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ARTICLE INFO ABSTRACT

Editor: Martin Leonard Assessing the safety of inhaled substances in the alveolar region of the lung requires an understanding of how the
respired material interacts with both physical and immunological barriers. Human alveolar-like macrophages in
vitro provide a platform to assess the immunological response in the airways and may better inform the un-
derstanding of a response to an inhaled challenge being adaptive or adverse. The aim of this study was to
determine if a morphometric phenotyping approach could discriminate between different inhaled nicotine
products and indicate the potential mechanism of toxicity of a substance. Cigarette smoke (CS) and e-liquids
extracted into cell culture medium were applied to human alveolar-like macrophages in mono-culture
(ImmuONE™) and co-culture (ImmuLUNG™) to test the hypothesis. Phenotype profiling of cell responses was
highly reproducible and clearly distinguished the different responses to CS and e-liquids. Whilst the phenotypes
of untreated macrophages were similar regardless of culture condition, macrophages cultured in the presence of
epithelial cells were more sensitive to CS-induced changes related to cell size and vacuolation processes. This
technique demonstrated phenotypical observations typical for CS exposure and indicative of the established
mechanisms of toxicity. The technique provides a rapid screening approach to determine detailed immunological
responses in the airways which can be linked to potentially adverse pathways and support inhalation safety
assessment.
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Furthermore, with infectious and communicable lung diseases demon-
strating pathophysiology within the small airways understanding im-

1. Introduction

Currently, in vitro inhalation toxicology is mostly limited to epithelial
cell culture models of the conducting airways (Faber and McCullough,
2018). Constructed of human primary cells or established cell lines
cultured at the air-liquid interface these provide an adequate represen-
tation of the barrier function, ciliated and goblet cells found in the upper
airways (Faber and McCullough, 2018; Upadhyay and Palmberg, 2018).
Previously, this type of model for pre-clinical inhalation safety assess-
ment has largely been satisfactory with many inhaled medicines tar-
geting the bronchi or upper bronchiolar regions of the lung (Faber and
McCullough, 2018; Lacroix et al., 2018). However, in recent years, with
better understanding of inflammatory airways disease and particle
deposition in the lungs, targeting inhaled substances to the small air-
ways and alveolar region now presents a challenge for preclinical
inhalation toxicity assessment (Forbes et al., 2014; Movia et al., 2020).

mune responses and interplay with epithelial cells within the alveolar
region has become paramount (Bissonnette et al., 2020; Hewitt and
Lloyd, 2021).

Over the past decade, it has become well established that alveolar
macrophages are the first line of defence against inhaled substances in
the lower airways (Jones and Neef, 2012). Whilst their roles in alveolar
homeostasis, infection and disease are relatively well understood, their
responses linked to inhaled toxicity are poorly defined (Forbes et al.,
2014). For example, one third of candidate inhaled medicines fail in pre-
clinical in vivo rodent studies due to the presence of abnormal alveolar
macrophage morphology, whereby the cell takes on a highly vacuolated
or ‘foamy’ appearance (Forbes et al., 2014). The extent to which this
response is adaptive or adverse is poorly understood and as such results
in the failure of candidate compounds to progress into phase 3 trials,
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despite not knowing if these observations are relevant to human health
(Forbes et al., 2014; Jones and Neef, 2012; Nikula et al., 2014). Whilst
the pharmaceutical industry is required to undergo rigorous safety
assessment of inhaled products, there are many other industries with
aerosolised products on the market which are known to be deposited in
the alveolar region which either historically have not required detailed
assessment to reach the market or are forbidden from performing in vivo
assessment (Clippinger et al., 2018). As such, the need for human rele-
vant, immunocompetent models of the alveolar region is becoming
increasingly urgent (Krewski et al., 2020; Movia et al., 2020).

Previously, we have demonstrated that high content image analysis
of both rat and human alveolar macrophages in monoculture can be
used to reproducibly identify differences in cell morphology between
healthy or untreated cells and those induced to a well-established
example of a ‘foamy’ macrophage response by treatment with amio-
darone to induce phospholipidosis (Hoffman et al., 2017; Patel et al.,
2019). Furthermore, this detailed morphological assessment could also
identify differences between different types of foamy macrophage
response (apoptosis and phospholipidosis) as well as tracking the
development and resolution of these morphological characteristics over
time (Hoffman et al., 2020) and potential link to macrophage activation
(Hoffman et al., 2021). Whilst there are other functional endpoints that
could be considered in vitro for the assessment of the mechanism of
response of an alveolar macrophage, morphological assessment is the
focus of this study due to the direct link with standard alveolar macro-
phage pathology reporting in in vivo studies (e.g. course/fine vacuolation
properties and changes to cell size) (Forbes et al., 2014; Nikula et al.,
2014).

Whilst previous work has established the technique is suitably
reproducible and able to reliably detect morphological changes in cells
exposed to substances in comparison with an untreated control, each
characteristic has been reported independently. This study was based on
the hypothesis that combining multiple morphometric and cell stress
descriptors to gain a phenotypic profile of each individual cell could
help elucidate the potential mechanism of toxicity of a substance that
could be ultimately applied as part of a screening approach for discovery
and/or early product development. A second hypothesis was that the
presence of alveolar epithelial cells within the in vitro system would
influence the alveolar macrophage response to support the differentia-
tion of adverse and non-adverse responses.

The toxicological profile of inhaled cigarette smoke has been well
established in vivo and in vitro, however the long-term implications on
lung health of inhaling e-liquids is largely unknown (Gotts et al., 2019).
Whilst both these products are established to deposit in the alveolar
region, there is limited literature available reporting their impact on
human alveolar health in vitro and specifically their interaction with
alveolar macrophages and potential adverse, toxicological or immuno-
logical responses (Jasper et al., 2021). As such, the aim of this study was
to establish if alveolar macrophage phenotypic responses to a known
inhaled toxicant (cigarette smoke) differed when cultured alone or as
part of a human in vitro, 3D immunocompetent model of the alveolus
and compare these responses to e-liquid products. Ultimately, the goal
was to ascertain if this approach could provide a more accurate and
mechanistic-driven approach to inhaled drug safety assessment.

2. Materials and methods
2.1. Preparation of cigarette and e-cigarette samples

Smoke from Embassy No. 1 cigarettes (Imperial Tobacco, Bristol, UK)
and two commercial flavours of e-liquid (Green Apple and Tutti Frutti)
with a base ratio of 50:50 PG/VG and 1.8% nicotine (Totally Wicked,
Blackburn Lancashire, UK) were used in this investigation. E-liquids
were individually vaped using a Tornado V5 e-cigarette (Totally Wicked,
Blackburn, Lancashire, UK). Both e-liquid vapes and cigarette smoke
were extracted into 40 mL of complete cell culture medium
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(ImmuPHAGE™ growth medium, InmuONE, Hatfield Herts, UK) using
a Ceti 8 smoking machine with button activation (Cerulean, Milton
Keynes, UK) using a square wave puff profile with 3 s draw, 45 mL
volume and 30 s interval. Samples were vaped at a 45° angle until
approximately 1.0 g of e-liquid had been used. A control sample was
produced under the same conditions without being attached to an e-
liquid or cigarette which was used as an experimental air control for
comparison of all samples.

2.2. Cell culture and sample exposure

ImmuPHAGE™ (human alveolar macrophage-like cells) and Immu-
LUNG™ (3D alveolar epithelial-macrophage co-culture model) were
provided by InmuONE (Hatfield, Herts, UK). Cells were authenticated
prior to experimentation and validated for macrophage and epithelial
biochemical and physical characteristics, cell surface markers and
functionality (ImmuONE, Hatfield, Herts, UK). Both cell culture models
(n = 12 mono-culture, n = 9 co-culture) were exposed to either Immu-
PHAGE™ growth medium control, smoke or e-liquid samples at a vol-
ume of 1 mL /1 x 10° immune cells and incubated at 37 °C, 5% v/v COx
in a humidified atmosphere for 4 h, 24 h and 48 h ImmuPHAGE™) or
48 h (ImmuLUNG™),

2.3. Fluorescence staining and imaging

Alveolar macrophage-like cells were processed and assessed for cell
health and morphology as previously described (Hoffman et al., 2017).
In brief, cells were stained with a dye cocktail containing Hoechst 33342
10 pg/mL, MitoTracker Red 300 nM and Image-It Dead Green 25 nM
(Invitrogen, Paisley, Renfrewshire, UK) for 30 min. Cells were washed
once with 100 pL PBS and centrifuged at 380g before fixation with 3.7%
w/v paraformaldehyde for 15 min. Fixed cells were stained overnight
with Cell Mask Deep Red (Invitrogen, Renfrewshire, UK) diluted 1:1000
(according to the manufacturer’s protocol). Cells were washed once with
PBS as described above before imaging. Samples were stored at 4 °C in
the dark for up to 7 days prior to sample acquisition. Images were
captured using the In Cell Analyser 6000 (GE Healthcare, Little Chalfont,
Bucks, UK) with a 40x objective in standard 2D imaging mode with an
exposure time of 0.1 s.

2.4. Quantitative high content image analysis

Image analysis was performed as previously described (Hoffman
et al., 2017) using In Cell Developer Toolbox v 1.9.2, Level 3 analysis
(GE Healthcare, Little Chalfont, Bucks, UK). In brief, the cell nuclear dye
Hoechst 33342 was used to identify nucleated cells, while Cell Mask
Deep Red staining highlighted cytoplasm and allowed quantification of
vacuoles based on negative staining. Vacuoles within cells were identi-
fied based on negative staining and quantified using a grey scale
threshold of 19,000 to minimize any background noise and to include
only true vacuole features. MitoTracker Red and Image It Dead Green
were used to identify the extent of mitochondrial activity (cell stress)
and cell viability respectively. Each sample was imaged using 12 fields
representing in total between 500 and 1500 cells per well. Quantitative
measurements for each cell were generated from the image analysis for
cell area, vacuole number per cell and vacuole area per cell.

2.5. Post-analysis cell phenotyping

A phenotypic analysis approach was adopted using three descriptors
of cell morphology (cell area, number of vacuoles and total area of
vacuolation) and one for cell stress (mitochondrial activity). These de-
scriptors were selected to enable separation of the cell population and
identify different mechanisms of cellular response. Each descriptor was
assigned a classification level (low <10th centile; moderate 10th — 90th
centile; high >90th centile) resulting in 81 potential phenotypes. Cells
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were sorted into these 81 phenotypes and data expressed as the per-
centage of the population with the given phenotype.

2.6. Statistical analysis

A two-way ANOVA analysis with Dunnett’s multiple comparison
post-hoc tests were used to assess the statistical significance between the
different cell treatments. Statistical significance was evaluated at a
99.9% confidence level (P < 0.001). All statistical tests were performed
using GraphPad Instat® version 9.0.0 (GraphPad Software, San Diego,
CA).

3. Results
3.1. Cell health characterisation

Individual cell data for each parameter related to cellular health (cell
count, membrane permeability and mitochondrial activity) were
derived from the images and plotted relative to the air control (Fig. 1).
The relative cell count (number of cells counted during analysis) was
significantly reduced (P < 0.001 co-culture) after 48 h exposure to
cigarette smoke (Fig. 1a). In comparison, relative membrane perme-
ability was significantly increased (P < 0.001) after 48 h exposure to
cigarette smoke in the alveolar macrophage mono-culture model
(ImmuPHAGE™) only (Fig. 1b). Relative cell count provides a more
accurate assessment of cell health as dead cells are removed during
sample preparation. Mitochondrial activity per cell was significantly
reduced (P < 0.001) for cells exposed to cigarette smoke in comparison
with air control samples at all time points assessed and for both alveolar
macrophage-like cells in mono- and co-culture models (Fig. 1c). In
comparison, no significant change (P > 0.05) in cell number, membrane
permeation or mitochondrial activity was noted for cells exposed to
either of the e-liquid samples. This suggests the viability and cell stress
of alveolar macrophage-like cells were unaffected by exposure to e-
liquid samples.

3.2. Characterisation of morphological features

No significant differences (P > 0.05) were observed in gross
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morphological features (cell area and nuclear area) for alveolar-
macrophage-like cells in mono- or co-culture models exposed to e-lig-
uids or cigarette smoke samples in comparison with air control (Fig. 2).
The number of vacuoles per cell was significantly reduced (P < 0.001)
for alveolar macrophage-like cells exposed for 24 h or greater to ciga-
rette smoke in both mono-culture and co-culture systems (Fig. 3b).
Whilst no significant differences (P > 0.05) were observed for the
number of vacuoles for e-liquid samples. The area occupied by vacuoles
within each cell was not significantly different (P > 0.05) among sam-
ples (Fig. 3a). This indicates that cells exposed to cigarette smoke have
increased numbers of small vacuoles with no changes in their size within
the cell.

3.3. Phenotyping multiple individual cell responses

Whilst the data presented in Figs. 1-3 provides valuable insight to the
individual cell health and morphology of the alveolar macrophage-like
cell population, assessing individual parameters in isolation does not
provide the full breadth of cellular responses to a substance. Therefore, a
phenotyping approach was adopted which combined four characteris-
tics (mitochondrial activity, cell area, number of vacuoles and cell area
occupied by vacuoles) separated into three levels to generate 81 po-
tential phenotypes (Fig. 4). Alveolar macrophage-like cells exposed to
the air control consistently displayed 12 key phenotypes, each occu-
pying >1% of the cell population which were replicated in all timepoints
for both mono-culture and co-culture systems (Fig. 4a), supporting the
reproducibility of the baseline alveolar macrophage-like characteristics.
Exposure to cigarette smoke significantly altered the cell phenotype
profile by reducing the mitochondrial activity (Fig. 4b), whilst the
phenotype profile for e-liquid exposure was similar to that of the air
control samples (Fig. 4c,d).

The 27 phenotypes which each represented >1% of the population in
all samples were selected for more detailed comparison (Fig. 5). For
alveolar macrophage-like cells exposed to the air control, three pheno-
types were identified as significantly different between mono-culture
and co-culture systems (P > 0.001) however the difference in the
values was <1.5 fold changes (Fig. 5a) supporting the reproducibility of
alveolar macrophage-like cell morphology and mitochondrial activity at
rest in both mono- and co-culture models. For cells exposed to cigarette
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Fig. 1. Assessment of e-liquids and cigarette smoke on the cell health of alveolar-macrophage-like cells in vitro. InmuPHAGE™ (mono-culture) and ImmuLUNG™
(co-culture) models were exposed to e-liquids (green apple or tutti frutti) or cigarette smoke and expressed as the average of 500-1500 individual cell responses
relative to air control for cell count (a), membrane permeability (b) and mitochondrial activity (c) by high content image analysis. Each data point represents the
mean + SD (n = 12 mono-culture; n = 9 co-culture). * indicates P < 0.001; two-way ANOVA with Dunnett’s multiple comparison test. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Assessment of e-liquids and cigarette smoke on the gross morphology of alveolar-macrophage-like cells in vitro. InmuPHAGE™ (mono-culture) and
ImmuLUNG™ (co-culture) models were exposed to e-liquids (green apple or tutti frutti) or cigarette smoke and expressed as the average of 500-1500 individual cell
responses relative to air control for cell area (a), nuclear area (b) by high content image analysis. Each data point represents the mean + SD (n = 12 mono-culture; n
= 9 co-culture). * indicates P < 0.001; two-way ANOVA with Dunnett’s multiple comparison test. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 3. Assessment of e-liquids and cigarette smoke on the detailed morphology of alveolar-macrophage-like cells in vitro. InmuPHAGE™ (mono-culture) and
ImmuLUNG™ (co-culture) models were exposed to e-liquids (green apple or tutti frutti) or cigarette smoke and expressed as the average of 500-1500 individual cell
responses relative to air control for the number of vacuoles per cell (a) and cell area occupied by all vacuoles (b) by high content image analysis. Each data point
represents the mean + SD (n = 12 mono-culture; n = 9 co-culture). * indicates P < 0.001; two-way ANOVA with Dunnett’s multiple comparison test. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

smoke, the phenotypes associated with reduced mitochondrial activity
alongside increased cell area with moderate or increased vacuole
number were significantly elevated (P < 0.001) in the co-culture model
with a > 10-fold increase (Fig. 5b). Similarly, for both e-liquid flavours
tested, significantly higher (P < 0.001) populations of cells were iden-
tified in the co-culture system in comparison with the mono-culture
system for phenotypes with altered mitochondrial activity and
elevated cell area with moderate or increased vacuolation characteris-
tics (Fig. 5c and d). This data suggests that some alveolar-macrophage
phenotypic responses are independent of the alveolar epithelial
response whereas other phenotypic responses, particularly those with
elevated cell area with/without changes in vacuolation were dependent
on the presence of alveolar epithelial cells.

3.4. Elucidating the mechanisms of response for alveolar macrophages

Individual phenotypes were considered in more detail to link to the
mechanism of macrophage response. A significant increase (P < 0.001)
in the percentage of macrophages with enhanced mitochondrial activity
only (unchanged cell area and vacuole characteristics) was observed for
all cells exposed to cigarette smoke in both mono and co-culture models
and at all timepoints (Fig. 6). Conversely, a significant reduction (P <
0.001) in the percentage of cells displaying a phenotype with increased
mitochondrial activity was observed for cells in both mono- and co-
culture exposed to cigarette smoke for 48 h. This suggests that ciga-
rette smoke induces changes in mitochondrial activity from a direct
mechanism from exposure to macrophages and in line with established
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mechanisms of oxidative stress (van der Vaart et al., 2004).

A significant increase (P < 0.001) in the macrophage phenotypes
with reduced mitochondrial activity and enhanced cell area with and
without enhanced vacuole characteristics was observed after 4 h in
monoculture but had resolved after 24 h and 48 h timepoints (Fig. 7a, b
and c). In comparison, this phenotype was significantly elevated (P <
0.001) for the macrophages in the InmuLUNG™ co-culture model after
48 h exposure and at a significantly higher level (P < 0.001) than that
observed for monoculture exposure after 4 h. This suggests that this
initial direct response of macrophages to cigarette smoke which resolves
after 24 h is likely to be a different mechanism to the same phenotypic
observed in the co-culture model where the macrophage response is
likely to be driven indirectly by the response of the epithelial cells to
cigarette smoke.

In contrast to cigarette smoke, the only significant phenotypic profile
changes for altered mitochondrial activity alone were a significant in-
crease (P < 0.001) in the elevated mitochondrial activity phenotype
after 48 h exposure to the tutti frutti e-liquid in the ImmuLUNG™ co-
culture model only (Fig. 6b). Whilst no significant differences (P >
0.05) were observed for the tutti-frutti phenotypes with enhanced cell
area with/without vacuolation changes, significant (P < 0.001) obser-
vations were made for the green apple e-liquid (Figs. 7a-d). Whilst there
appeared to be no direct effect on the phenotypes with increased cell size
in monoculture, there was a significant (P < 0.001) increase in the low
mitochondrial phenotypes associated with increased cell area with/
without increased vacuolation albeit, this response was 4-5 fold lower
than that observed for cigarette smoke.

4. Discussion
Alveolar macrophage responses are becoming increasingly crucial in

understanding both short- and long-term safety of inhaled substances in
the respiratory airways (Bissonnette et al., 2020; Movia et al., 2020).

The responses of alveolar macrophages to inhaled substances in animal
preclinical in vivo studies are driving decision making despite being
poorly understood and without having fully evaluated the implications
for humans (Forbes et al., 2014; Jones and Neef, 2012). Therefore,
characterising the human alveolar macrophage response in vitro, linking
this to the mechanism and likelihood of adversity in human lungs is key
to advancing inhalation safety assessment. This study aims to demon-
strate how in vitro alveolar macrophage models (in both monoculture
and in co-culture with epithelial cells) can be utilised to ascertain
mechanistic information to more accurately assess cellular responses
which may in turn support safety decision making. Whilst a plethora of
biochemical assessment strategies can be attempted in vitro to elucidate
a mechanism, many of these endpoints can not be directly compared
with in vivo data which is predominantly pathological descriptions from
lung slices (Forbes et al., 2014). Therefore, this study aimed to use
morphological characteristics such as cell size and size and extent of
cellular vacuolation as translatable endpoints.

Many standard approaches for in vitro toxicity assessment rely on
reporting a single cell characteristic which is often reported as an
average of a cell population (e.g extracellular lactate dehydrogenase
concentration). Whilst this can be informative for some in vitro safety
strategies, the approach is limited to indicating acute, severe cellular
toxicity and is unable to differentiate the response of individual cells/
subpopulations or the mechanism of response (Hoffman et al., 2017). In
particular, this approach is unsuitable for alveolar macrophage re-
sponses where characterising and discerning the impact of changes in
cell morphology, functionality and biochemical perturbations and the
implications to humans is required (Hoffman et al., 2017).

High content image analysis or ‘cell painting’ has been applied
successfully in drug discovery programmes for several years using
phenotyping of cell responses to inform candidate drug selection in a
high throughput approach (Bray et al., 2016; Willis et al., 2020). This
approach has been applied to toxicological assessments with similar
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success with a significant enhancement in improving both the sensitivity
and specificity of toxicity prediction in comparison with standard high
throughput techniques. (Li and Xia, 2019; O’Brien, 2014; Uteng et al.,
2014). Characterising multiple endpoints enables a mechanistic
approach to be undertaken in an attempt to classify a response as
adverse or adaptive (Nyffeler et al., 2021). For example, it is widely

accepted that an increase in mitochondrial activity is an adaptive
cellular response on exposure to a substance (Meyer et al., 2018). Alone,
this is not an accurate marker of toxicity, but in combination with
altered cell morphology or biochemical markers the response can be
linked to a mechanism which supports decision making as to whether
the response is adaptive or adverse (Meyer et al., 2018; O’Brien, 2014).
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Fig. 6. Changes in selected macrophage phenotypes upon treatment with e-cigarettes and traditional smoke. The phenotypes are displayed as mean + SD (n = 12
mono-culture; n = 9 co-culture). *P < 0.001; two-way ANOVA with Dunnett’s multiple comparison test.

This study used cigarette smoke and e-liquids as model substances to
determine the significance of epithelial cell cross-talk in the alveolar
macrophage response and demonstrate how a combinational approach
of morphological and biochemical assessment strategies can inform the
mechanism of toxicity. It is well established that cigarette smoke causes
oxidative stress in acute in vitro toxicity assessment (van der Vaart et al.,
2004; Aridgides et al., 2019) and this was observed with the reduction of
mitochondrial activity, providing a clear differential between alveolar
macrophage responses to cigarette smoke and e-liquids. Other well
established adverse effects reported include an accumulation of auto-
phagic vesicles in human alveolar macrophages ex vivo (Kono et al.,
2021; Lugg et al., 2022; Monick et al., 2010). Autophagy is an intra-
cellular catabolic pathway involving the formation of autophagosomes
for the degradation of contents within the cell (Painter et al., 2020).
Cells undergoing autophagy are typically larger in size, associated with
increased vacuolation within the cell and reduced mitochondrial activ-
ity (Jung et al., 2020; Monick et al., 2010; Neufeld, 2012). As such, it
could be hypothesised that the cell phenotypes described in Fig. 7a-c
with these cellular features could be related to an autophagic response.
There is evidence that autophagy is regulated by communication be-
tween epithelial and macrophage cells in other tissues and these phe-
notypes were only observed for the immune-epithelial co-culture model
exposed to cigarette smoke and not in the alveolar macrophage-like
monoculture system in this study, however the specific mechanisms
have yet to be fully elucidated for the lung (Aridgides et al., 2019; Ortiz-
Masia et al., 2014; Painter et al., 2020; Yuan et al., 2012).

In contrast, e-liquids are established to generate very different
cellular responses in comparison with cigarette smoke. In this study,
macrophages exposed to the e-liquids tested produced minor cell per-
turbations in their phenotypic profiles in comparison with cigarette
smoke. Morphological and mitochondrial activity responses of alveolar
macrophage to e-liquids and cigarette smoke were not the same, indi-
cating different mechanisms of action. In line with other published re-
ports, no effect on cell viability was observed (Gomez et al., 2020).
There were observations of elevated vacuolisation with the green apple
e-liquid which could link with lipid-laden macrophages observed with e-
cigarette exposure in other studies (Shields et al., 2020) however further
characterisation of the vacuole contents would be required to confirm
this hypothesis.

This work has identified that the majority of macrophage responses
to cigarette smoke and e-liquids used within this study can be observed
from a monoculture system and their response becomes more

physiologically-relevant in combination with alveolar epithelial cells.
This is demonstrated where epithelial-dependent phenotypic changes
indicative of an autophagic response were observed in the immune-
epithelial co-culture system but absent in the alveolar macrophage-
like cells alone. This highlights the need to consider the impact of
complexity of the in vitro system and an appreciation of the mechanism
and cellular interplay within a tissue to select the most appropriate in
vitro model. Indeed, other studies have indicated as the complexity of an
in vitro cell model is increased cell types become more physiologically
relevant (Marescotti et al., 2019) supporting the application of co-
culture systems in the move towards human-relevant mechanistic-
driven toxicity assessment.

Whilst high content image analysis is emerging within the field of
toxicology the majority of analytical approaches rely on reporting in-
dividual cell characteristics and use a mathematical approach to cluster
compounds of similar responses of individual cell readouts. In this study,
we have combined multiple cell features to describe a cell phenotype
and link this to their established mechanism of toxicity in vivo. This
combinatorial approach integrating morphology and mitochondrial
parameters to describe a phenotype was able to clearly distinguish the
differing alveolar macrophage responses to cigarette smoke and e-lig-
uids which in turn could be linked to a mechanistic driven hypothesis of
the type of cellular processes occurring in the cells. Whilst morpholog-
ical descriptors are not associated with a specific mechanistic pathway
(as opposed to a biochemical approach) for this study they were selected
with a view to generating meaningful in vitro data with both the po-
tential to correlate directly with in vivo descriptors generated from an-
imal studies (Patel et al., 2019) and to inform a mechanistic
understanding of cell perturbations (Hoffman et al., 2017, 2020).
Alveolar tissue and specifically alveolar macrophage morphology are
key endpoints for respiratory in vivo assessments (Nikula et al., 2014)
and the in vitro models and assessment tools described in this approach
have the potential to support interpretation of in vivo findings and drive
forward a mechanism-based approach by which inhaled drug and
product safety could be conducted.
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