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MWCNT-7: Group 2B
(possibly carcinogenic)
"Long, thick, straight”
otoutroc.  Other MWCNTS: Group 3
if /OLUME 11 (not classifiable)

»
a SWCNTs: Group 3




Table 6. Overall summary of studies of lung and pleural responses to specific types of carbon nanotube or nanofiber

Type and Dimension (mid-point) | Lung Effects (rat, mouse)

source of

carbon Diameter | Length Sopa st | Paoheliio): Persistent

nanotube or (nm) (um) interstitial alveolar Genotoxicity | Fibrosis TR

nanofiber K retention hyperplasia

Multi-walled Carbon Nanotube (MWCNT)

Baytubes 10 0.2 Pauluhn 2010 Pauluhn 2010 Pauluhn 2010
Porter 2010,

MWCNT-7 50 4 Mercer 2011, Porter 2013; ;g;‘z"-_’KZOl‘." %gig ﬁso

(Mitsui) 2013; Xu 2012 | Sargent 2014 L ppcIoey

/ 2015 2011, 2013;

Kasai 2015

MWCNT-N

(Nikkiso) nr 3.02 Xu 2012

HE Morimoto
Nikkiso 63 14 Oyabu 2011 2012
Ryman-
HELIX 20 20 Rasmussen
2009b

Ma-Hock

Nanocyl 10 5 Muller 2005 | Ma-Hock 2009 :‘g‘"e’ cene ggf,:‘a"" 2009; Muller
2008 (G)

Arkema 13 2:5 Cao 2014

CM-95/100 | 4 0.5 Yu 2013 Kim 2014 Kim 2014

Mitsui 40-50 13 Muhlfeld 2012 Muhlfeld 2012

Nanolab 15 1-5 Mauhlfeld 2012 Muhlfeld 2012

Single-walled Carbon Nanotube (SWCNT)

«| Green. positive association,

Red: no association
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Kuempel et al., Crit Rev Toxicol 47:1-58, 2017
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News

Advisory Group recommendations on priorities for the IARC @
Monographs

An Advisory Group of ists

Q Group meeting convened in 2014." helped to reveal coverage and gaps published Online
from 18 countries me§in March, 2019

The expertnse of the Advusory in the extent of evndence across Aprli 17,2019
3 http://dx doi.org/10 1016/

10 _recom ions
Agents previously evalvated by IARC Monographst
Automotive gasoline (leaded and unleaded), carbaryl, malaria New human cancer, bioassay, and mechanistic evidence to warrant
re-evaluation of the classification
Acrylamide*, acrylonitrile, some anthracyclines, coal dust, combustion of biomass, New human cancer and mechanistic evidence to warrant
domestic talc products, firefighting exposure, metallic nickel, some pyrethroids (e, re-evaluation of the classification

permethrin, cypermethrin, deltamethrin)

Aniline, acrolein, methyl eugenol and isoeugenol S\qulti-walled carbon nanotubes®, New bioassay and mechanistic evidence to warrant re-evalvation
non-ionising radiation (radiofrequency)*, some perfluorina of the dlassification

(eg, perfluorooctanoic acid)

Ostrogen:oestradiol and oestrogen-progestogenst, hydrochlorothiazide, Merkel cell New human cancer evidence to warrant re-evaluation of the
polyomavirus, perchloroethylene, very hot foods and beverages classification
1,1,1-trichloroethane, weapons-grade alloy (tungsten, nickel, and cobalt) New bioassay evidence to warrant re-evaluation of the classification

Acetaldehyde, bisphenol A*, cobalt and cobalt compounds, crotonaldehyde cyclopeptide New mechanistic evidence to warrant re-evaluation of the
cyanotoxins, fumonisin B,, inorganic lead compounds, isoprene, 0-3 classification

Evidence of human exposure was identified for all age
list of classifications, volumes 1-123. $#Group 1 carcinogen; new evidence aS ndicates possuble causal associations for additional tumour sites (see Section 3
of Preamble to the IARC Monographs’).

Table 1: Agents recommended for evaluation by the IARC Monographs with high priority




L-MWNT-1020: "“"short, thin and curled”
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Inhalation
e 2 weeks
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Short, thin and curled vs. long, thick and straight

MWCNT-7 NM-400 NM-401

NM-402 NM-403 L-MWNT-1020*

*Note: different resolution for L-MWNT-1020
(From NTP Tox 94, 2019; modified)



Measurement of DNA damage (comet assay)




OECD Guideline test (animal tissues) - protocols

OECD/OCDE 489

Adopead
29 Jaly 2006

INTRODUCTION

] The o vive alkaline comet (single ocll ped cloctophorens) aay (hereafler callod sarply the
Comet assay) s wsed for the detection of DNA sorand beeaks n cells or sucher solsted Srom mulaple tissues
of animals, usually rodests, that Bave boen exposed 0 posentially penotoss matenalis). The comwt assay
Bas boen eeviewsd and recommsendations have boen peblinbod by vanious expert groups (11 42) (1) (4) (5
6) (7) (%) (9) (M0} Thes Tont Guadelme = pant of 2 series of Tost Guadelmes cn ponctic oxicology. A
docussent that provides secont mivesabion on geactic loucelogy lestag aad an overview of the rocest
changes that were made %o Bhowe Tout Gundelines has boen developed (1)

2 The purpose of e comet asay is W0 adentify substances Bhal casse DNA damuge Under alkalise
condmons (>pHl 13), the comet assay can detect singhe and double strandad dreaks, resalting. for example,
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The comet assay: a method to measure DNA damage
in individual cells
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Minimum Information for Reporting on the

Comet Assay (MIRCA): recommendations for
describing comet assay procedures and results

Peter Maller '™, Amaya A 3, Elisa Boutet-Robinet 0%, Gudrun Koppen®,

Stefano Bonassi®”, Mirta M#®, Goran Gajski )%, Solange Com"" Jodo Paulo Teixeira® P,
Cristiana Costa Pe'ara"‘"o Maria Dusinska”, Roger Godschalk™, Gurm.v anbov

Kristine B. Gutzkow', Lisa Glovaanelli™, Marcus S. Cooke™, Elie Richling®, Blanca uﬂon oV,
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The comet ansay is a widdly wsed st for the detoction of DNA damage and repak activity. However, there are
Interlaboratory dfferences in reported lewels of baseline and Induced damuge In Bhe same cxperimental systerma. These

ditte: may be 8 protocel although it b difficult o identity the relevmnt conditions becane
detalled comet assay procedures are not always peblished. Mere, we present a G for the

ummnw;c-nmmm) for comet iy condtices and
reselts. These etween ‘des nd ‘essential’ vk “essentialf refers to

mm«mm“umnmmmovuumwm*m ‘desiible’ ilermation relates
1o techrical hawes that might be o MIRCA
Mmuam-qmnumu-hbwummmnm-m

The alaling comut awary s 3 techaically dmple, sonsitive asay  have dentified whstastid waristons in comet sy poxe

) o bor it

An optimized comet-based in vitro DNA repair
assay to assess base and nucleotide excision
repair activity

Sona Vodenkova'>", Amaya MT.:IJ“ Andrew Collins®, Maria Dusinska®, Isabel Gaivio®,

Poter Moller 07, Alena Opattova'*, Pavel Vodicka™®, Roger W. L. Godschalk® and
Sabine A S. Lavme'”

This optimized protocol Clackading liaks to videos) d bes 2 based In vitro DNA repair assay that is
relatively simple, versatile, and enabling the f barie and mhw&nﬁm Proten
exiracts Som samples are inoub with aga mbsedded swdstrate pds ("naked” ) i

wpechically induced DNA leslees (o, dting from UVC radk or h“nw epoaide

treatment). ONA indsions produced during the incubation reaction ase quantified a3 strasd breaks afer electrophoresls,
seflecting the extract’s incision activity, The method has been appliad i cell culture model systems, human biamenitoring
and divical mvestigations, and animal studies, wsing Isolated bisad cells and varius solld Ssues. Once extracts and
substrates are prepaved the dsay con be completed within 2 4

Itreducion

The comet bused in viro DINA repar assay s & modifiod version of the comet sy (dso ksown o
single ol i dectrophaosesi) o assess DINA sepwir activity, A celluler protein emt contanng
spar corpmes & incubatod with 3 DNA scbetrate containing induced lowom, and lewels of the
scoumslatng repur infermoeduios (DNA strand bocaks) are messened. ¥ b 2 sedatrvely smple method
S Sunctional messsnerant of buse excidon repalr (BER) and scleotde oxcidon npalr (NTR)
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Associations (in this talk) are summarized from these papers:

Wils 2021 "Inflammatory response, reactive oxygen species
production and DNA damage in mice after intrapleural exposure
to carbon nanotubes” Toxicol Sci 183: 184-194

Wils 2021 "Reactive oxygen species production, genotoxicity and
telomere length in FE1-Muta™Mouse lung epithelial cells exposed
to carbon nanotubes” Nanotoxicology 15:661-672

Di lanni 2021 “In vitro-in vivo correlations of pulmonary
inflammogenicity and genotoxicity of MWCNT” Part Fibre Toxicol 18:25

Mogller 2021 "Genotoxicity of multi-walled carbon nanotube

reference materials in mammalian cells and animals” Mutat Res Rev
788:109393

In this talk: genotoxicity = comet assay




Inflammation and ROS production in pleura lavage
cells after exposure to intra-pleural injection in mice
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DNA damage in mesothelial cells after exposure to
intra-pleural injection in mice

1 Day Post-Exposure 90 Days Post-Exposure  gm ow-dose
1.0+ 1.0+ mm High-dose
: v : -
[ N @
§ e 0.8+ T = = 0.84
@ o o
a8 o®
= 2 06 - 2 061
€% €% T
g8 ¢ £ 3
G g 0.4+ ¥ z 04
s 23
0 0.2 ® 0.2
o9 Q9
0.0 0.0-
o A A » & A S &
A & &S
& «
1 Day Post-Exposure 90 Days Post-Exposure | ‘oco
0.3+ 0.34 Bl High-dose
x ® s
g8 i
5 . 3
] &
£ 2%
22 g3
S @ 9
» C 0.1 o
o 2 22
a® w9
s |
0.0

A A )
K

A o
& £ >
s ‘s‘\o & N

Low dose = 0.2 ug; high dose = 5 ug
Fpg-sensitive sites = oxidatively damaged DNA



MML lung epithelial cells: intra-cellular ROS production
and DNA strand breaks (comet assay): 3 h exposure
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A549 or activated THP-1a cells: DNA strand breaks
(comet assay): 24 h exposure
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Mutation Research-Reviews in Mutation Research 788 (2021) 108393

e Contents lists available at ScienceDirect
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% Mutation Research-Reviews in Mutation Research

ELSEVIER journal homepage: www.elsevier.com/locate/mutrev
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Peter Mgller " *, Regitze Sglling Wils “”, Emilio Di Ianni ”, Claudia Andrea Torero Gutierrez ™",
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* Department of Public Health, Section of Environmental Health, University of Copenhagen, Oster Farimagsgade 5A, DK-1014, Copenhagen K, Denmark
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ARTICLEINFO ABSTRACT
Keywords: Carbon nanotubes (CNTs) were the first nanomaterials to be evaluated by the International Agency for Research
Carbon nanotubes on Cancer (IARC). The categorization as possibly carcinogenic agent to humans was only applicable to multi-
Comet assay walled carbon nanotubes called MWCNT-7. Other types of CNTs were not classifiable because of missing data
a’::oﬁ:;ﬁ o and it was not possible to pinpoint unique CNT characteristics that cause cancer. Importantly, the European
Mictations y Commission’s Joint Research Centre (JRC) has established a repository of industrially manufactured nano-

materials that encompasses at least four well-characterized MWCNTs called NM-400 to NM-403 (original JRC
code). This review summarizes the genotoxic effects of these JRC materials and MWCNT-7. The review consists of
36 publications with results on cell culture experiments (22 publications), animal models (9 publications) or both
(5 publications). As compared to the publications in the IARC monograph on CNTs, the current database rep-
resents a significant increase as there is only an overlap of 8 publications. However, the results come mainly from
cell cultures and/or measurements of DNA strand breaks by the comet assay and the micronucleus assay (82 out



Outcomes (in the database) — NB: more than one outcome per article

Type Cells  Animals
MWCNT-7 22 12
NM-401 10 5
NM-402 8 5
NM-403 10 3
NM-400 16 6
Type Cells  Animals
Strand breaks 30 19 > Mainly comet assay
Fpg/8-oxodG 8 3
YH2AX 1 1
Micronuclei 19 4
Mutations 3 4
CA/SCE 5 0



Meta-analysis (concentration-response relationship)

DNA strand breaks (comet assay) — in vitro experiments
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Summary and knowledge gaps — research needs

e Among the CNTs, MWCNT-7 is most consistently shown to
be genotoxic (based mainly comet assay endpoints)

Knowledge gaps
e Oxidatively damaged DNA (using reliable assays)

e |rreversible genotoxic changes (especially other materials
than MWCNT-7).

e Exposure in animal models, including measurements of
genotoxicity in lung tissue, pleural mesothelial cells and
other extra-pulmonary tissues.

e MWCNT exposure in humans should be investigated.

e |nvestigate causes of heterogeneity in genotoxic
outcomes by the same MWCNTSs (ring-trials).



