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The Fibre Pathogenicity Paradigm

The fibre pathogenicity paradigm is the most robust SAR for any particle
Derived from human, animal and in vitro studies over 25 years

Holds true for asbestos, glass fibre, ceramic fibres — no fibre so far studied has
violated the paradigm

So is regardless of chemistry, but is based on shape and persistence in the lungs

Paradigm states that only long (> 5um), thin (< 3um) and biopersistent
fibres are pathogenic

Government Report: ‘UK Nanotechnologies Strategy’' (2010):

Poland et al (2008) ‘Carbon nanotubes introduced into abdominal cavity display asbestos-like Pathogenicity’

ken.donaldson



Warnings About Carbon Nanotubes
Potential for Harm

‘...Given previous experience with asbestos, we believe that
nanotubes deserve special toxicological attention...” 2004

nature

COMMENTARY

Safe handling of nanotechnology

The pursuit of responsible nanotechnologies can be tackled through a series of grand challenges,
argue Andrew D. Maynard and his co-authors.

‘....Fibre-shaped nanomaterials possibly represent a
unique inhalation hazard, and their pulmonary toxicity
should be evaluated as a matter of urgency..... failure
to pick up asbestos-like behaviour as early as possible
would be potentially devastating to the health of
exposed people and to the future of the
nanotechnology industry....” 2006

ken.donaldson@ed.ac.uk



Potential Carcinogenicity of Carbon Nanotubes — In Vivo Analysis

2014 - IARC: only one Carbon Nanotube - MWCNT-7 - classified in Group 2B

/ MWCNT-7 N\
Long, large-diameter, rigid MW tubes - when delivered either IP or IS induced Mesothelioma
(Tagaki, 2008; Nagai, 2011; Sakamoto, 2009)

Short, thin, tangled MWCNT delivered intra-peritoneally did NOT induce mesothelioma (Muller, 2009)

Long, rigid MWNT — more potent than thin, flexible or curved CNT in inducing Mesothelioma

Q?ittinghaussen, 2014) /

Above studies, using bolus delivery to peritoneum, confirmed by trans-tracheal intrapulmonary spraying:
Longer, rigid MWCNT (~150 nm D/~8 um L) translocate to the pleura & induce  Inflammation/Fibrosis
than shorter/thinner CNT (Xu, 2014);

>100 weeks — induced Mesothelioma, plus Lung Ademoma and Carcinomas (Suzui 2016)

Chronic Inhalation - MWCNT-7 at 0.2 or 2mg/m3 induced Lung Adenoma & Carcinoma but no Mesothelioma (Kasai, 2016)

@ may act as Tumor Promoters in development of Lung Cancer — 3MC followed by inhaled MWCNT-7 (Sargent, 2013)/

GAPS in our understanding of Mechanisms of Carcinogenicity of Asbestos & HARNs (Kuempel, 2017):

End-stage & Pre-neoplastic Endpoints in animal studies - defined in comparison with Human Pathology




Dissecting the Molecular Changes in MPM — a Disease linked with direct Fibre Exposure

Malignant Mesothelioma

Foreign Fibres
(Asbestos; Carbon Nanotubes?)
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Pathogenicity of Fibres in the Pleural Cavity MRC

Pathogenic characteristics of fibres

Lon .
g i Frustrated Phagocytosis
Not completely enclosed by macrophages producing
frustrated phagocytosis; macrophages containing long t?
Thin fibres have reclt‘lced motility
Small aerodynamic _° :
diameter enables {
deposition beyond the
ciliated airways Biopersistent 5 um
Retains fibrous shape overlong- _—
Aim
Depos| Inges

To investigate the molecular changes that

MV .
-] occur at the mesothelium as a consequence
* Prolif of direct exposure to fibres

* GranbrorraTorTraton

* Fibrosis

Underlying molecular mechanisms are not fully understood

Exposure  mo) Chronic )  Mesothelioma

Inflammation



Fibre Panel MRC
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in vivo studies
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Long Carbon
Nanotubes (LNT)
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_
Long fibre amosite Short fibre amosite Long straight carbon Short straight carbon
asbestos asbestos nanotubes nanotubes

Manville Manville University of Nanostructured and
Corporation, South Corporation, South Manchester, Amorphous Material
Africa Africa Dr. lan Kinloch Inc.

Diameter (nm) 1000 700 165 125

% fibres > than 50 4 85 0

15um

Soluble Aqueous Extract of Metal Contaminants
R S S N N S N O S C
“ <0.1 2.1 <0.1 3.1 547 36.3 18.4 31.5 3.1 10.5

LFA <0.1 1.4 3.4 5.2 853 104.8 5.1 2.0 <0.1 27.3

SNT <0.1 <0.1 <0.1 <0.1 24.2 50.3 21.6 0.4 <0.1 5.3

LNT <0.1 3.4 <0.1 1.2 37.3 3.6 6.2 0.3 <0.1 <0.1

Metal concentration expressed as pug/g. The limit of detection by this method is 0.1 pg/g.



Animal Model to explore Fibre-induced changes in the Pleura

Aim
To investigate the molecular changes that occur at the
mesothelium as a consequence of direct exposure to fibres

4 )
Mouse model SFA/LFA 25 pg/mouse
Chest wall SNT/LNT 0.5, 1.0, 2.5 or 5 pg/mouse
Pleural space \ )

Pleural c \

Instillation e 1week

Xposure

e 12 weeks

* 6 months

( Upto 20 monthsj

Parietal Pleura

Visceral Pleura

Wild type C57/BI6 mice
Single injection

Murphy et al 2011 Am J Path



Toxicology
Unit

Experimental Design MRC

End points
1 and 12 weeks, 6 months after single injection
Too early for mesothelioma development (1-2 yrs in wild type mice) — extended to 20 months

Parietal pleura

Histology
Immunostaining

Activation of
— signalling
pathways

Lung Kinome profiling |

Pleural space

Rib cage

6 i \ Pleural Lavage

|
Diaphragm \\v’\' éi‘ Cell counts

MRNA arra
y Laser Microdissection

g-PCR
fm124@le.ac.uk BiSulfite Sequencing/Me-DIP Chip Array



Length-dependent Pleural Lesion Development

Short Fibre Long Fibre Short Carbon Long Carbon
Asbestos Asbestos Nanotubes Nanotubes
L 4§ NG e '5‘
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VC SFA LFA SNT LNT

1 week

12 weeks




Common Molecular Signature in Long Fibre-induced Lesions

Changes in mRNA levels in
whole diaphragm of animals
exposed to SFA, SNT, LFA
and LNT compared to VC.

|

‘Cluster Analysis’ reveals
common gene expression
signature between LFA & LNT
- induced lesions.

" "

Pathways involved:

- Inflammatory processes,
- Macrophage recruitment,
- Cytokine production, etc
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Common Pattern of Signaling Pathway Activation in Long Fibre-induced Lesions MRC | oo
Unit

& Mesothelioma Tissue from Patients
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Do Long Fibre-Induced Inflammatory Lesions Progress to Malignant Mesothelioma? J§pRc [l

Unit

6 months exposure
Inflammatory Lesions

1 year exposure
LNT-induced mesothelioma

LNT

Proliferation
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Progression of Long-Fibre Pleural Lesions to Malignant Mesothelioma Toxicology
Unit

Long CNT

Long Fibre-induced Pleural Lesions progress to Mesothelioma with loss of p19




LNT-induced Tumour Displays Loss of the Tumour Suppressor Gene Cdkn2a MRC | rriceiosy
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Hypermethylation of the Cdkn2a (p16'"*?/p19°") Locus in S —

LNT-induced Mesothelioma & LNT-induced Inflammatory Lesions
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Mouse Model Identifies Epigenetic Signatures during Disease Progression MRC | i
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Conclusions

LONG PRO-ONCOGENIC
CARBON SIGNALLING 3 ALLELIC DELETION OF
NANOTUBES ' p19"”
O % iy
The longer, straighter &yée Ebzre-like ple, the more ely to be
FIBRE RE;ENT'ON g % 2a (plsxnku/plgmf) I LOSS OF
INFLAMMATION 5 o ERMETHYLATION | TUMOUR SUPPRESSORS
e 4 | p16 & p19
- unsurpr}mﬁg, given\ﬂ\? ‘Fibre Pat i ; /
LONG o
FIBRE OXIDATIVEDNA TRANSCRIPTIONAL
ASBESTOS DAMAGE SILENCING

" Not all Carbon Nanotubes are created e otubes

is less likely to result in disease than

LATENCY MALIGNANCY

= Common molecular changes occur in LFA- and LNT-induced pleural lesions that progress
‘FibreoPantsogbaicityParadigm’ Update:
W-idtl,&b Len%;ch, ,Biogciﬁrsisterhce & a 4t factor ‘mechanical bendinFE’gzznzegs;gﬁagglet,al, T,?P 2018)

errant signalling pathway activation, hypermethylation o etion o
p19°7in LNT-induced tumours recapitulates common features of human mesothelioma

= The common molecular signature of LFA- and LNT-induced pathology demonstrates a
similar hazard mechanism leading to pleural disease, including malignant mesothelioma

Chernova et al, Current Biology. 2017 & Unpublished
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Experimental Dose and Relevance to Human Exposure

Mice were exposed to 5 ug of CNT per animal

The ratio of human to mouse alveolar surface is 1255
The equivalent exposure of 5 ug CNT in mouse is 6.275 mg for a human
The 2013 exposure limit for carbon nanotubes recommended by NIOSH is 1 pg/m3
A volume of 10 m3 of inspired air per 8-hr shift
48 weeks per year
40 year working life-time

A worker exposed to 1 pg/m3 would inhale 96 mg of carbon nanotubes




Loss of the Tumour Suppressor Gene Cdkn2a in LNT-induced Tumours MRC | (acetosy

In 3 independent studies 20-25% of animals exposed to LNT developed pleural mesothelioma

All mesotheliomas displayed loss of p16 and p19 protein expression

p19
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Summary & Open Questions MRC

Aberrant signalling pathway activation, hypermethylation of Cdkn2a, and deletion of p19~7*
in Long Fibre-induced tumour recapitulates common features of human mesothelioma

The common molecular signature of LFA- and LNT- induced pathology demonstrates a
similar mechanism leading to pleural disease, including malignant mesothelioma

LoNG PRO-ONCOGENIC
CARBON SIGNALLING ALLELIC DELETION OF
NANOTUBES ; p19*”
o
o
=
FIBRE RE;ENT'ON § g 2a (P1 6xnk44/p1 94;1') LOSS OF
INFLAMMATI T =8 >ERMETHYLATION TUMOUR SUPPRESSORS
e p16 & p19
LONG
FIBRE OXIDATIVE DNA TRANSCRIPTIONAL
ASBESTOS DAMAGE SILENCING

LATENCY MALIGNANCY

= Longitudinal Study of molecular determinants of Fibre-induced malignant transformation

= WT vs. GEMMs; Cre-targeted deletion of key tumour suppressor genes in target tissues

Chernova et al, Current Biol. 2017; Unpublished



LNT-induced Inflammatory Lesions Display Loss of the Tumour Suppressors
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pl6 and p19

LNT-induced Inflammatory Lesions at 1 year
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LFA-induced Mesothelioma Displays Loss of the Tumour Suppressor Toxicology
Proteins p16 and p19
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Hypermethylation of the Cdkn2a (p16'"4?/p192) Locus in

LFA-induced Mesothelioma and LFA-induced Inflammatory Lesions

Cdkn2a p16'*? exon 1o CpG island

Mo

Cdkn2a p19°7 CpG island (5'region flanking exon 1f3 )
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Hypermethylation is a Common feature of Long-Fibre-induced

Toxicology

Chronic Inflammatory Lesions Unit
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Pathogenicity of Fibres in the Pleural Cavity MRC

Pathogenic characteristics of fibres

Lon .
g i Frustrated Phagocytosis
Not completely enclosed by macrophages producing
frustrated phagocytosis; macrophages containing long t?
Thin fibres have reclt‘lced motility
Small aerodynamic _° :
diameter enables {
deposition beyond the
ciliated airways Biopersistent 5 um
Retains fibrous shape overlong- _—
Aim
Depos| Inges

To investigate the molecular changes that

MV .
-] occur at the mesothelium as a consequence
* Prolif of direct exposure to fibres

* GranbrorraTorTraton

* Fibrosis

Underlying molecular mechanisms are not fully understood

Exposure  mo) Chronic )  Mesothelioma

Inflammation



Dissecting the Molecular Changes in MPM — a Disease linked with direct Fibre Exposure

Malignant Mesothelioma

Foreign Fibres
(Asbestos; Carbon Nanotubes?)
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Conclusions MRC

Common molecular changes occur in LFA- and LNT-induced pleural lesions that progress
to mesothelioma

Aberrant signalling pathway activation, hypermethylation of Cdkn2a, and deletion of
p19°7 in LNT-induced tumour recapitulates common features of human mesothelioma

The common molecular signature of LFA- and LNT- induced pathology demonstrates a
similar mechanism leading to pleural disease, including malignant mesothelioma

LONG PRO-ONCOGENIC
CARBON SIGNALLING ALLELIC DELETION OF
NANOTUBES : p19™
>
o
\ z / \
=
FIBRE RE;(’ENTION = % dkn2a (p16™/p19"") .
INFLAMMATION 5 = HYPERMETHYLATION TUMOUR SUPPRESSORS
s p16 & p19
£ \ /'
LONG
FIBRE OXIDATIVE DNA TRANSCRIPTIONAL
ASBESTOS DAMAGE SILENCING

~ LATENCY MALIGNANCY

Chernova et al, Current Biol. 2017; Unpublished
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Carbon Nanotubes

* Hexagonal arrangements of carbon atoms built up to Diaricter 18 -
form a fibre

 Exceptional properties including strength & conductivity

Length

* Capacity for production estimated >2 Kilotonnes/year....
100nm-100spm

rapidly increasing

* Global market for carbon nanotubes is estimated to be
worth over $1 billion (2014)

e Similar structure to asbestos

Carbon Nanotubes (x6000)
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The Fibre Pathogenicity Paradigm

The fibre pathogenicity paradigm is the most robust SAR for any particle
Derived from human, animal and in vitro studies over 25 years

Holds true for asbestos, glass fibre, ceramic fibres and the only organic fibre so
far studied in this context (p-aramid) — no fibre so far studied has violated the
paradigm

So is regardless of chemistry but is based on shape and persistence in the lungs

Paradigm states that only long (>20um), thin (<3um) and biopersistent fibres
are pathogenic

ken.donaldson@ed.ac.!



Conclusions

Long MWCNT behave like long asbestos in showing rapid
Inflammatory and fibrogenic effects in a model of direct mesothelial

exposure

The longer, straighter and more fibre-like the CNT sample, the more

pathogenic it is likely to be
— unsurprising given the Fibre Pathogenicity Paradigm

Not all nanotubes are created equal — Exposure to short and/ or curled
nanotubes is less likely to result in disease than exposure to long,
straight fibres

ken.donaldson@ed.ac.!



Future Research

— Are long CNT released into the occupational environment in a
respirable form in significant amounts?

— This model bypassed the lungs and delivered the CNT straight
onto the mesothelium

— Would inhaled CNT reach the pleural mesothelium in sufficient
amounts to cause disease?

— This study only addresses the fibre effect and the mesothelioma
risk

— Research should address a long CNT effect in the lung (?
fibrosis/lung cancer) and a compact particulate CNT effect in the

lungs (?fibrosis)

ken.donaldson@ed.ac.!
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Fibre Panel MRC

Short Fibre [ Long Fibre \ Short Carbon Long Carbon
Asbestos (SFA) Asbestos (LFA) Nanotubes (SNT) Nanotubes (LNT)
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2013 exposure limit to carbon nanotubes recommended by NIOSH is 1 pg/m?3

\ A worker exposed to 1ug/m3 would inhale ~96 mg of carbon nanotubes /
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Experimental Dose and Relevance to Human Exposure

/ Mice were exposed to 0.5, 1.0, 2.5 or 5 pug of CNT per animal \
Equivalent exposure to 2.5 ug CNT in mouse is 3.137 mg for a human

2013 exposure limit to carbon nanotubes recommended by NIOSH is 1 pg/m?3

\ A worker exposed to 1ug/m3 would inhale 96 mg of carbon nanotubes /




Mercer et al. Particle and Fibre Toxicology 2010, 7:28
http/fwww.particleandfibretoxicology.com/content/7/1/28 » PARTICLE AND

E 2 FIBRE TOXICOLOGY

RESEARCH Open Access

Distribution and persistence of pleural
penetrations by multi-walled carbon nanotubes

Robert R Mercerux, Ann F Hubbs', James F Scabilloni’, Liying Wang1, Lori A Battelli', Diane Schwegler-BerryI
Vincent Castranova', Dale W Porter™
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Figure 9 Time course of MWCNT penetrations into the
subpleural tissue and intrapleural space. There was a significant
number of penetrations into the subpleural tissue and intmpleural
space with an initial spike at one day after aspiration with some
inftial clearmnce evident by the decline at 7 days. However the
number of penetrations in both spaces significantly increased after
day 7 and was still elevated 56 days after the initial aspiration. Data
from animals given a single aspiration dose of 80 pg. As indicated
by the asterisk, the number of subpleural tissue penetrmtions at 1
day was significantly different from the number of penetmtions at 7,
28 and 56 days. (Mean + SE N = 8).
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Carbon Nanotubes
Advantages and Applications

® New form of manufactured carbon fibre

® Hexagonal arrangement of carbon
atoms built up to form a fibre with
diameter in the nano range

® Extraordinary physicochemical

characteristics
— Exceptional strength, .. Carbon
: Mg w @
electrical and thermal . R

conductance

® Generally assumed that carbon
nanotubes are no more harmful than
graphite

), W

ken.donaldson@ed.ac.!



Nanotubes have always been around,
produced by combustion

CNT: accidental production

From 10,000 year —  From lean burning

old ice melt water flame (methane plus
‘....Particulates extracted ?r'gm a single section of a
10,000 year-old ice core melt ..... Particularly
significant were the presence of carbon nanotubes and
fullerene nanocrystals composing aggregated
particulates reflecting global combustion products
similar to contemporary, airborne carbon nanocrystal
aggregates..” .
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CNT — industrial
production

Global market for carbon
nanotubes is predicted to grow
to over $1 billion by 20142
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610/2014: Parietal pleura with spindle cell proliferation x 20 610/2014: Visceral pleural tumour predominantly composed of spindle cells. x 20



Dissecting the Molecular Changes in MPM - a Disease linked with direct Fibre Exposure

MPM Patient Samples Mouse Models
(late stage disease) (early and late stage disease)
o

Freshly-derived MPM cell lines / \

CAFs; Tumour-associated Macrophages <2 Year Study — Modulation of Lesion
- Fibrotic/Inflammatory Development
Lesions
3D Organotypic Model - MPM Explants - Mesothelioma?

- Mechanism of Fibre-induced Carcinogenesis

- Carbon Nanotubes Hazard Mechanism Study




