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SUMMARYOFKEY THEMES

1

Creatingaccurate and dependablemeansto quantify pulmonary exposures to inhaled
materials, including tobaccerelated mixtures andconstituents, is challengingDeveloping
and validating new test methods for usein aregulatory safety testing arenarequires the
input and guidancefrom multiple stakeholders.

E-aerosols are physically similar to cigarette smoke in some aspects (e.g., size range), but
chemically very different. Systems designed for cigarette evaluation may not be
compatible with the in vitro testing of eaerosols.Smoking machine requirements for
conventional and electronic cigarettes are different, but share the same basic

technologies.

Tobacco products, such as cigarette smoke anecgarette aerosols, are capable of
generating reactive oxidants.

There are a variety of strategies for exposingells at the airliquid interface, starting from
acute toxicity studies (doseresponse relationships) up to repeated exposure studies at nen
toxic doses. The choice will depend on the protocol, and a clear definition of what is to be
analyzed and demonstréed.

Mathematical dosimetry modeling, simulations using CFbBased models, and microfluidic
airway models based on primary human cells offer realistic approaches for studying the fate
of inhaled chemicals and the links between exposure characteristics analogical

responses.

The emerging field of epigenetictoxicology will ultimately play acritical role in our
understanding of exposure-associatedhealth effectsand susceptibility.

Accurate dosimetry data can support the results fronin vitro toxicity of cigarette smoke.

The next generation products category will continue to grow, evolve and diversify and
dosimetry will support exposure.
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INTRODUCTORYPRESENTATIONS

Welcome and Overview
HolgerBehrsing,IIVS

Erin Hill, IIVS
RaymondTice,NIEHS(retired)

This program, organized by the Institute for In Vitro Sciences (IIVS), explorad vitro exposure
systems and dosimetryassessment tools for inhaled tobacco products. Its purpose was to highlight
the current status ofin vitro to in vivo correlations, whole tobacco smoke and Eigarette
aerosol/vapor constituents, in vitro exposure systems, dosimetry approaches, the expa®
microenvironment, and promising technologies that may advance science in these areas.

To date, much of the research and testing in respiratory and inhalation toxicology have focused on
the use of animal models. With the development of new technologies, such as reconstructed human
airway tissues, researchers are turning their attention tan vitro assessments.

In this workshop, invited experts from industry, government,academia and norprofits presented
talks and posters covering key areasin exposure and dosimetry for noranimal testing.Its intent
was to facilitate an exchange of informationfor a better understanding of exposure systems, arno
discussthe methodology that best captures what is delivered to th& vitro systems used to assess
human relevant, biological responses.

This 2.5day workshop was the third n a series of respiratory toxicology workshops organized by
the IIVS. The first wadheld in December 2014 fdowed by a second in June 2015; the proceedings
and conclusions of this workshop were published in 2016.

Advancing Regulatory Scienceat the USFDAwith More Predictive Models
SuzanneFitzpatrick, US Food and Drug Administration

In this presentation, Suzanne Fitzpatrick reviewed the efforts of the U.S. Food and Drug
Administration (FDA) to advance regulatory science and toxicology.

471 gEAT 1T U EO Al AOAA 1T &£ OAEAT AA EI bl OOAT O O1 OEA
the potential significance of chemicals in products or environment. Advances in toxicology

testing? such as systems biology, stem cells, engineered tissuesmputerized modeling? create

unique opportunities to transform this predictive science to bring needed products to people faster

and more safely and to replace, reduce and/or refine animal testing.

The FDA is working toward transitioning new 21st centurytechnologies to enhance the efficiency
and effectiveness of chemical risk management. Currently, the FDA relies heavily on animal studies,
and generates information for all possible outcomes, based on traditional toxicity tests. Future

goals include lesseliance on animal studies and more tailored data generation, based on an
understanding of toxicity pathways.

! Behrsing H, Raabe H, Manuppello J, et al. Assessment of in vitro COPD models for tobacco regulatory science: Workshop
proceedings, conclusions and paths forward for in vitro model use. Altern Lab Anim 2016:@48:129
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Toxicity Pathway Profiling, and Biological Interpretationl £ & ET AET cOho AT A EAO AOI
four federal agencies: the Environmental Protection Agency (EPA), the National Center for

Advancing Translational Science@NCATS), the National Institute of Environmental Health Sciences

(NIEHS), and the FDA. Knowmformally as Tox21 (Toxicology in the 2% Century), the MOU was

renewed last summer and now covers all types ai vitro testing, including@rgans on a chiplts

goals are to identify patterns of compounenduced biological response in order to charactéze

toxicity/disease pathways, facilitate crossspecies extrapolation, and model lowdose extrapolation.

Tox21 also aims to prioritize compounds for more extensive toxicological evaluation and develop

predictive models for biological response in humans.

In the area of regulatory safety assessment, the FDA recognizes the need for new approaches that

are more predictable, more reliable, faster and less expensive. In 2010, the FDA and the National

Institutes of Health (NIH) collaborated to launch the Advancig Regulatory Science Initiative, an

effort designed to accelerate the process from scientific breakthrough to the availability of new,

innovative medical therapies for patients. Specifically, thEDA is looking for better models of

assessing human advers®@ AODPT 1 OA8 11 OEI OCE OAAOAOOASG 1 AAT O AEE
and each has a different way of approaching problems, all are interested in a better understanding

of toxicity mechanisms at multiple levels of biological organization including genes proteins,

pathways, and cell/organ function. The FDA is also exploring methods to characterize molecular

targets and host genetic factors that may be associated with rare and unexpected adverse events.

One of the main challenges to progress inthEOAA EO OEA OACOI AOT 008 OAIl OAC
technology methods for product approvals. There is a long history of the generally successful use of

traditional animal testing methods and a lack of confidence in neanimal methods. To address this

roadblock, the FDA has been sponsoring workshops to help regulators learn about new

technologies.

Other important FDA collaborations include a partnership with the NIH and the Defense Advanced

Research Projects Agency (DARPA), to jointly develop new tools tltain be used in therapeutic

development. The FDADARPANIH Microphysiological Systems Program was started in 2011 to

O00PDPI OO0 OEA AAOGAIT T PI AT O T &£ EOI AT 1 EAOI OUOOAI 6h T O
drugs swiftly and efficiently before humanOAOOET ¢8 4EA OEOI AT 11 A AEEDO
least 10 organs, all linked together and viable for 4 weeks.

4EA &$! EO Al 01 AxAEOEI ¢ OEA OAOOI 6O 1T &# OEA . AOGEI
Committee on Incorporating 21st Century Sence Into RiskBased Evaluations. This report will

combine the recommendations of two reports, Toxicity Testing in the 21st Century and Exposure

Testing in the 21st Century, and will focus on incorporating 21st century sciendeased risk

strategies into risk assessment.

Another major challenge with the paradigm shift to new methodologies is to establish scientific

validation? the process concerned with assessing assumptions, relevance, reliability,

reproducibility, and sensitivity of tests for particular purposes, and understanding uncertainties.
"AAAOOA OOAI EAAOGEI T o6 1 AAT O AEZEZZAOAT O OEETI ¢cO O AE
an option.

Key points:
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1 The FDA is working toward transitioning new 21st century technologies, to enhance
the efficiency & effectiveness of chemical risk management.

1 Currently, the FDA relies heavily on animal studies, and generates information for all
possible outcomes, based on traditional toxicity tests. Future goals include less
reliance on animal studies, t ailored data generation, based on understanding of
toxicity pathways.

1 Investments in toxicology and regulatory science can enable FDA to better protect
and promote the health of people in the United States and throughout the world.

9 Collaboration is essent ial to define needed pathways and catalyze change.

In Vitro to In Vivo Extrapolation in Humans
RobertDevlin,USEnvironmental Protection Agency

In this presentation, Robert Devlin discussed the need for using vitro methods for toxicity testing,
the actions of the Environmental Protection Agency (EPA) and other agencies to address this need,
and the challenges of assessing how wal vitro assays might predict humarin vivoresponses.

Recognizing that traditional animal toxicity studies are only feasible for a small percentage of the

thousands of chemicals that must be assessed for risk, the EPA asked the National Research Council

(NRC) to develop a long range vision and a strategy tA& AT AA O GEAEOU OAOOET Cc8 ¢
report concluded that the only way to screen the increasing number of environmental chemicals

regulated is by a conversion tan vitro techniques. The NRC recommended the expanded userof

vitro toxicity pathway data based on mode of action or adverse outcome pathway information.

The EPA established the National Center for Computational Toxicology (NCCT) to develop new
software and methods for predictive toxicology. Among the research efforts managed by the NCCT
i0 41 @2#A00OAR A | Ol OEZUAAO AEEI OO0 OEAO OOAO EECE OE
biological activity that may suggest potential toxic effects. Toxicology in the 2 Century (Tox21), a
collaboration of several federal agencies, is currently screening about 10,000 chemicals using a
high-throughput robotic system that can assay about 150,000 wells in one day. However, inhaled

toxicants are largely missing from the Tox2A OOAUO AOA Oi OEA OI AT 006
compounds in a vapor or gaseous form.

mh
—_
>
>

Beforein vitro toxicity pathway information can be useful in risk assessment, many challenges must
be overcome. A quantitative relationship must be established beten perturbation of a pathway
following in vitro exposure and the downstream endpoints (i.e. pathophysiological changes at the
tissue or organism level followingin vivoexposure of animals or humans).

For in vitro testing of inhaled toxicants, modelsising human primary lung cells are considered ideal

for several reasons. These cells are the first targets of inhaled toxicants and anis@human
AgOOADPT 1 AGEIT EO 110 TAAAAA8 O0OEIi AOUu AAI 1T O OAODPII
transformed cels, for example, in the induction of an inflammatory response. Primary cells also

offer the possibility of examining genetic/epigenetic, disease, age and other factors as well as intra

individual variability. In the near future, human airway epithelial andalveolar cells, derived from

human pluripotent stem cells(iPSC) are expected to become available for research. These cells

retain all the advantages of primary cells, but have unlimited selenewal.
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In an effort to determine how wellin vitro exposure models predictin vivoresponses, the EPA
launched the Next Generation (NexGen) of Risk Assessment effort, a multiyear collaboration among
several organizations. NextGen selected ozones@s one of the prototype compounds for

validation studies becausef the extensive human toxicity data available. More than 100 studies
have shown that exposure to @results in decrements in lung function, increases in markers of
pulmonary inflammation, and alterations in host defense against inhaled pathogens.

Reseachers in the NextGen ozone project identified and compareazone-induced toxicity

pathways following bothin vivoand humanin vitro exposures to validate how welin vitro toxicity
pathway information can predict humanin vivoresponses? Ozone labelledwith the heavy oxygen
isotope (180) isotope was used for both exposures to ensure that the dose of ozone attacking the
cellsin vitro is the exact same as the dose attacking theimvivo. The experimental design is
summarized inFigure 1.Volunteers were eposed to 0.3 ppm ozone or clean air on two separate
occasions.At 1 and 24 hours following exposure to ozone, epithelial cells were recovered by brush
scraping during bronchoscopy. RNA and DNA were isolated and toxicity pathways identified by
microarray. Cells obtained following exposure to clean air were cultured and exposed to varying
doses of ozonen vitro using air-liquid interface exposure. RNA was collected at various times after
exposure and toxicity pathways identified by microarray.
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Figure 1.
In Vivo Experimental Design
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The results showed thatn vivomore genes were differentiallyexpressed at 1 hour compared with
24 hours postexposure. There was very little overlap in genes induced by ozone at 1 hour and at
24 hours after exposure The microarray data for thein vitro results showed that as the dose
increased, the number of genes regulated increased. Inflammation was activated at all three
concentrations. A stress response and apoptosis were observed at the higher concentrations$ bu
not the lower ones. So, as the dose increased, the cell responded differently. When comparing the
11 networks activatedin vitro with the 14 networks activatedin vivoat one hour, a number of
networks overlapped,including inflammatory response, immunobgical diseases and conditions,
cellular movement, cellular growth and proliferation, cellular function and maintenance, immune
cell trafficking, infectious disease, and celio-cell signaling and interaction (unpublished data).

In conclusion, the prelimnary data from theozone projectshowed that the inflammation following
in vitro exposure to ozone might be predictive of inflammation seen following human exposure to
ozone. From a qualitative point of view, thén vitro responses to ozone appeared to repsent
pretty well what happens downstreamin vivo. The qualitative data generated from this study will
feed into quantitative physiologically based pharmacokinetic (PBPK) models to demonstrate the
predictive value ofin vitro toxicity testing. Expansion of this approactbeyond ozone to other

toxicants is needed.

Key points:
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1 The challenges of evaluating thousands of chemi cals while considering the
cumulative effects of mixtures and limiting the use of animal testing has led to new
approaches to toxicity testing.

9 Conversion to in vitro techniques is the only way to screen the ever increasing
number of environmental chemicals that must be regulated.

9 Technologies that can transform existing approaches include high throughput
techniques, systems biology approaches, and bioinformatics.

9 Preliminary data from the NextGen ozone study showed that the inflammation seen
following in vitro exposure to ozone might be predictive of in flammation seen
following exposure of humans to ozone.

In Vitro Models for Tobacco Regulatory Science: Collaborative Efforts in
Respiratory Toxicology
HansRaabellVS

In this presentation, Hans Raabsummarized the outcomes of two recent collaborative efforts that
explored the use ofin vitro assays for making regulatory decisions for tobacco products.

Recognizing that collaborative engagement would be key the successful development and
validation of these test methods, the Institute for In Vitro Sciences (IIVS) seeks to bring together
experts from industry, regulatory and academia and other stakeholders to identify, optimize and
validate in vitro test methods for eventual tobacco product regulatory submissions. The first two
workshops were held in December 2014 (Bethesda, MD) and June 2015 (Gaithersburg, MD).

4EA EEOOO OET &£ Of AGETT AT 6 x1 OEOET Bh xAO AMABOECT AA
the etiology of chemicalinduced chronic obstructive pulmonary disease (COPD), and the putatiire
vitro cell-based methods associated with key biological events leading to COPD. This workshop was
conceptualized as an approach to evaluate two of theicd® 1 T AT 0O 1T £ OEA &$!1 860 #AT1 (
Products (CTP) priorities set in 2012:
1 Whatin vitro andin vivoassays are capable of comparative toxicity between two different
tobacco products; with special attention to cardiotoxicity, respiratory toxicity,
carcinogenicity, and developmental/reproductive toxicity?
1 What constituents, compounds, design features, and tobacco use behaviors impact toxicity
and carcinogenicity of tobacco products and smoke?

Workshop participants were asked to examine the currenttatus ofin vitro/ex vivo models and the
ability of the models to predict toxicological outcomes relevant to COPD, and to propose research
strategies. Key biological events that were identified within the adverse outcome pathway (AOP) of
COPD included: inmmation and oxidative stress, ciliary dysfunction and ion transport, goblet cell
hyperplasia and mucus production, and parenchymal/bronchial tissue destruction and remodeling.

In breakout sessions, participants regarded deficient mucociliary clearan@s one of the key tissue
level events relevant to the clinical manifestation of tobaceconduced COPD. Similarly, changes in
goblet cell morphology and mucus production were also considered to be key tissievel events in
the pathogenesis of COPD, and alere considered to be notably downstream in the AOP to more
likely be predictive of COPD. Based upon these revelations, the breakout group recommended the
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subsequent optimization and standardization of these prototypic tools in order to validate them for
regulatory toxicology. Participants also acknowledged that in order to adequately evaluate the
reproducibility of the biological responses of then vitro test systems to toxicants, reference
chemicals should be selected and applied directly onto the tisewsystems using standard dose
application methods, rather than using norstandardized whole smoke/vapor exposure methods.

The subsequent technical workshop brought together the technical experts versed in the key areas
identified in the firstinformational x1 OEOET P8O AOAAET OO OAOOEI 1T Oh
frequency, changes in goblet cell hyperplasia, and mucus production. Workshop participants
discussed current methodologies and whether basic protocols or test methods could be designed in

a standardzed approach that could be optimized and transferred to multiple laboratories. Activities
focused on developing the test method protocols to evaluate the proof of principle concept. Work is
currently underway at multiple laboratories to conduct the proofof principle protocols. The next

steps will be to share and review the data, to evaluate the proof of principle hypotheses, and
subsequently optimize the protocols.

In summary, the first workshops identified various areas for cooperative development and
optimization of in vitro test methods, tissue models and endpoints relative tim vivo observations.
The current informational workshop was designed to present on the state of the art @f vitro
respiratory tissue exposure and dosimetrntechnologies and techniques, to identify applications,
comparisons ofin vivoandin vitro dosimetry measurements, limitations and knowledge gaps, and
propose activities to characterize and standardize these methodologies. Future activities will be
targeted at reuniting standardized whole smoke/vapor exposure and dosimetry systems with
optimized in vitro tissue models and endpoints for regulatory tobacco toxicology.

Key points:

1 Developing and validating new test methods for use in a regulatory safety testing
arena requires the input and guidance from multiple stakeholders.

9 Identifying the regulatory requirements to address with testing may best be
achieved through collaborative goal-oriented discussions between industry and
regulatory community representatives, while the relevant scientific methods may
be proposed and discussed by industrial and academic experts versed in the
technologies.

\
-_)

N~
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INTRODUCTIONTO EXPOSURE AND DOSIMETRY

Species Differences in Respiratory Anatomy
Kent Pinkerton,Center for Health and the Environmentiniversity of California, Davis

In this presentation, Kent Pinkerton described the differences, as well as the similarities, that occur
in the respiratory anatomy of mammalian speies.

Although the size of the respiratory system varies widely across the mammalian species, the airway
tree of most mammals share fairly similar branching patterns. All species show both symmetric
branching? with uniform divisions going from a parent airway to two daughter airway® aswell

as asymmetric branching characterized by major and minor daughter airwag. 3.4

Typically, every mammalian species has most of the more than 40 different cell types found in the
respiratory system, with many of them foundwithin the airway epithelium. However, the
populations, cell density, composition, distribution, metabolic potential, and the number and
extent of epithelial derivatives vary according tothe species.

Going deeper down into the lung, more cilia are seen along the conducting airway. Club cells, seen
as domeshaped cells on electron microscopy, occur in all mammalian species and are involved in
metabolism and immune function. Studies are underway to exame speciesspecific differences in
the club cell. Mucus cells, whether isolated primarily or in an immortalized cell line, are an
important cell type to keep in mind when going fromin vivoto in vitro methodologies. Mucus
velocity decreases with age acrasspecies.

Perhaps the greatest species difference to consider within the mammalian respiratory system is
the transition from conducting airways to gasexchange areas. Many species have respiratory
bronchioles to transition from a terminal bronchiole toan alveolar duct, but many do not.
Respiratory bronchioles, which occur as alveolar odypockets in the wall of the airway, are
particularly extensive in dogs and ferrets and less so in humans and monkeys. In contrast, mice,
rats and horses all have terminbbronchioles that lead directly into an alveolar duct.

Significantspeciesspecificvariability is alsoseen in the size,organization, and supply of blood to

the lungs. Eventhe pulmonary acinus,the basicfunctional unit of gas exchang¢hat arisesfrom the
last conducting airway within the mammalian lung, can vary in size and thickness by as much as a
factor of two in different species with reasonably similar body sizes.

Gas exchange takes place at a very thinad-blood tissue barrier. A largesurface area for gas
exchange is typical for all mammalian species, and the relationship between alveolar surface area
to body mass follows similar linear patterns for most mammals, as shown Figure 2; a similar
linear relationship exists for capillary wolume to body mass across mammals.ddever,the cellular
organization of the gasexchangeareashowsvariability in abundancesize,andorganization of these
individual cellsamongspecies.In addition, the extracellular matrix and basementmembrane
components show many speciesspecificfeatures.

Figure 2.
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Source:Pinkerton KE et al. Architecture and Cellular Composition of the ABlood Tissue Barrier, Chapter 9.
In: Parent RA, ed. Comparativieiology of the normal lung. Second edition. ed. New York: Elsevier Academic
Press; 2015:10517.

All mammalian species have an epithelium composed of type | cells that cover approximately 95%
of the surface area, as well as secretory type Il cells that ghace the surfactant to reduce surface
tension, covering about 5% in all mammalian species. All of this is connected together by
connective tissue and a rich capillary bed that is found within the alveolar septum. A tremendous
amount of similarity is seen h the composition of the alveolar septal wall across mammal

specie® in rats, dogs, humans and monkeys. Endothelial cells of the gas exchange region
represent 50% of the total cells that would be harvested from that region. Type | and Type Il cells
each repesent about 10% of the total epithelial cell population of the alveolar septum.

When considering methodologies to examine exposwt® AOBT 1T OA OA1 AOET T OEEDPOh
to factor in site-specific differences as well as speciespecific differencesIn one study of monkeys
exposed to very low concentrations of tobacco smoke, for example, the degree of cytochrome

P450 1A1 activity varied based on airway location. Species differences have also been observed in

the timing of development of mammalian atioxidant enzyme activity. Also, innervation of the

airways is another part of the response to a chemical or a compound to consider when moving

from in vivoto in vitro methodologies.

Key points:

1 There is a significant amount of interspecies diversity in the mammalian
respiratory system, as well as tremendous similarities.

9 The cellular organization of the gas-exchange area shows variability in abundance,
size,and organization ofindividual cells among species. The extracellular matrix and
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basement membrane components show many species-specific features.

1 Species-specific differences are important considerations when using different
mammalian species to look at the respiratory system and lung disease and
development.

Considerations and Challenges for In Vivo/In Vitro Correlations
GlnterOberdorster University of Rochester

In this presentation, Glnter Oberddrster discussed the challenges involved in correlatifrgvitro
andin vivodosimetry, the choice of dose metrics, and the relevancy of doses.

Appropriately designedin vitro studies may be welsuited for the first step of risk assessmerrt
hazard identification. However, they have not yet achieved suitability for the final steprisk
characterization.

Risk assessment is a complex function of both hazard and exposéiExposure is a key
consideration and its relationship to doseresponse is of central importance for assessing the
toxicology of inhaled nanoparticlesDiverse systems fo exposure are available includingn vivo
exposures, which tend to be dynamic and used for acute to chronic studies; andiitro exposures,
which use diverse cell types, are mostly static systems, and are used for acute exposures.

- EAOT £1 OEAEACAOIUGOIAT OAj BEEP6Qq AAAT xEOE DI OOEAI U Al
static. Celifree systems explore the reactivity of ultrafine particles using surface reactivity as dose
metric. Examples include DTT (dithiothreitol) and DCFF ! -k § 6 A Eflddiebcin-Oifcetate)
assays, which assess reactive oxygen species (R@8ucing potential. These celffree exposures
can be useful as screening tools for hazard ranking. In one study, a comparisoimofitro cell-free
oxidant activity to in vivoinflammatory responses in rats showed a good correlation, suggesting
that a simple assay might provide initial information about reactivity®

The mechanism of toxicity depends highly on the dose. However, a major problem with mast
vitro studies, and some animal studies, is establishing the actual dose deliveéfgr aerosoldelivery,
acareful characterization of the airborne particles, e.g.,particle sizedistribution, concentration,
effectiveaerosoldensity,is required to determine a deposited dose. The factors involved in
respiratory tract dosimetry are summarized in

Figure 3.

Figure 3.
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Factors involved in respiratory tract dosimetry

Detailed dosimetry models have been developed for evaluating realistic dose delivery bathvivo
andin vitro. In vivomodels allow the prediction of deposited dose of an aerosol in certain regions of
the respiratory tract of humans and experimental animalsin vitro, the dose to cells is assessed in a
conventional or air-liquid interface system.However, the extrapolation of dosesand the results of

the mostly acute in vitro studies (static; no clearance)to longer-term exposure inhumansremains

a majorchallenge.

One approach is to establish benchmark nanoparticles that are walharacterized toxicologically

and against which new nanoparticles can be compare.08 O Ei BT OOAT & Ofiin AT OEAOQA
vivoandin vitro in terms of multidose studies, ranging from o observed adverse effect

level (NOAEL)to maximum tolerated dose (MTD) to really get the full range of the dosexposure-

relationship.

When comparing toxicityin vitro andin vivo, the challenge comes in aligningn vitro andin vivo
doses. Concepts toonsider for invitro/in vivo dosimetric extrapolations for respiratory tract
exposures are summarized iMable 1. A proposal is to express dose per cell surface area (or per
cell number) and to consider differentiating between the deposited dose (externphnd the
OOPOAEASG AT OA | ET OAOT Al Q8

Table 1. Concepts to consider in in vitro z in vivo dosimetric extrapolations for
respiratory tract exposures
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In vitro dosimetry

In vivo dosimetry

ISDDmodel (cells)

MPPDmodel (rodent, human)

Physicochemical
characterization
Media characterization

Physicochemical characterization
Respiratory parameters
Airway geometry

Diffusion, sedimentation

Diffusion, sedimentation,
impaction, interception, charge

Deposition rate (size
dependent) and deposited
dose (extemal)

Deposited dose: upper, lower
respiratory tract (size dependent)

Uptake: retained dose
(internal)

Uptake and translocation to
extrapulmonary sites

Clearance: none; statis
dissolution

lymph, secondary organs; dynanic
dissolution

Clearance to Gl, interstitium, blood,

Retained dose per cell surface area

Regardingin vivoassays, dosimetriextrapolations are accepted methods to derive human
equivalent concentrations (HECs) and also eventually occupational exposure limits (OELSs) based on
data from rodent inhalation studies. Dosimetric approaches are beginning to be more widely
applied to as®ss effects of different size particles including nanomaterials. Howevermain

AT TAAOT EO AT EI AI

x Al EAOA Adplace AddiceadirdigeA OE T 1

For in vitro assays, many challenges remain. For example, what is the cellular dogaiealencyin
viva? Are acute static systems with no clearance useful to do? What is predictability of chronic

effects? Other considerations are the dose dependency of mechanisms and whether they opeirate
vivo. In vitro assays are suitable for toxicity anking against well characterized benchmarks, i.e. for

hazard identification.

Acellular assays, which use predictive toxicity ranking based on surface area specific reactivity,
seem to be a promising screening tool, but require further validation and staardization. Dynamic
dissolution assays are also promising tools for predictingh vivodissolution rates but require
standardization of the methods.

Key points:
1
1
certified as reference materials.
1

In vitro studies can be useful for hazard identification and ranking; however,
studies are still currently required for meaningful risk assessment.
Comparative hazard and risk characterization against positive and negative
benchmarks is a useful approach to categorize new nanomaterials. Benchmark
materials need to be toxicologicall y well characterized and validated, and ideally also

in vivo

For the future, goals may include development of validated alternative simple testing

strategies for risk assessment for efficient, low cost, high throughput applicatio

ns.

I £ OE
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CORESUBJECT #1: TOBACCO SMOKE ANICESARETTE AEROSOLS

Now YouSeeltz. T x 91 0O $118680d 4EA #EAI EOOOU 1 £ #ECAOAOOA
and E-cigarette Aerosols

ChrisWright, British AmericanTobacco

In this presentation, ChrisWright describedthe physical and chemicaproperties of mainstream
cigarette smoke and e-cigarette aerosols, comparedheir similarities and differences inthe
context of in vitro exposure systems, and discussed theechnical challengesassociatedwith their
chemicalcharacterization.

Cigarette smoke is a complex, dynamic respirable aerosol formed by combustion, pyrolysis and
distillation, which generate volatile precursors. Oxidativereactions occur as well as heterogeneous
nucleation (the process by vhich particles draw together and increase in size) to form particles

with changing size. In comparison, an-eigarette contains a liquid that is transferred to a cail,

which is then heated by a battery. The liquid evaporates rapidly and homogeneous nucieat

occurs to form small particles/droplets. Some atomization or cavitation of those liquids is also seen.
In cigarettes, nicotine is largely associated with the tar components; in aerosols, nicotine is
associated with the droplets of the aerosol.

Understanding patrticle size and patrticle distribution helps us understand the behavior @igarette
smoke and e-cigarette aerosols in a number of physical and biological systems. It also gives some
insight into what might happen chemically. Particle sizesiprobably the single most important
parameter to determine for an aerosol and can be measured by using electrical mobility or laser
diffraction. In cigarette smoke, the particle size essentially increases with each puff. This correlates
with the fact that as the cigarette rod gets shorter, the tobacco is burned away and the particles
coagulate as they are drawn through. So, cigarette smoke is not particularly constant across puffs,
and significant differences occur even within the use of a single cigarettitn comparison, an e
cigarette gives a fairly stable particle size distribution even after extended operating periods.

In a physical sense, cigarettes andaerosols are alike in some ways, as summarized Trable 2.

They contain similar particle sizes ad number. However, a comparison of the chemical
compositions of each is more complex. In cigarette smoke, the particulate material is seen in small
amounts overall. The bulk of the aerosol is formed by the mass of the air that forms it. n e
cigarettes, he mass is driven by the air. There is a very small proportion of this aerosol that is
generatedthat forms these liquid droplets.

Table 2.
Aerosols: Smoke and e-aerosol contain similar particle
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Particle mean size 138-180nm [CMD] 200-500nm [CMD]
Aerosol Particle 1000,000,000 1000,000,000
Number /cm?3 [Ingebrethsen et al
2012]
Mass per puff, mg Ca. 43.3 (IsO) * Ca. 97.8 (3 sec, 80cm?)
TPM/ACM per puff, mg 1.2 (ISO) * 1.5-5 (3 sec, 80cm?)
Nicotine per puff, ug 85 (I1SO) * 30-100
Puffs per pack Ca. 180 (ISO, 20 sticks)*  200-300 (Cartomizer)

* 3R4F (9.4mg tar / 0.7mg nic / 12mg CO)

Smoke and @erosol contain similar particle size andumber

Cigarette smoke contains thousands of substances at varying levels. On the other hand, the mass of
the organic components of the igarette is largely dominated by three componentspropylene

glycol, glycerol and nicotine. So, chemical comparissif cigarettes and ecigarettes are very
challenging. Twedimensional gas chromatography (GC x GC) has revealed the complexity of the
organics found in cigarette smoke compared to those in@garette aerosols, as illustrated irFigure

4. Most cigarette bxicants were not detected in ecigarette aerosols. Of those detected or

guantified, a large proportion was attributable to laboratory air. Such low abundances in@garette
aerosol present significant technical challenges to measurement, as well as ts@snce of a clean
chemical background
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Figure 4.

3R4F mainstream
smoke

E-cigarette
aerosol

Chemical complexitg smoke vs.-@aerosol
GC x GETOFMS analysis of a single 55 ml puff

OEUOEAT AEAI EAAT AEAOAAOAOEOOEAO POAOGAT O AEAI T AT CA
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systems, we tend to be working against dilution, or working withrelatively small samples. Other

factors affecting the transfer of aerosol constituents to cell systems include humidity, coagulation

impaction, deposition, diffusion and dissolution. In an aqueoubased system, solubility plays a role

in determining what enters the system and how quickly.

Qu

Approaches to dosimetry include physical measurement of deposition (using quartz crystal
microbalance [QCM]) and measurement of markers such as nicotine to quantify aerosol delivery.
Direct measurement of the received dee presents significant challenges in terms of dilution, small
sample size, chemical selectivity and the selection of appropriate substances to measure,
particularly for e-aerosols.

Systems designed for cigarette evaluation may not be compatible with tlw vitro testing of e

aerosols. High aerosol collected mass (ACM), for example, can be problematic for some systems

because QCMs do not tolerate high ACM. Other measures of delivery are needed but will be

AEAI T AT CET C 61 AAOAI | Brétand theGdlative iBn@adt<of diopl® phasd il © O O
vapor phase mediated transfer and to consider that the effects on particle size of humidity in the

lung may not be replicatedn vitro.

Key points:

1 E-aerosols are physically similar to cigarette smoke in some aspects (e.g., size range),
but chemically very different.

1 Systems designed for cigarette evaluation may not be compatible with the in vitro
testing of e -aerosols.
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1 The very low abundance of man y cigarette toxicants is challenging to measure in the
aerosol, and even more challenging to measure in vitro .
1 Other measures of delivery are needed but will be challenging to develop.

CORESUBJECT #2: AIRLIQUID INTERFACEIN VITROEXPOSURE SYSTEMS

Fresh Smoke ALI Exposure in 24 and 96 Multiwell Plates Using a New Smoke
Exposure In Vitro System (SEIVS)
RomanWieczorekmperial Tobacco Limited

In this presentation, Roman Wieczoreklescribed a newly developed smoke exposuiia vitro
system (SEIVS) in use at the Imperial Tobacco BioLab.

Air-Liquid Interface (ALI) exposures are one of the more recent developments iim vitro exposure
testing. Due to the dynamic nature of cigarette soke, a rapid dilution and transport of smoke to
the cells is essential. To address this need, Imperial Tobacco BioLab has adapted the SEIVS
exposure system, which provides exact dilution and cell exposure in muiivell plates. This system
enablesin vitro testing of aerosols generated from different product categories, including tobacco
products as well as ecigarette devices.

The SEIVS system allows for simultaneously processing of two ALI exposure chambers using 96 and
24 multi-well plates. For the ALI &posure in the 96well plate, neutral red stained HepG2 cells
(human liver) were cultivated on collagenl, a proven material for maintenance of cells and enables
long term exposure to aerosol under ALI conditions. For the ALI exposure in the -2¢ll plate, V79
(hamster lung) cells were cultivated on a porous membrane. The smoking procedure simulated
natural smoking behavior (puffing/breathing), with puff-specific distribution of the aerosol over a

row of wells. This was accomplished by covering the first i of wells with a sliding lid for the

control. After each puff, the next row of wells was covered.

The smoke flow is illustrated inFigure 5. The smoking pumps allow a smoking/puffing of up to five
products per run. Separate dilution pumps for each of thevo exposure chambers allow parallel
testing of whole smoke and the gas/vapor phase, and parallel exposures of cells to different dilution
levels and different assays.
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Figure 5.
Diluting
Exposure pump 1 Smoking pumps allow a
chamber 1 :
: smoking/puffing of up to
5 products per run
Cambridge filter
(optional)
=
2 ]
Exposure
chamber 2 Mixing
Diluting & diluting Smoking pumps
Smoking pumps, mixing pump and diluting pumps pump 2 pump

can be used for separate dilution of aerosol

SEIVE Smoke flow

The effectivenessof the smoke dilution systemand the uniformity of particulate phase deposition
in the individual wells were determined by measuringthe optical density at 400 nm. Reproducible
smoke dilution and accuracy of the dilution system were confirmed for both exposure chambers.

Whenin vitro cytotoxicity was measured with the neutral red uptake (NRU) assay, higher
cytotoxicity occurred after repeated smoking. With repetitive exposure to the gas vapor phase
(GVP) of the CM7 (CORESTA Monitor Test Piece 7) product at selected dilutions, cytotoxleitels
correlated to the amount of active substances delivered to the cells.

The high sensitivity of the system allows for testing and comparisons of smoke and vapor products.
Toxicology of tobacco smoke and vapor was assessed using four commercial pratd (CM7, dark
blended cigarette, an emerging tobacco product, and an electronic vapor product) and three assays:
NRU, in vitro micronucleus (IVM)® and Ames?

The NRU assay after ALI exposures of H&R cells showed that the whole smoke of CM7 addrk
blend cigarette was more cytotoxic than the emerging tobacco product. GVP contributed
significantly to the whole cytotoxicity, so its effects have to be considered.

The IVM assays after ALI exposures of V79 cells showed that whole smoke of CM7 waemo
genotoxic in comparison to the tested ETP. Vapor of the electronic vapor product did not show any
response after 240 puffs. Gas phase components contributed significantly to the whole smoke
genotoxicity.

The Ames assay after ALI exposures 8almonellatyphimurium bacteria on agar plates showed that
the response to substances in GVP correlated strongly with the moisture content of agar in the petri
dishes. Direct bubbling of bacteria suspension guaranteed fast and effective exposure to all phases
of the test aerosol.

Key Points:
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9 The SEIVSsystem delivers reproducible and sensitive results. The short
connections and fast dilution minimize the loss of particles before cell exposure.

1 The special construction of SEIVS allows testing of up to five products per run,
parallel testing of smoke/vapor and their GVP, and parallel exposure of cells in
inserts and on collagen | matrix.

1 Special features include easy and fast reloading of exposure chamber by using of
multiwell plates, and the ability to alternate puffing with smoke and air cleaning,
simulating smoking behavior.

Air -Liquid Interface zIn Vitro Exposure Systems and Their Use in Inhalation
Toxicology
MichaelaAufderheide Culte)® LaboratoriesGmbH

In this presentation, Michaela Aufderheide summarized a validation project currently underway to
assess the reproducibility of arin vitro exposure sytem used in inhalation toxicology. She also
provided an overview of factors to consider when selecting cellulabased test strategies for acute
and chronic toxicity studies.

Reproducibility is an essential requirement for validating cellularbased exposire systems used to
study the toxicological effects of inhalable substance$¥o address this issue, a collaborative
validation project funded by the German Federal Ministry of Education and Research is currently
underway. Its goal is to establish an expemental protocol for analyzing airborne material under
standardized, stable and reproducible condition in cellular-based systems. The project is based on
the CULTEX®RFS exposure system, which allows for direct exposure of bronchial epithelial cells at
the air-liquid interface (ALI) and the analysis of particulate effects. The system consists of two main
parts: the aerosotguiding module, which conducts and distributes the particles to be deposited on
the cell culture inserts, and the sampling module, whichas three cell culture inserts or Petri dishes
that can be separately supplied with medium. A rack system is also included as a transport and
loading platform.

The first phase of the project has been completed Using human lung epithelial cells (A549 cells)
exposed to different concentrations of copper (II) oxide nancand microscale particles at theALl,
cell viability was measured with the WSTL assay as a parameter of toxicity 24 hours after
exposure. The exprimental setup consisted of a particle generation unit the CULTEX® EIBist
Generator, the CULTEX® RFS for exposure of the cells to the test aerosols and the clean air control,
and a medium supply via peristaltic pumps(SeeFigure 6.) The results showed god overall
agreement of thein vitro data with existingin vivodata for physiological exposures that assessed
acute pulmonary toxicity of airborne materials. This supported the general applicability of the
CULTEX® RFS with regard to the requirements di¢ ECVAM (European Centre for the Validation
of Alternative Methods) principles on test validity. The project is currently in the second phade
improve inter-laboratory reproducibility and to develop a valid prediction model.

Figure 6.
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Aerosol generation CULTEX® RFS Medium supply CULTEX® RFS
Test substance Clean air

Experimentalsetup

The choice of a cellulatbased exposure strategy depends on the questions being asked, such as
what variables will be analyzed, and whether the study is acute (single exposure) or chronic
(repeated exposure). Acute studies evaluate dogesponse rdationships to analyze the toxic
potency of inhalable gases, particles and complex mixtures. Chronic studies estimate cellular
changes after repeated exposure to netoxic concentration of airborne materials for the induction
of phenotypic alterations comparable with the in vivo situation.

Other considerations include cell susceptibility (i.e., whether the susceptibility of the cells
decrease with progressing differentiation of the cells) as well as cell type (ciliated cells,
goblet cells, Type Il cellsand cell location (bronchi, bronchiole and alveoli)To address only
acute toxicity, an undifferentiated cell or even a cell line can be used to show threshold and the
concentration for damaging the cells. Other cell types may be required to sh@articular effects on
the respiratory tract. Cellular systems can be monocultures, which include permanent cell lines
(tumor and immortalized cells), finite cells (primary cells), or 2dimensional and 3dimensional
cultures; or co-cultures, which combine dfferent cell types.

For simulating the in vivo situation best,the useof primary humancellsandimmortalized cell
lines exhibiting mucociliary differentiation is favored and recommended.Thesecellscanbe
cultivated and exposedas mono- and co-cultures under undifferentiated and differentiated
conditions to study the biological effects of airborne material dependingon the susceptibility of
the cells.

Normal primary lung epithelial cellscanbe repeatedly exposedto non-toxic concentrations of the
test atmosphere at the ALI, allowing the analysis of mechanisticand long-term effects,such as
cilia toxicity, mucussecretionor even the induction of hyper- and metaplastic changesCilia

toxicity is one of the first events seen in smokers ovehe long term and increases the risk for
developing chronic lung diseases. In one study, normal bronchial epithelial cells were repeatedly
exposed (10 times) to mainstream cigarette smoke (4 K3R4F cigarettés)Cigarette smoke
induced dramatic changes irtilia and mucusproducing cells after repeated exposure. These cells
showed the ability to recover to a certain degreeRepeated exposure of an immortalized cell line
(CL-1548) to an eliquid vapor (without nicotine) also showed cilia aberrations.In another study,
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repeated exposure (13 times) of normal bronchial epithelial cells to mainstream cigarette resulted
in induction of CK 13 positive cells in several, but not, all donors (publication in preparation)
However, a variety of cell types interact duringhe exposure phase, so these findings require
further detailed study.

Key points:

1 There are a variety of strategies for exposing cells at the air -liquid interface, starting
from acute toxicity studies (dose response relationships) up to repeated exposu re
studies at non -toxic doses. The choice will depend on the protocol, and a clear
definition of what is to be analyzed and demonstrated (e.g. cilia toxicity, metaplastic
phenotype).

1 A validation study of the CULTEX®RFS exposure system showed encouraging results,
whereby within the first project phase the intra - and inter -laboratory reproducibility
could be demonstrated. Future work (2 nd project phase) is planned to improve the
data base and to develop a valid prediction model.

A New Fluorescence Based Method for Characterization of In Vitro Aerosol
Exposure Systems
SandroSteiner,Philip Morris International

In this presentation, Sandro Steiner discussedraethod to determine aerosol lossesand delivery
in in vitro aerosolexposuresystems.

Measuring thedelivery and dilution of a test aerosol is essentialin order to meet the specific
requirements of the biological test systemand to assurethe application of relevant doses.In vitro
exposure studies using theVitrocell® 24/48 systemhave been a major component of assessing the
biological impact of cigarette smoke vs.-eigarette aerosols at Philip Morris Products S. A. The
system has two main partg a climatic chamber and an exposure module consisting of a
dilution/distrib ution system on top of a cultivation base module where up to 48 cell cultures can be
exposed simultaneously to a test aerosol that can be diked serially. Using this system, nasal,
bronchial or oral organotypic tissues are exposed at the aliquid interf ace during 28 minutes,
followed by post-exposure times of 4, 24, 48 and 72 hours. Before reaching the tissue cultures, the
test aerosols are heated to 37°C, humidified and diluted. Endpoints include cytotoxicity (AK assay),
mRNA microarray, preinflammatory mediators, ciliary beating frequency and histology.

Although the Vitrocell® 24/48 system ishighly versatile for delivering undiluted aswell as

diluted aerosols,such systemshave potential limitations with regard to aerosollossesas a

result of sedimentation,impaction andanisokinetic particle sampling, which may hamper exact
dosing. To determine the suitability of an exposure system for a specific application and its dosing
behavior, aerosolspecific characterization of the exposure system iderefore required. Such a
AEAOAAOAOEUAOGEIT AEI O AO T AOAETEIC A AAOAEI AA
precision, its delivery uniformity, and reproducibility and the chemical composition and particle size
distribution of the delivered aerosol,.

Researchers at Philip Morris International havelevelopedafluorescencebased methodto
determine aerosol delivery in in vitro aerosolexposuresystems. The focus wamainly on the

AROE
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particulate fraction of liquid aerosols,which are becoming moremportant in the new generation
tobacco products The goal was to develop a direct, robust and fast method for quantification of
aerosol deposition at any internal part of the system. For this purpose, model aerosols were
generated in a condensation monodiperse aerosol generator (CMAG). The CMAG was chosen
because 1} it allows generating aerosols of different mean particle sizes and narrow size
distributions, which makes investigating particle sizespecific effects possible, an&) a fluorescent
label canbe incorporated into the particles during their generation. Glycerol as one of the key
components of the aerosols generated by new generation tobacco products was chosen as aerosol
material. As a fluorescent label, the fluorophore disodium fluorescein wahosen because of its

high fluorescent activity, stability, water solubility and nontoxicity.

Upon test exposures, deposited aerosol material can be quantitatively eluted from internal system
surfaces using aqueous solventand, based on the determined erosol fluorescencebeforehand,
aerosol deposition in the exposure system can be quantified with high sensitivity and precision,
simply by measuring the retrieved fluorescent activity in the eluates.

Usingthis methodology,the researchersare currently characterizingthe Vitrocell® 24/48 aerosol
exposure system to obtaina detailed description of exposures in terms of reproducibility,
deposition uniformity, dilution/mixing effects, aerosol losses, and optimization of system
operation. The methodology mayalso be applicable for thenvestigation of aerosoldelivery in
other cell culture exposuresystems.

Key points:

1 The fluorescence -based method for the characterization of in vitro aerosol exposure
systems is a valuable tool to study particle dynamics/delivery.

1 Robust particle size specific generation of disodium fluorescein labelled glycerol
aerosols is possible, as well as robust, fast and sensitive quantification of aerosol
deposition.
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Cutting -edge In Vitro Exposure Technologies for Conventional and
E-cigarettes
TobiasKrebs,Vitrocell System&mbH

In this presentation, Tobias Krebs discussed the major components of a typigalvitro exposure
system for assessingonventional and e-cigarettes? smoke/vapor generation, dilution systems,
exposure systems, auxiliary equipment, and dosimetry toots and the importance of matching all
components to the process requirements.

A complete exposure system for conventional cigarettes andaggarettes is compex, as illustrated

inFigure 78 # OEOEAAI OUOOAI A linAifrofekpBsOrbs, abdvArocdI® prédud® i 008 .
examples are described below.

Figure 7.
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The complete exposure system

Smoke/Vapor Generation. This is the first hot spot in anin vitro installation. Here, reproducible
aerosol generation with the smallest dead volumes is important, as well as a fast and easy cleaning
procedure, and the avoidance of crossontamination when testing products. Smoke/vapor
generation differs for convertional vs. ecigarettes. For conventional cigarettes, smoking regimens
are generally ISO and Health Canada Intense (HCI), with actuation by a lighter. Faigarettes,
constant flow (square) profiles of 55 or 70 mL over 3 s with a frequency of 30 secondee typically
used, with the device activated by draw or button.

Two types of equipment are available for smoke/vapor generation: automatic robots and manual
machines. The VC 10-§pe, an automatic robot, has a mukpump system that can supply various
dilution systems by switching from one pump to the other, and can be used in evaluating
conventional and ecigarettes. The manual VC 1 smoking machine is more suitable fecigarettes,
and has the smallest dead volumes and offers an increased capacitymialtiple pumps. A positive
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control can be run in the same experiment. Machines can be characterized by analyzing the total
particulate matter (TPM) and particle concentrations via inline photometers before and after the
piston pump to define particle losss. The VC 10 smoking robot is the most characterized smoking
machine forin vitro applications 1213 The VCL Smoking Machinaevasintroduced for testing of
combustion and ecigarettes4

Dilution System . The dilution system is the second hot spot in theystem. Here, reproducible
dynamic dilutions with the smallest dead volumes are important. Fresh aerosol should arrive
quickly to the test system. The system must also be easy to clean. For conventional cigarettes, the
typical concentration range is 5 50% smoke. The ecigarette concentration range is 3680%
aerosol.

Exposure Module. The exposure module must also be reliable and easy to clean, and ensure
uniform particle deposition. Exposure systems are similar for both conventional and-eigarettes.
Traditional in vitro exposure methods, which are still often used, include submerged or suspension
cultivation with exposure in an incubator, but have the disadvantage that the test substances
interact with the media, and thus give a low sensitivity and an utefined dose. The air/liquid
interface, where cell cultures are exposed on microporous membraneand has the advantage of
including all three phases of the aerosol (gas, semolatile and particle) in the exposure, give a high
sensitivity and defined doseThis method is more physiological relevant to the human situation.
When selecting an exposure module platform, three dimensions must be considered: the membrane
insert size, the number of doses or throughput, and the type of assay to perform. Whearking

with bacteria for the Amesassay for example,the requirements arising from the useof Petri dishes
must betakeninto account.

Vitrocell offers a wide range of exposure systems for normal and higher throughput which are
heavily published. The newest Wrocell systems are the 6/48 and AMES 48, which meet the
demand for higher throughput and a compact design which were developed based on the Vitrocell
24/48 technology.!s (SeeFigure 8.) The Vitrocell 96 module for 96-well sized cell culture insert
plates allows for 11 doses at 8 replicates and one clean air control at 8 replicates, and has an
integrated dynamic dilution system.
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Figure 8.

The Vitrocell 24/48 Exposure System

Auxiliary Equipment.  Auxiliary equipment includes components to optimally manage vacuum
flow rates, dilution air flow rates, temperature, and humidification and other exposure conditions
and must be synchronized with the exposure modules. Examples include equipment for the
maintenance of ISO lab conditions for conventional cigarettes and heated chambers ferigarettes.

Dosimetry Tools. Finally, dose monitoring is vital for process control and interpretation of the test
results. Dosimetrytools for assessing conventional and-eigarettes are similar, and employ
chemical analysis and timeof-flight mass spectrometry (TOFMS) for the gas phaseCarbon
monoxide (CO) is also measured for conventional cigarettda. the lastfew years,advancedsolutions
for doseassessmenbecame integrated into the exposuresystems. These include online TOMS
technology, which can detect components of the aerosol at a very high resolution. Various
concentrations of acetaldehyde and nicotine, for example, cée detected and compared for
conventional cigarettes and new generation products.

For assessment of the particle phase, relevant tools are chemical analysis, photometers and
microbalance technology. For particle deposition in thén vitro exposure system particle mass and
deposition rates need to be evaluated with no disturbance of the exposure process. For this
purpose, the microbalance sensor for doseesponse measurement was introduced more than 5
years ago and can be integrated into the exposure sgsns.16 The sensors are capable of measuring
the deposited mass in the module at a resolution of 10 ng/chper second. Inline photometers are
used to assess the particle concentration to prove that the product is reproducibly guided to the cell
cultures. These enable online measurements of particle concentrations at the inlets and/or outlets
of the aerosol expsure top, and can measure at very low flowates (e.g., 5 ml/min) without any
particle losses. Advanced dosimetry software offers a combined view of the photometer and
microbalance deposition data, with up to 8 microbalance sensors and 8 photometers.
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In summary, the selection of suitable components depends on many factors, including the nature of
the aerosol, the type of assay, sample size, and throughput requirements. All component groups can
be tailored to match the needs of the research laboratory opecialized testing facility.

Key points:

1 The quality of aerosol generation is vital for a successful in vitro experiment. The
smoking machine requirements for conventional and electronic cigarettes are
different, but share the same basic technologies.
Reproducible dynamic dilutions with the smallest dead volumes are important.
Sample size and amount of the diff erent doses to be assessedin one experiment
are factors to consider in selecting machine type, dilution systems and exposure
modules.
I The in vitro exposure system should be capable of handling exposure at the

air/liquid interface.
1 Dosemonitoring is vital for process control and interpretation of the test results.
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CORESUBJECT #3A: DOSIMETRY APPROACHES FOR PARTICLES AND VAPORS

Modeling Inhalation and Deposition of Cigarette Puff Mixture in the Lungs of Smokers
BahmanAsgharian,Applied ResearchAssociates

In this presentation, BahmanAsghariandiscussed the development and application of a
mathematical dosimetry model for determining thedeposition of cigarette smoke patrticles in the
oral cavity and the lung.

A realistic assessment of the deposited dose of inhaled cigarette smoke in the rieafry tract must
address the underlying physicochemical properties of the smoke. Cigarette smoke mixtures have
properties that make their behavior much more complex than that of environmental aerosols. A
cigarette puff may contain many different chemiclbcomponents in particulate and gaseous forms.
These compounds then enter the respiratory tract after puff withdrawal and are inhaled deep into
the lung and deposited preferentially on airway surfaces based on their aerodynamic and
thermodynamic properties.

Also, the breathing maneuver during smoking differs from normal breathing and contributes to
discrepancies in predicting particle deposition. During smoking, the puff is drawn into the oral
cavity and this is followed by a mouthhold. Smokefree air isthen inhaled and mixed with the puff
before delivery of the particle mixture to the lung. Particle size may change during the puff drawing,
mouth-hold and delivery into the lung.

When freshly generated, most components of cigarette smoke are condensed into droplets.
However, there will be a continuous gagparticle conversion (phase change) of components
depending on their saturation vapor pressure, deposition on airway surfaces detmined by their
aerodynamics properties, and coagulation of cigarette particles due to their high number
concentration. Particle size is also affected by relative humidity, with size increasing at high relative
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humidity by absorbing water vapor from the surrounding air. Hygroscopic growth occurs quickly
and is mainly responsible for particle growth over size increase due to phase change of other
components.

Understanding the fate of these compounds in the lung and the localized dose to the lung of the
inhaled smoke is essential for studying the health impact from cigarette smoking. Two other major
mechanisms affect cigarette particle behavior and deposition. One is the colligatver cloud?
effects, which occur when a mass of particles behaves as a singtaly, resulting in airflow moving
around the body rather than through it. The other mechanism involves nenolligative effects,

which include phase change (evaporation or condensation of semolatile components) and
coagulation (movement and collision of prticles in the air due to their thermal energy). These
mechanisms affect deposition of smoke particles by sedimentation, impaction and Brownian
diffusion.

Mathematical dosimetry modeling offers a realistic approach to studying the fate of inhaled smoke
and is complementary to controlledstudies of biological responsesModeling efforts begin with
studying the behavior of the puff during inhalation due to dropletvapor phase change, aerosol
coagulation, deposition on airway surfaces, and mixture of the pivith the dilution air at the end

of a mouthrhold before entering the deep lung. In developing a model, the givens include the
exposure parameters (concentration, size distribution, etc.), lung geometry, and breathing rates and
profile. The goal is to calulate the deposition fraction of cigarette particles in the lung during a
single puff inhalation and during multiple breaths. Challenges include the lung geometry, which is
very complex with its varying airway dimensions and branching, as well as the calation of lung
ventilation? the airflow distribution that determines where the particles end up in the lung.

The model presented assumes a simplified airway geometryi.e., cylindrical airways and a
dichotomous branching structure> and uniform expansion andcontraction of the lung lobes:’
Particle transport modeling is based on a mass balance equation per airway to calculate the
deposition fraction in all lung airways. Calculations of particle deposition for a smoking scenario
are based on a simulation oftte breathing pattern of a smoker from drawing of the puff to mouth-
hold, inhalation of dilution air, pause, and exhalation.

Model predictions of deposition fractions with and without the cloud effects were compared. The
results showed that the cloud effetwas most significant in the large airways of the lung and that

the effect decreased distally with lung depth. Deposition in the tracheobronchial region suggested a
strong cloud effect, while deposition in the pulmonary region suggested a diminishing cldu

breakup effect in the deep lung. There was little or no cloud effect in the alveolar region.

Mixing of the puff with dilution air reduced the cloud effect and tracheobronchial deposition. With

no mixing, there was significant deposition in the oral caty and tracheobronchial region due to the
cloud effect. With complete mixing, there was a high deposition in the oral cavity due to the cloud
effect and a reduced deposition of cigarette particles in the tracheobronchial and alveolar regions.

Key points:
1 Mathematical dosimetry modeling offers a realistic approach for studying the fate of

inhaled smoke and provides alink between exposure characteristics and biological
responses.
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9 Consideration of the cloud effect is needed for realistic predictions of  particle
deposition. Predicted particle deposition considering the cloud effect was greater
than when treated as a collection of non -interacting particles.

CFD Modeling of Aerosols and Vapors for Cross-Species and IVIVE Respiratory Dosimetry
Richard Corley PacificNorthwest National Laboratory

In this presentation, Richard Corley used data obtained from computational fluid dynamic (CFD)
modeling to address species differences in sispecific aerosol deposition as well as tissue doses
for reactive aldehyde vapor constituents found in tobacco pructs under realistic exposure
conditions. These CFD models and others serve as the foundation for relatingitro responses to
realistic human exposure conditions.

Tools for developing CFD models have evolved considerably since the 1990s, and modafsrow

be developed in days or even hours, depending on the species. The development of an imaging
based CFD respiratory model, summarized iRigure 9, begins with magnetic resonance imaging
(MRI) and computerized tomography (CT) of the airway features adfterest, followed by

segmentation of the imaging data and the creation of an isosurface for mapping cell types and tissue
types. Computational meshing and multiscale coupling are then employed for CFD simulation. A
suite of imagingbased CFD models are moavailable for a variety of species including rats, mice,
rabbits, monkeys and humang and personalized models are on the horizon.
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In a recent study, extended airway CFD models of the rat and human were coupled with airway
region-specific physiologically based pharmacokinetic (PBPK) tissue models to describe the
kinetics of three aldehydes found in cigarette snke: acrolein, acetaldehyde and formaldehyd#.19
Aldehydes are highly reactive, wateisoluble vapors, and difficult to measure in tissues because of
contact site irritation, inflammation, degeneration and mutations. To date, human health risk
assessmentdiave been driven largely by cytotoxicity and tumors in the nasal tissues of rats (noese
breathers), as opposed to humans (nasal/oral breathers).

To compare sitespecific airway tissue internal doses between rats and humans under realistic
AOAAOGEET ¢ AT A AOOEI AOAA AECAOAOOA UEAI AOh OEOOOA
(nose) or region (other airways) were determined along with overd regional areaunder-the-curve

(AUC). Hot spot AUCs were defined as a function of concentration, surface area and depth within a

cell type or region, and constituted the top 2.5% of AUCs for all facets in each region.

In prior steady-state rat simulations of aldehyde nasal toxicity, the anterior respiratory nasal
epithelial tissues received the greatest initial uptake rates for each aldehyde. However, using the
more realistic transient breathing profiles in this study, AUC concentrations were greater ihe
anterior dorsal olfactory epithelium. Human oral breathing was simulated by measuring puff
ventilation profiles and smoke compositions for representative puff concentrations of each of the
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aldehydes. In the human simulation, oral and laryngeal tissugsceived the highest local tissue

dose. Penetration to pulmonary tissues was greater than that predicted in the rat. Lifetime average
daily doses LADDs) were compared for each aldehyde under realistic cigarette smoking in humans
with those produced in target tissues of rats following subchronic inhalation exposuredased upon
LADD comparisons of tissue hespot AUCs and numbers of cigarettes smoked/day, the order of
concern for human exposures was acrolein > formaldehyde > acetaldehyde.

Another ongoingstudy involves a CFD modeadeveloped to compare the deposition of
aerosolizedBacillusanthracisspores in the respiratory airways of a human with that of the rabbit, a
species commonly used in the study of anthrax diseageResults showed that regional gore
deposition patterns were sensitive to airway geometry and ventilation profiles. Spore deposition in
the nose was higher for rabbits than humans and attributed to structural differences; the rabbit
nose is highly turbinated with a very different anatony and diffusive properties compared to
humans. Deposition in the lower conducting airways was higher for humans than rabbits, and
attributed to differences between the two species in the bifurcations of the lung.

Looking toward the future, a comprehensivanolecular atlas of the latestage developing lung is
currently in development with funding from the National Heart Lung and Blood Institute (NHLBI).
Known as LungMAP, this opeRraccess reference resource is utilizing statef-the-art molecular and
imaging technologies to map and annotate the cell types of the developing mouse and human lung.
The goal is to fill the knowledge gap in molecular/cellular events that drive lung development and
cell function and to provide tissues, reagents and data to the mediaesearch community.

Four-dimensional CT imaging is currently being done in animals and shows that the tissue
mechanics of the lung is implicit in its motion. Data from a rat model of latetage chronic
obstructive pulmonary disease (COPD) has allowedrfthe development of ventilation maps and
stress/strain relationships.

Work is also underway on multiscale coupling for aerosol deposition. These models involve three
dimensional CFD descriptions of airways with the addition of on€imensional models ina bi-
directional coupling with airway mechanics, airflow, and multiple path particle densit{MPPD)
models to get a better full description of the airwaysThese models also consider changes in
respiratory behaviors that contribute to target site dosimetry and response.

Key points:

1 Understanding target tissue dosimetry under both experimental and realistic
exposure conditions will be just as vital to successful implementation of  in vitro
testing as it has been for cross -species comparisons.

1 Simulations using CFD-based models enable the development of more realistic and
relevant human equivalent exposures associated with responses observed in animals
as well asin vitro organotypic respiratory cell culture systems at an air  -liquid
interface.

1 Benchmarking responses to target site or tissue dosimetry significantly improves the
ability to prioritize tobacco product constituents of concern and reduces
uncertainties in cross -species and in vitro -in vivo extrapolations.
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Deterministic Dosimetry for Particles and Vapors: Consideration for In Vitro Mainstream
Tobacco Smoke and EVapor Product Studies
MichaelOldham,Altria Client Services, LLC

In this presentation, Michael Oldham reviewed mechanisms and factors to consider when
determining dosimetry in in vitro studies of mainstream tobacco smoke and-eapor.

The goals oin vitro dosimetry studies have evolved from simply knowing the exposure
concentration in the culture, to determining the cell exposure concentrations as well as the cell
surface dose that causes the response. Now, the goal is to determine the internal cell dose that
results in the response, and even to determine the dose at the receptor inside the cell.

Two major mechanisms that determine the deposition of particles in the respiratory tract are

Brownian diffusion and sedimentation. Particle transport to cells is calculatetly solving

simultaneous equations for both of these forces to show how far a particle will travel in one second

in still air. These principles were applied in the ISDDit§ vitro sedimentation, diffusion dosimetry)

model developed by Hinderliter et al. tacalculate the movement of particles from the media to the
bottom of the vessel in submerged culturedt (SeeFigure 10.) The simulations factored in gas

ATl 1 OAT 6h OAI PAOAOOOAR ' OT CAAOT 860 1 Oi AAOh 1 AAEA
acceleration,particle density, fluid density and total media height.

OE
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Figure 10.
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In developing the ISDD model, some assumptions were made to simplify the calculations. For
example, advection and surface area of the sides of the cell culture dish were considered not
significant. Particles, either primary or agglomerates, were assumed tze independent and nor
interacting, and a uniform particle distribution at initiation of the experiment was assumed.

The model was tested against measured transport rates or cellular doses for three different
particles? carboxylated polystyrene, iron oxde and silica obtained in three independent studies.
Particles of different density, size and agglomeration state were tested. Overall, the cellular doses
predicted by the model were in close agreement with the experimental data, differing in most cases
by about two-fold. The authors noted that the accuracy of the model was limited by the accuracy of
the input data, and by experimental and biological variability. However, the ability to calculate the
actual cellular dose +£ 50% is an improvement over earler models.

When using airliquid-ET OAOEAAA (! ,)q Aobl OOOA OUOOAI 6h EOBO E
systems use low flow rates, which can influence biological effects. Leak detection is critical at every
step. These exposure systems have dead spavolume of aerosol transport pathways) and aerosol
losses can occur in these spaces prior to cell exposure. External forces such as thermophoresis
created by the temperature difference between the media feeding the cells and the exposure
atmosphere, carcreate a thermal buffer above the cells and affect aerosol depositiehParticle-
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charge effects are usually not problematic when dealing with liquid aerosols.

The delivered dose at the ailiquid -interface can be measured using the quartz crystal

microbalance (QCM). While this works well for tobacco smoke, it has not been effective for the non
Newtonian fluids used in eliquids. Also, surface area coverage by the aerosol must be considered.

&I O AGAI Pl AR AOA OEAOA OET Ae corief IO gettiig morOdxpbsute, ) A Ol
than the periphery? More research is needed in this area.

Determination of in vitro dosimetry is challenging for bothmainstream tobaccosmokeand e-vapor
product aerosols. Bothare concentrated,dynamic and complexwith semi-volatile constituents.
Tobacco smoke contains more than 8700 chemica&Dilution of mainstream tobacco smoke can
cause changes in particle size with more serviolatile constituents in the vapor phase? With e-
vapor aerosols, there aresignificantly fewer constituents. However, evapor aerosols have a
greater proportion of semivolatile constituents.

Key points:

1 Knowledge of the delivered dose and its time course is critical to interpreting and
potentially extrapolating results from in vitro assays.

I Tobacco smoke and e-vapor aerosol present unique challenges regardless of the
exposure techniques used in in vitro experiments.

I Quantitative particulate and vapor phase in vitro dosimetry determinations are vital
to be able to interpret and integrate results of  in vitro experiments into the scientific
literature.

CORE SUBJECT #3B: IN VITRO DOSIMETRY DETERMINATIONS

Dosimetry Tools, Approaches and Applications for Tobacco and Next
Generation Product Testing
JasomAdamsonBritish AmericanTobacco

In this presentation, Jason Adamson discussed the exposure systems and dosimetry tools
employed byBritish American Tobacco(BAT) and how these tools are being used to compare
exposuresystems and datdrom cigarettes, e-cigarettes and tobaccoheating products.

Only about eight years ago, exposure testing at BAT was mainly focused on combustible cigarettes,
which varied by slight differences in factors like rod length, filter and tobacco blend. Now, the next
generation products are devices of all shapes and sizegith differences in power sources and
electronics, and eliquids with differing flavors/ingredients, nicotine strengths and humectant

ratios. Some devices are puffctivated and some require pressing a button. They differ from
cigarettes in how they areattached to aerosolgenerating machines, how they are held in place,

how they generate aerosol, anth their chemical compositions once diluted and depositedh vitro.

Modes of biological exposure to test article have included:
1 Particulate matter exposure, which involves submerged exposure to filtetrapped
particles that are then washed in solvent. This is a traditional, relatively inexpensive, and
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simple exposure with much historical data available, based on its use as a regulatory
standard. However, ony a minority fraction of cigarette smoke can be captured for
exposure. Considerations include solvent solubility/ interactions, and the physiological
relevance for lung cultures.

1 Aqueous extract exposure, which involves submerged exposure to an aerogbiat has
been bubbled through media or buffer. This is also a relatively simple and inexpensive
appropriate for most cell culture models and is used, for example, ingdels of
cardiovascular disease and oxidative stress. However, it only captures soluble components,
and an analysis of the individual fractions might underestimate the risk. It may be less
relevant for lung or air-liquid interface cultures. Aerosol solubiity and phase distribution
must be considered, as well as the type of solvent to use. Some solvents could potentially
react with constituents of the smoke fraction.

1 Air-liquid interface (ALI) and air -agar interface exposures, which involvewhole aerosol
or vapor phase only exposure at the ailiquid or air -agar interface.These exposures are
more complex and expensive to set up, but are probably the most physiologically relevant
for lung cultures and to the consumer because all fractions and components béttest
AAOT 011 AOA Agpi OAA8 4EAOA EO A OAOEAOU 1T &£ 0OUO
also important to understand the dlution mechanics, transit, exposure chamber and
interface doseof the system, although the differences become lesslegant when data can
be aligned with dose.

9 e-Liquid exposure, a relatively new method that involves submerged exposure to
unaltered eliquid or its ingredients. It is a very inexpensive, simple and high throughput
exposure. However, one must understand thidhe components of the diquid are changed
through aerosolization. Undiluted eliquids will be toxic to cells, giving a false positive, but
this may not necessarily be an issue, because dassponses and LB50s can be obtained
to make comparisons.

BAT currently works with two ALI exposure systems:The Borgwaldt RM20S® and the associated
smoking chamber with quartz crystal microbalance (QCM), and the Vitrocell® VC10 smoking
robot and the associated 6/4 module with QCMs. Five dosimetrjethods are used to make
product assessments, with twe gravimetric mass and nicotine concentration employed fairly
regularly.

1 Gravimetric mass per puff via QCMs z The main advantage of this dosimetry method is
that it provides real-time data generation, vhich gives confidence in the exposure. A
limitation is that QCMs can be overloaded with aerosol as the droplets coalesce after
AAPT OEOET ¢ i1 OEA AOUOOAI 60 OOOAZEAAAS

1 Nicotine quantification per puff with  Ultra Performance Liquid Chromatography
(UPLC)z Mass Spectrometry (MS)/MS - The advantage of this method is that it provides
relatively quick turnaround in data, and also allows for qualification as well as
guantification and conversion of dilutions to delivered nicotine.

Measuring dose at the exposure interface may allow the comparison of data from different
exposure systemsand products. Table 3 summarizes the different ways that have been used to
draw comparisons to the wide variety of products available now. Exposure system dilution
provides a very simple data representation but is only valuable on the same system and does not
allow easy crossplatform comparisons. A per stick/product comparison is uninformative due to
the diversity of products with varied uses and delivery. Per puff comparisons may give a closer
comparison but are still limited. A gravimetric mass per puff comparison is a gooceal-time, in

situ quantification of deposited mass of a test article, allowing crogglatform and crossproduct
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comparisons. Delivered nicotine comparisons are even better, allowirig situ quantification of a
marker across products. Comparisons of othetelivered compounds would be best, providing
additional in situ quantification.

Table 3.
Methods of Dose-Response Comparison

METHOD OF UNITS PROS/CONS AND IMPLICATION

COMPARISON

Exposure system | Ratios, %, | OK; simple data presentation; comparison

dilution flow rate | only valuable on the same system; does not
allow easy crossplatform comparisons

Per stick/product ltem Uninformative; with such a diversity in
products that are consumed, puffed, activated
in different ways andwith varied delivery

Per puff Number | OK; a closer comparison between products bu
still limited

Gravimetric mass |t CT2A I | Good; reaitime, in situ quantification of test

(per puff) puff article deposited mass, allows crosplatform
and crossproduct comparisons

Delivered Total ng | Better; in situquantification of delivered

nicotine nicotine,
a crossproduct marker

Delivered X, Y, Z Total ng Best; additionalin situ quantification of other
delivered compounds

To determine whether dose can be used to align different systems, BAT carried out a case study to
assess two cytotoxicity datasets generated on contrasting exposure systems, the Boatpiv

RM20S® and the Vitrocell® VC 10 with different experimental setups. Comparisons were made
by expressing each dataset as a function of dose using pg/amd nicotine. The resulting data has
been submitted for publication.Overall, thestudy demonstrated the importance of dosimetry
techniqguesand how they canbe usedto align data between two completely different exposure
systemsand setups to facilitate comparisons.

Key points:

1 Dosimetry techniques can be used to align data between two completely different
exposure systems and setups, to facilitate comparisons.

1 Dose tools may provide a link between in vitro , in vivo and human dosimetry studies
and aid in the comparison of data across different tobacco categories.

1 The next generation products category will continue to grow, evolve and diversify
and dosimetry will support exposure.

Evaluation Method for In Vitro Toxicity of Cigarett e Smoke by Whole Smoke Exposure
XiangLi, Zhengzhoul obaccoResearcHnstitute of CNTC
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In this presentation, Xiang Li described the whole smoke (WS) exposure system used at the
ZhengzhouTobaccoResearchnstitute (ZTRI), and summarized findings from several assays amd
vitro dosimetry determinations at the airliquid interface.

Cigardte smokeis a complex aerosol composedof thousands of chemicals which are distributed in
aparticulate phaseand a gasvapor phase(GVP) Investigating only the toxicological effect of total
particulate matter (TPM) from mainstream cigarette smokedoesnot completely reflect the biological
effectsof the smokemixture . Direct exposure technology based on the aiiquid interface provides a
better platform for investigating the in vitro toxicity of native cigarette smoke.

At present, the representative exposure systems are the CULTEX® and Vitrocell® systems as well
as the British American Tobacco exposure chamber. These systems provide anlajuid interface
exposure for cells and guarantee a composition of mixtures matching the reiék situation.

An experimental platform at ZTRI used a smoking robot VC10 connectedth the Vitrocell®
exposure system. Some parameters, which could potentially influence the measurements, were
optimized using this exposure system. Based on the optimized parametens vitro toxicity assays
by WS exposure at the aitiquid interface were established. These included the neutral red uptake
assay, the Ames assay, and the oxidative stress assay for whole cigarette smbke.

The results of the neutral red uptake assay for WS showed that the viability of cells exposed to
synthetic air at a 5 mL/min flow rate was not impacted significantly when the exposure time
increased. The optimal timepoint to assess smoke cytotoxicity appered to be 24 hours after
smoke exposure. A good doseesponse relationship was observed by using this WS exposure
system. The data showed that Chinese hamster ovary (CHO) cells were more sensitive to smoke
induced cytotoxic effects than thehuman lung adenocarcinoma epithelial cell line (A549 cells)
Cytotoxicity under the International Organization for Standardization (SO) regimen was less than
that under the Health Canada Intensive (HCI) regimen when smoke doses were expressed as
percentage of cigareth OI T EA8 . 1T OAAT Uh xEAT OIiTEA AT OAO xAOA
cytotoxicity under the HCI regimen was less than that under the 1ISO regimen. GVP of cigarette
smoke plays an important role in toxicological impact.

For the Ames assay for WS, a flow rate of 5 mL/min flow rate was found to be suitable and a good
doseresponse relationship was observed using this WS exposure system. The sensitive response
was observed using the spread culture method rather than the oviery agar method. An S9 mix of
10% was determined to be optimal when considering positive response and the costs.

Results of the oxidative stress assay showed that WS caused oxidative stress in A549 cells at the air
liquid interface. The ratio of reducedglutathione (GSH) to oxidized GSH (GSSG) decreased.
Malondialdehyde (MDA), 4hydroxynonenal (HNE) and extracellular superoxide dismutase

(ECSOD), and-Bydroxy-2' -deoxyguanaosine (80HdG) levels increased after WS exposure.

Measurements fromTPM exposureand WSexposure were compared byconverting the EC50

values from WSexposuretesting. The comparison was based on the assumption that the TPM of

cigarette smoke entering the exposure module could be completely absorbed by the medium during

WS exposure. SmEA AT OA ET 40- A@bi OOOA EO CAT AOGAIT U AgbO
is expressed as a percentage of cigarette smoke (% of cig). The values of % of cig in WS exposure

experiment were converted to TPM equivalent values by multiplying the % of cigalues with TPM

delivery per cigarette. Then, the TPM equivalent values were divided by the volume of medium in

OEA A@bi OOOA 11 AOI A8 4EA EET A1l AAI AOI AOAA OAOGOI 60O



Page |42

The results showed that the converting values of EC50 WS exposure were less than the EC50
values in TPM exposure. However, this comparison was based on an assumption and the data
conversion has some limitations. For example, the TPM of cigarette smoke may not be completely
absorbed by the medium during WS eposure. Also, the converting values of EC50 in WS exposure,
according to the assumption, might be greater than the actual data. In spite of this limitation, the
converted results can indicate that the cytotoxicity of cigarette smoke by WS is greater tharat of
TPM exposure.

In another experiment, the quantification of deposited particle mass and nicotine on a quartz

crystal microbalance (QCM) surface was analyzed to assess smoke dosimetry. Nicotine was selected
as a chemical marker of smoke dosimetry. Ehdata(unpublished to date) showed a good

correlation between the concentration of deposited particle mass and the concentration of nicotine.

Key points:

91 Inthe area of in vitro toxicity testing based on WS exposure, the dosimetry
determination is an important aspect for the air  -liquid interface.

9 Accurate dosimetry data can support the results from in vitro toxicity of cigarette
smoke.
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CORE SUBJECT #4: EXPOSURE MICROENVIRONMENT/PHYSIOLOGY OF
CELLS

Exposing What? Overview of the Airway Tissue Exposure Site
HolgerBehrsing,IIVS

In this presentation, Holger Behrsingeviewed the current understanding of human pulmonary
structures, the involvement of airway tissue changes and cell types in exposures and responses, and

the relationship of these human lung components to twin vitro/ex vivo models currently in use for
exposure assessments.

The complex structure of the human lung presents a challengefor quantifying exposures to
inhaled materials.In the respiratory tract, cell types and functionality change along the airway
structures with substantial tissue differences seen in the conducting airways versus the respiratory
parenchyma. (Seé-igure 11.) Deposition of materials in the lung is also quite variable, depending
on the location in the respiratory tract? i.e., the nasal cavity, trachea, bronchus or bronchioles.
Different deposition mechanisms, such as diffusion, sedimentation, inertial impactioimterception
and electrostatic forces, can play major or minor roles.

Figure 11.
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The fluid lining of the pulmonary barrier is the first line of defense when a substance enters the

lungs. In the upper airway, goblet cells secrete gébrming mucins, the major components of mucus.

The mucous layer contains antiseptic enzymes (such as ¢ggymes), immunoglobulins, inorganic

salts, and proteins (such as lactoferrin). In the smaller airways, Clara, or club cells secrete

surfactant and produce enzymes that detoxify substances dissolved in the respiratory fluid. The

fluid lining has anti-oxidanO0 D OT PAOOEAO AO xAil 18 7EAT NOAT OEAUET C
important to keep in mind that substances like aerosols and whole smoke will interact with the
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fluid lining and modify the content of the lung regionrspecific barrier. The cells ad tissue are 3
AAOOAT T U OEAT Agbi OAA OI A Oi T AEEZEAAS 1 ENOEAh xEE
of the lung

Various three-dimensional (3D)in vitro/ex vitro models are available for assessing exposure
responses, includingn vitro reconstructed human airways (RHuA) and precisiorcut lung slices
(PCLS), also of human origin. These models are currently being used for studies of cytotoxicity,
viability, and functional responses (e.g., inflammatory) to exposures. An advantage of the 3D
models over two-dimensional models is the presence of multiple cell types, including mucus
producing cells. However, while controlled exposures are possible for these models, dosimetry
remains a challenge.

The RHua model allows for airwaylike exposureswith a number of cell types present, including
ciliated columnar cells, goblet cells, basal cells, fibroblast -@ulture, and Clara cells. (Seleigure

12)" O xT A0 OEA A RBuatisduds Oiferfapidaliatd AadaEdomphaitiments that allow

flexkAET EOU ET 11T AATEITC PEUOEITTCEAAI T U OAI AOGAT O AgD]
specific quantification of biological responsesv @Al D1 AO T £ 2 ( OA 11T AAT O ET Al O}
%DE! EOxAUA AT A %DbEOEAI E@80 - OAEI ! ditibdhdhial origie, AlE AOA A
AAT A1 O AA AOAAOGAA EOI I AAITT O 1T /&£ OEA 1T AOI PEAOUT C
3iAlT!' EOA I TAAIh xEEAE EAO A PIi Ol AGETT 1T &£ #1 AOA

includes epithelial, fibroblast and endohelial layers. A common feature of these RHUA models is

that they offer an apical exposure site and they are all grown on a microporous membrane which

allows nutrient delivery from the basolateral compartment containing mediumRHuUA models are
increasingyAAET ¢ OOAA OF AOOAOO ET EAI AGETT Ag@gbPi OO0AOAK C
vapors.
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Figure 12.
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In vitro/ex vivo models: RHUA

The PCLS model retains the native architecture of the lung and at least some of the common
elements that occurin vivo. One of the benefits of the slices is the ability to see small areas, like the
parenchyma in its native architecture. Also, all of the cells in the tissue are present at slicing,
including the macrophages, an important consideration when looking at flammatory responses. A
limitation of this model is that larger airways might be excluded from slicing due to the size
constraints of the slicing equipment. In the PCLS model, the cressction of tissue is exposed and
this differs from an exposure createdvithin the airways and traveling down the airways as it
occursin vivo.

7EAT AT i PAOET C i1 AAI Oh EOB6O EIi T OOAT O O1 A1 1 OEAAO
aerosol or smoke is being exposed to the tissue itself. The differential particle/matefidistribution

onto airway tissue regions is variable and dynamic. Questions remain about how to ensure tlrat

vitro/ex vivo models receive the intended dose. For small airway or alveolar exposures, more
OAOAAOAE EO T AAAAA O1 kbdkteipssirdio justtdeOEAO EO5 O DI 00
particles/materials that reach the sitesin vivo. The models are continuing to evolve.

Key points:

9 Creating accurate and dependable means to quantify pulmonary exposures to
inhaled materials, including tobacco -related mixtures and constituents, is challenging
due to the complex structure of the human lung.

1 The use of state-of-the-art in vitro tissue models to obtain informative data for
correlation back to in vivo pulmonary exposures adds yet another factor of
complexity.

1 A detailed understanding of how these models relate back to native human
airway structures and the cells involved in responding to tissue challenge is
required.
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In Vitro Toxicology of E-cigarettes and Other Tobacco Products
Irfan Rahman,University of RochesteMedical Center

In this presentation, Irfan Rahman highlighted the potential deleterious oxidative and pro
inflammatory effects of ecigarette aerosols when exposed directly to lung cells.

The consumption of electronic cigarettes is rising, particularly among young people. An alarming
OOAT A Ali1¢C Ui OlCAO OOAOO EO OEA OOA 1 AlifidOAOEDDE
directy ontothe eAECAOAOOA S O E A A @t ihErefifablé&chdmbed (6éeEidute OEAT E
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Figure 13.
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content.

It is well known that cigarette smoke and tars contain oxidats/reactive
oxygen species (OX/ROS), which mediate inflammation and are
implicated in the pathogenesis of lung diseases such as chronic
obstructive pulmonary disease (COPD). A recent study, using a modified
2'-7'-dichlorodihydrofluorescein diacetate (DCFHDA) fluorescein
derived dye to detect OX/ROS reactivity in a celfee system, showed
that OX/ROS are generated in-eigarettes and eliquids as well2? One of
the sources of the OX/ROS appears to be activation of the heating
element. The amount of OX/ROS reactivityas also dependent on flavor
additives. Flavorscontaining sweet or fruit flavors were stronger
oxidizers than tobacco flavors.

Use of thedripping technique generated an even larger amount of
OX/ROSsuggesting that this emerging trend delivers a larger dose of
OX/ROS to users. Aerosols producday dripping the e-liquid directly

onto the heating element wickresulted in high range DCF fluorscence, as shown iffable 4.
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Table 4.
O$OEDPDPET Co OAAEIT KN @als t&high @igeHeveld ohdkitlaAts. A

State of the heating element

Experiment 1

Powered

Air (sham)

Experiment 2
1 filled with
quid
Humectant

Consumer refill

Each value represents the H202 equivalent$ ) measured after aerosols or clean air is drawn through
dichlorodihydrofluorescein (DCFH) solution.
Source: Learner CA et aPLoS One 2015;10:e0116732.

The same study also evaluated cellular toxicity and inflammation in human airway epithelial cells
(H292) exposed to ecigarette aerosols and nicotine. An aitiquid interface (ALI) system was
employed that utilized a specialized transwell chamber to mimic pulmonary air-liquid flow

dynamics during ecigarette aerosol exposures. Exposure of these cells resulted in increased
secretion of proinflammatory cytokines, such as IL6 and IL-8, into the culture media after the cells
were allowed to culture for 16 hours. The H292 cells also showed an increased secretion o8lin
response to a cinnamon flavored diquid, suggesting that flavored eaerosols, which contribute to
encouraging freqlent use of ecigarette aerosols by young people, may also create more stress and
toxicity on the lung tissue. Human lung fibroblasts also exhibited stress and morphological change
in response to treatment with the eliquids.

The researchers extended thistudy to a mouse model of €igarette aerosol exposure, using wild
type (C57BL/6J) mice. The effect of shottierm exposure (3 days) to ecigarette aerosols on lung
inflammation, oxidative stress, and redox physiology were examined by measuring changes in
glutathione levels. The results showed that exposure to the-@garette aerosol increasegro-
inflammatory cytokines anddecreased total and oxidized levels of lung glutathionia the lung cells.

E-cigarette aerosols have also been found to contain copper, a transition metal that can generate
even more free radicals$?

A comparison of conventional cigarettes and-eigarettes in mediating inflammatory responses
will require further experiments in various settings, conditions and cell lines to understand the
mechanisms. Studies have been carried out to assess riamasive biomarkers of oxidative stress
in breath condensaté! and the effects of oxidative stress and cigarette smoke on chromatin
histone modification in lung cells32

Key points:

9 Tobacco products, such as cigarette smoke and e -cigarette aerosols, are capable of
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generating reactive oxidants and depleting glutathione in human lung cells and the
mouse lung.

f The oxidative reactivity produc ed by Qiripping 6techniques of e -liquids may place
consumers at even greater risk for lung damage.

9 Differential in vitro toxicological testing is possible for different products for hazard
ranking based on their chemical constituents.

PROMISINGTECHNOLOGIES

3D lung Tissue Constructs, Lung-on-a-Chip and Response to Toxicants
SoniaGregoRTlInternational

)T OEEO POAOGAT OAGETTh 37T EA ' OAcCithreodimeisforah A OEA
Ol Gon-gA E E Bibmimefic multicellular model of the airways using primary human cellsand
its potential use for studying responses to drugs and toxicants.

Recently, the development of biologically relevant three-dimensional (3D) models of human
tissueshasbeenintense.The goals of this resarch area are to achieve enhanced physiological
relevance by controlling topography, biochemical, mechanical and fluid shear stress factors in an
engineered microenvironment.Thesenovel modelsstrive to mimic the cell-cell interactions and
tissue microarchitecture of the in vivo tissue. In addition to the lung modelengineered cellular
models have been developed at RTI to study neuroinflammation and barrier properties in the
neurovascular systent3 and drug adverse effects on the heart using stenelt cardiomyocytes34

Lung models have been designed to study the effects of drugs and respiratory virus infectiohke
lung-on-a-chip modeldeveloped at RTI internationalis a fluidic-enhanced airway model (FEAM) that
usesthree vertically stacked culure chambers to emulate the microarchitecture of the airway
mucosa, as illustrated inFigure 14. Theprimary human cells used arairway epithelial cells (AE)at
the air-liquid interface, fibroblasts (Fb) to mimic the lung interstit ium, and a polarized
microvascular endothelial (MVE) cell layer .35

AEA A
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Figure 14.
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(A) Histology cross section of normal human bronchus from a lung transplant donor (hematoxyland
eosin stain). Asterisks mark capillaries. (B) Schematic of the airway mucosa model including three
vertically stacked compartments with three different cell types separated by two nanoporous
membranes, arrows indicate channels for fluid or air.

From Sellgren et al. Lab Chip 2014;14:334%8.

The multi-compartment microfluidic devices are singleuse, gas permeable devices, fabricated in
optically transparent polydimethylsiloxane (PDMS). Cells are cultured on two nanoporous

i ATl AOAT AO j m 8 thatiprovid®dugpdrt faDtEeAE @nd MVE. Vertically stacked flow is
achieved by the threecompartment design, which is obtained by sequential bonding of two
different membrane types, as shown ifrigure 15. For triple co-cultures, membranes are collagen
coated with different collagens by filling the top, middle and lower compartment with the collagens
and letting them dry 36 Challenges associated with the devices include dealing with lofigrm
primary cell culturesin microfluidic devices and the fact that each primary cell type prefers a
specific medium. Throughput for cultue in microfluidic devices is much lower than in conventional
static cultures.

Figure 15.

Microfluidic device configuration(A) and (B) scanning electron microscope images of the
polytetrafluoroethylene (PTFE) andpolyester (PET)membranes; (C) exploded view and schematic (D)
photograph of a 10 x 1 mm device with dyes in the three fluidic channels; (E) optical microscope image of
a 10 x 1 mm device cross section.

From Sellgren et al. Lab Chip 2014;14:33498.




