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Suppressed DNA repair capacity in
flight attendants after air travel

Sneh M. Toprani®?, Irina Mordukhovich?3, Eileen McNeely?3 & Zachary D. Nagel%2**

Elevated cancer risk and compromised reproductive health have been well documented in flight
attendants (FA), but the etiology remains unknown. Many studies using cell and animal models
suggest that air travel related exposures might plausibly explain the adverse health outcomes
observed in flight crew, but our understanding of the underlying biological mechanisms is incomplete.
During air travel, FA are constantly exposed to complex mixtures of mutagens in the flight cabin that
may contribute to genomic instability by inducing DNA damage and interfering with DNA repair.
Defects in DNA repair capacity (DRC) have been associated with risk of cancer and other diseases. To
explore our hypothesis that alterations in DNA damage and repair in FA are related to flight travel,

we conducted a pilot study of FA’'s DNA damage and assess global DNA repair efficiency pre and post
flight. We collected venous blood samples from nine FA before and after flight. Differential blood cell
counts were carried out to assess immune responses and functional assays were performed to assess
the DNA damage response. The CometChip assay was employed to quantify baseline DNA damage and
repair kinetics for DNA damage induced by X-rays. Fluorescence multiplex based host cell reactivation
(FM-HCR) assays were utilized to assess DRC in five major DNA repair pathways. Our findings revealed
a significant increase in lymphocyte counts as well as diminished repair of ionizing radiation induced
DNA damage and excision of 80x0G:C lesions in after flight samples. Our results illustrate the potential
for using biological samples to identify molecular mechanisms that may implicate impaired genomic
stability and altered immune responses in the etiology of excess cancer in FAs.

Keywords DNA damage, DNA repair, Blood count, Flight attendant, Cosmic ionizing radiation, Genomic
integrity

Abbreviations

FA Flight attendants

DRC DNA repair capacity

FM-HCR  Fluorescence multiplex based host cell reactivation assays
BMI Body mass index

PBMCs Peripheral blood mononuclear cells
SSBs Single strand breaks

DSBs Double strand breaks

BER Base excision repair

NER Nucleotide excision repair

NHE] Non-homologous end joining

HR Homologous recombination

MMR Mismatch repair

BF Before flight

AF After flight

CIR Cosmic ionizing radiation

IR Tonizing radiation

Flight crew (which include flight attendants, commercial pilots, and cabin crew) represent an understudied
group of workers!. Flight attendants (FA) are reportedly exposed to toxins in cabin air? and radiological
exposures from cosmic radiation®?. They also experience many physical, biological, and psychosocial stressors,
including stressful interactions with passengers and quick turnaround times between flights®~”. Epidemiological
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studies have revealed multiple adverse health outcomes that are more common among FA when compared to
the general population®, including breast and skin cancer as well as non- Hodgkin’s lymphoma®-1°. However, the
mechanism underlying this elevated cancer risk in FA remains unexplained.

Environmental and occupational exposures to DNA damaging agents can cause cell death, transcriptional
stress, replication stress, senescence, and genomic instability!!~!3, a key driver of carcinogenesis'*. Occupational
exposures can also promote DNA damage by triggering inflammatory responses that produce endogenous
reactive oxygen species'>'7. Several DNA repair mechanisms operate in human cells to guard the genome
against DNA damage caused by these exposures!®-2°, and thus play a key role in protecting against cancer. Some
of the major DNA repair mechanisms that eliminate DNA lesions are base excision repair (BER) for single strand
breaks (SSBs)/abasic site/base damages?!; nucleotide excision repair (NER) for bulky DNA adducts?’; non-
homologous end joining (NHE]) and homologous recombination (HR) for double strand breaks (DSBs)****; and
mismatch repair (MMR) for mismatched bases?’. Defects in DNA repair have been associated with increased
risk of several diseases, particularly cancer?®?. Chronic exposure to a complex mixture of stressors can cause
an increase in allostatic load that can include long-lasting alterations in the efficiency of DNA repair®®?’. We
hypothesized that altered DNA repair and immune responses could potentially explain excess cancer risk in FA®.

To address this question, we examined the effect of air travel on DNA damage and repair responses in
FA. Blood samples were collected from FA before and after the flight travel and analyzed for DNA damage
and alterations in DNA repair. Further, we implemented our well-established functional high throughput,
Fluorescence multiplex based host cell reactivation (FM-HCR) assays'2?-3! to measure DNA repair capacity
(DRC) for five major DNA repair pathways (NHE], BER, NER, MMR, and HR). Our assays included reporter
plasmids with ionizing radiation-induced damage and site-specific lesions such as uracil, hypoxanthine,
80x0G:C, and A:80x0G. We carried out an unprecedented analysis of DNA repair using host cell reactivation
technology in resting lymphocytes obtained from the FA blood samples. The data from this pilot study provide
a basis for future, larger scale exploration in flight crew that could inform policies aimed at protecting the safety
of flight crew and passengers, particularly pregnant women and frequent fliers who may be at higher risk than
the general population.

Results

To investigate the impact of in-flight exposures on markers of genomic integrity in FA, we assessed several
biological endpoints including differential blood cell counts, DNA damage levels, DNA repair kinetics, and
global DNA repair capacity (DRC) analysis before flight (BF) and after flight (AF) travel in nine FA (Fig. 1a). The
results of each analysis are summarized below:

Demographics, lifestyle and flight related parameters of study participants

Many factors including age, sex, smoking, drinking habits, exercise, sleep pattern, disease, or mental health
may affect DNA damage and repair responses®’ and were thus recorded through approved questionaries
(Supplementary doc. 1, Supplementary Fig. 1, Supplementary Tables 1 and 2) from the participating FA. Out of 9
FA, 3 were male and 6 were female (Supplementary Fig. 1a). All were of white ethnicity and were never smokers.
Five were overweight based on body to mass index (BMI) calculated as the ratio of weight (in kg) and the square
of the height of the participant (in m) (Supplementary Fig. 1b). In our study, the FAs age ranged from 24 to
64 years, with an employment duration designated as a FA position ranging from 2 to 41 years (Supplementary
Fig. 1c). Age and the employment duration as a FA are associated with disease risk and chronic mutagenic
exposures'’33, and can provide an estimate of exposure to cosmic ionizing radiation (CIR), solar particle
emissions, and other agents that increase the risk of cancer and other diseases®*%. Details regarding sleep
(Supplementary Fig. 1d), exercise and intake of medication (Supplementary Fig. le) and alcohol consumption
(Supplementary Fig. 1f) were obtained. While our study was too small to adjust for lifestyle and demographic
variables, our within-subjects study design allows for a straightforward comparison of short-term biological
effects of air travel.

Changes in differential blood cell counts after flight travel

To assess the impact of flight travel on the immune system, we conducted differential blood cell counts. Blood
samples for before flight (BF) measurements were collected 5-12 h prior to departure from Boston Logan
International airport, Massachusetts, USA. After-flight (AF) samples were collected within 1.5 h of the landing
to the same return airport (Fig. 1b). The duration between the departure from Boston and return varied from
27 h to 10 days, depending on the participating FA’s flight schedule (Fig. 1b). Additionally, the interval since the
last flight before the pre-flight blood collection ranged from 2 to 7 days (Fig. 1b). For some FA, we experienced
challenges in drawing blood post-flight due to dehydration, which is common®**”. Overall, there was no significant
difference in the blood cell count landscape [white blood cells (WBC), red blood cells (RBC), neutrophils,
monocytes, eosinophils, basophils, platelets, and hemoglobin (Hb)] between the BF and AF samples, except
for Lymphocytes (Fig. 2a-c). We observed a significant increase in lymphocyte counts (adjusted p=0.02) (Fig.
3) in AF samples, potentially indicating an inflammatory response towards flight travel related exposures®*.
Two FA showed notably higher basophil counts (Supplementary Fig. 2). Among the remaining FA, we observed
a significant increasing trend in basophil counts (adjusted p=0.03) in AF samples (Supplementary Fig. 2), but
when all data are included the trend does not reach significance due to the high variability arising from the two
individuals with large increase in basophil counts.

Heterogeneity in DNA repair kinetics observed among individuals in after flight samples
Basal DNA damage and repair kinetics were measured using the alkaline CometChip assay in Peripheral blood
mononuclear cells (PBMCs) isolated from nine FA blood samples. The percentage of DNA in the comet tail
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Fig. 1. Methodology implemented in this study. (a) Venous blood samples were collected from FA before and
after flight travel. Differential blood cell counts were recorded. Peripheral blood mononuclear cells (PBMCs)
were isolated using density gradient centrifugation. The CometChip assay was used for quantitation of DNA
damage & repair kinetics. Fluorescence Multiplex based Host Cell Reactivation (FM-HCR) assays were used
for measuring DNA repair capacity. (b) Samples were collected from 9 FA (participant number indicated on
the y-axis) immediately before departure and shortly after return from flight travel. The graph represents time
in hours since the last flight (blue); the time between blood sample collection and flight departure (yellow and
black checker pattern); and the time between departure from Boston to return to Boston airport (pink). After
flight blood samples were collected immediately upon landing for nine FA (yellow and black closed crossed
pattern, y-axis).

region (% Tail DNA) was used to estimate DNA damage levels. No statistically significant difference in the
average basal DNA damage was found between samples taken BF (13.84 % +9.70) and AF (11.17 % +5.56) (Fig.
4a, b). Isolated PBMCs were irradiated at 4.0 Gy (X-rays, dose rate = 1.0 Gy/min) and IR-induced genomic DNA
damage was measured at 0-, 5- ,15-, 30- and 60-min post irradiation to assess whether flight travel affects DNA
repair kinetics in response to exposure to a secondary DNA damaging agent (Fig. 4c). The AF samples showed a
subtle increase in genomic DNA damage at 5 min post irradiation, increasing the time (half time, t, ) to repair
50% of the initially induced radiation damage compared to BF samples. This increase in DNA damage suggests
DNA repair dependent induction of SSBs intermediates, which might arise from BER processing oxidative DNA
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Fig. 2. Differential blood cell counts of FA before and after flight travel. Joyplot represents blood cell

type counts (10%/uL) obtained from before flight (maroon plot, Cell_Type_B) and after flight (blue plot,
Cell_Type_A) for (a) White blood cell (WBC), red blood cell (RBC), neutrophils, monocytes, lymphocytes,
eosinophils, basophils, (b) platelets and (c) hemoglobin (Hb) levels (g/dL).

damage (Supplementary Fig. 3). Since this uptick in DNA damage was accompanied by a lower level of DNA
damage at t, it may reflect less efficient initiation of BER by DNA glycosylases (Supplementary Fig. 3). On an
average, there was a statistically insignificant trend (adjusted p=0.78) towards slower repair capacity in AF
samples (K=0.033, t,,,=25.59 min) versus BF samples (K=0.047, t,,=14.68 min) (Fig. 4c). Most of the IR-
induced genomic DNA damage was repaired within 60 min (Fig. 4c). Five participants exhibited slower repair
kinetics in their AF samples (Supplementary Fig. 4), though these within-individual changes were generally
smaller than inter-individual differences in repair capacity. Since some of the heterogeneity in t, , observed
in AF samples would be masked upon averaging, we categorized the FA repair kinetics data into two groups
(Supplementary Fig. 5). Group 1 consisted of five FA whose AF samples showed slower repair kinetics (K=0.012,
t,,=65.40 min) compared to their BF samples (K=0.039, t, ,=17.49 min). Group 2 included four FA whose AF
samples showed more rapid kinetics (K=0.13, t, ,=7.02 min) than their BF samples (K=0.053, t, ,=13.02 min).
Overall, no significant difference in repair kinetics were observed among (Group 1: adjusted p=0.44; Group
2: adjusted p=0.18) and between (adjusted p=0.45) the two groups. Furthermore, classification as Group 1 or
Group 2 was not significantly associated with any other potential covariates (Supplementary Table 7).
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Fig. 3. Differences in blood cell count/levels in before and after flight blood samples. Each symbol represents
one blood sample and the connecting line between triangle symbols indicates data are from the same
individual (n=9) before (BE, maroon upward facing triangle) and after flight (AF, blue downward facing
triangle). Concentration for hemoglobin (g/dL) or count (10*/uL) for White blood cell (WBC), red blood cell
(RBC), neutrophils, monocytes, eosinophils, platelets, lymphocytes, and basophils is plotted on the y-axis.
Asterisks indicate p <0.05 by two-tailed paired t-test.

Alterations in DNA repair capacity (DRC) in after flight samples

DRC plays critical roles in determining whether an individual is sensitive to the cytotoxic and genotoxic
effects of DNA damaging agents and the associated disease risk*’*2. To measure DRC in FA, in addition to the
aforementioned CometChip assays, high throughput functional based FM-HCR assays were used. FM-HCR
assays report the ability of live cells to repair DNA damage that alters the accuracy or efficiency of transcription of
a reporter gene modified with site-specific DNA lesions!>?%43, To assess DRC alterations in multiple DNA repair
pathways, ten reporter plasmids (Table 1), each containing different DNA lesions (as previously described?, also
in methods Sect. “Assessing DNA repair capacity (DRC) in FA using high throughput fluorescence multiplex
based host cell reactivation (FM-HCR) assays’, were transiently transfected into quiescent PBMCs obtained from
blood samples collected before and after flight from participating FA. Specifically, plasmids with enzymatically
generated DSBs were used to measure NHE] or HR, while a plasmid with a site-specific tetrahydrofuran abasic
site analog was used to measure long patch-BER (LP-BER). Plasmids bearing a single base mismatch (G: G)
were used to measure MMR, and plasmids subjected to ultraviolet (UV) irradiation (UV-C, 800 J/m?) or
ionizing radiation (IR) (3000 Gy, !¥’Cs y- radiation) were used to measure NER or repair of IR-induced plasmid
damage, respectively. The UV dose is estimated to induce approximately 12 lesions per plasmid and was chosen
based on previous host cell reactivation studies by our group and others'>?34445 The IR dose (3000 Gy) was
chosen based on previous reports that approximately 150 Gy are needed to inhibit transcription and induce 1
lesion per 30 kb*®; the transcribed region of our reporter system is 20-fold smaller (1.5 kb). In the case these
six reporters, fluorescent reporter protein expression is suppressed unless repair occurs through the indicated
pathways. Hence, the DRC is directly proportional to the expression of these reporter plasmids. However, four
other reporters operate under a different principle based on transcriptional mutagenesis. Site-specific DNA
lesions in these reporters alter the sequence of the transcribed RNA, leading to fluorescent protein expression

Scientific Reports |

(2025) 15:16513 | https://doi.org/10.1038/s41598-025-98934-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a

=y

40- ns

30+

20- A

% Tail DNA

104

Flight Status

40

k- BF
30 -+ AF

% Tail DNA
o oy
\ N
\
NN
Q
3
t.
3

10- I

-20 0 20 40 60
Repair Time (mins)

Fig. 4. Quantitation of DNA basal damage and repair kinetics using the alkaline CometChip assay. (a)
Representative comet images of basal DNA damage (refers to basal genomic DNA damage prior to irradiation)
in before (BF) and after (AF) flight sample in quiescent PBMCs. The area between the red and green lines
indicates the DNA damage in tail region (% Tail DNA) that is detectable above background fluorescence. (b)
Violin plot representing the basal DNA damage in isolated PBMCs from BF (maroon) and AF (blue) samples
(n=9 FA). Each symbol represents the average of 5 median values from approx. 300 comets per individual

at each timepoint. “ns” represent no significant difference among the samples tested using two-tailed paired
t-test. (c) PBMCs were irradiated with 4.0 Gy of X-rays and DNA damage was measured at 0-, 5-, 15-, 30- and
60-min post irradiation along with mock irradiated (-15 min) samples obtained from FA before (BE, maroon
dotted line, upward facing triangle) and after (AF, blue solid line, downward facing triangle) flight travel. The
percentage of DNA in the tail region (%Tail DNA, y-axis) vs repair time (in min, x-axis) represents average
repair kinetics of nine FA. Each symbol represents the average of 5 median values from approx. 300 comets
each per timepoint per FA (n=9 FA). Error bars represent mean + SD.

that is suppressed when the DNA lesion is removed. Consequently, the expression of these reporter plasmids
is inversely proportional to DRC. To measure the repair of damaged bases by methylpurine DNA glycosylase
(MPGQ), a reporter plasmid with a site-specific hypoxanthine (Hx) lesion embedded opposite thymine was used.
A plasmid with a site-specific uracil opposite guanine (U:G) was used to measure the removal of uracil, which
can be initiated by several DNA glycosylases®’. A reporter plasmid with site-specific 8-oxoguanine opposite
cytosine (80x0G:C) reports the activity of 8-oxoguanine DNA glycosylase (OGG1) and other glycosylases that
repair the same DNA lesion, including the Nei-like DNA glycosylases NEIL1 and NEIL2. Additionally, a reporter
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Undamaged cocktail
(1-2) Damaged cocktail (1) Damaged cocktail (2)
Fluorochrome of reporter plasmid (filter, Qty Qty Qty
flow channel) Plasmid (ng) | Plasmid (ng) | M e Pl id (ng) | Measure
BFP (440/50, VL-1) pMax_BFP 30 | BFP_U 20 | Uracil lesion BFP_NHE] 50 | NHE]
AmCyan (468/98, VL-2) pMax_AmCyan 100 | pMax_AmCyan 100 | Control pMax_AmCyan 100 | Control
Hypoxanthine Long
GFP (530/30, BL-1) pMax_GFP 10 | GFP_Hx 20 1 V] GFP_THF 10 | patch
esion
BER
mOrange (585/16, YL-1) pMax_mOrange 20 | mOrange_80x0G-C 60 | 80x0G:Clesion | mOrange_GG 20 | MMR
mPlum (695/40, YL-3) pMax_mPlum 50 | mPlum_A-80x0G 200 | A:80x0G lesion | mPlum_UV]J/m? 100 | NER
Carrier plasmid DNA (non-fluorescent) pCX-NNX-A3GFP | 1000 | pCX-NNX-A3GFP | 1000 | — pCX-NNX-A3GFP | 1000 | —
Undamaged cocktail 3 Damaged cocktail (3)
BFP (440/50, VL-1) pMax_BFP 30 | pMax_BFP_IR (3000 Gy) | 100 | Ionizing radiation damage
GFP (530/30, BL-1) pCX_NNX_GFP 150 | A5GFP_-Stul linear 150 | HR
mOrange (585/16, YL-1) pMax_mOrange 30 | pMax_mOrange 30 | Control
Carrier plasmid DNA (non-fluorescent) | pCX-NNX-A3GFP | 1500 | pCX-NNX-A3GFP 1500 | —

Table 1. Composition of plasmid cocktails used in this study: Five plasmid cocktails (undamaged 1-2,
damaged 1, damaged 2, undamaged 3 and damage 3) of five colors (BFP, GFP, AmCyan, mOrange, and
mPlum) were prepared to measure the repair capacity of cells for six DNA repair proteins/pathways. Plasmids
in the pMax or pCX-NNX backbone were used for this study as in our previously published reports. The first
column of the table identifies the fluorescent protein detected, bandpass filter, and flow channel as named

by the software associated with the Attune NxT flow cytometer. The quantity (qty) of each plasmid (in
nanograms) is indicated. pMax_AmCyan (in damaged cocktail 1 and damage cocktail 2) and pMax_mOrange
(in damaged cocktail 3) were used as transfection controls.

plasmid with undamaged adenine in the transcribed strand opposite to 80x0G (A:80x0G) was used to measure
the activity of the mutY DNA glycosylase (MUTYH). Each cocktail included a damage-free control to normalize
for transfection efficiency, and the reporter expression was calculated by normalizing expression of damage
containing reporter plasmids to separately transfected damage-free counterparts as described previously!'>28:48,
Detailed information on obtaining the final DRC readout using flow cytometry (Supplementary Figs. 6a, b and
7) and the preparation of the reporter plasmids is presented in the methods section and previous reports?*3°,

We did not observe a significant difference in transfection efficiency between BF and AF samples
(Supplementary Fig. 6¢), but FM-HCR revealed alterations in DRC for some pathways comparing BF and AF
samples after adjusting for multiple testing (Figs. 5 and 6). We observed a significant decrease in repair (increase
in reporter expression, adjusted p=0.035) of the oxidative DNA lesion 80x0G:C in the AF samples as compared
to BF (Fig. 5a, b). Additionally, we observed a significant decrease (adjusted p=0.025) in repair capacity for
IR-induced plasmid damage in the AF samples (Fig. 6a, b). Together, the FM-HCR data are consistent with
the CometChip data in two respects. First, we observed a maximum level of strand breaks immediately
after irradiation (at t;) in the BF samples, but at 5 min post-irradiation (at t,) in the AF samples (as seen in
Supplementary Fig. 3; measured using CometChip assay), consistent with slower initiation of BER that was
detected by the FM-HCR assays (Fig. 5a, 80x0G:C reporter expression). Second, we observed a trend towards
overall slower resolution of SSBs in the CometChip assay, consistent with the slower completion of repair for the
IR-induced plasmid damage measured using FM-HCR assay.

Correlations between markers of genomic instability and immunophenotype

Some notable correlations were observed among DNA repair assays and between DNA repair assays and other
measured parameters. To prevent false positives and ensure that true associations aren’t overlooked, we applied
multiple testing to the Pearson’s correlation coefficient by adjusting the false-discovery rate (FDR) to 0.01 (as
discussed in method Sect. “Statistical analysis and graphical representations”) resulting in fewer associations
reaching significance. For instance, a significant positive correlation was observed between eosinophil counts
in the BF vs AF samples (adjusted p=0.0002) (Supplementary Fig. 8a, Supplementary Table 3). On comparing
the basal damage and repair rate (K) in BF samples (Supplementary Fig. 8b; Supplementary Table 4), we also
observed a significant correlation between the basal damage and hypoxanthine (Hx) adduct repair (adjusted
Pp=0.003). We observed a significant positive correlation between the repair rate (K, as measured by CometChip)
vs repair capacity for the IR-induced plasmid damage (IR) as measured by FM-HCR (adjusted p=0.004). On
correlating the DRC measured using FM-HCR assays, we observed significant correlation of 80xoG:C lesions
(adjusted p=0.0015) in BF vs AF samples and NHE] DRC activity vs basophil counts (adjusted p=0.002)
(Supplementary Fig. 9; Supplementary Table 5).

We expanded our correlation analysis to include biological variables such as immunophenotype
(Supplementary Table 6); basal DNA damage and repair rate obtained from CometChip assay (Supplementary
Table 7); DRC using FM-HCR assays (Supplementary Table 8)] versus demographic variables (age, sex, BMI);
and flight-related parameters (flight duration between blood draws, years of employment duration as a FA,
and sleep deprivation in days) obtained from participant questionaries. Despite the small sample size, after
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Fig. 5. Repair activity of DNA glycosylase-based lesion repair in nine FA. (a) DNA glycosylase-dependent
initiation of BER was measured for uracil (U:G)-, hypoxanthine (Hx:T)-, 80x0G:C-, and A:80x0G lesions. For
these assays, the unrepaired DNA lesion results in a transcriptional error that leads to fluorescent reporter
expression. Consequently, reporter expression is inversely proportional to repair capacity. % Reporter
expression is plotted on the y-axis versus the flight status (before flight, BE, maroon bar) or (after flight, AF,
blue bar) on x-axis. Each symbol represents a single FM-HCR measurement from one FA. Error bars represent
mean * SD. Asterisks indicate p <0.05 by two-tailed paired t-test. (b) Data from panel A are replotted with

a connecting line between triangle symbols to indicate data from the same individual before (BF, maroon
upward facing triangle) and after flight (AF, blue downward facing triangle).

multiple comparison correction (FDR, adjusted p<0.05), we observe some modest correlations in AF samples
(Supplementary Tables 6-8). For example in AF samples (Supplementary Table 6), eosinophil counts correlated
with flight duration (adjusted p=0.02) and years of employment (adjusted p=0.01); basophil counts (adjusted
p=0.02) and Hb level (adjusted p=0.04) correlated with participant sex; and platelets counts correlated sleep
deprivation (adjusted p=0.002). No significant correlations were found between these potential confounding
factors and basal DNA damage and repair rate (K) measured using CometChip assay (Supplementary Table
7). Additionally, in AF samples, some significant correlations were observed between DRC and other variables
(Supplementary Table 8), such as BMI with Hx:T lesion repair capacity (adjusted p=0.005) and NER capacity
with sleep deprivation (adjusted p=0.008). While there is no apparent intuitive explanation for some of these
relationships, and they should be interpreted with caution given the small sample size, future studies may
explore whether they represent previously unknown relationships?®324%-56, Finally, for parameters that were
significantly different comparing BF and AF samples [lymphocyte counts (Fig. 3, Supplementary Table 9), repair
of 80xoG:C (Fig. 5, Supplementary Table 10), and repair of IR-induced plasmid damage (Fig. 6, Supplementary
Table 11)], we tested whether the change in those parameters correlated with changes in other parameters.
Correlation between the changes in repair of IR induced plasmid damage was significant with changes in NHE]
repair capacity (adjusted p=0.002) (Supplementary Table 11), consistent with role of NHE] in repairing one
or more DNA lesions induced by IR*”. Due to the varied response in neutrophil counts among AF samples,
where some samples (n=4) showed an upward trend while others (n=5 FA) exhibited a decline, we performed
the correlation analysis to assess their connection with changes in other measured biological endpoints. We
observed a strong correlation between neutrophils and white blood cells (adjusted p <0.0001) only, which was
expected since neutrophils are a subset of white blood cells (Supplementary Table 12). Otherwise, no significant
associations were observed.

Overall, our findings indicate changes in blood cell count, heterogeneity in repair kinetics, and reduced
activity in repairing oxidative and IR-induced lesions in AF travel samples in the studied FA.

Discussion and conclusions

FA are a relatively understudied group of workers who are more susceptible to chronic illness due to their
profession compared to the general population!. Mounting evidence from epidemiological studies has
documented elevated cancer and other diseases in FA*7833:35:58.59 byt the etiology is unknown. Exposure to a
complex mixture of potentially mutagenic agents from various sources during the flight travel may challenge FA
health®**4. Among these occupational exposures, cosmic ionizing radiation (CIR) stands out as a DNA damaging
carcinogen®. The National Council on Radiation Protection and Measurements (NCRP) has formally classified
FA as radiation workers, receiving an average annual dose of 3.07 mSv, which is five times the average dose
(0.59 mSv) of U.S Department of Energy radiation workers®. The inter-individual variation we observe with
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Fig. 6. Repair activity of various DNA repair pathways in nine FA. (a) Graphs represents % reporter
expression for non-homologous end joining (NHE]), homologous recombination (HR), long patch base
excision repair (LPBER), mismatch repair (MMR), nucleotide excision repair (NER) and IR-induced plasmid
damage (IR) on y-axis against flight status [(before flight, BF, maroon bar) and (after flight, AF, blue bar)] on
x-axis. The reporter expression for these plasmid DNA is directly proportional to the repair capacity. Each
symbol represents a single FM-HCR measurement from one FA. Error bars represent mean + SD. Asterisks
indicate p <0.05 by two-tailed paired t-test. (b) Line connecting between the triangle symbols of BF (maroon
upward facing triangle) and AF (blue downward facing triangle) represent reporter expression of each FA for
NHE], HR, LPBER, MMR, NER, and IR-induced plasmid damage repair activity.

respect to repair of IR-induced genomic DNA damage could contribute to the heterogeneity in radiosensitivity
reported by others*>*>>>6!, Individual FA’s exposure levels can vary considerably depending on flight parameters
including the area of the aircraft in which they work®?, cruising altitude and latitude®®3-%¢, and solar activity®>%4.
Studies have associated CIR exposure among FA with increased cancer incidence and mortality and diminished
reproductive health®*. Although in-flight radiation exposure is expected to be on the order of 20-40 micro
Sieverts and thus results in far less DNA damage than is induced by endogenous agents but the type of damage
induced may be more dangerous; as even low doses of radiation can influence blood cell counts and DRC6!:67-%,
Research using models of the individual components of CIR has been conducted using in vitro human cell
cultures®’*72, and the data have been extrapolated from high-dose radiation exposure to assess the effects of
low-dose/dose rate exposure in humans’®>7%. However, caution is needed when applying these findings to the
FA cohort, as they are exposed to multiple mutagenic factors that may have additive effects alongside chronic
intermittent low-dose CIR exposure?. Additionally, their exposure spans a range of radiation types which adds to
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Fig. 7. Proposed model where DNA damage promoted by in-flight exposures is a key biological mechanism
underlying cancer in FA. Exposure of FA to radiation, mutagenic chemicals, various physical and biological
stressors cause DNA damage. The same exposures may inhibit DNA repair, leading to further accumulation of
DNA damage and ultimately cancer-causing mutations.

the potential complexity of biological effects®®”>7, The absence of biological measurements poses a significant
barrier to formulating regulatory policies, particularly concerning the potential impact on genomic integrity
of individuals working as flight crew. Complexity arises from the potential of exposure to a diverse mixture of
mutagens, coupled with variability in parameters such as aircraft type, cruising altitude, travel duration, flight
path (i.e. circumpolar), and time zone differences. This complexity poses challenges in conducting a cohort
studies aimed at understanding the basis for elevated cancer risk in FA. Our repeated measures study design
presents an opportunity to identify functional biomarkers that measure the effects of flight travel at intra-
individual level, thus overcoming some of the aforementioned complexity.

Since genomic instability and inflammation are interrelated hallmarks of carcinogenesis , we focused
our analyses on markers of DNA damage and immune disruption. The complex mixture of occupational
exposures encountered by FA may trigger systemic immune responses, damage DNA, or interfere with DNA
repair mechanisms (Fig. 7). Individuals respond differently to DNA damaging agents, due to differences in
genetics, age, sex, BMI, lifestyle and other factors**%%9-%¢, Studies have shown that the demanding workload of
FA, characterized by irregular working hours and exposure to the unique in-flight cabin environment, including
disruption of circadian rhythm, can directly or indirectly affect their performance, sleep patterns, health,
and social and family life®!. FA have reported experiencing fatigue, excessive sleepiness, shift-work disorder,
insomnia, unhealthy lifestyle habits, and depression®. Increasing age and longer employment duration as a
FA are key factors associated with prolonged exposure to mutagens, such as secondhand tobacco smoke!”%3.
Additionally, FA whose employment began before the mandated smoke-free environment onboard aircraft
exhibited higher rates of chronic bronchitis and respiratory symptoms®. Employment duration also serves
as an indicator of exposure to other carcinogens in flight, which may include CIR, solar particles, and other
agents*¥~3°. We explored correlations between several variables, including age, sex, BMI, flight duration, years of
employment as a FA and sleep deprivation and DNA damage and repair (Supplementary Table 7). While these
associations generally did not reach significance in our small samples size, our findings lay a foundation for follow
up in future larger studies that can determine their relevance for inclusion as covariates in statistical models. To
understand how occupational exposures affect FA, detailed individualized biological data are needed. We have
measured blood cell composition and quantitated DNA damage and repair activity in the participating FA from
the time of departure from Boston airport and upon return to Boston. Although our pilot study has a very small
sample size, we observe a significant increase in lymphocyte and basophil counts, which is often associated with
inflammatory responses to allergens or infections, circadian rhythm disruption, and other stressors83%82-86,
Consistent with such an inflammatory response, a previous study found elevated markers of oxidative stress
when comparing pre- and post-flight blood samples collected from pilots®”. Our data are also consistent with
previous reports of changes in blood cell counts following air travel®. Of note, blood cell composition can vary
with age, sex, race, BMI, infection, vaccination and many other factors*®, such as the physical forces caused by

49,77-80
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vibrations during flight travels®. The variability in immune status of FA may influence the link between the DRC
and the associated cancer or disease risk which requires further investigation.

The 80x0G:C lesion is produced endogenously as a result of oxidative stress and is predominantly excised
via BER initiated by the 8-Oxoguanine (OGG1) glycosylase. FA may be exposed to multiple mutagenic factors
during flight travel, including radiation and other environmental or in-flight cabin stressors, which can also
contribute to the formation of 80x0G:C lesion®#*°?. Diminished repair of this lesion in AF samples is notable,
given studies that have linked diminished OGG1 activity to an elevated risk of cancer”2. Previous studies in
flight crew cohorts have also documented subtle increase (did not attain significance) in oxidative damage or
strand breaks®”*>*4, micronuclei formation®, and chromosomal aberrations”**>-°. Strikingly, our data suggest
a decrease in repair of IR-induced damage and 80xoG:C lesion repair efficiency as measured by both CometChip
and FM-HCR assays, although the trend for CometChip data did not reach statistical significance. Our data
suggest that FA may be more vulnerable to mutagen exposure due to suppression of the mechanisms that protect
against DNA damaging agents. While our findings need to be confirmed in larger studies, the difference in
AF DRC (between 20 and 50%) is of concern since differences of this magnitude have been associated with
odds ratios in the range of 2-7 for several cancers?"421%0, Taken together, our data suggest that air travel
simultaneously promotes inflammatory processes that may increase oxidative DNA damage and suppresses the
protective processes that repair DNA damage.

Several strengths and limitations of our study should be taken into consideration when interpreting our
results and planning future research. Leveraging emerging high throughput technologies, a functional screen
using FM-HCR assays was utilized to measure DRC at the individual level*!. These assays are highly validated and
have been applied in a wide range of cell lines and mitogen stimulated primary human cells!?2830:31:42:4348 'The
application of FM-HCR assays in unstimulated quiescent lymphocytes is an important technical advance because
it shortens the time in culture and eliminates potential sources of error introduced by mitogenic stimulation.
The assay provides a comprehensive analysis of DRC in all major repair pathways, enabling the discovery of
potential multi-pathway signatures of cancer risk. We note that cancer risk models that combine multiple
functional assays outperform models that use polygenic risk scores or functional data for a single DNA repair
pathway!?!. While plasmid-based assays cannot completely recapitulate the complex chromatin environment of
genomic DNA, our FM-HCR data are consistent with our data obtained from CometChip assays, which are not
subject to this limitation. PBMCs have been used as a representative cell type when investigating cancer risk in
populations!%2-1%4, Our study depends on PBMCs to serve as a surrogate cell type for other tissues where cancers
develop!®. While DRC varies by cell type, PBMCs have been used widely for this purpose by others>>67:68:105-109,
Studies have found increases in chromosomal aberrations and DNA damage in PBMC obtained from flight
crew”>*8. Those findings indicate genome instability and are in accordance with our CometChip assay findings.

Previous studies have also found evidence for long-term adaptive responses®>>>11%, where DRC might
appears to be higher among those with longer service as flight crew. Given our small study, we were not able
to evaluate the relationship between DRC and cumulative exposure rigorously, and future larger studies are
needed to investigate this possibility. Understanding the stability of DRC over time, particularly with repeated
measurements, will be crucial for the interpretation of studies investigating within-person changes in DRC.
Larger studies are also needed to enable rigorous statistical analyses that adjust for the many potentially
confounding variables that may influence DNA damage and repair in FA. These include demographics, flight
schedules, aircraft model, flight paths, seasonal effects, lifestyle, health status, direct individual radiation
dosimetry measurements, and the washout period for flight-associated genotoxic events. Given the variability
in flight schedules and the unique demands associated with work as flight crew, the selection of an appropriate
control group for comparison requires well-defined criteria to minimize the risk of bias.

Future studies will benefit from larger samples sizes and more detailed datasets than we have reported here.
Precise dosimetry is essential for accurate assessments of mutagenic exposures in the flight cabin environment.
Currently available indirect measurements of radiation exposure in flight crew using computational models
shows variability depending on the specific CIR components measured>*. Future research should focus on
improving accuracy in estimating CIR exposure for flight crew by incorporating actual flight data, considering
factors such as route, duration, latitude, altitude, solar cycle variations and others. This research is crucial for
developing individualized dosimetry and identifying biomarkers to assess radiation related health risks in flight
crew. Furthermore, estimating the washout period for flight-induced DNA damage and repair alterations can
help establish the time intervals needed between flight and return to baseline for FA based on individual’s DRC.
This will provide a critical data to give an estimation of effect sizes to determine optimal experimental conditions.
An ideal study would include detailed multi-omics analysis of biological samples including genotyping, gene
expression; additional markers of genome instability such as clonal hematopoiesis and telomere length; and
additional markers of immune disruption, such as immunophenotyping by CyTOF and analysis of cytokines in
blood plasma. These data will be critical for developing statistical models aimed at estimating cancer risk on an
individualized basis for FA.

Our finding of changes in differential blood cell counts and disruption of DNA repair mechanisms sheds new
light on the biological effects of air travel in FA. Our study serves as a valuable starting point for broader future
research by demonstrating the feasibility of measuring DNA damage and repair in biological samples from
FA and lending support for a model in which occupational exposures cause genome instability and immune
disruption to contribute to excess cancer risk in FA (Fig. 7). By successfully employing FM-HCR in resting
lymphocytes and immunophenotyping on a small scale, we established a reliable framework that can be scaled
up in future research and in space exploration for astronauts. Furthermore, our preliminary findings provide a
sound scientific basis to justify more extensive studies, thereby paving the way for comprehensive exploration
of genome integrity and immune function in FA. Such studies will be instrumental in identifying strategies for
safeguarding FA health!!!.
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Methodology

Sample collection and differential blood cell count

The Institutional Review Board at Harvard T H Chan School of Public Health (IRB18-01845) approved all
experimental procedures and methodologies (all was performed in accordance with relevant guidelines and
regulations), including written informed consent and study advertisements for participant recruitment. Written
informed consent was obtained from FA before their participation in the study. Demographic details including
lifestyle behaviors were collected via IRB approved questionaries (Supplementary doc.1). FA provided their
schedules 2 weeks in advance to coordinate the timing of blood draws. Approximately 20 ml of venous blood
was collected in BD vacutainers coated with K,EDTA (Cat no. 367863) from nine FA, before (5-12 h before
departure time from Boston Logan International airport) and on return of (at the earliest convivence after
landing, but no later than 1.5 h) their flight at Boston Logan International Airport in Boston, Massachusetts,
USA. On average, time between blood collection to start the experimental procedure in lab ranged between 30
and 45 min. Differential blood cell counts (including white blood cell, red blood cell, hemoglobin, neutrophil,
eosinophil, basophil, total lymphocytes, monocytes, platelets and others) using 100 pl of blood sample were
recorded at the Pathology Department of Brigham and Women’s Hospital, Boston, Massachusetts, USA.

Peripheral blood mononuclear cells (PBMCs) isolation from collected blood

PBMCs were isolated from blood samples by density gradient centrifugation using Lymphoprep (StemCell
Technologies, Cat no. 07811) in SepMate tubes (StemCell Technologies, Cat no. 85460). Each volume of
blood was mixed an equal volume of 1X Dulbecco’s phosphate buffer saline (DPBS, Gibco, Cat no. 14190144)
containing 2% fetal bovine serum (FBS, Gibco, Cat no. 10437028) before adding to the SepMate tubes. PBMC
isolation was carried out according to the manufacturer’s protocol''?. A trypan blue dye exclusion assay was
used to measure viable cell numbers using a Vi-Cell XR Cell counter, Beckman Coulter (Cat no. TOC Analyzer
QbD1200). Isolated PBMCs viability above 90% was considered acceptable for downstream analysis, based on
previous optimization of our high-throughput CometChip and FM-HCR assays. Subsequently, the isolated
PBMCs were divided into two aliquots (2X10%/aliquot) for further experimental analysis.

Quantification of DNA damage and repair kinetics using high-throughput CometChip assay
As described previously®®!!3, alkaline CometChip assay were performed to measure DNA damage and repair
kinetics in freshly isolated PBMCs. PBMCs in the amount of 10,000 cells per 100 ul/well were loaded into the
96 well plate of 1% normal melting agarose (Gold Biotechnology, Cat no. A-201-100). After loading and settling
by gravity for 15 min, the chip was washed with 1X DPBS to remove excess cells and then overlaid with 1% low
melting agarose (Gold Biotechnology, Cat no. A-204-100). For repair kinetics, the CometChip was then divided
into different repair timepoints and were irradiated at 4.0 Gy of X-rays on ice at a dose rate of 1.0 Gy/min
(RS2000 Biological System, USA). DNA damage was measured at 0-, 5-, 15-, 30- and 60- min post-irradiation.
A mock-irradiated chip (0 Gy or -15 min) and 4.0 Gy (0 min, t,) chips were immediately immersed in cold
alkaline lysis buffer (2.5 M NaCl [Millipore Sigma, Cat no. $9888], 100 mM Na2EDTA [Millipore Sigma, Cat
no. E9884], 10 mM Tris, pH 9.5 [Millipore Sigma, Cat no. 10708976001] with 0.5% Triton X-100 [VWR, Cat
no. 97062-208]) and incubated overnight at 4 °C. Remaining chips were immersed in pre-warmed RPMI 1640
medium (Gibco, Cat no. 11875085) supplemented with 20% FBS at 37 °C, 5% CO, in humidified incubator.
Thereafter, the chips at the respective repair timepoints were transferred into the cold alkaline lysis buffer for
overnight incubation at 4 °C. The chips were then treated for alkaline unwinding buffer (0.3 M sodium hydroxide
[VWR, Cat no. 97064-486] and 1 mM Na2EDTA in distilled water) followed by electrophoresis (25 V, 300 mA,
20 min) at 4 °C. Next, neutralization was performed using 0.4 M Tris-HClI buffer, pH 7.5 followed by staining
with 1X SYBR gold nucleic acid gel stain (Invitrogen, cat. no. S11494). Fluorescence images of the comets were
captured at 10X magnification using an inverted LED fluorescence motorized microscope (Zen 3.2 pro blue
edition, Zeiss Apotome 2, Carl Zeiss microscopy, GmbH). Comet images were analyzed using Trievgen comet
analysis software (R&D systems, MN, USA). Median of approximately 1500 cells were scored to calculate the
percentage of DNA in the comet tail region (% Tail DNA) for a particular timepoint, which represents the level
of DNA damage. Quality check includes exclusion of comet tail overlaps, cells at the edges of chips, apoptotic
cells or cells for which % Tail DNA exceeds 80% or comet morphology exhibiting a “halo” or “hedgehog”
appearance, indicating extensive DNA fragmentation and dispersion''*. For correlation analysis, repair rate (K)
was quantified [generated by Prism 8.1 software] using an exponential decay model assuming DNA damage
follows a first-order kinetics'**.

Assessing DNA repair capacity (DRC) in FA using high throughput fluorescence multiplex
based host cell reactivation (FM-HCR) assays

i) Plasmid reporter and cocktail preparation DRC was assessed in the isolated quiescent PBMCs obtained from
the FA blood samples (before and after flight) using FM-HCR assays. Reporter plasmids with DNA le-
sions were prepared and the assays performed following procedures described briefly herein; more detailed
methodology is described in previous publications'>?*%°. Table 1 provides comprehensive information
about the plasmid fluorochrome, the corresponding DNA lesion, the DNA pathway being measured, and
the composition of each plasmid cocktail. To normalize for transfection efficiency, each cocktail included
a transfection control, namely pMax_AmCyan (for undamaged 1-2, damage 1, damage 2) or pMax_mO-
range (for undamaged 3, damage 3). Additionally, pPCX-NNX-A3GFP!!6, a plasmid originally developed for
use in homologous recombination assays, was used here as a carrier DNA that does not express a fluorescent
protein and enhances transfection efficiency.
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ii) Transfection of quiescent PBMCs with plasmid cocktails Isolated PBMCs were washed with 1X DPBS con-
taining 2% FBS and collected by centrifugation at 400 g for 8 min. For each transfection, 2X10A5 cells were
resuspended in buffer T and transfected using Neon™ Transfection System 10 L Kit (Thermofisher Scien-
tific, Cat no. MPK1096). Six aliquots were prepared, each with 12.5 ul buffer T (provided by manufacturer
for transfection). Five aliquots were used for transfection with a plasmid cocktail, and one aliquot was kept
as an un-transfected negative control. 1.5 pg of plasmid cocktail (as specified in Table 1) was mixed with
the cells suspended in T buffer. Electroporation was carried out using a Neon Transfection System (Ther-
mofisher Scientific, Cat no. MPK5000) with single 20 ms pulse at 2250 V. These conditions were selected
based on optimal transfection efficiency (23-35%) and viability (80-89%) post transfection. Single color
control transfections (200 ng of damage-free reporter plasmid) were carried out to provide samples for
adjusting gating, voltage setting, and compensation. Post transfection, the cells were immediately cultured
in pre-warmed RPMI 1640 containing 20% FBS in 24 well tissue culture plate for 18 h at 37 °C, 5% CO, in
humidified incubator.

iii) Flow cytometry and analysis At 18 h post-transfection incubation, the cells were thoroughly resuspended
and transferred to flow tubes for flow cytometry analysis using Attune™ NxT Flow cytometer (Thermofisher
Scientific, Cat no. A29001). Cell debris and doublets were excluded based on their side scatter and forward
scatter properties (Supplementary Fig. 5a, b). Data were analyzed in the Attune™ NxXT software and Micro-
soft Excel, as described previously?®. For quality control purposes, = 30 fluorescent positive events were re-
quired as the minimum threshold for data inclusion in our FM-HCR analysis (Supplementary Fig. 6). Nor-
malization for transfection efficiency and calculation of DRC were performed as described previously?%.

Briefly, after normalizing to a transfection control, reporter expression from damage-containing reporter

plasmids was normalized to the expression from undamaged plasmids expressing the same fluorescent

reporter protein and reported as percent reporter expression. The assays for NHE], long patch-BER, MMR,

NER, HR, and IR-induced plasmid damage (IR) yield reporter expression that is directly proportional to

repair capacity. For these assays, % reporter expression approximately represents the percentage of plasmids

from which the DNA damage has been removed. The assays for repair of the U:G (uracil) lesion, Hx:T

(hypoxanthine) adduct, 80xoG:C lesion, and A:80x0G lesion yield a fluorescent signal that is inversely pro-

portional to the repair capacity because they report the presence of the DNA lesion through transcriptional

mutagenesis that occurs during lesion bypass by RNA polymerase. For these assays, % reporter expression
approximately represents the percentage of plasmids in which the DNA damage remains.

Statistical analysis and graphical representations

Figures la and 7 and Supplementary Fig. [3, except the comet images] were generated with Biorender.com. All
statistical analysis (except for correlation analysis) and graphical presentation were performed using PRISM
8.1 software. For the CometChip assay, two tailed -paired t test with Bonferroni multiple testing correction
(conservative approach to reduce false positives) was used to compare statistical significance in BF and AF
samples. The DNA repair half time t,,, was calculated for repair kinetics using nonfit exponential one phase
decay (due to smaller sample size and for effectively capturing the biological trend of initial damage accumulation
in AF sample followed by a single-phase repair process, ensuring interpretability without overfitting). When
comparing the differential blood cell counts and FM-HCR assays in BF versus AF samples, two tailed paired t test
with Bonferroni multiple testing correction was used to determine the statistical significance. The threshold for
statistical significance was set at p <0.05. For correlation analysis, Z-score (log) transformed reporter expression
in % was obtained. Correlation analysis was conducted in R''” and evaluated by Pearson’s correlation coefficient
and multiple testing was adjusted by false-discovery rate (FDR). FDR was used to control the proportion of false
positives rather than eliminating them entirely, ensuring that meaningful associations are not overlooked while
still maintaining statistical rigor (adjusted p <0.05). Correlation matrix and Joy plot figures were created using
corrplot!® R packages (version 0.92). For outlier testing!!?, datapoints were converted to Z-scores. Data points
with Z-scores greater than 3 or less than — 3 would be considered outliers and such cases were not seen in the
current dataset (Supplementary Fig. 10).

Significance statement

Studies show that flight attendants face increased cancer risk and/or reproductive health issues due to air travel
which might potentially be linked to DNA damage and impaired repair mechanisms. We have measured DNA
damage and repair capacity in flight attendants before and after flight travel. Preliminary results from our pilot
study show changes in blood cell counts and reduced repair efficiency post-flight. Combining mechanistic
insights into genome integrity within larger epidemiological cohorts could provide a better understanding of the
biological factors connecting flight attendants’ air travel-related exposures and health outcomes. This approach
could help inform strategies to protect their health in the long term.

Data availability

All data supporting the findings of this study are available in the manuscript. Additional data and materials are
available from the corresponding author upon reasonable request and also available in the main text or the sup-
plementary materials. R scripts used for analyses will be made public upon acceptance on Github.
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