SUPPLEMENTARY MATERIAL 1

Building predictive in vitro pulmonary toxicity assays using high-throughput
imaging and artificial intelligence

Jia-Ying Joey Lee, James Alastair Miller, Sreetama Basu, Ting-Zhen Vanessa Kee, and Lit-Hsin Loo*

Bioinformatics Institute, Agency for Science, Technology, and Research, 30 Biopolis Street, #07-01 Matrix, Singapore
138671, Singapore

* Correspondence should be addressed to LHL: loolh@bii.a-star.edu.sg

Figure S1.
Figure S2.
Figure S3.
Figure S4.

Figure S5.

Figure S6.

Figure S7.

Figure S8.

Figure S9.

Figure S10.

Table S1.
Table S2.
Table S3.
Table S4.
Table S5.

References

Detection of autofluorescent chemicals
Benzo[a]pyrene is strongly autofluorescent in our three imaging channels
Examples of full-frame microscopy images of BEAS-2B cells captured in our study

Examples of automatically detected yH2AX binary objects and chromosomal regions
in BEAS-2B cells

Maximum test balanced accuracies of cascade classifiers based on different numbers
of top selected BEAS-2B phenotypic features and cell count

Chemical-wise classification accuracies of cascade classifiers based on the best
BEAS-2B or A549 yH2AX feature and cell count

The F, values at lower concentrations for the four chemicals that cause major cell lost
at the highest tested concentration

Microscopy images showing the anti-yH2AX staining patterns in BEAS-2B cells
exposed to the indicated chemicals and concentrations for 16 hrs

Scatter plot showing mean cellular yH2AX intensity levels versus spatial cross-
correlation of cellular DNA and yH2AX intensities in BEAS-2B cells

Microscopy images showing examples of DNA migration patterns obtained from the
Comet assays for BEAS-2B cells exposed with diacetyl, nitrofurantoin, and p-
phenylenediamine for 4 hrs

List of candidate and selected chemicals

Descriptions and references for chemical pulmonotoxicity annotations
Phenotypic features used in our study

DNA strand break measurements using the Comet assays

Proposed lung adverse outcome pathways under development

Supplementary Material 2. Normalized phenotypic feature and cell viability values

Supplementary Material 3. Prediction performances of individual phenotypic features

Page 1



Foreground-to-background fluorescence intensity ratio (logp-ratio)

6.00

5.00 -
4.00
3.00 +

2.00

1.00

Threshold = 4.62

Ex: 470/ Em: 525 nm (the green channel)

000 U UL LU UL UL LU L

7.00 -
6.00 1

0.00 -

5.00
4.00
3.00
2.00
1.00

7.00
6.00
5.00

4.00 4

3.00
2.00

1.00 A
0.00 +

Threshold = 5.73

Ex: 545/ Em: 605 nm (the red channel)

Threshold = 3.37

Ex: 628/ Em: 692 nm (the far-red channel)

2,4-DDT

Water (Solvent)

Amiodarone hydrochloride A
Tenofovir

Methotrexate b—1
DMSO (Solvent) —]
2-HP-B-cyclodextrin [——1

Butylene glycol ——1

Carbamazepine [——]

D ° @ @ D S © 3B - oL o @ mcmm:mm:m'mmmmm
SELEEETSeTEE888psesg8 2
> 8 S ES R 2 828 S ESESENER 225585 SES2cES
SEEES3BEcBES5SSsFEcsEss:8SEss<w
b EC EEE g EEEEES550C8TSEEZTSR8ELED £
£E3TE2Tca=c38d8 822X SLog2l=ZgBESOE
Tz SEES h S & & S E & S smj5E b c 2> =3
2 825537 % 82558 S S58 2885 g
§ 088E§ £ E@E S S8 £F£ES§ $>52 <
5 s d 2 s §F O @35 2§58
- = ‘s < — c hf >
a A L S Ow - 5 w REZ
o = o ~ x g% -

5 = 2 o 2

[ ) s h

3 a = <

Melatoin [———1

Nitrofurantoin ——

3-methylindole ——1

Ciprofloxacin hydrochloride f———1

Nickel sulfate [ —]
Diethyl phthlate [——J

Nystatin —

Propyl paraben [——
Aristolochic acid | f—ou
3,3',5-Triiodo-L-thyronine f—ouJ

Methyl paraben ]

Manganese(ll) chloride

Temsirolimus

Diacetyl ——1

. J
o L O e X
Egg 822
TS W5s8<Z
] caxc
S 59
= g &8¢
= 28
] T N2
L4 ¥ £ &
@ <
< m £
S ES
g £
] S
= 5]
s
>

Figure S1. Detection of autofluorescent chemicals. Foreground-to-background fluorescence intensity

ratios (FBRs) measured on BEAS-2B cells treated with the indicated chemicals or solvent controls for 16

hrs. The tested concentrations are provided in Methods. The FBRs were measured for the three indicated

fluorescence channels (Ex = excitation wavelength, Em = emission wavelength) at 5000 ms, which is higher

than the typical imaging exposure times that we used for these channels. The cells were only stained with

Hoechst to allow automated quantification of FBRs. The maximum acceptable FBRs (red lines) were

computed based on the positive control samples, and used to detect highly-autofluorescent chemicals

(black bars) and choose the appropriate alternative fluorescent dyes for these chemicals (Methods). Four

chemicals, namely benzo[a]pyrene, manganese(ll) acetate, manganese(ll) chloride, and vancomycin,

were found to be highly autofluorescent in both the green and far-red channels, and thus are unsuitable for

our imaging assay.
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DMSO Benzo[a]pyrene (2 mM)

Figure S2. Benzo[a]pyrene is strongly autofluorescent in our three imaging channels. Microscopy
images of BEAS-2B cells treated with 2 mM of benzo[a]pyrene or DMSO for 16 hrs, and imaged at the
indicated fluorescence channels (scale bar = 50 um). To allow visual comparisons, all the shown images

have been scaled to the same intensity ranges.
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DMSO Nitrofurantoin (2 mM)

Figure S3. Examples of full-frame microscopy images of BEAS-2B cells captured in our study. Full-
frame (uncropped) microscopy images of BEAS-2B cells treated with 2 mM of nitrofurantoin or DMSO for
16 hrs, and stained with the DNA (blue), yH2AX (green), actin (red) markers (white lines = automated cell

segmentation boundaries, scale bar = 300 um).
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=== Chromosomal regions

. |:| Hoechst stains

Figure S4. Examples of automatically detected yH2AX binary objects and chromosomal regions in
BEAS-2B cells. Cropped microscopy images of BEAS-2B cells showing a) automatically detected yH2AX
binary objects (green) and nuclear regions (red lines), and anti-yH2AX stains (white), and b) automatically

detected chromosomal regions (red lines) and Hoechst stains (blue and white) on the same cells (scale
bar = 20 um).
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Figure S5. Maximum test balanced accuracies of cascade classifiers based on different numbers
of top selected BEAS-2B phenotypic features and cell count. All values were estimated based on the
reference chemicals using a 10-fold cross-validation procedure.
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Figures S6. Chemical-wise classification accuracies of cascade classifiers based on the best BEAS-
2B or A549 yH2AX feature and cell count. The values were extracted and averaged from the full 10-fold

cross-validation results in classifying all the reference chemicals (dark gray = the best BEAS-2B yH2AX
feature, white = the best A549 yH2AX feature).
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Figure S7. The F, values at lower concentrations for the four chemicals that cause major cell lost
at the highest tested concentration. (* or boxes = the F, values for these chemicals were determined at

the highest tested concentrations that induced <90% cell lost, please refer to the main text for the exact

concentration values used; the F, values for all other chemicals were determined at the highest tested

concentration; red or blue texts = chemicals labelled as pulmonotoxic or non-pulmonotoxic, respectively;

red or blue bars = chemicals predicted to be “positive” or “negative”, respectively.)
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Figure S8. Microscopy images showing the anti-yH2AX staining patterns in BEAS-2B cells exposed
to the indicated chemicals and concentrations for 16 hrs. (Scale bar = 30 ym, red lines = nuclear

regions.)
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Figure S9. Scatter plot showing mean cellular yH2AX intensity levels versus spatial cross-
correlation of cellular DNA and yH2AX intensities in BEAS-2B cells. (Red = pulmonotoxic reference
chemicals, blue = non-pulmonotoxic reference chemicals.)
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Figure S10. Microscopy images showing examples of DNA migration patterns obtained from the
Comet assays for BEAS-2B cells exposed with diacetyl, nitrofurantoin, and p-phenylenediamine for
4 hrs. (Arrows = DNA migration patterns used for the quantifications, rejected = patterns rejected either by
OpenComet or manual examinations.)
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Table S1. List of candidate and selected chemicals

S Compound CAS Supplier Catalog | Solvent Chemical quality control tests
z name number number
- Autofluo- :
Solubility Imaging
rescence
Pharmaceuticals
1 Amlodaron_e 19774-82-4 Cayman chemical | 15213 DMSO Passed Passed Passed
hydrochloride
2 | Bicalutamide 90357-06-5 Cayman chemical | 14250 DMSO Passed Passed Passed
3 | Bleomycin sulfate 9041-93-4 Cayman chemical | 13877 DMSO Passed Passed Passed
4 | Carbamazepine 298-46-4 Cayman chemical | 15422 DMSO Passed Passed Passed
> Clprofloxa(_:ln 93107-08-5 Cayman chemical | 14286 Water Passed Passed Passed
hydrochloride
6 | Cyclophosphamide | 6055-19-2 Cayman chemical | 13849 Water Passed Passed Passed
7 2-Hydroxy_p ropyl-g- 128446-35-5 | Cayman chemical | 16169 DMSO Passed Passed Passed
cyclodextrin
8 | Ketoconazole 65277-42-1 Cayman chemical | 15212 DMSO Passed Passed Passed
9 | Lincomycin . .
hydrochloride 859-18-7 Sigma-Aldrich 62143 Water Passed Passed Passed
10 | Melatonin 73-31-4 Cayman chemical | 14427 DMSO Passed Passed Passed
11 | Methotrexate 59-05-2 Sigma-Aldrich PHR1396 | DMSO Passed Passed Passed
12 | Naltrexone .
hydrochloride 16676-29-2 Cayman chemical | 15520 Water Passed Passed Passed
13 | Nevirapine 129618-40-2 | Sigma-Aldrich SML0097 | DMSO Passed Passed Passed
14 | Nitrofurantoin 67-20-9 Sigma-Aldrich N7878 DMSO Passed Passed Passed
15 | Nystatin 1400-61-9 Sigma-Aldrich N4014 DMSO Passed Passed Passed
16 | Phenacetin 62-44-2 Sigma-Aldrich 77440 DMSO Passed Passed Passed
17 | Temsirolimus 162635-04-3 | Cayman chemical | 11590 DMSO Passed Passed Passed
18 | Tenofovir 147127-20-6 | Cayman chemical | 13874 DMSO Passed Passed Passed
19 | Xylazine 7361-61-7 Cayman chemical | 14113 DMSO Passed Passed Passed
20 | 335-Trilodo-L- | 5893.0.3 | sigma-Aldrich T2877 DMSO | Passed | Passed | Failed
thyronine
21 | vancomycin 1404-93-9 | Sigma-Aldrich V2002 | Water | Passed | Failed N/A
hydrochloride
22 | Barium sulfate 7727-43-7 Sigma-Aldrich 243353 Water Failed N/A N/A
Food ingredients or toxins
23 Qé'i(sj“l"o‘:h'c 313-67-7 Sigma-Aldrich AB512 DMSO | Passed | Passed | Passed
24 | Diacetyl 431-03-8 Sigma-Aldrich B85307 DMSO Passed Passed Passed
Butylated
hydroxytoluene 128-37-0 Sigma-Aldrich B1378 EtOH Passed Passed Passed
(BHT)
26 | D-sorbitol 50-70-4 Sigma-Aldrich 240850 Water Passed Passed Passed
27 | Monocrotaline 315-22-0 Cayman chemical | 16666 EtOH Passed Passed Passed
28 | Ochratoxin A 303-47-9 Cayman chemical | 11439 DMSO Passed Passed Passed
29 | Patulin 149-29-1 Cayman chemical | 11346 DMSO Passed Passed Passed
30 | Sodium chloride 7647-14-5 Sigma-Aldrich S7653 Water Passed Passed Passed
Industrial chemicals
31 | Cadmium chloride 10108-64-2 Sigma-Aldrich 202908 Water Passed Passed Passed
32 | 1,1-Dichloroethene | 75-35-4 Sigma-Aldrich 163023 DMSO Passed Passed Passed
33 | Ethylene glycol 107-21-1 Sigma-Aldrich 293237 Water Passed Passed Passed
34 | Lithium chloride 7447-41-8 Sigma-Aldrich L4408 Water Passed Passed Passed
35 | Nickel(ll) sulfate 10101-97-0 Sigma-Aldrich 227676 Water Passed Passed Passed
36 | Triethylene glycol 112-27-6 Sigma-Aldrich T59455 Water Passed Passed Passed
37| Manganese(l) 6156-78-1 | Sigma-Aldrich 63537 Water Passed Failed N/A
38 | Manganese(ll 13446-34-9 | Sigma-Aldrich M3634 | Water | Passed | Failed N/A
39 | Ferrocene 102-54-5 Sigma-Aldrich F408 DMSO Failed N/A N/A
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S Compound CAS Supplier Catalog | Solvent Chemical quality control tests
z name number number Autofluo-
Solubility rescence Imaging
40 | Gallium(lIl) oxide 12024-21-4 Sigma-Aldrich 215066 Water Failed N/A N/A
41 | Iron(lll) oxide 1309-37-1 Sigma-Aldrich 310050 Water Failed N/A N/A
Consumer products
42 | Butylene glygol 107-88-0 Sigma-Aldrich B84785 Water Passed Passed Passed
(1,3-Butanediol)
43 | trans-Benzylidene-
acetone (Methyl 1896-62-4 Sigma-Aldrich 241091 EtOH Passed Passed Passed
styryl ketone)
44 | Dibutyl phthalate 84-74-2 Sigma-Aldrich 524980 DMSO Passed Passed Passed
45 | Diethyl phthalate 84-66-2 Sigma-Aldrich 524972 DMSO Passed Passed Passed
46 | Dipropylene glycol 25265-71-8 Sigma-Aldrich D215554 Water Passed Passed Passed
47 | 3-Methylindole 83-34-1 Sigma-Aldrich M51458 | DMSO Passed Passed | Passed
(Skatole) -34- igma-Aldric S asse asse asse
48 | B-Myrcene 123-35-3 Sigma-Aldrich 64643 DMSO Passed Passed Passed
49 si-:nr:iennglene- 106-50-3 Sigma-Aldrich P6001 Water Passed Passed Passed
50 | Propyl paraben 94-13-3 Sigma-Aldrich P53357 DMSO Passed Passed Passed
51 | Methyl paraben 99-76-3 Sigma-Aldrich H5501 DMSO Passed Passed Passed
Environmental agents
52 | 2,4-DDT 789-02-6 Sigma-Aldrich N12708 DMSO Passed Passed Passed
53 | Naphthalene 91-20-3 Sigma-Aldrich 147141 DMSO Passed Passed Passed
54 | Nicotine 54-11-5 Sigma-Aldrich N3876 DMSO Passed Passed Passed
55 | Nicotine-derived
nitrosamine ketone | 64091-91-4 Sigma-Aldrich 78013 Water Passed Passed Passed
(NNK)
56 | L-Nitro- 86-57-7 Sigma-Aldrich 103594 | EtOH Passed | Passed | Passed
naphthalene
57 | Paraquat 75365-73-0 Sigma-Aldrich 856177 Water Passed Passed Passed
58 | Thiamethoxam 153719-23-4 | Sigma-Aldrich 37924 DMSO Passed Passed Passed
59 | Cotinine 486-56-6 Sigma-Aldrich C5923 DMSO Passed Passed Failed
60 | Benzo[a]pyrene 50-32-8 Sigma-Aldrich B1760 DMSO Passed Failed N/A
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Table S2.

Descriptions and references for chemical pulmonotoxicity annotations

°©
¢ | Compound S | Human Animal I
2 | name > gata data Descriptions and references
@
fa)
Pharmaceuticals
1 | Amiodarone Y | Pneumonitis Pneumonitis In humans, amiodarone may cause pneumonitis and
hydrochloride and fibrosis (~4- pulmonary fibrosis in ~4-9% patients [1]. In rats, amiodarone
9%) may cause pneumonitis [2].
2 | Bleomycin Y | Pneumonitis Pneumonitis In humans, bleomycin may cause pneumonitis and
sulfate and fibrosis and fibrosis pulmonary fibrosis in ~10% of the patients [3]. In dogs,
(~10%) hamsters, rats, and other animals, bleomycin may cause
pneumonitis and pulmonary fibrosis [4].
3 | Carba- Y | Pneumonitis No pulmonary In humans, carbamazepine may cause pneumonitis and
mazepine and pulmonary | toxicity found. pulmonary edema [5-8], but we could not find information
edema regarding their prevalence levels. In rats and dogs, acute,
subacute and chronic studies did not found any pulmonary
adverse effect [6,9].
4 | Cyclo- Y | Pneumonitis Pneumonitis, In humans, cyclophosphamide may cause pneumonitis and
phosphamide and fibrosis fibrosis, and pulmonary fibrosis [10,11]. In mice, cyclophosphamide may
tumors increase the occurrence of pneumonitis, pulmonary fibrosis,
and lung tumors [11-13].

5 | Methotrexate Y | Pneumonitis Fibrosis In humans, methotrexate may cause pneumonitis and
and fibrosis (~2- pulmonary fibrosis [14,15]. The incidence of methotrexate-
33%) related pulmonary disease has been reported to be as low

as 2-8% and as high as 33% [15]. In mice, methotrexate may
increase the occurrence of pulmonary fibrosis [16,17].

6 | Nitrofurantoin Y | Pneumonitis Respiratory In humans, nitrofurantoin may cause pneumonitis and

and fibrosis distress and pulmonary fibrosis [18]. In rats, subcutaneous administration
pulmonary of nitrofurantoin may cause pulmonary edema, congestion,
edema and haemorrhage [19]. However, another study of orally
(subcutaneous administered nitrofurantoin in rats and mice did not find
administration) major pulmonary effects [20].

7 | Temsirolimus Y | Interstitial lung No relevant In humans, temsirolimus may cause interstitial lung disease

disease (~7%) pulmonary [21]. In a clinical study of east Asian patients, temsirolimus
toxicity found. caused interstitial lung disease in ~7% of the patients [22].
In animals, temsirolimus may increase alveolar
macrophages in rats, but not in mice or monkeys [23,24].
The appearance and aetiology of the changes in the lung
seen in rats are distinct from interstitial pneumonitis
(observed in clinical studies with temsirolimus) and a
relationship between the two conditions is considered
unlikely [24].

8 | Tenofovir Y | Pneumonia (~2- | No pulmonary In humans, tenofovir may cause pneumonia or bronchitis in

5%) toxicity found. ~2-5% of the patients [25,26]. In rats and dogs, preclinical
assessment of tenofovir did not find major pulmonary toxicity
[26].

9 | Bicalutamide Y | Rare No pulmonary In humans, rare pneumonitis and pulmonary fibrosis were
pneumonitis toxicity found. found in <1% of the patients taking bicalutamide [27,28]. In
and fibrosis rats, mice, dogs and other animals, no pulmonary toxicity
(<1%). has been reported [29,30].
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°©

¢ | Compound S | Human Animal I

32 > Descriptions and references
name = | data data

fa)

10 | Ciprofloxacin Y | Rare pulmonary | No pulmonary In humans, rare dyspnea, epistaxis, pulmonary edema, or

hydrochloride edema (<1%). toxicity found. other pulmonary effects were found in <1% of the patients
[31,32]. In animals, no pulmonary toxicity has been reported
[33,34].

11 | 2- N | No pulmonary Pneumonitis In humans, no pulmonary toxicity was reported in several
Hydroxypropyl- toxicity found. clinical studies of orally or intravenously delivered 2-
B-cyclodextrin hydroxypropyl-B-cyclodextrin  [35]. In rats, reversible

macrophage infiltration in the lung, with some associated
alveolitis haemorrhage and atelectasis, was observed [35].
12 | Ketoconazole Y | No pulmonary No pulmonary In humans, the major adverse effects of ketoconazole
toxicity found. toxicity found. observed in clinical trials or post-marketing surveillances are
hepatotoxicity and adrenal insufficiency [36—38]. In animals,
pathological changes in liver, kidney, adrenal and ovaries
were observed in rats and dogs for studies up to 12 months
[36]. No major pulmonary effect was reported for both
humans and animals [36—38].
13 | Lincomycin Y | No pulmonary No pulmonary In humans, no pulmonary toxicity was reported [39]. In rats
hydrochloride toxicity found. toxicity found. and dogs, no pulmonary toxicity was found in orally
delivered lincomycin [40].
14 | Melatonin Y | No pulmonary No pulmonary In humans and animals, no major chemical-induced
toxicity found. toxicity found. pulmonary toxicity was reported [41-43].
15 | Naltrexone Y | No pulmonary No pulmonary In humans, rare pulmonary effects were found in <1% of
hydrochloride toxicity found. toxicity found. patients [44]. In rats, dogs, and monkeys, no major
chemical-induced pulmonary toxicity was reported [45].

16 | Nevirapine Y | No pulmonary No pulmonary In humans, rats, and dogs, no major chemical-induced
toxicity found. toxicity found. pulmonary toxicity was reported [46,47].

17 | Nystatin Y | No pulmonary No pulmonary In humans and mice, no major chemical-induced pulmonary
toxicity found. toxicity found. toxicity was reported [48-51].

18 | Phenacetin Y | No pulmonary No pulmonary In humans and animals, no major chemical-induced
toxicity found. toxicity found. pulmonary toxicity was reported [52,53].

19 | Xylazine N | May cause Pulmonary In humans, accidental injection or ingestion of xylazine often
pulmonary edema. leads to central nervous system depression and respiratory
congestion and distress; but in most cases, the patients fully recovered [54].
edema, but However, in a case of fatal abuse, autopsy of the body found
most patients congested and edematous lungs [55]. Therefore, it is
fully recovered. unclear if xylazine is directly toxic to lung cells, or the
So, the direct pulmonary effects are secondary to the CNS depression. In
pulmonary rats, xylazine may cause pulmonary edema [56].
effects are
unclear.

Food ingredients or toxins

20 | Aristolochic N | DNA-adducts in | DNA-adducts in | The major target organ of aristolochic acids is the kidney.
acid | lungs lungs and However, in both humans and animals, DNA adducts may

tumor be found in the lungs [57,58]. In mice, aristolochic acids may
increase the occurrence of lung and other tumors [57].
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°©
¢ | Compound S | Human Animal I
2 | name > gata data Descriptions and references
@
fa)
21 | Diacetyl N | Bronchiolitis Bronchitis and In humans, several epidemiological studies found that
obliterans fibrosis workers exposed to diacetyl are more likely to develop
(epidemiological bronchiolitis obliterans [59,60]. In rats and mice, acute and
studies only) sub chronic studies found that diacetyl can damage lung
cells [61,62].

22 | Butylated N | No pulmonary Recoverable In humans, ingestion of BHT may not induce major
hydroxytoluene toxicity found. pulmonary pulmonary toxicity [63—65]. In mice, BHT may produce early
(BHT) inflammation but recoverable pulmonary inflammation and injury,

and necrosis including necrosis of alveolar cells [65].
23 | D-sorbitol Y | No pulmonary No pulmonary In humans and rats, no pulmonary toxicity was reported for
toxicity found. toxicity found. dietary intake of sorbitol [66].
24 | Monocrotaline N | No pulmonary Pulmonary Monocrotaline is a pyrrolizidine alkaloid (PA) derived from
toxicity found. edema and Crotalaria spectabilis. In humans, the toxic effects of PAs
hypertension. are principally on the liver, including haemorrhagic necrosis
and/or veno-occlusive disease [67,68]. There was no
substantiated report of primary pulmonary hypertension
resulting from PA poisoning in humans [67,68]. In rats,
monocrotaline may injure pulmonary endothelial cell and
cause pulmonary hypertension and edema [67,69,70].
25 | Sodium N | No pulmonary No pulmonary In humans and animals, no major chemical-induced
chloride toxicity found. toxicity found. pulmonary toxicity was reported [71]. Intravenous
administration of sodium chloride may cause pulmonary
edema in humans, but the effect is likely due to solute
overload [71].
26 | Ochratoxin A N | No relevant No direct In humans, no relevant study was found regarding the
study found. pulmonary pulmonary effects of ochratoxin A [72]. Most of the human
toxicity found. studies focused on the kidney effects of ochratoxin A
[72,73]. In rats, no significant chemical-induced pulmonary
toxicity was reported in subacute or subchronic studies, and
the major target was kidney tubular cells [72,74]. However,
in a 2-year study, the lungs were the most common
metastatic site for renal carcinoma cells [74]. Interestingly,
in rats, lungs were found to have the highest distribution of
ingested or intravenous-injected ochratoxin A [72].
27 | Patulin N | No relevant Atelectasis and | In humans, no relevant study was found regarding the
study found. pulmonary pulmonary effects of patulin [75]. In rats and mice, patulin
edema. may cause atelectasis, alveolar septal congestion, and/or
limited intra-alveolar haemorrhage in the lungs [76]. In dogs,
patulin may also cause pulmonary haemorrhage and edema
[771.

Industrial chemicals

28 | Cadmium N | Bronchiolitis, Pneumonitis In humans and animals, inhalation of cadmium chloride may
chloride pneumonitis and fibrosis cause bronchiolitis, pneumonitis and pulmonary edema [78].

and pulmonary
edema

29 | Nickel (I1) N | Obstructive lung | Pneumonitis In humans, inhalation exposure of nickel may cause
sulfate disease and and fibrosis obstructive pulmonary disease, fibrosis, and edema [79]. In

fibrosis rats and mice, inhalation of nickel may cause pneumonitis

and fibrosis [79,80].
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°©

¢ | Compound S | Human Animal I

2 | name > gata data Descriptions and references
@
fa)

30 | Ethylene glycol | N | Rare pulmonary | No pulmonary In humans, inhalation of ethylene glycol may cause tolerable
edema, which toxicity found. nose and throat irritations [81]. Major respiratory effects,
are secondary such as pulmonary edema, are relatively rare and usually
to cardiac occur concomitantly with cardiovascular changes. Thus they
failure. are likely to be secondary to cardiac failure [81]. In rodents,

no lung toxicity was observed in both acute and chronic oral
studies [81].
31 | Lithium N | No pulmonary No pulmonary In humans and animals, no major chemical-induced
chloride toxicity found. toxicity found. pulmonary toxicity was reported [82—84].
32 | 1,1- N | No relevant Pulmonary In humans, no relevant study was found regarding the
Dichloroethene study found. edema respiratory effects of 1,1-dichloroethene [85,86]. In rodents,
inhalation of 1,1-dichloroethene may cause pulmonary
edema [85].

33 | Triethylene N | No relevant Histological In humans, no relevant study was found regarding the direct

glycol study found. changes in the respiratory effects of triethylene glycol [87]. In rats and

lungs.

rabbits, acute treatments of triethylene glycol may cause
histological changes in the lungs [87].

Personal-care or consumer products

34 | Butylene glycol | N | No pulmonary No pulmonary In humans, rats, and dogs, no pulmonary toxicity was
(13- toxicity found. toxicity found. reported in several studies of dietary intake of 1,3-butanediol
butanediol) [88].

35 | Dipropylene N | No pulmonary No pulmonary In humans, no pulmonary effect was reported for dermal
glycol toxicity found for | toxicity found. exposure of dipropylene glycol [89]. In rats and mice, no

dermal pulmonary effect was reported for oral exposure of
exposure, or dipropylene glycol [90]. The metabolism of mono-, di-, and
expected for tri-propylene glycols share common pathways and a
oral exposure consistent profile of toxicity is observed [90]. Thus, read-
across may be used to describe potential hazards for
specific oligomers with data gaps [90]. In both humans and
rats, no pulmonary effect was reported for oral exposure of
monopropylene glycol [90,91]. Thus, dipropylene glycol is
expected to have similar effects with oral exposures.

36 | trans- N | No relevant No pulmonary No record was found in NLM Hazardous Substances Data
Benzylidene- study found. toxicity found. Bank. In rats, there was an increased incidence of goblet cell
acetone hyperplasia of the respiratory epithelium of the nose, but no
(Methyl styryl other major chemical-induced pulmonary toxicity was found
ketone) [92]. In mice, no major chemical-induced pulmonary toxicity

was found [92].

37 | Dibutyl N | No relevant No pulmonary In humans, no relevant study was found regarding the

phthalate study found. toxicity found. pulmonary toxicity of dibutyl phthalate [93]. In rats and mice,
no significant chemical-induced pulmonary toxicity was
reported [94]. However, dibutyl phthalate may reduce the
lung concentration of cytochrome P-450 [95,96]. The main
targets of dibutyl phthalate in rats may be the liver and testes
[94].

38 | Diethyl N | No relevant No pulmonary In humans, no relevant study was found regarding the
phthalate study found. toxicity found. pulmonary toxicity of diethyl phthalate [97,98]. In animals, no

significant chemical-induced pulmonary
reported [97].

toxicity was
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39 | 3-Methylindole | N | No relevant Pulmonary In humans, no relevant study was found regarding the
(Skatole) study found. edema. pulmonary effects of 3-methylindole [99]. In cattle, sheep,
and goats, 3-methylindole may cause pulmonary edema
and interstitial emphysema [100-102].
40 | Methyl N | No relevant Ciliotoxicity, In humans, no relevant study was found regarding the
paraben study found. which impairs pulmonary effects of methyl paraben [103]. In rats, methyl
the ciliary paraben is mildly ciliotoxic when inhaled. When
motion of administered orally to rats, congested lungs were observed,
mucous but the results were not reproducible in subsequent
membrane cilia. | experiments [114].
Direct effects to
lung cells are
unclear.
41 | B-Myrcene N | No relevant No pulmonary In humans, no relevant study was found regarding the
study found. toxicity found pulmonary effects of 3-myrcene [104]. In rats and mice, no
significant chemical-induced pulmonary toxicity was
reported [104,105].
42 | p-Phenylene- N | Obstructive lung | No pulmonary In humans, pulmonary obstruction is a major cause of death
diamine disease and toxicity found. and complication in p-phenylenediamine poisoning [106—
pulmonary 108]. However, the effects may be secondary to
edema, but they rhabdomyolysis, and the direct pulmonary effects of p-
may be due to phenylenediamine is unclear. In animals, p-
rhabdomyolysis. phenylenediamine may cause skeletal muscle damage and
Direct effects to rhabdomyolysis, but no major effect on the lungs have been
lungs are reported [109-111]. In mice, alveolar bronchiolar adenomas
unclear. was found in a study, but the finding was deemed equivocal
[110,112].
43 | Propyl paraben | N | No relevant No pulmonary In humans, no relevant study was found regarding the
study found. toxicity found. pulmonary effects of propyl paraben [103]. In animals, no
significant chemical-induced pulmonary toxicity was
reported [103].
Environmental agents
44 | Paraquat N | Pulmonary Fibrosis In humans, paraquat may cause alveolar edema and
edema and pulmonary fibrosis [113,114]. In rats, guinea pigs, and
Fibrosis monkeys, paraquat may cause lung fibrosis [115].
45 | 2,4-DDT N | No pulmonary No pulmonary In humans, no pulmonary toxicity was reported in an
toxicity found. toxicity found. inhalation study of DDT [116]. In a historical cohort study, no
evidence for a link between occupational exposure to DDT
and mortality from lung or other type of cancers was found
[117]. The effects of ingested DDT on the respiratory system
are likely to be secondary to the effects on the nervous
system [118]. In rats and mice, oral exposure to DDT did not
cause pulmonary toxicity [116].
46 | Nicotine Y | No direct No pulmonary In humans, no major pulmonary toxicity was reported for
pulmonary toxicity found. clinical trials of nicotine replacement therapy [119,120]. One

toxicity found.

of the most common causes of death from nicotine
poisoning is respiratory failure due to peripheral
neuromuscular blockade and cardiovascular arrest [121]. In
rat, chronic inhalation exposure to nicotine does not
increase the occurrence of lung tumor [122].
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47 | 1-Nitro- N | No relevant Non-ciliated In humans, no relevant study was found regarding the

naphthalene study found. bronchiolar cell pulmonary effects of 1-nitronaphthalene [123]. In rats, acute
necrosis intraperitoneal injection of 1-nitronaphthalene may cause
respiratory distress, non-ciliated bronchiolar cell necrosis,

and Interstitial pneumonitis and edema [124,125].

48 | Naphthalene N | No relevant Lung tumor and | In humans, no relevant study was found regarding the
study found. pulmonary pulmonary toxicity of inhaled naphthalene [126].
Epidemiological | fibrosis. Epidemiological studies are not conclusive, but naphthalene
studies are not is anticipated to be a human carcinogen [127]. No significant
conclusive. chemical-induced pulmonary toxicity was found in cases of

naphthalene ingestion [126,128]. In mice, chronic inhalation
studies found increased incidences of neoplastic and non-
neoplastic lesions in the lungs [126]. No significant
chemical-induced pulmonary toxicity was found in rats and
mice for orally administered naphthalene [126].

49 | Nicotine- N | No relevant Lung tumor. In humans, no relevant study was found regarding the
derived study found. pulmonary effects of NNK [129,130], and no epidemiological
nitrosamine study could be identified that evaluated the relationship
ketone (NNK) between human cancer and exposure specifically to NNK

[129]. However, NNK is anticipated to be a human
carcinogen [129]. In rodents, NNK may induce lung
adenomas independent of the route of administration
[129,130].

50 | Thiamethoxam | N | No relevant No pulmonary In humans, no relevant study was found regarding the

study found. toxicity found. respiratory effects thiamethoxam [131]. In rats and mice, no

significant chemical-induced pulmonary toxicity was
reported [131]. Effects on liver were observed [131].
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Table S3. Phenotypic features used in our study

A feature name has three fields separated by colons (e.g., “total_intensity:Actin:cell_region”). The first field provides
the name of the measurement (e.g., “total_intensity”). The second field provides the fluorescence markers used to
measure the feature (e.g., “Actin”). For all morphology features, this field is labelled as “mask”, because the features
were measured from binary masks representing different subcellular regions. The third field provides the subcellular
regions where the feature was measured (e.g., “cell_region”).

Feature names Types
area:mask:cell_region Morphology
area:mask:dna_region Morphology
perimeter:mask:cell_region Morphology
perimeter:mask:dna_region Morphology
roundness:mask:cell_region Morphology
roundness:mask:dna_region Morphology
aspect ratio:mask:cell region Morphology
aspect_ratio:mask:dna_region Morphology
obj_number:mask:DNA_object Morphology
obj_mean_total area:mask:DNA object Morphology
obj_stddev_total_area:mask:DNA_object Morphology
obj_number:mask:gH2AX object Morphology
obj_mean_total_area:mask:gH2AX_object Morphology
obj_stddev total area:mask:gH2AX object Morphology
obj_number:mask:Actin_object Morphology
obj_mean_total_area:mask:Actin_object Morphology
obj_stddev_total_area:mask:Actin_object Morphology
total_intensity:gH2AX:cell_region Intensity
total_intensity:Actin:cell_region Intensity
mean_intensity:gH2AX:cell_region Intensity
mean_intensity:Actin:cell_region Intensity
cv_intensity:gH2AX:cell_region Intensity
cv_intensity:Actin:cell_region Intensity
total_intensity:DNA:dna_region Intensity
total_intensity:DNA:dna_chromosome Intensity
mean_intensity:DNA:dna_region Intensity
mean_intensity:DNA:dna_chromosome Intensity
cv_intensity:DNA:dna_region Intensity
cv_intensity:DNA:dna_chromosome Intensity
fraction_obj_intensity:DNA:dna_region-DNA_object Intensity ratio
fraction_obj_intensity:DNA:dna_chromosome-DNA_object Intensity ratio
fraction_obj_intensity:DNA:nondna_region-DNA_object Intensity ratio
total_intensity:gH2AX:dna_region Intensity
total_intensity:gH2AX:dna_chromosome Intensity
mean_intensity:gH2AX:dna_region Intensity
mean_intensity:gH2AX:dna_chromosome Intensity
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cv_intensity:gH2AX:dna_region

Intensity

cv_intensity:gH2AX:dna_chromosome

Intensity

total_intensity ratio:gH2AX-gH2AX:dna_region-cell_region

Intensity ratio

total_intensity_ratio:gH2AX-gH2AX:dna_chromosome-cell_region

Intensity ratio

total_intensity ratio:gH2AX-gH2AX:dna_chromosome-dna_region

Intensity ratio

fraction_obj_intensity:gH2AX:dna region-gH2AX_object

Intensity ratio

fraction_obj_intensity:gH2AX:dna_chromosome-gH2AX_object

Intensity ratio

total_intensity:Actin:dna_region Intensity
total_intensity:Actin:dna_chromosome Intensity
total_intensity:Actin:nondna_region Intensity
total_intensity:Actin:nondna_outer Intensity
total_intensity:Actin:nondna_inner Intensity
total _intensity:Actin:nondna_peridna Intensity
mean_intensity:Actin:dna_region Intensity
mean_intensity:Actin:dna_chromosome Intensity
mean_intensity:Actin:nondna_region Intensity
mean_intensity:Actin:nondna_outer Intensity
mean_intensity:Actin:nondna_inner Intensity
mean_intensity:Actin:nondna_peridna Intensity
cv_intensity:Actin:dna_region Intensity
cv_intensity:Actin:dna_chromosome Intensity
cv_intensity:Actin:nondna_region Intensity
cv_intensity:Actin:nondna_outer Intensity
cv_intensity:Actin:nondna_inner Intensity
cv_intensity:Actin:nondna_peridna Intensity

total_intensity_ratio:Actin-Actin:dna_region-cell_region

Intensity ratio

total_intensity _ratio:Actin-Actin:dna_chromosome-cell_region

Intensity ratio

total_intensity_ratio:Actin-Actin:dna_chromosome-dna_region

Intensity ratio

total_intensity _ratio:Actin-Actin:nondna_outer-cell_region

Intensity ratio

total_intensity ratio:Actin-Actin:nondna_inner-cell_region

Intensity ratio

total_intensity_ratio:Actin-Actin:nondna_peridna-cell_region

Intensity ratio

fraction_obj_intensity:Actin:dna_region-Actin_object

Intensity ratio

fraction_obj_intensity:Actin:dna_chromosome-Actin_object

Intensity ratio

fraction_obj_intensity:Actin:nondna_region-Actin_object

Intensity ratio

fraction_obj_intensity:Actin:nondna_outer-Actin_object

Intensity ratio

fraction_obj_intensity:Actin:nondna_inner-Actin_object

Intensity ratio

fraction_obj_intensity:Actin:nondna_peridna-Actin_object

Intensity ratio

total_intensity_ratio:gH2AX-Actin:cell_region-cell_region

Intensity ratio

total_intensity ratio:gH2AX-DNA:cell_region-cell_region

Intensity ratio

total_intensity ratio:DNA-Actin:cell_region-cell_region

Intensity ratio

total_intensity ratio:gH2AX-Actin:dna_region-dna_region

Intensity ratio

total_intensity _ratio:gH2AX-DNA:dna_region-dna_region

Intensity ratio

total_intensity ratio:DNA-Actin:dna_region-dna_region

Intensity ratio
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total_intensity ratio:gH2AX-Actin:dna_chromosome-dna_chromosome

Intensity ratio

total_intensity_ratio:gH2AX-DNA:dna_chromosome-dna_chromosome

Intensity ratio

total_intensity ratio:DNA-Actin:dna_chromosome-dna_chromosome

Intensity ratio

ccorr_normed:DNA-gH2AX:cell_region Correlation
ccoeff normed:DNA-gH2AX:cell region Correlation
ccorr_normed:DNA-Actin:cell_region Correlation
ccoeff_normed:DNA-Actin:cell_region Correlation
ccorr_normed:gH2AX-Actin:cell_region Correlation
ccoeff_normed:gH2AX-Actin:cell_region Correlation
ccorr_normed:DNA-gH2AX:dna_region Correlation
ccoeff_normed:DNA-gH2AX:dna_region Correlation
ccorr_normed:DNA-Actin:dna_region Correlation
ccoeff normed:DNA-Actin:dna_region Correlation
ccorr_normed:gH2AX-Actin:dna_region Correlation
ccoeff normed:gH2AX-Actin:dna_region Correlation
ccorr_normed:DNA-gH2AX:dna_chromosome Correlation
ccoeff_normed:DNA-gH2AX:dna_chromosome Correlation
ccorr_normed:DNA-Actin:dna_chromosome Correlation
ccoeff_normed:DNA-Actin:dna_chromosome Correlation
ccorr_normed:gH2AX-Actin:dna_chromosome Correlation
ccoeff_normed:gH2AX-Actin:dna_chromosome Correlation
glcm_asm_mean:Actin:cell region Texture
glcm_contrast_mean:Actin:cell_region Texture
glcm_corr_mean:Actin:cell_region Texture
glcm_var_mean:Actin:cell_region Texture
glem_idm_mean:Actin:cell_region Texture
glem_sum_ave_mean:Actin:cell_region Texture
glem_sum_var_mean:Actin:cell_region Texture
glcm_sum_ent_mean:Actin:cell_region Texture
glcm_ent_mean:Actin:cell_region Texture
glem_diff_var_mean:Actin:cell_region Texture
glem_diff_ent_mean:Actin:cell_region Texture
glem_info_corrl_mean:Actin:cell_region Texture
glem_info_corr2_mean:Actin:cell_region Texture
glcm_asm_mean:Actin:dna_region Texture
glcm_contrast_mean:Actin:dna_region Texture
glcm_corr_mean:Actin:dna_region Texture
glcm_var_mean:Actin:dna_region Texture
glem_idm_mean:Actin:dna_region Texture
glcm_sum_ave mean:Actin:dna_region Texture
glem_sum_var_mean:Actin:dna_region Texture
glcm_sum_ent_mean:Actin:dna_region Texture
glcm_ent_mean:Actin:dna_region Texture
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glem_diff var_mean:Actin:dna_region Texture
glem_diff_ent_mean:Actin:dna_region Texture
glcm_info_corrl _mean:Actin:dna_region Texture
glem_info_corr2_mean:Actin:dna_region Texture
glcm_asm_mean:Actin:nondna_region Texture
glcm_contrast mean:Actin:nondna_region Texture
glcm_corr_mean:Actin:nondna_region Texture
glcm_var_mean:Actin:nondna_region Texture
glem_idm_mean:Actin:nondna_region Texture
glem_sum_ave_mean:Actin:nondna_region Texture
glcm_sum_var_mean:Actin:nondna_region Texture
glcm_sum_ent_mean:Actin:nondna_region Texture
glcm_ent_mean:Actin:nondna_region Texture
glem_diff_var_mean:Actin:nondna_region Texture
glem_diff ent mean:Actin:nondna_region Texture
glem_info_corrl_mean:Actin:nondna_region Texture
glem_info_corr2_mean:Actin:nondna_region Texture
glcm_asm_mean:DNA:dna_region Texture
glcm_contrast_mean:DNA:dna_region Texture
glcm_corr_mean:DNA:dna_region Texture
glem_var_mean:DNA:dna_region Texture
glcm_idm mean:DNA:dna_region Texture
glcm_sum_ave_mean:DNA:dna_region Texture
glcm_sum_var_mean:DNA:dna_region Texture
glem_sum_ent_mean:DNA:dna_region Texture
glcm_ent_mean:DNA:dna_region Texture
glem_diff_var_mean:DNA:dna_region Texture
glem_diff_ent_mean:DNA:dna_region Texture
glem_info_corrl_mean:DNA:dna_region Texture
glcm_info_corr2_mean:DNA:dna_region Texture
glcm_asm_mean:gH2AX:dna_region Texture
glcm_contrast_mean:gH2AX:dna_region Texture
glcm_corr_mean:gH2AX:dna_region Texture
glcm_var_mean:gH2AX:dna_region Texture
glcm_idm_mean:gH2AX:dna_region Texture
glcm_sum_ave _mean:gH2AX:dna_region Texture
glcm_sum_var_mean:gH2AX:dna_region Texture
glcm_sum_ent_mean:gH2AX:dna_region Texture
glcm_ent_mean:gH2AX:dna_region Texture
glcm_diff var_mean:gH2AX:dna_region Texture
glem_diff_ent_mean:gH2AX:dna_region Texture
glem_info_corrl_mean:gH2AX:dna_region Texture
glcm_info_corr2_mean:gH2AX:dna_region Texture
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Table S4. DNA strand break measurements using a Comet assay

* red = significant DNA strand breaks were observed

Chemical name v Median Change in Median P-value
S = | Percentage of Percentage of
é; Tail DNA (%) | Tail DNA (log2-ratio)
X E —_ — O O
©=1 88| 58 |RE| § |BE| 3 | B
@© @© > ®© o = o = @ %)
2 £ o o L ) = ) =
= L= = Qo L o S
o o ; c o - <
2 © @ o2 o & 2 -
o) S a5 Do 04
= = = &)
= 5 c c T
Q = 3 3
p=
Bleomycin 4 50.84 &35 3.61 3.92 4.24 | 0.000 | 0.000
p-Phenylenediamine 4 57.01 3.16 3.18 4.17 5.17 | 0.001 | 0.006
Diacetyl 4 4.69 2.68 0.34 0.81 1.27 | 0.005 | 0.020
Nitrofurantoin 4 5.83 3.30 0.20 0.82 1.44 | 0.022 | 0.069
Nickel sulfate 4 3.99 2.89 0.03 0.46 0.89 | 0.042 | 0.114
Bicalutamide 4 4.60 3.14 | -0.07 0.55 1.18 | 0.069 | 0.165
Temosirolimus 4 4.75 2.88 | -0.27 0.72 1.72 | 0.090 | 0.191
Paraquat 4 4.44 3.16 | -0.18 0.49 1.17 | 0.114 | 0.213
Monocrotaline 4 3.46 3.06 | -0.37 0.18 0.73 | 0.368 | 0.499
Tenofovir 4 3.27 3.36 | -0.80| -0.04 0.72 | 0.845 | 0.892
Carbamazepine 4 3.49 348 | -0.34 0.00 0.34 | 0.989 | 0.989
Nitrofurantoin 16 20.87 4.14 1.71 2.33 2.95 | 0.001 | 0.006
Paraquat 16 47.29 4.46 2.48 3.41 4.33 | 0.001 | 0.006
Bicalutamide 16 5.69 4.34 | -0.17 0.39 0.95| 0.124 | 0.213
Nickel sulfate 16 4.03 472 | -0.67 | -0.23 0.22 | 0.206 | 0.326
Carbamazepine 16 5.14 434 | -0.28 0.24 0.77 | 0.265 | 0.387
Diacetyl 16 4.66 422 | -0.35 0.15 0.64 | 0.458 | 0.581
Tenofovir 16 4.79 434 | -0.45 0.14 0.74 | 0.526 | 0.624
Monocrotaline 16 4.27 459 | -0.57 | -0.10 0.37 | 0.577 | 0.645
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Table S5. Proposed lung adverse outcome pathways under development

AOP | AOP Title OECD Inflammation | Oxidative-
Wiki Status events? stress
No. events?
148 EGFR activation leading to decreased Under No No
lung function development
173 Increased substance interaction with Under Yes No
the resident cell membrane components | development
leading to lung fibrosis
196 Volatile organic chemicals activate NA Yes No
TRPAI receptor to induce sensory
pulmonary irritation
206 Peroxisome proliferator-activated Under Yes No
receptors y inactivation leading to lung development
fibrosis
241 Latent transforming growth factor betal | NA Unclear No

activation leads to pulmonary fibrosis
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