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function of myeloid cells; however, the mechanisms underlying these changes are poorly understood.
Methods: We determined the impact of CHD on the phenotype of splenic macrophages using flow cytometry.
Changes in functional responses to LPS were measured using luminex and RNA-Seq. Finally, alterations in chro-
matin accessibility were uncovered using ATAC-Seq.

K ds: . . . . o . .
Cg;zvr?irc heavy drinking Findings: A history of CHD led to increased frequency of splenic macrophages that exhibited a heightened activa-
Ethanol tion state at resting. Additionally, splenic macrophages from CHD animals generated a larger inflammatory re-

sponse to LPS, both at protein and gene expression levels. Finally, CHD resulted in increased levels of
Rhesus macaques H3K4me3, a histone mark of active promoters, as well as chromatin accessibility at promoters and intergenic re-
Chromatin accessibility gions that regulate inflammatory responses.

LPS Interpretation: These findings suggest that a history of CHD alters the immune fitness of tissue-resident macro-
phages via epigenetic mechanisms.

Fund: National Institute on Alcohol Abuse and Alcoholism (NIAAA), National Institutes of Health (NIH) -
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Splenic macrophages

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Both acute and chronic heavy alcohol consumption significantly
hamper the body's defenses against pathogens by reducing mucosal
barrier integrity and interfering with several aspects of the immune sys-
tem. Consequently, a history of chronic heavy drinking (CHD) results in
increased susceptibility to respiratory diseases such as pneumonia [1,2]
and tuberculosis [3,4]; as well as viral infections, notably HIV [5] and
HCV [6,7]. Additionally, CHD is associated with heightened risk for car-
diovascular disease [8,9] and cancer [10,11]. Furthermore, CHD has been
associated with poor gastric, dermal, and bone wound healing out-
comes [12], increasing the risks for morbidity and mortality following
surgery or trauma [13]. Several lines of evidence suggest that this defect
is primarily mediated by excessive inflammation associated with CHD,
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impairing the function of innate immune cells and thus compromising
the process of tissue repair [14].

Data from several studies indicate that CHD disproportionately af-
fects the innate branch of the immune system. Ethanol consumption
or exposure can alter the function of innate immune cells, notably
monocytes, within hours to days in a time and dose-dependent manner.
Acute exposure to ethanol in vitro attenuates the ability of human
monocytes, macrophage cells lines, and monocyte-derived macro-
phages to respond to LPS, a ligand for TLR4, as evidenced by reduced
production of canonical inflammatory cytokines such as TNFa and IL-
6 [15]. This phenomenon is mediated through increased expression of
negative regulators of TLR signalling [16-19] as well as prevention of
NFiB translocation to the nucleus [20]. This phenomenon is not limited
to signalling through TLR4 as acute exposure to ethanol inhibits type-I
interferon signalling and promotes IL-10 production in human mono-
cytes following stimulation with TLR8 ligands [21,22]. Finally, both
in vivo and ex vivo ethanol exposure in rodent models reduces produc-
tion of inflammatory cytokines IL-6 and IL-12 while increasing produc-
tion of anti-inflammatory IL-10 in response to TLR2/TLR6, TLR4, TLR5,
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Research in context

Evidence

Chronic heavy drinking (CHD) is associated with increased sus-
ceptibility to infection and poor wound healing, suggesting a com-
promised immune system. Several lines of evidence indicate that
CHD disproportionately affects the myeloid cells of the innate im-
mune system. Specifically, data from mouse models and mono-
cytic cell lines suggest that chronic ethanol exposure triggers
heightened inflammatory responses and poor functional out-
comes. However, the impact of CHD on tissue-resident macro-
phages is still unknown. Furthermore, mechanisms underlying
changes in myeloid cell function are not well understood.

Added value of this study

Here, we used a rhesus macaque model of voluntary ethanol self-
administration to study the impact of a history of CHD on pheno-
type and function of splenic macrophages. This macaque model
mimics human patterns of drinking while obviating confounding
variables associated with mouse models and human studies. We
show that CHD is associated with transcriptional reprogramming
of macrophages, resulting in a heightened inflammatory response
to LPS stimulation. This exaggerated response can be linked to
significant changes in the epigenome; specifically, to alterations
in the chromatin accessibility of promoters and intergenic regions
that regulate genes critical for triggering an inflammatory
response.

Implications of all the available evidence

This study provides novel insights into the epigenetic basis of
CHD-mediated alterations in myeloid cell function. These findings
are crucial in linking a history of voluntary CHD in a nonhuman pri-
mate model with clinical outcomes seen in patients suffering from
Alcohol Use Disorder (AUD). Consequently, these studies will fa-
cilitate future studies into using anti-inflammatory therapeutics
targeted at the epigenetic level.

TLR7 (R-848), and TLR9 ligands [23-25]. In contrast to acute exposure,
prolonged ethanol treatment enhances TNFa production by human
monocytes and macrophage cells lines following LPS or PMA stimula-
tion [22,26]. This switch to a pro-inflammatory response occurs via in-
creased phosphorylation of the NF<B p65 subunit, increased NF<B
translocation to the nucleus, and greater induction of responsive
genes [16]. Similar observations are reported in murine models where
in vivo chronic ethanol consumption results in a hyper-inflammatory
response by circulating monocytes [27]. A single binge episode in
alcohol-experienced (but not CHD) human volunteers (men and
women) increased TNFo production after 20 min and IL-10 production
at2 and 5 h [28]. The few studies that have examined the impact of CHD
on tissue-resident myeloid cells found a hyper-responsive phenotype of
Kupffer cells in the liver [29], alveolar macrophages in the lung [30], and
microglia in the brain [31].

Although in vitro studies with human monocytes and in vivo rodent
models provide invaluable insights into the impact of acute and chronic
ethanol consumption, they also present significant limitations. The
human studies primarily use monocytes obtained from healthy donors
(and not CHD subjects) and transformed human macrophage cell lines
that are treated in vitro with ethanol. Clinical studies, on the other
hand, can be hard to interpret in the presence of complex confounding
factors such as smoking, use of recreational or illicit drugs, nutritional

deficiencies, and unreliable drinking data [32]. The limitations of the ro-
dent models include reliance on forced gavage feedings or access to only
ethanol liquid diets for a relatively short period (weeks), raising the
possibility of stress-induced inflammation. Additionally, rodent models
fail to recapitulate the complexity or chronicity of voluntary and erratic
patterns of drinking exhibited by humans. Consequently, our under-
standing of the mechanisms by which CHD alters function and pheno-
type of tissue-resident macrophages remains incomplete.

To answer these questions, we leveraged a nonhuman primate
model of voluntary ethanol self-administration [33,34]. This model
allows us to interrogate the physiological impact of CHD in vivo in an
outbred translational primate model of voluntary ethanol self-
administration while avoiding confounders that complicate clinical
studies such as housing, diet, smoking, and use of illicit drugs. Recent
studies using this model have reported that CHD induces significant
transcriptional differences in PBMC [35,36]. Importantly, subsequent
bioinformatics analyses strongly suggest that chronic ethanol consump-
tion exerts its biggest impact on circulating myeloid cells [36]. These
analyses also revealed significant changes in the expression of chroma-
tin remodelling enzymes and histone molecules with CHD. However,
it is still unclear if CHD results in functional and epigenetic
reprogramming of myeloid cells.

In this study, we investigated the impact of a history of voluntary
CHD on phenotypic and functional responses on long-lived tissue resi-
dent macrophages. Our studies indicate that CHD is associated with in-
creased macrophage numbers in the spleen. The transcriptional profiles
of these cells indicate alterations in their differentiation program. Func-
tional assays suggest that CHD leads to a hyper-inflammatory response
to LPS both at the protein and transcriptional levels. Moreover, we dem-
onstrate that higher activation is mediated by greater chromatin acces-
sibility at loci critical for the inflammatory response. These studies are
the first to investigate the impact of chronic, voluntary ethanol con-
sumption on the function and epigenetic landscape of tissue-resident
macrophages in the in vivo setting of CHD using the highly translational
nonhuman primate model.

2. Materials and methods
2.1. Experimental model and subject details

We used a schedule-induced polydipsia protocol followed by an
“open access” to both 4% (w/v) ethanol and water 22 h/day to establish
voluntary ethanol consumption in rhesus macaques as previously de-
scribed [35,36]. A total of 7 controls (5 males and 2 females) and 10 an-
imals with a history of CHD (5 males and 5 females) were included in
this study (Fig. 1a). These animals came from three separate cohorts
(6a, 73, and 10) that followed two variations of the voluntary consump-
tion protocol (detailed at MATRR.com). Briefly, spleen samples were
collected at necropsy either at the end of the approximately
12 months voluntary consumption or a continuation of “open access
drinking” with intermittent 1-month periods of forced abstinence over
an additional year (details in [37]). The age of the subjects ranged
from 5.5-8.4 years of age at the time of sample collection. For compari-
son across cohorts, the average daily ethanol intake (g/kg) was calcu-
lated during the first twelve months of ethanol open-access and
ranged from 2.9 to 5.1 g/kg as detailed in Supplementary Fig. S1. For
the purposes of these studies, CHD is defined as an average 12-month
intake >2.8 g/kg and at least 330 days of ethanol intake (Table 1). Due
to sample limitations, only subsets of these animals were included in in-
dividual assays (Table 1).

2.2. Ethics statement
This study was performed in strict accordance with the recommen-

dations made in the Guide for Care and Use of Laboratory Animals of the
National Institutes of Health, the Office of Animal Welfare and the
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Fig. 1. CHD is associated with transcriptional reprogramming of splenic macrophages. (a) Schematic of the experimental design. Splenocytes from 7 control and 10 CHD animals in total
were used in this study. Except for flow cytometry, all other experiments were performed on purified CD14+ splenic macrophages. (b) Bar graph depicting the percentage of CD14+
macrophages in controls (n = 3) and CHD (n = 6) animals derived from the singlet gate of splenocytes. (** - p < 0-01, unpaired t-test with Welch's correction) (c) Bar graph showing
differences in TLR4 surface expression within the CD14+ splenic macrophage populations of controls (n = 3) and CHD (n = 6) animals measured using flow cytometry. Median Fluo-
rescence Intensity (MFI) is depicted on the Y-axis. (* - p < 0-05, unpaired t-test with Welch's correction) (d) Scatterplot comparing average normalised transcript counts (RPKM) from
resting splenic macrophages in response to CHD. Select significantly differentially expressed genes (DEG) outside the confidence interval of the linear fit are highlighted. A total of 5 con-
trols and 3 CHD animals were used in the RNA-Seq experiment. (e) Functional enrichment of DEG detected in resting splenic macrophages in response to CHD was carried out using
Metascape. Each circle denotes a Gene Ontology (GO) term. The size of the circle indicates the number of DEG enriching to the GO term in question. Closely related (GO) terms are clustered
into groups labelled with the most statistically significant GO term within that group. Grey lines indicate the relationship between different GO terms based on shared DEG. (f) Bar graphs
showing normalised transcript counts (RPKM) of Toll-like receptors genes (TLR) (** - FDR <0-01, exact test in edgeR followed by FDR correction using Benjamini-Hochberg method).

United States Department of Agriculture. The ONPRC Institutional Ani-
mal Care and Use Committee approved all animal work.

2.3. Tissue collection and processing

Spleens from rhesus macaques were collected at necropsy (euthana-
sia method: 8 mg/kg ketamine followed by Pentobarbital injection) in
RPMI supplemented with 10% fetal bovine serum (FBS), streptomycin/
penicillin, and L-glutamine. Splenic leukocytes were isolated by

mechanical disruption and filtration through a 70 um cell strainer
followed by red blood cell lysis. Cells were cryopreserved in 10% DMSO
in Fetalplex Animal Serum Complex (Gemini Bio-Products, Sacramento
CA).

24. Flow cytometry

1 to 2 x 10° freshly thawed spleen cells were surface stained using a
cocktail of fluorescent-labelled antibodies - PerCP/Cy5.5-CD3 (Clone
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Table 1
Description of samples used in this study.

Sample MATRR  Sex Flow Stimulation RNA-Seq ATAC-Seq
ID ID cytometry assay

Control-1 10076 Female X X X
Control-2 10071 Female X X

Control-3 10222 Male X X

Control-4 10221 Male X X X
Control-5 10220 Male X X X

Control-6 10093 Male X

Control-7 10096 Male X

CHD-1 10080 Female X

CHD-2 10081 Female X X X
CHD-3 10069 Female X

CHD-4 10070 Female X

CHD-5 10078 Female X
CHD-6 10214 Male X X X X
CHD-7 10215 Male X X X
CHD-8 10088 Male X

CHD-9 10098 Male X

CHD-10 10097 Male X

SP34-2, BD Biosciences), BV510-CD20 (Clone 2H7, Biolegend),
APC/Cy7-HLA-DR (Clone L243, Biolegend ), AF700-CD14 (Clone M5E2,
Biolegend), APC-TLR4 (Clone HTA125, Biolegend), PB-CD16 (Clone
3G8, Biolegend), PE-CX3CR1 (Clone 2A9-1, Biolegend), PerCP-CCR2
(Clone 48,607, R&D Systems), BV605-CD40 (Clone 5C3, Biolegend),
and PE-Dazzle 594-CD80 (Clone 2D10, Biolegend). All samples were ac-
quired with the Attune NxT Flow Cytometer (ThermoFisher Scientific,
Waltham MA) and analysed using Flow]o software (Ashland OR). Me-
dian Fluorescence Intensities (MFI) for all markers within the CD14+
macrophage gate were extracted in Flow]o and tested for significant dif-
ferences using an unpaired t-test with Welch's correction on Prism 5
(GraphPad, San Diego CA).

2.5. Purification of splenic macrophages

Splenic CD14+ macrophages were purified from freshly thawed
splenic leukocytes using CD14 antibodies conjugated to magnetic
microbeads per the manufacturer's recommendations (Miltenyi Biotec,
San Diego CA). Positive selection of macrophages was chosen to ensure
high purity of the population, which was assessed using flow cytometry
and was on average > 90%.

2.6. TLR4 stimulation assay

2 x 10° CD14+ purified splenic macrophages were cultured in RPMI
supplemented with 10% FBS with or without 100 ng/mL LPS (TLR4 li-
gand, E.coli 055:B5; Invivogen, San Diego CA) for 16 h in 96-well tissue
culture plates at 37C in a 5% CO2 environment. Plates were spun down:
supernatants were used to measure production of immune mediators
using Luminex technology, and cell pellets were resuspended in Qiazol
(Qiagen) for RNA extraction. Both cells and supernatants were stored in
—80C until they could be processed as a batch.

2.7. RNA extraction and library preparation

Total RNA was isolated from CD14+ purified splenic macrophages
using mRNeasy kit (Qiagen, Valencia CA) and quality assessed using
Agilent 2100 Bioanalyzer. Following ribosomal RNA depletion using
Ribo-Gone rRNA removal kit (Clontech, Mountain View CA), libraries
were generated using SMARTer Stranded RNA-Seq kit. Briefly, rRNA de-
pleted RNA was fragmented, converted to double-stranded cDNA and li-
gated to adapters. The roughly 300 bp-long fragments were then
amplified by PCR and selected by size exclusion. Libraries were
multiplexed using unique barcodes to facilitate sequencing of several
biological samples. Following quality control for size, quality, and

concentrations, libraries of 100 bp read lengths were sequenced on
single-end mode.

2.8. Luminex assay

Circulating immune mediators were measured using nonhuman pri-
mate Cytokine/Chemokine/Growth Factor (eBioscience, San Diego CA)
29-plex panel measuring levels of cytokines (IFNv, IL-1p, IL-2, IL4, IL-
5, IL-6, IL-12, IL-15, IL-17, TNFa, IL-1RA, IL-10, and MIF), chemokines
(MCP-1, MIP-1cx, MIP-1p, RANTES, Eotaxin, MDC, IL-8, MIG, and I-
TAC), and growth factors (EGF, FGF, G-CSF, GM-CSF, HGF, and VEGF-
A). Standard curves were generated using 5-parameter logistic regres-
sion and differences in analyte levels between resting and post stimula-
tion samples were tested using a paired t-test. Differences in levels of
spontaneously produced analytes were tested using unpaired t-test
with Welch's correction. Principal Component Analysis of overall medi-
ator profiles was generated using ggbiplot function in R.

2.9. ATAC-Seq library preparation

10° purified CD14+ splenic macrophages were lysed in lysis buffer
(10 mM Tris-HCl (pH 7-4), 10 mM NacCl, 3 mM MgCl,, and NP-40 for
10 min on ice to prepare the nuclei. Immediately after lysis, nuclei
were spun at 500 g for 5 min to remove the supernatant. Nuclei were
then incubated with Tn5 transposase and tagmentation buffer at 37C
for 30 min. Stop buffer was then added directly into the reaction to
end the tagmentation. PCR was performed to amplify the library for
15 cycles using the following PCR conditions: 72C for 3 min; 98C for
30s and thermocycling at 98C for 15 s, 60C for 30s and 72C for 3 min;
following by 72C 5 min. Libraries were then purified with AMPure
(Beckman Coulter, Brea CA) beads and quantified on the Bioanalyzer
(Agilent Technologies, Santa Clara CA).

2.10. Histone ELISA

Nuclear extracts from 2 x 10° purified CD14+ splenic macrophages
were isolated per manufacturer's instructions (Abcam, Cambridge UK)
and quantified using a micro BCA assay protein assay kit (ThermoFisher
Scientific, Waltham MA). Histone modifications were measured using a
Histone H3 modification Multiplex Assay (Abcam, Cambridge UK).
Input was normalised based on total protein concentration, and 20 ng
of nuclear extract was added to each well. Given limited sample avail-
ability, only a subset of histone methylation marks was assayed
(H3K4me1, H3K4me2, H3K4me3, H3K9me3). Optical density was mea-
sured at 450 nm.

2.11. RNA-Seq analysis

RNA-Seq reads were quality checked using FASTQC, adapter and
quality trimmed using TrimGalore, retaining reads at least 35 bp long.
Reads were aligned to Macaca mulatta genome based on annotations
available on ENSEMBL (Rhemac3) using Tophat2 (version 2.1.1) (Sup-
plementary Table 1). Aligned reads were counted gene-wise using
GenomicRanges, counting reads in a strand-specific manner. Read
counts were normalised using RPKM method for generation of PCA
and heatmaps. Raw counts were used for testing differentially
expressed genes (DEG) using edgeR using an exact test. DEG was de-
fined as genes with at least two-fold up or down-regulation and an
FDR controlled at 5%. Only genes with known macaque gene annota-
tions were included in all downstream analyses. Functional enrichment
of DEG was performed using Metascape (www.metascape.org) and
InnateDB (https://www.innatedb.com). Networks of functional enrich-
ment terms generated using MetaScape were visualised in Cytoscape
(https://cytoscape.org).
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2.12. ATAC-Seq - read preprocessing and alignment

Paired ended reads from sequencing were quality checked using
FASTQC and trimmed to retain reads with a quality threshold of at
least 20 and minimum read lengths of 50. Trimmed paired reads were
aligned to the Macaca mulatta genome (Mmul_8.0.1) using Bowtie2
(—X 2000 -k 1 -very-sensitive —no-discordant —no-mixed). Reads
aligning to mitochondrial genome and allosomes were removed using
samtools. PCR duplicate artefacts were then removed using Picard. Fi-
nally, unmapped reads, supplementary alignment, potential PCR/optical
duplicates, poor quality alignments and improperly mapped reads were
filtered using samtools (samtools view —q 20 —-F 3844). All samples had
at least 25 million non-duplicate non-mitochondrial reads, with >95%
alignment rates and > 0-9 non-redundant fraction (Supplementary
Table 2). BAM files were repositioned using ATACseqQC package in R
to reflect the accurate read start site due to Tn5 insertion. The positive
and negative strands were offset by +4 bp and -5 bp respectively as pre-
viously described [38].

2.13. ATAC-Seq - peak calling

Accessible chromatin peaks were called for each sample from only
paired reads using MACS2 (-BAMPE -g 2-4e9 -nomodel -q 0.01 -B -
SPMR) callpeak function. Q-values were generated by Benjamini-
Hochberg correction of p-values generated from a dynamic Poisson dis-
tribution in MACS2. Sample QC and statistics were generated using
ATACseqQC package. For all downstream purposes, we tightened the
signal 200 bp around the predicted summit (Supplementary Fig. S4a),
without dramatically changing the annotation profiles (Supplementary
Fig. S4b). PCA and sample clustering was performed on these regions
following normalisation using DiffBind. Only samples with a FRiP
score of at least 0-1 were retained in the analysis.

2.14. Profiling open chromatin regions in splenic macrophages

To identify open chromatin profile of splenic macrophages under
homeostatic conditions, consensus profiles of macrophages from con-
trol animals were built using DiffBind using summits. Peaks were re-
stricted to 200 bp on either end of the summits providing a list of
10,417 400 bp-peaks. Gene candidate list was further narrowed to
those with at least two peaks overlapping promoters or exons and func-
tional enrichment was carried out using Metascape (http://metascape.
org) [39].

2.15. Identifying differential accessibility regions (DAR)

Differentially accessible peaks/regions between CHD and control an-
imals were identified around both narrow peaks and summits (+/—
200 bp) using DESeq2 module in DiffBind. Statistical significance of dif-
ferential peaks was tested using Wald-test followed by an FDR correc-
tion. For all downstream analyses, we define Differentially Accessible
Regions (DAR) as 400 bp regions (200 bp on either end of the summits)
that have at least fold increase or decrease of 1-5 on a log; scale, and a
False Discovery Rate (FDR) of >1% were included in the analysis.

2.16. Promoter and intergenic peak annotations

Genomic annotation of open chromatin regions in splenic macro-
phages and DAR with CHD was assigned using ChIPSeeker. Promoters
were defined as follows: —1000 bp to +100 bp around the transcrip-
tional start site (TSS) and then compared against a background of a mil-
lion 400 bp macaque genomic regions generated using bedtools. Genes
with no annotations were excluded from downstream analyses.

Due to the lack of available macaque annotation databases, distal
intergenic regions (within 100 KB window) from macaque assembly
were converted to the human genome (hg19) coordinates using UCSC

liftOver tool. This strategy is a viable alternative when studying nonhu-
man primates since recent studies suggest that quantitative and not
qualitative differences in enhancer activity are the prevalent source of
regulatory landscape divergence among closely related species such as
primates [40]. 1633 identified open chromatin regions with at least
50% overlap after lifting over from hg18 to hg19 genome builds using
liftOver were subsequently compared to published human macrophage
active enhancers (H3K27Ac) (GSE43036) and inactive/poised en-
hancers (H3K4mel) (GSE66595) peaks [41] using bedtools. Cis-
Regulatory roles of these putative enhancer regions were identified
using GREAT (http://great.stanford.edu/public/html/) using the default
definition of gene regulatory domain (5 kb upstream, 1 kb downstream,
and up to 1000 kb distal relative to TSS). Curated regulatory domains
were excluded from the analysis. Bedgraphs were generated from
BAM files using bedtools, converted to TDF using IGVtools and
visualised in IGV (Integrated Genome Viewer).

2.17. Transcription factor footprinting analyses

To identify particular transcription factor binding sites (TFBS) that
are over-represented in the differentially accessible promoter regions,
genes were compared to CisRed, a database of genome-wide regulatory
module and element predictions from JASPAR, TRANSFAC, and
ORegAnno. Potential over-representative transcription factor binding
sites within intergenic regions were identified using HOMER (http://
homer.ucsd.edu/homer/). Statistically significant motifs in these regions
were identified using findMotifsGenome.pl application.

For footprinting analyses, we used the highest-ranking hits from
transcription factor (TF) analyses in both promoter and intergenic
DAR. Position Weight Matrices (PWM) for each TF was taken from ver-
sion 1.02 of CISBP database (http://cisbp.ccbr.utoronto.ca/) and con-
verted to MEME format using the matrix2meme function in the
MEME suite. Binding sites were then calculated using CENTIPEDE
(http://centipede.uchicago.edu/), using the rhesus genome and
narrowPeaks from pooled (Controls and CHD) BAM files called using
MACS2. The posterior probability of TF binding sites for each peak was
used to filter low confidence sites.

2.18. Nucleosome occupancy analyses

Due to limitations in coverage required for nucleosome analysis,
reads were pooled within groups, and broad peaks were established
using MACS2 (- broad). Nucleosome Free Region (NFR) and nucleo-
some models were built using NucleoATAC using default settings [42].

2.19. Data integration - accessibility-gene expression association

Promoter regions for every annotated macaque gene were defined
in ChIP-Seeker as —1000 bp to 4100 bp relative to the transcription
start site. Pileups were generated for these regions using featureCounts
using pooled bam files for each group and normalised to total numbers
of mapped reads. ATAC-Seq promoter pileups were tested for associa-
tion with median RPKM of the gene using Spearman correlation analy-
sis. For other comparisons, scatterplots of promoter ATAC-Seq pileups
and RPKM were generated using ggplot, and Pearson correlations
were calculated using cor.test in R and slopes compared to ay = x
line using slope.test in smatr package in R.

3. Statistical methods

Two group comparisons were carried out using an unpaired t-test
with Welch's correction. Differences between four groups were tested
using one-way ANOVA (o = 0-05) with Sidak's multiple comparisons
corrections. Statistical significance of functional enrichment was
established using hypergeometric tests. Linear association between
ATAC-Seq readouts was established using Pearson's correlation.
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Association between ATAC-Seq and RNA-Seq was tested using
Spearman's correlation test. Slopes were compared using F-tests and
significance of Venn overlaps established using a hypergeometric test.

3.1. Data deposition and materials sharing

The RNA-Seq and ATAC-Seq data files are available on NCBI's GEO
under project accession PRJNA525851.

4. Results

4.1. Chronic heavy drinking (CHD) alters the frequency, phenotype, and
transcriptional profile of spleen resident macrophages

We compared frequency and phenotype of resting macrophages
within splenic leukocyte populations obtained from rhesus macaques
classified as controls and CHD animals (Fig. 1a, Supplementary Fig. S1,
and Table 1). Flow analyses showed an increased frequency of CD14+
macrophages in the spleen of CHD animals (Supplementary Fig. S2a
and Fig. 1b). Analysis of surface expression of CD163 and CD16, which
delineate tissue-resident macrophages from circulating monocytes
[43] indicate that CD14+- cells are predominantly (97% average) splenic
macrophages (Supplementary Fig. S2b). Additionally, splenic macro-
phages from CHD animals expressed higher surface levels of TLR4
(Fig. 1c and Supplementary Fig. S2¢), in the absence of any differences
in surface expression of CD16, HLA-DR, CCR2, or CX3CR1 (Supplemen-
tary Fig. S2c-e). Similarly, basal levels of activation markers CD40 and
CD80 were comparable between the two groups (Supplementary
Fig. S2c and S2f).

RNA-Seq analyses revealed a significant impact of CHD on the tran-
scriptional profiles of tissue-resident macrophages with 63 up-
regulated and 11 down-regulated genes (Fig. 1d and Supplementary
Fig. S3a). These differentially expressed genes (DEG) play a role in im-
mune activation as evidenced by their enrichment to gene ontology
(GO) terms such as “chemotaxis” and “myeloid leukocyte differentia-
tion” (Fig. 1e). In line with our flow cytometry data, we observed higher
levels of transcripts associated with TLR4 as well as other pattern recog-
nition receptors (e.g. TLR2, and FPR3); chemokine and complement re-
ceptors (CCR1, CCR5, and C3AR1); and regulators of myeloid
differentiation (CSFIR, MSR1, CD163) in CHD group (Fig. 1d and
Fig. 1f) suggesting that splenic macrophages from CHD animals are po-
tentially poised to respond differently to stimulation.

4.2. Chronic HD enhances splenic macrophage response to LPS

To assess the impact of CHD on splenic macrophage responses puri-
fied splenic CD14+4 macrophages from control and CHD rhesus ma-
caques were stimulated with LPS for 16 h, and secreted immune
mediators were measured using Luminex (Fig. 1a and Supplementary
Table 3). Principal Component Analysis (PCA) of the immune mediators
(cytokines chemokines and growth factors) produced following LPS
stimulation suggests distinct response profiles in CHD animals com-
pared to controls (Fig. 2a). More specifically, in contrast to the pre-
and post-LPS samples from the control group, which occupied overlap-
ping space in the PCA, the pre- and post-LPS samples from the CHD
group form distinct clusters in the PCA, suggesting a substantially larger
response by the CHD animals. This heightened response is evident when
comparing the production of specific analytes (Fig. 2b). Statistically sig-
nificant induction of TNFo, MIP-13, GM-CSF, IL-6, and IL-1f3 in response
to LPS (Fig. 2b) was observed only in the CHD group. Levels of IL-4,
TNFo, GM-CSF, and MIP-1a were higher in the CHD group compared
to controls following LPS stimulation (Fig. 2b). After correcting for back-
ground production, levels of MIP-1¢, IL-8, and GM-CSF were also higher
in CHD animals relative to controls (Fig. 2c).

4.3. CHD associated transcriptional responses to LPS mirror protein
responses

Using RNA-Seq, we measured and compared transcript levels 16 h
post LPS stimulation in both groups (Fig. 1a). As described for immune
mediator production, we detected a larger number of differentially
expressed genes (DEG) in CHD group relative to control animal follow-
ing LPS stimulation (Fig. 3a, Supplementary Fig. S3a, and S3b) albeit
with significant overlap (368 genes, p < 0-001) (Fig. 3a). Overall, DEG
detected in both groups enriched to biological processes associated
with canonical inflammatory responses to LPS, such as “cytokine pro-
duction”, “myeloid cell activation” and “leukocyte migration” (Fig. 3b).
However, the number of DEG enriching to these processes was higher
in the CHD group (Fig. 3b).

The magnitude of fold change of DEG detected in both groups
showed a strong correlation with each other with few exceptions (e.g.
IL23A, ADAMS, FPR3, CCR5, CSF3R, SOCS3, and IL2RA) (Fig. 3c). Several
genes that play a critical role in the innate immune response to LPS
were exclusively dysregulated with CHD (Fig. 3d). This list includes
genes involved in sustaining a pro-inflammatory innate immune re-
sponse to LPS (FCGR2B, CD80, NFKB1, JUN, IENG, IL6ST), as well as
genes associated with host defence (LAMP1, IFIT1, IFIT2, ATG7, OASL,
and TLR4) (Fig. 3d and Fig. 3e). In contrast, genes exclusively dysregu-
lated in controls play a role in chemotaxis, lipid metabolism, apoptosis,
and cytokine secretion (CCR2, C3, CR1, CCR6, VEGFB) (Supplementary
Fig. S3c and S3d).

Transcription factor (TF)-mediated regulation of the gene expres-
sion changes was detected following LPS stimulation using InnateDB
and cisRed databases with a focus on macrophage-specific TF [44]. Anal-
ysis of canonical LPS responsive TFs (Fig. 3f) suggests genes regulated by
REX-1, AP-1, STAT1, NF«B, and IRF1 were only differentially expressed
in the CHD group following LPS stimulation (Fig. 3f). Given that the
transcriptional response to LPS was assessed at 16 h post-stimulation,
we also assessed TFs that regulate the resolution of inflammation and
differentiation program following LPS exposure (Supplementary
Fig. S3e). Interestingly, several genes regulated by resolving factors
PPARY, NRF-1, and ATF3 (Supplementary Fig. S3e) regulated genes
were up-regulated exclusively in the CHD group. Furthermore, a num-
ber of NF-B and PPARYy regulated genes were down-regulated in both
groups, in line with the resolution of the inflammatory phase at 16 h
post stimulation.

4.4. CHD alters the chromatin landscape of splenic macrophages

The epigenetic basis for functional and transcriptional changes in
splenic macrophages induced by CHD was assessed using an unbiased
approach to profile the chromatin landscape of splenic macrophages
from controls and CHD animals using the assay for transposase-
accessible chromatin sequencing (ATAC-Seq) (Fig. 4a). First, we
assessed the accessible chromatin regions in splenic macrophages in
control animals under homeostatic conditions. Because larger genomic
loci with higher number of mapped reads can bias differential accessi-
bility measurements, all readouts were tightened to 200 bp around
each peak (Supplementary Fig. S4a). Genomic annotations of open
chromatin profile in macrophages from control animals indicate a pre-
dominance of promoter (—1000 bp to +100 bp) (4464 genes) and dis-
tal intergenic loci (Supplementary Fig. S4b) relative to a background of
randomly regenerated 400 bp regions (Supplementary Fig. S4c). A core
set of 90 genes with at least two accessible peaks were identified, which
play roles in: “myeloid leukocyte differentiation”; “apoptosis”; “phago-
cytosis”, and “iron transport” (Fig. S4d).

The PCA of accessible chromatin regions indicated that samples from
the CHD and control groups form distinct clusters separated by loadings
from PC1 (Fig. 4b). Differential accessibility analysis of these summits
using DiffBind (internally running DESeq2) confirmed enhanced chro-
matin accessibility (higher number of open chromatin regions) in
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macrophages from CHD animals relative to controls, defined as those
with a fold change in accessibility >1.5 and an FDR <0.01 (Fig. 4c and
Supplementary Fig. S4e). This filtering approach identified 3760 geno-
mic elements (3758 open regions vs. 2 closed regions) with altered
chromatin accessibility with CHD (Fig. 4c and Supplementary Fig. S4e).

Genomic annotations of these differentially accessible regions (DAR)
suggest an over-representation of promoter regions (Fig. 4d) relative to
background (Fig. S4c). Moreover, 43% of the DAR (1633) mapped to dis-
tal intergenic regions (Fig. 4d), indicating the potential impact on cis-
regulatory networks as well. The 787 DAR that mapped to promoter re-
gions (defined as —1000 bp to +100 bp around TSS) mapped to 644
unique annotated genes, which play roles in “cytokine signalling path-
ways”, “cellular response to stress”; and “apoptosis” (Fig. 4e). In partic-
ular, we observed increased promoter accessibility of markers of
myeloid cell activation (e.g. CD40) (Fig. 4f and Fig. 4g). Interestingly, a
number of genes regulated by promoter regions differentially accessible
with CHD are involved in histone deacetylation and chromatin remod-
elling (Fig. 4e). Given the large changes in promoter accessibility with
CHD, we measured the expression of a subset of active and repressive
histone marks in nuclear extracts using a multiplexed ELISA. Our analy-
sis showed no significant differences in mono or di-methyl marks on
histone H3K4 (associated with enhancers); however, we detected a sig-
nificant increase (p <.05) in global tri-methyl levels (H3K4me3), an ac-
tive promoter mark while levels of H3K9me3 a repressive mark
remained unchanged with CHD (Fig. 4h).

Finally, we investigated if enhanced chromatin accessibility is associ-
ated with concomitant changes in nucleosome positioning. Using a con-
servative approach to model Nucleosome Free Regions (NFR) and

nucleosomes [42], our analysis indicates a drop in relative frequencies
of nucleosomes in CHD relative to controls (Supplementary Fig. S5a
and Fig. S5b).

4.5. CHD enhances the accessibility of stress-responsive transcription fac-
tors in splenic macrophages

Next, we carried out a TF binding site (TFBS) analysis using InnateDB
and cisRed to gain a better understanding of how chromatin accessibil-
ity changes impact TF binding within the promoter regions. This ap-
proach predicted increased availability of binding sites for cellular
stress-responsive TF such as hypoxia-inducible HIF-1q, oxidative
stress-responsive NRF-1 and AHR; and ER stress-responsive XBP1; as
well as master regulators of inflammation NFKB1 and subunit p50
(Fig. 4i). Approximately 43% of the increased accessible regions mapped
to intergenic elements of the macaque genome. To identify functional
attributes to these changes, we transformed the genomic coordinates
from macaque assembly to human assembly (hg19, see methods) and
identified potential cis-regulation using GREAT (Fig. 5a and Fig. 5b).
We further restricted our analysis of intergenic changes to characterised
enhancers from human monocyte-derived macrophages [41] (see
methods). Assessment of changes overlapping H3K4mel and
H3K27Ac rich regions demonstrate cis-regulatory roles in host defence
(e.g. “Immune System Process” and “regulation of cytokine production”)
(Fig. 5c and Fig. 5d).

Further unbiased TF motif-based analysis using HOMER's
findMotifsGenome tool in intergenic regions identified binding sites
for TF essential for macrophage phagocytosis (GATA-2) [45], activation
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(CEBPA) [46], pro-inflammatory cytokine production (GATA-2, NRF-1,
NFAT5) [47], and polarization (GATA-3 and NFATS5) [47,48] (Fig. 5e).
The putative TF binding sites for GATA2, NFAT5, and NRF (intergenic
candidates) as well as HIF-1a and AHR (promoter candidates) were
confirmed by binding probability measurements using CENTIPEDE
(Fig. 5f and Fig. 5g).

4.6. Integrating CHD-associated chromatin changes with differential gene
expression

Direct comparisons of gene expression with promoter accessibility
using CHD samples suggested a modest but significant positive associa-
tion (r2 = 0-32; p<2-2e-16, Spearman correlation) (Fig. 6a). A compar-
ison of the list of genes regulated by the differentially accessible
promoters (644 genes) and the list of genes differentially expressed
with CHD at resting (using FDR <0-1-117 genes) showed a poor overlap
(Supplementary Fig. S6). Therefore, we next investigated the associa-
tion between the degree of chromatin accessibility and gene expression.

To that end, we compared normalised ATAC-Seq readouts at the pro-
moters of the 117 genes differentially expressed with CHD at resting
in controls and CHD samples (using FDR <0.1). This analysis revealed a
significant linear association (r? = 0-953; p < 2-2e-16, Pearson correla-
tion), and more importantly, a significant shift (p <0-001, relative to the
slope of 1) strongly indicating enhanced chromatin accessibility for sev-
eral genes (Fig. 6b), notably C3AR1, TLR4, LAMP1, and CCL2.

Next, we next compared normalised ATAC-Seq readouts at the pro-
moters of the 327 genes (Fig. 3a) that were exclusively upregulated in
splenic macrophages following LPS stimulation in controls and CHD
samples (Fig. 6¢). A similar linear trend (r?> = 0.9719, p < 0-0001, Pear-
son correlation) and a shift in slopes of linear distributions were also ob-
served (p < 0-001, relative to the slope of 1) notably for TF STAT4, IRF4,
and RUNXT; signalling molecules IRAK2, FOSL1/FOSL2, and TNFAIP3
(Fig. 6¢). Among the genes with significantly increased promoter acces-
sibility with CHD is CD40 (Fig. 4g) where we observed a significantly
higher induction of its mRNA expression (Fold change 0-85 for controls,
1-4 for CHD, FDR < 0-05, exact test following by Benjamini-Hochberg
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correction) and a higher surface expression with CHD following LPS
stimulation (Fig. 6d) but not at resting. This observation suggesta a po-
tentially significant contribution of chromatin changes observed at rest-
ing to post stimulatory gene expression patterns.

5. Discussion

While it is well accepted that long term ethanol exposure signifi-
cantly impacts the function of peripheral and tissue-resident myeloid
cells [49], our understanding of the mechanisms underlying these
changes remains limited. The current study using a rhesus macaque
model of chronic voluntary ethanol self-administration in vivo provides
insights into the mechanism of myeloid cell dysfunction associated with
chronic heavy alcohol drinking (CHD) (males and females included).
First, the data show that a history of CHD is associated with increased
frequency of macrophages in the spleen. This phenotype has previously
only been reported in the liver, under conditions of alcoholic liver dis-
ease (ALD) [50]. Since this model does not produce overt signs of tissue
damage in liver but rather a metabolic syndrome of oxidative stress
[51-53], our finding suggests that chronic drinking can alter the fre-
quency of tissue-resident myeloid cells even in the absence of overt
organ damage. Secondly, the characterisation of purified splenic macro-
phages from CHD monkeys, included responses to LPS both at protein
and gene expression levels, and changes in chromatin accessibility
allowing for a deeper understanding of inflammatory reprogramming.
Our data indicate that a history of CHD is associated with higher expres-
sion of TLR4 (protein and gene expression level) as well as other pattern
recognition receptors (FPR3, TLR2), chemokine receptors (CCR1, CCR5),
differentiation, and activation markers (CD163). These findings are in
line with earlier studies that reported alterations in expression of pro-

inflammatory cytokines [30], surface expression of pathogen sensors,
adhesion molecules, activation markers [54], and impaired phagocyto-
sis [55] on human alveolar macrophages with alcohol use disorder.
Both TLR2 and TLR4 are implicated in attenuation or augmentation of
inflammation by acute alcohol exposure in monocytes [56], peritoneal
macrophages [57,58], and the CNS [59]. The present analyses provide
evidence that this phenotype holds for chronic exposure as well.

The enhanced activation of macrophages following CHD can be
hypothesised to occur via two different mechanisms. First, the oxida-
tive stress induced by ethanol or its metabolites (acetyl-CoA) and
acetaldehyde adducts can exert a significant impact on cellular tran-
scriptional profiles [60,61]. Specifically, these molecules can serve as
cofactors and substrates within signalling pathways that result in epi-
genetic changes via histone modifications [62], potentially altering
chromatin accessibility and regulating gene expression. In support of
this hypothesis, we have reported changes in post-transcriptional net-
works, particularly of microRNAs that modulate immune function [63]
as well as transcriptional changes that have the potential to alter chro-
matin organisation in PBMC from CHD macaques [36]. Similarly, alter-
ations in DNA methylation and gene expression in the brain were also
reported in this model [64,65]. Finally, clinical studies have also re-
ported alterations in histone modifications and DNA methylation
with CHD in neurons that contribute to memory deficits and addiction
[66-70].

Secondly, CHD results in an impaired gut barrier and potential trans-
location of endotoxins into circulation [71,72]. This dysbiosis contrib-
utes to the development of ALD [73,74], acute lung injury [75], and
addictive behaviour [72]. Indeed, we recently reported a dose-
dependent increase in levels of circulating IgM-bound endotoxin in
male rhesus macaques with a history of CHD [76]. Similarly, recent
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Fig. 6. Integration of RNA-Seq and ATAC-Seq links CHD associated epigenetic changes with post LPS responses. (a) Scatter plots comparing expression (median RPKM) and normalised
promoter ATAC-Seq pileups of all the genes in the CHD group. Association was tested using Spearman correlation test and curve fit using polynomial loess regression. Each dot is a
gene and colours of the dots represent the relative overlap of the two distributions. (b) Scatter plot comparing ATAC-Seq readouts at promoters of genes differentially expressed with
CHD at resting from control and CHD animals. Linear regression and association were tested using Pearson's correlation test. (c) Scatter plot comparing ATAC-Seq readouts from
control and CHD animals at promoters of genes differentially expressed exclusively with CHD in response to LPS. Linear regression and association were tested using Pearson's
correlation test. (d) Histogram and bar graphs comparing surface CD40 induction with 16 h LPS exposure in macrophages from controls (post stim, n = 2) and CHD (post stim, n = 3)

animals (p-values from unpaired t-test with Welch's correction).

studies reported a positive correlation between the amounts of ethanol
consumed, serum endotoxin levels, and markers of monocyte activation
in humans [49]. Therefore, higher circulating levels of bacterial
pathogen-associated molecular patterns (PAMPs) could result in the ac-
tivation of tissue-resident macrophages. It is, however, still unclear if
the impact of the PAMPs is limited to mature myeloid cells or can repro-
gram precursor cells in the bone marrow.

Interestingly, the higher basal activation state of splenic macrophages
did not result in LPS tolerance. Instead, stimulation with LPS resulted in
heightened inflammatory responses in CHD animals. Immune mediator
secretion profile indicated a significantly larger response with higher
levels of canonical LPS-induced factors such as MIP-1c, TNFo, GM-CSF,
and IL-8. This hyperinflammatory response was paralleled with an exac-
erbated inflammatory response to LPS at the transcriptional level.
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Alterations in responses to LPS can be mediated by cellular signalling per-
turbations or nuclear/epigenetic defects. Given that metabolites of etha-
nol (e.g. acetyl-CoA and acetaldehyde) regulate several aspects of
chromatin biology [77,78], we next determined if CHD is associated
with reprogramming of the splenic macrophage epigenome.

ATAC-Seq analysis of resting macrophage revealed global increases
in chromatin accessibility of regulatory elements, notably promoters
and intergenic enhancer regions that regulate the expression of genes
critical for immune activation, cellular stress responses and gene ex-
pression. Interestingly, we detected increased accessibility of regulatory
elements harbouring transcription factors that respond to oxidative
stress and hypoxia as well as those that regulate inflammatory re-
sponses. Additional analyses revealed a weak but significant association
between chromatin accessibility and gene expression levels. Findings
from the integration approach strongly suggest that CHD-induced dif-
ferences in gene expression at resting and post-LPS stimulation can be
explained by higher promoter accessibility for a subset of the genes.
The genes that do not show a change in promoter accessibility may be
regulated by additional mechanisms such as changes in TF translocation
to the nucleus, recruitment of Pol II, and cis-regulatory factors, and post-
transcriptional modification. Within the genes that showed increased
promoter accessibility with CHD is CD40, which showed higher protein
and gene expression following LPS stimulation.

To our knowledge, this is the first comprehensive analysis of the geno-
mic and functional impact of voluntary CHD (for at least 12 months) on
tissue-resident macrophages in nonhuman primates, albeit in a small
sample. Given the significant similarity between human and nonhuman
primate physiologic and immunologic systems, these findings have a
high translational value. Although experiments in this study included
both males and females, we are underpowered to draw any conclusions
regarding the impact of sex on ethanol-associated immune dysregula-
tion, which remains a high public health priority. Future experiments
should determine whether implicated changes in the chromatin can
alter the effector functions of macrophage (e.g. pathogen killing, phago-
cytosis, wound healing), thereby linking experimental observations
with clinical outcomes of patients with AUD. Further studies will also ad-
dress chromatin accessibility and the role of histone modifications in me-
diating this pro-inflammatory phenotype seen with CHD, including
alterations in TF access. Ultimately, in addition to studying mature tissue
resident cells, future endeavours will have to focus on understanding the
impact of CHD on precursor myeloid cells in the bone marrow, which
populate cells in the periphery and large portions of cells in the tissue.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.04.027.
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