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Abstract
Background
Exposure to military burn pit smoke during deployment is associated with different respiratory and non-respiratory diseases. However, information linking smoke exposure to human pulmonary health is lacking. This study examined the effects of simulated burn pit smoke condensates on human airway epithelial cells (HAECs) from twelve donors (smokers/non-smokers, biological female/male) cultured at an air-liquid interface and exposed to condensates from three simulated burn pit waste materials (cardboard, plywood, and plastic) incinerated at two combustion conditions: smoldering and flaming. Cellular gene expression was analyzed using bulk RNA sequencing, and basolateral media cytokine levels were assessed using multiplex immunoassay.

Results
Flaming smoke condensates caused more significant differentially expressed genes (DEGs) with plywood flaming smoke being the most potent in altering gene expression and modulating cytokine release. Cardboard and plywood flaming condensates primarily activated detoxification pathways, whereas plastic flaming affected genes related to anti-microbial and inflammatory responses. Correlation analysis between smoke condensate chemicals and gene expression to understand the underlying mechanism revealed crucial role of oxygenated polycyclic aromatic hydrocarbons (PAHs) and aluminum, molybdenum, and silicon elements; IL6 expression was positively correlated with most PAHs. Stratification of data based on HAEC donor demographics suggests that these affect gene expression changes. Enrichment analysis indicated similarity with several deployment-related presumptive and reported diseases, including asthma, emphysema, and cancer of different organs.

Conclusions
This study highlights that simulated burn pit smoke exposure of HAECs causes gene expression changes indicative of deployment-related diseases with more pronounced effects seen in smokers and females. Future studies are needed to further characterize how sex and smoking status affect deployment-related diseases.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12989-024-00604-7.
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Introduction
During military operations in Central and Southwest Asia, Africa, and other locations, deployed personnel experienced various inhalation exposures from environmental and anthropogenic sources [1]. The mean ambient concentration of particulate matter (PM) in these areas was frequently more than exposure limits suggested by National Ambient Air Quality Standards and the US Environmental Protection Agency [1]. Deployed personnel returning from the Persian Gulf war in the 90s reported development of pulmonary symptoms, which led to the US Department of Defense’s implementation of the Enhanced Particulate Matter Surveillance Program (EPMSP) [2]. EPMSP reported three major sources of PM exposure to deployed veterans: geologic dust, burn pit smoke, and heavy metal condensates [1, 3]. Burn pits were a common means of solid waste management strategy practiced during the military operations which involved open air burning of various solid wastes, resulting in the generation of toxic chemical compounds, including polychlorinated dibenzo-p‐dioxins and dibenzofurans (PCDD/Fs), polyaromatic hydrocarbons (PAHs), volatile organic compounds (VOCs), metals, and PMs [4]. Consequently, deployment-related exposure has been linked with several respiratory diseases, including chronic obstructive pulmonary disease (COPD), asthma, bronchiolitis, lung cancer and interstitial lung diseases [5–8]. Several open burning facilities are still active within the US [9] and worldwide [10] contributing and aggravating the environmental pollution level and posing a significant public health hazard. In fact, similar toxic emission from municipal solid waste incineration has been a major concern for decades [11–13].
Several analyses support the perception that post-deployment respiratory and other health effects are at least partly attributable to burn pit smoke exposure. In a cross-sectional study Garshick et al. analyzed data from the Service and Health Among Deployed Veterans (SHADE) program including participants with a median deployment duration of almost one year and identified burn pit smoke as one of the main deployment-associated inhalation exposures. Burn pit smoke was found to be associated with the prevalence of dyspnea and chronic bronchitis symptoms in veterans [14]. Recently a cohort study by Savitz et al. utilizing the Veterans Health Administration data including almost half a million military personnel, who were followed up after approximately a decade of deployment, identified an association between burn pit smoke exposure and development of asthma, COPD, hypertension, and ischemic stroke [15]. These observations warrant more research on the impact of burn pit smoke on human respiratory health to understand both short- and long-term exposure-associated pulmonary impacts.
Demographic characteristics have already been shown to play a role in deployment-related health outcomes. Data from the SHADE program of the US Veterans Affairs identified an inverse association between cumulative pack-years and pulmonary function (post-bronchodilator FEV1%-predicted and FEV1/FVC%-predicted) among veterans [16]. This association could potentially be aggravated as per the recent report of a tobacco-use epidemic among the US military service members and veterans [17]. Apart from these, other host factors, such as biological sex, are important in understanding the health impact of deployment in veterans. However, studies addressing the health impacts of deployment on women veterans mostly focused on the reproductive and mental health disorders [18]. In spite of the previous reports of disparity in health outcome based on sex and smoking habits [19], very limited conclusive information is available on this topic. Hence susceptibilities associated with demographic features including lifestyle (such as smoking habit) or host factors (including sex) needs to be explored in more detail.
Understanding the health impacts of burn pit smoke exposure is challenging for several reasons. A recent review by Wang et al. has pointed out the issues in deriving a definitive conclusion on the topic [20]. Previously, we reported that smoke condensates from common burn pit waste materials cause adverse pulmonary effects in murine models [21, 22]. Analyses of simulated burn pit smoke condensates indicated the presence of an array of chemical compounds with associated physiological impacts [21, 23]. Furthermore, the waste incineration condition (flaming and smoldering representing differential temperature and modified combustion efficiencies) influenced the levels of chemical components of toxicological interest present in the smoke [21–23]. Recently, we used human respiratory cells to evaluate the cellular effects of smoke condensates of common burn pit waste materials [24, 25]. Burn pit smoke condensates caused cytotoxic effects on cultured human respiratory cells, with effects being dependent on waste source material and combustion temperature [25].
In this new study, we further extended our previous experimental approach to pursue the following novel objectives. First, we set out to evaluate gene expression modulation in human airway epithelial cells (HAECs) by smoke condensates from three burn pit waste materials (cardboard, plywood and plastic) incinerated under smoldering and flaming conditions; subsequently, we examined the potential mechanisms of gene expression modulation, by analyzing the association with chemical components present in the smoke condensates. We further determined the impact of HAEC donor’s demographic features, such as smoking history and sex on the smoke condensate-mediated alterations and potential association with any known human diseases. Finally, we characterized the effects of individual smoke condensates on the HAEC-mediated cytokine secretion using a data collapsing approach. Data presented here demonstrate that exposure to burn pit smoke results in significant gene expression changes in HAECs, with increased susceptibility observed in smokers and females, suggesting they may be more affected by burn pit-induced respiratory health issues.

Methods
Culture of human airway epithelial cells
Human lungs deemed unsuitable for transplantation were obtained under the auspices of the University of North Carolina Biomedical Institutional Review Board approved protocol #03-1396. All donors were free of prior chronic lung disease. Authorized representatives provided informed consent for research use. Primary human airway epithelial cells (HAEC) were obtained from the trachea and bronchi as previously described [26]. Demographic details of the twelve donors are provided in Table 1. An equal ratio of biological female and male donors was used to ensure any sex-dependent comparison can be performed. An equal ratio of non-smokers and smokers was also planned to further understand the impact of the donors’ smoking habit on burn pit smoke condensate-mediated modulation of gene expression. Smokers used in the study had an average 20 pack year history. Passage-one cells were thawed and seeded directly on collagen coated 6.5 mm Transwell inserts (Costar #3470). Cells were differentiated at the air-liquid interface (ALI) for 28–35 days until use.
Table 1Demographic details of the cell donors


	Total number of donors
	12

	Sex (Female/Male)
	6/6

	Non-smokers/Smokers
	6/6

	Age (mean ± SD [range])
	44.3 ± 9.7 [38–58]

	Ethnicity (African American/ Caucasian/Hispanic)
	2/9/1

	 	Non-smokers
	Smokers

	Sex (Female/Male)
	3/3
	3/3

	Age (mean ± SD [range])
	43.8 ± 9.4 [34–56]
	44.7 ± 10.8 [34–58]

	Ethnicity (African American/ Caucasian/Hispanic)
	1/4/1
	1/5/0

	Smoking history (Pack-years: mean ± SD [range])
	-
	30.8 ± 9.0 [20–40]

	 	Female donors
	Male donors

	Non-smokers/Smokers
	3/3
	3/3

	Age (mean ± SD [range])
	46.7 ± 9.6 [35–58]
	41.8 ± 10.0 [34–56]

	Ethnicity (African American/ Caucasian/Hispanic)
	1/4/1
	1/5/0





Burn pit smoke condensate generation
The simulated burn pit waste combustion and smoke condensate generation protocol has been published before [21, 25, 27] and is briefly described herein. The current study used three waste materials (military compliant cardboard and plywood, as well as three different types of plastics) incinerated under two conditions, smoldering and flaming. Selection of the materials was based on the composition of Military base waste reported previously by the United States Army Logistics Innovation Agency (USALIA) [28] identifying a major contribution of these three source materials in the overall composition of military waste incinerated in the burn pits. Military-grade cardboard and plywood were obtained from ActionPak, Inc., Bristol, PA, and plastic waste was sourced form Edwards Industrial Surplus, Robards, KY. Plastic waste was a mixture of low-density polyethylene, high-density polyethylene, polyethylene terephthalate, and polystyrene pellets. Waste materials were incinerated in a quartz-tube furnace connected to a multi-stage cryotrap system [27]. Details of the two combustion conditions (smoldering and flaming) have been published before [25]. The combustion condition was based on the modified combustion efficiency (MCE) (ratio of emitted CO2 concentrations to emitted CO2 and CO concentrations (ΔCO2 / (ΔCO2 + ΔCO) x 100); smoldering condition typically indicate 500ºC temperature and an MCE between 65 and 85%. Flaming condition incinerates materials at 640 ºC with an MCE around 95%. Stock condensates were stored at a concentration of 1 mg/ml which were sonicated and vortexed to resuspend the particles, and diluted with secondary stock in phosphate buffered saline (PBS) before being added to the apical surface of the HAECs at a final concentration of 25 µg/cm2. Vehicle control group was treated with sterile PBS.

Exposure of ALI cultures to smoke condensates and sample collection
Smoke condensate exposure was conducted at a final particulate concentration of 25 µg/cm2 as described before [25]. The rationale for selecting the dose has been published before [24]. For the dose calculation, we considered a typical minute ventilation expected to be attained during extensive physiological activities by the deployed veterans within a time span of 24 h. Following an exposure duration of 24 h, epithelial integrity was evaluated using transepithelial electrical resistance (TEER) measurements; apical wash was collected to evaluate lactate dehydrogenase (LDH) activity to ascertain any cytotoxicity caused by the exposure; basolateral media was used to quantitate cytokine secretion using MSD analysis; and cell lysate was collected and used to purify RNA (Ambion PureLink™ RNA kit, 12183025) as described previously [29].

Assessment of cytotoxicity and epithelial integrity
Cytotoxicity and epithelial integrity were evaluated respectively by LDH activity and TEER measurement. Following 24-hour exposure to burn pit smoke condensates at a dose of 25 µg/cm2, apical wash was collected in PBS and cell-free supernatant was obtained by centrifuging at 600 g for 5 min. LDH activity in the apical wash supernatant was quantified using the Roche Cell Cytotoxicity Kit (Cat#11644793001) following the manufacturer’s instructions. An EVOM2 epithelial voltohmmeter (World Precision Instruments) was used to measure TEER as previously described [25] and the data represented as ohms per cm2 of HAEC apical surface area.

Analysis of cytokine secretion and data collapsing approach
A total of 30 candidate proteins were analyzed in the basolateral media following 24 h of exposure to smoke condensates. The candidate proteins belonged to three panels of Meso Scale Discovery multiplex assay corresponding to cytokines, chemokines, and pro-inflammatory panels. Of all tested, 17 mediators were identified with adequate data coverage, defined as having at least 75% of samples showing concentrations above the lowest standard; these 17 mediators were thus selected for further analysis. After this filtration, less than 1.2% of all data was missing and values were imputed using imputeLCMD package in R based on quantile regression imputation of left-censored data (QRILC) [30].
We used a weighted gene co-expression network analysis (WGCNA) as previously described [23, 31, 32] to identify clusters of corelated mediators. The PBS-treated control samples were divided into four demographic groups, namely non-smokers, smokers, female, and male. Using a power of five and minimum module size of three, we identified three clusters (modules) of correlated mediators. To further understand the modulation of these clusters by burn pit smoke condensate, a score for each cytokine was calculated for each exposure. The cytokine score was calculated using a scaling formula [score = (cytokinesample – cytokineminimum)/(cytokinemaximum – cytokineminimum)]. For each exposure, an overall cluster value was calculated by adding the scores of the cytokines for the specific cluster and dividing the value with the number of cytokines included in the cluster. The calculated score for each exposure represented the capacity of the specific condensate to co-modulate the group of cytokines. The log transformed value of the scores were plotted for each exposure.

Library preparation and bulk RNA sequencing
Azenta Life Sciences (South Plainfield, NJ, USA) performed the next generation sequencing for this study. Qubit 4.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) was used for RNA samples quantification and Agilent TapeStation 4200 (Agilent Technologies, Palo Alto, CA, USA) verified RNA integrity. NEBNext Ultra II RNA Library Prep Kit for Illumina was used to prepare RNA sequencing libraries following manufacturer’s instructions (NEB, Ipswich, MA, USA). Briefly, Oligod(T) beads-enriched mRNAs were fragmented at 94°C for 15 minutes. Complementary DNA (cDNA), prepared from RNA molecules fragments were end repaired and adenylated at 3’ ends, followed by ligation of universal adapters; subsequently, index addition and library enrichment by PCR with limited cycles. The sequencing library was validated on the Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA), and quantified by both Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) and by quantitative PCR (KAPA Biosystems, Wilmington, MA, USA). After clustering of the sequencing libraries on a flowcell, the same was loaded on the Illumina NovaSeq instrument following manufacturer’s instructions. Sequencing was performed using a 2 × 150 bp Paired End (PE) configuration. Control software conducted image analysis and base calling. Sequencer-generated raw sequence data (.bcl files) were converted into fastq files and de-multiplexed using Illumina’s bcl2fastq 2.17 software. Index sequence identification allowed one mismatch. After investigating the quality of the raw data, Trimmomatic v.0.36 was used to trim the sequence reads to eliminate poor quality nucleotides and adapter sequences. STAR aligner v.2.5.2b mapped the trimmed reads to the Homo sapiens GRCh38 reference genome and BAM files were generated from this step. Subread package v.1.5.2 feature Counts was used to calculate unique gene hit counts and unique reads that fell within exon regions were counted.

Determination of differentially expressed genes
The study design included total six smoke condensate exposure groups at a concentration of 25 µg/cm2 in phosphate buffered saline (PBS); smoldering and flaming condensates of three burn pit waste materials, namely cardboard, plywood and plastic. Control cells were treated with PBS. Subsequent analysis was performed using limma-voom framework on [33, 34] R software platform (v 4.3.3) [35]. Limma is an R/Bioconductor package that relies on linear modeling of complex experimental design. Voom function of limma creates a precision weight for observations by estimating the mean-variance relationship of log-transformed count value. Transcripts with expressions in at least 10 groups were included in the analysis. Subsequently, the empirical Bayes analysis pipeline is utilized for further analyses and detection of differentially expressed genes (DEG). Each exposure group (six smoke condensates and control) had 12 donors (equal ratio of female vs. male, and non-smokers vs. smokers). The limma-voom framework utilizes Benjamini–Hochberg method for multiple comparison correction while identifying DEGs. Count data of two technical replicates of each donor for the exposure groups were combined and used for analysis. Voom-transformed data was fitted to a linear model and expression list values were used in the multidimensional scaling plot. Analysis model factored in both exposures and individual donors to account for the donor-to-donor variations. An adjusted p-value of < = 0.1 with absolute log fold change of > = 0.5 was considered significant. Volcano plots were prepared using EnhancedVolcano package [36]; eulerr package was used to create Euler diagrams [37]. Heatmaps were generated using pheatmap package [38]. Pre-ranked (log2 fold change) gene set enrichment analysis (GSEA) and gene ontology (GO) analysis were performed with the Bioconductor R package clusterProfiler [39]. Enrichment map was generated using enrichplot package using top ten enriched pathways [40].

Determination of DEGs for different demographic cohorts
The twelve HAEC cell donors were categorized into four cohorts based on tobacco use history and sex: non-smokers, smokers, female, and male. Demographic details of cohorts are reported in Table 1. For background difference between non-smokers and smokers, and between female and male donors, the modeling involved all exposure groups without any correction for different donors. The control samples from each demographic group were compared and DEGs were used for the heatmap. Multidimensional plotting was used to demonstrate the overall differences between each pair of demographic groups; each sample is shown in the plot showing relative gene expression profiles.
For comparison across different exposure groups within each demographic group (non-smokers, smokers, female, and male), we included the donor’s information as an additional factor in the modeling before identifying the DEGs. For host-factor based analyses, the modeling included separately analyzing the samples corresponding to the demographic group, followed by performing the comprehensive comparison using other tools. For association analysis between DEGs and disease profiles, we referred to the DisGeNET database [41] using the gprofiler2 package [42]. Briefly, the gene matrix transposed file was downloaded from DisGeNET website (accessed on June 13, 2024) and smoke condensate mediated DEGs (combining both up- and down regulated) were used to detect disease conditions significantly associated with the gene list for each demographic group.

Correlation analysis between chemical components and gene expression
Concentration of sixteen EPA priority PAHs and several oxy/nitro PAHs along with several inorganic elements in the burn pit smoke condensates were used to perform a Pearson’s correlation analysis with the summed count of the DEGs significantly altered in all flaming condensates to detect positive and negative correlation using the R package psych [43] and result plotted using corrplot [44] without multiple comparison correction. A p < = 0.05 was considered significant for the Pearson’s correlation analysis, and positive and negative correlation has been identified as respectively blue and red dots in the plot.

Statistical analysis
We used the Kruskal Wallis test to compare across the exposure groups for the TEER and LDH data. For the comparison of cytokine levels in basolateral media (MSD analysis), we used rstatix package (version 0.7.2) in R environment [45]. Friedman’s test was used to evaluate overall differences across all exposure groups for each cytokine using normalized cytokine levels. For pairwise comparison, we used Dunn’s test. A p-value of 0.05 was considered significant for Kruskal Wallis and Friedman’s tests. An adjusted p-value of 0.05 was considered significant in Dunn’s test in pairwise comparison.


Results
Cellular viability was not compromised following exposure
Burn pit smoke condensates at higher doses (> 50 µg/cm2) cause adverse cellular impacts in human airway epithelial cells (HAEC) [25]. To explore the impact of burn pit smoke condensate exposure gene expression and cytokine secretion from HAECs, we exposed air-liquid interface cultures of HAECs from twelve donors (Table 1) to a sub-lethal dose (25 µg/cm2) of smoke condensates from cardboard, plywood, and plastic source materials, generated under smoldering and flaming conditions, as described in the methods and reported previously [25]. Cells from equal number of donors from both sexes (female and male) were included, combining cells from both non-smokers and smokers (Table 1).
Following exposure to the burn pit smoke condensates, we first determined the viability of the cultures by measuring apical lactate dehydrogenase (LDH) secretion and transepithelial electrical resistance (TEER) of the monolayers, as surrogates of cytotoxicity detection. Previously we demonstrated that burn pit smoke condensates at the dose of 25 µg/cm2 were not cytotoxic, and cell viability was not compromised following the exposure at this dose. Similar to our previous observation, current exposure at 25 µg/cm2 did not cause any significant alteration in terms of apical LDH secretion and TEER measurements, compared to PBS-treated control group (Figure S1). These observations confirmed that the exposures used here did not cause overt cytotoxicity.

Plywood flaming condensate most effectively altered gene expression
Following exposure for 24 h to smoke condensates, we collected the cell lysate and isolated RNA to understand the potential impact of the burn pit smoke condensates on the HAEC transcriptome. Of the six condensates tested (smoldering and flaming condensates of cardboard, plywood, and plastic), flaming condensates consistently resulted in more significant DEGs compared to their smoldering counterparts (Fig. 1). The elevated numbers of significant DEGs in flaming exposure groups indicate more intensified impact of these condensates compared to smoldering ones (Fig. 1 and Table S1). Of the three waste materials tested, plywood caused the most alterations (total 329) in the HAEC transcriptome, resulting in significant up- and down- regulation of respectively 93 and 236 genes (Fig. 1 and Table S1). Flaming condensates of plastic and cardboard caused respectively 101 and 92 significant DEGs; of these DEGs, plastic flaming condensate caused 66 up- and 27 down-regulated genes (Fig. 1 and Table S1). For cardboard flaming condensate, the numbers of up- and down-regulated DEGs were 64 and 38, respectively (Fig. 1 and Table S1).
[image: ]
Fig. 1Flaming condensates caused more DEGs than smoldering ones. HAEC ALI cultures were exposed to flaming and smoldering condensates from cardboard (a), plywood (b), and plastic (c) wastes for 24 h, and modulation of gene expression was evaluated by bulk RNA sequencing. The volcano plot for each exposure group shows log2 fold changes on x-axis and log10 adjusted p-values on y-axis. Dots in the volcano plot indicate individual genes, with red color indicating significant DEGs (absolute log2FC > = 0.5 and adjusted p-value < = 0.1). Genes with the highest fold change are identified within the plot. Euler diagram comparing total significant DEGs from flaming and smoldering condensates of each waste material is shown


Compared to the flaming condensates, smoldering condensates caused fewer significant DEGs with total number for plywood, plastic and cardboard being 7, 16 and 38, respectively (Figure S2 and Table S1). Unlike flaming condensates, the proportion of significantly up- and down-regulated DEGs were almost equal for all smoldering condensates.

Pathway analysis of differentially expressed genes and the role of waste source materials
Since flaming condensates resulted in the most DEGs, we investigated any potential overlap across the three-waste materials to alter gene expression profiles. Figure 2A shows that while condensates from flaming plywood smoke caused the largest number of changes, 47 genes were commonly affected by all flaming condensates (Fig. 2a). Of these 47 genes, 18 and 29 genes were down- and up-regulated, respectively, by all flaming condensates (Fig. 2b). Gene Ontology (GO) enrichment analysis revealed that these DEGs were mostly associated with immune cell migration (leukocyte aggregation, leukocyte migration and neutrophil chemotaxis) and detoxification (toxin metabolic process, epoxygenase P450 pathway and secondary metabolic process) (Fig. 2c).
[image: ]
Fig. 2Flaming condensate modulated DEGs and pathways. DEGs from flaming condensate exposure groups were further analyzed to identify the most potent source material and commonality in gene expression modulation. Euler plot (a) showing plywood flaming condensate resulted in the most DEGs compared to cardboard and plastic. (b) Heatmap of the 47 common DEGs from all flaming condensates showing relative levels for each condensate obtained by adding the RNA-seq count values and scaling for each gene: 18 and 29 genes being respectively down- and up-resulted by all flaming condensates. Pathway analysis (c) of the 47 common DEGS exhibited impact on immune cell migration and detoxification. The color of the scale in panel B denotes relative expression level of each gene across the four groups. Scale in panel C denotes adjusted p-value



Pathway analysis of differentially expressed genes and the role of waste source materials
To understand the overall impact of individual waste materials on cellular functions, we performed gene set enrichment analysis (GSEA) and Gene Ontology (GO) term enrichment analyses. Figure 3 shows GSEA and GO analyses for each waste material under the flaming condition. As indicated in Fig. 3a, cardboard flaming waste exposure altered several cellular processes and molecular functions, including impairment of cilium assembly and functions and enhancement of detoxification pathways. Interestingly, genes associated with response to copper and zinc ions were elevated in HAECs exposed to cardboard flaming smoke condensate, which agrees with our previous study reporting that cardboard flaming condensate contained high levels of both copper and zinc metals [21]. When plywood flaming condensate mediated DEGs were examined by GSEA and GO enrichment analyses, similar suppression of multiciliated cell function and enhancement of detoxification pathways were noted (Fig. 3b). Several pathways associated with detoxification processes and response to reactive oxygen species were elevated in the HAECs following exposure to plywood flaming condensate.
[image: ]
Fig. 3GSEA, GO and enrichment plot of significant DEGs from flaming smoke condensate exposure. Differentially expressed genes from flaming condensate exposure groups were used to perform GSEA and GO enrichment analysis. The pairwise similarity matrix of top ten categories from GSEA is shown as the enrichment plot. The top five activated and suppressed pathways from GSEA and ten GO enrichment categories are shown as dot plot and bar diagram respectively, for cardboard (a), plywood (b), and plastic (c). The color of the scale denotes adjusted p-value, and the size of circles indicates the number of genes


In contrast to cardboard and plywood, plastic flaming condensate mostly altered genes related to leukocyte aggregation and migration. Neutrophil and granulocyte migration, and vascular endothelial growth factor (VEGF) formation dominated the DEGs created by plastic flaming condensate (Fig. 3c). The enrichment map of pairwise similarities of the enriched terms indicated that plastic flaming condensate caused activation of inflammatory processes and cellular death pathways in HAECs (Figure S3c); on the other hand, the enrichment map for plywood and cardboard flaming smoke condensate exposure groups emphasized ciliary assembly and functions (Figures S3a-b).
The smoldering combustion condition yields a reduced chemical load, as indicated by the lower levels of inorganic elements and PAHs in these condensates, compared to flaming ones [21, 23]. Accordingly, we detected a lower number of significant DEGs from the condensates generated under smoldering conditions of the three waste materials tested in the study (Figure S2). Cardboard smoldering condensate caused activation of oxidoreductase activity, especially related to pyridine cofactor nicotinamide adenine dinucleotide (Figure S4). Enrichment of pathways associated with the cell xenobiotic response were noted, with suppression ribosomal structure and subunit assembly associated genes. Plywood smoldering condensate also caused activation of oxidoreductase activity with suppression of genes associated with cell division and cell organelle lumen. In contrast, plastic smoldering condensate mediated changes in biosynthetic processes and ion (zinc and copper) regulation.

Differential gene expression is regulated by chemical components of smoke condensates
We previously detected the presence of 16 polycyclic aromatic hydrocarbons (PAHs) designated as priority pollutants by the US Environmental Protection Agency (EPA), along with several oxy/nitro PAHs and a range of inorganic elements in simulated burn pit smoke condensates [21]. To elucidate the potential mechanisms of burn pit smoke-mediated differential gene expression, we performed a correlation analysis of the 47 genes commonly modulated by the flaming condensates (Fig. 2a) with the 16 priority PAHs and 9 oxy/nitro PAHs, as described in the Methods section using Pearson’s correlation test without multiple comparison correction to perform an aggregate level of analysis. As depicted in Fig. 4, the common DEGs exhibited strong positive and negative correlation with multiple PAHs. In our present study, IL6 expression was positively modulated by all priority PAHs and six oxy/nitro PAHs (Fig. 4a). Of the 16 priority PAHs, fluoranthene, pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene and benzo(k)fluoranthene positively and negatively modulated several DEGs. Interestingly, oxy/nitro PAHs showed strong correlation with more genes, both positively and negatively impacting the expression; as shown in Fig. 4a, apart from CRCT1, HSPA6, and CYP2A13, all other genes were either positively or negatively associated with one of four oxy/nitro PAHs (namely 9,10-anthraquinone, 1,8-naphthalic anhydride, benzanthrone and 1-pyrenecarboxaldehyde), suggesting broad impact on differential gene expression by these chemical components.
[image: ]
Fig. 4Correlation analysis between chemical components and flaming condensate induced DEGs. Pearson’s test was used to perform correlation between chemical compounds present in the condensates and the common DEGs from flaming condensate as described in the Methods section. Strong positive and negative correlation were noted for several PAHs and metals with DEGs


When the levels of inorganic elements present in smoke condensates were correlated with the 47 genes, aluminum, molybdenum, and silicon were found to be positively and negatively correlated with multiple genes (Fig. 4b). Interestingly, RASD1, ALDH3A1, VIPR1, ITGB7, CRCT1, HSPA6, CYSRT1 and RPTN genes were positively correlated with multiple elements. In contrast, VIM, SLC5A1, IGFBP5, PPP1R3C, ABI3BP, STC1, PTPRT, SCNN1G, MAB21L3 were negatively correlated with three or more elements. Although IL6 expression was positively correlated with most of the PAHs, it was only positively correlated with antimony.

Differences between demographic cohorts based on tobacco use and sex
Individual demographic attributes play a significant role in determining susceptibility to disease development and health outcomes. To understand the potential role of sex and smoking history on burn pit smoke exposure-mediated pulmonary outcome, we first determined the differences in constitutive gene expression between non-smoker and smoker donors, and between female and male donors, as detailed in the Methods section. To do so, we compared the gene expression in vehicle-treated cells from the groups and determined change in gene expression pattern between the groups. Significant DEGs comparing non-smokers with smokers, and female and male donors are reported in table S2. As shown in Figure S5a, multidimensional scaling (MDS) plot of non-smokers and smokers’ samples did not indicate any specific clustering. A total of seven significant DEGs were detected. Importantly, gamma ENaC subunit expression was higher in smokers (Figure S5b), indicating that smokers may be susceptible to increased airway dehydration.
Previous studies have reported different gene expression in airway cells from females and males [46, 47]. When gene expression pattern in HAECs from female and male donors was compared, the MDS plot clearly indicated clustering of the samples based on sex with minimal overlap (Fig. 5a). We identified a total of 59 significant DEGs between HAECs from female and male donors, 9 and 50 of these genes were respectively up- and down-regulated in female donors, compared to the male donors (Fig. 5b). Interestingly several of these DEGs have already been reported by other groups. As expected, the long noncoding RNA X-linked X-inactive-specific transcript (XIST), which plays a critical role in X-chromosome inactivation in females [48], was elevated in female donors compared to male donors (Fig. 5a). Similar to previous reports [46, 47], ZFX, RPS4X and KDM6A were also increased in female donors. Conversely, RPS4Y1, KDM5D, USP9Y and DDX3Y were elevated in male donors, as previously reported [49]. Several genes coding for kinesin superfamily proteins (KIFs: KIF11, KIF2C, KIFC1, KIF4A and KIF20A), cyclin protein coding cell cycle-related genes (CCNA2, CCNB1, and CCNB2) and ubiquitin-conjugating enzyme genes (UBE2S, UBE2T, and UBE2C) were elevated in the male donors. Sex chromosome-encoded RNA helicases DDX3X and DDX3Y were respectively elevated in female and male donors (Fig. 5b).
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Fig. 5Background differences in gene expression profiles between biological female and male donors. Baseline gene expression pattern between female and male donors were distinctly different, as identified in the multidimensional scaling (MDS) plot (a). A total 59 DEGs were noted between female and male; heatmap (b) showing the normalized level of each gene in individual donor including 9 up- and 50 down-regulated genes in female donors. The top ten pathways activated and suppressed in female donors (c), as identified by GSEA, are shown as a dot plot


GSEA and GO enrichment analysis were utilized to understand the differences between female and male donors. As shown in Fig. 5c, genes associated with vascular structure were activated in HAECs from female donors; on the other hand, genes related to multiciliated cell structure and function were suppressed in female donors. The GO enrichment pathways in female and male donors’ cells are shown as Figure E6 indicating categories significantly associated with the DEGs.

Demographic characteristics and the effects of simulated burn pit smoke condensate exposure
To evaluate any donor demographic-based differential impact of burn pit smoke condensate, we estimated the significant DEGs separately among cells derived from non-smokers, smokers, female, and male donors (six in each cohort). When flaming condensate derived significant DEGs were considered in total, smokers cells exhibited more alterations compared to non-smoker donor cells (Fig. 6a, Tables S3 and S4). Following exposure to flaming condensates cells from donors without any reported smoking history showed a reduced number of DEGs compared to HAECs from donors with a smoking history (Fig. 6a). For cardboard flaming condensate exposure, these cells showed a total of 155 DEGs (Table S4; 81 up and 74 down) compared to 52 DEGs (Table S3; 27 up and 25 down) in HAECs from non-smoking donors. When plastic flaming smoke condensate mediated DEGs were compared between non-smokers and smokers, cells from the latter exhibited more DEGs (Table S4, total 148; 100 up and 48 down) compared to the former group (Table S3, total 30; 16 up and 14 down). As noted earlier, plywood flaming condensate exposure results in the highest numbers of significant DEGs; HAECs from donors with smoking history showed 484 DEGs (Table S4; 133 up and 351 down) compared to HAECs from non-smoking donors (Table S3, total 225; 68 up and 157 down).
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Fig. 6Distinct role of the host factors flaming burn pit smoke condensate exposure. Donors were separated based on the smoking history (non-smokers and smokers) and biological sex (female and male) and Euler diagrams were generated using significant DEGs by flaming smoke condensate was evaluated as described in the Methods. (a) All three flaming condensates caused more alterations in cells from donors with history of smoking than non-smoker donors. Comparison based on sex (b) demonstrated that female donors’ cells were more responsive to flaming condensate exposure than male donors’ cells


Comparison based on the sex of the donor following exposure to flaming condensates showed more alterations in HAECs from female donors than male donors (Fig. 6b). Cardboard flaming condensate caused 139 (Table S5; 70 up and 69 down) and 43 (Table S6; 29 up and 14 down) DEGs in respectively HAECs from female and male donors. Plastic flaming condensate also caused more DEGs in HAECs from female donors with a total number of significant DEGs of 147 (Table S5; 90 up and 57 down) than HAECs from male donors (Table S6, total 32; 21 up and 11 down). Flaming condensate of plywood waste caused a total 459 DEGs (Table S5; 132 up and 327 down) in HAECs from female donors versus a total of 225 in cells from male donors (Table S6, 69 up and 156 down).
Compared to the flaming condition, smoldering burn pit smoke condensates caused lower numbers of DEGs (Figure S7); hence, a demographics-based comparison was mostly inconclusive for these exposure groups. The only impact of donor’s smoking history on condensate derived DEGs was noted for cardboard smoldering condensate exposure, where HAECs from donors with smoking history showed a total 81 DEGs (Table S4; 33 up and 48 down) compared to cells from non-smokers (Table S3, total 20; 3 up and 17 down). A marginally elevated number of DEGs was noted in cells from non-smokers following plastic condensate exposure (Table S3, total 24; 4 up and 20 down) as compared to HAECs from donors with a smoking history (Table S4, total 17; 15 up and 2 down). Sex-based comparison of DEGs from smoldering condensates only showed more DEGs in HAECs from male donors (Table S6, total 58; 12 up and 46 down) following cardboard condensate exposure than HAECs from female donors (Table S5, total 42; 22 up and 20 down).
To understand the susceptibility of the four demographic cohorts towards burn pit smoke exposure-derived diseases, we used significant DEGs from plywood flaming smoke condensate exposure group to perform enrichment analysis, utilizing a gene-disease association database from DisGeNET [41]. Both up- and down-regulated genes were used to perform enrichment analysis of disease gene signatures. Table S7 reports the results of enrichment analysis, including significantly associated diseases in the four demographic cohorts. Figure S8 demonstrates the human diseases associated with the four demographic cohorts. All of the cohorts showed a significant association with contact dermatitis, contact hypersensitivity, and cancer of different organs. When focusing on respiratory diseases, HAECs from non-smokers exhibited association with asbestosis and asbestos exposure-derived pulmonary fibrosis. Alterations in gene expression in HAECs from donors with a smoking history were closely associated with asthma, bronchiectasis, and emphysema. When sex-dependent associations were examined, female donors were associated with asthma, several types of neoplasm and carcinoma.

Co-modulation of cytokine secretion by smoke condensates
We have previously shown that exposure to burn pit smoke condensate causes modulation of cytokine secretion by HAECs [25]. When the basolateral media of the HAECs was analyzed for the secretion of cytokines, we observed that eleven (IP-10, IL-7, IFN-g, MCP-1, IL-1b, Eotaxin-3, IL-1a, IL-12p70, GM-CSF, IL-6, VEGF-A) of the total seventeen cytokines were significantly altered by condensate exposures compared to vehicle control (Table S8). However, pairwise comparison did not identify many significant differences (Table S8). The relative levels of each cytokine across the different exposure groups are shown as a heatmap (Fig. 7a). To further emphasize the co-modulation of the cytokines by burn pit smoke condensates, we used data collapsing approaches to identify clusters of mediators that are likely co-modulated, similar to our previous studies [32]. The vehicle control group is divided into cohorts representing samples from four demographic groups: non-smokers, smokers, female and male. Three clusters of co-modulating cytokine mediators were detected, which included respectively seven, six and four mediators (Fig. 7b). Cluster 1 included most chemokines (Eotaxin-3, MCP-1 and TARC), gamma-chain cytokines (IL-2, and IL-7), IL-10 and VEGF-A; cluster two included six mediators (IL-1α, IL-1β, IFN-γ, IL-8, IL-6, and IL-12p70), including mostly pro-inflammatory cytokines; cluster three included four mediators (GM-CSF, IL-13, IP-10, and TNF-α) with both pro- and anti-inflammatory properties. When individual cluster modulation was considered, plywood flaming condensate caused the most suppression of clusters one and three, with the highest activation of cluster two (Fig. 7c). Flaming condensate of cardboard induced cytokines belonging to the cluster one. These observations suggest that burn pit smoke condensate-mediated modulation of cytokine secretion by HAECs is source material and combustion temperature dependent, and plywood flaming smoke condensate induces the highest immunomodulatory/inflammatory response in HAECs.
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Fig. 7Co-modulation of cytokines by smoke condensates. Basolateral media was collected following burn pit smoke condensate exposure and HAEC-secreted mediators were quantified by MSD analysis. Seventeen mediators were further analyzed using WGCNA method and grouped into three clusters (a) based on co-modulation in control samples. Relative impact of smoke condensates on each cluster was evaluated as described in the Methods; bar graph (b) shows the relative score representing modulation of each cluster by the condensates




Discussion
In 2011, the National Academy of Sciences’ Institute of Medicine reported increased PM and acrolein exposure of deployed military personnel from burning of waste, and cautioned about a potential risk of respiratory and cardiovascular diseases in the veterans [4]. The PACT (Sergeant First Class Heath Robinson Honoring Our Promise to Address Comprehensive Toxics) act, which was signed into law in 2022, expands benefits to the US veterans exposed to burn pit smoke and other toxic compounds, and presumes more than twenty medical conditions are associated with deployment-related exposures [50]. However, mechanisms or causality of deployment-associated pulmonary diseases are still largely unknown. In the present study, we explored the impact of simulated burn pit smoke condensate exposure on gene expression profiles and cytokine release from HAECs to elucidate the potential impact of such exposure on human airways. Emphasis was given to burn pit waste source material, combustion conditions (i.e. incineration temperature) and demographic characteristics of the exposed individuals. We observed that flaming smoke condensate consistently showed heightened impact on HAEC gene expression as compared to smoldering ones, with plywood being the most potent source material. When demographic characteristics were considered, tobacco use history and female sex were found to be associated with intensified impact on HAEC gene expression from burn pit smoke.
Burn pit waste composition is complex and highly heterogeneous; hence, smoke exposure-mediated respiratory impact likely varies depending on the source material and the combustion temperature. Additionally, wide variation in the ambient particulate concentration expected to prevail in the overseas military bases may vary widely depending on several circumstances [51]. To address this issue, we tested three source materials (military-grade cardboard and plywood, as well as plastics) incinerated under two conditions, smoldering (lower temperature) and flaming (higher temperature) which generate lower and higher concentrations of harmful chemicals respectively at a sublethal particulate dose of the smoke condensates [21, 23]. We have previously reported that burn pit smoke mixtures generated under flaming conditions induced greater cytotoxicity in HAECs [25]. In our current study, smoke condensate from plywood material combusted at flaming condition exhibited the greatest impact on HAEC gene expression. As flaming combustion conditions generate higher levels of chemical components compared to smoldering conditions, especially those with known respiratory toxicity [21, 23], this is not unexpected. Further pathway analysis revealed transcriptomic similarity in HAECs exposed to cardboard and plywood smoke condensate, but less so for cells exposed to plastic smoke condensate. Both cardboard and plywood source materials at the flaming condition influenced detoxification response pathways in HAECs. In contrast, plastic smoke condensate at this condition impacted mostly anti-microbial and immunomodulatory pathways. In our previous study, we observed distinct differences in terms of chemical composition across these three waste source materials [21, 23]. PAH concentrations were higher in plastic smoke condensates which potentially modified gene expression associated with immunomodulatory pathways in our current study. In contrast, inorganic elements enriched in cardboard and plywood smoke condensates induced gene expression changes associated with detoxification responses. These observations agree with previous reports linking PAHs to immunomodulatory responses [52] and inorganic elements to toxicity [53]. Of note, the plywood and cardboard used to generate the smoke condensates were military grade packaging material presumably heat- and chemical-treated, which is different from similar material used for regular shipping or construction. Since combustion of these modified products generate more chemicals [54], this may contribute towards the cellular impacts noted in our study. The toxicity derived from combustion of military-grade plywood is of particular concern, since these materials typically constitute a significant portion of a typical burn pit waste [21]. Furthermore, as these chemicals likely co-occur in the military burn pit smoke mixtures, long-term exposure of these chemicals during military deployment may lead to development of adverse health outcomes, including lung diseases, cancer, autoimmune and allergic diseases [52, 55].
To further examine these links between smoke mixture chemicals and gene expression modulation in HAECs, we conducted a correlation analysis of the chemicals presents in the smoke and the flaming smoke condensate mediated common DEGs identified in HAECs. These results identified the role of polyaromatic hydrocarbons and some inorganic elements in driving specific gene expression changes. Specifically, IL6 expression was found to be positively associated with PAHs, but not metals. Previous studies have detected PAH-mediated modulation of IL6 expression in human [56, 57], animal model [58] and in vitro cell culture systems [59] The strongest correlations were noted for oxy-PAHs present in the smoke condensates. Incidentally, oxy-PAHs are far less studied than nitro-PAHs or PAHs in general. In vitro studies have identified mutagenic and cytotoxic effects of oxy-PAHs in human cells [60, 61]. Misaki et al. previously reported tumor-promoting activity by several PAHs and oxy/nitro-PAHs in mouse cells along with induction of CYP1A1 [62], which is associated with aryl hydrocarbon receptor (AhR) activation and lung cancer [63]. Activation of AhR is also associated with asthma and COPD [64]. In our study, we observed a significant positive correlation between CYP1A1 gene expression and several oxy-PAHs, indicating a potential mechanism towards pulmonary disease pathogenesis in burn pit smoke exposed individuals.
We further examined the association of burn pit smoke condensate-mediated gene expression modulation with human disease signatures. Differential regulation of genes in HAECs exposed to plywood flaming smoke condensate, which exhibited the highest changes, demonstrated association with potential diseases/health symptoms in the four demographic cohorts of our study. DEGs in smokers’ and female donors’ HAECs showed resemblance with several diseases already reported in the deployed Veterans, indicating susceptibility of these demographic cohorts towards development of burn pit smoke exposure-derived health impacts. Especially, resemblance with asthma gene signature, which is a frequently reported post-deployment health symptom [4, 65], was detected in HAECs from smokers and female donors. Contact dermatitis and contact hypersensitivity were associated with all four demographic groups. A significant association was also noted for HAECs from smokers with gene signature of pulmonary emphysema and bronchiectasis, suggesting that burn pit smoke exposure may be a contributing factor to these smoking-induced diseases. Apart from these, resemblance with several neoplasm and carcinoma-related gene profiles were noted in all four demographic cohorts, which has already been speculated before [66, 67].
Regulation of cytokine release is a complex, multifaceted process, with involvement of mutually dependent signaling cascades [68]. Co-expression and co-modulation of cytokines have been reported for several diseases, indicating a necessity to study their expression as groups, rather than individually [32, 69]. We emphasized co-modulation of cytokines by identifying clusters of mediators across the different exposures. Cytokine expression in control samples exhibited co-modulation of three clusters; cluster 1 included chemokines (Eotaxin-3, MCP-1 and TARC), angiogenic VEGF-A, and interleukins − 2, -7 and − 10; cluster 2 included pro-inflammatory interleukins − 1α, -1β, -12p70, -6, -8, and IFN-γ; GM-CSF, IL-13, IP-10 and TNF-α constituted cluster 3. Plywood flaming condensate exerted the highest impact in suppressing clusters 1 and 3, simultaneously inducing cytokines of cluster 2, which included several pro-inflammatory candidates. These observations bear critical importance in terms of burn pit smoke-derived health effects. Cytokines play an important role in asthma and other pulmonary diseases, which are frequently reported by Veterans post-deployment; higher levels of the cluster 2 cytokines IL-1α, IL-1β [70], IL-8 [71], IL-6 [72] and IFN-γ [73] are associated with asthma severity. Apart from these, IL-1β, IL-8, IL-6 also been implicated in emphysema and bronchiectasis [74]. Interestingly, plywood flaming smoke mediated significant DEGs exhibited association with asthma, bronchiectasis, and emphysema. Together, these observations provide a mechanistic basis linking exposure to plywood flaming smoke and asthma symptoms in deployed veterans.
As expected, smoldering smoke condensates exhibited fewer changes in gene expression than flaming condition at the same mass concentration of exposure and corresponding to their lower amounts of metals and PAHs. Of the three source materials from smoldering conditions smoke condensate of cardboard caused the highest alterations in gene expression. Ubiquitin C-terminal hydrolase-L1 (UCHL1), which plays an important role in lung cancer pathogenesis [75], was up-regulated by all smoldering smoke condensates. Although the effect on HAEC gene expression was lower from smoldering smoke condensates, pathway analysis echoed similar patterns as flaming condensates, showing similarity between cardboard and plywood with plastic-derived impact being markedly unique. Cardboard and plywood showed activation of genes corresponding to metabolic and detoxification pathways with suppression of genes important in intracellular processes. In contrast, plastic smoldering smoke condensate activated genes related to biosynthetic pathways simultaneously suppressing metal homeostasis processes.
Our study observations can be extended to understand and address health effects of other common environmental pollution scenarios originating from waste incineration. For example, according to the estimates from the Organization for Economic Cooperation and Development (OECD), approximately 19% of plastics are incinerated with emission of harmful chemicals in the atmosphere [76]. Hence, the gene expression modulation in HAECs observed from the plastic waste smoke condensate exposure may contribute towards understanding the pulmonary effects of smoke from plastic waste incineration. Combustion of demolition and construction wood typically generates toxic emissions including PCDD/Fs and biphenyls (PCBs) [77]. Modulation of gene expression from plywood, cardboard, and plastic smoke condensates may also represent impact of ambient smoke exposures, such as wildfire smoke, as these mixtures increasingly include emissions from burning anthropogenic sources (plastics, plywood, metals, etc.), especially at the wildland urban interface (WUI), “the zone of transition between unoccupied land and human development” [78].
Our current observations identified critical insights into the potential impact of burn pit smoke exposure on pulmonary health. However, our study has some limitations. First, although ethnicity has been suggested as a critical factor in determining susceptibility to tobacco smoke-induced decline in lung function [79], this donor demographic aspect was beyond the scope of our study. Second, we have examined three specific representative waste materials at two combustion conditions, not considering the highly complex and diverse composition and conditions of the typical burn pit waste. In fact, a dose-dependent study design and analysis may provide more information, indicating the differential regulation of cellular pathways in response to smoke condensate exposure. Third, our study design includes a 24-hour exposure regime at a single dose; given the dynamic composition of burn pit waste, in addition to the widely variable incineration condition expected in the real-world scenario, it is indeed challenging to create a convincing model to examine the short- and long-term health effects of burn pit smoke inhalation. However, a repeated chronic exposure strategy with doses encompassing both lower and high concentrations is needed to fully understand the burn pit smoke-mediated health effects. Finally, our observations on different demographic cohorts need to be interpreted cautiously, as we have only six donors per cohort. Of note, a statistical power calculation [80] based on our data indicated that the sample size of n = 6 is sufficient to identify group-based differences, similar to previous publications [81, 82]. However, this was only true at FDR = 0.1 and not at FDR = 0.05. The demographic characteristics dependent altered gene expression profile noted here may correspond to both adverse health effect vulnerability and enhanced protection in these specific cohorts. Future studies with greater sample size will enhance the sensitivity of uncovering group-based differences in responses elicited by simulated burn pit smoke exposures.

Conclusions
We have performed a comprehensive study analyzing the effect of simulated smoke condensate from three burn pit waste materials incinerated under two conditions on HAECs, focusing on the modulation of gene expression and cytokine secretion. Effects on genes modulated by all smoke condensate exposures were associated with oxy-PAH levels in the mixtures, suggesting that regardless of the burn pit waste material, generation of oxy-PAH is a potential driving factor of adverse health effects. Exposures to plywood smoke condensate generated under flaming conditions had the most significant effects on gene expression changes and immunomodulation with effects being more abundant in HAECs from smokers and females. Hence, tobacco use, and biological sex may play an important role in response to burn pit smoke inhalation and in determining the susceptibility towards adverse health impacts. Importantly, we determined that the gene expression modulation by burn pit waste smoke condensates resemble those associated with known pulmonary and other diseases’ profiles, with several of these have already been listed as presumable deployment-derived diseases in the PACT law. Additionally, association of gene modulation with the diseases of other organs indicates the potential systemic adverse health effects of burn pit smoke exposure, which needs to be explored further.
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	Human airway epithelial cells
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	Air-liquid interface
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	Particulate material

	TEER
	Transepithelial electrical resistance

	LDH
	Lactate dehydrogenase
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	Polyaromatic hydrocarbons

	COPD
	Chronic obstructive pulmonary disease
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