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1) The fibre pathogenicity paradigm is the most robust SAR for any particle

2) Derived from human, animal and in vitro studies over 25 years

3) Holds true for asbestos, glass fibre, ceramic fibres – no fibre so far studied has 

violated the paradigm 

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

5) Paradigm states that only long (> 5mm), thin (< 3mm) and biopersistent

fibres are pathogenic 

The Fibre Pathogenicity Paradigm

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

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



‘…Given previous experience with asbestos, we believe that 

nanotubes deserve special toxicological attention…’ 2004

‘….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

Warnings About Carbon Nanotubes
Potential for Harm

ken.donaldson@ed.ac.uk



MWCNT-7
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
(Rittinghaussen, 2014)

Potential Carcinogenicity of Carbon Nanotubes – In Vivo Analysis  

Above studies, using bolus delivery to peritoneum, confirmed by trans-tracheal intrapulmonary spraying:

Longer, rigid MWCNT (~150 nm D/~8 μm 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)

CNT 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

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



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

Foreign Fibres
(Asbestos; Carbon Nanotubes?) 

Malignant Mesothelioma

Blue Asbestos

Mutations:
(Reduced Apoptosis,
Increased Proliferation 
& Migration)

Activation of Macrophages

Frustrated Phagocytosis

Activation of Fibroblasts

Persistent 
Inflammation

DAMPs

ROS, RNS
Cytokines

Carcinogenesis:
Initiation
Progression

Direct Toxic Injury to Mesothelial cells 

MPM Patient Samples

(late stage disease)
Mouse Model

(early and late stage disease)



Pathogenicity of Fibres in the Pleural Cavity

Underlying molecular mechanisms are not fully understood

Pathogenic characteristics of fibres

Deposition of fibres along the mesothelium causes a variety of pathological changes

• Mesothelial cell damage
• Inflammation
• Proliferation
• Granuloma formation
• Fibrosis 

Mesothelioma

Exposure Chronic 
Inflammation

Mesothelioma

Aim 
To investigate the molecular changes that 

occur at the mesothelium as a consequence 
of direct exposure to fibres

5 µm

Frustrated Phagocytosis



Short Fibre 
Asbestos (SFA)

Long Fibre 
Asbestos (LFA)

Short Carbon 
Nanotubes (SNT)

Long Carbon 
Nanotubes (LNT)

Fibre Panel

Scale bar = 1 μm

Induced Lung Tumours and 

Mesothelioma in previous 

in vivo studies



LFA SFA LNT SNT 

Sample Long fibre amosite 

asbestos 

Short fibre amosite 

asbestos 

Long straight carbon 

nanotubes 

Short straight carbon 

nanotubes 

Source Manville 
Corporation, South 
Africa 

Manville 
Corporation, South 
Africa 

University of 
Manchester, 
Dr. Ian Kinloch

Nanostructured and 
Amorphous Material 
Inc.

Diameter (nm) 1000 700 165 125 

% fibres > than 

15µm 

50 4 85 0 

Sample Cd Co Cr Cu Fe Mn Ni Ti V Zn

SFA <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

Soluble Aqueous Extract of Metal Contaminants

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

Fibre Panel



Mouse model

Wild type C57/Bl6 mice
Single injection 

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

Pleural 
Instillation

Murphy et al 2011 Am J Path

Animal Model to explore Fibre-induced changes in the Pleura

SFA/LFA 25 µg/mouse

SNT/LNT 0.5, 1.0, 2.5 or 5 µg/mouse

Exposure

• 1 week

• 12 weeks

• 6 months

• Up to 20 months



Histology 
Immunostaining

Kinome profiling

Laser Microdissection
q-PCR
BiSulfite Sequencing/Me-DIP Chip Array

mRNA array

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

fm124@le.ac.uk

Activation of 
signalling 
pathways 

Experimental Design

Pleural Lavage
Cell counts



1 week

12 weeks

VC SNT LNTSFA LFA

Length-dependent Pleural Lesion Development

Short Fibre 
Asbestos

Long Fibre 
Asbestos

Short Carbon 
Nanotubes

Long Carbon 
Nanotubes



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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Do Long Fibre-Induced Inflammatory Lesions Progress to Malignant Mesothelioma?
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Proliferation

Oxidative DNA damage

Pan-cytokeratin WT1

1 year exposure
LNT-induced mesothelioma
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Progression of Long-Fibre Pleural Lesions to Malignant Mesothelioma

LNTLong CNT

Pan-cytokeratin WT-1 p19

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



LNT-induced Tumour Displays Loss of the Tumour Suppressor Gene Cdkn2a

Cdkn2a (p16Ink4a/p19Arf)  

p16 Ink4ap19 Arf
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+1

Cdkn2a p16Ink4a exon 1a CpG island

+305

Hypermethylation of the Cdkn2a (p16Ink4a/p19Arf) Locus in
LNT-induced Mesothelioma  &  LNT-induced Inflammatory Lesions

+16

Cdkn2a p19Arf CpG island (5'region flanking exon 1b )

-410

Inflammatory Lesions

Inflammatory Lesions (pre-neoplastic)

LNT-Induced Tumour

Inflammatory Lesions

Inflammatory Lesions (pre-neoplastic)

LNT-Induced Tumour
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Diaphragm

WT

VC LFA LNT

DNA methylation

Microarray 

mRNA 

expression

Microarray 

25 mg 

(LFA)

1.0 mg

(LNT1.0)

Occupationally-relevant dose

Mouse Model Identifies Epigenetic Signatures during Disease Progression 



Conclusions

 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 
p19Arf in 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

 The longer, straighter & more fibre-like the CNT sample, the more pathogenic it is likely to be

- unsurprising, given the ‘Fibre Pathogenicity Paradigm’

 Not all Carbon Nanotubes are created equal – Exposure to short and/or curled Nanotubes

is less likely to result in disease than exposure to long, straight fibres

Chernova et al, Current Biology. 2017 & Unpublished

‘Fibre Pathogenicity Paradigm’ Update:

Width, Length, Biopersistence & a 4th factor ‘mechanical bending stiffness’ (Kane et al, TAP 2018)
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Frustrated Phagocytosis 

Ken Donaldson et al 2010

Short fibre Long 
Tangled

Incomplete or 
frustrated 

phagocytosis 

Long 



Mice were exposed to 5 mg of CNT per animal

The ratio of human to mouse alveolar surface is 1255

The equivalent exposure of 5 mg CNT in mouse is 6.275 mg for a human

The 2013 exposure limit for carbon nanotubes recommended by NIOSH is 1 μg/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 μg/m3 would inhale 96 mg of carbon nanotubes

Experimental Dose and Relevance to Human Exposure 



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

All mesotheliomas displayed loss of p16 and p19 protein expression 

Loss of the Tumour Suppressor Gene Cdkn2a in LNT-induced Tumours 

p19
p16



Summary & Open Questions

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

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

 Aberrant signalling pathway activation, hypermethylation of Cdkn2a, and deletion of p19Arf

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

Chernova et al, Current Biol. 2017; Unpublished
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Hypermethylation of the Cdkn2a (p16Ink4a/p19Arf) Locus in
LFA-induced Mesothelioma and LFA-induced Inflammatory Lesions

LFA-induced Lesions

p19
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p16

LFA-Induced Tumour

LFA-induced  Inflammatory     

Lesions

Cdkn2a p16Ink4a exon 1a CpG island

Cdkn2a p19Arf CpG island (5'region flanking exon 1b )



Hypermethylation is a Common feature of Long-Fibre-induced 
Chronic Inflammatory Lesions
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Pathogenicity of Fibres in the Pleural Cavity

Underlying molecular mechanisms are not fully understood

Pathogenic characteristics of fibres

Deposition of fibres along the mesothelium causes a variety of pathological changes

• Mesothelial cell damage
• Inflammation
• Proliferation
• Granuloma formation
• Fibrosis 

Mesothelioma

Exposure Chronic 
Inflammation

Mesothelioma

Aim 
To investigate the molecular changes that 

occur at the mesothelium as a consequence 
of direct exposure to fibres

5 µm

Frustrated Phagocytosis



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

Foreign Fibres
(Asbestos; Carbon Nanotubes?) 

Malignant Mesothelioma

Blue Asbestos

Mutations:
(Reduced Apoptosis,
Increased Proliferation 
& Migration)

Activation of Macrophages

Frustrated Phagocytosis

Activation of Fibroblasts

Persistent 
Inflammation

DAMPs

ROS, RNS
Cytokines

Carcinogenesis:
Initiation
Progression

Direct Toxic Injury to Mesothelial cells 

MPM Patient Samples

(late stage disease)
Mouse Model

(early and late stage disease)
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Conclusions

 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 
p19Arf 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

Chernova et al, Current Biol. 2017; Unpublished



Carbon Nanotubes (x6000)Asbestos (x4000)

• Hexagonal arrangements of carbon atoms built up to 
form a fibre

• Exceptional properties including strength & conductivity

• Capacity for production estimated  >2 Kilotonnes/year….
rapidly increasing

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

• Similar structure to asbestos

Carbon Nanotubes
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1) The fibre pathogenicity paradigm is the most robust SAR for any particle

2) Derived from human, animal and in vitro studies over 25 years

3) 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 

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

5) Paradigm states that only long (>20mm), thin (<3mm) and biopersistent fibres 

are pathogenic 

The Fibre Pathogenicity Paradigm
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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
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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)



Short Fibre 
Asbestos (SFA)

Long Fibre 
Asbestos (LFA)

Short Carbon 
Nanotubes (SNT)

Long Carbon 
Nanotubes (LNT)

Fibre Panel

Scale bar = 1 μm

Induced Lung Tumours and 

Mesothelioma in previous 

in vivo studies

Mice were exposed to 0.5, 1.0, 2.5 or 5 mg CNT per animal

Equivalent exposure to 2.5 mg CNT in mouse is 3.137 mg for a human

2013 exposure limit to carbon nanotubes recommended by NIOSH is 1 μg/m3

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



Mice were exposed to 0.5, 1.0, 2.5 or 5 mg of CNT per animal

Equivalent exposure to 2.5 mg CNT in mouse is 3.137 mg for a human

2013 exposure limit to carbon nanotubes recommended by NIOSH is 1 μg/m3

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

Experimental Dose and Relevance to Human Exposure 
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• 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, 

electrical and thermal 

conductance

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

Carbon Nanotubes 
Advantages and Applications

Carbon Nanotubes (x6000)

Asbestos (x4000)
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CNT: accidental production 

From 10,000 year –

old ice melt water

From lean burning 

flame (methane plus 

air). 

Nanotubes have always been around, 

produced by combustion

‘….Particulates extracted from 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..’.1 

1) Murr, L. E., Esquivel, E. V., Bang, J. J., de la Rosa, G., and Gardea-
Torresdey, J. L. (2004). Chemistry and nanoparticulate 
compositions of a 10,000 year-old ice core melt water. Water 
Research 38, 4282-4296.

Global market for carbon 
nanotubes is predicted to grow 

to over $1 billion by 20142

2) Thayer, A. M. Carbon nanotubes by the metric ton: 
Anticipating new commercial applications, producers increase 
capacity. Chem. Eng. News 85, 29-38 (2007)

CNT – industrial 

production 
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Progression of Lesions at 6 Months Post-Injection:

LNT-induced Mesothelioma at 1 Year Post-Injection?

LFA LNT

Ki-67

VC

p-Histone H3

1 Year Post-

Injection

LNTLNT



MPM Patient Samples

(late stage disease)

Mouse Models

(early and late stage disease)

Modulation of Lesion 

Development

- Mechanism of Fibre-induced Carcinogenesis

- Carbon Nanotubes Hazard Mechanism Study

Freshly-derived MPM cell lines

CAFs; Tumour-associated Macrophages

3D Organotypic Model - MPM Explants

<2 Year Study –

- Fibrotic/Inflammatory  

Lesions

- Mesothelioma?

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


