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ABSTRACT

Arsenic exposure via drinking water is a serious environmental health concern. Epidemiological studies suggest a strong
association between prenatal arsenic exposure and subsequent childhood respiratory infections, as well as morbidity from
respiratory diseases in adulthood, long after systemic clearance of arsenic. We investigated the impact of exclusive prenatal
arsenic exposure on the inflammatory immune response and respiratory health after an adult influenza A virus (IAV) lung
infection. C57BL/6J mice were exposed to 100 ppb sodium arsenite in utero, and subsequently infected with IAV (H1N1) after
maturation to adulthood. Assessment of lung tissue and bronchoalveolar lavage fluid at various time points post-IAV
infection reveals greater lung damage and inflammation in arsenic-exposed mice versus control mice. Single-cell RNA
sequencing analysis of immune cells harvested from IAV-infected lungs suggests that the enhanced inflammatory response
is mediated by dysregulation of innate immune function of monocyte-derived macrophages, neutrophils, natural killer cells,
and alveolar macrophages. Our results suggest that prenatal arsenic exposure results in lasting effects on the adult host
innate immune response to IAV infection, long after exposure to arsenic, leading to greater immunopathology. This study
provides the first direct evidence that exclusive prenatal exposure to arsenic in drinking water causes predisposition to a
hyperinflammatory response to IAV infection in adult mice, which is associated with significant lung damage.
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It is estimated that over 200 million people worldwide are ex-
posed to elevated levels of arsenic in their drinking water that
exceed the 10 ppb limit established in 2001 as the maximum
municipal drinking water concentration by the U.S.

Environmental Protection Agency (Ayotte et al., 2017).
Approximately 44 million individuals in the United States rely
on unregulated private wells for their water, and of those it is
estimated that approximately 2.5 million are exposed to
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>10 ppb of arsenic in their drinking water (Klein et al., 2012).
Arsenic concentrations in the United States typically fall in the
moderate range, but higher levels of contamination (> 100 ppb)
have been documented (Ayotte et al., 2017; Karagas et al., 2002).
Arsenic is an established carcinogen and is also associated with
numerous noncancerous negative health outcomes (Chen and
Ahsan, 2004; Naujokas et al., 2013). For example, multiple epide-
miological studies have shown an association between arsenic
ingestion and endocrine dysfunction, and increased respiratory
infections (Davey et al., 2008; Farzan et al., 2016; Smith et al.,
2006).

Recent epidemiological studies suggest that negative respi-
ratory health effects of arsenic exposure are more prominent in
individuals that are exposed to arsenic prenatally (Smith et al.,
2006). Results from retrospective studies of arsenic exposure in
Chile have linked perinatal arsenic exposure with bronchiecta-
sis, a disease characterized by chronic airway infection, inflam-
mation, and significant morbidity resulting from progressive
airway damage, in adulthood, decades after the cessation of ar-
senic exposure (Roh et al., 2018). Additional clinical correlates
were observed in a study of a well-characterized U.S. cohort of
412 infants born to mothers drinking well water during preg-
nancy (Farzan et al., 2015, 2016; Nadeau et al., 2014). In this
study, maternal urinary arsenic concentrations were positively
correlated with respiratory infections in infants requiring a phy-
sician visit (Farzan et al., 2016). Associations were also observed
with reported respiratory symptoms and respiratory infections
clinically significant enough (as judged by a primary care pro-
vider) to be treated with prescription medications (Farzan et al.,
2016). However, investigating effects of early life exposures on
morbidity in adulthood is challenging in human populations,
and no studies to date have examined effects of prenatal arse-
nic exposure in a U.S. population on immune function in
adulthood.

Previously, our group utilized a novel murine model to dem-
onstrate that exposure of adult mice to 100 ppb of arsenic in
drinking water resulted in dysregulated immune responses to a
respiratory virus infection (H1N1 IAV) with enhanced inflam-
mation and immunopathologic lung damage (Kozul et al.,
2009a). Ramsey et al. (2013a,b), examined the effects of continu-
ous prenatal with postnatal arsenic exposure in mice, and
reported evidence of enhanced inflammatory responses in ex-
posed animals infected with influenza A virus (IAV) at 1 week of
life. However, there are no studies examining the effects of ex-
clusive prenatal exposure of arsenic on the immune response to
IAV infection in adult mice, months after exposure to arsenic.
Thus, we conducted studies to test the hypothesis that prenatal
arsenic exposure results in long-term effects on the adult host
immune response to IAV infection, long after a finite exposure,
leading to greater pulmonary immunopathology. In this study,
mice that were exposed to 100 ppb sodium arsenite during ges-
tation, via maternal drinking water, were allowed to mature im-
munologically to adulthood without arsenic and were then
infected intranasally with a sublethal inoculum of IAV. We
demonstrate that arsenic exposure enhanced lung inflamma-
tion and immunopathologic lung damage, with impairment of
respiratory integrity in mice infected with IAV. We coupled our
phenotypic studies with single-cell RNA sequencing (scRNA-
seq) of immune cells early in the course of infection to obtain
high resolution information about impacts of arsenic on indi-
vidual cell types that presage the development of clinically sig-
nificant lung damage. With our scRNA-seq analysis of immune
cells in the lung, we demonstrate that the enhanced inflamma-
tory response is likely mediated by dysregulation of innate

immune function of monocyte-derived macrophages, neutro-
phils, alveolar macrophages (AM), and natural killer (NK) cells.
To our knowledge this is the first scRNA-seq study to examine
the effect of arsenic on IAV lung infection.

MATERIALS AND METHODS

Animal husbandry. All animal studies were conducted in accor-
dance with guidelines approved by the Association for
Assessment and Accreditation of Laboratory Animal Care using
a protocol approved by the Institutional Animal Care and Use
Committee (IACUC) at the Geisel School of Medicine at
Dartmouth. In addition, studies were in compliance with the
Guiding Principles in the Use of Animals in Toxicology. All ani-
mals were treated humanely and with regard for alleviation of
suffering. Six-week-old C57BL/6J mice (Jackson Laboratories, Bar
Harbor, Maine) were housed on Carefresh bedding
(International Absorbents, Inc, Ferndale, Washington) in auto-
claved cages and fed TEK-LAD AIN-76A diet (Envigo, Madison,
Wisconsin) ad libitum. Background total arsenic concentration in
the chow was < 20 ppb, only a small fraction of which is bio-
available inorganic species (Kozul et al., 2008). At the start of
each experiment, F0 mice were placed on this diet for 2 weeks.
Subsequently, mice were placed into breeding pairs and when
female mice showed cervical plug formation, those in the arse-
nic treatment group were given drinking water with 100 ppb so-
dium arsenite ad libitum. The concentration of arsenic in
drinking water was verified through ICP-MS, and arsenic was re-
moved from drinking water immediately after pups were born.
Thus, the F1 offspring were exposed to arsenic exclusively in
utero and for the entirety of gestation. Average litter size ob-
served for arsenic-exposed dams (13 dams: 6.42 6 0.63 [SD]
pups/litter) and -unexposed dams (12 dams: 6.95 6 0.76 [SD]
pups/litter) was not significantly different. F1 pups were ran-
domized during weaning at 3 weeks of age within respective ex-
posure and sex groups. F1 mice were allowed to mature to 7 and
8 weeks of age prior to experimental infection. Because studies
have shown that IAV infection may have sex-dependent effects,
the effects of prenatal arsenic exposure on host responses to
IAV infection were examined in both male and female mice
(Klein et al., 2012).

Influenza virus infection. Mice that were at least 7 and 8 weeks old,
and matched for body weight, were anesthetized with keta-
mine/xylazine and inoculated intranasally with 0.5 LD50 of in-
fluenza A/PR8/34 as previously described (DeBerge et al., 2013).
Morbidity was monitored over the course of infection by daily
measurement of weight loss. No animals required sacrifice at
this inoculum because of unacceptable morbidity (weight loss
>20%).

Lung sample collection. Bronchoalveolar lavage fluid (BALF) was
collected with an 18-gauge catheter inserted into the trachea af-
ter anesthesia. Lungs were lavaged in situ with 1 ml phosphate-
buffered saline (PBS). Remaining cells were collected with 4 se-
quential aliquots. BALF albumin concentration was assessed on
the first ml of fluid by ELISA (Bethyl Labs, Montgomery, Texas).
Cytospin preparations of BALF were stained for immune cell
enumeration using the Protocol Hema 3 stain set (Fisher,
Houston, Texas). The concentration of 32 immunoregulatory
cytokines (Eotaxin, G-CSF, GM-CSF, IFN-gamma, IL-10, IL-12
[p40], IL-12 [p70], IL-13, IL-15, IL-17, IL-1alpha, IL-1b, IL-2, IL-2,
IL-4, IL-5, IL-6, IL-7, IL-9, IP-10, KC, LIF, LIX, M-CSF, MCP-1, MIG,
MIP-1a, MIP-1b, MIP-2, RANTES, TNFa, VEGF) in BALF and
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whole-lung homogenate was measured by multiplex ELISA
(Millipore, Danvers, Massachusetts). IL-1b in lung homogenate
was validated with ELISA (BioLegend, San Diego, California).

Virus titers. Whole lungs from infected mice were snap frozen
and stored at �80�C. Influenza virus titers were determined as
TCID50 (50% tissue culture infective dose) of whole-lung homo-
genates on Madin-Darby canine kidney (MDCK) cells mono-
layers; 10x serial dilutions of lung whole-lung homogenates
were added in triplicate to MDCK cells in 96-well plates and in-
cubated at 37�C for 5 days. Points of limiting dilution were iden-
tified by chicken red blood cell hemagglutination (LaBarre and
Lowy, 2001).

Statistical analysis. For logistical reasons, infections were con-
ducted in batches on multiple days, always including arsenic
exposed and control groups. Albumin, BALF cell count, viral ti-
ter, and cytokine data were analyzed using linear models with
arsenic exposure and batch factors. Males and females were an-
alyzed separately because sex and batch factors were not inde-
pendent. Litter could not be accounted for in the statistical
analyses, as would have been preferred. However, each experi-
ment was composed of mice from multiple litters, and the num-
ber of mice and litters for all experiment are provided in
Supplementary Table 1. Details of the statistical analyses are
provided in the figure legends.

Whole-lung homogenate preparation for scRNA-seq. Lungs were per-
fused with PBS via the right ventricle, harvested, and mechani-
cally disassociated prior to straining through 70- and 30-mm
filters to obtain a single-cell suspension. Dead cells were re-
moved (annexin V EasySep kit, StemCell Technologies,
Vancouver, Canada), and samples were enriched for cells of he-
matopoietic origin by magnetic separation using anti-CD45-
conjugated microbeads (Miltenyi, Auburn, California). Single-
cell suspensions of 6 samples were loaded on a Chromium
Single Cell system (10X Genomics) to generate barcoded single-
cell gel beads in emulsion, and scRNA-seq libraries were pre-
pared using Single Cell 30 Version 2 chemistry. Libraries were
multiplexed and sequenced on 4 lanes of a Nextseq 500 se-
quencer (Illumina) with 3 sequencing runs. Demultiplexing and
barcode processing of raw sequencing data was conducted us-
ing Cell Ranger v. 3.0.1 (10X Genomics; Dartmouth Genomics
Shared Resource Core). Reads were aligned to mouse (GRCm38)
and IAV (A/PR8/34, genome build GCF_000865725.1) genomes to
generate unique molecular index (UMI) count matrices. Gene
expression data have been deposited in the NCBI GEO database
and are available at accession No. GSE142047.

Flow cytometry. We collected whole lungs perfused with PBS via
the right ventricle, and mechanically disassociated cells prior to
straining through 70- mm and 30-mm filters to obtain a single-
cell suspension. A780 CD45, APC CD11b, PerCP-Cy5.5 F4/80, PE
NK1.1, PerCP-Cy5.5 CD3, PE-Cy7 Klrg1, and APC CD107a antibod-
ies were purchased from BioLegend. FITC HA (hemagglutinin)
was purchased from Virostat (Westbrook, Maine). Samples were
run on Gallios 10 Color (Beckman Coulter, Indianapolis,
Indiana), and all data were analyzed with Kaluza Analysis 2.1
software (Beckman Coulter).

Preprocessing of scRNA-seq data. Count matrices produced using
Cell Ranger were analyzed in the R statistical working environ-
ment (version 3.6.1). Preliminary visualization and quality anal-
ysis were conducted using scran (v 1.14.3, Lun et al., 2016) and

Scater (v. 1.14.1, McCarthy et al., 2017) to identify thresholds for
cell quality and feature filtering. Sample matrices were
imported into Seurat (v. 3.1.1, Stuart et al., 2019) and the percent-
age of mitochondrial, hemoglobin, and influenza A viral tran-
scripts calculated per cell. Cells with < 1000 or >20 000 unique
molecular identifiers (UMIs: low quality and doublets), fewer
than 300 features (low quality), greater than 10% of reads
mapped to mitochondrial genes (dying) or greater than 1% of
reads mapped to hemoglobin genes (red blood cells) were fil-
tered from further analysis. Total cells per sample after filtering
ranged from 1895 to 2482, no significant difference in the num-
ber of cells was observed in arsenic versus control. Data were
then normalized using SCTransform (Hafemeister and Satija,
2019) and variable features identified for each sample.
Integration anchors between samples were identified using ca-
nonical correlation analysis and mutual nearest neighbors, as
implemented in Seurat V3 (Stuart et al., 2019) and used to inte-
grate samples into a shared space for further comparison. This
process enables identification of shared populations of cells be-
tween samples, even in the presence of technical or biological
differences, while also allowing for nonoverlapping populations
that are unique to individual samples.

Clustering and reference-based cell identity labeling of single immune
cells from IAV-infected lung with scRNA-seq. Principal components
were identified from the integrated dataset and were used for
Uniform Manifold Approximation and Projection (UMAP) visual-
ization of the data in 2D space. A shared nearest neighbor graph
was constructed using default parameters, and clusters identi-
fied using the SLM algorithm in Seurat at a range of resolutions
(0.2–2). The first 30 principal components were used to identify
22 cell clusters ranging in size from 25 to 2310 cells. Gene
markers for clusters were identified with the findMarkers func-
tion in scran. To label individual cells with cell type identities,
we used the singleR package (v. 3.1.1) to compare gene expres-
sion profiles of individual cells with expression data from cu-
rated, FACS-sorted leukocyte samples in the Immgen
compendium (Aran et al., 2019; Heng et al., 2008). We manually
updated the Immgen reference annotation with 263 sample
group labels for fine-grain analysis and 25 CD45þ cell type iden-
tities based on markers used to sort Immgen samples
(Guilliams et al., 2014). The reference annotation is provided in
Supplementary Table 2, cells that were not labeled confidently
after label pruning were assigned “Unknown.”

Viral transcript detection in single immune cells by scRNA-seq. For
each cell, reads that aligned to the influenza A genome seg-
ments (H1N1/PR8) were calculated both as a count and as a per-
centage of total reads from the cell. Infected cells were
classified as cells with >0.05% viral reads, which Steuerman
et al. (2018), proposed as a reasonable threshold for identifica-
tion of infected cells in mouse lung with single cell sequencing.
We then compared the percentage of infected cells per sample
between arsenic and control groups, at both the sample-wide
and cell-type-specific levels using linear models in R. We also
examined the percentage of cells in which viral transcripts were
detected (viral read count >0) and obtained similar results.

Differential abundance analysis of immune cell populations by scRNA-
seq. To assess the effect of prenatal arsenic exposure on the dis-
tribution of host cells within cell types or clusters, we tested for
differences in the proportion of cells in each cluster using EdgeR
as described by Amezquita et al. (2019). Briefly, tables of cell type
counts per sample across cell types were imported into EdgeR,
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the NB, and QL dispersions for each cluster were estimated, and
differences in abundance were identified with the glmQLFTest.
Differences in abundance with a false discovery rate (FDR)-cor-
rected p value < .05 were considered significant.

Differential gene expression by immune cells. Differential gene ex-
pression within individual cell types was performed by pooling
raw count data from cells of each cell type on a per-sample ba-
sis to create a pseudo-bulk count table for each cell type.
Differential expression (DE) analysis was only performed on cell
types that were sufficiently represented (> 10 cells) in each
sample. In droplet-based scRNA-seq, ambient RNA from lysed
cells is incorporated into droplets, and can result in spurious
identification of these genes in cell types where they are not ac-
tually expressed. We therefore used a method developed by
Young and Behjati (2018) to estimate the contribution of ambi-
ent RNA for each gene and identified genes in each cell type
that were estimated to be >25% ambient-derived. These genes
were excluded from analysis in a cell-type-specific manner.
Genes expressed in less than 5% of cells were also excluded
from analysis. DE analysis was then performed in Limma
(limma-voom with quality weights) following a standard proto-
col for bulk RNA-seq (Law et al., 2014). Significant genes were
identified using MA/QC criteria of p < .05, log2FC >1.

Analysis of arsenic effect on immune cell gene expression by scRNA-
seq. Sample-wide effects of arsenic on gene expression were
identified by pooling raw count data from all cells per sample to
create a count table for pseudo-bulk gene expression analysis.
Genes with less than 50 counts in any sample, or less than 150
total counts were excluded from analysis. DE analysis was per-
formed using limma-voom as described above.

Gene set analysis of immune cells by scRNA-seq. DE of biological
pathways in a sample-wide and cell-type-specific manner was
performed using the Camera function in limma using Hallmark
gene sets from the molecular signatures database (Liberzon
et al., 2015). Pathways with FDR < .1 were considered significant.
To compare pathway enrichment across cell types, we compiled
a list of all pathways significant in at least one cell type and
obtained FDR-corrected p values and direction of regulation in

all cell clusters. Visualizations of these data were created using
ggplot2 (v. 3.2.1).

RESULTS

Prenatal Arsenic Exposure and Predisposition to Lung Damage After
IAV Infection
Weight loss was measured over the course of infection, and we
observed no significant differences in weight loss in exposed
versus unexposed mice (of either sex) over the course of 7 days
post-IAV infection (Supplementary Figure 1). To assess the net
impact of prenatal arsenic exposure on the structural and func-
tional integrity of the infected lung, we measured the pathologi-

cal leak of a serum protein otherwise prevented by the intact
alveolar capillary membrane. Measurement of BALF albumin as
a marker of its disrupted barrier function is a well-characterized
indicator of lung damage (Dauber et al., 1985), from both direct
viral cytopathic effects and host immune-mediated epithelial
injury. We observed significantly greater BALF albumin concen-
trations on day 7 after IAV infection in arsenic-exposed versus -
unexposed F1 mice, from both males and females (Figure 1).

Impact of Prenatal Arsenic Exposure on Subsequent Respiratory
Virus Replication
The kinetics of antiviral host responses may have a significant
impact on lung damage in IAV infection, and previous work has
shown that chronic and ongoing arsenic exposure of IAV-
infected adult mice can result in impaired clearance of IAV
(Kozul et al., 2009a). To determine if prenatal arsenic exposure
predisposed adult mice to alterations in clearance after infec-
tion, we measured virus titers in whole-lung homogenates at
days 3 and 7 after IAV infection. Titers were similar at both time
points measured in exposed versus unexposed female mice, but
we observed a slightly lower titer in exposed males at day 7 af-
ter infection (Figure 2), suggesting that prenatal arsenic may
predispose to later alterations in virus clearance after subse-
quent infection.

Figure 1. Effect of prenatal arsenic on immunopathology from adult influenza A virus (IAV) infection. Albumin concentration was measured by ELISA on bronchoalveo-

lar lavage fluid (BALF) obtained from arsenic-exposed versus -unexposed mice at day 0 (n¼3) and day 7 IAV after infection (n¼10–13). Results from day 7 IAV infection

are from 2 independent experiments pooled. Data are presented as means 6 SD. Data were analyzed using linear models that accounted for arsenic exposure and

batch. *p < .05, ***p < .001.
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Host Inflammatory Responses
Previous studies have revealed that a significant component of
damage to the airways in IAV infection is immunopathologic,
ie, mediated by increased infiltration and effector activities of
antiviral immune cells (Duan and Thomas, 2016). Prenatal arse-
nic exposure predisposed to an increase in immune cell infiltra-
tion, evident in the day 7 BALF from both male and female IAV-
infected mice (Figure 3A). Although there was a small increase
in the number of BALF macrophages in arsenic-exposed versus
control-infected mice, the difference did not reach statistical
significance (Figure 3B). However, in utero arsenic exposure pre-
disposed to a significant increase in the neutrophil content of
day 7 BALF of both male and female IAV-infected mice
(Figure 3C).

Studies were also conducted to examine the effect of arsenic
exposure on a large panel of immunoregulatory cytokines in
lung homogenate and in BALF after IAV infection. As expected,
IAV infection elicited robust host immune responses by day 7 in
all animal infected (Supplementary Figure 2). Two important
mediators were notably impacted by prenatal arsenic, IL-1b,
and IL-10. Arsenic exposure significantly decreased the concen-
tration of the anti-inflammatory cytokine IL-10 in BALF from
both male and female mice (Figure 3D). Though arsenic expo-
sure resulted in higher concentrations of the canonical proin-
flammatory IL-1b at day 7 after IAV infection, only in female

homogenates did the differences reach statistical significance
(Figure 3E). Taken together, the data in Figures 1–3 suggest that
prenatal arsenic exposure predisposes to enhanced lung injury
by day 7 after IAV infection, likely due to increased cellular infil-
tration, as well as alterations in the proinflammatory/anti-
inflammatory cytokine milieu. Additional studies employing
scRNA-seq technology, described below, were conducted at an
earlier time point in infection to elucidate in greater detail the
effects of prenatal arsenic exposure on specific immune cells
and their function in subsequently infected adult mice.

scRNA-seq Analysis: Prenatal Arsenic Exposure Does Not Alter the
Detailed Immune Cell Landscape
To develop a detailed picture of the early immune cell popula-
tions in the lung after IAV infection, we performed a high-
resolution molecular analysis of infiltrating immune cells and
their individual transcriptomes on day 3 after infection. We
chose to focus our analysis on cells harvested from IAV-infected
females because the difference in magnitude of lung inflamma-
tion and injury specifically attributable to arsenic exposure was
greatest in the females. We hypothesized that the transcrip-
tional profiles analyzed on day 3 would begin to provide mecha-
nistic insights into the distinctive phenotypes we observed at a
later, clinically significant, time point (ie, day 7). A provocative
recent study of gene expression by lung infiltrating cells in IAV-

Figure 2. Effect of prenatal arsenic exposure on viral clearance from adult influenza A virus infection. TCID50 was assessed on Madin-Darby canine kidney cell cultures

inoculated with serial dilutions of lung homogenates harvested on day 3 (n¼ 5–6) and day 7 (n¼8–10) after infection. Results are from 2 independent experiments

pooled. Data are presented as means 6 SD. Data were analyzed using linear models that accounted for arsenic exposure and batch. *p < .05.
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Figure 3. Effect of prenatal arsenic on adult inflammatory immune cell recruitment in influenza A virus (IAV) infection. A, Total immune cells in bronchoalveolar la-

vage fluid (BALF) at day 7 IAV infection were counted after trypan blue exclusion (n¼ 12–13 mice). B and C, Discrete leukocyte populations were counted by morphology

on cytospin preparations (n¼8–12 mice). D and E, IL-1b and IL-10 expression from whole-lung homogenate at day 7 IAV infection from ELISA (n¼8–11 mice). Data are

presented as means 6 SD. IL-10 expression in BALF at day 7 IAV infection from multiplex. Females (n¼4–5). Males (n¼5–8, mice). Data were analyzed using linear mod-

els that accounted for arsenic exposure and batch. *p < .05, **p < .01, ***p < .001.
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infected female mice demonstrated the potential power of
single-cell transcriptional analysis in generating novel hypothe-
ses in the complex responses to virus infection (Steuerman
et al., 2018). However, no studies have used scRNA-seq to per-
form high resolution examination of the impact of arsenic expo-
sure on the observed dysregulation of host antiviral responses.
Infiltrating cells were isolated from dissociated whole lungs of
adult female mice, previously exposed to arsenic in utero, on day
3 after IAV infection. We obtained 1.21 6 0.26 � 106 viable
CD45þ cells from whole-lung homogenates and observed no
significant difference (p¼ .79) in the total number of cells recov-
ered from exposed versus unexposed mice. scRNA-seq provides
the opportunity to examine both the effects of arsenic on the
landscape of cell subtypes in the lung in a highly detailed man-
ner, as well as gene expression within individual cells, and cell
subtypes, that may not be evident in a bulk RNA-seq analysis.
These two lines of analysis, differential abundance (DA), and DE
are inseparable, as both depend on the resolution of cell type
classification. At the coarse end of the spectrum, as in a bulk
RNA-seq analysis, differences in gene expression may reflect
differences in subpopulation structure. We began with a coarse-
grained DA analysis of major cell types detected by scRNA-seq,
and then examined cell populations at progressively detailed
levels of resolution to identify key biological processes altered
by prenatal arsenic exposure.

We first integrated scRNA-seq data from all samples and
used independent methods to identify cell clusters (ie, cells
with similar gene expression profiles) and cell type and subtype
identities (utilizing a reference compendium) for analysis of DA
of immune cell subtypes in the IAV-infected lung. Our cluster-
ing approach identified 22 cell clusters, which we visualized in
2D space using a UMAP (Figure 4A). We examined differentially
expressed genes in each cluster, compared with all other cell
clusters, and found that many highly expressed genes represent
canonical cell type markers. Visualization of top marker gene
expression confirmed that cells were clustering by cell type,
rather than by sample or treatment group (Figure 4B). We addi-
tionally visualized clustering of cells from individual samples in
2D space and observed notable consistency across 6 samples
(Supplementary Figure 3). This observation indicates that pre-
natal arsenic exposure did not predispose to gross changes in
immune cell populations on day 3 after IAV infection. In our
parallel cell labeling approach, 98% of cells (12 989 cells) were
mapped to 1 of 263 sample groups in the Immgen compendium.
Cells assigned to CD45� populations accounted for 0.2% of cells
in the dataset, confirming that the CD45þ immune cell isolation
protocol was specific for cells of hematopoietic origin
(Figure 4C). The UMAP visualization of all recovered cells
allowed clear separation of B, T, NK, dendritic cell (DC), neutro-
phil, Siglec-Fþ macrophage, and monocyte-derived cell popula-
tions (Figure 4C). To further validate the reference-based cell
type labeling approach, we identified marker genes expressed
in each cell type at significantly higher levels than 90% of other
cell types. This confirmed, eg, that Bank1 (B Cell Scaffold Protein
with Ankyrin Repeats 1) was highly expressed exclusively in cells
labeled as B cells, and Foxp3 (Forkhead box 3) was expressed only
in cells labeled as regulatory T cells (Figure 4D). Cells labeled as
Siglec-Fþmacrophages (resident AMs) uniquely expressed mul-
tiple canonical AM markers, but the most highly significant
gene marker was Chil3 (Figure 4D). Taken together, the data pre-
sented in Figure 4 demonstrate that our scRNA-seq protocol
permitted clear identification of the major immune cell popula-
tions and subtypes at day 3 post-IAV infection, and that prena-
tal arsenic exposure did not result in elimination of a specific

immune cell subtype or recruitment of a unique subtype to the
lungs after IAV infection. Furthermore, enumeration of the DA
of immune cell types and their subpopulations revealed that
the only population that was significantly more abundant in
arsenic-exposed mice at this early time point was Siglec-Fþ
(resident alveolar) macrophages (3.2-fold increase, Figure 4E).
This finding was validated with flow cytometric quantitation of
cells harvested from lungs of IAV-infected F1 mice, and similar
increases in the proportion of AMs were observed in arsenic ex-
posed infected F1 female mice compared with unexposed
(Figure 4F).

Prenatal Arsenic Exposure Results in Cell-type-specific Differential
Gene Expression After IAV Infection
We hypothesized that differences in transcriptional activity of
specific cell types at the day 3 early time point could provide in-
sight into drivers of later lung pathology. We first focused on
mononuclear phagocyte system (MPS) cells and granulocytes,
which are critical to the early response to IAV infection. Though
these populations were clearly distinct from lymphocyte line-
age cells in our initial clustering analysis (Figure 4), the bound-
aries between the various monocyte-derived cell populations
were more difficult to distinguish. To more clearly define cell
groups within these heterogeneous populations, we created an
MPS and granulocyte subset of the scRNA-seq dataset and
reclustered the cells to identify distinct subpopulations
(Figure 5A). Clusters were labeled based on the reference-based
identity of the majority of cells, as well as top cluster-specific
marker genes (Figure 5B). Cell populations with sufficient num-
bers for DE analysis (at least 10 cells per sample) were resident
AMs, neutrophils, DCs, CD64þ inflammatory monocyte/macro-
phages (MDM_CD64þ), nonclassical monocytes (Mono_ly6c�),
and blood monocytes (Mono_Ccr2þ). We identified significantly
differentially expressed genes (p < .05, log2FC >1) within each
cell type (Log2Fold Change, nominal p values, and FDR-
corrected p values for all genes detected in these cell types are
available in Supplementary Tables 3–5, respectively). Resident
AMs had the largest number of genes that met these signifi-
cance criteria (208), whereas monocyte-derived macrophages
had the smallest number of DE genes (10). We compiled a list of
all genes that showed significant DE and examined the arsenic
effect on expression of these genes in each cell type (Figure 5C,
genes with p < .001). For the majority of these genes, the effect
of previous arsenic exposure was cell-type specific. To explore
whether cell-type specificity of arsenic effects generalized be-
yond the genes that reached high statistical significance, we ex-
amined transcriptional differences at the pathway level using
gene set enrichment analysis. Significant pathway enrichment
(FDR < .05) was detected only in CD64þ MDMs, neutrophils and
resident AMs, and the impact of prenatal arsenic on the profiles
of these cell types differed considerably (Figure 5D). AMs from
arsenic-exposed mice had significant upregulation of TNFa sig-
naling (via NFjB), IL-6-JAK-Stat3 signaling, and cholesterol ho-
meostasis gene sets. Neutrophils had significant upregulation
of genes in the JAK-Stat5 signaling pathway, as well as the NFjB
and JAK-Stat3 response pathways (Figure 5D). At the same time,
monocyte-derived macrophages from arsenic-exposed mice
showed significantly decreased type I interferon responses,
whereas oxidative phosphorylation pathway genes were signifi-
cantly upregulated in these cells.

We used the same approach to identify cell-type-specific
effects of arsenic exposure on lymphoid lineage cells. Cell clus-
ters were labeled based on the reference-based identity of the
majority of cells, as well as top cluster-specific marker genes.
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Figure 4. Identification of leukocyte populations in mouse lung with single-cell RNA sequencing. Cell capture in droplets, library preparation, sequencing, and QA/QC

of cells resulted in RNA expression data from 2207 6 255 cells per sample. All cells from all 6 samples were normalized and integrated in Seurat, and clusters identified

using the shared nearest neighbor method on the first 30 principal components. A, Uniform Manifold Approximation and Projection (UMAP) projection of cells from all

samples colored by cluster. All 22 clusters are represented in each sample. B, UMAP projection of cells from all samples colored by cell type identity label from derived

from singleR reference-based annotation score (Spearman’s rank correlation). The 258 cells that did not meet singleR score cutoffs were assigned “Unknown.” Cells

assigned with CD45� cell types are labeled as “Other.” C, Expression of select canonical cell type markers is displayed on UMAP projections of all cells in the experi-

ment. Cd3e, T cells; Cd79b, B cells; Gzma, natural killer cells; Fcgr1(Cd64), monocyte-derived cells; Retnlg, neutrophils; Ear1, alveolar macrophages, eosinophils. D, Dot

plot representing the expression of top gene markers (identified with scran findMarkers function) across all cell type identities. Red represents high mean expression
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Figure 5. Cell-type-specific effects of arsenic in granulocyte and mononuclear phagocyte system (MPS) cells. A subset of the dataset containing MPS cells and granulocytes

was reclustered in Seurat to identify distinct clusters for gene expression analysis. A, Uniform Manifold Approximation and Projection (UMAP) projection of MPS cells and

granulocytes from all samples colored by cluster. DC, dendritic cell; MDM_CD64þ, monocyte-derived macrophage; Mono_Ccr2þ, monocyte; Mono_ly6cþ, nonclassical

monocyte; pDC, plasmacytoid dendritic cell. B, Dot plot of top gene markers (identified with scran findMarkers function) expression across all cell type identities. Red rep-

resents high mean expression level compared with other cell types; blue represents low expression. Size of dot represents the percent of cells within the cell type express-

ing the gene. C, Expression of top significantly differentially expressed genes (p< .005, logFC>2 in at least one cell type) across all cell clusters. Red, increased expression;

blue, decreased expression. Yellow, no expression change with arsenic. White, below detection * significantly differentially expressed p< .05. D, Comparison of gene set

enrichment across cell types. Color of dots represents overall direction of regulation, red ¼ up, blue ¼ down, and size of dot represents the number of genes on the path-

way in each cell type. Dots are shaded by p value, darker color¼ smaller p value. Significant enrichment (FDR < .1) is represented by black circles.

Figure 4. Continued

level compared with other cell types; blue represents low expression. Size of dot represents the percent of cells within the cell type expressing the gene. E, Comparison

of the percent of cells within each cell type in arsenic-exposed versus control mice. Bars represent means 6 SD, N¼3 samples per group. Statistical analysis was con-

ducted in EdgeR, *FDR < .1. F, Flow cytometry of alveolar macrophages from lung of day 3 IAV-infected mice. Data were analyzed using linear models that accounted

for arsenic exposure and batch (Female n¼9–10; Male n¼7–8) *p < .05.
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Figure 6. Cell-type-specific effects of arsenic in lymphoid cells. A, Distinct subclusters were defined for differential gene expression analysis. B, B cell; NK, natural killer

cell; T_CD8þ activated, CD8þ effector and memory T cells; T_CD4þ activated, regulatory T cells, CD4þ memory T cells, and effector T cells; T_CD4nve, naı̈ve CD4þ T

cells; T_CD8nve, naı̈ve CD8þ T cells; T_CD8; Other CD8þ T cells. B, Dot plot of top gene markers (identified with scran findMarkers function) expression across all cell

type identities. Blue represents high mean expression level compared with other cell types; blue represents low expression. Size of dot represents the percent of cells

within the cell type expressing the gene. C, Expression of top significantly differentially expressed genes (p< .005, logFC>2 in at least one cell type) across all cell clus-

ters. Red, increased expression; blue, decreased expression. Yellow, no expression change with arsenic. White, below detection * significantly differentially expressed

p< .05. D, Comparison of gene set enrichment across cell types. Color of dots represents overall direction of regulation, red ¼ up, blue ¼ down, and size of dot
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NK, B, naı̈ve CD4þ, and naı̈ve CD8þ cells localized to distinct
clusters with sufficient cells for DE analysis (Figure 6). Other T
cells localized to 2 clusters that were comprised predominantly
of activated CD4þ and activated CD8þ cells, but also contained
gamma delta T cells and NK T cells, reflecting the heterogeneity
of this cell population. We found that gene expression was af-
fected by arsenic in NK cells and activated T-cell populations to
a greater extent than in naı̈ve B and T cells (Figure 6 and
Supplementary Tables 6–8). Two genes, Hsph1 and Erd1, were
downregulated in all lymphocyte populations, whereas the ma-
jority of significant genes were cell-type specific (Figure 6C).
Arsenic-exposed mice had significantly higher expression of
genes related to NK cell maturation and effector function in-
cluding Zeb2 (1.5-fold), Klrg1 (1.5-fold), and Tbx21 (1.3-fold)
(Supplementary Table 6). Examination of differential gene ex-
pression at the pathway level revealed significant downregula-
tion of interferon-dependent gene sets in NK and activated T
cells (Figure 6D). There was a trend of decreased type I and II in-
terferon signaling in most other lymphoid populations, but
effects were not significant (FDR < .1).

Because NK cells have been suggested to play a significant
negative role in IAV prognosis (Abdul-Careem et al., 2012), and
our scRNA seq gene expression data suggested enhanced acti-
vation and effector potential, we analyzed cell surface expres-
sion of CD107a, a preformed protein found in cytotoxic granules
(along with perforin and granzymes), which is a sensitive
marker of recent granule exocytosis when detected on the cell
surface (Alter et al., 2004). Functional confirmation of NK cell ac-
tivity suggested that arsenic-exposed female mice had a strong
trend to exhibit greater cytolytic activity, potentially participat-
ing in further lung epithelial injury (Figure 6E). Together, our
cell-type-specific DE analysis revealed, for the first time, that
prenatal arsenic exposure had significant, and cell-type specific,
effects on gene expression particularly in AMs, CD64þ
monocyte-derived cells, neutrophils, and NK cells at 3 days
post-IAV infection.

IAV Infection Rate of Infiltrating Host Cells Is Not Altered in Mice
Exposed to Arsenic
Though the bulk of IAV infection and replication occurs in respi-
ratory epithelial cells, it has become increasingly evident that
nearly all cells are susceptible to IAV infection (Hufford et al.,
2012; Manicassamy et al., 2010). The quantitative contribution of
nonepithelial replication to total viral load as well as the impact
of infection on immune cell transcriptional activity and func-
tional consequences are poorly understood. Steuerman et al.
(2018) characterized transcriptomic profiles of uninfected ver-
sus infected cells in the mouse lung and identified a large signa-
ture gene expression response to infection that was conserved
across all cell types. They additionally used detection of viral
transcripts in individual cells as a proxy for infection, and iden-
tified cell-type-specific infection rates, as well as transcriptional
responses to intracellular infection versus exposure to the in-
fectious/inflammatory lung environment (Steuerman et al.,
2018). Using a similar approach with our scRNA-seq dataset, we
examined infection rates in infiltrating cells and associated
transcriptional responses to investigate whether differential
rates of infection could account for the effects we observed of

previous arsenic exposure on gene expression. Though we ob-
served cell-type-specific infection rates similar to Steuerman
et al. (low rates of infection in T cells, relatively high rates of in-
fection in AMs), we observed no significant differences in the to-
tal number of IAV-infected cells, or the cell-type-specific viral
transcript levels, in arsenic exposed versus control mice. These
results were validated with detection of a key influenza protein
(IAV hemagglutinin) by flow cytometry performed on multiple
cell types (Supplementary Figure 4).

Cell-type-specific Effects of Prenatal Arsenic Exposure Are Masked in
Composite Immune Cell Gene Expression Data
Our scRNA-seq results revealed significant changes in gene ex-
pression within individual cell types at 3 days postinfection
(dpi), and a significant change in abundance of AMs. To investi-
gate the combined effects of cell-type-specific DE and DA of cell
populations in immune cells in the lung, we pooled all cells per
sample to create a pseudo-bulk RNA-seq dataset and compared
the differentially expressed genes identified in this whole-lung
dataset with our cell-type-specific findings. Only 2 genes, Fabp1
and Mrc1, were differentially expressed with an FDR-corrected p
value < .05. Using MA/QC criteria of a nominal p value < .05 and
log2FC> 1, we identified 28 significantly differentially expressed
genes (Figs. 7A and 7B, Supplementary Table 9). Upon examin-
ing the expression patterns of the most significantly upregu-
lated genes in the bulk analysis, we found that the majority
were highly expressed in the AM population (eg, Mrc1,
Figure 7C). It is important to note that no effect of arsenic was
observed on these genes when arsenic versus unexposed AMs
were compared in the cell-type-specific analysis (Figure 5C and
Supplementary Tables 3–5). This suggests that in a bulk tissue
analysis a significant difference in abundance of even a small
cell population can have a large impact on the overall gene ex-
pression profile. In contrast to the upregulated genes, many sig-
nificantly downregulated genes were evident in all cell types
(eg, Hsph1, Hspa1a, Hspa1b) and exhibited small but consistent
decreases in expression. We observed DE of several immunolog-
ically important genes, such as IFNc, which had expression lim-
ited to a few cell types and decreased in the pseudo-bulk
analysis as well as in the cell-type-specific analysis. Notably ab-
sent from the significantly differentially expressed gene lists at
3 dpi were IL-1b and IL-10, which we previously showed changed
at the protein level at 7 dpi. We found that IL-1b was expressed
at high levels in neutrophils (Figure 7C) and more moderate lev-
els in monocyte-derived cells and macrophages but did not
change significantly in individual populations or the pseudo-
bulk analysis. Gene expression levels of IL-10 were too low to al-
low for single cell analysis.

We examined transcriptional differences in the pseudo-bulk
dataset at the pathway level using gene set enrichment analy-
sis, and found that inflammation-related (TNFa signaling via
NFjB, Il-6-JAK-STAT3 signaling), metabolic (cholesterol homeo-
stasis and adipogenesis) and xenobiotic metabolism gene sets
were significantly upregulated in cells from mice exposed to
prenatal arsenic, compared with controls (Table 1). Several gene
sets related to cell cycle control and carcinogenesis (MYC tar-
gets, G2M checkpoint) were downregulated in cells from
arsenic-exposed mice. Overall, we found substantial overlap in

Figure 6. Continued

represents the number of genes on the pathway in each cell type. Dots are shaded by p value, darker color ¼ smaller p value. Significant enrichment (FDR < .1) is repre-

sented by black circles. E, Flow cytometry of NK cells from lung of day 3 IAV-infected mice (Female n¼6; Male n¼7–8). Data were analyzed using linear models that

accounted for arsenic exposure and batch.
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pathways identified in the pseudo-bulk RNA-seq analysis and
scRNA-seq analysis, and this was particularly the case for path-
ways affected by arsenic in AM and neutrophil populations.
However, the pseudo-bulk analysis failed to identify pathways
specifically altered in CD64þ MDMs and NK cells, of particular
note is that decreased interferon alpha (IFNa) signaling was
masked in the bulk analysis.

Together, our scRNA-seq analysis of immune cells in the
lung produced several novel observations regarding the effect of
prenatal arsenic exposure on the response of lung immune cells
at day 3 of IAV infection. First, we did not identify any

subpopulations of cells unique to either the arsenic group or the
control group. Second, mice exposed to prenatal arsenic had
significantly more AMs (Siglec-Fþ macrophages), but not
monocyte-derived macrophages, in the lungs at day 3 than
vehicle-treated animals. This observation highlights the power
of the scRNA-seq approach to provide detailed information
about cell type abundance, which not only provided new pheno-
typic information, but was critical to our further investigation of
how prenatal arsenic exposure affected gene expression.
Finally, cell-type-specific gene expression analysis provided in-
sight into early (3 days) changes in cell type activity that may

Figure 7. Overall effect of exclusively prenatal arsenic exposure on leukocyte gene expression in the lung at 3 days postinfection. A, Volcano plot comparing signifi-

cance (�log p value) versus log2 fold change of arsenic effect for all genes. All cells from each sample were pooled to create pseudo-bulk RNA-seq samples and analyzed

in EdgeR, N¼3 per treatment group. B, Expression of significant genes (p < .05, log2FC> 1) in each sample is displayed in the heatmap, with expression values normal-

ized to the mean per row. Red, increased expression; blue, decreased expression. C, Violin plots comparing expression of 3 genes of interest in arsenic versus control

samples across cell types. Width of peaks represents percent of cells within each type at a given expression level.
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explain the pathology observed later in infection by revealing a
deficiency in type I interferon signaling in CD64þ monocytes,
enhanced cytolytic transcriptional profile of NK cells, and an
upregulation of several proinflammatory pathways (eg, NFkB,
and IL-6-JAK-STAT-mediated signaling cascades) in AM and
neutrophil populations.

DISCUSSION

In this study, we demonstrate for the first time the long-term
impact of exclusive prenatal arsenic exposure on the antiviral
immune responses in adult mice, after maturation, and well af-
ter the toxicant and its metabolites have cleared to the point of
undetectability (Hughes et al., 2003; Twaddle et al., 2018). We
demonstrate that arsenic exposure enhanced capillary leak, in-
dicating significant lung damage, and show that increased dam-
age was accompanied by an increase in inflammatory immune
cell infiltrates in BALF, an increase in the proinflammatory cyto-
kine IL-1b, and a reduction in the anti-inflammatory cytokine
IL-10 (Dinarello, 1997; Rojas et al., 2017). In a detailed examina-
tion of lung immune cells using scRNA-seq, we identified in-
creased expression of pathways in arsenic-exposed mice that
drive inflammation early in infection. We further leveraged cell-
type-specific gene expression analysis to identify AMs, neutro-
phils, CD64þ MDMs, and NK cells as cells that mediate lung
damage in mice exposed to arsenic exclusively in utero.

Previous studies have shown impaired viral clearance and
dysregulated immune responses after IAV infection in chronic
arsenic exposure in mature animals (Kozul et al., 2009a,b), as
well as in neonates infected with IAV (Ramsey et al., 2013b).
Although these studies assessed the impact of arsenic exposure
extending throughout the course of the infection, our study
demonstrated effects of exclusively prenatal arsenic exposure 7
and 8 weeks after birth, long after arsenic was cleared from the
body. In contrast to the study by Kozul et al. (2009a), we ob-
served no difference in weight loss over the course of infection
or viral titer in mice exposed to arsenic exclusively in utero, de-
spite observing a similarly enhanced inflammatory response. A
potential cause of this difference may be the dose of IAV that

was used. For this study, we optimized a sublethal LD50 dose
that would cause significant observable injury by 7 dpi (prior to
unacceptable morbidity or mortality). This inoculum caused
mice to lose a maximum of 20% weight by day 7 IAV infection.
Because of this weight loss, we were unable to assess immune
responses later in IAV infection. As shown in previous work, a
consequence of such a high dose of IAV is that the kinetics of
clearance are delayed compared with a lower dose (Vogel et al.,
2014).

An additional potential reason for differences between our
results and previous work is the consideration of sex as a factor.
Results from a previous study investigating prenatal arsenic ex-
posure and IAV infection in neonates pooled data from females
and males (Ramsey et al., 2013b). Kozul et al. (2009a) only
assessed adult male mice exposed to chronic arsenic exposure
and acute IAV infection. In this study, we evaluated males and
females separately and observed a significant increase in IL-1b

expression in females exposed to arsenic, whereas no signifi-
cant increase in IL-1b was observed in males (Figure 3D). Future
studies investigating prenatal arsenic exposure impact on host
responses to IAV infection should account for sex-dependent
effects.

The increase in inflammation and injury in our study is con-
sistent with previous epidemiological observations of increased
morbidity and mortality from lung disease in humans exposed
to arsenic-contaminated water during early life (Smith et al.,
2006). These phenotypic findings are consistent with research
demonstrating epigenetic effects of arsenic exposure, including
changes in DNA methylation, in human populations (Bailey and
Fry, 2014; Winterbottom et al., 2019). Although additional re-
search, beyond the scope of this study, will be required to eluci-
date how prenatal arsenic exposure selectively regulates
immune gene expression 7 and 8 weeks after cessation of expo-
sure, our scRNA-seq analysis of cellular and molecular events
early in infection highlights affected cell populations that
should be targets of further mechanistic investigation.

Our scRNA-seq transcriptional analysis of immune cells
identified signals consistent with our studies on immune cells
and cytokines in BALF, and identified MDM’s, neutrophils, AMs,

Table 1. Overall Arsenic Effect on Pathway-level Gene Expression

Hallmark Gene Set No. of Genes in Dataset Direction FDR

E2F_TARGETS 140 Down 5.31E�05
CHOLESTEROL_HOMEOSTASIS 54 Up 0.000326084
MYC_TARGETS_V1 193 Down 0.008222994
IL6_JAK_STAT3_SIGNALING 71 Up 0.009576791
XENOBIOTIC_METABOLISM 111 Up 0.009576791
TNFA_SIGNALING_VIA_NFKB 168 Up 0.009576791
COAGULATION 63 Up 0.013944503
ADIPOGENESIS 147 Up 0.014601948
ANGIOGENESIS 18 Up 0.025714191
HYPOXIA 124 Up 0.029940812
SPERMATOGENESIS 43 Down 0.037158419
BILE_ACID_METABOLISM 46 Up 0.037158419
MYC_TARGETS_V2 52 Down 0.037158419
G2M_CHECKPOINT 133 Down 0.037158419
EPITHELIAL_MESENCHYMAL_TRANSITION 66 Up 0.037927805
MYOGENESIS 64 Up 0.041120419
PROTEIN_SECRETION 84 Up 0.050861297

Hallmark gene sets that were differentially expressed (FDR-corrected p < .1) are listed, along with the number of genes on the pathway in the dataset, the overall direc-

tion of regulation, and the FDR-corrected p value.

Abbreviation: FDR, false discovery rate.
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and possibly NK cells as likely drivers of enhanced inflamma-
tion leading to lung damage in arsenic-exposed animals. At
7 dpi, we observed an increase in IL-1b protein which has been
linked to increased lung injury (Dinarello, 1997; Ganter et al.,
2008). We found that signaling pathways, including IL-6-JAK-
Stat and NFjB, which ultimately participate in regulating pro-
IL-1b transcription, were upregulated specifically in AMs and
neutrophils. IFNa production is a crucial early immune response
to IAV infection and has well-described anti-inflammatory
properties. Ablation of IFNa signaling in mice leads to severe in-
flammation and morbidity after IAV infection, without altera-
tions in virus titer (Arimori et al., 2013), and IFNa signaling plays
a key role in limiting inflammation by restricting IL-1b and pro-
moting IL-10 signaling (Arimori et al., 2013; Guarda et al., 2011).
Our scRNA-seq analysis identified a significant decrease in IFNa

response signaling in CD64þMDMs, as well as multiple lympho-
cyte populations at day 3 postinfection. Whether the deficiency
in IFNa response of CD64þ MDMs is the result of alterations of
gene regulation in the monocytes themselves or is a response to
secondary paracrine loops upon recruitment into the lung is
uncertain.

In addition to observing significant changes to type I inter-
feron response pathways and enhanced inflammatory path-
ways in certain leukocytes at day 3 IAV infection, we also found
changes in gene expression that further contribute to inflam-
mation and adverse health outcomes. We observed that prena-
tal arsenic exposure increased Fabp4 expression in
macrophages. Previous work has shown that Fabp4 expression
is important in proper expression of CXCL1 and proper recruit-
ment of neutrophils (Liang et al., 2019). We also observed signifi-
cant changes to heat shock protein expression (Hsph1, Hspa1a,
Hspa1b, and Dnaja1) in leukocytes. It has been shown in previ-
ous studies that arsenic exposure leads to abnormal expression
of various heat shock proteins across different tissues contrib-
uting to a variety of diseases (Han et al., 2005; Ngalame et al.,
2013). Future work should further elucidate how changes in the
expression of these candidate genes contribute to greater in-
flammation and injury in this model.

We also observed changes in NK cell effector function. We
observed trends in greater CD107aþ NK cells from female mice
exposed to prenatal arsenic. CD107a is a surface marker indica-
tive of degranulation from CD8þ T cells and NK cells. Depletion
of NK cells lead to greater survival in mice administered lethal
doses of IAV, and that adoptive transfer of NK cells exposed to
IAV into an IAV-infected mouse leads to greater mortality (Zhou
et al., 2013). Our results suggest that prenatal arsenic exposure
may increase cytotoxicity from the NK cell compartment, and
this may be a contributing factor to the enhanced immunopa-
thology. Analysis of NK-specific gene expression changes in fe-
male mice identified significant upregulation of Zeb2, Klrg1, and
Tbx21 that may be promoting this effect. Zeb2 is heavily in-
volved in NK cell differentiation and promoting proper effector
function (van Helden et al., 2015). Klrg1 is considered an inhibi-
tory mechanism for NK effector function, however it is also con-
sidered a maturation marker for NK cells (Huntington et al.,
2007). We performed flow cytometry to assess the number of
Klrg1hi NK cells and saw no significant differences. Lastly, we
observed a significant increase in expression of Tbx21, which
encodes the transcription factor T-bet. T-bet plays an important
role in NK cell cytotoxicity in the development of cytotoxic mol-
ecule like perforin and granzyme B (Simonetta et al., 2016).

Although scRNA-seq enables high-resolution gene expres-
sion analysis that promises to increase precision of toxicological
investigations (Zhang et al., 2019), limitations of this approach

should also be considered in the interpretation of our results.
The platform we used to generate single-cell sequencing librar-
ies in droplets (10X Genomics Chromium system) requires live
cells in a single-cell suspension, and cell-type selection bias
occurs during both sample preparation (a result of tissue disrup-
tion, digestion) and the cell capture step (a result of cell charac-
teristics such as size and RNA quantity). Cell type enrichment is
often required to obtain sufficient numbers of low abundant
populations of interest and must also be considered in the inter-
pretation of results. To obtain sufficient numbers of cell types
hypothesized to be mediating the phenotype observed in this
study, we specifically targeted the scRNA-seq analysis to cells
of hematopoietic origin. Future studies, however, should also
examine effects of prenatal arsenic exposure on nonhemato-
poietic cell types. For example, the majority of IAV infection and
replication occurs in respiratory epithelial cells, which we and
others have shown to be affected by low dose arsenic exposure
(Goodale et al., 2017; Manicassamy et al., 2010). The low propor-
tion of neutrophils observed in both our scRNA-seq dataset and
the Steuerman et al. dataset (Steuerman et al., 2018) suggests
that neutrophils are prone to under-sampling in scRNA-seq,
likely because they are fragile and removed during the dead cell
removal process (Glasser and Fiederlein, 1990). Cell isolation
method is important to consider when examining relative pro-
portions of cell types. Meanwhile, methods such as single-
nucleus RNA sequencing, which is compatible with freezing
(Wu et al., 2019), and spatial transcriptomics, which enables
high-resolution RNA capture from intact tissue (Burgess, 2019),
hold promise for sequencing difficult-to-obtain cell types and
maintaining the spatial information of cells within tissues in fu-
ture studies. We additionally focused our scRNA-seq study on
females, which had a more robust phenotype. Specific interro-
gation of sex differences in the effects of prenatal arsenic expo-
sure will be an interesting direction for future studies,
particularly in light of a recent study that reported sexual di-
morphism in transcriptional programs of macrophages (Gal-Oz
et al., 2019). Various feasibility limitations of single-cell se-
quencing technology (Bacher and Kendziorski, 2016) have likely
resulted in the relatively small sample sizes employed in
scRNA-seq studies to date. We believe that biological replication
was a strength of this study, and indeed critical to the investiga-
tion of arsenic effects on DA and gene expression. Advances in
single-cell sequencing technology will hopefully allow future
studies to increase biological replication and power to detect
more subtle effects, as well as investigate additional experimen-
tal factors such as sex and time point during the course of
infection.

Together, our scRNA-seq analysis suggests that prenatal ar-
senic exposure may predispose to enhanced IL-1b and sup-
pressed IL-10 signaling via both direct regulation in
macrophages and neutrophils, and via early suppression of
IFNa signaling. In addition, our analysis suggests that enhanced
cytolytic activity from NK cells may contribute to greater ob-
served immunopathology in our model. These data demon-
strate the power of single cell sequencing by revealing major
tissue levels effects of toxicant exposure, as well as heteroge-
neous responses within individual cells and cell populations
that ultimately lead to aberrant inflammation and lung damage
after respiratory virus infection.

In recent studies of children of the New Hampshire Birth
Cohort, Farzan et al. reported increased respiratory infection in
children, correlated with maternal urinary arsenic levels during
pregnancy. We speculate that this finding may actually reflect
the impact of enhanced inflammatory responses in childhood
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respiratory infection, which lead to the clinical manifestations
and recognition of infection (rather than infection rate per se).
Based on our studies in a mouse model presented here, we hy-
pothesize that this predisposition in children to the more evi-
dent clinical manifestations of respiratory infections may
result, at least in part, from long-term effects of prenatal arsenic
exposure. Importantly, our data show for the first time a direct
link between exclusive prenatal arsenic exposure and the pre-
disposition to aberrant immune responses to respiratory virus
infection, and persistence of this effect long after cessation of
exposure.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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