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Asbestos is the main cause of malignant mesothelioma. Previous studies have linked
asbestos-induced mesothelioma to the release of HMGB1 from the nucleus to the cyto-
plasm, and from the cytoplasm to the extracellular space. In the cytoplasm, HMGBI1
induces autophagy impairing asbestos-induced cell death. Extracellularly, HMGB1 stim-
ulates the secretion of TNFa. Jointly, these two cytokines kick-start a chronic inflam-
matory process that over time promotes mesothelioma development. Whether the main
source of extracellular HMGBI1 were the mesothelial cells, the inflammatory cells, or
both was unsolved. This information is critical to identify the targets and design preven-
tive/therapeutic strategies to interfere with asbestos-induced mesothelioma. To address
this issue, we developed the conditional mesothelial HMGB1-knockout (Hrfdgbl ApMesoy
and the conditional myelomonocytic-lineage HMGB1-knockout (Hmgh1*™*) mouse
models. We establish here that HMGB1 is mainly produced and released by the mesothe-
lial cells during the early phases of inflammation following asbestos exposure. The release
of HMGB1 from mesothelial cells leads to atypical mesothelial hyperplasia, and in some
animals, this evolves over the years into mesothelioma. We found that Hmgh1*P™*°,
whose mesothelial cells cannot produce HMGB1, show a greatly reduced inflammatory
response to asbestos, and their mesothelial cells express and secrete significantly reduced
levels of TNFa. Moreover, the tissue microenvironment in areas of asbestos deposits dis-
plays an increased fraction of M 1-polarized macrophages compared to M2 macrophages.
Supporting the biological significance of these findings, Hmgh1*"*° mice showed a
delayed and reduced incidence of mesothelioma and an increased mesothelioma-specific
survival. Altogether, our study provides a biological explanation for HMGB1 as a driver
of asbestos-induced mesothelioma.
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Diffuse malignant mesothelioma (abbreviated as “mesothelioma”) is an extremely aggres-
sive cancer that causes about 3,200 deaths/y in the United States and many more world-
wide. Up to 5 to 10% of asbestos workers develop mesothelioma after a latency of 30 to
50 y. Most mesotheliomas are caused by exposure to asbestos. “Asbestos” specifically
identifies six among ~400 mineral fibers present in nature that have been used commer-
cially, exposing millions of people to its carcinogenic properties (1-5). The use of asbestos
has been banned or severely restricted in the “Western” world since the 1980s; however,
the overall use of asbestos is increasing in developing countries (1, 2). One of the main
commercial benefits of asbestos is its durability; however, this renders the asbestos placed
in buildings, roofs, cement pipes, etc., a severe threat for many generations to come, as it
has been estimated that in the United States, over 20 million homes contain asbestos (1).
Moreover, asbestos and other carcinogenic fibers naturally present in the environment in
Nevada (6), Montana and the Dakotas (7), along the US badlands (1), in some areas of
California, Oregon (8), etc., and in many countries (7, 9), can cause mesothelioma in the
local populations. Additionally, carriers of germline mutations of BAPI and of other tumor
suppressor genes may have an increased risk of developing mesothelioma when exposed
to asbestos or other carcinogenic mineral fibers (10-12).

When inhaled, asbestos fibers become entrapped in the lungs. Through the lymphatic
system, some fibers migrate to the pleura where they may cause pleural mesothelioma,
and when exposure is high, the fibers can reach the peritoneum and may cause peritoneal
mesothelioma. Deposition of asbestos in these tissues causes inflammation (13). Some
types of asbestos fibers (crocidolite and amosite, in particular) persist in tissues for many
years; thus, the inflammation becomes chronic and leads to reactive mesothelial hyper-
plasia, lung fibrosis, pleural plaques, and in some cases over the course of decades to
mesothelioma (1, 3-5). Asbestos causes DNA damage by the release of murtagenic
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Significance

Millions of people have been and
continue to be exposed to
asbestos worldwide. Some of
them have developed
mesothelioma, a malignancy
resistant to current therapies.
Our findings elucidated the
mechanisms responsible for
asbestos-induced inflammation
and carcinogenesis, as well as the
cell types involved. Our results
revealed the causative link
between the process involving
HMGB1 release from mesothelial
cells, TNFa secretion, macrophage
accumulation, atypical
mesothelial hyperplasia, and
mesothelioma onset. Our data
point to the HMGB1 secreted by
mesothelial cells as the key target
to design therapies aimed at
interfering with the early steps of
mesothelioma growth.
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oxygen radicals from the inflammatory cells that accumulate
around asbestos deposits (14). We have linked asbestos carcino-
genesis to the release of high mobility group box 1 (HMGB1),
a protein that functions in the nucleus to modulate transcription
and protect DNA from environmental DNA damage by con-
tributing to nucleosome assembly (15). HMGBI is an evolu-
tionarily conserved protein that belongs to the group of
nonhistone chromatin-associated proteins (16). We demon-
strated that upon asbestos exposure, HMGB] translocates from
the nucleus to the cytoplasm where it induces autophagy through
the mMTOR-ULK pathway and Beclin 1 phosphorylation, a pro-
survival mechanism that helps mesothelial cells to survive
asbestos-induced cell death (17). Moreover, HMGBI is released
from the cytoplasm into the extracellular space where HMGB1
acts as a prototypic damage-associated molecular pattern mol-
ecule (DAMP).

We found that following asbestos exposure, HMGBI initiates
the inflammatory response largely by promoting 7/NFa secretion
from nearby cells which, in turn, activates the NFkB signaling
pathway (18-20). Both autophagy and NFkB activation help
mesothelial cells survive asbestos exposure (18, 19). Thus, extra-
cellular HMGBI induces the secretion of 7NFa and kickstarts
the inflammatory process that drives mesothelioma growth over
time (18, 21). Mesothelioma emerges from the HMGBI1-rich
environment surrounding asbestos-exposed cells that actively
secrete HMGBI into the microenvironment promoting mesothe-
lioma growth (21). Gene expression profiling validated HMGB1
as a key regulator of the transcriptional alterations induced by
asbestos (22). The relevance of HMGBI in driving mesothelioma
growth is underscored by the observation that pharmacological
therapies inhibiting HMGBI secretion and/or activity, delay and
impair mesothelioma growth in mice (21, 23-25). In addition,
blocking HMGBI activity inhibited leukocyte recruitment and
peritoneal carcinomatosis in mice (26).

In summary, when asbestos accumulates in the pleura and in
the peritoneum, mesothelial cells release HMGB1 attracting
granulocytes and macrophages that, in turn, actively secrete
HMGBI, driving the inflammatory response that may ensue in
mesothelioma. Here, we studied the relative contribution of
these cell types to the presence of HMGBI in the microenvi-
ronment that promotes chronic inflammation and drives meso-
thelioma growth. This information is critical to understand the
process of asbestos carcinogenesis and to identify the specific
therapeutic targets. We investigated this question in two mouse
HMGB!1 knockout models, specifically affecting mesothelial
cells or the myelomonocytic-lineage.

Results

Tissue-Specific HMGB1 Knockout. To study the independent
contributions of mesothelial cells and of the inflammatory cells to
HMGBI secretion that drives mesothelioma development, we used
two tissue-specific HMGB1 knockout mouse models: 1) inducible
mesothelial conditional HMGB1 knockout (Hmgb1 APMesoy that we
described in Xue et al. (17) and 2) constitutive myelomonocytic-
lineage knockout (Hmgb1 AMyley Jescribed in Yanai et al. (27). We
induced the knockout status in HmghI*** by administering
tamoxifen intraperitoneally. In the ngblAp Meso hice, immuno-
histochemistry (IHC) revealed that about 85 to 90% of mesothelial
cells had lost HMGB1 expression, while other cell types, including
bone marrow—derived macrophages (BMDMs), uniformly expressed
HMGBI (SI Appendix, Fig. S1 A and B). In the ngb]AMylc
mice, THC staining showed that about 98% of BMDM had
lost HMGB1 expression, while the other cell types, including
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mesothelial cells, maintained HMGBI1 expression (87 Appendix,
Fig. S1A). These findings were supported by western blot analysis
(SI Appendix, Fig. S1B) confirming the tissue specificity of the
HMGBI1 knockouts.

Loss of HMGB1 in Mesothelial Cells Exposed to Asbestos
Increased DNA Damage and Decreased TNFa Expression. As
HMGBI protects DNA from damage, we investigated whether
murine mesothelial cells obtained from Hmgbl ApMeso - ice
have increased genomic instability when exposed to asbestos.
Himgh1*™° mesothelial cells exposed to crocidolite, considered
the most carcinogenic type of asbestos (1), displayed significantly
more micronuclei (P < 0.05) —evidence of genetic damage—
compared to wild-type (WT) cells (Fig. 1 A and B). Moreover,
phosphorylation of histone H2A.X (yYH2A.X), an early cellular
response to DNA double-strand breaks, was substantially increased
in Hmgh1*™° mouse mesothelial cells compared to WT control
cells, exposed to asbestos (Fig. 1C).

In parallel studies, we found that Hmgb1 mesothelial cells
exposed to asbestos released significantly higher amounts of proin-
flammatory histone H3 (28) and nucleosomes (2 < 0.01) into the
media compared to WT control mesothelial cells (Fig. 1 D and E).
This supported our findings that Hmgh1*™*° mesothelial cells
display increased DNA damage following asbestos treatment.
However, we observed that asbestos-exposed Hmgh1*™° mouse
mesothelial cells secreted drastically less 7/VFa into the cell culture
medium compared to WT mesothelial cells (Fig. 1F), an effect
caused by the lack of HMGBI in these cells (57 Appendix, Fig. S1
A and B). Accordingly, the transcription of mRNA specific for
T'NFa and for its receptor TNFRI was significantly reduced (P <
0.001 and P < 0.05, respectively) compared to mesothelial cells
from WT mice (Fig. 1G).

In summary, these results revealed that Hmgb1 mesothe-
lial cells lacking HMGB1 are more susceptible to asbestos-induced
DNA damage and thus might be more susceptible to malignant
transformation. On the other hand, these same cells do not secrete
HMGBI1 and 7/NFa, the cytokines that drive asbestos-induced
inflammation and promote mesothelioma (18, 19). These findings
raised an intriguing question: Which of the two effects would
prevail? Would these mice be more or less susceptible to asbestos
carcinogenesis?

ApMeso

ApMeso

HMGB1 Originating from Mesothelial Cells Triggered the
Inflammatory Response Supporting Asbestos-Induced Meso-
thelioma. To investigate the role of HMGBI in asbestos-
induced carcinogenesis in vivo, we conducted short-term and
long-term experiments in Hmgh1*™*° and Hmgh1*™* mice.
We administered 0.5 mg/mouse of crocidolite intraperitoneally
(i.p.) once a week for 10 wk in ngb]ApMm, ngbIAMle, and
correspondin%/I WT controls WzI“™™ M Hmeh1""* (control
for nglAp “® mice) and LysMC re“—ngbf " (control for
Hmgbl Y mice) (8 to 12 wk old). The same asbestos injection
protocol was used for both the short-term experiment to study
inflammation and the tissue response (13 mice per group) and for
the long-term experiment to study tumor development (40 mice
per group). The number of mice per group was based on power
analyses (Materials and Methods and SI Appendix, Fig. S2).

Short-term experiment. One wk following the completion of the
10-weekly crocidolite i.p. injections, mice were euthanized, and
a complete necropsy was conducted. Tissues from the organs of
the abdominal cavity and from any organ/tissue showing possible
lesions were collected. All mice in each group (see above) had
diffuse mesothelial cell hyperplasia and chronic inflammation
nearby asbestos deposits in the abdominal organs, with formation
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Fig. 1. Hmgb1*PM*° mouse mesothelial cells exposed to asbestos show increased DNA damage and nDAMP release and decreased TNFa expression. (A and B)
DAPI staining: micronuclei formation upon crocidolite-asbestos exposure. Primary murine mesothelial cells isolated from Hmgh14P™*° mice and WT controls;
chromosomal instability was determined as micronuclei frequency at interphase. (4) Cells were treated with 5 pg/cm? crocidolite for 8 h or untreated (PBS); 48 h
later, the number of micronuclei (indicated by white arrows) was measured. (Scale bar, 10 um.) (B) Percentage of interphase cells with micronuclei in 2100 cells
counted per treatment from n =9 WT and n = 7 Hmgb 1™ mice in n = 4 independent experiments; data are shown as mean + SD; P values were calculated
using a two-tailed unpaired Student's t test (*P < 0.05) (C) Representative immunoblot: DNA damage measured as increased phosphorylation of histone H2A.X
(yH2AX) in murine mesothelial cells exposed to 5 pg/cm2 crocidolite for 8 h. Decimals: yYH2A.X/GAPDH (D) Representative immunoblot: histone H3 protein
levels in conditioned cell culture media of primary mesothelial cells exposed for 48 h to 5 pg/cm? of crocidolite, from Hmgb1*P*° mouse compared to WT
littermates. Decimals: Histone H3/Ponceau S (E) ELISA to measure nucleosome levels in the same culture media shown in D; results are shown as mean + SD
(n = 5). Comparison between Hmgh14PM®° and WT groups was calculated using the Mann-Whitney U test for rank comparisons. (**P < 0.01) (F) Representative
immunoblot of TNFa protein levels in conditioned cell culture media of primary mesothelial cells exposed for 48 h to 5 ug/cm? of crocidolite from Hmgb74PMes°
mice compared to WT littermates. Decimals: TNFa/Ponceau S (G) qRT-PCR: TNFa and TNFRT mRNA expression levels (Tnfa and Tnfrs1a) in ex vivo cultured primary
murine mesothelial cells from Hmgb14PM®° mice (n = 5) compared to WT controls (n = 5). Data are shown as mean + SD. P values were calculated using a two-
tailed unpaired Student's t test *(P < 0.05); **(P < 0.01); ***(P < 0.001).
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of multiple granulomas and of bowel-to-bowel and bowel-to-organ
adhesions. The granulomas in Hmgh1*P™*° mice were significantly
smaller (P < 0.01) compared to those found in WT control mice
(Fig. 2 Aand B). IHC studies of biopsies taken from the diaphragm
containing granulomas and areas of mesothelial hyperplasia nearby
asbestos deposits from ngb]Ap Meso mice showed a significant
(P<0.05) increase in CD86" (M1) macrophages and a significant
reduction (P < 0.001) in CD206" (M2) macrophages compared to
controls (Fig. 2 Cand D). In areas of mesothelial cell hyperplasia
and granulomas, WT mice showed strong T'NFa THC staining
compared to minimal staining in Hmgbl™" Meso mice (P < 0.001,
Fig. 2 E and F). In contrast, IHC revealed a strong intensity
of TNFa staining of the mesothelial cells, granulocytes, and
macrophages forming the granulomas surrounding asbestos fibers
in myelomonocytic-lineage knockout (Hmgb 1 AMY ice, similar
to their control WT mice (8] Appendix, Fig. S3A).

The peritoneal lavage of Hrmgh1*"° mice had significantly
(P < 0.01) lower amounts of HMGB1 compared to WT mice
(Fig. 2G). Instead, at this same time point, we observed no signif-
icant difference in the concentrations of HMGBI in the perito-
neal lavage of Hmgbl AMYE mice compared to their WT controls
(SI Appendix, Fig. S3B).

Altogether, these findings indicate that mesothelial cells are the
primary source of extracellular HMGB1 within the first 10 wk of
asbestos exposure and that HMGBI levels influence the type and
intensity of the inflammatory response.

HMGB1 Secretion Modulates the Inflammatory Cell Type
Response. As extracellular HMGBI initiates the inflammatory
response following asbestos exposure, we investigated the role of
HMGBI secreted from mesothelial cells versus myelomonocytic-
lineage cells in regulating the inflammatory cell type response
surrounding asbestos deposits. To quantify total and subset-specific
leukocytes, we performed flow cytometry on the cells present in
the peritoneal lavage. After the exclusion of cellular aggregates,
debris, and dead cells, immune cells were identified using the pan-
hematopoietic marker CD45. CD45" leukocytes represented 95
t0 99% of the total cells recovered in each mouse group (Fig. 34).
The total number of leukocytes collected from WT, Himgb12PMes,
or Hmgbl AMYle hice was not significantly different (Fig. 3 A and
C and SI Appendix, Fig. S44). However, the overall number of
Ly6G" neutrophils in Hmgh1*™° mice was significantly lower
compared to their WT control (2.4 + 0.96 x 10°cells vs. 3.8 +
0.66 x 10°, P = 0.0301; Fig. 3 Band D). In contrast, there was no
significant difference in the overall number of Ly6G" neutrophils
between Hmgh1*™* mice and their WT control (SI Appendix,
Fig. S4B). These data suggest that HMGB1 released by mesothelial
cells function as a chemoattractant for granulocytes.

As for the macrophages, the overall number of F4/80" cells
(macrophages) was not significantly different in either Hmgh 1°?M*°
or HmgbI*My'e mice compared to the WT controls (Fig. 3 Band
E and SI Appendix, Fig. S4C). However, characterization of the
macrophage subtypes revealed significant alterations in mac-
rophage polarization in Hmghl*PMeo and Hmgbl AMAC ice
exposed to asbestos compared to WT controls. Specifically, we
observed a significant increase in the relative percentage of
MI-activated macrophages (F4/80"CD86'CD206"), which was
paralleled by a corresponding decrease in the percentage of M2
macrophages (F4/80°'CD86 CD206") in both Hrmgh1°"*° and
Hmgb12Mc mice compared to WT controls (P = 0.0024; Fig. 3
Fand G and ST Appendix, Fig. S4 D and E). No significant changes
were observed in other macrophage subtypes in Hmgb1ApMew,
while a decrease in the macrophage subpopulation CD86"CD206"
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was present in the lavage from Hmgh1*™*

Fig. S4 Fand G).

As M1 classically activated macrophages are proinflammatory,
we assessed the cytokine and chemokine profiles in the peritoneal
lavages of these same mice using a Luminex cytokine/chemokine
multiplex kit. Compared to WT controls, the levels of interleukin-3
(IL-3) and of interleukin-10 (IL-10) were significantly lower
(P<0.003) in the peritoneal lavage from Hmgh14PMes mice exposed
to asbestos (Fig. 4 A and B). IL-3 is mainly produced by activated
T cells and modulates myelomonocytic differentiation (29). IL-10
is mainly produced by M2 macrophages and promotes tumor cell
proliferation (30). Since M2 macrophages in ngb]Ap Meso ice
were proportionally decreased compared to M1, this finding was
expected. The chemokine receptor ligand KC (CXCL1) was instead
significantly (P < 0.003) increased in the peritoneal lavage from
Hmgb1*PMeso mice compared to WT controls (Fig. 4C). CXCL1 is
produced by a variety of immune cells and promotes T cell differ-
entiation (31).

Hmgb1*My'e mice exposed to asbestos displayed significantly lower
levels of interleukin-4 (IL-4) and of interleukin-5 (IL-5) compared
with WT controls (Fig. 4 D and E). Both IL-4 and IL-5 modulate
T and B lymphocyte functions; both are located on the same Th2
cytokine locus and are usually transcribed together (32, 33). Thus,
their reduction implies an alteration in T cell response (32). No
significant differences were observed in any other cytokines and
chemokines studied in either strain of mice (S Appendix, Fig. S5).

Together, the data of the short-term response to asbestos in
Hmgh1*™*° mice and in Hmgh1*™" mice suggest that 1) the
HMGBI secreted by mesothelial cells drives the initial phase of
inflammation caused by asbestos deposition in tissue, and 2)
reduced HM GBI release at the site of asbestos deposits leads to an
inflammarcory infiltrate rich in M1 proinflammatory macrophages
and fewer M2 macrophages, which have anti-inflammatory and
tissue remodeling activity.

mice (S/ Appendix,

HMGB1 Knockout in the Mesothelial
Mesothelioma Development.

Long-term experiment. To investigate whether and how the
different expression levels of HMGBI in mesothelial cells and in
myelomonocytic cells influenced asbestos carcinogenesis, we injected
5 mg of crocidolite i.p. (10 injections of 0.5 mg per mouse once a
week for 10 wk) to Hm/gb] ApMeso - g [AMYIe, and the following
control mice: Hmgbl ", Hmgbl f/f, Wt]creERT2/+-ngbI +/+, and
LysM“™""-Hmgh1'"* (40 mice per group).

Hmgb1*PMe mice and controls were monitored for 21 mo from
the time of the 10th i.p. injection of crocidolite (SI Appendix,
Fig. S1). During this time, deaths unrelated to asbestos adminis-
tration occurred in seven Hmghl ApMeso ice, 8 WT mice, and 16
Wti1 CICERTZ/J'-ngbI ** mice (ST Appendix, Pathology). The inci-
dence of mesothelioma was significantly lower and mesothelioma
developed at a later time in HmghI*™“° mice: 21/33 mice devel-
oped mesothelioma, 63.6%; P < 0.0001; compared with the three
control groups: 31 of 32 WT mice developed mesothelioma,
96.9%; 38/40 ngl?]f/f mice developed mesothelioma, 95.0%;
and 21/24 WilCeERT2+ mijce developed mesothelioma 87.5%;
(Fig. 5A4). Moreover, Hmgb1 ApMeso ice had a significantly longer
mesothelioma-specific survival (median survival, 450 d; 2= 0.0162)
compared to all three controls (Fig. 5B and Table 1). The diagnosis
of mesothelioma was unequivocal: It was based on tumor location,
histology, and IHC (Fig. 5C). Mesotheliomas developed in
Hmgb1*?Meso mice were smaller and grew largely over the surface
rather than infiltrating the abdominal organs, compared to the
mesotheliomas that developed in the three control groups. These
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Fig.2. HMGB1 released from mesothelial cells exposed to asbestos modulates the early inflammatory response. Experiments performed on tissues and lavage
from mice injected with 0.5 mg of crocidolite i.p. once/week x 10 wk. Tissues and lavage were collected 1 wk after the 10th injection. (A) Decreased granuloma
size in peritoneal tissues of Hmgh14PM®° mice (n = 8) compared to WT controls (n = 9). (B) Histology. Representative images of granulomas; H&E stain, 200x
magnification (Scale bar, 100 pm.) note the reduced size granulomas in ngb7A”Mes° mice compared to controls; arrows indicate asbestos fibers. (C) IHC of
diaphragm biopsies, 400x magnification (Scale bar, 50 pm.) Note the increased prevalence of CD86" (M1 marker) macrophages and reduced prevalence of
CD206" (M2 marker) macrophages in areas of reactive mesothelial hyperplasia of ngb1ApMe5° mice (n = 8), compared to WT controls (n =9). (D) Positive scoring
plot of C. Box-and-whisker plots display the median, interquartile, and minimum-maximum range. Comparisons between Hmgb14PMe® and WT groups; these
were calculated using a two-tailed unpaired Welch's t test. (E) Representative TNFa IHC, diaphragm biopsies, 400x magnification (Scale bar, 50 pm.) Note the
decreased/absence TNFa stain in the of Hmgh1°PM**° mice (n = 8) compared to WT controls (n = 9). (F) Positive scoring plot of E. (G) ELISA for HMGB1. HMGB1
levels measured in the peritoneal lavage of Hmgb1*PM*° mice (n = 8) compared to WT controls (n = 9). Box-and-whisker plots display the median, interquartile,
and minimum-maximum range. Comparisons between Hmgh1PM*° and WT groups were calculated using a two-tailed unpaired Welch's t test. *(P < 0.05) **(P
<0.01) ***(P < 0.001).
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Fig. 3. HMGB1 secretion by mesothelial cells promotes neutrophil recruitment and M2 macrophage polarization. Representative flow cytometry performed
on the peritoneal lavage from mice injected i.p. with 0.5 mg of crocidolite i.p. once/week x 10 wk. Peritoneal lavages were collected 1 wk after the 10th injection.
The immune cell populations present in the peritoneal lavage were stained for the leukocyte marker CD45, the neutrophil marker Ly6G, and the macrophage
marker F4/80, along with macrophage subtype markers CD206 (M2 marker) and CD86 (M1 marker). (A and B) Dot plots of CD45" cells and Ly6G" or F4/80" cells.
(C) Total number of CD45" peritoneal leukocytes collected and subpopulations of (D) Ly6G* neutrophils; (£) F4/80" macrophages from Hmgh14P®° mice (n = 5)
and WT littermates (n = 5). (F) Representative flow cytometry dot plots of CD86" cells and CD206" cells. (G) Increased CD86" cells and reduced CD206" cells in
Hmgb14PMe° mice (n = 8) compared to WT controls (n = 9). Box-and-whisker plots display the median, interquartile, and minimum-maximum range. Comparisons
between Hmgb1°PM¢° and WT groups were calculated using a two-tailed unpaired Welch's ¢ test. *(P < 0.05) **(P < 0.01).
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Fig.4. Mesothelial and myelomonocytic HMGB1 modulates cytokine secretion in mice exposed to crocidolite (i.p. injection). One wk following 10 weekly 0.5 mg
crocidolite i.p. injections, the levels of 32 cytokines and chemokines were measured in supernatants recovered from peritoneal lavages using mouse cytokine
multiplex kits (EMD Millipore Corporation, Billerica, MA). (A-C) Altered cytokine levels in the peritoneal lavage of Hmgh1*P™*® mice compared to WT controls:
(A) IL-3, (B) IL-10, and (C) KC/CXCL1. (D and E) Altered cytokine levels in the peritoneal lavage of ngb1“‘"y'C mice compared to WT controls: (D) IL-4 and (E) IL-5. Data
are shown as mean + SD; comparisons between Hmgh1*"*° and WT groups were calculated using a two-tailed unpaired Welch's ¢ test. *(P < 0.003) **(P < 0.05).

findings underscored the critical role of HMGBI released by mes-
othelial cells in driving mesothelioma growth.

Mesotheliomas are often polyclonal tumors, a result of the car-
cinogenic field effect of asbestos (34). In the HmgbI ApMeso 1 eso-
theliomas, about 20% of WT'1-positive mesothelioma cells displayed
colocalized nuclear HMGB1 expression, supporting a polyclonal
tumor cell population (S7 Appendix, Fig. S6 A and B). The number
of F4/80+ cells, which are characteristic of macrophages, was signif-
icantly reduced in Hmgh1**™*° mesotheliomas (SI Appendix,
Fig. S6 A and C). Tumor cells cultured in vitro from the mouse
mesotheliomas displayed identical growth rates irrespective of
HMGBI expression (SI Appendix, Fig. S7 A and B). Accordingly,
tumor biopsies from these mice showed similar expression of the
Ki67 proliferative marker irrespective of HMGBI1 expression
(81 Appendix, Fig. S7 Cand D). These results suggest that HMGB1
modulates the tumor microenvironment rather than the prolifera-
tion of mesothelioma cells, and that for those mesothelioma cells
not expressing HMGB], their growth seems not to be impacted by
HMGBI levels (21). We observed significantly more CD3+/CD8+
T cells in the WT mouse mesothelioma biopsies compared to the

PNAS 2023 Vol.120 No.39 e2307999120

mesothelioma biopsies from Hmgh1*™° mice (SI Appendix,

Fig. S8). Intriguingly, significantly more CD3+/CD8+ cells were
present in tissues showing benign mesothelial hyperplasia from
ngbIApMes0 mice 10 wk after asbestos exposure (S/ Appendix,
Fig. S9). These findings suggest that CD3+/CD8+ T cells did not
contribute to the reduced tumor growth of mesotheliomas in
ngb]Ap Meso - mice, although these cells may contribute to the
delayed tumor development in these mice.

Hmgh1*™* mice could be monitored for only 11 mo because
by this time, 36/40 of these mice had died of infection, peritonitis,
and intestinal occlusion. Therefore, the surviving 4 mice and their
specific control LysM“™*-HmghI"* were euthanized, and the
experiment was terminated (Table 1). At necropsy, 7/40 of the
Hmgh1*™* mice group had already developed mesothelioma. All
Hmgbl AMyle hice had severe chronic peritonitis, multiple adhe-
sions forming among bowel loops, and multiple granulomas
around asbestos deposits. Within the control group of this exper-
iment, LyyMC re“-ngbl *"* mice, the survival and cause of death
was similar to that observed in the 3 control groups used for the
Hmgbl ApMeso ice (Table 1).

https://doi.org/10.1073/pnas.2307999120 7 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2307999120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307999120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307999120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307999120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307999120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307999120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307999120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307999120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307999120#supplementary-materials

Mesothelioma Incidence MM-Specific Survival
100 o 100 -
~ < 75-
X 754 S 75
g ©
8 S
c c
3 504 S s0-
] -
C c
s =+~ Hmgb1** S
= mg 5 254—— Hmgb1*
S 25 ——  Hmgb 1" o —_ fif
—W— W1CreERT2*_ymgh 1+/+ & —_ ’-V’th;%l?:ERTZ/thgb1+/+
o —O—  WHCERT* Himgh 1 (Hmgh 14PMeso) o WHCRERT Himghy 11 (Himgh 127
1 1 1 1 1 T T T T T T
100 200 300 400 500 600 0 100 200 300 400 500 600
After last asbestos injection (days) Follow up periods (days)

Serum HMGBH1
pre-asbestos

-

€,

MT Hmgh14pMeso EN
m
5. == ==
S
T 0 n.s.

: WT ngb1ApMeSO
Ay
{2/ Serum HMGB1
3 months

320
£
(o]
£
gl *
om
O s
S _—
T

WT Hmgb 1ApMeso

Serum HMGB1
6 months

jy

£

()]

S

— 10

m

O s i

=

I n.s.

WT Hmgb 1ApMeso

Serum HMGB1
9 months

-

WT Hmgb 1ApMeso

N o N
« 3 & 38

HMGB1 (ng/mL)

o

Fig.5. Hmgb1*PY*° mice have an increased latency period between asbestos exposure and mesothelioma development and longer survival. (4) Mesothelioma
incidence in ngb1ApMESO mice and in WT controls exposed to asbestos F test. *(P < 0.05) (B) Survival curves of same mice shown in A; log-rank (Mantel-Cox) test.
*(P < 0.05). (C) Representative mesothelioma biopsies from Hmgb1“PM*° mice and WT controls, stained with H/E and the indicated antibodies, 200x magnification
(Scale bar, 100 pm.) H/E morphology and positive nuclear WT1 stain identify these tumors as mesotheliomas. Note that HMGB1* and HMGB1~ tumor cells in
mesotheliomas developed in Hmgh 1P mice. Note reduced F4/80 stain (macrophages) in Hmgb1*PV*° mice, see text. (D) ELISA measuring HMGB1 levels in
the serum of Hmgb1°PMe° mice (n = 20) compared to WT controls (n = 19) at 3, 6, and 9 mo after asbestos exposure. Box-and-whisker plots display the median,
interquartile, and minimum-maximum range. Comparisons between Hmgb1°PMe® and WT groups were calculated using a two-tailed unpaired Welch's t test.
*(P < 0.05).
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Table 1.

Mesothelioma Incidence and Survival of HMGB1-cKO Mice

Wt1CreERT2/+ ngb7f/f LysMCre/+ LysMCre/+ ngb7f/f
Mouse Genotype  Hmgb1** Hmgb1™"  We1CeSR2 ymap 1+ (Hmgh 14PMes) Hmgb1** (Hmgb 14y
Mesothelioma 31/32(97%) 38/40 (95%) 21/24 (88%) 21/33 (64%) 17/33 (52%) 7/22 (32%)
Incidence
Median Survival 308 d 329d 331d *450 d N/A N/A

Hmgb1*PM*° mice had a significantly longer mesothelioma-specific survival (median survival, 450 d; *P = 0.0162) compared to all three controls.

Serum Analyses during the Long-Term Experiment. We collected
serum samples before and after completing all asbestos injections
from Hmgh1*™*° mice and from its specific control W1 <" ¥ /"
Hmgh """ mice, as well as from Hmgh1*™" mice and its specific
control LysM“™"*-HmghI'"* mice. We did not observe any
difference in the basal levels of HMGBLI in the serum among either
of the HMGB1-cKO mice and their respective control groups
prior to asbestos exposure (Fig. 5D and SI Appendix, Fig. S10A4).
ngb]Ap Meso ice showed a significant (P < 0.05) decrease in
serum HMGBI levels compared to WT controls during the first
3 mo following the completion of asbestos injections (Fig. 5D).
This finding was in line with and supported the reduced amounts
of HMGBI in the peritoneal cavity we detected in the short-
term experiment (Fig. 2G). However, serum samples taken
at 6 and 9 mo did not reveal a sustained significant difference
among Hmgbl ApMeso 3 hd controls (Fig. 5D). We attributed
this finding to the release of HMGBI from macrophages that
progressively accumulate at sites of chronic inflammation around
asbestos deposits in the peritoneum. In Hmgb1 ApMeso ice, only
mesothelial cells cannot express HMGB1; macrophages and other
cells contain normal amounts of HMGBI1. The HmgbI AMYe ice,
instead, did not show any difference in the concentration of serum
HMGBI during the first 3 mo, but HMGB1 was significantly (P
< 0.05) reduced compared to controls at 6 mo following asbestos
injections (S/ Appendix, Fig. S10 Band C). The 9-mo time point in

these mice was not collected as too few mice were alive (see above).

Discussion

Our experiments revealed that the HMGBI released by mesothe-
lial cells in the microenvironment is one of the key modulators of
the inflammatory response that leads to the development of
asbestos-induced mesothelioma. We found that the size of gran-
ulomas and atypical mesothelial hyperplasia that form around
asbestos deposit in tissue were significantly reduced in Hingh1°?
mice compared to controls. Following asbestos exposure, although
Hmgh1*"° mesothelial cells accumulated more DNA damage
and released significantly higher amounts of proinflammatory
histone H3 and nucleosomes compared to WT control cells, the
inflammatory response to asbestos deposits in the tissues was much
less pronounced compared to controls. 7NFa secretion plays a
key role in asbestos-induced inflammation and pathogenesis (19).
Accordingly, 7NFaRKO mice did not develop inflammation and
lung fibrosis upon inhalation of asbestos (35). In these HmgbI ApMeso
mice, TNFa was almost undetectable around asbestos deposits
and in the granulomas. Instead, HMGB1 and 7/NFa were strongly
expressed by the cells forming the granulomas in all three groups
of HMGBI1 WT control mice and in the HmghI*™" mice. The
significance of these early findings—11 wk post asbestos injec-
tion—is supported by the observation that the incidence of mes-
othelioma was significantly lower in Himgh1*™*° mice comgared
to three separate mouse control groups. Furthermore, Himgh 1°?"*°
mice had a significantly longer mesothelioma-specific survival
compared to three control groups. Thus, HMGB1 plays a central
role in asbestos-induced mesothelioma (Fig. 6).

PNAS 2023 Vol.120 No.39 e2307999120

It has been reported that the regulatory activities of extracellular
HMGBI1 are influenced by thiol modifications (36-38). According
to these studies, necrotic cells release mainly the all-thiol (reduced
form) HMGB1, which can bind the chemokine CXC12 and signal
through CXCR4 to induce chemotaxis. Apoptotic cells, on the
other hand, release HMGBI1 that is partially or completely oxidized
at the cysteine residues. Completely oxidized HMGBI is report-
edly unable to stimulate cytokines or induce chemotaxis. Activated
macrophages, instead, secrete HMGB1 with C23-C45 disulfide
bond and C106 thiol form, which can induce cytokine secretion.
Therefore, different HMGB1 redox subtypes may have different
activities. Furthermore, these HMGBI isoforms can be modified
by the oxidation status in the microenvironment (37, 38). Asbestos
fibers induce ROS that may modify the HMGBI redox status (14).
Therefore, it is difficult to predict the thiol modifications of
HMGBI in a microenvironment characterized by chronic inflam-
mation induced by asbestos fibers. We hope to address this biolog-
ically important issue in future studies.

The finding that most tumor nodules in Hmgbl mice
contained both HMGB1-positive and HMGB1-negative meso-
thelioma cells (about 20% and 80%, respectively) may be related
to the field effect of asbestos, which causes mesotheliomas to be
polyclonal malignancies (34). This finding also suggests that
Hmgh1™'" mesothelial cells may be more prone to malignant trans-
formation compared to HMGB1-cKO mesothelial cells since in
Hmgbl1 ApMeso mice, the HMGB1-expressing mesothelial cells only
represent a%roximately 10% of the total mesothelial cells.

Hmgh1*™* mice could only be studied for a limited period of
time because these mice, as reported by Dr. Taniguchi (27), were
found to be vulnerable to bacterial infection, and therefore, most
of them died within 1y, precluding a complete comparison with
the Hmgh1**™*° mice.

Hmgh1*™* mice are HMGB1-deficient in both granulocytes
and macrophages. We did not expect that granulocytes played a
significant role in asbestos pathogenesis since granulocytes only
participate in the very early stages of inflammation and are lysed
and replaced by macrophages within 1 to 2 d (39, 40). However,
we did not know which among macrophages and mesothelial cells
were primarily responsible for HMGBI secretion in response to
asbestos deposition in tissue.

We found that during the first months following asbestos expo-
sure, Hmgh1*™° mice had significantly reduced amounts of
HMGB! in the peritoneal cavity compared to Hmgh1**" and
control mice. This evidence indicates that mesothelial cells are the
primary producer of HMGB1 during the early phases of inflam-
mation caused by asbestos. This interpretation is further supported
by the reduced levels of serum HMGB1 observed in Himgh 1"
mice at 3 mo time point following asbestos exposure. HMGB1
released by mesothelial cells plays a critical role in inducing inflam-
mation that drives asbestos carcinogenesis. In Hmgh 1*?V**° mice,
only mesothelial cells do not express HMGB1, while macrophages
and other immune cells contain normal amounts of HMGBI.
The amount of HMGB1 secreted by macrophages in Hmgh 1P
mice during the first 3 mo post asbestos injection was insufficient
to cause a detectable increase in HMGB1 concentrations in the

ApMeso
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Fig. 6. Schematic representing the major findings in the different HMGB1-cKO mouse models: Hmgb 1" (Left); Hmgh1PMe=° (Middle); and Hmgh1*™V' (Right).
(Left) Hmgb 1™ In these mice, asbestos causes necrosis of the mesothelial cells that release HMGB1 extracellularly. In the extracellular space, HMGB1 kick-starts
the inflammatory process observed upon asbestos deposition in tissues, by promoting TNFa secretion and by activating macrophages. Activated macrophages
secrete HMGB1 and TNFa sustaining inflammation, the formation of large granulomas and promoting mesothelial cell transformation. (Middle) Hmgh1P™es°:
The mesothelial cells of these mice lack HMGB1 and therefore they are more susceptible to asbestos-induced DNA damage and cytotoxicity. These mesothelial
cells release low amounts of TNFa. In the peritoneal cavity of these mice, we measured low levels of IL-3 and IL-10 and high levels of CXCL1. Macrophages over
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cytokines IL-4 and IL-5. These mice had poor overall survival as they were susceptible to bacterial infections. Created with Biorender.com

serum or in the peritoneal fluid and to activate 7NFa production.
At later time points when an increasing number of macrophages
accumulate in the peritoneal cavity forming granulomas around
asbestos deposits, macrophages became the main producers of
HMGBI, and we could no lo%er detect differences in HMGB1
serum levels among Hmgh1*"*° and controls. Accordingly, the
Hmgh1*™"* mice, in which macrophages do not express HMGB1,
did not show any difference in the concentration of serum
HMGBI during the first 3 mo, but HMGBI was significantly
(P < 0.05) reduced compared to controls at 6 mo after asbestos
injections (S Appendix, Fig. S10 B and C).

We observed a significant increase in the relative percentage of
M1 -activated macrophages (F4/80°CD86°CD206") paralleled by
a corresponding decrease in the percentage of M2 macrophages
(F4/80"CD86' CD206") in both Hmgb1 PMeso 0 nd nglz]A yle
mice compared to WT controls (Fig. 3 Fand G and SI Appendix,
Fig. S4 D and E). Moreover, a decrease in the macrophage subpop-
ulation CD86'CD206" was present in the lavage from Himgh1*™*
mice (SI Appendix, Fig. S4 G). These alterations alone, in the
absence of the HMGBI1-7NFa-driven inflammatory response,
were insufficient to induce detectable histological differences
among Hmgh1*™" and controls (SI Appendix, Fig. S3A), differ-
ences that were readily detectable in Hmgh1*™° mice (Fig. 2E).

The development of mesothelioma in Hmgh1**™*° mice was
difficult to predict when this work was initiated. On the one hand,
these mice lack HMGBI in the nucleus in most (~90%) meso-
thelial cells: Since HMGB1 protects DNA from genetic damage

10 0f 12  https://doi.org/10.1073/pnas.2307999120

(41, 42), these mice should be more susceptible to the genotoxic
effects of asbestos. On the other hand, most of the mesothelial
cells of Hmgh1*™° mice do not contain or release HMGBI;
thus, these mice should be less susceptible to HMGB1-driven
inflammation caused by asbestos exposure. In previous studies,
we and others linked extranuclear HMGB1 to 7NFa release and
mesothelioma development (19, 21-23, 43). Here, we found that
mesothelial cells from Hmgh1*"™*° mice are more susceptible to
asbestos-induced genetic damage. However, this increased sus-
ceptibility was not sufficient to cause the same high incidence of
mesothelioma observed in the 3 control mouse groups which
express HMGB1 in all their mesothelial cells and therefore show
less genetic damage upon asbestos exposure. Therefore, our results
indicate that the HMGBI released by mesothelial cells into the
microenvironment is crucial for mesothelioma development. We
found that the HMGBI released by mesothelial cells in the
microenvironment nearby asbestos deposits in tissue promotes
the chronic inflammatory response leading to granuloma forma-
tion and atypical mesothelial hyperplasia, processes that, over
time, may lead to the growth of mesothelioma. Recent studies
revealed that also inactivating BAPI mutations cause the release
of HMGBI from the nucleus to the cytoplasm and to the extra-
cellular space (23). This finding underscores the central role of
HMGBI in mesothelioma and provides a common mechanistic
link among asbestos-induced mesotheliomas and the mesotheli-
omas that develop in carriers of germline BAPI mutations. This
common link could be exploited in chemopreventive approaches.

pnas.org
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In summary, our findings elucidated the cell types involved in
the release of HMGBI that follows asbestos deposition in tissues
and that drive the chronic inflammatory process. The increased
DNA damage we observed in mesothelial cells lacking nuclear
HMGBI appeared to play a lesser role in promoting mesothelioma
compared to the tumor-promoting role of extracellular HMGB1
and the related inflammatory response because Hmgh1*™*° mice
had delayed and reduced mesothelioma formation and improved
survival. Our results point to the HMGBI released by mesothelial
cells as the culprit and thus the main target to design therapies to
interfere with the pathogenic process caused by asbestos that, over
time, may lead to mesothelioma.

Materials and Methods

Animal Models. All animal care and experiments were in accordance with the
Association for Assessment and Accreditation of Laboratory Animal Care guide-
lines (http://www.aaalac.org) and with approval from the University of Hawaii
Institutional Animal Care and Use Committee (Protocol # 09-682). ngb7ﬂ"x’flux
mice, WtT“°2* and LysM“* were generated based on the previous publica-
tion of Tadatsugu Taniguchi and provided by Tak W. Mak (University of Toronto)
for cross-breeding to generate indicated HMGB1 knockout in mesothelial cells
(Hmgb12°&) orin myelomonocyte lineage cells (Hmgh7°"") (17, 27). All mice
were housed under a 12-h light-dark diurnal cycle and provided with a stand-
ard rodent chow and water ad libitum throughout all experiments. To study the
effects of crocidolite asbestos on mesothelioma tumorigenesis, 8- to 12-wk-old
Hmgb 14" mice were injected intraperitoneally (i.p.) with 1 mg tamoxifen in
corn oil for five consecutive d to induce Cre-recombinase expression. Two wk were
given for Cre-mediated HMGB1 recombination to ensue. All mouse groups were
subjected to i.p. crocidolite ashestos injection of 0.5 mg once per week for 10 wk.

Asbestos preparation, isolation and culture of murine mesothelial cells, and
isolation and culture of murine BMDM, see SI Appendix.

Determination of Micronuclei Frequency. Micronuclei from a minimum of
100 interphase cells were quantified in crocidolite-treated cultures, as well asin
untreated (PBS only) cultures, four independent experiments (biological repli-
cates: N = 9 WT; N = 7 Hmgh 1°P"%°). See SI Appendix for additional details.

Western blot and qRT-PCR analyses were according to standard procedures,
see S/ Appendix.

Cytokines and Chemokines Assay. The levels of 32 cytokines and chemokines
were detected in peritoneal lavages and serum samples using murine cytokine/
chemokine multiplex kits according to the manufacturer's instructions (EMD
Millipore Corporation, cat. no. MCYTMAG-70K-PX32). The filter plate was ana-
lyzed using a Luminex® 200™ System, and concentrations of each cytokine were
determined using xPONENT® Version 3.1 software. See S/ Appendix for details.

Flow Cytometry. Cellular fluorescence was measured using an Attune Nxt
Flow Cytometer (Invitrogen), and data were analyzed using FlowJo 11 (Becton
Dickinson). Antibody concentrations were determined by titration, and BD
CompBeads (BD Biosciences) were used to perform compensation. Cutoff gates
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