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Abstract

Asbestos exposure is known to cause malignant mesothelioma, which is associated with poor prognosis. We focused on
and examined the effect of asbestos exposure on the differentiation and function of cytotoxic T lymphocytes (CTLs). CTLs
have the ability to specifically attack tumor cells after being differentiated from naive CD8* T cells following antigen
stimulation. Exposure to chrysotile B asbestos suppressed the differentiation of CTLs during the mixed lymphocyte reaction
(MLR) and was associated with a decrease in proliferation of CD8" T cells. Additionally, in an effort to investigate the
mechanism associated with suppressed CTL differentiation upon exposure to asbestos, we focused on IL-2, a cytokine
involved in T cell proliferation. Our findings indicated that insufficient levels of IL-2 are not the main cause for the suppressed
induction of CTLs by asbestos exposure, although they suggest potential improvement in the suppressed CTL function.
Furthermore, the functional properties of peripheral blood CD8" lymphocytes from asbestos-exposed individuals with
pleural plaque (PP) and patients with malignant mesothelioma (MM) were examined. MM patients showed lower perforin
levels in CD8" lymphocytes following stimulation compared with PP-positive individuals. The production capacity of IFN-y in
the MM group tended to be lower compared with healthy volunteers or PP-positive individuals. In an effort to determine
whether chronic and direct asbestos exposure affected the function of CD8" T cells, cultured human CD8* T cells were
employed as an in vitro model and subjected to long-term exposure to chrysotile (CH) asbestos. This resulted in decreased
levels of intracellular perforin and secreted IFN-y. Those findings underlie the possibility that impaired CD8" lymphocyte
function is caused by asbestos exposure, which fail to suppress the development of MM. Our studies therefore reveal novel
effects of asbestos exposure on CTLs, which might contribute towards the development and implementation of an effective
strategy for the prevention and cure of malignant mesothelioma.
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Introduction

Asbestos is the commercial collective name for a group
of naturally occurring fibrous silicate minerals [1, 2]. Its
name comes from the Greek for “unquenchable” and the
minerals are very valuable with properties such as ther-
mal resistance, tensile strength, flexibility, adiabaticity,
sound and electrical insulation, durability, and resistance
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to chemical attack [1]. Asbestos has been used by humans
for over 6000years and was extensively commercially
mined and manufactured in earnest in the latter part of
the nineteenth century [1]. A great deal of asbestos was
also used in the construction trades and in the shipbuild-
ing industry [3]. However, once health risks were identi-
fied with asbestos, the use of all forms of asbestos was
banned in some countries about 35 years ago [3]. Cur-
rently, more than 50 countries including Japan have
banned asbestos, with the exclusion of the USA and India,
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to name a few [3, 4]. Major asbestos-producing countries
like Russia, Kazakhstan, China, and Brazil continue to pro-
duce and export asbestos to countries all over the world [3].
As a result, it is considered that asbestos has continued to be
used in many parts of Asia, Africa, and some countries of
Latin America [3]. China has also been a major consumer of
asbestos like India [3]. Therefore, malignant mesothelioma
associated with occupational or environmental asbestos ex-
posure is a global problem that needs to be solved [5, 6].

As mentioned above, although asbestos possesses a
variety of beneficial properties, it is believed that certain
health risks such as the development of malignant meso-
thelioma are associated with asbestos exposure [7, 8].
Wagner et al. reported for the first time that asbestos ex-
posure is associated with mesothelioma in 1960 [9]. Sub-
sequent epidemiological and case-control studies have
documented rising rates of malignant mesothelioma
(MM) following the heavy commercial use of asbestos in
many industrialized nations [7]. Gemba et al. reported that
more than 70% of MM cases were associated with occupa-
tional or environmental asbestos exposure in Japan from a
retrospective survey based on records for 6030 cases of
death due to MM between 2003 and 2008 [6, 10]. Add-
itionally, it is known that mesothelioma takes about 40
years from initial exposure to onset [11-14]. In fact, Mur-
ayama T. has estimated that the deaths of MM in Japan
will peak around the year 2030 [5], although the use of as-
bestos is currently prohibited in Japan. Moreover, malig-
nant pleural mesothelioma is a highly aggressive tumor
with poor prognosis; the median overall survival is only
about 12 months [6].

Many studies have focused on documenting the char-
acteristics of asbestos fibers and delineating the mechan-
ism associated with asbestos-mediated carcinogenesis.
Asbestos fibers cause chromosomal changes, DNA dam-
age, and oxidative DNA lesions at cytotoxic concentra-
tions in mesothelial cells in vitro [15, 16]. However, the
onset of malignant mesothelioma requires a prolonged
period of time to elapse, as mentioned above [11-14].
This suggests the possibility that the development of
malignant mesothelioma might be related to alterations
in other functions such as biological defense mecha-
nisms. Therefore, it occurred to us that antitumor im-
munity might be attenuated by exposure to inhaled
asbestos. On the basis of this hypothesis, our investiga-
tions revealed alterations in the expression pattern of
natural killer (NK) cell-activating receptors on human
NK cells and functions in CD4" T cells following expos-
ure to asbestos [17, 18]. However, the effect of asbestos
fibers on CD8" CTL differentiation and function has
hitherto not been examined by us or other researchers.
Recently, Yamada et al. reported that the presence of a
high density of CD8" tumor-infiltrating lymphocytes was
a significantly better prognostic factor for the survival of
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patients with malignant pleural mesothelioma following
extrapleural pneumonectomy [19]. This supports our
idea that CD8" T cells play an important role in antitu-
mor immunity against malignant pleural mesothelioma.
In this paper, we introduce our findings and consider-
ations regarding asbestos-induced alterations in CTL dif-
ferentiation and function.

Role of CTLs in antitumor immunity

In antitumor immunity, CD8" T cells as well as NK cells
play a role as effectors which kill tumor cells [20]. NK cells
orchestrate innate immune responses and act at the front
line of tumor immunity as first effectors to kill trans-
formed cells [21], although NK cells are incapable of re-
arranging receptors for antigen recognition like T cells
through their T cell receptors (TCRs) and are unable to
recognize antigens displayed in the context of classical
major histocompatibility complex (MHC) molecules [22].
On the other hand, CTLs have antigen-specific TCRs on
the cell surface, which can recognize cognate peptides
bound on MHC class-I molecules expressed on the target
cell, thereby allowing CTLs to attack the target cells in an
antigen-specific manner [23]. It is well known that CTLs
are differentiated from naive CD8" T cells following anti-
gen stimulation. When these naive cells encounter anti-
gen, they are immediately activated, expand, and
differentiate into antigen-specific effector/memory CTLs,
which gain the ability to produce effector molecules, such
as perforin and granzyme B, as well as cytokines, such as
interferon-gamma (IFN-y) and tumor necrosis factor-
alpha (TNF-a) [24]. Following attachment of CTLs to a
target cell, they transport lytic granules to the adhesion
site with the target and release the granule contents, per-
forin, and granzyme B into the immune synapse between
the CTLs and the target. The granule contents then act on
the target cell to induce apoptosis [25].

Effect of asbestos exposure on differentiation of
cytotoxic T lymphocytes

It is known that inhaled asbestos fibers translocate from
the lung to the lymph node through the lymphatic sys-
tem [26, 27]. The lymph node is a place where naive
CD8" T cells encounter an antigen and differentiate into
effector CTLs [28]. Therefore, we hypothesized that dif-
ferentiation of CTLs might be impaired upon exposure
to asbestos accumulated in the body. We first examined
the effect of asbestos exposure on the differentiation of
human CTLs. A mixed lymphocyte reaction (MLR) with
peripheral blood mononuclear cells (PBMCs) was per-
formed to efficiently and conveniently induce CTL dif-
ferentiation [29, 30]. In the MLR, irradiation-induced
allogenic PBMCs stimulate naive CD8" T cells in
PBMCs to be differentiated into allo-antigen-specific
CTLs with cell proliferation. In an effort to investigate
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the effect of asbestos exposure on CTL differentiation,
PBMCs were cultured and stimulated with irradiated
allogenic PBMCs for 7 days in the absence or presence
of chrysotile B (CB) or crocidolite (CR) asbestos at 5 pg/
ml. As a negative control for CTL differentiation, allo-
genic PBMCs were not included in the culture. It was
found that the number of CD3"CD8" cells was higher in
PBMCs stimulated with allogenic PBMCs compared
with those in the absence of allogenic cells. PBMCs ex-
posed to CB asbestos during the MLR exhibited a sig-
nificant decrease in the number of those cells. We
evaluated the cytotoxicity against allogenic target cells
by flow cytometry (FCM) and measured the number of
fluorescently-labeled target cells that were attacked and
killed. PBMCs harvested after the MLR exhibited a sig-
nificant level of allogenic cytotoxicity. In contrast,
PBMCs exposed to CB asbestos during the MLR exhib-
ited markedly decreased cytotoxicity. However, exposure
to CR asbestos did not cause a decrease in cytotoxicity
as observed with CB exposure. Then, to remove the
quantitative difference in CD8" T cells between samples
of harvested PBMCs and to examine cytotoxic perform-
ance per cell, we purified CD8" lymphocytes from cul-
tured PBMCs and prepared cell suspensions of CD8"
lymphocytes as effectors for killing assays against allo-
genic targets. CD8" cells exposed to CB asbestos during
the MLR showed lower cytotoxicity compared with
CD8" cells following the MLR without CB. These results
indicate that exposure to CB asbestos causes a decreased
induction of allogenic cytotoxicity exerted by CD8" T
cells. Allogenic stimulation using the MLR induced in-
creases in the percentage of granzyme B and IFN-y in
CD8" lymphocytes. However, exposure to CB asbestos
during the MLR significantly suppressed these increases
in CD8" lymphocytes. Allogenic stimulation also in-
duced a decrease in naive CD45RA" cell levels and an
increase in effector/memory CD45RO™ and activated
CD25" cells, which means that allogenic stimulation in-
duced activation of naive CD8" T cells and their differ-
entiation into effector/memory cells. In contrast, it was
found that exposure to CB during the MLR suppressed
differentiation into CTLs. Additionally, we found that
CB exposure suppressed the proliferation of CD8" T
cells without an increase in apoptosis, which was associ-
ated with suppressed differentiation of CTLs upon ex-
posure to CB. It is known that IFN-y, TNF-a, and IL-2
cytokine production are required for the promotion of
CTL differentiation and the proliferation of CD8'T cells
[31, 32]. Therefore, the supernatants from cultures of
PBMCs following allogenic stimulation were harvested
and examined for the production of those cytokines.
The production of IFN-y and TNF-«, but not of IL-2,
decreased in the presence of CB asbestos. Taken to-
gether, these results indicate that exposure to asbestos

(2020) 25:59

Page 3 of 6

has the potential to impair the differentiation of effector
cytotoxic T lymphocytes and is accompanied by de-
creases in cell proliferation as well as the production of
IFN-y and TNF-q, as shown in Fig. 1 [33].

IL-2 addition to the suppressed differentiation of
CTLs upon exposure to asbestos

IL-2 is a cytokine required for CD8'T cells to proliferate
during development into CTLs [34]. Therefore, in an ef-
fort to investigate the mechanism of asbestos-induced
suppressed differentiation of CTLs with decreased prolif-
eration of CD8" T cells, we examined whether IL-2 insuf-
ficiency might contribute to the suppressed induction of
CTLs upon exposure to asbestos. When IL-2 was added at
1 ng/mL on the second day of the MLRs upon exposure
to CB asbestos, IL-2 addition did not result in the recovery
of asbestos-induced decreases in the proliferation and per-
centage of CD25" and CD45RO™ cells in CD8" lympho-
cytes. On the other hand, the decrease in the percentage
of granzyme B" cells was partially recovered and the cyto-
toxicity was improved by the addition of IL-2. These find-
ings indicate that IL-2 insufficiency is not the main cause
for the suppressed differentiation of CTLs upon exposure
to asbestos, although suppressed CTL function might be
recoverable, as summarized in Table 1 [35].

Characteristics and function of CD8" lymphocytes

in PP individuals and MM patients

Based on the finding that CTL differentiation is sup-
pressed upon exposure to asbestos, we speculated that
the functional properties of CD8" lymphocytes might be
diminished in asbestos-exposed individuals with pleural
plaque (PP) or patients with MM. The presence of PP
indicates previous asbestos inhalation and is known to
be whitish, sharply circumscribed, fibrous, hyaline, and
sometimes calcified and form patches involving parietal
pleura, although one report has indicated that pleural
plaques are harmless in and of themselves [36]. There-
fore, we examined the characteristics and function of
CD8" lymphocytes in PBMCs using FCM, and compared
them among PP individuals, MM patients, and healthy
volunteers (HV). Some of the PBMCs were stimulated
with phorbol 12-myristate 13-acetate (PMA)/ionomycin
as a substitute for antigenic stimulation. The percentage
of CD45RA™ cells was examined as memory cells. All of
the PP individuals who provided blood specimens did
not suffer from any tumors. The number of CD3"CD8"
cells per 1 mL of blood in the PP and MM groups was
significantly lower than that of HV. Degranulation in
stimulated CD8" lymphocytes, which is identified by cell
surface expression of CD107a following stimulation, did
not differ among the three groups. The production of
IFN-y in the MM group tended to be lower than that of
the HV and PP groups, although there was no
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Allo-antigen
CCD45RA

CTL differentiation J
Proliferation of CD8*T cells l
Production of IFN-y and TNF-a.

Fig. 1 Immune-suppressive effect of asbestos exposure. The illustration shows that asbestos exposure has the potential to impair the differentiation of
CTLs with suppressed proliferation of CD8'T cells. As demonstrated by our study, asbestos exposure results in lower cytotoxicity for allogenic targets in
PBMCs exposed to CB, but not CR, compared with non-exposed PBMCs during the MLR. In particular, exposure to CB during the MLR suppressed the
increase in granzyme B* and IFN-y™ cells. CB exposure also suppressed the increase in CD45RO™ effector/memory and CD25 -activated cells in CD8™
lymphocytes, and the decrease in CD45RA™ cells. Moreover, the production of IFN-y and TNF-a decreased in the presence of CB

Granzyme B JJ.
Cytotoxicity JJ.

J

statistically significant difference among the three
groups. In contrast, the MM group showed significantly
lower levels of perforin in CD8" lymphocytes after stimu-
lation compared with PP individuals. These results indi-
cate that CD8" lymphocytes in MM patients possess a
lower ability to retain and enhance intracellular perforin
levels following stimulation compared with PP patients
and HV, which indicates impairment of peripheral blood
CD8" lymphocyte cytotoxicity in MM patients [37]. Add-
itionally, the following characteristic of CD8" lymphocytes
was common between PP-positive individuals and MM
patients. The percentage of perforin® cells and CD45RA™
cells in circulating CD8" lymphocytes of the PP and MM
groups was higher compared with that of HV. These find-
ings are summarized in Table 2. The differences between

Table 1 IL-2 addition to cultures upon exposure to chrysotile B

Parameters Recover by IL-2
addition?

Cell number of CD3*CD8" cells No

9% CD45RA" cells No

9% CD45RO™ cells No

% CD25" cells No

Proliferation No

% Granzyme B* cells Yes, partially

Cytotoxicity Yes

Parameters Induction by IL-2
addition?

%Granzyme B" cells in non-proliferating Yes

CD8" cells

%Granzyme B* cells in proliferating CD8" No

cells

the PP and MM groups underlie the immunological state
related to the pathology of malignant mesothelioma.

Relationship between suppressed CD8"
lymphocyte function and asbestos exposure in
MM patients

While the MM group showed impaired CD8" lympho-
cyte function after stimulation, we questioned whether
this reduced function might be related to immunosup-
pression by tumor cells [38] and not be caused by asbes-
tos exposure. In fact, a study using PBMCs from

Table 2 Functional properties of CD8" lymphocytes in
individuals with pleural plague and patients with malignant
mesothelioma

Parameters HV PP MM
CD3*CD8" (%) ¥ + +
CD107a" (%) + n 4
IFN-y" (%) + N ;
Granzyme B™ (%) Before + + i
After + ++ +
After-Before + ++ +
Perforin™ (%) Before + i+ i
After ++ +++ ++
After-Before ++ ++ +
CD45RA™ (%) + ++ ++
CD3*CD8* (cell number) ++ + i

HV healthy volunteers, PP asbestos-exposed individuals with pleural plaque,
MM asbestos-exposed patients with malignant mesothelioma, Before the
percentage of granzyme B cells in fresh CD8" lymphocytes, After the
percentage of granzyme B* cells in stimulated CD8" lymphocytes, After-Before
the percentage of granzyme B* or perforin® cells in fresh CD8" lymphocytes
was subtracted from the percentage of granzyme B* or perforin® cells in
stimulated cells
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Table 3 Functional properties of human CD8* T cell line following long-term exposure to asbestos fibers

Parameters EBT-8-Org EBT-8-CH5 or/and EBT-8-CH30 Significance
Granzyme B (MFI) ++ or + + or ++ N.S.
Perforin™ (%) ++ + p < 001
IFN-y™ (%) ++or + + or ++ N.S.
Production of IFN-y ++ + p < 0.0001
Degranulation (%) + + N.S.

MFI mean fluorescence intensity, N.S. not significant

The human CD8+ T cell line was then cultured in the absence or presence of CH asbestos at low or middle concentrations of 5 or 30 pg/ml for 1 to 2 months,
with cell groups being referred to as EBT-8-Org, EBT-8-CH5, and EBT-8-CH30, respectively

patients with carcinoma showed reduced T cell
receptor-mediated cytotoxicity [39]. Therefore, we inves-
tigated whether chronic and direct asbestos exposure af-
fected the function of CD8" T cells. For this purpose, an
in vitro model was prepared by culturing the human
CD8" T cell line EBT-8 for 1 to 2 months with long-
term exposure to chrysotile (CH) asbestos. As a control,
the cell subline cultured in the absence of asbestos was
also performed. Cultured cells were assayed for intracel-
lular levels of perforin, granzyme B, and IFN-y and for
degranulation and production of INF-y. Exposure to CH
asbestos at 5 pg/ml or 30 pg/ml had no effect on intracel-
lular granzyme B levels. In contrast, exposure to CH as-
bestos at both concentrations resulted in decreased levels
of perforin, whereas degranulation following stimulation
with antibodies to CD3 remained unaffected, even with
exposure to CH asbestos at a concentration of 30 pg/ml.
CH exposure at 30 pg/ml also decreased levels of secreted
IFN-y stimulated via CD3, although there was no differ-
ence in the percentage of IFN-y* cells induced by PMA/
ionomycin (Table 3) [40]. These results indicate that per-
forin levels and the production of IFN-y in human CD8"
T cells could be potentially suppressed by long-term ex-
posure to asbestos. It is obvious that lymphocytes encoun-
ter asbestos prior to tumor cell formation in the body.
Therefore, it is possible that asbestos exposure causes im-
paired CD8" lymphocyte function that results in failure to
suppress the development of MM, although it is possible
that the characteristics of CD8" T cells in MM patients
might be affected by immunosuppression derived from
the tumor.

Conclusion

Our present investigation is the first to demonstrate that
exposure to asbestos has the potential to suppress the
differentiation and function of human CTLs using
in vitro human cell culture models and CD8*lympho-
cytes derived from peripheral blood of individuals with
pleural plaque and patients with malignant mesotheli-
oma. Taken together, our findings can help asbestos-
exposed individuals when employing immunological
markers for the early diagnosis of malignant mesotheli-
oma as peripheral blood is relatively easy to collect.

These findings might also contribute to an evaluation of
the efficacy of strategies involving the immunotherapy of
malignant mesothelioma in reverse. Future studies will
continue with investigations attempting to delineate the
mechanism of suppressed differentiation and function of
CTLs upon exposure to asbestos.
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