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ABSTRACT

Upon returning from deployment to Afghanistan, a substantial number of U.S. military personnel report deployment-
related lung disease (DRLD) symptoms, including those consistent with an asthma-like airways disease. DRLD is thought to
be caused by prolonged inhalation of toxic desert particulate matter, which can persist in the postdeployment setting such
as exposure to common household allergens. The goal of this study was to define the transcriptomic responses of lung
leukocytes of mice exposed to Afghanistan desert particulate matter (APM) and house dust mite (HDM). C57BL/6 mice
(n¼15/group) were exposed to filtered air or aerosolized APM for 12 days, followed by intranasal PBS or HDM allergen
challenges for 24 h. Bronchoalveolar lavage (BAL) cells were collected for single-cell RNA sequencing (scRNAseq), and
assessment of inflammation and airway hyper-responsiveness. Unsupervised clustering of BAL cell scRNAseq data revealed
a unique monocyte population induced only by both APM and allergen treatments. This population of monocytes is
characterized by the expression of genes involved in allergic asthma, including Alox15. We validated Alox15 expression in
monocytes via immunostaining of lung tissue. APM pre-exposure, followed by the HDM challenge, led to significantly
increased total respiratory system resistance compared with filtered air controls. Using this mouse model to mimic DRLD,
we demonstrated that inhalation of airborne PM during deployment may prime airways to be more responsive to allergen
exposure after returning home, which may be linked to dysregulated immune responses such as induction of a unique lung
monocyte population.

Key words: particulate matter; allergic asthma; ALOX15; single-cell RNA sequencing.

Nearly 3 million U.S. military personnel have been deployed to
Afghanistan and Iraq since the start of post-September 11, 2001
combat operations. Most had no pre-existing lung disorders, but

estimates suggest that up to14% of the postdeployment military
population report symptoms consistent with a deployment-
related lung disease (DRLD) (Szema et al., 2010). These new-
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onset respiratory symptoms include exercise-induced shortness
of breath, coughing, wheezing, and/or chest tightness (Krefft
et al., 2020; Szema et al., 2014, 2017). The development of chronic
lung diseases such as asthma and bronchiolitis has also been
reported (Zell-Baran et al., 2018).

We propose that a major contributing factor to the develop-
ment of DRLD is repeated, prolonged inhalation of toxic desert
particulate matter (PM), which includes both airborne and sand/
dust components. Previously, PM exposures from a number of
outdoor pollutant sources have been linked to asthma exacer-
bations and asthma-like symptoms (Orellano et al., 2017; Son
et al., 2013). The composition of PM varies by region, and
Afghanistan PM (APM) has been reported to be composed of
sand, silt, and clay, along with other metals and toxins
(Engelbrecht et al., 2009). Byproducts of war may also settle in
the dust, including diesel exhaust particles, burn pit debris, and
debris from improvised explosive device blasts (Szema et al.,
2017; Zell-Baran et al., 2018). These complex PM mixtures are
aerosolized in the frequent dust storms that plague the area
(Szema et al., 2010, 2011). Air quality in deserts of Southwest
Asia, including Afghanistan, often exceeds the 15 mg/m3 guide-
lines set by the United States Environmental Protection Agency
(Engelbrecht et al., 2009; Invernizzi et al., 2004; Krefft et al., 2020;
Weese and Abraham, 2009; Zell-Baran et al., 2018). A study by
the Canadian Armed Forces Deployable Health Hazard
Assessment Team sampled PM2.5 and PM10 over 24 h at various
sites in Afghanistan and applied EPA guidelines for Air Quality
Index (AQI). The researchers found that the average levels of
PM2.5 measured over the study period fell into the moderate to
unhealthy range of AQI (12.1–34.5 and 55.5–150.4 mg/m3, respec-
tively) and that PM10 averages corresponded to a hazardous
AQI (150.5–250.4 mg/m3) (Lalonde and Bradley, 2015; Minnesota
Pollution Control Agency). We previously reported that underly-
ing, low-grade type 2 inflammation may predispose some sol-
diers to develop DRLD (Berman et al., 2018). However, why some
soldiers continue to report symptoms of DRLD long after their
tour of duty concludes remains to be explored.

After prolonged exposure to high levels of desert PM in
Afghanistan, soldiers may return home and be faced with expo-
sure to another common health hazard—household dusts con-
taining allergens and other potentially sensitizing material. We
propose that these chronic APM exposures during deployment
may prime airways to be more sensitive to allergens after
returning home. In studies of other particulates and ovalbumin
(OVA), a synthetic allergen, animals that were sensitized then
challenged with particulates and allergen at the same time de-
veloped characteristics of asthmatic inflammation (Herbert
et al., 2013). Mice exposed to particulates and allergens demon-
strate enhanced neutrophilic and eosinophilic inflammation,
which, together with airway hyper-responsiveness (AHR)/air-
way narrowing, are characteristic features of asthma (Herbert
et al., 2013; Zhang et al., 2018).

In this manuscript, we explore the hypothesis that exposure
to household aeroallergens in airways previously exposed to
APM prolongs symptoms of DRLD after the deployment ends.
To mimic the postdeployment setting, we employed a repeated
APM pre-exposure model followed by sensitization and chal-
lenge with house dust mite (HDM). We used single-cell RNA se-
quencing (scRNAseq) to investigate the diverse cell populations
in bronchoalveolar lavage (BAL) fluid of mice that were treated
in a manner that mimics the postdeployment setting. scRNAseq
allowed us to capture the full transcriptomic response of each
cell type in BAL in this postdeployment model. Ultimately, we

identified a unique population of cells that may contribute to
the regulation of DRLD.

MATERIALS AND METHODS

Characterization of Afghanistan Desert PM
Topsoil from Bagram Air Force Base in the Parwan Province of
Afghanistan was collected in August 2009. Characterization of
the sample was performed by the United States Geological
Survey (USGS) in Lakewood, Colorado and described previously
(Berman et al., 2018). In our sample of APM, 89.46% of particles
were less than 2.5 lm in diameter (fine), 10.37% was between 2.5
and 10 lm (coarse), and 0.17% was greater than 10 lm in diame-
ter (large). In vivo exposures were performed using bulk topsoil
material that was filtered to be of a respirable size using a dry
powder generator (Wright Dust Feeder, CH Technologies,
Westwood, New Jersey).

In Vivo Afghanistan PM and HDM Exposures
Eight-week-old C57BL/6 mice were obtained from Jackson
Laboratories and housed individually under pathogen-free con-
ditions and fed a standard chow diet. The Naval Medical
Research Unit Dayton (NAMRU-D) at the Wright Patterson Air
Force Base (Dayton, Ohio) first performed the whole body PM
exposures, and the allergen instillations were conducted at
National Jewish Health (NJH) in Denver, Colorado. This study
was approved by the Institutional Animal Care and Use
Committees (IACUC) at NJH and by ACURO at NAMRU-Dayton.
An overview of the animal exposures is shown in Figure 1. Mice
of similar age and body weight were randomized into control
(filtered air) or treatment (aerosolized APM [5 mg/m3]) groups
and exposed for 6 h per day for 12 consecutive days, via whole-
body exposure chambers (n¼ 30/group) at the NAMRU-D facility
as described previously (Sterner et al., 2020). After the last APM
exposure, mice were shipped to NJH where they were allowed
to acclimatize. Nine days after the last APM exposure, the aller-
gen sensitizations were initiated. On days 22 and 29 of the
study, mice were sensitized to either 10 lg of HDM suspended in
PBS or sterile PBS (control) or via intranasal instillation (n¼ 15/
group). On days 36, 37, and 38, mice were challenged with either
PBS or HDM. All mice were exposed on each treatment day and
the study represents one complete set of exposures. On day 39,
mice from each group were anesthetized for analysis of airway
physiology on the flexiVent (n¼ 8/group) or euthanized and the
lungs were lavaged and cells pooled for single-cell RNAseq
(n¼ 7/group). All 60 mice from the initial filtered air and APM
exposures survived until the final study endpoint and no mice
were excluded from postharvest analysis. All researchers were
aware of group allocation at each stage of the experiment, ex-
cept for the team performing the scRNAseq, who were blinded
until the early stages of the data analysis.

Evaluation of Pulmonary Function
Pulmonary function was assessed using the flexiVent small ani-
mal physiology system (SCIREQ, Quebec, Canada). Animals
were anesthetized for airway physiology using a mixture of ke-
tamine (100 mg/kg), xylazine (15 mg/kg), and Acepromazine
(10 mg/kg) per body weight. Once ventilation began,
Pancuronium (1 mg/kg) was administered to paralyze all muscle
contraction. After completion of the physiology assessment,
animals were euthanized via major organ harvest. Mice were
anesthetized using a cocktail of Ketamine, Xylazine, and
Acepromazine, then tracheostomized and ventilated at a rate of
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150 breaths/min. Full body paralysis was induced using
Pancuronium with heart rate and body temperature monitored
throughout the analysis. Each mouse was exposed to increasing
doses of nebulized methacholine (Mch) in H2O: 0, 6.25, 25, and
50 mg/ml. Deep inflation of lungs was performed between each
dose to allow airways to return to baseline. Total respiratory
system resistance (Rrs) was calculated from a maximum value
out of 12 measurements. After the highest dose of Mch, mice
(n¼ 8) were immediately lavaged with 1 ml of sterile saline to
collect bronchoalveolar lavage fluid (BALF). BALF was centri-
fuged at 6000 RPM for 5 min at 4C and cell-free supernatant was
removed and frozen for later analysis of protein levels via en-
zyme-linked immunosorbent assay (ELISA). Cell pellets were
resuspended in saline to make cytospin slides for total and dif-
ferential leukocyte counts using the Diff-Quick Stain Kit (IMEB,
San Marcos, California).

Single-Cell RNA Sequencing of BAL Cells
BAL cell processing for scRNAseq. Mice that were not evaluated on
the flexiVent were euthanized with pentobarbital (Vortech
Pharmaceuticals, Dearborn, Michigan). Fresh BAL cells were
obtained by lavage of lungs with PBS, with minimal damage to
the tracheas to avoid red blood cell contamination. Each mouse
was lavaged 5 times and the solutions were pooled by group.
BAL was kept on ice between collection and sequencing, which
occurred the same day. Cells were never frozen prior to se-
quencing. To remove mucus in the BAL preparation, cells were
resuspended in PBS and passed through 70 mm and then 40 mm

pore size cell strainers. Cytospin slides were used to confirm
that the cells were in a single-cell suspension prior to sequenc-
ing. The viability of cells as evaluated by trypan blue staining
was between 60% and 80%.

scRNAseq library preparation. Cells were sequenced at 50 000
reads per cell within hours of harvest. scRNAseq libraries were
prepared with the 10� Genomics 30-end mRNA expression kit
(version 2) at the University of Colorado Genomics and
Microarray Core. The processed libraries were sequenced on the
Illumina NovaSeq6000 instrument paired-end 151 basepair se-
quencing. The scRNAseq experiment was performed with
Control (filtered air þ PBS), HDM (filtered air þ HDM), APM (APM
þ PBS), and APM þ HDM samples derived from 7 pooled mice for
each experiment. Sequencing metrics, including depth, are
shown in Table 1.

Bioinformatics. Fastq files were processed using cellranger (v.
2.2.0) with the mm10 genome assembly to generate unique mo-
lecular identifier (UMI) gene count matrices per sample. Seurat
(v. 2.3.4) was used to aggregate all samples into a single matrix
and to perform initial quality control filtering, normalization,
and clustering (Butler et al., 2018). Cells were removed if there
were fewer than 250 genes detected, a UMI count less than 250
or greater than 10 000, or if the proportion of UMIs mapped to
mitochondrial genes was greater than 10%. Genes were ex-
cluded if they were detectable in fewer than 5 cells. Following
filtering, the UMI counts were normalized to library size (total
number of UMIs detected), scaled by 10 000, and log-trans-
formed. Principal component analysis was performed on the
zscores of the normalized expression values and 17 dimensions
were selected for tSNE projection using a perplexity of 30.
Graph-based clustering was performed using the top 17 princi-
pal components, with 30 nearest neighbors, and a resolution of
0.8 or other resolution. Cell-type clusters were named according
to the gene expression signatures seen in Table 2.

Following clustering and tSNE projection, UMI matrices for
each sample were normalized as described above and the
resulting gene expression values were used for all downstream
analyses. Genes differentially expressed in each cluster com-
pared with other clusters in each tested comparison were deter-
mined using FindAllMarkers() in Seurat, where the () indicates
the dataset to be analyzed. Genes were included if they were de-
tectable in a minimum of 10% of cells in the cluster of interest,
there was at least a 0.25-fold change (natural log scale) differ-
ence in expression between the cluster of interest and the other
clusters, and the p-value was < .10. Of note, because of the rela-
tively low efficiency of current scRNAseq library preparation
methods, many mRNAs, particularly those of low-moderate ex-
pression levels, are not detected in some cells in which they are
present (Kharchenko et al., 2014; Zheng et al., 2017). Heatmaps
and tSNE plots were generated in Seurat using the DoHeatmap()
and FeaturePlot() commands. Single-cell RNASeq sequencing
reads and processed data were deposited to GEO (accession
number: GSE155391).

Ingenuity pathway analysis. Differential gene expression data
from each cluster were uploaded to ingenuity pathway analysis
(IPA, Version 01-14, Qiagen Bioinformatics). Using the
MyPathway explorer function, a signaling pathway reflecting
up- and downregulation of genes within the unique monocyte
cluster was generated with asthma and allergic inflammation
set as the pathway endpoint. A disease tree map was generated

Figure 1. Overview of in vivo mouse APM and allergen exposures. C57BL/6 mice

were exposed to aerosolized Afghanistan PM (APM) at a concentration of 5 mg/

m3 or filtered air (FA, control) for 6 h per day on days 1–12 days. On days 22 and

29, mice were sensitized with PBS (control) or house dust mite (HDM, 10 lg/

mouse) then challenged with PBS or HDM on days 36–38. Mice were euthanized

on day 39.
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using the differential gene expression signatures of the entire
cluster.

Alox15 Staining of Mouse Lung Tissue
After the mice were lavaged for scRNAseq, the lungs were har-
vested and fixed in 10% formalin until paraffin embedding. For
colorimetric immunostaining, lungs were cut into 5-mm thick
sections and dewaxed. After antigen retrieval via heating in so-
dium citrate buffer, blocking, and quenching of endogenous
peroxidase activity, slices were incubated overnight in Alox15
antibody (rabbit anti-mouse Alox15) at a 1:200 dilution (Abcam,
Boston, Massachusetts), followed by incubation with a biotiny-
lated goat anti-rabbit IgG and avidin-biotin-peroxidase complex
(Vector Lab., Burlingame, California). After rinsing the slides in
TBS, 0.03% aminoethylcarbazole (AEC) in 0.03% hydrogen perox-
ide was used as a substrate to develop a peroxide-dependent
red color reaction. Slides were counterstained with Mayer’s he-
matoxylin and covered with Crystalmount (Biomeda Corp.,
Foster City, California). Slides were visualized at 200�.

Immunofluorescent Staining of Mouse Lung Tissue
We performed immunofluorescent staining of lung tissue to
validate the presence of Alox15 positive monocytes that were
identified using scRNAseq. Lungs were harvested after lavage
for scRNAseq and fixed in 10% formalin until paraffin embed-
ding. Lungs were cut into 5-mm sections and dewaxed using
xylezene and ethanol washes. Antigen retrieval was performed
using citrate buffer and heating, then slides were blocked.

Slides were incubated overnight in Alox15 antibody (from rab-
bit) at a 1:200 dilution (ab244205, Abcam, Boston,
Massachusetts) and F4/80 conjugated to APC (BM8, Invitrogen,
Carlsbad, California) at a dilution of 1:50. Slides were incubated
with an antirabbit secondary antibody conjugated to AF555 at a
1:100 dilution (Invitrogen, Carlsbad, California). Slides were in-
cubated with DAPI (2 lg/ml) then mounted with fluorescent
mounting media (Agilent, Santa Clara, California) and visual-
ized using a Zeiss LSM700 confocal microscope at 40� and 63�
and analyzed using Zen Black software.

Enzyme-Linked Immunosorbent Assay
Levels of Eotaxin-2 and KC protein were measured in cell-free
BAL fluid collected from mice after airway physiology assess-
ment using the ELISA Duoset Kits (R&D Systems, Minneapolis,
Minnesota).

Statistical Analysis
Genes differentially expressed between clusters were deter-
mined using the Wilcoxon rank-sum test using expression val-
ues in each cluster compared with all other clusters. Differential
gene expression is reported using adjusted p-values with
Bonferroni correction for multiple hypothesis testing. The lower
limit of detection for the p-values was 2.225074 � 10�308. The
overlap p-values were calculated using Fisher’s exact test. For
scRNAseq differential gene expression experiments, p� .10 was
considered significant (Vieth et al., 2019). A one-way ANOVA
with a Tukey’s post-test was used to compare differences in

Table 1. Sequencing Metrics of Pooled Mouse BAL Cells

Treatment No. of Cells Sequenced Median UMIs Median Genes Expressed

Control:
Filtered air þ saline

5303 2836 1283

Allergen:
Filtered air þ house dust mite

1056 1351 602

APM:
APM þ saline

4526 2441.5 1146

APM þ allergen:
APM þ house dust mite

1395 4621 1375

After filtered air or APM exposure, mice were challenged with PBS or HDM. One day after the last challenge, mice were euthanized and BAL was collected for scRNAseq.

BAL was pooled from 7 mice/group prior to sequencing. Libraries were prepared using the 10� Genomics 30-End Microarray Expression kits and sequenced using the

Illumina NovaSeq6000.UMI indicates the unique molecular identifiers or number of transcripts detected in the sample.

Table 2. Cell-Type Markers in Mouse BAL

Cell Types Markers % of Total Cell Population

Macrophages CD68, Lyz2, Marco, SerpinB2, F4/80 80.2
Monocytes 3.1
Neutrophils Gr-1, Ly6G, S100a8, S100a9 2.1
Eosinophils Eosinophil-associated ribonuclease (EAR), eosino-

phil-derived neurotoxin (ECP2), CD193, Siglec-F
T cells CD3 7.0
Natural killer cells CD49b, CD3(–)
B cells CD19, Ly6d 5.8
Dendritic cells CD11c 0.77
Airway epithelial cells 1110017D15Rik, Foxj1, Scgb1a1, Scgb3a2, keratin 7,

Aldh1a2
1.0

Alveolar epithelial cells (type II) Sftpc, Sftpa1, and Sftpb.
Alveolar epithelial cells (type 1) Pdpn, Ager, and Clic5

Clusters were classified by cell type using specific gene expression signatures according to Ref # (Han et al., 2018).
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means between groups when more than 2 groups are present. A
p-value of less than .05 was considered significant. Figures are
presented with a single bar to indicate median or error bars in-
dicating means 6 SEM.

RESULTS

Unsupervised Clustering Identifies Cell Types Based on Gene
Expression
We generated scRNAseq data on 12 280 BAL cells across our 4
treatment groups—Control, HDM, APM, and APM þ HDM (Table
1). Among these cells, we identified 17 transcriptionally distinct
cell populations through shared nearest neighbor clustering
analysis and visualized these cells by 2-dimensional embedding
using tSNE (Figure 2A). Enriched gene markers for the cell clus-
ters were identified and intersected with known cell-type
markers to assign clusters a cell-type identity, as listed in Table
2 (Figure 2B) (Han et al., 2018). Combining clusters with similar
cell-type markers resulted in the identification of 7 distinct cell
types (Figure 2B), with alveolar macrophages as the predomi-
nant cell type in BAL cell populations, as expected. Other cell
types included monocytes, T cells, and B cells. A small number
of epithelial cells were found, likely due to epithelial sloughing
during the BAL collection procedure. Although granulocytes, in-
cluding neutrophils and eosinophils, are a common cell constit-
uent of the BAL, these cell types were not observed due to

technical limitations associated with the 10� Genomics plat-
form and were not captured. The small observed population
may be due to the presence of a common cell marker, but the
majority of neutrophils and eosinophils were not captured.

Cell Clusters and Gene Expression Differ Based on Treatment
Conditions
Next, we evaluated the proportions of each type of cell identi-
fied in Figure 2B to investigate if APM þ HDM treatments induce
the recruitment of specific cell types into the airways. We ob-
served that the proportions of each cell type varied depending
on treatment condition, as well as the percentage of cells of that
subtype per treatment condition (Figure 2C). The greatest num-
bers of cells in the pooled BAL sample were alveolar macro-
phages, divided almost evenly between control and APM
conditions. The alveolar macrophage cluster was predomi-
nantly composed of cells from nonallergen-treated mice, with a
very low percentage of HDM-exposed cells. Interestingly, the
classical monocyte cluster of cells was induced only by APM þ
HDM treatment.

Clustering of Cells by Treatment Revealed Distinct BAL Cell
Populations
To further examine the effect of each treatment on BAL cellular
distribution, we overlaid treatment identity on the tSNE plot
(Figure 2D). By labeling the clusters by cell type and treatment

A

B

C

D

Figure 2. scRNAseq revealed unique cell populations induced by different treatments. tSNE plots of mouse BAL cells were constructed in Seurat. Unsupervised cluster-

ing of mouse BAL cells revealed 17 distinct clusters (A). Clusters were named according to cell marker genes (B). Proportions of different cell types vary across treat-

ments, revealing a unique cluster of monocytes is induced by only one treatment—HDM and APM (C and D).

BERMAN ET AL. | 301



condition, we found a unique monocyte cluster induced only by
the combination of APM followed by HDM. This population of
monocytes is characterized by a gene expression signature of
606 genes, many of which belong to pathways involved in the
worsening of asthma-like airways diseases. These include
Alox15 (Arachidonate 15-Lipoxygenase, 15-LOX), which is in-
volved in airway obstruction; Itgam (Integrin Subunit Alpha M),

which mediates inflammation via regulating leukocyte adhe-
sion/migration; and Ccl24 (Eotaxin-2), which induces recruit-
ment of eosinophils. Additional genes with the signatures of M2
macrophages that are associated with cell proliferation and re-
pair, including Serpinb2, Arginase 1, and CCL9, were also enriched
in this cluster. A heatmap of the gene expression within the
monocyte cluster that was induced only by APM þ HDM reveals
the most enriched genes within this cluster (Figure 3A). Of par-
ticular interest is Alox15, which is found only within this popu-
lation of cells. Using a starting point of Alox15 in an asthmatic
context, we built a signaling pathway using IPA software. This
pathway demonstrated enrichment of downstream targets of
Alox15 that are associated with allergic asthma including FN1
(Fibronectin-1), ITGAM, and C3 (Complement 3) (Figure 3B). Fold
changes and gene expression by cell and cluster are seen in
Table 3. We were next able to visualize that the expression of
Alox15 is highly expressed in the monocyte cluster when look-
ing at the overall cluster of cells (Figure 3C).

Alox15 Expressing Monocytes in Lung Tissue
After identifying Alox15 as a gene of interest, our next objective
was to validate its expression by specific cell types in the tissue.
To demonstrate first that Alox15 was expressed in the lung and
second, that it was expressed by monocytes, we performed dual
immunofluorescent staining of lung tissue harvested after the
lavages for scRNAseq. We used antibodies against Alox15 and
F4/80, a monocyte/macrophage marker to further validate the
scRNAseq data. Immunofluorescence imaging demonstrated
that cells positive for both Alox15 (shown in red) and F4/80
(pseudocolored in green) were present only in lung tissues of
APM þ HDM treated mice, primarily in the alveolar space (indi-
cated by white arrows) (Figure 4A). A close-up image of 2 mono-
cytes taken at a higher magnification shows the costaining of
both Alox15 and F4/80 (Figure 4B). In filtered air þ HDM treated
mice, allergen induced Alox15 expression in nonmonocyte cells
(yellow arrows).

To investigate what other types of cells express Alox15, we
next performed immunohistochemistry staining. We found
that only lung tissue from the APM þ HDM treated mice demon-
strated positive Alox15 staining of both monocytes and eosino-
phils (Figure 5). We observed Alox15 positive staining of
eosinophils in the HDM only group (no APM), but this appeared
to be less than in APM þ HDM treated tissue and there were no
observable Alox15 positive monocytes. We also note the expres-
sion of Alox15 in airway epithelial cells of the allergen-treated
groups (FA þ HDM and APM þ HDM). This is consistent with
reports that allergens such as OVA increase the expression of
Alox15 in human airway epithelial cells (Kuperman et al., 2005).
Other than constitutively expressed Alox15 in epithelial cells,
which were expected and observed, there was little evidence of
Alox15 staining in the nonallergen groups (filtered air þ PBS and
APM þ PBS).

APM Did Not Further Increase Eosinophilic Inflammation
In the parallel set of mice that were treated alongside the se-
quencing group, we evaluated 2 major markers of DRLD: inflam-
mation and AHR. First, we investigated the inflammatory
response in BAL fluid after APM and allergen exposures. HDM
treatment significantly increased total cell count, percent neu-
trophils, and absolute and percent eosinophils in BAL of APM
pre-exposed mice (p¼ .01, p¼ .004, p¼ .01, and p< .0001, respec-
tively, Figs 6A–D). In filtered air controls, HDM significantly in-
creased the percent of eosinophils in BAL (p< .0001, Figure 6D).
APM exposure alone did not induce neutrophilic or eosinophilic

A

B

C

Figure 3. Combination of APM and HDM treatment induces expression of aller-

gic asthma-associated genes in the monocyte cluster. Heatmap of top genes

expressed in the monocyte cluster, induced by APM þ HDM treatment (A).

Yellow indicates upregulation and purple indicates downregulation, presented

as average log fold change. In (B), a signaling pathway of genes involved in aller-

gic asthma shows how Alox15 and other genes in the monocyte cluster contrib-

ute to allergic asthma. Alox15 is expression is concentrated in the monocyte

cluster (C). A tSNE plot colored by Alox15 expression demonstrates that Alox15

gene expression is concentrated highly in cells of the monocyte cluster, which is

induced only by combination APM þ HDM treatment. Alox15 expressing cells are

shown on the spectrum of yellow to red, gray indicates no expression.
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inflammation. We next measured levels of KC (the mouse
ortholog of human IL-8) and Eotaxin-2 in cell-free BAL fluid,
which are neutrophil and eosinophil chemokines, respectively.
APM pre-exposure followed by allergen challenge increased KC
and Eotaxin-2 production (p¼ .02 and p¼ .007, respectively, Figs
6E and 6F). There is no significant difference in filtered air ver-
sus APM without allergen in any of these parameters. This is
likely due to the long recovery between the termination of APM
and the initiation of the allergic asthma model. Because neutro-
phils generally clear within 24 h, it is likely that the inflamma-
tory cells produced in response to APM alone had already
resolved. HDM did not induce significant production of total cell
count, percent neutrophils, absolute numbers of eosinophils,
and KC levels compared to controls after filtered air exposure.
In all figures, if there is no reported p-value, the comparison is
not significant.

APM Pre-exposure Enhances AHR After Allergen Challenge
A key feature of both DRLD and asthma is AHR. It has been pre-
viously reported that Alox15 increases the duration of airway
obstruction in asthma (Lai et al., 1990; Profita et al., 2000). Mice
were exposed to increasing doses of Mch and total Rrs was eval-
uated as an indicator of AHR. Across all of the Mch doses, APM
þ HDM mice had the highest average max Rrs values (Figure
6G). At the highest dose of Mch, APM þ HDM significantly en-
hanced AHR compared with control (filtered air þ PBS) (Figure
6H). Allergen challenge (without APM) trended to have in-
creased AHR at the 50 mg/ml Mch dose, but this was not statisti-
cally significant. Because airway physiology was assessed more
than 3 weeks post-termination of APM exposure, the AHR ob-
served was driven primarily by allergen exposure, which follows
the inflammatory data.

DISCUSSION

Our findings demonstrate for the first time that exposure to
APM during deployment appears to prime airways to be more
responsive to common household allergens upon returning
home. This priming effect may explain in part why symptoms
of DRLD can persist in the postdeployment setting. We used
scRNAseq of BAL cells to characterize the response of each cell
after APM exposure has ended and inflammation has mostly re-
solved. Using this approach, we have identified a unique subset
of monocytes induced only by the combination of APM and
HDM. The expression of a number of genes associated with the
development of allergic asthma is upregulated within this
monocyte subpopulation. Taken together, we believe that
Alox15 expressed by this unique population of monocytes and
possibly other cell types involved in the airway response to APM
þ HDM (such as eosinophils) may contribute to DRLD in the
postdeployment setting. DRLD represents a significant concern
to the United States Armed Forces with both health and finan-
cial costs. Identification of this monocyte population as a

potential contributor to disease will guide future studies, for ex-
ample, with investigations focused on altering the signaling
pathways or activities of these Alox15 positive cells.

The whole body APM exposures followed by allergen sensiti-
zation and challenge in mice depict an occupational exposure
that military personnel may face. A key feature of some DRLD
cases is AHR (Garshick et al., 2019; Morris et al., 2014). We found
that mice exposed to APM followed by allergen had significantly
increased AHR compared with filtered air and PBS controls. In
APM (no allergen) exposed mice, there is a slight increase in
AHR compared with filtered air controls, even though there are
no differences in inflammation between these 2 groups. This
demonstrates that even after cessation of exposure to APM and
resolution of inflammation, AHR can persist to some degree.
We recognize that we were unable to demonstrate a robust in-
flammatory and AHR phenotype as a result of APM pre-
exposure. Furthermore, the increases in AHR in APM þ HDM
treated mice were largely driven by the allergen exposure and
not the APM pretreatment. We hypothesize that inflammation
resolved in the 3 weeks between the termination of APM expo-
sure and beginning of the allergen challenge model. In future
studies, we plan to initiate the allergen model before the resolu-
tion of APM inflammation and AHR can occur. This finding is
significant as it suggests that, even after returning from deploy-
ment, APM-induced intracellular changes may persist. The
APM-induced changes in gene expression can be seen best
within the large alveolar macrophage cluster (Figure 3), where
the APM-exposed cells form a cluster distinct from the filtered
air controls. This reprogramming may prime airway cells for a
second hit from allergen exposure.

We focused this manuscript on APM þ HDM exposed mice
and the monocyte cluster induced only by this treatment. This
group of cells may contribute to the pathogenesis of DRLD and
the impact that these exposures have on the health of our mili-
tary population. We showed that only mice in this treatment
group had significantly increased AHR and within this popula-
tion, these cells expressed high levels of Alox15, which pro-
motes AHR in allergic asthma. Alox15, also known as 15-
lipoxygenase, is part of a group of enzymes involved in lipid
peroxidation that uses arachidonic acid (AA) as a substrate
(Kuhn et al., 2015). Alox15 functions by metabolizing AA to form
15-hydroxyeicosatetraenoic acid (15-HETE) (Adel et al., 2016;
Snodgrass and Brune, 2019). A number of biologically active
mediators are produced by lipoxygenases, including leuko-
trienes and lipoxins (Haeggstrom and Funk, 2011; Kuhn et al.,
2016). In humans, ALOX15 has been identified as a potential
therapeutic target for allergic asthma, and its expression level is
reported to correlate with asthma severity (Dekker, 2016;
Mabalirajan et al., 2013; Zhao et al., 2009). In a model mimicking
Alox15 knockout, mice deficient in 12/15-LO (the ortholog of hu-
man ALOX15) showed decreased inflammation (indicated by
differential leukocyte count) after challenge with OVA com-
pared with WT mice (Andersson et al., 2008). In a comprehensive

Table 3. Fold Changes for Genes in Alox15 Signaling Pathway

ID Fold Change Cells Expressing Gene in Cluster (%) Cells Expressing Gene in All Clusters (%)

Alox15 2.24905554 0.968 0.013
Fn1 3.11389901 1 0.314
Itgam 1.79166236 0.981 0.025
C3 0.54306139 0.614 0.148

After scRNAseq, a unique monocyte cluster was revealed. IPA was used to generate a signaling pathway associated with allergic asthma induced by Alox15 with genes

expressed in the monocyte cluster.
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Figure 4. Presence of Alox15 positive monocytes in lung tissue from APM þ HDM exposed mice. Lung tissue was harvest after BAL collection and stained with F4/80, a

monocyte/macrophage marker (conjugated to APC 647, pseudocolored in green), and an Alox15 antibody (with secondary conjugated to AF555, red). Nuclei were stained

with DAPI (blue). Representative images of lung tissue from one mouse per group show that only APM þ HDM treated mice (bottom) had cells that stain positive for

both markers (white arrows, overlay) (A). Alox15 positive cells that were not monocytes were present in FA þ HDM treated lungs (yellow arrows). A close-up of an

Alox15 positive monocyte from the APM þ HDM treated group shows double staining (B). Slides were imaged using a Zeiss LSM 700 Confocal Microscope at 20� (A) and

63� (B).
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Figure 5. Positive Alox15 expression in lung tissue from APM þ HDM exposed mice. Lung tissue was harvest after BAL collection and stained with Alox15 antibody then

counterstained with Mayer’s hematoxylin. Representative images of tissue show that APM þ HDM treated mice (bottom right) had more eosinophils (red arrows) and

monocytes (black arrows) positive for Alox15 than in other groups.

BERMAN ET AL. | 305



review of the role of the 15-lipoxygenases in human macro-
phages, Snodgrass and Brune (2019) reported that macrophages
involved in the resolution phase of inflammation have high lev-
els of ALOX15.

Alox15 is also known to promote AHR, and increased expres-
sion of Alox15 in this population of APM þ HDM treated mice
may also account for the increased AHR. Mabalirajan et al. (2013)
showed that mice injected with an overexpression vector for 12/
15 lipoxygenase demonstrated spontaneous AHR. Copas et al.
(1982) treated human bronchial smooth muscle ex vivo with 15-
HETE, the metabolite of ALOX15, and determined that the

muscle contracted in response to this treatment. In a study
evaluating airway physiology in atopic asthma patients, inhala-
tion of 15-HETE in combination with an allergen promoted the
early asthmatic response (including bronchoconstriction) com-
pared with 15-HETE plus the allergen diluent (Lai et al., 1990).

Alox15 is also expressed in cell types other than mono-
cytes—notably, eosinophils and epithelial cells, which were ex-
cluded from our single-cell analysis. The inflammatory
phenotype seen in the BAL of mice who underwent the Mch
challenge demonstrated that eosinophils in the APM þ HDM
group also stained positively for Alox15 and these mice

Figure 6A. APM pre-exposure enhances inflammation and AHR after the HDM challenge. AHR was assessed 24 h after the last challenge (n¼8/group). BAL was collected

24 h after the last challenge from mice after airway physiology assessment. APM pre-exposure followed by allergen (APM vs APM þ HDM) challenge significantly in-

creased total cell count (A), absolute eosinophil numbers (B), % eosinophils (C), Eotaxin-2 protein (D), and KC protein (E). Data are presented with bars indicating the

median. APM þ HDM exposure increased AHR compared with filtered air þ PBS control AHR in a dose-dependent manner (G). APM pre-exposure followed by allergen

challenge significantly increased AHR at the highest Mch concentration (H). Data presented as means þ SEM (G) or bars to represent median (H). p-Values represent a

one-way ANOVA and p-value of less than .05 was considered significant. An outlier (determined via the outlier test) was removed from the FA þ HDM group at the

50 mg/ml dose. A two-way ANOVA was performed to compare filtered air versus APM versus HDM versus APM þ HDM: HDM¼0.0003, APM¼ 0.54, Interaction¼0.52 (A);

HDM¼0.0001, APM¼0.39, Interaction¼0.1 (B); HDM¼0.0002, APM¼0.61, Interaction¼0.61 (C); HDM¼0.0001, APM¼ 0.86, Interaction¼0.91 (D); HDM¼0.003,

APM¼0.22, Interaction¼0.35 (E); HDM¼0.0001, APM¼0.69, Interaction¼0.67 (E); HDM¼0.0027, APM¼0.058, Interaction¼0.20 (H).
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exhibited the highest levels of eosinophilic inflammation. As
eosinophils are known to express Alox15, we believe that the
Alox15 from eosinophils and this rare monocyte cluster may to-
gether enhance the inflammatory response that characterizes
DRLD (Esnault et al., 2013; Kuhn et al., 2015; Mashima and
Okuyama, 2015; Sridhar et al., 2019; Turk et al., 1982). HDM chal-
lenge induced a robust inflammatory response compared with
PBS exposure, measured by total cell count, eosinophil percen-
tages, and eotaxin-2 production. Unfortunately, the presence of
eosinophils was not reflected in the scRNAseq data. This is be-
cause granulocytes (such as eosinophils and neutrophils) are
not captured by the 10� Genomics droplet-based method that
we used. Chen et al. (2018) found that live (unfixed) neutrophils
were not captured by the 10� system and suggest that fixation
of the single cells may improve capture efficiency. Despite this,
the 10� Genomics platform remains an optimal system for eval-
uating larger numbers of cells at a low depth to identify rare cell
populations (Ziegenhain et al., 2017). Using other approaches,
we were able to show that eosinophilic inflammation was in-
duced by this allergic asthma model. Furthermore, the impor-
tance of eosinophils in allergic asthma has been well
documented, so we were able to focus on novel pathways such
as Alox15 expression in response to APM and allergen exposure
instead.

Alox15 can also be expressed by nonimmune cells. The IHC
staining showed that some airway epithelial cells also stain
positively for Alox15, primarily in the HDM þ PBS group.
Although epithelial cells are known to express Alox15, some
researchers speculate that Alox15 expression in immune cells,
rather than epithelial cells, may contribute to the development
of asthma and associated symptoms. Mabalirajan et al. (2013)
compared lungs from normal and asthmatic patients and
stained for ALOX15. The researchers found that in tissue from

both normal and asthmatic patients, bronchial epithelial cells
stained positively for ALOX15. However, immunohistochemical
staining in the asthmatic tissue indicated the presence of
ALOX15 positive inflammatory cells. There was no inflamma-
tory cell staining for ALOX15 in the normal, nonasthmatic tis-
sue. Our staining did reveal some constitutive expression of
Alox15 in AECs, but the greatest numbers of immune cells posi-
tive for Alox15 were in the APM þ HDM exposed sections. We
did not see colocalization of Alox15 and monocytes/macro-
phages in any groups other than APM þ HDM, suggesting that
both treatments are required for induction of Alox15 expres-
sion. The positive Alox15 staining of inflammatory cells (mono-
cytes, macrophages, and eosinophils) in the APM þ HDM group
further supports a role for Alox15 that we identified in our
scRNAseq data in promoting persistent DRLD in the postdeploy-
ment setting.

In the future, a different strain of mice (eg, BALB/c) that bet-
ter displays Th2 responses (compared with Th1 responses in
C57BL/6 mice) may be a more suitable model for allergic
asthma. This study also employed whole body aerosolized
exposures, which are more physiologically relevant to the dust
and sandstorms that soldiers experience abroad. Direct delivery
of APM to the airways (such as oropharyngeal, intratracheal,
and intranasal instillation) would ensure that more particles
reached the lungs and perhaps induce a stronger and more per-
sistent inflammatory response.

The experiments presented in this manuscript represent the
first in vivo model of a post-Afghanistan deployment setting
and the exposures that may be encountered. This work demon-
strates, for the first time, that a small subset of monocytes may
contribute to the prolonged symptoms of DRLD in the postde-
ployment setting. By identifying the genes upregulated in this
cluster, we are able to plan future studies around therapeutic
targets that may alleviate symptoms of DRLD in some U.S. mili-
tary personnel.
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