
that serum survivin levels could serve as a biomarker predicting response to treat-
ment in MM before and during chemotherapy [55].

2.4 Osteopontin

Osteopontin is an extracellular cell adhesion protein that is involved in several 
biological processes, including cell-matrix interaction, cell-signalling and migra-
tion, immunological regulation, as well as in tumour development [56–60].
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Elevated levels of serum osteopontin have been found in several cancers, such 
as colon cancer [61], breast cancer [62], lung cancer [63], as well as in MM [64]. 
Accordingly, serum osteopontin has been suggested to be a possible biomarker of 
early detection of MM [64–66].

Pass et al. investigated the presence of osteopontin in pleural MM and deter-
mined serum osteopontin levels in three populations: in asbestos-exposed subjects 
without cancer, subjects without cancer who were not exposed to asbestos, and in 
asbestos-exposed subjects with MM. Based on the results, the authors concluded 
that serum osteopontin levels could be used to distinguish asbestos-exposed 
individuals who do not have cancer from asbestos-exposed individuals with pleural 
MM [65].

The diagnostic performance of osteopontin was investigated in several other 
studies of asbestos-related diseases, but the results were not consistent [67–71].

Paleari et al. investigated the role of plasma osteopontin in diagnosis of pleural 
MM; however, their results suggested that plasma osteopontin levels cannot dis-
criminate between chronic inflammatory and malignant lung disease [67].

The potential role of serum and plasma osteopontin in pleural MM diagnosis 
was reported by Cristaudo et al. [68]. Their results suggested that plasma osteopon-
tin and serum osteopontin are not influenced by confounders such as age, smoking, 
and asbestos exposure. Moreover, plasma and serum osteopontin were proposed to 
be useful biomarkers in the diagnosis of epithelial MM in addition to radiological 
examination [68].

Comparison of plasma versus serum levels of osteopontin in patients with MM 
was performed by Creaney et al., who found that plasma osteopontin has a superior 
diagnostic accuracy to serum [69].

Osteopontin as the diagnostic biomarker was investigated in the cross-sectional 
study. The analysis showed that serum osteopontin levels in MM were higher than 
in benign asbestos-related diseases and healthy exposed subjects [70].

A systematic review and meta-analysis by Hu et al. aimed to evaluate the 
diagnostic accuracy of circulating osteopontin in pleural MM. Based on the analysis 
of six studies, the overall diagnostic sensitivity was 0.65 (95% CI 0.60–0.70) and 
specificity 0.81 (95% CI 0.78–0.85). The authors concluded that osteopontin is an 
effective marker for diagnosis of pleural MM [71].

Regarding peritoneal MM, osteopontin was studied as a potential circulating 
biomarker of diffuse peritoneal MM by Bruno et al. who reported that at multivari-
ate analysis, osteopontin was related with survival. However, the authors concluded 
that osteopontin warrants further investigation as a prognostic marker for diffuse 
peritoneal MM [72].

Considering pleural plaques, Mastrangelo et al. investigated in their study 
whether plasma osteopontin was an indicator of asbestos exposure or effect. Their 
results suggested that osteopontin cannot be a reliable biomarker of asbestos 
exposure or effect (presence of pleural plaques) [73].

2.5 Calretinin

MM diagnosis is usually made at the advanced stages of the disease, which con-
tributes to poor prognosis and short survival of MM patients [74, 75]. To confirm 
MM diagnosis, an immunohistochemical analysis investigating a panel of markers 
on tissue samples is required [75]. Among the positive immunohistochemical MM 
markers that can discriminate between malignant and mesothelial cells with the 
highest sensitivity and specificity are calretinin, cytokeratin5/6, and WT1 [76]. As 
biomarkers that would enable an earlier noninvasive diagnosis of MM are widely 
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studied, recent studies evaluated if soluble calretinin could also be used as a bio-
marker in MM [75, 77–80].

Calretinin is a 30-kDa calcium-binding protein that belongs to the EF-hand 
family [81]. It acts as a calcium-buffering protein and calcium sensor. It plays an 
important role in the neurons, but it is also expressed in the mesothelial cells [81]. 
Calretinin was already shown to promote the invasiveness, proliferation, and migra-
tion of mesothelial cells [82]. It may also be involved in activating the focal adhesion 
kinase (FAK) signalling pathway and epithelial-to-mesenchymal transition [82].

Studies showed that calretinin was increased in plasma and serum of MM 
patients compared to patients with other asbestos-related diseases and healthy 
controls [75, 79, 80]. Interestingly, patients with asbestosis also had slightly higher 
serum calretinin compared to patients with pleural plaques [75]. The ELISA assay 
developed by Raiko et al. is highly sensitive when used to detect calretinin in 
plasma or serum and is robust enough to detect calretinin in retrospective samples 
regardless of storage time [75, 79]. However, as calretinin is mostly expressed in 
epithelioid and biphasic MM, but only in around 30% of sarcomatoid MM [81], its 
usefulness as a soluble biomarker is limited in this histological subtype [75].

Studies also suggest that using a combination of calretinin and mesothelin can 
increase the sensitivity for detecting MM [75, 77]. In asbestos-exposed subjects that 
developed MM, calretinin was increased already in prediagnostic plasma samples 
(even more than a year prior to the clinical diagnosis) compared to asbestos-exposed 
subjects that did not develop MM, especially in samples closer to the diagnosis [77]. 
Even though sensitivity was limited to an individual biomarker, using a combination 
of both calretinin and mesothelin had better predictive ability and could also be 
important as a screening biomarker in asbestos-exposed subjects [77].

2.6 Other biomarkers

Apart from the most frequently studied biomarkers described above, some 
studies investigated other serum or plasma factors in asbestos-related diseases 
[83–85]. Among protein biomarkers, megakaryocyte potentiating factor and high 
mobility group box 1 (HMGB1) were increased in MM patients compared to healthy 
individuals or patients with benign asbestos-related diseases [84, 85].

Additionally, novel studies suggest microRNA (miRNA) expression could also 
serve as a diagnostic or prognostic biomarker in MM [84–86]. Kirschner et al. 
compared cell-free miRNA profiles in plasma from MM patients with healthy 
controls and proposed the potential role of miRNA-29c* and miRNA-92a as a 
candidate tumour biomarkers, and indicated that miRNA-625-3p is a promising 
novel diagnostic marker for MM [86]. Micolucci et al. in their systematic review 
and a quantitative meta-analysis compared the data from asbestos-exposed and 
MM subjects and suggested that the most promising candidates for a multimarker 
signature were circulating miRNA-126-3p, miRNA-103a-3p, and miRNA-625-3p 
in combination with mesothelin [87]. Mozzoni et al. aimed to identify a pattern 
of miRNA (mi-RNA-16, miRNA-17, mi-RNA-126, and miRNA-486) as a possible 
diagnostic biomarker for patients with pleural MM and asbestosis and as prognos-
tic biomarkers for patients with pleural MM. The results showed that all miRNA 
levels were decreased in patients with pleural MM or asbestosis, which has been 
suggested to support the role of circulating miRNAs as potential biomarkers 
for asbestos-related diseases. Additionally, miRNA-16 was directly related to 
prognosis of patients with pleural MM, indicating its possible use as prognostic 
factor in patients with pleural MM [88]. Santarelli et al. performed a study to 
identify miRNAs associated with asbestos-induced malignances. In this study, 
four serum miRNAs (mi-RNA-126, miRNA-205, miRNA-222, and miRNA-520g) 
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were implicated in asbestos-related malignant diseases and could be utilised for 
screening in asbestos-exposed populations [89].

As individual biomarkers that have been proposed in asbestos-related 
diseases have some limitations, it was suggested that a combination of different 
factors might be a better diagnostic or prognostic biomarker in asbestos-related 
diseases [83–85].

3. The role of composite blood biomarkers in asbestos-related diseases

Several studies investigated the potential role of composite blood biomarkers 
in asbestos-related diseases, and many of them included mesothelin together with 
various other biomarkers [72, 90].

Felten et al. assessed the influence of age and asbestos exposure on the blood 
levels of the proposed tumour markers, mesothelin, and osteopontin and deter-
mined the change of these markers over time. The results showed that age had a 
strong influence on biomarker levels. On the other hand, there was no associa-
tion between asbestos exposure duration or benign asbestos-related diseases and 
biomarker levels. The researchers concluded that fixed cut-off values for deciding 
between intensive clinical work-up and continued surveillance appeared inadequate 
for evaluating markers [91].

In addition to evaluating the potential applicability of fibulin-3 plasma levels as 
a biomarker of response to treatment and progression of disease, the study of Kovac 
et al. also assessed the potential applicability of fibulin-3 in comparison with or in 
addition to SMRP. The results indicated that in addition to SMRP, fibulin-3 could 
also be useful in detecting MM progression [52].

Bonotti et al. evaluated the usefulness of SMRP, plasma osteopontin, and 
vimentin as markers of the clinical response to treatment in patients suffering from 
epithelioid MM. In their study, SMRP, osteopontin, and vimentin showed statisti-
cally significant differences between the disease categories: stable disease, partial 
response, and disease progression. Based on the results, it has been concluded 
that the time course of SMRP and vimentin was strongly associated with disease 
status, and so was the time course of osteopontin, although to a lesser extent. The 
researchers suggested that these markers appear to be particularly effective in cases 
of partial response and disease progression, even though their possible use in stable 
disease should be better elucidated [90].

In a recent study that evaluated soluble mesothelin, calretinin, and megakaryo-
cyte potentiating factor, the use of composite of these biomarkers improved the 
performance for diagnosis of pleural MM compared to population controls [78]. 
The combination of calretinin and megakaryocyte potentiating factor had the high-
est sensitivity in men, while the combination of calretinin and mesothelin had the 
highest sensitivity in women [78].

In an Italian cohort, the diagnostic performance of fibulin-3 against SMRP 
was compared in patients with pleural effusion from MM. The results of the study 
showed that the levels of fibulin-3 were similar in pleural effusions from pleural 
MM and pleural effusion from other pathologies in contrast to SMRP levels, which 
were significantly higher in pleural effusion from pleural MM. A further analysis 
confirmed that SMRP showed a good performance, whereas fibulin was not able to 
discriminate pleural MM from other pathologies. The conclusion was that fibulin 
detection in pleural effusion, contrary to SMRP detection, is not useful as a bio-
marker for the diagnosis of pleural effusion from pleural MM [92].

Bruno et al. assessed the diagnostic and prognostic values of mesothelin, 
osteopontin, CEA, CA19-9, CA125, and CA15-3 in diffuse peritoneal MM and 
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other peritoneal malignancies. The conclusion was that when assessing peritoneal 
surface malignancies of unknown origin, elevated mesothelin with low CA19-9 may 
increase the suspicion index for diffuse peritoneal MM. As for the role of osteopon-
tin, further research is needed [72].

4. Conclusions

Considering that asbestos-related diseases, and in particular MM, still repre-
sent a huge health problem and economic burden, the investigation of potential 
biomarkers for evaluating the risk for developing asbestos-related diseases, earlier 
diagnosis of asbestos diseases, evaluating respond to treatment and progression of 
these diseases, is of great importance. Biomarkers for assessing risk of developing 
asbestos diseases are of considerable significance especially in high asbestos-
exposed populations. As presented in the chapter, the results of the studies are not 
consistent, therefore further research is needed to clarify inconsistency and find 
reliable biomarkers that could be used in clinical practice and would enable better 
outcome of asbestos-related diseases and increase survival in MM.
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Chapter 3

Asbestos Exposure Results in 
Asbestosis and Usual Interstitial 
Pneumonia Similar to Other 
Causes of Pneumoconiosis
Yoshinori Kawabata

Abstract

The progression of asbestosis is supposed to begin with the first order of respiratory 
bronchiole and extend outward. Recently, grade 4 asbestosis was reported to begin 
with the subpleural peripheral lobular area or the subpleural lobule. Grade 4 asbestosis 
is defined as diffuse pulmonary fibrosis caused by the inhalation of excessive numbers 
of asbestos fibers. Pathologically, the presence of more than two asbestos bodies/cm2 
on a glass slide is required. There are many cases of diffuse interstitial pneumonia, 
mainly usual interstitial pneumonia, that does not fulfill the above criteria among 
asbestos workers or high-grade environmentally exposed persons. I call these cases 
“usual interstitial pneumonia seen in asbestos workers” and not idiopathic pulmonary 
fibrosis. In this chapter, I discuss the above subjects, including the dose-response 
relationship for asbestos exposure, the heterogeneous response to asbestos exposure, 
and the relationship between asbestosis and idiopathic pulmonary fibrosis.

Keywords: pathological examination, usual interstitial pneumonia,  
atelectatic induration, asbestos body, idiopathic pulmonary fibrosis

1. Introduction

It is well known that moderate- to high-grade exposures to asbestos cause serious 
diffuse pulmonary fibrosis called diffuse asbestosis. Asbestosis is believed to start in 
the region of the first order of respiratory bronchiole (grade 1, Figure 1) and gradu-
ally extends outward to involve more and more of the lung acinus until separate foci 
of fibrosis link or attach to the pleura and the interlobular septum (grade 3), finally 
resulting in a diffuse pattern of the fibrosis (grade 4) [1, 2]. However, this descrip-
tion has not yet been proved. Asbestosis is defined as diffuse interstitial fibrosis of 
the lung as a consequence of exposure to asbestos dust. A histological diagnosis of 
asbestosis requires the presence of two or more asbestos bodies (ABs) in the tissue 
with a section area of 1 cm2 [3]. Meanwhile, diffuse interstitial pneumonia, mainly 
usual interstitial pneumonia (UIP), that does not fulfill the above histological 
criteria is called idiopathic pulmonary fibrosis (IPF) even if the patient is a worker 
exposed to asbestos [4].

In this review, I discuss the process of asbestosis progression, the pathological 
definition and the features of asbestosis, the lower limit of asbestos fiber exposure 
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causing asbestosis and the dose-response relationship of asbestos exposure, vari-
ous causes of UIP, and how to think about diffuse interstitial pneumonia or UIP 
that does not fulfill the histological criteria of asbestosis. The term “asbestosis” is 
used differently in the literature. I term diffuse interstitial fibrosis due to asbestos 
exposure as pathological grade 4 asbestosis and clinical diffuse asbestosis. The term 
asbestosis alone can indicate various extents of severity from grade 1 to grade 4 
pathologically and early to diffuse asbestosis clinically.

2. Process of asbestosis progression

Under a normal environmental state, the numbers of ABs are thought to be up 
to 200 per gram of dry lung tissue (/g dry lung) [5, 6], and the presence of more 
than 1000 ABs/g dry lung is thought to indicate persons with a high probability of 
exposure to asbestos dust at work [3, 7]. As stated above, asbestosis begins in the 
first order of respiratory bronchiole (Figure 1), but how many ABs are needed to 
cause grade 1 asbestosis? The minimal numbers are different from study to study 
and range from “1,000 to 22,000” ABs/g dry lung [5, 6, 8–10]. Our data showed a 
maximum of “273,000” ABs/g dry lung in grade 4 asbestosis without grade 1 lesions 
[9], and this might be the upper limit. Meanwhile, there are reports showing the 
presence of grade 1 fibrosis of below 1 AB per 1 histological slide even in cases of 
diffuse asbestosis [11, 12]. Grade 1 lesions appear to begin at lowest numbers of less 
than 1000 ABs/g dry lung, but the upper limit is not precisely known yet except 

Figure 1. 
Grade 0 to grade 2 lesions. (A) Grade 0 lesion without respiratory bronchiolar fibrosis but with three asbestos 
bodies (arrows). Hematoxylin and eosin staining (HE), ×100. Inset: enlarged asbestos bodies. (B) Grade 1 lesion 
with fibrosis of the respiratory bronchiole and surrounding lung. HE, ×60. Inset: enlarged asbestos bodies.  
(C) Grade 2 lesion with fibrosis of the respiratory bronchiole and surrounding lung. Elastica van Gieson staining 
(EvG), ×60. Inset: many enlarged asbestos bodies. (D) Grade 2 lesion with fibrosis of the respiratory bronchiole, 
alveolar duct, and surrounding lung including luminal organization. EvG, ×60. Inset: enlarged asbestos bodies.
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for that in our data [9]. Thus, it is still necessary to determine how many ABs or 
asbestos fibers are needed to cause grade 1 and grade 2 lesions without progression 
to grade 4 asbestosis.

Meanwhile, one of the important pathological criteria of idiopathic UIP (IPF) 
is predominant subpleural and/or paraseptal distribution of fibrosis mainly in the 
lower lobes [13, 14]. This means that UIP begins in a peripheral area of the lobule 
with continuous extension inward and forms centrilobular honeycombing due to 
peripheral lobular dense fibrosis and structural destruction of the centrilobular 
area. An outward extension of asbestosis to form centrilobular honeycombing of 
grade 4 asbestosis is a logical contradiction. It might be logical to think that grade 4 
asbestosis is not just a further outward extension of grade 3 asbestosis. We exam-
ined grade 4 asbestosis histologically and confirmed that UIP-type asbestosis begins 
with the subpleural peripheral lobular area as this area was the most densely fibrotic 
(intraluminal collagenosis with collapse) and the centrilobular area showed young 
fibrosis (Figure 2) including fibroblastic foci. We also observed inflammatory cell 
infiltration and lymphoid follicles in the fibrosis-like idiopathic UIP [9]. We also 
confirmed that atelectatic induration-type asbestosis also begins with the subpleu-
ral peripheral lobular area or the subpleural lobule (acinar or lobular intraluminal 
collagenosis with various degrees of collapse with inflammatory cell infiltration) 
(Figure 3) [9]. Yamamoto also stated nearly the same in terms of the starting point 
of grade 4 asbestosis [11]. Inflammatory cell infiltration was reported in humans 
[15, 16] and experimental sheep along with intraluminal organization [17].

Figure 2. 
Histology of usual interstitial pneumonia-type asbestosis in a 66-year-old man working with rock wool spray. 
A lobectomy was performed for lung cancer. Upon examination, the numbers of asbestos bodies (ABs) were 
950,000 ABs/g dry lung and 108 ABs/cm2. A grade 2 lesion was seen (Figure 1C, D). Macroscopic features of the 
right lower lobe showed diffuse formation of pleural plaques (black arrow) and honeycombing (white arrows) 
in the gray-colored fibrosis of the lung. Bar = 2 cm. Histological features showed subpleural dense fibrosis with 
ring-like honeycombing (arrow). Elastica van Gieson, ×10. Bar = 5 mm. One lymphoid follicle was noted in the 
fibrosis. Hematoxylin and eosin (HE), ×150. Young intraluminal fibrosis was noted between dense fibrosis and 
the normal lung. HE, ×150.
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3. Pathological definition of grade 4 asbestosis and its features

Grade 4 asbestosis is defined as diffuse pulmonary fibrosis caused by the inhala-
tion of excessive numbers of asbestos fibers [1–3, 7]. The Helsinki criteria state that 
a histological diagnosis of asbestosis requires the identification of diffuse interstitial 
fibrosis in well-inflated lung tissue plus the presence of two or more ABs in tissue 
with a section area of 1 cm2 [3, 7]. The previous histological definition of asbestosis 
was the presence of one or more ABs in one or another histological section in addi-
tion to lung fibrosis [1]. A subsequent study showed that more ABs are needed to 
cause grade 4 asbestosis [18]. Then, more than 2 ABs/cm2 were required in 1997 [3], 
and that was continued in the next Helsinki criteria [7]. Two ABs/cm2 on glass slides 
correspond to “8000–20,000” ABs or over/g dry lung [12, 19, 20]. The smallest 
numbers were less than “4000” ABs in our data [9].

Histological findings of grade 4 asbestosis show various forms: atelectatic 
induration type or accelerated asbestosis and UIP pattern (Figures 2 and 3) [2, 9, 
11]. I described the histological features of atelectatic induration and UIP pattern 
in the previous chapter. The asbestos burden in atelectatic induration is more severe 
than that in the UIP pattern [9]. It is reported that atelectatic induration type is 
seen in undeveloped countries, and UIP is seen in developed countries [2]. It is 
also reported that fibrosis in asbestosis is always paucicellular, lacks any signifi-
cant degree of inflammation, and is collagenous rather than fibroblastic, without 

Figure 3. 
Atelectatic induration-type asbestosis in a 60-year-old man working in the asbestos cement industry for 30 years 
as a secretary. Bilateral diffuse pleural thickening with calcification and reticular shadows in the bilateral 
basal areas of the lower lobes. No grade 1 lesion was seen. (A) Macroscopic features of the right lower lobe 
showed pleural fibrosis and plaque at the diaphragmatic area with subpleural zonal atelectatic induration 
(arrow). Bar = 2.5 cm. (B) Panoramic view of the subpleural lung tissue showing 1-cm-thick subpleural 
atelectatic induration. Hematoxylin and eosin. Bar = 1 cm. Inset. Asbestos bodies stained with Persian blue.  
(C) Subpleural area showing intraluminal dense fibrosis and muscle proliferation with some collapse. Elastica 
van Gieson, ×200. (D) Young intraluminal fibrosis with inflammatory cell infiltration next to normal lung.
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reference to other studies [2]. From this viewpoint, Kishimoto et al. reported the 
mean value of ABs for these cases was a mean of “2,133,000”/g dry lung [21], 
whereas Arakawa et al. reported a mean of “1,465,000” [22]. However, it is difficult 
to point out specific histological features seen only in asbestosis [3, 7, 9, 11, 23]. 
Yamamoto stated that some cases cannot be differentiated from that of IPF except 
for the presence of ABs [11]. Patterns of fibrosing nonspecific interstitial pneumo-
nia and unclassifiable interstitial pneumonia were also reported [2, 22, 24].

What asbestos burden is required to cause grade 4 asbestosis? We reported it 
to be between “3,450 and 3,340,000” ABs/g dry lung [9], and Kishimoto et al. 
reported a value between “156,000 and 2,733,000” ABs [21]. Arakawa et al. 
reported a mean of “1,465,000” [22] with the highest number being “7,473,000” 
ABs (personal communication). Roggli et al. have reported the highest numbers, 
which range from “6,840,000 to 16,000,000” ABs/g dry lung [5, 8]. So, as with 
the beginning of grade 1 asbestosis, there are enormous differences from person to 
person in the number of ABs that indicate grade 4 asbestosis.

Chrysotile fibers (one of commercially produced and most used asbestos fibers) 
are difficult to coat with iron (during AB formation) and are easily dissolved and 
cleared from the lung [25, 26]. There are reports of asbestosis without ABs histo-
logically but which show numerous asbestos fibers in the lung [27, 28]. In cases of 
asbestos exposure with diffuse pulmonary fibrosis that do not fulfill the Helsinki 
criteria, it is then necessary to determine the numbers of asbestos fibers in the lung 
using electron microscopy. Still, this may not be enough as most chrysotile fibers are 
cleared by the time of examination [25, 26], but long chrysotile fibers can become 
asbestos body [29].

4.  Lower limit of asbestos fiber exposure causing asbestosis and the 
dose-response relationship

For clinical purposes, the following guidelines are recommended to identify 
persons with a high probability of exposure to asbestos dust: over “0.1 million” 
amphibole fibers (>5 μm)/g dry lung tissue, over “1 million” amphibole fibers 
(>1 μm)/g dry lung tissue as measured by electron microscopy in a qualified labora-
tory, or over “1000” ABs/g dry lung tissue, among others [3, 7]. The relationship 
between asbestos exposure and disease onset or early asbestosis is not settled yet. 
Precise estimation of the cumulative exposure amount is difficult and may actually 
be impossible.

It is reported that clinical asbestosis can be induced by cumulative asbestos 
exposure to around 25 to 200 fibers/mL-years [2, 23, 30–32]. However, there are 
many reports concerning the beginning of asbestosis. Green et al. reported that 
asbestosis was usually present in asbestos textile workers exposed to more than 20 
fibers/mL-years [33]. Fischer et al. reported 42% of patients with asbestosis do not 
reach an exposure level of 25 fibers/mL-years [10]. The smallest exposure caus-
ing early asbestosis radiologically or histologically might be less than 2–5 fibers/
mL-years [34–36]. Fischer et al. also reported that the clinical estimate of fibers/
mL-years does not correlate with the numbers of ABs/g dry lung and the beginning 
of grade 1 lesions [10]. One reason might be differences in the ability to decompose 
or detoxify the inhaled asbestos fibers from person to person. Another reason is 
that chrysotile is easily cleared from the lung and is difficult to coat with iron as 
stated earlier [23, 24]. The development and progression of asbestosis are generally 
independently correlated with cumulative asbestos exposure and latency, and the 
dose–response curve is nonlinear [32, 37–45]. Heavy exposure shortens latency, and 
diffuse asbestosis has been reported with 13 years of latency [46, 47]. In contrast, 
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new lesions appear at a mean of 35 years of latency [48], and there is one report 
of rapidly progressive pulmonary interstitial fibrosis appearing with 40 years of 
latency [49].

Even a high level of environmental exposure (living near asbestos mines or 
asbestos factories, families of asbestos workers, and others) can result in mild or 
early asbestosis (either grade 1 or 2 lesions or early UIP-type fibrosis) [50–55]. From 
these previous studies [50–55], it is not clear whether such a level of exposure causes 
grade 4 asbestosis or diffuse UIP-type fibrosis.

As stated above, an exposure level of 20–25 fibers/mL-years is supposed to 
indicate the beginning of asbestosis, but actually a lower level of 2 fibers/mL-years 
can cause early asbestosis or early UIP-type fibrosis based on long-term follow-
up. The main reason for the variable response to exposure might be the different 
abilities of humans to digest, clear, transport, and detoxify asbestos fibers, and thus 
their susceptibility can differ [56]. In addition genetic polymorphisms affect the 
fibrogenesis and carcinogenesis of asbestos fibers [57–60].

The beginning of grade 1 lesions occurs between “1,000 and 273,000” ABs/g dry 
lung, whereas grade 4 asbestosis satisfying the Helsinki Criteria is between “3,450 
and 16,000,000” ABs/g dry lung. The dose-response relationship has been deter-
mined, but small numbers of people do not have asbestosis even when they suffered 
from near the upper limits of exposure. The essential question is whether there is a 
threshold asbestos dose that causes pulmonary fibrosis.

5. Relationship between IPF and asbestos exposure

Gaensler et al. reported a 5% incidence of IPF in workers exposed to asbes-
tos [4]. This incidence is higher than that of 0.002% among American people 
75 years or older [61]. Roggli et al. reported the mean ABs/g dry lung in IPF cases 
to be 90 (8–1480)/g dry lung, whereas it was 30 (2–220) in normal people [5]. 
We reported that asbestos exposure increases the incidence of UIP [62]. Barber 
et al. reported that for mesothelioma and IPF, there was a significant linear 
relationship between the number of male and female deaths each year and his-
toric imports of asbestos in the UK, and for mortality from asbestosis, a similar 
relationship was found for male but not female deaths [63, 64]. They selected a 
latent period of 48 years based on a previously developed US asbestosis model 
[65]. Attanoos et al. also reported the presence of three cases of UIP without 
ABs among asbestos workers [24]. We need to reconsider that mild to moderate 
amounts of asbestos exposure might cause diffuse UIP. A schematic relation-
ship between asbestos exposure and diffuse pulmonary fibrosis is presented in 
Figure 4. It might be more appropriate not to call IPF that does not fulfill the 
Helsinki Criteria but results from more than environmental exposure or low-
grade occupational exposure level “diffuse pulmonary fibrosis or UIP seen in 
asbestos exposed person.”

Figure 5 illustrates such a case of short-term occupational exposure occurring 
more than 40 years ago that was followed up as IPF. Macroscopic and microscopic 
features are identical with those of IPF. Most of the analyzed asbestos fibers were 
chrysotile with not enough AB formation to call it asbestosis [66].

Many epidemiologic studies have reported the risk factors of IPF as being male, 
smoking, having a specific occupation (with exposure to wood dust, metal dust, 
sand/silica, mining, engineering, agriculture, animal dust, and others), or hobby 
(raising birds and others) [67–73]. These data suggest that IPF can be triggered by 
various inciting agents in genetically susceptible persons. Investigation into genetic 
risk factors such as telomere length and the Muc5B rs35705950 promoter polymor-
phism is now underway [74–78].
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Figure 4. 
Schematic of the suspected relationship between asbestos exposure and diffuse pulmonary fibrosis. By increasing 
asbestos exposure, the frequency of diffuse pulmonary fibrosis increases proportionately. When more than 2 
asbestos bodies (ABs)/cm2 are found histologically, this fibrosis can be termed asbestosis. When ABs in the 
digested lung are present between environmental and low occupational levels (200–1000 ABs/g) and less 
than 2 ABs/cm2, this fibrosis can be termed idiopathic pulmonary fibrosis (IPF) when no cause is found. The 
boundary between asbestosis and IPF can be called “pulmonary fibrosis in asbestos workers.”

Figure 5. 
Radiological and pathological features of an asbestos exposed worker that does not fulfill asbestosis criteria. 
A case of pulmonary fibrosis in a 73-year-old male asbestos worker who visited a hospital because of acutely 
progressive dyspnea. Clinically, this case was diagnosed as acute exacerbation of IPF. Usual interstitial 
pneumonia (UIP)-type fibrosis and pleural and pericardial plaques were found at autopsy. He had worked 
several months at a shipyard 40 years ago during war time. The number of asbestos bodies (ABs) was 740/g dry 
lung. Macroscopic features are typical for UIP with clear subpleural honeycombing in the right lower lobe, and 
no pleural fibrosis or adhesions were found. Plain chest X-ray showed diffuse infiltrative pulmonary shadows 
bilaterally. Typical (upper left) and atypical ABs (lower left) were found, but these were almost all composed 
of chrysotile as confirmed by energy-dispersive X-ray analysis (right).
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6. UIP seen in various diseases

Various diseases cause UIP including various pneumoconioses, chronic hyper-
sensitivity pneumonitis, and collagen vascular diseases. Histological features of 
pneumoconiosis are characterized by bronchiolocentric fibrous nodule formation 
predominantly in the upper lobes. Arakawa et al. reported a prevalence of chronic 
interstitial pneumonia in 243 pneumoconiosis cases of approximately 12% on CT, 
and three fourths of these cases showed a typical IPF pattern. Pathological data 
obtained by autopsy or lobectomy in 11 cases indicated UIP [79]. The prevalence of 
chronic interstitial pneumonia among pneumoconiosis cases is 10–20% [80–82]. 
Arakawa et al. reported that the earliest CT abnormalities (faint ground-glass 
opacity or coarse reticular opacity) of 14 cases appeared at the lung bases and then 
fibrosis progressed to honeycombing over a median period of 12.1 years in the 
silica-exposed patients, with autopsy in 8 cases confirming a diagnosis of typical 
UIP [83]. Generally, latent periods from occupational exposure to disease onset are 
quite long [79–83]. Occasionally, hard metal lung disease appears as UIP when the 
degree of exposure has been mild [84]. Histological features of acute and subacute 
hypersensitivity pneumonitis are characterized by bronchiolo-alveolitis with loose 
granulomas diffusely spread throughout both lungs. In contrast, most chronic 
hypersensitivity pneumonitis shows UIP pathologically, with points of differentia-
tion from that of IPF being the presence of bronchiolitis, peribronchiolar fibrosis 

Figure 6. 
Histology of chronic hypersensitivity pneumonia. A 66-year-old woman who had been breeding birds developed 
progressive dyspnea. Specific antigen for pigeon was markedly elevated. Surgical lung biopsy was performed 
from the left lingula and S8 (case from the Department of Respiratory Medicine, Kobe City Medical Center 
West Hospital). A panoramic view of the lingula showed mainly subpleural dense fibrosis. Elastica van Gieson 
staining (EvG). Patchy dense fibrosis was noted mainly in the subpleural area and peripheral lobular areas 
(next to an interlobular septum by EvG) of the lung. Box in A: hematoxylin and eosin (HE), ×40. A clear 
fibroblastic focus was noted at the edge of the dense fibrosis (red arrow), and one loose granuloma was seen in 
the fibrosis (black arrow). Box in B: HE, ×200. Panoramic view of the S8 showing subpleural dense fibrosis and 
honeycombing (black arrow). EvG.
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or centrilobular fibrosis, bridging fibrosis, epithelioid cell granuloma, and giant 
cells [85–87]. Still, it is impossible to think of UIP as an extension of respiratory 
bronchiolar lesions as UIP begins within the subpleural peripheral lung. Typical 
histological features of chronic hypersensitivity pneumonitis are shown in Figure 6. 
Recently, telomere-related gene variants were reported in chronic hypersensitivity 
pneumonitis [88]. UIP is the one of the major pulmonary complications in cases 
of collagen vascular diseases, especially in rheumatoid arthritis (RA). As with IPF, 
the prevalence is higher in smokers and males [89]. UIP in RA shares a number of 
radiological and histopathological features with IPF [90–92]. An additional histo-
logical feature of UIP in RA is frequent germinal center formation [93]. RA-related 
UIP also begins within basal, subpleural peripheral areas as does IPF. Recently, the 
MUC5B promoter variant was reported in RA-related UIP [94].

7. Conclusion

Moderate to severe exposure to asbestos causes asbestosis. However, there 
are a number of cases of UIP in asbestos workers or high-grade environmentally 
exposed people that do not fulfill the Helsinki criteria. The susceptibility to asbestos 
exposure varies. UIP-type grade 4 asbestosis begins within the basal, subpleural 
peripheral areas as do cases of IPF, other pneumoconioses, chronic hypersensitiv-
ity pneumonitis, and RA. The suspected relationship between asbestos exposure, 
numbers of exposed persons, and the development of diffuse pulmonary fibrosis 
is shown in Figure 7. Cases of diffuse UIP with less than 200–1000 ABs/g dry lung 

Figure 7. 
Schematic of suspected cases of diffuse pulmonary fibrosis related to asbestos exposure. The black line is the 
suspected dose-response curve related to the degree of asbestos exposure and disease frequency. The lower line 
indicates the degree of asbestos exposure, with 200–100/g dry lung indicating higher than the environmental 
or low occupational exposure level, 25 f/mL-y indicating the beginning of the asbestosis level, and 2 asbestos 
bodies/cm2 or 4000–20,000/g dry lung indicating the beginning of the grade 4 asbestosis exposure level. The blue 
line indicates the numbers of people exposed. The red line indicates the numbers of diffuse pulmonary fibrosis. 
Disease in patients with less than the low occupational level can be called idiopathic pulmonary fibrosis, whereas 
that in patients between the low occupational exposure level and grade 4 asbestosis exposure level can be called 
diffuse usual interstitial pneumonia seen in asbestos workers (or a high-grade environmentally exposed person).
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can be called IPF when there is no other etiology. Diffuse interstitial fibrosis with 
more than 2 ABs/cm2 can be called grade 4 asbestosis. There might be significant 
numbers of cases of diffuse interstitial fibrosis that lie between IPF and grade 4 
asbestosis, and these cases can be called diffuse interstitial pneumonia seen in 
asbestos workers or high-grade environmentally exposed persons.

I hope future more genetic research can reveal the phenotypes that can acquire 
diffuse pulmonary fibrosis through mild occupational and environmental exposure 
to dust.
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Chapter 4

Immunocheckpoint Blockade in 
Malignant Pleural Mesothelioma
Nobukazu Fujimoto

Abstract

Targeting immunocheckpoint with immunomodulatory monoclonal antibodies 
has proven to be an effective antitumor strategy across a variety of cancers. The 
immunosuppressive tumor microenvironment in malignant pleural mesothelioma 
(MPM) has suggested that MPM might benefit from this kind of immunotherapy. 
In recent years, immunocheckpoint inhibitors (ICIs) have shown encouraging 
results for patients with MPM. Antibodies against programmed death 1 (PD-1) 
and PD-ligand 1 (PD-L1) have demonstrated favorable response, progression-free 
survival, and overall survival. The toxicity profiles were similar to those observed 
with ICIs in other malignancies, like melanoma and non-small cell lung cancer, and 
they appeared to be manageable. Nivolumab, an anti-PD-1 antibody, was approved 
in Japan for advanced or metastatic MPM patients resistant or intolerant to other 
chemotherapies. Important future issues include developing a combination therapy, 
where ICIs are combined with other agents (including other ICIs), and developing 
biomarkers for determining which patients might respond well and which might 
experience unacceptable toxicities.

Keywords: durvalumab, immunocheckpoint, nivolumab, pembrolizumab, PD-1

1. Introduction

Malignant pleural mesothelioma (MPM) is a rare pleural malignancy that is 
associated with asbestos exposure. Gemba et al. reported that more than 70% 
of malignant mesothelioma cases in Japan were associated with occupational or 
environmental asbestos exposure [1]. MPM is a highly aggressive neoplasm with a 
poor prognosis; the median overall survival (OS) is only about 12 months. Systemic 
chemotherapy with platinum plus pemetrexed is the recommended first-line 
systemic therapy for advanced MPM [2]. Some clinical trials have examined the 
efficacy of new agents to improve the results of the platinum/pemetrexed combina-
tion; however, no new agent has demonstrated significant clinical efficacy. Thus, 
the pemetrexed/platinum combination remains the standard treatment.

Currently, there is no recommended treatment option for MPM after first-
line platinum/pemetrexed chemotherapy. Re-treatment with pemetrexed-based 
chemotherapy is a reasonable option for patients that achieved durable disease 
control with the first-line chemotherapy [3]. Other treatment options of salvage 
chemotherapy include vinorelbine and gemcitabine; however, the median OS with 
these agents only ranges from 5 to 10 months [4, 5]. Other experimental agents, 
such as angiogenesis inhibitors [6] or tyrosine kinase inhibitors [7], have not 
demonstrated efficacy.
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Targeting immunocheckpoint with immunomodulatory monoclonal antibodies 
was shown to be an effective antitumor strategy across a variety of cancers [8]. The 
immunosuppressive tumor microenvironment in MPM has suggested that MPM 
might benefit from this kind of immunotherapy [9, 10]. In fact, in recent years, 
immunocheckpoint inhibitors (ICIs) have shown some encouraging results for 
patients with MPM.

In this chapter, we review recent clinical findings on several ICIs, including 
anti-cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) antibody, anti-
programmed death 1 (PD-1) antibody, and anti-PD-ligand 1 (PD-L1) antibody, for 
treating patients with MPM.

2. Anti-CTLA-4 antibody

Anti-CTLA-4 antibody was the first ICI described for treating MPM. Phase II stud-
ies demonstrated that tremelimumab, a selective human monoclonal antibody against 
CTLA-4, showed favorable activity as a second-line treatment for MPM [11, 12]. 
However, a double-blind study that compared tremelimumab to placebo in subjects 
with previously treated, unresectable malignant mesothelioma (DETERMINE study) 
failed to demonstrate differences in OS or progression-free survival (PFS) between the 
treatment and placebo groups [13]. After that, anti-CTLA-4 antibodies were studied in 
combination with an anti-PD-1 or anti-PD-L1 antibody.

3. Anti-PD-L1 antibody

Avelumab is a human IgG1 monoclonal antibody that targets PD-L1 [14]. A 
phase 1b open-label study (JAVELIN solid tumor) was conducted in patients with 
unresectable mesothelioma that progressed after platinum/pemetrexed treatment; 
patients were enrolled at 25 sites in three countries [15]. Of 53 patients treated, 
the objective response rate (RR) was 9% (95% confidence interval [95%CI]: 
3.1–20.7%); one patient experienced a complete response, and four patients 
experienced a partial response. Responses were durable (median, 15.2 months; 
95%CI: 11.1 to non-estimable) and occurred in patients with PD-L1-positive 
tumors (RR: 19%; 95%CI: 4.0–45.6) and PD-L1-negative tumors (RR: 7%; 95%CI: 
0.9–24.3), based on a 5% or greater cutoff for PD-L1 expression. The median PFS 
was 4.1 months (95%CI: 1.4–6.2), and the 12-month PFS rate was 17.4% (95%CI: 
7.7–30.4). The median OS was 10.7 months (95%CI: 6.4–20.2).

4. Anti-PD-1 antibody

4.1 Pembrolizumab

A nonrandomized, phase Ib trial was conducted to test pembrolizumab in 
patients with PD-1-positive MPM that had been treated previously. In the prelimi-
nary report, 20% of patients experienced an objective response, 72% experienced 
disease control, and the median OS was 18 months (95%CI: 9.4 to non-estimable) 
[16]. Then, a phase II trial assessed pembrolizumab activity in 65 unselected 
patients with MPM [17]. The objective RR was 19% and the disease control rate was 
66%. The median PFS was 4.5 months (95%CI: 2.3–6.2), and the median OS was 
11.5 months (95%CI: 7.6–14).
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After those promising results, pembrolizumab was used off-label in Switzerland 
and Australia [18]. A total of 93 patients (48 from Switzerland and 45 from 
Australia) were treated. In those cohorts, the overall RR was 18%, the median PFS 
was 3.1 months, and the median OS was 7.2 months. Among patients with the non-
epithelioid histological subtype, pembrolizumab treatment improved the objective 
RR (24% vs. 16%; p = 0.54) and the median PFS (5.6 vs. 2.8 months; p = 0.02).

4.2 Nivolumab

Another anti-PD-1 antibody, nivolumab, was first tested in recurrent MPM in 
the Netherlands [19]. In that single-center trial, patients with MPM received 3 mg/
kg intravenous nivolumab every 2 weeks. Of the 34 patients included, eight patients 
(24%) displayed a partial response and another eight displayed stable disease, 
which resulted in a disease control rate of 47%. Japanese investigators also evaluated 
the efficacy and safety of nivolumab for advanced MPM in patients that were resis-
tant or intolerant to prior chemotherapy [20]. Thirty-four patients were enrolled, 
and 10 patients (29.4%, 95%CI: 16.8–46.2) showed an objective response in a central 
assessment. Objective RRs were 25.9, 66.7, and 25.0% for epithelioid, sarcomatous, 
and biphasic histological subtypes, respectively (Figure 1). The median OS and PFS 
were 17.3 and 6.1 months, respectively (Figure 2a and b). Based on these findings, 

Figure 1. 
A waterfall plot of the MERIT study results, which demonstrates the maximum percentage changes compared 
to baseline in target lesions of each patient, according to histological subtype (Ref. [20]).

Figure 2. 
Kaplan-Meier curves show survival for all patients and for patients grouped according to programmed death-
ligand 1 (PD-L1) expression in the MERIT study (Ref. [20]). (a) Overall survival (OS); (b) progression-free 
survival (PFS). HRs compare the PD-L1 ≥ 1% group to the <1% group. CI, confidence interval; HR, hazard 
ratio; NR, not reached.
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nivolumab was approved in Japan for patients with advanced or metastatic MPM 
that are resistant or intolerant to previous chemotherapy.

Although the effect requires confirmation in larger clinical trials, nivolumab and 
pembrolizumab might offer hope for patients with MPM.

5. Toxicity

The toxicity of these ICIs was acceptable in MPM. A study on pembrolizumab 
toxicity found grade 3 and 4 events, including adrenal insufficiency (3%), pneumonitis 
(3%), skin rash (3%), colitis (1.6%), confusion (1.6%), hepatitis (1.6%), and hypergly-
cemia (1.6%), and one grade 5 event of hepatitis (1.6%) [17]. In a study on nivolumab, 
adverse events of any grade occurred in 26 patients (76%), including fatigue (29%) 
and pruritus (15%) [19]. In that study, treatment-related grade 3 and 4 adverse events 
were reported in nine patients (26%); most events were pneumonitis, gastrointestinal 
disorders, and laboratory disorders. One treatment-related death was due to pneumo-
nitis, but it was probably initiated by concurrent amiodarone therapy. These toxicity 
profiles were similar to those observed in other malignancies, including melanoma and 
non-small cell lung cancer (NSCLC), and they appeared to be manageable.

6. Future perspectives

Based on the promising results described above, ICIs could play a primary role in 
the treatment of MPM. An important issue for the future is whether ICIs can be com-
bined with other agents, including other ICIs. For example, given the synergy between 
the PD-1/PD-L1 and CTLA-4 pathways in T-cell activation, a combination treatment 
with antibodies that target PD-1 or PD-L1 and CTLA-4 warrants investigation [22].

NIBIT-MESO-1 was an open-label, nonrandomized, phase II study that investi-
gated the efficacy and safety of first- or second-line tremelimumab, a monoclonal 
antibody against CTLA-4, combined with durvalumab, a monoclonal antibody 
against PD-L1 [23]. In that study, patients with unresectable pleural or peritoneal 
mesothelioma received one dose of intravenous tremelimumab and durvalumab 
delivered every 4 weeks, for a total of four doses. This was followed by maintenance 
treatment with intravenous durvalumab. Of 40 patients, 11 (28%) displayed an 
objective response. The median PFS was 5.7 months (95%CI: 1.7–9.7), and the 
median OS was 16.6 months (95%CI: 13.1–20.1). Toxicity related to treatment was 
generally manageable and reversible.

Another multicenter, randomized, phase II study was conducted in France [24]. In 
that study, patients were randomly allocated to nivolumab or nivolumab plus ipilim-
umab. In the intention-to-treat population, the primary endpoint, 12-week disease 
control, was achieved by 25 (40%; 95%CI: 28–52) of 63 patients in the nivolumab group 
and by 32 (52%; 95%CI: 39–64) of 62 patients in the combination group. The most 
frequent grade 3 adverse events were asthenia (N = one [2%] with nivolumab vs. three 
[5%] with the combination), an asymptomatic increase in aspartate aminotransferase 
or alanine aminotransferase (N = none with nivolumab vs. four [7%] of each with the 
combination), and an asymptomatic increase in lipase (N = two [3%] with nivolumab 
vs. one [2%] with the combination). These findings indicated that the combination 
of anti-CTLA-4 and anti-PD1/PD-L1 antibodies appeared to be active and had a good 
safety profile in patients with MPM. Currently, there is an ongoing phase III, random-
ized, open-label trial for testing nivolumab in combination with ipilimumab vs. peme-
trexed with cisplatin or carboplatin as a first-line therapy in unresectable MPM. The 
primary endpoint of the study, OS, will be reported in the near future.
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The combination of an anti-PD-1/PD-L1 antibody and conventional chemo-
therapy is also under investigation. Nowak et al. presented results from a phase II 
trial that tested durvalumab combined with cisplatin/pemetrexed in MPM [25]. 
The primary endpoint, PFS at 6 months, was 57% (N = 31/54; 95%CI: 45–68), 
the median PFS time was 6.9 months (95%CI: 5.5–9.0), and the objective RR was 
48% (95%CI: 35–61). Grade 3–5 adverse events occurred in 36 patients, including 
neutropenia in 13%, nausea in 11%, anemia in 7%, fatigue in 6%, and any grade of 
peripheral neuropathy in 35%. The authors have conducted another phase II study 
to test the combination of nivolumab and cisplatin/pemetrexed, which is currently 
in progress (Figure 3)[21]. A large-scale randomized study for testing the combi-
nation of pembrolizumab and cisplatin/pemetrexed is also in progress. Based on 
whether these combination regimens, which include anti-PD1/PD-L1 antibodies, 
demonstrate sufficient activity, safety, and tolerability as first-line treatments, the 
standard regimen of cisplatin/pemetrexed might be replaced.

Another important issue is whether biomarkers can be developed to determine 
which patients might expect a response and which might expect unacceptable tox-
icity. Previous studies in patients with MPM have shown that tumors with positive 
PD-L1 expression were associated with worse survival outcomes compared to 
those with negative PD-L1 expression [26]. Although an optimal PD-L1 expres-
sion threshold could not be identified, a trend was observed, where a higher 
RR and more durable PFS were associated with increasing PD-L1 expression, in 
studies on pembrolizumab [17, 18] and nivolumab [20]. In some neoplasms, the 
tumor mutation burden or the tumor microenvironment was associated with the 
response to ICIs; however, those associations have not been established as bio-
markers in MPM.

7. Conclusion

The prognosis of MPM remains poor. Recent encouraging results have sug-
gested that a PD-1/PD-L1 blockade might be an effective treatment option 

Figure 3. 
Overview of a phase II trial for testing a first-line combination chemotherapy with cisplatin/pemetrexed and 
nivolumab for treating unresectable malignant pleural mesothelioma (Ref. [21]). RECIST, response evaluation 
criteria in solid tumors; ECOG, eastern cooperative oncology group; PS, performance status.
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for MPM. Although the effect requires confirmation in larger clinical trials, 
nivolumab and pembrolizumab might offer hope for patients with MPM. Further 
study is warranted to develop more effective treatment strategies, such as com-
bining ICI with other ICIs or with conventional chemotherapy, and to establish 
biomarkers for distinguishing patients that might respond to treatment from 
those likely to develop unacceptable toxicities.
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Abstract

Malignant mesothelioma (MM) is a rare, aggressive, and highly lethal cancer 
that is primary induced by exposure to asbestos fibers. Matrix metalloproteinases 
(MMPs) are a family of zinc-dependent endopeptidases that are involved in metas-
tasis, and their overexpression correlates with tumor cell invasion and metastasis 
because they degrade the extracellular matrix (ECM) and process adhesion and 
cytoskeletal proteins, growth factors, chemokines, and cytokines. Recent evidence 
has shown that MMPs participate in MM progression, indicating that they are 
potential novel biomarkers and attractive targets for cancer therapy. In this chapter, 
we will describe MMPs in carcinogenic mechanisms based on in vivo and in vitro 
experimental evidence, outline the clinical findings, and speculate the possible roles 
of MMPs in MM.

Keywords: malignant mesothelioma, matrix metalloproteinases, 
mesothelial carcinogenesis, extracellular matrix, biomarker

1. Introduction

Malignant mesothelioma (MM) is a rare, aggressive cancer that originates 
from mesothelial tissue in the pleura, peritoneum, and pericardium; MM has been 
associated with asbestos exposure, especially in occupational settings [1]. In some 
countries, such as Turkey and Japan, MM is also due to environmental asbestos 
exposure, which affects people who live in the vicinity of natural asbestos mines 
or factories that use asbestos [2–4]. Mesothelioma is highly resistant to conven-
tional cancer therapies. MM patients usually have a poor prognosis, with a median 
survival of 12–18 months, due to the lack of effective treatments and difficulty in 
diagnosing this disease at the early stage [5–7]. In general, there are three main his-
tological subtypes of mesothelioma. The epithelioid and sarcomatoid subtypes are 
characterized by cuboid and fibroblastoid cells, respectively. The biphasic subtype 
contains a mixture of both cell types and confers the worst prognosis. The most 
widely used treatments for MM are surgery with or without adjuvant chemotherapy 
and/or radiotherapy [8]. The first-line treatment option for unresectable MM is 
chemotherapy with cisplatin plus pemetrexed [9, 10]. Nevertheless, MM may be 
resistant to these conventional therapeutic approaches, and palliative care strategies 
are controversial. Although crocidolite and/or chrysotile have not been used for 
more than 10 years in many developed and developing countries, high mortality 
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rates associated with mesothelioma persist since the clinical manifestations of MM 
are insidious and nonspecific. It is worth noting that MM has a long latency period 
(mean, 30–40 years) from the time of asbestos exposure to tumorigenesis [4, 11]. 
Thus, valuable biomarkers for the prediction or diagnosis of MM at early stages, 
prognostic markers, and novel therapeutic strategies are urgently needed.

Matrix metalloproteinases (MMPs, also known as matrixins) are a family of 
zinc-dependent endopeptidases that degrade all components of the extracellular 
matrix (ECM); thus, MMPs are involved in ECM remodeling. In addition to func-
tioning as the main ECM regulators, MMPs also modulate intra- and extracellular 
signaling pathways and networks through the proteolytic processing of various 
biomolecules. The first MMP was reported by Gross and Lapiere as a collagenase 
engaged in tail resorption during tadpole metamorphosis [12]. To date, 24 MMP 
genes, including a gene duplication, that encode 23 unique MMP proteins have been 
identified in humans [13, 14]. According to substrate specificity, sequence similar-
ity, and specific role, MMPs can be divided into eight main groups: (1) collagenases 
(MMP-1, MMP-8, and MMP-13), (2) matrilysins (MMP-7 and MMP-26), (3) 
metalloelastase (MMP-12), (4) stromelysins (MMP-3, MMP-10, and MMP-11), (5) 
gelatinases (MMP-2 and MMP-9); (6) enamelysin (MMP-20); (7) membrane-type 
MMPs (MMP-14, MMP-15, MMP-16, MMP-17, MMP-24, and MMP-25), and (8) 
others (MMP-19, MMP-21, MMP-23, MMP-27, and MMP-28) [13, 15]. Interestingly, 
the proteolytic activities of MMPs are precisely controlled by activation of their 
precursors and inhibition by endogenous inhibitors, α-macroglobulins, and tissue 
inhibitors of metalloproteinases [13]. Except for six membrane-associated MMPs, 
the other 17 MMPs are soluble secreted enzymes [16]. In addition, growth factors, 
chemokines, and cytokines modulate the expression of MMPs through various 
pathways to affect ECM degradation and, in turn, influence growth factors, which 
ultimately affect cancer cell migration and invasion [17, 18].

Of note, MMPs are expressed in various cancer tissues, and their expression 
levels are closely associated with the properties of invasive growth and metastasis 
[15]. Accumulating evidence suggests that ECM degradation by MMPs at the cell 
surface enhances tumor growth, invasion, and metastasis through the proteolytic 
degradation of ECM, altered cell-cell, and cell-ECM interactions and effects on cell 
migration and angiogenesis [17, 19]. More recently, the roles of different MMPs have 
become increasingly studied in the field of MM research. Experimental evidence 
indicates that MMP-1, MMP-2, and MMP-9 are involved in mesothelial carcinogen-
esis. Several MMPs, such as MMP-7, MMP-14, and MMP-9, are potential biomarkers 
for MM. In the following sections, we will describe the roles of MMPs in carcino-
genic mechanisms based on in vivo and in vitro experimental evidence, outline the 
clinical findings, and highlight the possible roles of MMPs in MM, as well as future 
prospects.

2. Crucial roles of MMPs in mesothelial carcinogenesis

Some MMPs are upregulated and considered mesenchymal markers of epithe-
lial-to-mesenchymal transition (EMT), such as MMP-1, MMP-2, and MMP-9 [20]. 
EMT not only is associated with many physiological processes, such as embryonic 
development, but also plays a vital role in pathological processes, including cancer 
cell invasion and migration [21–23]. During EMT, epithelial cells lose their pheno-
type and acquire a mesenchymal phenotype, including the loss of cell polarity and 
cell adhesion in cell-cell and cell-basement membrane interactions and the acquisi-
tion of ECM degradation ability, which is directly related to MMPs. Currently, 
published studies implicate MMPs as inducers of EMT during MM progression. In 
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addition, MMPs play a mediator role in cellular signaling pathways controlled by 
growth factors and cytokines [17, 24]. Here, we describe these two main roles of 
MMPs in MM carcinogenesis. Moreover, we propose possible mechanisms involving 
MMPs, as shown in Figure 1.

2.1 EMT inducer

MMP-1 is an interstitial collagenase that specifically targets the degradation of 
collagen types I–III [25]. Schelch et al. reported that in malignant pleural mesothe-
lioma (MPM) cells in vitro, fibroblast growth factor 2(FGF2) and epidermal growth 
factor (EGF) may induce EMT via mitogen-activated protein kinase kinase (MEK)/
MMP-1 signaling [26]. The experimental results indicated that MMP-1 inhibition 
by the pan-MMP inhibitor GM6001 or transfection with siRNAs targeting MMP-1 
could prevent FGF2-induced cell scattering and invasion in the M38K cell line  
(a biphasic MPM cell line) [26]. In MPM tissue specimens, higher MMP-1 expres-
sion was observed in the sarcomatoid compartment than in the epithelioid 
compartment. Normal pleura were weakly positive for MMP-1 [26]. These results 
suggest that MMP-1 causally contributes to sarcomatoid morphology and increases 
cell invasiveness during EMT.

MMP-2, also named gelatinase A, is expressed by almost all cell types, and 
its classical substrates are denatured collagen (gelatin) and basement membrane 
[25, 27]. Indeed, MMP-2 acts as a cancer-associated EMT inducer or modulator 
in a number of tumors, such as breast cancer [16, 28], hepatocellular carcinoma 
[29], prostate cancer [30], ovarian cancer [31], oral squamous cell carcinoma [32], 
and MM [33]. Regarding MM, MMP-2 secretion from human normal mesothelial 
MeT-5A cells increased upon treatment with chrysotile or transforming growth 
factor-β (TGF-β) [33], and EMT was induced. This in vitro experimental result of 
increased MMP-2 secretion by cells exposed to chrysotile asbestos suggests changes 
in the surrounding microenvironment that render the ECM more amenable to 
degradation and invasion [33, 34]. Of course, the underlying mechanism of MMP-
2-induced EMT in MM development requires further study.

MMP-9 is a type IV collagenase also known as gelatinase B [35] that has a similar 
ability to cleave gelatin as MMP-2. MMP-9 has been recognized as an EMT media-
tor in cancer progression and appears to be a potential therapeutic target [35–37]. 

Figure 1. 
Schematic representation of MMP-involved mechanisms in MM carcinogenesis. See detail in text. MM, 
malignant mesothelioma; EMT, epithelial-to-mesenchymal transition; ECM, extracellular matrix.
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Elevated MMP-9 levels were observed in a 3D microtumor model of patient-derived 
mesothelioma cells, consistent with the elevated MMP-9 levels in patient breast 
tumors compared to healthy mammary glands [38]. Moreover, MMP-9 secreted into 
conditioned media by large microtumors induced a migratory phenotype in nonmi-
gratory small microtumors, and blocking MMP-9 with GM6001 effectively abolished 
the collective migration of mesothelioma microtumors [38]. These findings imply 
that a self-regulated positive feedback loop involving MMP-9 is established during 
tumor progression and migration [38]. Additionally, the invasion of H2052 (meso-
thelioma cell line) and JP5 cells (primary mesothelioma cell line) into a 3D collagen 
matrix induced by gremlin-1 (a protein antagonist of bone morphogenetic proteins) 
was significantly alleviated by GM6001 and BB2516 (broad-spectrum MMP inhibi-
tors) [39]. Interestingly, in our previous study, we found that serum MMP-2 and 
MMP-9 levels were correlated with each other in both healthy control and MM groups 
in a Han cohort from Eastern China [40]. Nevertheless, there were no significant 
differences in MMP-2/MMP-9 levels between the healthy control and MM groups.

2.2 Signaling pathway mediator

Various growth factors, cytokines, and miRNAs engage specific cellular signal-
ing pathways, such as the MEK and extracellular signal-regulated kinase (ERK) 
signaling pathways, to regulate MMP expression levels to degrade the ECM, and 
MMPs then contribute to the release of tumor-related factors, such as vascular 
endothelial growth factor and TGF-β, from the ECM [17, 24].

MMP-1 expression showed an increasing trend in MM cell lines from no treat-
ment to treatment with FGF2 and EGF and a pronounced decrease upon treatment 
with selumetinib (MEK inhibitor), suggesting that the growth factors FGF2 and 
EGF regulate MMP-1 expression via the MEK signaling pathway in MM [26]. TGF-
β, another important growth factor that regulates cell growth and differentiation, 
affects MMP-2 expression in MeT-5A [33] and JL-1 cells [39]. Moreover, growth 
hormone-releasing hormone (GHRH) antagonists (MIA-602 and MIA-690) equally 
blunted MMP-2 and MMP-9 mRNA levels in both REN and MSTO-211H cells (MM 
cell lines), indirectly indicating that MMP-2/MMP-9 expression is induced by 
GHRH [41], as well as by adenosine diphosphate in ZL55 cells (an epithelioid MM 
cell line), via the nuclear factor kappa-B, protein kinase B, and ERK1/2 signaling 
pathways [42]. Interestingly, microtumor treated with GM6001 showed reduced 
pERK/ERK ratios and ERK activation [38]. Notably, miR-591 targets MMP-2 
expression, and overexpression of miR-591 inhibited MMP-2 levels in MPM cells 
[43]. These experimental results show that MMP expression is regulated by various 
factors via multiple signaling pathways and that MMPs interact with such inducers 
and signaling pathways in MM carcinogenesis.

3. Potential roles of MMPs as biomarkers for MM

3.1 Pathological markers

To date, MM is still difficult to diagnose in early stages due to our limited knowl-
edge of its molecular pathogenesis. Indeed, pathological examination techniques 
to diagnose MM and distinguish MM from other diseases must be improved [44]. 
However, more molecular markers are required to distinguish benign from malig-
nant mesothelial disease or other tumors. In addition, effective pathologic predictors 
of prognosis and therapeutic response are urgently needed. Since MMPs are involved 
in tumor pathogenesis, some MMPs may be potential pathological markers.



63

Potential Roles of Matrix Metalloproteinases in Malignant Mesothelioma
DOI: http://dx.doi.org/10.5772/intechopen.88783

In general, MMP expression and activation are very low and tightly regulated 
during normal tissue homeostasis. MMP production and activation are rapidly 
induced during active tissue remodeling and in pathological conditions such as 
cancer [37]. MMP-7 and MMP-14 are potential diagnostic and prognostic biomark-
ers of mesothelioma, respectively. MMP-7 is a highly specific negative biomarker 
to distinguish MM from other high-grade serous carcinomas with 100% specificity 
and moderate sensitivity, but it cannot distinguish mesothelial cells from reac-
tive mesothelial cells in serous effusion due to uniformly negative expression of 
MMP-7 in reactive mesothelial cells [45]. It is intriguing that MMP-14 is a potential 
biomarker for the differential diagnosis of MPM and reactive mesothelial hyperpla-
sia (MH). A group from Italy found that MMP-14 expression is markedly increased 
in MPM patient specimens compared with MH specimens based on polymerase 
chain reaction array and immunohistochemistry analyses [46]. MMP-14 levels have 
been reported to be elevated in all tissue samples from MM patients compared to 
those from normal individuals, but more evidence is needed to substantiate MMP-
14 as a diagnostic biomarker for MM [47]. MMP-14 expression has prognostic value 
for MM. Clinically high MMP-14 expression in MM patients is significantly cor-
related with poor prognosis [47].

3.2 Genetic biomarkers

Although most mesotheliomas are attributable to asbestos exposure, genetic 
factors are also important causes of carcinogenesis. Gene mutations influence the 
prognosis of MM. For example, heritable mutations in BRCA1-associated protein-1 
(BAP1), a tumor suppressor gene, may predispose individuals to asbestos-related 
MM [48, 49]. Moreover, Baumann et al. reported that mesothelioma patients with 
germline BAP1 mutations have a seven-fold improvement in long-term survival [50].

More recently, some MMP single-nucleotide polymorphisms (SNPs) have 
been found to have potential as genetic biomarkers for MM. For instance, Štrbac 
et al. reported that patients carrying a polymorphic MMP-9 rs2250889 allele 
had a negative outcome, with a shorter time to progression (TTP) (6.07 vs. 
10.03 months, HR = 2.45, 95% CI = 1.45–4.14, p = 0.001) and worse overall survival 
(OS) (9.23 vs. 19.2 months, HR = 2.39, 95% CI = 1.37–4.18, p = 0.002) than those 
with the reference allele [51]. However, patients harboring at least one polymor-
phic MMP-9 rs20544 allele had a positive outcome, with a longer TTP (10.93 vs. 
9.40 months, HR = 0.57, 95% CI = 0.38–0.86, p = 0.007) and improved OS (20.67 
vs. 13.50 months, HR = 0.56, 95% CI = 0.37–0.85, p = 0.007) [51]. These research-
ers also found that the MMP-2 rs243865 polymorphism plays a protective role in 
MM; carriers of this polymorphism have a decreased risk for MM (OR = 0.66, 95% 
CI = 0.44–1.00, p = 0.050) [52]. Interestingly, the decreased risk for MM is more 
pronounced in people exposed to asbestos [52]. These findings provide insight into 
some MMP SNPs that are considered genetic biomarkers, indicate the prognosis of 
MM patients, and predict susceptibility to MM. In the future, appropriate genetic 
counseling and clinical management should be considered for MM patients who are 
carriers of MMP-2/MMP-9 susceptibility SNPs.

4. Conclusion

In this chapter, we provide an overview of recent findings on MMP function 
in MM and the mechanisms by which MMPs may induce both phenotypic and 
genotypic alterations that facilitate MM progression and invasion. Accumulating 
evidence indicates that tumor-associated MMPs can stimulate processes associated 
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with EMT, a developmental event that is activated in MM cells during invasion and 
metastasis. Meanwhile, future investigations on extracellular targets and intracel-
lular signaling pathways through which MMPs can induce EMT of MM cells will 
provide insight into novel therapeutic targets. We also describe possible roles of 
MMPs as pathological markers or genetic biomarkers in MM. Certainly, the under-
lying mechanisms of secreted MMPs, including their function and circulation, are 
complex in MM and remain to be elucidated in the future.
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