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Ethanol Consumption Induces Nonspecific Inflammation and
Functional Defects in Alveolar Macrophages

Sloan A. Lewis'?, Brianna M. Doratt'3, Suhas Sureshchandra?, Allen Jankeel', Natali Newman*, Weining Shen®,

Kathleen A. Grant®, and llhem Messaoudi'**

"Department of Molecular Biology and Biochemistry, 2Institute for Immunology, and ®Department of Statistics, University of California,
Irvine, Irvine, California; 3Department of Microbiology, Immunology, and Molecular Genetics, College of Medicine, University of
Kentucky, Lexington, Kentucky; and “Oregon National Primate Research Center, Oregon Health and Science University, Beaverton,

Oregon
ORCID ID: 0000-0003-3203-2405 (I.M.).

Abstract

Chronic alcohol drinking is associated with increased susceptibility
to viral and bacterial respiratory pathogens. In this study, we use a
rhesus macaque model of voluntary ethanol self-administration to
study the effects of long-term alcohol drinking on the
immunological landscape of the lung. We report a heightened
inflammatory state in alveolar macrophages (AMs) obtained from
ethanol (EtOH)-drinking animals that is accompanied by increased
chromatin accessibility in intergenic regions that regulate
inflammatory genes and contain binding motifs for transcription
factors AP-1, IRF8, and NFKB p-65. In line with these
transcriptional and epigenetic changes at the basal state, AMs from
EtOH-drinking animals generate elevated inflammatory mediator
responses to lipopolysaccharides and respiratory syncytial virus.
However, the transcriptional analysis revealed an inefficient
induction of interferon-stimulated genes with EtOH in response to
the respiratory syncytial virus, suggesting disruption of

Alcohol use is prevalent in the United States,
with over 50% of people 18 years or older
reporting alcohol consumption within the
previous 30 days (National Survey on Drug
Use and Health 2019). Among these
individuals, 25% report binge drinking, and

6.3% report heavy drinking. Long-term
heavy drinking is associated with numerous
adverse health outcomes, including increased
incidence of cardiac disease (1, 2), certain
types of cancer (3-6), liver cirrhosis (7), and
sepsis (8), making it the third leading

antimicrobial defenses. Correspondingly, AMs from EtOH-
drinking animals exhibited transcriptional shifts indicative of
increased oxidative stress and oxidative phosphorylation, which
was coupled with higher cytosolic reactive oxygen species and
mitochondrial potential. This heightened oxidative stress state was
accompanied by decreased ability to phagocytose bacteria. Bulk
RNA and assay for transposase-accessible chromatin sequencing
data further revealed reduced expression and chromatin
accessibility of loci associated with tissue repair and maintenance
with chronic EtOH drinking. Similarly, analysis of single-cell RNA
sequencing data revealed shifts in cell states from tissue
maintenance to inflammatory responses with EtOH. Collectively,
these data provide novel insight into mechanisms by which chronic
EtOH drinking increases susceptibility to infection in patients with
alcohol use disorders.

Keywords: alcohol; lung; macrophages; scRNA-Seg;
ATAC-Seq

preventable cause of death in the United
States (9). Of importance, chronic heavy
alcohol drinking compromises lung health
and immunity, leading to increased
susceptibility to both bacterial and viral
pulmonary infections (10), notably
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respiratory syncytial virus (RSV) (11),
community-acquired pneumonia (12-14),
and tuberculosis (15, 16). Alcohol use is also
a risk factor for acute respiratory distress
syndrome (17, 18) and admission to the ICU
in patients with pneumonia (10, 12, 17, 19).
Although the mechanisms underlying
increased vulnerability and severity of
pulmonary infections with chronic alcohol
consumption have yet to be fully elucidated,
studies using rodent models as well as

in vitro cell cultures have identified defects in
the beating of the ciliated epithelium (20-22)
as well as impaired epithelial barrier function
(23, 24) as major risk factors. Moreover,
these studies report significant defects in
both the innate and adaptive branches of the
immune system (10), especially within
alveolar macrophages (AMs), the first line of
defense in the lung (25). Specifically,
prolonged alcohol exposure alters the ability
of AMs to release cytokines and chemokines
needed to recruit immune cells into the lung
(26, 27) as well as their ability to clear both
microbes and dying cells to reduce damage
to tissue (28), potentially owing to oxidative
stress (29). However, the molecular bases for
altered lung macrophage function by chronic
alcohol consumption remain poorly defined.

Lung-resident macrophages can be
categorized into interstitial macrophages
primarily residing within the tissue and AMs
predominantly found within the lumen of
the alveoli (30-35). Studies in mice have
revealed that lung macrophages are derived
from the yolk sac and fetal liver as well as
from bone marrow monocytes (36, 37). It is
believed that embryonically derived
macrophage populations have a self-renewal
capacity and are functionally distinct from
the monocyte-derived macrophage
populations; however, whether this is true in
humans is still unanswered (30). Recent
studies have uncovered enormous
heterogeneity in lung macrophage
populations, but the mechanisms by which
environmental factors or inflammatory
settings alter the ability of these cells to clear
pathogens and repair tissue remain poorly
understood.

In this study, we use BAL samples
collected from rhesus macaques that
voluntarily self-administered ethanol (EtOH)
or an isocaloric solution for 12 months to
examine the alcohol-induced epigenetic and
transcriptomic underpinnings of altered
macrophage function. Although AMs from
EtOH-drinking animals generate a
heightened inflammatory response to

Lewis, Doratt, Sureshchandra, et al.: Alveolar Macrophages and Chronic Alcohol Drinking

lipopolysaccharides (LPSs) and RSV, they
exhibit a dampened antiviral transcriptional
response to RSV and reduced phagocytosis
of bacterial particles compared with AMs
from control animals. Additional
transcriptional analyses revealed shifts
toward heightened inflammation and
oxidative stress and away from tissue repair.
These transcriptional and functional changes
were accompanied by epigenetic alterations
at baseline, in which genomic regions
associated with immune cell activation and
degranulation were more accessible, whereas
those associated with tissue maintenance/
repair and cell migration were less accessible.
Some of the results of these studies have
been previously reported in the form of a
preprint (bioRxiv, [31 July 2021] https://doi.
0rg/10.1101/2021.07.30.454528).

Methods

See the data supplement for detailed
methods.

Animal Studies and Sample Collection
These studies used blood and BAL samples
from 11 female and 8 male rhesus macaques
(average age 5.68 yr; 9 control animals and
10 chronic heavy drinkers). BAL cells were
obtained after 12 months and cryopreserved
until they could be analyzed as a batch.
Cohort information is outlined in Table E1
in the data supplement.

Flow Cytometry Analysis

BAL cells were stained with the indicated
surface antibodies, acquired with an Attune
NxT Flow Cytometer, and analyzed using
Flow]Jo software.

Monocyte/Macrophage

Stimulation Assays

Cells from the BAL (6.5 X 10* FACS sorted
CD206™") were cultured with or without 100
ng/ml LPS or RSV at a multiplicity of
infection of 5 for 16 hours. Supernatants
from stimulated AMs were measured using a
31-plex panel of indicated factors.

Bulk RNA Sequencing (RNA-Seq)
Library Preparation and Data Analysis
Libraries from peripheral blood
mononuclear cell RNA were generated using
the TruSeq Stranded RNA LT kit. Libraries
from purified CD14" monocyte RNA were
generated using the NEBnext Ultra II
Directional RNA Library Prep Kit. Libraries

were multiplexed and sequenced on the
NovaSeq platform. RNA-Seq reads were
quality checked and trimmed and aligned to
the Macaca mulatta genome (8.0.1). Read
counts were normalized using the RPKM
(reads per kilobase of transcript, per million
mapped reads) method. Differentially
expressed genes (DEGs) were identified
using edgeR (38) (Table E5). Functional
enrichment of DEGs was performed using
Metascape (39).

Assay for Transposase-Accessible
Chromatin Sequencing (ATAC-Seq)
Library Preparation and Data Analysis
AMs were subjected to nuclei isolation,
transposition, and amplification for ATAC-
Seq. Libraries were multiplexed and
sequenced to a depth of 50 million 100 bp
paired reads. Reads were quality checked,
trimmed, and aligned to the Macaca mulatta
genome (8.0.1). Mitochondrial reads and
PCR duplicate artifacts were removed.
Samples from each group were concatenated,
and accessible chromatin peaks were called
using Homer’s findPeaks function (40) (false
discovery rate [FDR] < 0.05), and differential
peak analysis was performed using Homer’s
getDifferentialPeaks function (P < 0.01)
(Table E5).

10X 3’ Single-Cell RNA Sequencing
(scRNA-Seq) Library Preparation

and Analysis

Cells were loaded onto a 10X Chromium
Controller. cDNA amplification and library
preparation (10X v3.1 chemistry) were
performed according to manufacturer
protocol and sequenced on a NovaSeq $4 to
a depth greater than 30,000 reads/cell.
Sequencing reads were aligned to the Macaca
mulatta (8.0.1) reference genome using Cell
Ranger v3.1 (10X Genomics). Quality control
steps were performed before downstream
analysis with Seurat v3.2.2 (41), in which
cells with fewer than 200 unique features
(ambient RNA) and cells with greater than
20% mitochondrial content (dying cells)
were removed. The pseudotime trajectory of
the AMs/monocytes was reconstructed using
Slingshot (42). Differential expression
analysis was performed using MAST
(Model-based Analysis of Single-Cell
Transcriptomics) under default settings in
Seurat. Gene signatures and pathways from
Kyoto Encyclopedia of Genes and Genomes
(KEGG) (https://www.genome.jp/kegg/
pathway.html) (Table E4) were compared
using Seurat’s AddModuleScore function.

113


https://doi.org/10.1101/2021.07.30.454528
https://doi.org/10.1101/2021.07.30.454528
https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html

ORIGINAL RESEARCH

A

Purified alveolar Total BAL =3

macrophages cells ‘ ~ “

Flow phenotyping Phagocytosis Assay
20002 2 2 2

miil ‘ol

ATAC-Seq ScRNA-Seq ~ Rhesus macaque Intracellular ROS Mitochondrial

RSV/LPS Stimulation

+/— EtOH Content
B c 100 = Monocytes
M
AM Monocytes 80 4 == === =™ CD163lo
> i @ CD163hi
CD163hi § o T T i
< Single Cells 2 °
3 a AM h E)
7 olf CD163lo 8 @ 407
IM 20 4
Negatve ——— | | 01 =
FSC-A FSC-A CD206 CD206 0- Control EtOH
D AM IM Monocytes E F
4 . © Not Sig.
CD40 Control 50 CLEC1B o FDR<§ 05
EtOH '
CCR7 °
[
HLA-DR o E
CD86 § 5 40
cD163 g s
2 S 4
CD11C &~ 5
o
CCR2 § I 10 - 195 24
CX3CR1 o g
] - . .
CCR5
0 -
PC1: 44% variance _1'0 _'5 (') 5
-15-1-050 05 1 1.5 EtOH-Control log, (Fold-change)
Row Z-score
G H
ABCA5 response to wounding | @ Number of Genes
2 PPAP2B cell morphogenesis involved O 10
FAIM3 in differentiation ] Q O1s
1 NUP62 transmembrane receptor protein | @ O =20
CGNL1 tyrosine kinase signaling pathway
0 MARCKSL1 vasculature development - O O 25
ND1 lasma membrane bounded | | =
ZNF165 ceﬁl projection morphogenesis o log10(q-value)
1 gﬁll_ﬁZOS tissue morphogenesis -| (@) ;g
BAG3 response to growth factor - @) gg
-2 ADM i 55
Row NUDC wound healing O 20
Z-score MYO3A epithelial cell proliferation @)
FAM124A R -
IL2RA cell junction organization - @)
Eggggs endothelium development - e}
CTSG hippo signaling -{ o
SLCO2A1
SNAP25 0.050 0.075 0.100 0.125
SH3PXD2B Gene Ratio
H: RPS21
TFCP2L1

Control  EtOH

Figure 1. Chronic ethanol (EtOH) drinking induces changes in the alveolar macrophage (AM) transcriptome. (A) Experimental design of this
study was created with BioRender.com. (B) Gating strategy to identify monocytes, IMs, and AMs from BAL samples. (C) Relative distributions
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Macrophage Functional Assays
Mitochondrial membrane potential,
intracellular reactive oxygen species (ROS),
and phagocytosis were measured using
MitoTracker Red CMXRos, CellRox Deep
Red Reagent, and pHrodo Red
Staphylococcus aureus BioParticles,
respectively (Thermo Fisher/Invitrogen).

Statistical Analysis
All statistical analyses were conducted in
GraphPad Prism 7.

Results

Chronic EtOH Drinking Skews AM
Transcriptional Profiles Away from
Tissue Repair

The alveolar space in the lung is home to a
large population of tissue-resident
macrophages and infiltrating monocytes that
are the first responders to respiratory
infections. Given that patients with alcohol
use disorders have increased susceptibility to
respiratory pathogens, we used a
multipronged approach to uncover the
pleiotropic impact of chronic heavy drinking
on the transcriptional, epigenetic, and
functional landscape of the AMs. We
collected BAL samples from male and female
rhesus macaques that consumed EtOH or an
isocaloric solution daily for 12 months
(Figure 1A; Table E1). The genetically diverse
background of the outbred macaques and the
voluntary ethanol self-administration make
this a robust model of human drinking but
could lead to significant intragroup
variability (Table E1).

We first determined the impact of
chronic EtOH on the phenotype of AMs by
profiling cell surface markers using flow
cytometry (n = 6 control animals, 8 EtOH
animals). On the basis of previous studies
(43-45), we identified AMs as
CD206" CD169 ™, interstitial macrophages
as CD206" CD169 ", and infiltrating

monocytes as CD206~ CD169~ CD14 "
HLA-DR™ (Figure 1B). AMs were further
subdivided on the basis of the expression of
CD163 (Figure 1B). No significant
differences in frequencies of these major
macrophage/monocyte populations were
observed after 12 months of chronic EtOH
consumption (Figure 1C). Examination of
surface activation markers and chemokine
receptors revealed higher expression of
CD40, CCR7, HLA-DR, CD86, CD163, and
CD11C on AMs than interstitial
macrophages or monocytes (Figure 1D). On
the other hand, interstitial macrophages and
monocytes expressed higher levels of CCR2,
CX3CR1, and CCR5 compared with AMs
(Figure 1D). Interestingly, chronic EtOH
drinking led to a modest increase in the
expression of the activation marker CD40 on
the CD163lo AM subset (FDR P=0.07)
(Figure E1A). Therefore, chronic EtOH
consumption over 12 months did not lead to
statistically significant changes in frequency
and phenotype of lung macrophages.

We have previously reported significant
alterations in the transcriptional profiles of
peripheral monocytes and splenic
macrophages with chronic alcohol drinking
(46-48). Therefore, we examined
transcriptional changes within AM
using bulk RNA sequencing of purified cells
(n=3/group) (Figures 1E-1H). Although
considerable heterogeneity was noted in the
control samples (Figure 1E), differential gene
expression analysis revealed 24 genes to be
upregulated with EtOH (Figure 1F),
including CTSG, SNAP25, and MYO3A,
which play a role in granulocyte activation
and degranulation (49, 50) (Figure 1G).
EtOH drinking was also associated with 195
downregulated DEGs, notably CLECIB,
which is associated with an antiinflammatory
macrophage phenotype (Figure 1F) (51).
Functional enrichment showed that the
downregulated DEGs mapped significantly
to gene ontology (GO) terms “response to
wounding” (e.g., CLEC1B, NRPI, PTK2, and

PRKACB), “cell morphogenesis” (e.g.,
MYO7A and PLCGGI), and “vasculature
development” (e.g., HMGA2 and ACTA2)
pathways (Figure 1H; Figure E1B). These
observations suggest that chronic EtOH
drinking skews AMs away from tissue
maintenance and repair and toward an
inflammatory transcriptional state.

Chronic EtOH Drinking Alters the
Epigenetic Landscapes of AMs
Previous studies have indicated that chronic
EtOH consumption leads to epigenetic
changes within monocytes and splenic
macrophages (46, 48). To assess the impact
of chronic EtOH consumption on the
epigenome of AM, we performed ATAC-Seq
on AMs purified from control and EtOH
animals (# = 3/group). Although the relative
distribution of open promoter and distal
regions was comparable between groups
(Figure 2A), several differentially accessible
regions (DARs) were identified within the
promoter and distal intergenic regions
(Figure 2B). The 70 genes regulated by
promoters that were closed with EtOH
enriched to GO terms associated with barrier
function such as “endothelium development”
(e.g., CLDN3 and CLDNS5) and “regulation of
cell junction assembly” (e.g., DMNT) as well
as “T-helper cell differentiation” (e.g.,
FOXP1) (Figure 2C). The 25 genes associated
with promoters that were more accessible
with EtOH mapped to the GO term
“regulation of hormone levels” (e.g., CTSG,
SNAP25, and MYO3A) (Figures 2C and 2D).
Intriguingly, the expression of these three
genes was also upregulated on the basis of
the bulk RNA-Seq analysis (Figure 2D).
Analysis of potential cis-regulatory
mechanisms of regulation in the
nonpromoter regions was performed by first
lifting the genomic regions from the
macaque genome to the human genome,
followed by enrichment using the GREAT
(Genomic Regions Enrichment of
Annotations Tool) database. This analysis

Figure 1. (Continued). of the three myeloid cell subsets in the BAL. (D) Heatmap showing averaged median fluorescence intensity (MFI) values
for cell surface markers in each indicated subset/group. The scale is row Z-score in which blue is the lower and red is the higher expression.
(E) CD206™" alveolar macrophages (n=3/group) were purified from total BAL using FACS and subjected to bulk RNA sequencing (RNA-Seq).
Principal component analysis of bulk RNA-Seq libraries from control and EtOH AMs. (F) Volcano plot representing the up and downregulated
differentially expressed genes (DEGs) (false discovery rate [FDR] <0.05) in which the x-axis is logyq fold-change, and the y-axis is —logso FDR.
(G) Heatmap representing the expression of all DEGs upregulated with EtOH in which the scale is row Z-score representing low (blue) and high
(red) expression. (H) Bubble plot showing gene ontology (GO) biological process enrichment of downregulated DEGs with EtOH compared with
control animal. The size of the bubble represents the number of genes associated with that term, the color represents the —logyo g-value, and
the x-axis is the ratio of genes mapping to that term to total genes. ATAC-Seq = assay for transposase-accessible chromatin sequencing;

IM = interstitial macrophages; LPS =lipopolysaccharides; ROS = reactive oxygen species; RSV =respiratory syncytial virus; scRNA-Seq = single-

cell RNA sequencing.

Lewis, Doratt, Sureshchandra, et al.: Alveolar Macrophages and Chronic Alcohol Drinking

115



A

Control
(94,808
peaks)

EtOH
(73,943
peaks)

L aflh )

E

respiratory system development

reg. of response to external stimulus

reg. of cell projection organization

peptidyl-tyrosine phosphorylation

Control

regulation of neurogenesis

regulation of hormone levels

:

EtOH

reg. of cell development

lung development

I Promoter (1-2kb) (Control: 2.76%, EtOH: 2.48%)

ORIGINAL RESEARCH

O 40
(O s0
Q 60
O 70
FDR

0.05
0.04
0.03

0.02
I 0.01
Open with EtOH
non-promoter DAR

c 0o @O O @O o

B Promoter (2-3kb) (Control: 2.36%, EtOH: 2.25%) 500
W Promoter (<=1kb) (Control: 14.88%, EtOH: 17.33%) o
| 5' UTR (Control: 0.3%, EtOH: 0.38%) < Closed with EtOH
m 3 UTR (Control: 1.22%, EtOH: 1.32%) g Open with EtOH
| 1st Exon (Control: 0%, EtOH: 0.01%)
B Other Exon (Control: 3.85%, EtOH: 4.67%) 0-—r i
M 1st Intron (Control: 9.22%, EtOH: 8.57%) % c
I Other Intron (Control: 22.38%, EtOH: 20.18%) € qé)
M Downstream (<=300) (Control: 1.06%, EtOH: 1.03%) ne_ ~°:—’
M Distal Intergenic (Control: 41.95%, EtOH: 41.79%) '(—;
k7]
[a]
D
CTSG W 15 . CTSG RNA-Seq
_;OW Z(?SCOT‘IS Tkb
= 10
&
Closed with EtOH: T 5/
endothelium development 0
T-helper cell differentiation T
positive regulation of cell migration |, SNAP25 PR 2.0 SNAP25RNA-Seq
regulation of cell junction assembly —
angiogenesis 10kb = 1.5 4
o 1 2 3 4 < 101
o
—log(p-value) 0.5 4
| R MYO3A ) o . 5. MYOS3A RNA-Seq
H ] 4
) . 1 Okb
Open with EtOH: E 3l
regulation of hormone levels & 2
0.0 1.0 2.0 14
—log(p-value) == 1
Control EtOH
Number of Genes associated
with cis-regulatory non-coding regions
30
O AP-1

AT ACTC TC Open with EtOH: 24.35%
C %2 | WM< X Open in Controls: 15.98%
IRF8

A AA ;Open with EtOH: 10.23%
e,AA ACCUAL AQ Open in Controls: 6.66%

NFKB-p65

ARATT

Open with EtOH: 1.42%
Open in Controls: 0.44%
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revealed no significant enrichment of the
regions that were closed with chronic EtOH.
On the other hand, intergenic regions that
were more open with chronic EtOH drinking
significantly enriched to “respiratory system
development” (e.g., CTGF, EGFR, and
TGFBR2) and “regulation of response to
external stimulus” (e.g., C1QB, CD180,
CXCR4, and IL21) (Figure 2E). Finally, we
performed transcription factor (TF) binding
motif analysis on the distal intergenic DAR,
which showed a higher likelihood of binding
sites for TF that play a critical role in
inflammation, notably AP-1, IRF8, and
NFKB p-65 in regions that are more
accessible with chronic EtOH (Figure 2F).
These observations indicate that chronic
EtOH drinking leads to alteration in
chromatin accessibility that results in AMs
poised toward inflammatory responses and
away from tissue repair and adaptive
immune activation.

AMs Generate a Heightened
Inflammatory Response but
Compromised Interferon-induced
Transcriptional Response with
Chronic EtOH

Previous studies have reported an
exaggerated inflammatory response by
myeloid cells to LPS with chronic alcohol
drinking (46, 48, 52, 53). Thus, we stimulated
FACS-purified AMs with LPS (n = 6/group)
and determined immune mediator
production by Luminex (Figure E2A; Table
E2). As previously described for peripheral
blood monocytes and splenic macrophages
(46, 48), AMs from EtOH-drinking animals
mounted a hyperinflammatory response as
indicated by heightened production of
cytokines (IL-6, TNFa) and chemokines
(CXCL8, CXCL10, CCL2, CCL4) compared
with control AMs (Figure E2A). We next
examined the responses of AMs to a
respiratory pathogen. Purified AMs were
stimulated with RSV ex vivo (n = 8/group),
and antiviral responses were determined
using Luminex and RNA-Seq. In response to
RSV stimulation, AMs from control animals
secreted several growth factors (BDNF
[brain-derived neurotrophic factor], VEGF

[vascular endothelial growth factor], PDGF
[platelet-derived growth factor], and FGF
[fibroblast growth factor]), a few chemokines
(CCL5 and CXCL10), and canonical
inflammatory marker IL-6 (Figure 3A).
Despite comparable viral loads (Figure E2B),
AMs from EtOH-consuming animals (but
not control animals) produced significantly
higher amounts of cytokines (IL-1(3, IL-12,
IL-15, IFN, IL-7) and growth factors (GM-
CSF [granulocyte-macrophage colony-
stimulating factor] and G-CSF [granulocyte
colony-stimulating factor]) relative to their
unstimulated condition (Figure 3A). AMs
from EtOH-consuming animals also
produced significantly higher concentrations
of IL-6, IL-12, and TGFa relative to their
control animal counterparts (Figure 3B).
Moreover, significant positive correlations
between IL-6, IL-12, and CCL5
concentration and EtOH dose were observed
(Figure 3C).

In contrast to the immune mediator
production profile, fewer upregulated DEGs
were detected in AMs from the EtOH group
compared with control animals (516 DEGs
in control animals vs. 340 DEGs in the EtOH
animals) (Figure 3D). DEGs upregulated
only in the control animal group enriched to
GO terms “regulation of innate immune
response,” “regulation of response to
cytokines,” and “response to IFN and
IFNv” (Figure 3E), whereas those
upregulated in the EtOH group enriched to
GO terms “cell cycle processes” and “cellular
response to drug” (Figure 3E; Figure E2C).
Specifically, type I (IFN) and type II (IFNvy)
IFN-stimulated genes (e.g., CCL18, IF116,
TLR2, and TLR3) (Figure 3F) and several
activation markers (e.g., CD80, CD86, and
CCL2) were upregulated only in control
animal AMs (Figure E2D). A significant
number (297) of downregulated DEGs from
the control animal AMs mapped to regulated
exocytosis, cell morphogenesis, and response
to wounding pathways (Figure E2E) such as
SIGLECI10, PTPNG6, and SDCI (Figure E2F).
Next, the Chea3 (ChIP-X Enrichment
Analysis 3) database (54) was used to predict
the TF regulation of the DEGs. This analysis
showed that genes upregulated only in

control animal AMs with RSV were
regulated by TFs PLSCRI1, SP100, and IRF7
(which are important for phagocytosis and
antiviral responses [55-58]). In contrast,
genes only upregulated in EtOH AMs were
regulated by TF HMGA?2 associated with
inflammatory responses (59) (Figure E2G).
These observations suggest that chronic
EtOH drinking skews AMs toward a
heightened inflammatory response and away
from a robust antiviral transcriptional
response.

scRNA-Seq Profiling Reveals
Significant Changes in AM
Transcriptional Profiles with

Chronic EtOH

To investigate the impact of chronic EtOH
on AM cell states, we performed scRNA-Seq
on CD14" purified cells from BAL samples
obtained from control animals (7 = 3 females
pooled, 4 males) and EtOH animals (n=3
females pooled, 2 males) (Figure E3A).
Integration of replicates and further uniform
manifold projection of clustering analysis
revealed 11 clusters (Figure 4A; Figure E3B).
Expression of major macrophage/monocyte
markers identified 10 AM clusters (0, 1, 2, 3,
4,5,6,8,9, and 10; expressing high levels of
MSR1, MARCO, FABP4, PPARG, MRCI,
LTAH4, and CTSD) and 1 monocyte cluster
(7; expressing high levels of FGL2, MS4A6A,
and CCL17) (Figure E3C; Table E3). To
validate our identification of cluster 7 as a
monocyte cluster, we integrated single-cell
profiles of BAL macrophages with those of
blood monocytes from the same female
animals (48) (Figure E4A). We projected
cells that clustered with the blood monocytes
back onto the uniform manifold projection,
which revealed that cluster 7 was the major
monocyte subset with some monocyte
infiltration in cluster 0 (Figure E4B).

The AM clusters were further defined
on the basis of their unique expression of
genes and their functional implications
(Figure 4B; Figure E4C). AM cluster 2 highly
expressed genes associated with stress (CD44
and FOSB) and cytokine responses (PTPRC).
Clusters 3 and 4 had high expression of genes
mapping to the regulation of cell adhesion

Figure 2. (Continued). EtOH. Scale is indicated. To the right of each is a bar chart of the reads per kilobase of transcript, per million mapped
reads expression value of the gene from bulk RNA-Seq analysis. (E) Nonpromoter DARs were lifted over to the human genome and enriched for
cis-regulatory mechanisms using GREAT (Genomic Regions Enrichment of Annotations Tool). Bubble plot of the open nonpromoter DARs with
EtOH enrichment in which the size of the bubble represents the number of gene regions associated with that term and the color represents the
FDR significance in which darker red indicates a more significant value. (F) Homer motif enrichment of all distal intergenic DARs. The
percentage motif binding sites within DAR open in EtOH or control animal samples are listed.
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Figure 3. EtOH-induced heightened inflammatory with compromised transcriptional response to RSV. AMs were purified and stimulated with
RSV for 16 hours, followed by Luminex analysis of mediator production and RNA-Seq. (A) Bubble plot representing immune factor production
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(S100A10 and LGALS3) and angiogenesis
(TGFBR3 and GPNMB), respectively. AM
cluster 5 was characterized by high
concentrations of cathepsin genes (CTSB,
CTSL, and CTSG) associated with bacterial
response processes. Cluster 9 was enriched in
transcripts important for proliferation
(STMN1, MKI67, and TOP2A) and cluster 10
with oxidative stress response (LCN2). AM
cluster 8 was an antiviral response cluster
with high expression of ISG15, IFIT1, and
IRF7. Cluster 6 genes mapped to sterol
biosynthesis (MSMO1I, CYP51A1, and
SQLE), and cluster 1 genes included PTGDS
and MCM?. Finally, cluster 0 was an
activated macrophage cluster expressing high
concentrations of LPS responsive genes
(CLECHE, S100A8, and S100A9) (Figure 4B;
Figure E4C).

To identify potential differentiation
trajectories in the AM populations, we
performed pseudotime analysis using
Slingshot to set the starting point at the
infiltrating monocyte cluster. This analysis
revealed five unique trajectories branching
from cluster 7 (Figure 4A), which all showed
increased expression of tissue-resident
macrophage markers (FABP4 and MARCO)
and decreasing monocyte markers (CPVL
and TMEM176B) (Figure E4D). We profiled
the cellular densities along each trajectory,
which revealed a bias in cells from control
animals at the start and an increase in cells
from the EtOH group along the course of the
pseudotime, particularly lineages 3 and 4
(Figure 4C). Lineage 3 was driven by
increasing expression of oxidative stress-
responsive genes (BTG1, GSTPI, SFPG, and
PPPIR15B) together with tissue macrophage
genes CD163 and MRCI (Figure E5). Lineage
4 was driven by increased expression of
CLECH4E, associated with inflammatory
macrophage responses (Figure E5).

We finally examined the redistribution
of AM populations with EtOH (Figure 4D).

A modest increase in AM cluster 0 was
accompanied by a significant decrease in AM
cluster 3 with chronic EtOH drinking
(Figure 4D). Functional enrichment showed
that defining genes for cluster 0 were
associated with apoptosis and responses to
bacterial and fungal pathogens, whereas
cluster 3 defining genes were associated with
membrane raft organization, regulation of
fibroblast proliferation, and cell adhesion
(Figure 4E). In addition, as we found
increased accessibility of the cathepsin G
promoter and corresponding baseline RNA
expression, we profiled the expression of
CTSG from the scRNA-Seq data and found
that AM clusters 1 and 5 had significantly
elevated expression of CTSG with EtOH
(Figure E6A). Together with the bulk RNA-
Seq data, these observations suggest that
chronic EtOH induces transcriptional shifts
in AM cell states indicative of a reduced
tissue repair capacity and antimicrobial
response and heightened inflammatory state.

EtOH-induced Oxidative Stress Alters
AM Metabolic-associated Processes
and Functional Abilities

To determine the potential functional
implications of EtOH-induced changes in
AMs, we first assessed differential gene
expression across aggregated single-cell
clusters (Figure 5A). Functional enrichment
of the DEGs downregulated with EtOH
mapped to GO terms “monocyte
chemotaxis” (e.g., LGMN and CCL2),
“angiogenesis” (e.g., ANPEP and ECM1), and
“epithelial cell proliferation” (e.g., GRN and
CCL24) (Figure 5A). On the other hand,
upregulated DEGs enriched to “oxidative
phosphorylation” (e.g., COX7A1, ATP8, and
ND4), “regulation of apoptosis” (e.g., CD74,
RPLI11, and PPIA), and “antigen processing
and presentation” (e.g., B2M and FCERIG)
(Figure 5A). In line with the significant
upregulation of genes that enriched to GO

term “oxidative phosphorylation,” the
module scores for “oxidative stress” and
“HIF1A signaling” were also elevated with
EtOH (Figure 5B; Figure E6B; Table E4).
Oxidative phosphorylation is a critical energy
(ATP)-generating metabolic pathway that
occurs within the mitochondria (60).
Therefore, we assessed the impact of chronic
EtOH drinking on mitochondrial activity
using flow cytometry. Mitochondrial
membrane potential was significantly
increased with EtOH in AMs but remained
comparable in the interstitial macrophage
subset (Figure 5C; Figure E6C). Moreover,
concentrations of intracellular ROS in AMs
and interstitial macrophages were
significantly increased after stimulation with
LPS (Figure 5D; Figure E6D). As EtOH-
induced oxidative stress has been shown

to affect the phagocytic capacity of AMs

(61, 62), we compared the module score for
phagocytosis determined from scRNA-Seq
data between the two groups. Both the
module score as well as the ability of AMs to
phagocytose pHrodo-labeled S. aureus were
significantly reduced with EtOH drinking
(Figures 5E and 5F). Finally, in line with the
exaggerated inflammatory response to LPS
and RSV stimulation, the cytokine signaling
module score was increased in AM with
EtOH (Figure E6E). In summary, EtOH
drinking induces oxidative stress in AMs,
leading to increased ROS production and
mitochondrial activity coupled with reduced
phagocytosis capacity and increased
inflammatory gene expression.

Discussion

Tissue-resident macrophages and infiltrating
monocytes make up a majority of the
immune cells in the alveolar space, where
they respond to insults to the respiratory
tract, including toxins, pathogens, and

Figure 3. (Continued). (pg/ml) in the presence or absence of RSV by AMs from control animals and EtOH animals. The size of each circle
represents the log, average concentration of the indicated secreted factor, and the color denotes the P value significance, in which darker blue
represents a more significant value. The P values were calculated between the unstimulated and stimulated conditions for each group using
paired t test. White circles indicate an uncalculated or nonsignificant P value. (B) Line plots represent the Luminex data for the selected
analytes. Significance was tested by paired t test (*) or unpaired t test (#) with Welch'’s correction. (C) Scatter plots showing correlation analysis
of selected factor concentration with a dose of EtOH (g EtOH/kg body weight/day). Corrected P value (g, Benjamini and Hochberg) and
Pearson r value are indicated. (D) Venn diagram comparing up and downregulated DEGs after RSV stimulation in control animal and EtOH
animal AMs. (E) Cytoscape plot of functional enrichment to GO biological processes of upregulated DEGs with RSV from both groups compared
with unstimulated conditions. The size of the dot represents the number of genes enriching to that term, and the pie chart filling represents the
contribution of DEGs from each group. Related processes are grouped into the larger terms circled. (F) Heatmap representing the averaged
expression of DEGs in each group/stimulation condition from the Response to IFNy and Response to IFNb GO terms in which the scale is row
Z-score representing low (blue) and high (red) expression. *P<0.05, #P<0.01, **P<0.001, and ****P< 0.0001. BDNF = brain-derived
neurotrophic factor; FGF = fibroblast growth factor; G-CSF = granulocyte colony-stimulating factor; GM-CSF = granulocyte-macrophage colony-
stimulating factor; NS = no stimulation; PDGF = platelet-derived growth factor; VEGF = vascular endothelial growth factor.
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Figure 5. Chronic EtOH drinking leads to increased oxidative stress accompanied by functional defects in AMs. (A) Heatmap (top) representing
the averaged expression of DEGs between control animal and EtOH animal AMs identified using the FindMarkers function in which the scale is
row Z-score representing low (blue) and high (red) expression. Bar plots (bottom) showing GO biological processes enriched in down (left)- or
up (right)-regulated genes. (B) Violin plot representing oxidative stress module scoring of total cells from each group. Significance was
calculated using the Mann-Whitney test. (C) Bar plot showing MFls of intracellular mitochondrial membrane potential stained with MitoTracker
Red in AMs. (D) Bar plot showing MFI of intracellular ROS stained by CellROX Deep Red Reagent in AMs. (E) Violin plot representing
phagocytosis module scoring of total cells from each group. Significance was calculated using the Mann-Whitney test. (F) Bar plot representing
the percentage of AMs positive for pHrodo Red Staphylococcus aureus particles. Unless indicated, statistical significance was calculated

using t test with Welch'’s correction. *P<0.05, **P<0.01, and ***P < 0.0001.

allergens (63). They are responsible for both
inflammatory responses as well as tissue
remodeling and repair. Under homeostatic
conditions, a tight balance between
inflammatory and antiinflammatory
responses is maintained. This delicate
balance can be dysregulated by
environmental factors, including pollutants,

smoking, and alcohol drinking (64). In fact,
chronic heavy alcohol drinking results in
increased susceptibility to respiratory
diseases (10-16), but the mechanisms
underlying this increased vulnerability are
not completely understood.

comprehensive examination of the impact of

chronic heavy alcohol drinking on the
transcriptome, epigenome, and function of
AMs obtained from a rhesus model of
voluntary ethanol self-administration. This
model accurately recapitulates human
drinking behavior in duration and dose and
represents a chronic, not acute, model of the
effects of alcohol and its metabolites on the

In this study, we performed a

Figure 4. (Continued). UMAP colored by cluster overlayed with indicated pseudotime lineages identified by Slingshot trajectory analysis.
(B) Heatmap represents the averaged expression of cluster marker genes identified using the FindMarkers function in which the scale is row
Z-score representing low (blue) and high (red) expression. (C) Cell density plots for control and EtOH groups across each of five trajectory
lineages determined by Slingshot. (D) Bar graphs showing the relative abundance of the cells from control (blue) or EtOH (orange) groups
within each identified cluster. Significance was calculated by t test with Welch’s correction. (E) Bar plots showing GO functional enrichment
terms for clusters 0 and 3 genes identified using the FindAllMarkers function in which the x-axis is the logp or —logo (g-value). UMAP = uniform

manifold approximation and projection.

Lewis, Doratt, Sureshchandra, et al.: Alveolar Macrophages and Chronic Alcohol Drinking

121



ORIGINAL RESEARCH

body. Consequently, this study design allows
us to interrogate the pleiotropic impact of
chronic voluntary ethanol consumption on
various organ systems in a genetically
outbred animal model while avoiding several
confounders that are difficult to control in
clinical studies. Although the genetic
diversity of the animal species and voluntary
ethanol consumption are major strengths of
this model, they can also lead to increased
intragroup variability. To understand how
chronic ethanol consumption impacted lung
immunity, BALs were obtained from male
and female rhesus macaques after 12 months
of heavy drinking (>3 g EtOH per kg body
weight per day or >12 drinks per day for an
average 60 kg human). Our findings suggest
that chronic EtOH drinking alters the
epigenetic and transcriptional landscapes of
AMs, skewing them away from tissue
maintenance/repair and antimicrobial
defenses and toward heightened
inflammatory responses. In support of these
genomic findings, functional assays show
increased inflammatory mediator responses
to microbial stimulations, dysregulated
transcriptional responses to viruses, and
reduced phagocytic capacity in AMs with
EtOH drinking,

It has been previously reported that
AMs from patients with alcohol use
disorders express elevated levels of
inflammatory mediators (65, 66) as well as
reduced phagocytic ability in AMs with
chronic drinking (26, 64). Similarly, here we
show that AMs from EtOH-drinking animals
generated a hyperinflammatory cytokine and
chemokine response to LPS. These
observations are in line with data from our
earlier studies that reported exaggerated
inflammatory responses by splenic
macrophage and blood monocyte responses
to LPS (46, 48, 67), as well as studies on long-
term EtOH exposure and increased
inflammatory responses in myeloid cells (53).
To determine if this hyperresponsiveness
extended to a relevant lung pathogen, we
stimulated AMs with RSV. AMs from EtOH
animals produced significantly higher
concentrations of IL-6, IL-12, and TGFa
than control animals. Increased production
of IL-6 in response to RSV with EtOH could
indicate broad hyperinflammation. However,
as IL-12 and TGFa concentrations are not
increased in control AMs after RSV
stimulation, we believe the production of
increased concentrations of these factors
with EtOH to be indicative of a dysregulated
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response. In line with the aberrant
inflammatory responses, the scRNA-Seq
analysis showed an increase in the
abundance of an AM cluster expressing high
levels of inflammatory genes and increased
scores of cytokine signaling modules. In
addition, TF motif analysis revealed
enrichment of binding sites for TF AP-1,
IRF8, and NFkB with chronic EtOH
drinking. Similarly, we previously reported
changes in splenic macrophages and
circulating monocytes from alcohol-
consuming macaques, thus indicating broad
epigenetic rewiring by chronic drinking

(46, 67).

The transcriptional profiles of the AMs
after RSV infection showed a reduced
induction of interferon-stimulated genes,
indicating disruptions in antiviral immunity.
Indeed, individuals with alcohol use
disorders have shown increased susceptibility
to RSV (10, 11). Coinciding with this finding,
promoter regions that mapped to T-helper
cell differentiation and regulation of cell
migration were repressed in AMs from
EtOH-drinking animals, indicating
suppression of secondary immune activation
processes. In addition, phagocytosis module
score and ability to uptake pHrodo labeled S.
aureus were compromised in AMs from
EtOH-consuming animals as previously
observed in cell culture and rodent models
(64, 68). Collectively, these alterations at
baseline suggest that AMs are poised toward
a heightened inflammatory state and away
from antimicrobial responses.

One suggested mechanism of reduced
phagocytosis in AMs with EtOH is oxidative
stress induced by increased nicotinamide
adenine dinucleotide phosphate oxidase (61,
62, 69). scRNA-Seq data showed increased
oxidative stress module scores in AMs from
EtOH animals. Prior studies have reported a
link between EtOH and its metabolites and
ROS production (70) and oxidative stress
(71). As ROSs serve as inflammasome-
activating signals and induce inflammation
(72), this could contribute to the exaggerated
production of cytokines and chemokines in
response to stimulation. Because oxidative
phosphorylation is linked to mitochondrial
activation, we assessed changes in
mitochondrial content, which was indeed
increased with chronic EtOH consumption.
Future studies would be needed to determine
the bioenergetics of these mitochondria and
how they are contributing to increased ROS
levels and further inflammation in AMs (73).

Another critical function of AMs is the
resolution of inflammation and tissue repair
in which patients with alcohol use disorders
have a higher risk of developing acute
respiratory distress syndrome (10, 18) and
compromised wound healing responses (74).
Bulk RNA-Seq of AMs revealed decreased
expression of genes mapping to wound
healing and epithelial cell proliferation
processes in EtOH AMs. Similarly, scRNA-
Seq data also suggest reduced fibroblast and
epithelial cell maintenance potential. These
changes may be mediated epigenetically
because reduced chromatin accessibility was
noted in promoters that regulate genes
important for endothelium development and
cell junction assembly with EtOH.

scRNA-Seq data revealed significant
heterogeneity within tissue-resident and
monocyte-derived macrophage populations.
Recent studies on human lung macrophages
have also shown significant macrophage
diversity with disease states (30). Clusters
that were abundant with EtOH drinking
exhibited a transcriptional profile consistent
with a heightened inflammatory state.
Trajectory analysis suggests the potential
accumulation of highly differentiated
macrophages with chronic EtOH. Although
activation and differentiation of
macrophages are controlled by complex
epigenetic mechanisms (75), it is possible
that the exacerbated inflammatory responses
observed with EtOH can be attributed to a
process akin to “innate training” in which
environmental factors lead to epigenetic
changes that have long-lasting functional
consequences (76). However, more targeted
studies would be needed to confirm this
hypothesis, including an analysis of specific
histone modifications.

An intriguing observation throughout
this study is the increased expression of
cathepsin G (CTSG) in AMs detected by bulk
RNA-Seq and scRNA-Seq accompanied by
increased chromatin accessibility at CTSG
promoter with chronic EtOH drinking.
Cathepsins are proteases active in low pH
lysosomes and have versatile functions in
innate immunity, activation, and tissue
degradation (77). Dysregulated expression of
cathepsins has been linked to diseases
including arthritis, muscular dystrophy, and
tuberculosis (77). The significance of alcohol-
induced increased cathepsin expression in
AMs needs to be further studied to
determine its importance in AM function
and lung immunity.
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Conclusions

This study provides a comprehensive
examination of AMs in the context of
chronic alcohol drinking in macaques. We
acknowledge several limitations, including
the use of LPS instead of a bacterial pathogen
and biological variability within samples
owing to the outbred macaque model.
Potential new targets identified here include

infections. M

increased mitochondrial activation, increased
ROS production, and epigenetic alterations.
These altered AM states could contribute to
the increased susceptibility of patients with
alcohol use disorders to respiratory
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