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Abstract

Heavy metal (HM) exposure is known to cause inflammation and oxidative stress, leading to respiratory diseases like asthma. However,
the underlying signaling pathways that are induced during HM exposures of the lung are still being investigated. We reported earlier that
HM exposure differentially modulates oxidative stress pathways, including interferon signaling and enzymatic regulation of sphingolip-
id metabolism, which may contribute to airway remodeling. Here, we utilized a model of HM exposure in a 3D human lung perfusion
bioreactor system combined with spatial transcriptomic approaches to investigate further whether HM-induced oxidative stress resulted
in activation of damaged DNA sensing pathways, mitochondrial stress, and complement cascade, and contributed to the enhanced
gene alterations related to inflammation and airway remodeling often associated with asthma. We report that NaAsO: exposure had the
broadest impact in gene expression alterations of sphingolipid metabolism, complement cascade, DNA sensing (STING), mitophagy,
inflammasome, and airway remodeling pathways, compared to cadmium and manganese. Cell deconvolution and correlation analyses
were performed to determine how abundance of lung cell populations correlated with gene expression changes following HM exposure.
Changes in the complement cascade genes from NaAsO: exposure correlated with the abundance of both innate and adaptive immune
cells that are implicated in asthma, confirming the role of complement as a modulator of innate and adaptive responses. Positive correla-
tion was observed between the NaAsO:-induced innate immune signaling pathways including STING, mitophagy and inflammasome,
as well as airway remodeling genes. Our studies indicate that HM—mediated oxidative stress and downstream induction of complement
cascade and inflammatory signaling may contribute to asthma pathogenesis.

Introduction tive stress, often associated with chronic lung diseases [5,6]. PM
exposure has been linked to the development of chronic obstruc-
tive pulmonary disease (COPD) in non-smokers, highlighting
the role of environmental pollutants in pathogenesis of respira-
tory disease independent of smoking-related risk factors [7]. PM
exposure also modulates lipid metabolism, which contributes to

injury and inflammation in asthma [8].

Particulate matter (PM), formed by atmospheric reactions to
pollutants, varies in size and can remain suspended in the air for
extended periods [1,2]. Particles smaller than ten micrometers in
diameter, commonly associated with respiratory diseases, pres-
ent significant health risks due to their ability to penetrate deep
into the lungs, and in some cases, enter the bloodstream [2]. PM

is known to reduce air quality, leading to increased respiratory Lungs have a large surface area, abundant oxygen, and high

morbidity and multiple clinical symptoms [3]. Notably, certain
PMs contain heavy metals (HM), such as cadmium, chromium,
nickel, and arsenic [4]. Inhalation of HM-bound PMs can result
in their accumulation in lung tissues that may trigger cell and
tissue death/injury-induced inflammatory signaling and oxida-

blood supply, making them susceptible to oxidative stress and
reactive oxygen species (ROS)-mediated lung disorders, such
as asthma. Asthma is characterized by increased IgE levels, eo-
sinophilic inflammation, airway hyperresponsiveness (AHR),
and reversible expiratory airflow obstruction [9]. This disease is
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driven primarily by Th2 immune responses and innate lymphoid
cells, which release pro-inflammatory cytokines that trigger eo-
sinophilic inflammation. Eosinophils release reactive free radi-
cals-such as superoxide anion, hydrogen peroxide, and hydroxyl
radicals-via oxidative enzymes, creating an oxidative lung mi-
croenvironment that damages airway cells, induces inflammatory
signaling, and exacerbates asthma symptoms [10].

Oxidative stress due to HM exposure is known to increase
DNA damage [11] and trigger the release of double-stranded
DNA (dsDNA), which can be “sensed” by cytosolic DNA-sens-
ing cyclic GMP-AMP Synthase (cGAS) and downstream Stim-
ulator of Interferon Genes (STING) to induce inflammation
[12—19]. The cytosolic-DNA—STING axis has also been linked
with inflammation and oxidative stress in murine LPS-induced
lung injury models [20]. Allergen-induced oxidative stress can
also cause DNA damage [21-25]. STING recruits and activates
protein complexes that regulate inflammatory interferon signal-
ing [15,26].

In lung disorders, mitochondrial ROS-mediated signaling also
plays a critical role. Administration of a mitochondrial ROS in-
hibitor improved features of asthma in murine models of asthma
with Aspergillus fumigatus [27]. PM exposure-induced oxidative
stress has been reported to cause mitochondrial fission by enhanc-
ing fission-promoting proteins and suppressing fusion-promoting
proteins in vivo in mice [27]. In rat lungs, PM exposure alters
the mitochondrial structure, induces mitochondrial swelling, and
increases expression of mitochondrial fission/fusion [28]. Mito-
phagy, a process by which damaged mitochondria are shuttled
out from injured cells or tissue, can be triggered by PM expo-
sure, contributing to the development of asthma. Environmental
pollutants like acrolein were shown to induce mitophagy-related
PINKI1 stabilization and translocation to mitochondria, followed
by mitochondrial fission [29], thus altering the mitophagy cycle
and inducing pathogenic changes in airway cells in asthma.

The nucleotide-binding oligomerization domain-like receptor
pyrin domain-containing protein 3 (NLRP3) inflammasome plays
an important role in PM-exposure-induced asthma. This multi-
protein holoenzyme is composed of the sensor protein NLRP3,
two adapter proteins, and a cysteine protease [30]. When PM
stimulates cells, NLRP3 can recruit the adapter protein and pro-
tease to form the NLRP3 inflammasome assembly. PM-mediated
inflammasome activation involves frustrated phagocytosis, plas-
ma membrane perturbation and potassium (K*) efflux, oxidative
stress, lysosomal damage, and cathepsin B release [31]. Although
the precise mechanisms remain unclear, the inflammasome has
been implicated in asthma pathogenesis [32].

Recent studies have implicated complement cascade activation
in asthma exacerbations. The complement cascade is a compo-
nent of the innate immune response that defends against invad-
ing pathogens through the classical, lectin, or alternative path-
way. PM exposure on human umbilical cord endothelial cells
increased the production of ROS and activated the complement
system via the alternative pathway [33]. C3a is a product of the
complement system, and its production at airway surfaces can
induce Th2-mediated inflammatory responses to PM-induced
asthma [34]. C3a is involved in eosinophil and mast cell acti-
vation, smooth muscle contraction, and regulation of vascular

permeability [35]. A high concentration of C3a is associated with
asthma hospitalization and exacerbation of allergic asthma [36].
Collectively, mitochondrial signaling, inflammasome activation,
and complement pathway stimulation all release ROS that can
intensify asthma symptoms upon PM exposure.

Our hypothesis is that PM exposure in the human lung mod-
ulates sphingolipid metabolism, potentially exacerbating asth-
ma. Using human lung tissue that has been exposed to cadmium
chloride, sodium arsenite, or manganese chloride, we employed
GeoMX Digital Spatial Profiling to determine how gene expres-
sion changes in sphingolipid metabolism, complement, inflam-
masome, and mitochondrial signaling pathways were altered in
response to HM exposure.

Methods - Human Lung (3D)-Perfusion Bioreactor

De-identified, remnant human uninvolved lung specimens
were obtained from lobectomy and wedge resection surgeries
performed at the University of Alabama at Birmingham through
collaboration with the UAB Tissue Biorepository. Uninvolved
remnant human lung tissue cores were cultured ex vivo using
a three-dimensional (3D) perfusion bioreactor as described in
[67,68]. Briefly, six 3 mm tissue cores were placed within an
extracellular matrix (ECM) support (90% collagen type I) (Ad-
vanced Biomatrix, Carlsbad, CA, USA) + 10% growth fac-
tor-reduced Matrigel (Corning, Tewksbury, MA, USA) in the
central chamber of a perfusion bioreactor. Following ECM po-
lymerization and through-channel generation, bioreactors were
continuously perfused with a defined (serum-free) tissue culture
media (50/50 mixture of Bronchial Epithelial Cell Growth Me-
dia) (Lonza, Walkersville, MD, USA) and X-Vivo-15 (Lonza).
Following an establishment period of three days, tissues were
exposed to 20 pM NaAsO:, 120 pM of CdCL, or 100 uM of
MnCl: for 8 days. Following exposure, tissue cores were fixed
for histologic (formalin-fixed paraffin-embedded) analysis. This
study was approved by the University of Alabama at Birmingham
Institutional Review Board (IRB-#300003092) and conducted
following approved guidelines and regulations.

Tissue Microarray Generation

A tissue microarray was generated by UAB Pathology Core
Research Laboratory using formalin-fixed paraffin-embedded
samples with duplicate 2 mm diameter tissue cores utilized for
each patient sample. Four tissues exposed to MnCl. (8 tissue
cores), 2 tissues exposed to NaAsO: (4 tissue cores), 3 tissues
exposed to CdCl: (6 tissue cores), and matched controls (16 tissue
cores) were included. Freshly cut 5-micron TMA sections were
utilized for GeoMx Digital Spatial Profiling.

GeoMx Digital Spatial Profiling

Spatial transcriptomic profiling was completed on the TMA
described above using the GeoMx Digital Spatial Profiler (DSP)
(DSP-01-01, VHDX Version 3.1.0.6) with the GeoMx Human
Whole Transcriptome Atlas (NanoString Technologies, Seattle,
WA, USA). Briefly, a FFPE TMA section was incubated over-
night at 38 °C followed by an additional 2 h at 60 °C. The section
was then manually stained with the Human Whole Transcriptome
Atlas UV-cleavable barcoded RNA probes along with antibod-
ies against human Pancytokeratin and CD45, as well as SYTO
13 for geometric region of interest (ROI) selection. Using the
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GeoMx DSP, ROIs were selected, and barcoded RNA probes
were cleaved and collected from each ROI. Library Prep with
Seq Code primers was performed and the library was sequenced
on an Illumina NovaSeq 6000 sequencing instrument. FASTQ
files were then converted into digital count conversion (DCC)
files using GeoMx NGS Pipeline and uploaded onto the GeoMx
Analysis Platform. Data then underwent quality control and Q3
normalization prior to analysis. Clustered heatmaps were gen-
erated and unpaired Student’s t-tests with Benjamini—Hochberg
correction were performed to compare HM to vehicle control.
Clustered heatmaps were generated to display the significantly
upregulated and downregulated genes with the different metal
treatments. Volcano plots were generated to show the measure
of significance (—logl0 of p-values) vs. the difference in geo-
metric means of probe expression between HM and vehicle
control. Additionally, volcano plots comparing the difference
in gene expression changes with the different metal treatments
and volcano plots highlight gene expression in relation to sphin-
golipid signaling pathways. Cell deconvolution comparing the
different heavy metal treatments with controls was performed.
Using this data, abundance scores and proportion of fitted cells
were performed with each metal treatment. Additionally, untar-
geted Gene Ontology analysis and targeted Gene Set Enrich-
ment analysis were completed in R (version 4.3.2).

Statistical Analysis

Statistical analyses were performed using the GeoMx Analy-
sis Platform or R. Non-paired student’s T-test with Benjamini—
Hochberg correction and cluster analyses were performed using
GeoMx Analysis platform. A p-value less than 0.05 was consid-
ered to be statistically significant. All analyses were performed
using R version 4.3.2 ("Eye Holes") on a 64-bit Linux platform
(x86_64-pc-linux-gnu). Data processing and statistical analysis
were conducted using custom R scripts with several packages
from the Bioconductor and CRAN ecosystems. Raw gene ex-
pression data were preprocessed to extract and format metada-
ta (e.g., treatment, sample ID), remove headers, and transpose
data matrices to a sample-wise format. Expression values were
merged with metadata, and gene expression columns were
coerced to numeric types for downstream analysis. Curated
gene sets representing biologically relevant pathways, such as
STING-mediated immune response, airway remodeling, sphin-
golipid metabolism, complement activation, inflammasome,
mitophagy, and lymphocyte activation, were defined manu-
ally based on known functional roles defined by NanoString.
To assess pathway interactions, pairwise Pearson correlations
were computed between gene expression differences (treatment
vs. control) across all pathway gene pairs. Significance was
assessed using correlation p-values, which were adjusted for
multiple testing using the Benjamini-Hochberg (BH) method.
Results were visualized as dot plots using the ggplot2 package,
with dot size representing —log10(p) and color reflecting cor-
relation strength. Cell-type-specific analyses were performed by
correlating gene expression (log2 fold-changes) with cell-type
proportion estimates derived from deconvolution data. Correla-
tion statistics were computed using cor.test(), and summarized
visually using dynamic dot plots. Gene Set Enrichment Anal-
ysis (GSEA) was performed using the clusterProfiler package

(v4.10.0), along with DOSE, enrichplot, and GOplot, utilizing
Gene Ontology (GO) annotations from the org.Hs.eg.db (human
genome annotation) package. Genes were ranked by log2 fold-
change, and GSEA was conducted separately for Biological Pro-
cess (BP), Molecular Function (MF), Cellular Component (CC),
and the union of all ontologies. Significant enrichments (adjusted
p < 0.05) were visualized using split dot plots. For pathway-lev-
el summaries, one-way ANOVA was performed per gene across
treatment groups to identify the top 20 differentially expressed
genes within each pathway. For each treatment group, two-sam-
ple t-tests were used to compare treated and control conditions,
and gene-level summary statistics, including means, log2 fold-
change, and adjusted p-values, were compiled. Results were visu-
alized as log2 fold-change heatmaps using the ComplexHeatmap
package, clustered by gene where appropriate.

Results

Dysregulation of sphingolipid metabolism has been increas-
ingly implicated in the pathogenesis of chronic lung diseases
such as asthma, due to its role in regulating inflammation, cell
survival, and barrier integrity in lung tissues [37]. Heavy metals
(HMs) like arsenic (NaAsOz), cadmium (CdCl.), and manganese
(MnCl.) are environmental pollutants known to induce oxidative
stress and inflammatory responses, potentially exacerbating lung
disease processes. Previous studies, including our own, have
shown that HM exposure alters gene expression related to oxida-
tive stress and immune signaling pathways in bronchial epithelial
cells and lung tissues [38].

Given this background, we sought to investigate the specific
transcriptional effects of HMs on genes involved in sphingolipid
metabolism, which is critical for maintaining cellular homeosta-
sis and immune regulation in the lung. The use of clustered heat
maps and volcano plots allows for the visualization and identifi-
cation of significant gene expression changes upon exposure to
different HMs, providing a comprehensive view of the molecular
perturbations.

The differential gene expression profiles observed, particular-
ly the stronger upregulation of sphingolipid metabolism genes in
NaAsO»-treated tissues compared to CdCl. and MnClz, suggest
that arsenic exposure may uniquely influence the sphingolipid
rheostat, potentially through more pronounced oxidative or in-
flammatory signaling. The overlapping gene alterations (e.g.,
SPNS2, DEGS2, UGT8, ARSI) further highlight shared molec-
ular targets of these metals, while unique patterns (e.g., ARSH,
GLBI1L, CERS3, CERS4) indicate metal-specific effects on
sphingolipid pathway components.

To understand the biological relevance of these transcriptional
changes, it is crucial to relate them to specific cell populations
within the lung, as different cell types contribute distinctly to
lung function and immune responses. Cell deconvolution analy-
ses, which computationally infer the proportions of immune and
epithelial cell types from bulk tissue RNA-seq data, revealed cell
type-specific effects of HM exposures. For instance, the decrease
in alveolar epithelial type 1 cells and increase in B cells follow-
ing NaAsO: exposure aligns with known effects of arsenic on
epithelial damage and immune cell recruitment. Similarly, the
increased monocyte populations in MnClz-exposed tissues reflect
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Figure 1. Gene expression changes in the sphingolipid metabolism pathway in HM480 exposed lung tissues. A. Heatmap showing gene expres-
sion of sphingolipid metabolism pathway genes following CdClz, MnCl., or NaAsO: exposure normalized to unexposed controls. B-C. Table (B)
and heatmap (C) highlighting significantly altered genes with NaAsO: exposure when compared to controls. D. Volcano plot displaying differen-
tial gene expression between NaAsO:-exposed and unexposed (control) lung tissues. E. Cell deconvolution analysis correlating gene expression
of sphingolipid metabolism pathway with scaled abundance of specific cell populations in the lung tissue following NaAsO: exposure.
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Figure 2. Gene expression changes in the complement pathway in HM-exposed lung tissues. A. Heatmap showing gene expression of comple-
ment pathway genes following CdC12, MnCl2, or NaAsO2 exposure normalized to unexposed controls. B-C. Table (B) and heatmap (C) high-
lighting significantly altered genes with NaAsO2 exposure D. Volcano plot displaying differential gene expression between NaAsO2 -exposed
and unexposed (control) lung tissues. E. Cell deconvolution analysis correlating gene expression of complement pathway with scaled abundance
of specific cell populations in the lung tissue following NaAsO2 exposure.
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Figure 3. Gene expression changes in the mitophagy pathway in HM-exposed lung tissues. A. Heatmap showing gene expression of mitopha-
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cell populations in the lung tissue following NaAsO- exposure.
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monocyte-mediated inflammation.

The positive correlations between sphingolipid metabolism
gene upregulation and certain immune cell populations (B cells,
monocytes, CD4+ T cells) suggest that sphingolipid dysreg-
ulation may modulate or be modulated by immune cell infil-
tration and activation, contributing to the inflammatory milieu
in HM-exposed lung tissue. These cell-specific associations
further support the hypothesis that sphingolipid metabolism al-
terations underlie inflammatory signaling pathways involved in
lung disease pathogenesis following HM exposure.

Overall, the integrated approach combining transcriptional
profiling with cell type deconvolution provides a robust frame-
work to elucidate how environmental HMs disrupt sphingolipid
metabolism in a cell-specific manner, contributing to lung tissue
inflammation and remodeling characteristic of chronic respira-
tory diseases.

During chronic inflammation, oxidative stress induces acti-
vation of complement cascade leading to tissue injury [39,40].
Sphingolipid metabolites can also directly influence comple-
ment cascade activation that may bridge innate and adaptive
immune responses [41]. As NaAsO2 modulated gene signatures
of sphingolipid metabolism in both innate and adaptive immune
cells, we evaluated HM-induced alterations in components of
the complement cascade. As shown in Figure 2A (Supplemental
Table 1), clustered heatmap analyses of exposed tissues com-
pared to unexposed controls revealed differential increase in
complement cascade genes amongst the three heavy metals. Al-
though the highest fold change occurred in the CdCI2 exposed
tissues, volcano plot and clustered heatmap analyses identified
substantially more complement pathway genes upregulated
in the NaAsO2-treated tissues (Figure 2B-D). Intersecting al-
terations in gene signatures were noted with MASP1, MBL2,
C8A and CFI significantly upregulated following both NaAsO2
and MnCI2 exposure (Figure 2B and Supplemental Figure 4A).
Notably, genes upregulated by NaAsO2 exposure exhibited a
higher fold change (~3) compared to MnCl: (~1.5). Conversely,
ELANE, CR1, GZMM and C9 were significantly upregulated in
both the NaAsO2 and CdCI2 exposed tissues, which displayed
similar fold-change levels (Figure 2B and Supplemental Figure
5A).

We then investigated whether the HM-induced gene signa-
tures of complement cascade correlated with cell populations
in the exposed lung tissues. In tissues exposed to NaAsO2,
complement cascade genes positively correlated with CD4+ T
cells and B cells, type I alveolar epithelial cells and monocytes,
unlike MnCl2 and CdCI2 in which this pathway positively cor-
related primarily with alveolar epithelial cells (Figure 2E and
Supplemental Figure 4C and 5C).

As complement cascade activation can trigger mitophagy
during inflammation, we then investigated HM-induced chang-
es in gene signatures of the mitophagy pathway [42]. Clustered
heat map analyses of exposed tissues compared to unexposed
controls highlighted differential increase in fold changes in mi-
tophagy genes amongst three HMs (Figure 3A, Supplemental
Table 1). Although the overall gene expression appears to be
downregulated in NaAsO2 compared to other two HMs, vol-
cano plot and clustered heatmap analyses indicated that signifi-

cantly more number of mitophagy genes were upregulated in the
NaAsO2-treated tissues compared to other HMs (Figure 3B-D,
Supplemental Figures 6A-B and 7A-B). Following CdCI2 expo-
sure, only MAPILC3A, was significantly altered, and no genes
showed significant differential expression following MnCI2 ex-
posure. (Supplemental Figures 6A-B, SD and 7A-B). We then
correlated abundance score of cell populations within the ex-
posed lung tissues and the HM-induced gene signatures related
to mitophagy. In NaAsO2-exposed tissues, mitophagy pathway
genes positively correlated with abundance scores of B cells and
monocytes and type I alveolar epithelial cells (Figure 3D). Con-
versely, in MnCI2 exposed tissues, positive correlation of this
pathway was observed in only monocytes and type I alveolar
epithelial cells, and in CdCI2 exposure correlation was primarily
with type I alveolar epithelial cells (Supplemental Figures 6C
and 7C).

As mitophagy acts as a negative regulator of STING acti-
vation by preventing the release of mitochondrial DNA [43],
and consequent DNA sensing, we investigated if gene signa-
tures of STING pathway were affected by HM-exposure. As
shown in Figure 4A and Supplemental Table 1, clustered heat
map analyses of exposed tissues revealed differential increase
in fold changes in STING pathway genes amongst three HMs
when compared to unexposed controls. Although the highest
fold change occurred in CdCI2 exposed tissues, volcano plot
and clustered heatmap analyses revealed that the dysregulated
gene expression was significant only in the NaAsO2-treated tis-
sues (Figure 4B-D, Supplemental Figures 8A-B and 9A-B). We
then investigated whether the HM-induced gene signatures of
STING pathway correlated with cell populations in the exposed
lung tissues. In tissues exposed to NaAsO2, this pathway pos-
itively correlated primarily with abundance scores of B cells,
with some correlation to type I alveolar epithelial cells, CD4+
T cells, and monocytes. However, in MnCl2-exposed tissues,
positive correlation was only observed in monocytes and type
I alveolar epithelial cells, and CdCI2 exposure was primarily
correlated with type I alveolar epithelial cells (Supplemental
Figures 8C and 9C).

Figure 4 Gene expression changes in the STING pathway in
HM-exposed lung tissues. A. Heatmap showing gene expression
of STING pathway genes following CdClz, MnCl., or NaAsO-
exposure normalized to unexposed controls. B-C. Table (B)
and heatmap (C) highlighting significantly altered genes with
NaAsO: exposure. D. Volcano plot displaying differential gene
expression between NaAsO:-exposed and unexposed (control)
lung tissues. E. Cell deconvolution analysis correlating gene ex-
pression of STING pathway with scaled abundance of specific
cell populations in the lung tissue following NaAsO: exposure.

Because STING activation initiates the induction of the in-
flammasome pathway and inflammasome induction is asso-
ciated with chronic inflammatory lung diseases [16,32], we
investigated whether inflammasome pathway genes were al-
tered following HM-exposure. Clustered heat map analyses
showed differential increase in fold changes in inflammasome
genes amongst three HMs (Figure 5A, Supplemental Table 1).
Although the highest fold change in expression of gene signa-
tures occurred in the CdCI2 exposed tissues, volcano plot and
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clustered heatmap analyses indicated that NaAsO2-treated tis-
sues had considerably increased number of upregulated genes
(Figure 5B-D, Supplemental Figures 10A-B, 10D, and 11A-
B). Following CdCI2 exposure, only MEFV, was significantly
dysregulated, following MnCI2 exposure. (Supplemental Fig-
ures 10A-B, 10D and 11A-B). Next, we investigated whether
HM-induced inflammasome gene signatures correlated with cell
abundance. In tissues exposed to NaAsO2, a positive correlation
of inflammasome-related genes was observed with B cells with
some correlation to type I alveolar epithelial cells, CD4+T cells,
and monocytes. However, in MnCl2-exposed tissues, positive
correlation was only observed in monocytes and type I alveolar
epithelial cells, and gene changes with CdCI2 exposure correlat-
ed primarily with alveolar epithelial Type I cells (Supplemental
Figures 10C and 11C).

Environmental exposures are known to contribute to airway
remodeling in chronic inflammatory lung diseases [9,44]. There-
fore, we investigated if airway remodeling genes were altered
by HM-exposure in exposed lung tissues. Clustered heat map
analyses emphasized differential increase in fold changes in air-
way remodeling genes amongst three heavy metals (Figure 6A,
Supplemental Table 1). Although the highest fold change in ex-
pression of gene signatures occurred in the MnCI2 exposed tis-
sues, volcano plot and clustered heatmap analyses indicated that
airway remodeling genes were significantly upregulated in only
NaAsO2-treated tissues (Figure 6B-D, Supplemental Figures
12A-B and 13A-B). In tissues exposed to NaAsO2, correlation
of altered gene signatures with cell deconvolution showed that
this pathway correlated positively with monocytes and B cells,
along with some correlation with CD4+ T cells and type I alve-
olar epithelial cells, as seen in Figure 6E. However, in MnCI2
exposed tissues, these gene signatures positively correlated with
cell abundance scores of monocytes and type I alveolar epithe-
lial cells, and in CdCI2 exposure, positive correlation was pri-
marily with type I alveolar epithelial cells (Supplemental Figure
12C and 13C).

We then evaluated pairwise correlation between gene sig-
natures of these pathways following NaAsO2 exposure. Gene
expression in the complement pathway is regulated by sphingo-
lipid metabolism genes through crosstalk between pro-survival
sphingolipid signaling and complement activation [45]. Consis-
tent with this, expression of the complement genes C8A, C8B,
C9, CD46, CDS55, and CD59 were significantly correlated with
the expression of the sphingolipid metabolism genes CERSS,
CERS4, ARSF, and ARSD (Supplemental Figure 14). Expres-
sion of complement genes C1QA, C1QB, C1QC, C5, C6C8G,
CDS81, CFB, CFH and CFHR4 are significantly correlated with
sphingolipid genes UGCG, SUMF1, STS, SMPD4, PRKD2,
PPMIL, HEXB, GM2A, ESYT2, and DEGS2 (Supplemental
Figure 14).

We then investigated the relationship between gene expres-
sion changes in sphingolipid metabolism, STING, mitophagy,
and the inflammasome pathway. Pairwise correlation analyses
showed that the expression of the sphingolipid genes ARSF,
CERS4, CERSS, GBA, HEXA, KDSR, PPKDI1, and SPTLC1
significantly correlated with the inflammasome genes NFKB1
and MEFV (Supplemental Figure 15A); expression of mitoph-

agy genes ATG12, MFN2, PRKN, TOMM?20, and UBAS52 sig-
nificantly correlated with the expression of sphingolipid genes
ARSD, ARSF, CERS4, CERSS, GBA, ORMDL2, PRKDI,
SPTLCI1, and SPTSSB (Supplemental Figure 15B). Expression
of STING pathway genes IF116, IRF3, STINGI, and TBK1
significantly correlated with the expression of the sphingolipid
genes ARSD, ARSF, CERS4, CERSS5, HEXA, and KDSR (Sup-
plemental Figure 15C), while NLRP4, STAT6, and TRIM21
significantly correlated with the expression of the sphingolip-
id genes DEGS2, ESYT2, GM2A, HEXB, PPMI1L, PRKD2,
PRKD3, SMPD4, SPTSSA, and SUMF1 (Supplemental Figure
15C). Pairwise correlation of expression of STING pathway
genes IF116, IRF3, NLRC3, and STINGI with inflammasome
pathway genes MEFV and NFKB1 (Supplemental Figure 15D)
was noted. A different set of STING pathway genes IFI16,
STAT6, and TBK1 significantly correlated with the inflam-
masome gene AIM2 (Supplemental Figure 15D); while NLRC3
and STINGI significantly correlated with ATG12, ATGS,
MFN2, TOMM20, TOMM7, and UBAS52 (Supplemental Figure
15E), and IFI16 and IRF3 significantly correlated with ATG12,
MFN2, PRKN, TOMM?20, and UBAS52 (Supplemental Figure
15E).

Pairwise correlations of the complement, mitophagy, STING,
and inflammasome pathways revealed parallels in gene regu-
lation. Expression of complement genes CIR, C8B, CD46,
CDS55, CD59, CFHR2, CPN2, F2, and SERPING?2 significant-
ly correlated with expression of the mitophagy pathway genes
ATG12, ATG5, MFN2, PRKN, TOMM20, UBA52 (Supple-
mental Figure 16A); complement genes C8B, CD46, CDS5S5,
CD59, CFHR2, CPN2, and F2 significantly correlated with ex-
pression of inflammasome pathway genes MEFV and NFKB1.
A different set of complement genes C1R, C2, C4BPB, C8A,
C9, CFD significantly correlated with expression of the in-
flammasome pathway gene AIM2 (Supplemental Figure 16B).
Expression of complement genes CIR, C8B, CD46, CDS5S5,
CD59, CFD, CFHR2, CPN2, and SERPING?2 are significant-
ly correlated with STING genes IF116, IRF3, and TBK1 (Sup-
plemental Figure 16C). When correlating the mitophagy and
the inflammasome pathways, the expression of the mitophagy
genes ATG12, ATGS, MAPILC3, MFN2, PRKN, TOMM?20,
TOMM7, and UBAS2 are significantly correlated with the ex-
pression of the inflammasome genes NFKB1 and MEFV (Sup-
plemental Figure 16D).

The airway remodeling pathway genes also displayed pairwise
correlation with gene signatures of mitophagy, inflammasome,
complement, and sphingolipid pathway. When correlating
sphingolipid metabolism gene expression with airway remod-
eling gene expression, sphingolipid genes ALDH3A2, ARSD,
ASAHI, CERS2, PLPP2, PRKD3, SPTSSB, and SUMF2 are
significantly correlated with airway remodeling genes NR4A3,
PLAUR, RGS2, and SERPINEI (Supplemental Figure 17A).
Expression of the complement genes CIR, C2, C4BPB, C8A,
C9, and CFD are significantly correlated with airway remodeling
genes NR4A3, PLAUR, RGS2, and SERPINEI (Supplemental
Figure 17B); CFH and CFB also significantly correlated with
airway remodeling genes PLAUR and RGS2 (Supplemental
Figure 17B). Expression of the airway remodeling gene DUSP5
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significantly correlated with the mitophagy genes ATG12, ATGS,
MFN2, PRKN, TOMM20, and UBA52 (Supplemental Figure
17C), while NR4A3, PLAUR, RGS2, and SERPINE1 signifi-
cantly correlated with the mitophagy genes PRKN and TOMMS
(Supplemental Figure 17C). Expression of the airway remodeling
genes DUSPS and NR4A3 significantly correlated with expres-
sion of the STING genes IF116, IRF3, and TBK1, while NR4A3,
PLAUR, RGS2, and SERPINEI significantly correlated with the
expression of STING genes STING1 and TBK1 (Supplemental
Figure 17D). Expression of the inflammasome genes BCL2L1,
PANX1, and PSTPIP1 also significantly correlated with the air-
way remodeling gene TGFB3 (Supplemental Figure 17E), while
AIM2, significantly correlated with the airway remodeling genes
SERPINEI, RGS2, PLAUR, NR4A3 (Supplemental Figure
17E).

Discussion

We have previously reported that HM exposures result in
differential expression of oxidative stress gene signatures of
inflammatory signaling and expression of the sphingolipid en-
zymes SPHK1, CERS2, and ORMDL3 that alter sphingolipid
homeostasis in both human lung epithelial cells and human lung
tissues. These inflammatory signaling and sphingolipid pathway
alterations are known to play an important role in sustaining the
inflammatory response in asthma [38]. Consistent with our pre-
vious report, our current spatial transcriptomics studies show that
gene signatures associated with sphingolipid metabolism were
upregulated following HM exposure, with NaAsO: exposure be-
ing the most impactful. Additionally, we report changes in gene
signatures of complement cascade, downstream innate immune
signaling pathways and airway remodeling genes that correlated
with transcriptional alterations in sphingolipid metabolism path-
way. These data suggest that sphingolipid metabolism is dysreg-
ulated following HM exposure, and may contribute to chronic
inflammatory lung diseases including asthma [37].

As oxidative stress induces activation of complement cascade
leading to tissue injury [39,40] and complement activation is
known to bridge the innate and adaptive immune response, we
evaluated the effects of HM-exposure on complement cascade;
three different pathways-classical, alternative, or leptin-can acti-
vate this signaling cascade using either innate or adaptive com-
ponents. We report a novel link between HM exposures and com-
plement cascade activation, with NaAsO: exposure resulting in
substantial upregulation of complement genes with highest fold
changes with this HM exposure. The activation of complement
pathway can stimulate TH2-mediated inflammatory responses
via the complement component C3a, which is responsible for
mast cell activation and smooth muscle contraction, commonly
associated with asthmatic responses [34,35]. Other complement
components, such as C5 and Factor H, may also influence asthma
pathophysiology by aggravating T-helper type 2 (TH2) immune
response and airway AHR in an allergic murine model of asthma
[46]. The generation of C5a contributed to TH2 differentiation
without impacting innate lymphoid cells in a house dust mite
murine asthma model [47]. Our transcriptomic studies showed
significant upregulation of complement genes including C5 and
Factor H following HM exposure. We also observed that the al-
tered complement genes correlated with changes in sphingolip-

id pathway genes following NaAsO: exposure. Our observation
that the upregulation of complement pathway correlated with in-
flammatory cell abundance scores of both innate cells, such as
monocytes, and adaptive cells, such as CD4+ T cells and B cells,
suggests that the HM-exposure induced activation of comple-
ment pathway may play a role in the innate and adaptive immune
responses associated with asthma.

The complement system uses pattern recognition receptors to
detect damage-associated molecular patterns (DAMPs) released
from injured or stressed cells, inducing intracellular signals [48].
When the mitochondria are injured, they secrete DAMPs and un-
dergo mitophagy, a process by which autophagosomes remove
dysfunctional mitochondria [49]. Our studies showed a signifi-
cant upregulation of mitophagy genes following NaAsO.. We
also observed a correlation between genes in the mitophagy and
complement pathways. This suggests that mitophagy may acti-
vate the complement system, further attributing to asthma exac-
erbation. These results are consistent with previous reports that
HM exposure can cause excessive ROS, and contribute to fibrosis
in severe asthmatics [50,51]. ROS produced by oxidative phos-
phorylation are associated with mitophagy [52]. A similar pattern
was seen in a murine model displaying ferroptosis, a form of cell
death caused by excess iron, where cadmium exposure caused
excessive mitophagy by upregulating Pink1 and Parkin, causing
severe kidney damage [53]. Therefore, HM-exposure induced
mitophagy has the potential to contribute to lung damage.

Oxidative stress-induced cell and tissue damage causes release
of damaged DNA and activation of innate immune DNA sensing
signaling pathways. In addition to mitophagy, genes associated
with STING pathway, an innate immune signaling mechanism,
were significantly upregulated following NaAsO: exposure and
these gene expression changes were more robust with NaAsO:
exposure than with the other two HMs. Previous studies of arse-
nic exposure in hepatocytes showed induction of mitochondrial
DNA (mtDNA) leakage into the cytoplasm, leading to STING
activation and subsequent increase in pro-inflammatory cyto-
kines which may contribute to exacerbation of asthma following
HM exposure [54]. Because STING activation can induce in-
flammasome pathway during HM-exposures [16], we examined
inflammasome-related genes following NaAsO: exposure and
found a substantial upregulation in gene expression when com-
pared to the other two metals. A significant correlation between
the complement and STING pathway genes was observed; simi-
larly, a strong correlation was observed between mitophagy and
inflammasome pathways. This finding aligns with a prior study
demonstrating that arsenic exposure promotes NLRP3 inflam-
masome activation, contributing to systemic inflammation and
metabolic dysfunction, in murine models [55]. Inflammasome
activation also leads to the secretion of pro-inflammatory cyto-
kines such as IL-1p and IL-18, which are implicated in asthma
pathogenesis [55-57].

As these pathways associated with asthma pathogenesis were
modulated, we evaluated whether this would impact genes in-
volved with airway remodeling. Following NaAsO: exposure,
significant upregulation of airway remodeling genes, FOSB,
TGFB3, and DGKA, was observed. This is consistent with pre-
vious studies using a murine model of bronchial asthma follow-
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ing arsenic exposure, which demonstrated that transforming
growth factor 1, vascular endothelial growth factor A, and
matrix metalloproteinase-9 (MMP9) play key roles in chronic
asthma-genes that can be influenced by the expression of FOSB
and TGFB3 [58,59]. MMP9 can be affected by FOSB. The
airway remodeling pathway exhibited significant pairwise cor-
relations with the sphingolipid, complement, STING, and mito-
phagy pathway, suggesting that these pathways may be linked
with asthma pathogenesis via their relationship with airway re-
modeling. Taken together, our results suggest that HM-induced
oxidative stress drives multiple inflammatory and remodeling
pathways and has the potential to exacerbate asthma through
immune activation and airway structural alterations.

This study provides novel evidence linking HM exposure
to complement activation and, ultimately, having the potential
to cause asthma exacerbation by modulation of inflammatory
signaling. It corroborates previous findings on the role of HM
exposure in inducing mitophagy, inflammasome activation,
STING signaling, and airway remodeling pathways through
gene expression analysis. However, despite using human lung
samples, this study does not address in vivo validation in human
subjects and does not establish how these specific gene expres-
sion changes translate into the physiological manifestations of
asthma.
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