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ABSTRACT OF THE DISSERTATION

Immune Perturbations of Macrophages, Monocytes, and Myeloid Progenitors with Chronic
Alcohol Drinking

by
Sloan Alexandra Lewis
Doctor of Philosophy in Biological Sciences

University of California, Irvine, 2021

Professor Ilhem Messaoudi, Chair

Chronic alcohol drinking adversely affects human health and is a significant risk
factor for numerous conditions including cardiac and liver disease, cancer, and sepsis.
Furthermore, patients who consume alcohol chronically have increased susceptibility to
viral and bacterial infections, suggesting compromised immune function. Studies to date
have shown a disproportionate effect of alcohol on innate immune cells, notably monocytes
and tissue resident macrophages, but the mechanisms by which chronic alcohol
consumption leads to immune cell dysfunction remains poorly understood. Moreover,
whether alcohol and its metabolic products are acting on immune cells in the periphery or
on their progenitor cells in the bone marrow has yet to be investigated. This work aims to
address the broad hypothesis that chronic alcohol drinking perturbs the epigenetic,
transcriptomic, and functional landscapes of macrophages, monocytes, and their
progenitor cells in the bone marrow. To that end, we utilized a non-human primate model
of chronic alcohol self-administration, which is both physiologically relevant and accurately
recapitulates human drinking behavior. After 12 months of daily alcohol drinking, we

profiled three major cell populations from these animals: tissue-resident macrophages from

xii



the alveolar space, monocytes from the blood, and progenitor cells from the bone marrow.
For each of these populations, we integrated large scale epigenomic and transcriptional data
with cell-type relevant functional assays to explore alcohol-induced perturbations of

immune function and the mechanisms behind them.

In alveolar macrophages, we show increased baseline activation transcriptionally
and epigenetically with alcohol, poising the cells towards heightened inflammatory
responses to lipopolysaccharide (LPS) and respiratory syncytial virus (RSV). This was
accompanied by increased ROS production but decreased ability to phagocytose bacteria.
scRNA-Seq revealed oxidative stress and oxidative phosphorylation signatures, which was
coupled with increased mitochondrial activation. These findings show reprogramming of the
alveolar macrophages towards heightened inflammation and stress coupled with reduced
functional capabilities with alcohol, which could lead to reduced ability of these cells to
identify and clear infections. This may explain the increased susceptibility of patients who

chronically consume alcohol to respiratory pathogens.

Frequency of blood monocytes were increased in circulation with alcohol and showed
a similar phenotype of hyper-inflammatory protein response to LPS. This was also
complemented epigenetically with increased chromatin accessibility of loci encoding
cytokine response genes at baseline state, suggesting alcohol is priming these cells for the
inflammatory response. Moreover, similarly to alveolar macrophages, scRNA-Seq of
monocytes revealed shifts towards oxidative stress and HIF1A induction indicating a broad
impact of alcohol and its metabolites on circulating and tissue resident cells. As monocytes

are short-lived cells in the blood, we determined that this hyper-inflammatory phenotype
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persisted after a one-month abstinence period from alcohol suggesting bone marrow

progenitor involvement.

Indeed, CD14+ cells in the bone marrow broadly expressed markers of stress and
inflammation with alcohol. Assessment of the function of CD34+ progenitors suggested
skewing of colony differentiation towards granulocyte/monocyte colonies and increased
production of hyper-inflammatory monocytes in culture. scRNA-Seq of the CD34+ cells
showed increased inflammatory markers in myeloid lineage subsets and broad signatures of
oxidative stress with alcohol. Taken together, these data suggest an impact of alcohol on
myeloid cell production and function at multiple levels: in the bone marrow, in circulation,

and in the lung.
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INTRODUCTION

The development, maintenance and lifetime functioning of the immune system to
combat invading pathogens is a complex and critical process for life. Immunity has often
been thought of as a weighted scale sitting in perfect balance. Tipping too far in one direction
can lead to hyper-inflammation and often autoimmunity where the body begins to recognize
and respond to its own cells as foreign. Conversely, tipping in the opposite direction can lead
to tolerance or the inability to respond efficiently to microbial infection. With that in mind,
there are a number of factors, both genetic and environmental, that shift this delicate balance
one way or another. This body of work focuses on an environmental factor, chronic alcohol
drinking, and its impact of immunity.

Long-term, heavy alcohol drinking has negative consequences on human health and
immunity.

Producing and consuming alcoholic beverages is a historic tradition extending across
cultures and continents that continues today. Alcohol drinking is widespread in the United
States where 85.6% of people over 18 years old report having drank alcohol at some point
in their lifetimes (1). Moreover, 25.8% and 6.3% of people over the age of 18 engage in binge
drinking (male, >5 drinks; female, >4 drinks in 2 hours) and heavy alcohol use (male, >14
drinks; female, >7 drinks per week), respectively (1). These types of excessive and risky
drinking behaviors contribute to the over 95,000 alcohol-related deaths annually in the
United States alone, making it the third-leading preventable cause of death (2). While some
studies have shown that moderate drinking has positive effects on health and immunity (3,
4), long term heavy drinking is known to have severe consequences on the human body.

These include increased incidence of cardiac disease (5, 6), certain types of cancer (7-10),



liver cirrhosis (11), sepsis (12) as well as detrimental effects on anti-microbial responses (4,
13). Specifically, heavy alcohol drinking has been linked to higher susceptibility to bacterial
and viral infections including pneumonia and tuberculosis (14, 15), hepatitis C virus, and HIV
(16, 17). This impaired pathogen response coupled with reduced wound healing and tissue
recovery (18, 19) strongly suggest immune dysfunction with alcohol drinking.

There are two major branches of the immune system: innate and adaptive (20). The
innate immune cells including granulocytes, monocytes, and macrophages are the first
responders to a new pathogen (20). These cells recognize pathogens, send out signals to
initiate the adaptive response, resolve inflammation, and heal tissues. Once the response is
initiated, the antigen-specific responses generated by cells of the adaptive arm (T and B
lymphocytes) is activated to clear the pathogen and results in immunological memory for
future infections (20). Theories have emerged in recent years suggesting the concept of
trained immunity, where innate immune cells are also able to have a type of memory
response to a secondary infection (21-23).

The body of work on alcohol and immunity has pointed to a disproportionate effect
of alcohol on innate immune cells, specifically monocytes and macrophages (13, 24, 25). The
balance of inflammatory and resolving functions of these cells is critically important for both
host defense and tissue homeostasis. However, a major limitation in studying the effects of
alcohol drinking on immunity has been the lack of an animal model that accurately models
human physiology and drinking behavior.

Recapitulating human drinking behavior using non-human primates.
In vitro studies with human monocytes or cell lines, and in vivo rodent models of

acute or chronic drinking have provided valuable insights, but they have significant



limitations. While some human studies have used monocytes from individuals engaged in
chronic alcohol consumption, most studies use samples from healthy donors or transformed
human macrophage cell lines treated in vitro with concentrated doses of ethanol.
Alternatively, rodent models are complicated by forced gavage feeding or access to liquid
only ethanol diets that introduce stress and other factors into the experiment. Moreover,
these studies are often short-term and utilize high doses to induce liver damage (26-32).
Therefore, they do not fully capture the chronicity of human alcohol drinking and add organ
damage as a confounding factor. Ultimately, studying the effects of alcohol drinking on
human patients would be the gold standard, however, many factors make this challenging.
Most individuals with alcohol use disorders also engage in chronic smoking, use of
recreational or illicit drugs, exhibit nutritional deficiencies, and have significant organ
damage when they are recruited into studies (33). These factors make it challenging to
identify the effects of alcohol drinking versus those of these other harmful activities on
immune function. Additionally, it is extremely difficult to discern how much alcohol is
consumed as self-reporting is unreliable. Therefore, there is a pressing need to perform
immunological studies in animal models that accurately mirror the behavioral and metabolic
complexity of human drinking. Nonhuman primates (NHPs) are a critically important animal
model of alcohol drinking due to: 1) genetic and physiological similarity to humans; 2)
propensity to consume alcohol voluntarily (34, 35); 3) similarity of alcohol absorption and
metabolism to humans (36); and 4) real-time recording of alcohol intake under controlled
conditions while avoiding complications of gastric tube insertion or gavage feeding (37). The

use of NHPs allows for the investigation of chronic alcohol drinking on immunity in an



outbred species while maintaining proper control over housing conditions, nutritional status
and precise recording of ethanol intake.
Using this innovative model, we can begin to answer some questions that have previously

remained elusive:

1. How does alcohol drinking alter the function of monocytes and macrophages that
contributes to increased infection susceptibility?
2. What are the transcriptomic and epigenomic mechanisms behind these functional
changes?
3. Are the alcohol-mediated defects in monocytes occurring in the periphery or on
monocyte progenitor cells in the bone marrow?
The following dissertation aims to answer these questions and contribute to basic and

translational research into alcohol drinking and human health.

Alcohol drinking disrupts the function of tissue resident macrophages in the lung.
Tissue-resident macrophages are specialized populations of cells that are either
embryonically derived or re-populated from circulating monocytes (38-41). They have
unique epigenetic, transcriptional, and functional programs that make them efficient in their
environments (42). It is well appreciated that disruptions to the functioning of these cells
can have devastating consequences on host defense (40, 41, 43-45). A number of the
bacterial and viral infections where alcohol drinking is linked to increased susceptibility are
respiratory including respiratory syncytial virus (RSV) (46, 47), community-acquired
pneumonia (15, 48, 49), and tuberculosis (50, 51). Alcohol drinking is also a risk factor for

acute respiratory distress syndrome (ARDS) (52, 53) and can increase the risk of admission



to intensive care unit (ICU) in patients with pneumonia (15, 46, 52, 54). These observations
make the dominant lung immune cell and resident macrophage population in the alveolar
space, the alveolar macrophage, of significant interest. Perturbations of alveolar
macrophages either directly or indirectly with alcohol drinking could affect pathogen
recognition, response, and recovery in the lung. In fact, many studies have attempted to
understand how alcohol and its metabolites may be affecting the functional and metabolic
properties of alveolar macrophages (55). These studies have broadly pointed to alcohol-
induced oxidative stress contributing to reduced phagocytic function (55-59). Whether this
happens with alcohol drinking in non-human primates and how it could compromise defense
responses to pathogens in the lung have yet to be determined. Mechanistically, the alcohol-
induced changes to the transcriptional and epigenetic landscapes of these cells also remains
elusive.

Alcohol drinking disrupts the function of blood monocytes.

Populations of resident macrophages, especially under conditions of inflammation,
infection, or injury, are re-populated by circulating blood monocytes. These monocytes
circulate throughout the body and search for signs of infection or inflammation, until they
are recruited to a tissue, extravasate in, and differentiate into macrophages (60, 61).
Monocytes themselves can respond to pathogens in the blood or elsewhere but phagocytic
and other effector functions are increased in macrophages (60, 62). Arguably, as alcohol is
ingested and absorbed into the bloodstream in the stomach and upper intestine, cells in
circulation would see alcohol and its metabolic products well before it made it to tissues (63,
64). Additionally, as blood is easier to obtain than other tissue samples, monocytes are easier

to study in humans. Accordingly, the effects of alcohol drinking on monocyte populations



have been investigated by many laboratories. A majority of the findings suggest that there is
a discrepancy between acute and chronic alcohol exposure on monocyte inflammatory
responses to bacterial agonists (13). While acute exposure leads to a dampening of
inflammatory responses (65-69), chronic exposure leads to exacerbated responses (66, 70,
71). The epigenetic and transcriptomic mechanisms behind heightened inflammatory
responses with chronic alcohol drinking in a relevant model have yet to be elucidated.
Tracing alcohol-induced changes in blood monocytes to their bone marrow
progenitors.

The clear impacts of alcohol drinking on monocyte epigenetics and function
accompanied by the fact that monocytes are short-lived cells in the blood point to an effect
of alcohol on monocyte progenitors. Monocytes are constantly repopulated from bone
marrow progenitor cells (72-74). The bone marrow compartment is also a site of monocyte
storage from which they can be released for emergency myelopoiesis (75). The effects of
alcohol drinking on myelopoiesis have not been well-studied thus far, however there are
known disruptions to hematopoiesis noted in patients with alcohol use disorders (76-78).
These along with studies in rodents showing altered granulopoiesis in response to bacterial
infection with alcohol (79, 80) suggest the effects of alcohol drinking may extend to the bone
marrow niche. Alcohol-induced effects on bone marrow progenitors that lead to altered
differentiation states and production of functionally and epigenetically altered monocytes is
a critically needed research area.

Goals and scope of the dissertation
Broadly, this work aims to address the effects of long-term alcohol drinking on

macrophages, monocytes, and bone marrow progenitors in NHP. The function of these cell



populations under homeostatic and defense response conditions is critically important to
the maintenance of balance in the immune system. Further, alcohol-induced reprogramming
of these populations can have drastic effects on their function. This dissertation suggests a
connection between these reprogramming events and host defense, with the hopeful goal of

identifying mechanisms by which alcohol drinking leads to compromised immunity in

patients.
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ABSTRACT

Chronic alcohol drinking is associated with increased susceptibility to viral and
bacterial respiratory pathogens. In this study, we utilize a rhesus macaque model of
voluntary ethanol self-administration to study the effects of long-term alcohol drinking on
the lung. We report a heightened activation and inflammatory state in alveolar macrophages
(AM) 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 basal state, AM from ethanol drinking animals
generate elevated inflammatory mediator responses to LPS and respiratory syncytial virus
(RSV). However, transcriptional analysis revealed an inefficient induction of IFN-y and IFN-
B signaling pathway genes with EtOH in response to RSV, suggesting disruption in anti-
microbial defenses. Correspondingly, AM from EtOH drinking animals exhibited increased
cytosolic reactive oxygen species (ROS) and decreased ability to phagocytose bacteria.
Moreover, bulk RNA and ATAC sequencing data revealed reduced expression and chromatin
accessibility of loci associated with tissue repair and maintenance with chronic EtOH
drinking. Similarly, analysis of scRNA-Seq data revealed shifts in cell states from tissue
maintenance to pathogen response with EtOH that may be mediated by altered
differentiation trajectories. Finally, chronic EtOH drinking was associated with increased
oxidative stress and metabolic shifts towards oxidative phosphorylation coupled with
increased activated mitochondria. Collectively, these data provide novel insight into
mechanisms by which chronic EtOH drinking increases susceptibility to infection in patients

with alcohol use disorders.



INTRODUCTION

Alcohol use is prevalent in the United States with over 50% of people 18 years or
older reporting alcohol consumption (National Survey on Drug Use and Health 2019).
Amongst these individuals, 25% reportbinge drinking and 6.3% report heavy drinking. Long
term heavy drinking is associated with numerous adverse health outcomes, including
increased incidence of cardiac disease (5, 6), certain types of cancer (7-10), liver cirrhosis
(11), and sepsis (12), making it the third leading preventable cause of death in the United
States (2). Of importance, chronic heavy alcohol drinking compromises lung health and
immunity leading to increased susceptibility to both bacterial and viral pulmonary infections
(46), notably respiratory syncytial virus (RSV), (47) community-acquired pneumonia (15,
48, 49), and tuberculosis (50, 51). Alcohol use is also a risk factor for acute respiratory
distress syndrome (ARDS) (52, 53) and can increase the risk of admission to intensive care
unit (ICU) in patients with pneumonia (15, 46, 52, 54). While 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 (81-83) as well
as impaired epithelial barrier function (84, 85) as major risk factors. Moreover, these studies
report significant defects in both the innate and adaptive branches of the immune system
(46), especially within alveolar macrophages (AM), the first line of defense in the lung (86).
Specifically, prolonged alcohol exposure has been shown to increase the release of TGF-[3 but
reduce chemokine production (CCL3) from AM needed to recruit immune cells into the lung
(87-91). Additionally, alcohol exposure disrupts the ability of AM to clear both microbes and

dying cells to reduce damage to tissue (92, 93) potentially due to oxidative stress (94). The
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molecular basis for altered macrophage metabolism and function in the lung with alcohol is

yet to be determined.

Lung-resident macrophages can be categorized into interstitial and alveolar with
interstitial macrophages primarily residing within the tissue while alveolar macrophages are
predominantly found within the lumen of the alveoli (95-100). Studies in mice have revealed
that lung macrophages are derived from yolk sac and fetal liver as well as from bone marrow
monocytes (101, 102). It is believed that embryonically derived macrophage populations
have a self-renewal capacity and are functionally distinct from the monocyte-derived
macrophages populations, however, whether this is true in humans is still unanswered (95).
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 bronchoalveolar lavage (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 changes that are
coupled to altered macrophage function. While AM from EtOH drinking animals generate a
heightened inflammatory response to bacterial and viral pathogens, they have a dampened
antiviral transcriptional response to RSV and exhibit reduced phagocytosis of bacterial
particles compared to AM from control animals. These functional defects were accompanied
with epigenetic alterations at baseline where genomic regions associated with activation and
degranulation processes were more accessible, but those associated with tissue

maintenance and cell migration were more closed relative to AM from control animals.
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Finally, scRNA-Seq analysis revealed shifts towards heightened inflammation and oxidative

stress and away from tissue repair in AM from EtOH group relative to controls.

12



METHODS AND MATERIALS

See the data supplement for detailed methods

Animal studies and sample collection:

These studies used blood and bronchoalveolar lavage (BAL) samples from 11 female and 8
male rhesus macaques (average age 5.68 yrs; 9 controls and 10 chronic heavy drinkers). BAL
cells were obtained after 12 months of daily drinking and cryopreserved until they could be

analyzed as a batch. Cohort information is outlined in Supp. Table 1.1.

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:

6.5x10% FACS sorted CD206+ cells from the BAL were cultured with or without 100 ng/mL
LPS or RSV at an MOI of 5 for 16 hours. Supernatants from stimulated AM were measured

using a 31-plex panel of indicated factors.

Bulk RNA-Seq library preparation and data analysis

Libraries from PBMC RNA were generated using the TruSeq Stranded RNA LT kit. Libraries
from purified CD14+ monocytes RNA were generated using the NEBnext Ultra Il 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 Macaca mulatta

genome (8.0.1). Read counts were normalized using RPKM method. Differentially expressed
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genes (DEG) were identified using edgeR (103) (Supp. Table 1.5). Functional enrichment of

DEG was performed using Metascape (104).

ATAC-Seq library preparation and data analysis:

AM were subjected to nuclei isolation, transposition, and amplification for ATAC-Seq.
Libraries were multiplexed and sequenced to a depth of 50 million 100bp 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 (105) (FDR<0.05) and differential peak analysis was performed using Homer’s

getDifferentialPeaks function (P < 0.01) (Supp. Table 1.5).

10X 3’ scRNA-Seq library preparation and analysis

Cells were loaded onto 10X Chromium Controller. cDNA amplification and library
preparation (10X v3.1 chemistry) were performed according to manufacturer protocol and
sequenced on a NovaSeq S4 to a depth of >30,000 reads/cell. Sequencing reads were aligned
to the Macaca mulatta (8.0.1) reference genome using cellranger v3.1 (10X Genomics).
Quality control steps were performed prior to downstream analysis with Seurat v3.2.2 (106),
where cells with fewer than 200 unique features (ambient RNA) and cells with greater than
20% mitochondrial content (dying cells) were removed. Pseudotime trajectory of the
AM/monocytes was reconstructed using Slingshot (107). Differential expression analysis
was performed using MAST under default settings in Seurat. Gene signatures and pathways

from KEGG (https://www.genome.jp/kegg/pathway.html) (Supp. Table 1.4) were

compared using Seurat’s AddModuleScore function.
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Macrophage functional assays

Mitochondrial membrane potential, intracellular ROS, and phagocytosis were measured
using MitoTracker Red CMXRos, CellRox Deep Red Reagent, and pHrodo Red S.aureus

BioParticles, respectively (Thermo Fisher/Invitrogen, Waltham, MA).

Statistical Analysis:

All statistical analyses were conducted in GraphPad Prism 7.
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RESULTS:

Chronic EtOH drinking alters surface activation and chemokine receptor expression on

monocyte and macrophage populations in the lung

Chronic heavy alcohol drinking has been shown cause activation and hyper-inflammation in
monocytes in the blood (108) and macrophages in the spleen (24). The alveolar space in the
lung is home to alarge 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 alveolar macrophages (AM). We collected
bronchial alveolar lavage (BAL) samples from male and female rhesus macaques that either
consumed EtOH or an isocaloric solution daily for 12 months (Figure 1.1A and Supp. Table
1.1). We first determined the impact of chronic EtOH on the phenotype of AM by profiling
cell surface markers using flow cytometry (n=6 control, 8 EtOH). Based on previous studies
(109-111), we identified alveolar macrophages (AM) as CD206+CD169+, interstitial
macrophages (IM) as CD206+CD169-, and infiltrating monocytes as CD206-CD169-
CD14+HLA-DR+ (Figure 1.1B). AM were further subdivided based on expression of CD163
(Figure 1.1B). No significant differences in frequencies of these major
macrophage/monocyte populations were observed with EtOH. (Figure 1.1C). Examination
of surface activation markers and chemokine receptors revealed higher expression of CD40,
CCR7, HLA-DR, CD86, CD163, and CD11C on AM compared to IM or monocytes (Figure

1.1D). IM and monocytes, however, had higher expression of CCR2, CX3CR1, and CCR5
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compared to AM (Figure 1.1D). Interestingly, chronic EtOH drinking led to heightened
activation of the CD163lo AM subset as indicated by increased expression of CD40 (corrected
p=0.07) (Figure 1.1E). To determine whether EtOH dose impacted the expression of surface
markers, we performed correlation analyses of median fluorescence intensities (MFI) with
the 12-month average dose of EtOH. Average daily EtOH drinking positively correlated with
CD40, CX3CR1 and CCR7 expression on AM (Figure 1.1F) and with CCR5 and CCR2
expression on monocytes and IMs (Figure 1.1F). CD11c expression negatively correlated
with EtOH dose in monocytes and AMs while CD86 expression positively correlated with
EtOH dose in the CD163lo AM population (Figure 1.1F). Therefore, while EtOH drinking
does not result in major subset redistribution, it impacts the activation status of AM and
chemokine receptors associated with lung trafficking on monocytes in a dose-dependent

manner.

Chronic EtOH is associated with downregulation of genes important for wound healing

and upregulation of genes important for activation and degranulation in AM

We have previously reported a disruption of transcriptional programs of both peripheral
monocytes and splenic macrophages with chronic alcohol drinking (24, 25, 108). Therefore,
we next examined transcriptional rewiring of lung-resident alveolar macrophages. AM were
purified from control and EtOH animals (n=3/group) and bulk RNA sequencing performed
(Figure 1.1A). EtOH drinking explained the most variability in baseline transcriptional
profiles in AMs (Figure 1.2A). Differential analysis revealed 24 genes to be upregulated with
EtOH (Figure 1.2B) including CTSG, SNAP25, MYO3A and HEBPZ which are all associated

with granulocyte activation and degranulation (Figure 1.2C). EtOH drinking was also
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associated with 195 downregulated DEG, notably CLEC1B, which is associated with an anti-
inflammatory macrophage phenotype (Figure 1.2A) (112). Functional enrichment showed
that the downregulated DEG mapped significantly to gene ontology (GO) terms “response to
wounding” (CLEC1B, NRP1, PTK2, and PRKACB), “cell morphogenesis” (MYO7A, PLCGG1), and
“vasculature development” (HMGAZ, ACTAZ) pathways (Figure 1.2D and 1.2E). These
observations indicate that chronic EtOH drinking skews AM away from tissue maintenance

and repair and towards an inflammatory transcriptional state.

Chronic EtOH drinking results in opened promoter regions at CTSG and SNAP25 genes

involved in degranulation and activation in AM

To assess whether baseline transcriptional changes in the AM could be due to epigenetic
changes, we performed ATAC-Seq on purified AM from control and ETOH animals
(n=3/group). Although the relative distribution of open promoter and distal regions was
comparable between groups (Figure 1.3A), several differentially accessible regions were
identified within the promoter and distal intergenic regions (Figure 1.3B). The 70 genes
regulated by promoters that were more closed with EtOH enriched to GO terms associated
with barrier function such as endothelium development (CLDN3, CLDN5) and T-helper cell
differentiation (FOXP1) (Figure 1.3C). The 25 genes associated with promoters that were
more accessible with EtOH mapped to GO term “regulation of hormone levels” (CTSG,
SNAPZ25, and MYO3A) (Figure 1.3C, D). Intriguingly, expression of these 3 genes were also

upregulated based on the bulk RNA-Seq analysis (Figure 1.3D).

Analysis of potential cis-regulatory mechanisms of regulation in the non-promoter regions

was performed by first lifting the genomic regions from the macaque to human genomes
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followed by enrichment using the GREAT database. This analysis revealed no significant
enrichment of the regions that were less accessible with chronic EtOH; however, intergenic
regions that were more accessible with chronic EtOH drinking significantly enriched to
respiratory system development (CTGF, EGFR, TGFBRZ) and regulation of response to
external stimulus (CI1QB, CD180, CXCR4, IL21) (Figure 1.3E). Finally, we performed
transcription factor (TF) binding motif analysis on the distal intergenic differentially
accessible regions (DAR), which showed higher likelihood of binding sites for TF that play a
critical role in inflammation, notably AP-1, IRF8, and NFKB p-65 with chronic EtOH (Figure
1.3F). These observations indicate significant remodeling of the epigenetic landscape of AM
with chronic EtOH drinking leading to cells poised toward inflammation and away from

tissue repair and adaptive immune activation.

AM generate a heightened inflammatory response, but compromised interferon

transcriptional response with chronic EtOH

Previous studies have reported an exaggerated inflammatory response by myeloid cells to
LPS with chronic alcohol drinking (13, 24, 108, 113). Thus, we stimulated FACS purified AM
with LPS (n=6/group) and determined immune mediator production by Luminex (Supp.
Figure 1.1A and Supp. Table 1.2). As described for peripheral blood and splenic
macrophages, AM from EtOH drinking animals mounted a hyper-inflammatory response as
indicated by heightened production of cytokines (IL-6, TNFa) and chemokines (CXCLS,
CXCL10, CCL2, CCL4) compared to control AM (Supp. Figure 1.1A). We next examined
responses of AM to a respiratory pathogen. Purified AM were stimulated with respiratory

syncytial virus (RSV) ex vivo (n=8/group) and antiviral responses were determined using
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RNA-Seq and Luminex. In response to RSV stimulation, AM from control animals secreted
several growth factors (BDNF, VEGF, PDGF, and FGF), a few chemokines (CCL5 and CXCL10)
and canonical inflammatory marker IL-6 (Figure 1.4A). Despite comparable viral loads
(Supp. Figure 1.1B), AM from EtOH exposed animals produced significantly increased
amounts of additional cytokines (IL-1pB, IL-12, IL-15, IFNB, IL-7) as well as growth factors
(GM-CSF, C-CSF) relative to their unstimulated condition (Figure 1.4A). AM from EtOH
exposed animals also produced significantly higher levels of IL-6, IL-12 and TGFa relative to
their control counterparts (Figure 1.4B). Moreover, significant positive correlations

between IL-6, IL-12, and CCL5 concentration and EtOH dose was observed (Figure 1.4C).

In contrast to the immune mediator production profile, fewer DEG were detected in AM from
the EtOH group compared to controls (516 DEG in control vs. 340 DEG in EtOH group)
(Figure 1.4D). DEG upregulated in the control group alone enriched to regulation of innate
immune response and negative regulation of immune processes (Figure 1.4E), whereas
those upregulated in the EtOH group enriched to cell cycle and response to drug processes
(Figure 1.4E and Supp. Figure 1.1C). Interestingly, gene signatures of cellular response to
type I (IFNB) and type II (IFNy) interferons (CCL18, IFI16, TLRZ, and TLR3) (Figure 1.4F)
and regulation of innate immune processes (CD80, CD86, and CCLZ) were upregulated only
in control AM (Supp. Figure 1.1D). A significant number (297) of downregulated DEG from
the control AM mapped to regulated exocytosis, cell morphogenesis, and response to
wounding pathways (Supp. Figure 1.1E) such as SIGLEC10, PTPN6, and SDC1 (Supp. Figure
1.1F). Next, the Chea3 database (114) was used to predict transcription factor (TF)
regulation of the DEG. This analysis showed that genes upregulated only in control AM with

RSV were regulated by phagocytosis and viral response associated TFs PLSCR1, SP100, and
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IRF7, while genes upregulated in EtOH AM were regulated by inflammatory TF HMGA2
(Supp. Figure 1.1G). These observations indicate that chronic EtOH drinking results in a
heightened inflammatory response coupled with compromised transcriptional responses to

microbial pathogens.

ScRNA-Seq profiling reveals significant changes in AM cell states 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 (n=3 females pooled, 4 males)
and EtOH (n=3 females pooled, 2 males) animals (Supp. Figure 1.2A). Integration of
replicates and further uniform manifold projection (UMAP) of clustering analysis revealed
11 clusters (Figure 1.5A,B, and Supp. Figure 1.2B). Expression of major
macrophage/monocyte markers identified 10 AM clusters (AM 0, 1, 2, 3, 4, 5, 6, 8, 9, 10;
expressing high levels of MSR1, MARCO, FABP4, PPARG, MRC1, LTAH4, and CTSD) and 1
monocyte cluster (7; expressing high levels of FGL2, M§4A6A, and CCL17) (Supp. Figure 1.2C
and Supp. Table 1.3). To validate our identification of cluster 7 as monocyte cluster, we
integrated single cell profiles of BAL macrophages with those of blood monocytes from the
same female animals (108) (Supp. Figure 1.3A). We projected cells that clustered with the
blood monocytes back onto the UMAP, which revealed that cluster 7 was the major monocyte

subset with some monocyte infiltration in cluster 0 (Supp. Figure 1.3B).

The AM clusters were further defined based on their unique expression of genes and their
functional implications (Figure 1.5C and Supp. Figure 1.3C). AM cluster 2 highly expressed
genes associated with stress (CD44, FOSB) and cytokine responses (PTPRC). Clusters 3 and 4

had high expression of genes mapping to regulation of cell adhesion (§100410, LGALS3) and
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angiogenesis (TGFBR3, GPNMB), respectively. AM cluster 5 was characterized by high levels
of cathepsin genes (CTSB, CTSL, CTSG) associated with bacterial response processes. Cluster
9 was enriched in transcripts important for proliferation (STMN1, MKI67, TOP2A) and cluster
10 with oxidative stress response (LCNZ). AM cluster 8 was an anti-viral response cluster
with high expression of ISG15, IFIT1, and IRF7. Cluster 6 genes mapped to sterol biosynthesis
(MSMO1, CYP51A1, SQLE) and cluster 1 genes included PTGDS and MCM?7. Finally, cluster 0
was an activated macrophage cluster expressing high levels of LPS responsive genes CLEC4E,

S100A8, S100A9) (Figure 1.5C and Supp. Figure 1.3C).

To identify potential differentiation trajectories of in the AM populations, we performed
pseudotime analysis using slingshot where we set the starting point at the infiltrating
monocyte cluster. This analysis revealed 5 unique trajectories branching from cluster 7
(Figure 1.5D), which all showed increasing expression of tissue resident macrophage
markers (FABP4, MARCO) and decreasing monocyte markers (CPVL, TMEM176B) (Supp.
Figure 1.3D). 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 EtOH group along the
course of the pseudotime (Figure 1.5E). This was particularly apparent in lineages 3 and 4,
each of which was driven by specific gene subsets (Supp. Figure 1.4). Of interest, lineage 3
was driven by increasing expression of oxidative stress- responsive genes (BTG1, GSTP1,
SFPG, PPP1R15B) along with tissue macrophage genes CD163 and MRC1 (Supp. Figure 1.4).
Lineage 4 was driven by increased expression of CLEC4E, associated with inflammatory

macrophage responses (Supp. Figure 1.4).
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We finally examined the redistribution of AM populations with EtOH (Figure 1.5F). A
modest increase of AM cluster 0 was accompanied by a significant decrease in AM cluster 3
with chronic EtOH drinking (Figure 1.5F). 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 1.5G). We
conclude that EtOH induces shifts in AM cell states, increasing the proportion of activated

AM, potentially driven by altered differentiation trajectories of infiltrating monocytes.

EtOH- induced oxidative stress alters AM metabolic-associated processes and functional
abilities

To determine potential functional implications of EtOH-induced changes in AMs, we first
assessed differential gene expression across aggregated single cell clusters (Figure 1.6A).
Functional enrichment of the DEG downregulated with EtOH mapped to monocyte
chemotaxis (LGMN, CCLZ2), angiogenesis (ANPEP, ECM1) and epithelial cell proliferation
(GRN, CCL24) processes (Figure 1.6A). Moreover, as described for the bulk RNA-Seq data
(Figure 1.2D), downregulated DEG also mapped to wound healing and blood vessel
processes along with epithelial cell proliferation. On the other hand, upregulated DEG were
associated with oxidative phosphorylation (COX7A1, ATP8, ND4), apoptosis (CD74, RPL11,
PPIA), and antigen processing and presentation (BZM, FCER1G) (Figure 1.6A). 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 1.6B, Supp. Figure 1.5A, and Supp. Table 1.4). To determine whether these
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transcriptional shifts towards oxidative phosphorylation were mediated through
mitochondrial function, we assessed the impact of chronic EtOH drinking on mitochondrial
membrane potential in AM using flow cytometry. Intracellular mitochondria membrane
potential in AM was significantly increased with EtOH while that of IM was unchanged
(Figure 1.6C and Supp. Figure 1.5B). Moreover, levels of intracellular ROS in AM and IM
was significantly increased after stimulation with LPS (Figure 1.6D and Supp. Figure 1.5C).
As EtOH-induced oxidative stress has been shown to affect the phagocytic capacity of AM
(57, 58), the module score for phagocytosis determined from scRNA-Seq data was reduced
in AM (Figure 1.6E). Accordingly, the ability of AM to phagocytose pHrodo-labeled S. aureus
was significantly reduced with EtOH drinking compared to controls (Figure 1.6F). Finally,
in line with the exaggerated inflammatory response to LPS and RSV stimulation, the cytokine
signaling module score was increased in AM with EtOH (Supp. Figure 1.5D). Additionally,
as we found increased accessibility of the cathepsin G promoter and corresponding baseline
RNA expression, we profiled CTSG from the scRNA-Seq data and found that AM clusters 1
and 5 had significantly elevated expression of CTSG (Supp. Figure 1.5E). In summary, EtOH
drinking induces oxidative stress in AM leading to increased ROS production, mitochondrial
activation, and oxidative phosphorylation that are coupled with reduced phagocytosis

capacity and increased inflammatory gene expression.

24



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 allergens (115). They are responsible for both inflammatory
responses and tissue remodeling and repair. Under homeostatic conditions, a tight balance
between inflammatory and anti-inflammatory responses is maintained. This delicate
balance can be dysregulated by environmental factors including pollutants, smoking, and
alcohol drinking (55). In fact, chronic heavy alcohol drinking results in increased
susceptibility to respiratory diseases, but the mechanisms underlying this increased
vulnerability are not completely understood. In this study, we carried out a comprehensive
examination of the impact of chronic heavy alcohol drinking on the transcriptome,
epigenome, and function of alveolar macrophages (AM) obtained from a rhesus model of
voluntary ethanol self-administration. This voluntary drinking model accurately
recapitulates human drinking behavior in duration and dose and represents a chronic, not
acute, model of alcohol and its metabolites on the body. Specifically, bronchoalveolar lavages
(BAL) obtained after 12 months of heavy drinking (>3g ethanol per kg body weight per day
or > 12 drinks per day in an average 60kg human). Our findings indicate that chronic EtOH
drinking rewires the epigenetic landscape of AM that become poised towards aberrant

inflammatory responses and compromised anti-microbial functions.

A prominent and consistent observation of this study is increased expression of
cathepsin G (CTSG) in AM. This was further confirmed by scRNA-Seq analysis showing

specific clusters of AM with increased CTSG expression. The increased abundance of CTSG
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transcripts was accompanied by increased chromatin accessibility at CTSG promoter with
chronic EtOH drinking. Cathepsins are proteases that are active in low pH lysosomes and
have versatile functions in innate immunity, activation, tissue degradation (116).
Dysregulated expression of cathepsins has been linked to diseases including arthritis,
muscular dystrophy, and tuberculosis (116). The significance of increased cathepsin
expression by EtOH in AM needs to be further studied to determine its importance in AM

function and lung immunity.

It has been previously reported that AM from patients with alcohol use disorders
express elevated levels of inflammatory mediators (117, 118). Similarly, chronic EtOH
drinking in macaques resulted in increased surface activation marker CD40 expression on
CD163lo AM. As CD163 is associated with an M2 or resolving macrophage phenotype (119),
this indicates skewing towards a more inflammatory macrophage population. Additionally,
expression of chemokine receptors CCR7, and CX3CR1 correlated with EtOH dose. CCR7 has
been associated with an activated phenotype in AM (120), and CX3CR1 has been implicated
in TNFa and IL-6 production in tissue resident mononuclear phagocytes in the lungs of
smokers (121) as well as in profibrotic macrophage subsets (122). This increased activation
was also noted in the scRNA-Seq analysis where the abundance of a pathogen responsive AM
cluster and scores of cytokine signaling modules were increased with EtOH. Additionally,
transcription factor motif analysis revealed enrichment of binding sites for pro-
inflammatory TF AP-1, IRF8, and NFxB with chronic EtOH drinking. These data are in line
with our previously reported changes in splenic macrophages and circulating monocytes

indicating broad epigenetic rewiring by in vivo chronic drinking (24, 123). Collectively, these
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alterations at baseline suggest that AM are posed towards heightened inflammatory state,

which could lead to increased risk of lung tissue damage and infection.

Previous studies have identified altered production of cytokines and chemokines as
well as reduced phagocytic ability in AM with chronic drinking (55, 87). Similarly, here we
show that AM from EtOH animals generated a hyper-inflammatory 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 (24, 108, 123), as well as studies on long-term EtOH exposure and
increased inflammatory responses in myeloid cells (13). To determine if this hyper-
responsiveness extended to a relevant lung pathogen, we stimulated AM with RSV. AM from
EtOH animals produced significantly higher levels of IL-6, [L-12, and TGFa than controls.
Increased production of IL-6 in response to RSV with EtOH could indicate broad hyper-
inflammation. However, as IL-12 and TGFa levels are not increased in control AM after RSV
stimulation, we believe the production of increased levels of these factors with EtOH to be
indicative of a dysregulated response. Profiling the transcriptional profiles of the AM after
infection showed a reduced response. DEG important for response to interferon pathways
as well as regulation of immune processes were only detected in control AM, indicating
disruptions in antiviral immunity. Indeed, individuals with alcohol use disorders shown
increased susceptibility to RSV (46, 47).Coinciding with this finding, repressed promoter
regions in AM from EtOH animals mapped to T-helper cell differentiation and regulation of
cell migration indicating a suppression of secondary immune activation processes.
Therefore, EtOH-induced epigenetic disruptions result in a rewiring of AM that favors
development of non-specific inflammation and disruption of anti-microbial functions.
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Another critical function of AM is resolution of inflammation and tissue repair where
patients with alcohol use disorders have higher risk of developing ARDS (46, 53) and
compromised wound healing responses (19). RNA-Seq and scRNA-Seq of AM revealed
decreased expression of genes mapping to wound healing and epithelial cell proliferation
processes in EtOH AM. We believe these changes are mediated epigenetically, where 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 (95). Clusters that
were abundant with EtOH drinking exhibited a transcriptional profile consistent with
heightened activation and pathogen response. Trajectory analysis further showed altered
differentiation of monocytes to macrophages with EtOH. Additional studies are needed to
confirm these findings and determine whether these clusters represent independent
lineages or different activation states associated with EtOH drinking. Activation and
differentiation of macrophages are controlled by complex epigenetic mechanisms (124). It
is possible that the heightened activation state as well as differentiation trajectory with EtOH
can be attributed to a process akin to innate training where environmental factors lead to

epigenetic changes that have long-lasting functional consequences (125).

Functionally, we report reduced phagocytosis of S. aureus by AM from the EtOH AM
as previously observed in cell culture and rodent models (55, 56), where one suggested

mechanism is oxidative stress induced by increased NADPH oxidase (57-59). In fact, scRNA-
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Seq data showed increased oxidative stress module scores as well as oxidative
phosphorylation in AM from EtOH animals. Prior studies have reported a link between EtOH
and its metabolites and changes in global methylation state, histone modifications, and ROS
production (63). Our data show increased levels of intracellular ROS in AM with EtOH, which
is potentially a direct consequence of EtOH metabolism and downstream oxidative stress
(126). As ROS serve as inflammasome activating signals and induce inflammation (127), this
could contribute to increased production of cytokines and chemokines in response to
stimulation. Because oxidative phosphorylation is linked to mitochondrial activation, we
assessed mitochondrial membrane potential to identify increased activation in AM with
EtOH. Future studies would be needed to determine the bioenergetics of these mitochondria
and whether they are contributing to increased ROS levels and further inflammation in AM
(128). As macrophage states are fluid, we argue that EtOH and its metabolites induce several
cellular changes in AM, and deconvoluting the complexities of which require more targeted

assays.

This study provides a comprehensive examination of AM in the context of chronic
alcohol drinking in macaques. We acknowledge several limitations including biological
variability within samples due to the outbred macaque model and the use of LPS instead of
a bacterial pathogen. Our findings indicate increased baseline activation and inflammation
signatures epigenetically and transcriptionally in AM that could contribute to increased non-
specific inflammatory response to pathogens and compromised phagocytic ability and
transcriptional response to RSV. Potential new targets identified here include increased

mitochondrial activation, increased ROS production, epigenetic alterations, and increased
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cathepsins in AM with EtOH drinking. These altered AM states could contribute to the

increased susceptibility of patients with alcohol use disorders to respiratory infections.
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Figure 1.1: EtOH drinking alters alveolar macrophage (AM) phenotype

A) Experimental design of this study created with BioRender.com. B) Gating strategy to

identify monocytes, interstitial macrophages (IM), and alveolar macrophages (AM) from

bronchoalveolar lavage (BAL) samples. C) Relative distributions 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

where blue is lower and red higher expression. E) Median fluorescence intensity (MFI) of

activation and chemokine surface markers measured from the CD163lo AM population.
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Significance was calculated by t-test with two-stage step-up false discovery rate method
of Benjamini, Krieger, and Yekuieli where trending values are shown. F) Bubble plot
representing correlations between cell surface markers and EtOH dose in the indicated
cell populations. The size of each circle represents the indicates the -logio transformed p-
value significance (All values are <0.1). The color denotes the Pearson r value calculated

by correlation.
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Figure 1.2: Chronic EtOH drinking induces changes in the alveolar macrophage (AM)
transcriptome

CD206+ alveolar macrophages (n=3/group) were purified from total BAL using FACS and
subjected to bulk RNA-Seq. A) Principal component analysis (PCA) of bulk RNA-Seq
libraries from controls and EtOH AM. B) Volcano plot representing the up- and
downregulated differentially expressed genes (FDR<0.05) where the X-axis is log1o fold-
change and the Y-axis is -logio FDR. C) Heatmap representing the expression of all DEG
upregulated with EtOH where the scale is Row Z-score representing low (blue) and high
(red) expression. D) Bubble plot showing GO Biological Process enrichment of
downregulated DEG with EtOH compared to controls. The size of the bubble represents
the number of genes associated with that term, the color represents -logio q-value, and the
X-axis is the ratio of genes mapping to that term to total genes. E) Heatmap representing
the expression of DEG from response to wounding term where the scale is Row Z-score

representing low (blue) and high (red) expression.
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Figure 1.3: Epigenomic analysis of AM with chronic EtOH drinking
Alveolar macrophages (n=3/group) were purified from total BAL by CD206+ sort and

nuclei were subjected to ATAC-Seq. A) Pie charts showing genomic feature distribution of
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the open chromatin regions (fold-change = 2, FDR < 0.05) in control and EtOH AM. B) Bar
chart showing the number of open and closed differentially accessible regions (DAR) (FDR
<0.01) with EtOH in promoter and distal intergenic regions. C) Heatmap representing the
open and closed (EtOH-Control) differentially accessible promoter region (FDR < 0.01)
counts where the scale is Row Z-score representing low (blue) and high (red) expression.
Bar plots to the right represent the functional enrichment of those promoter DAR where
the X-axis is -logio p-value. D) Pile-ups of selected promoter DAR more open with EtOH.
Scale is indicated. To the right of each is a bar chart of the RPKM expression value of the
gene from bulk RNA-Seq analysis. E) Non-promoter DAR were lifted over to the human
genome and enriched for cis-regulatory mechanisms using GREAT. Bubble plot of the open
non-promoter DAR with EtOH enrichment where the size of the bubble represents the
number of gene regions associated with that term and the color represents the FDR
significance where darker red indicates a more significant value. F) Homer motif
enrichment of the distal intergenic DAR. All listed motifs have significantly enriched
binding sites in the open and closed non-promoter DAR where the percentage value listed

is the percentage of target sequences with that motif.
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Figure 1.4: EtOH-induced heightened inflammatory with compromised
transcriptional response to RSV

AM 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
(pg/ml) in the presence or absence of respiratory syncytial virus (RSV) by AM from control
and EtOH animals. The size of each circle represents the indicates the logz average
concentration of the indicated secreted factor and the color denotes the p-value
significance where 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 uncalculated or non-significant p-value. B) Line plots
representing 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 dose of ethanol (g EtOH/ kg body weight/
day). P-value and Pearson r value are indicated. D) Venn diagram comparing up- and
downregulated DEG after RSV stimulation in control and EtOH AM. E) Cytoscape plot of
functional enrichment to GO Biological Processes of upregulated DEG with RSV from both
groups compared to 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 DEG
from each group. Related processes are group into the larger terms circled. F) Heatmap
representing the averaged expression of DEG in each group/stimulation condition from
the Response to IFNy and Response to IFNb GO terms where the scale is Row Z-score
representing low (blue) and high (red) expression. #=p<0.05, ##=p<0.01, ***=p<0.001,
*rk*=p<0.0001.
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Figure 1.5: scRNA-Seq profiling of AM after chronic EtOH drinking

Macrophages and monocytes (n=3 control female pooled, 4 control male/ 3 EtOH female
pooled, 2 EtOH male) were purified from total BAL and subjected to 10X scRNA-Seq
analysis. A,B) Visualization of total cells by uniform manifold approximation and

projection (UMAP) colored by cluster (A) and by group (B). C) Heatmap representing
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averaged expression of cluster marker genes identified using the FindMarkers function
where the scale is Row Z-score representing low (blue) and high (red) expression. D)
UMAP with indicated pseudotime lineages identified by Slingshot trajectory analysis. E)
Cell density plots for Control and EtOH groups across each of five trajectory lineages
determined by Slingshot. F) Bar graphs showing 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. G) Bar plots showing GO functional
enrichment terms for Clusters 0 and 3 genes identified using the FindAlIMarkers function

where the x axis is the logio or -logi0(q-value).
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Figure 1.6: Chronic EtOH drinking leads to increased oxidative stress accompanied
by functional defects in AM

A) Heatmap (top) representing averaged expression of differentially expressed genes
between control and EtOH AM identified using the FindMarkers function where 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 Mann-Whitney test. C) Bar plot showing median
fluorescence intensity (MFI) of intracellular mitochondrial membrane potential stained
with MitoTracker Red in AM. D) Bar plot showing median fluorescence intensity (MFI) of
intracellular ROS stained by CellROX Deep Red Reagent in AM. E) Violin plot representing
Phagocytosis module scoring of total cells from each group. Significance was calculated
using Mann-Whitney test. F) Bar plot representing percentage of AM positive for pHrodo
Red S. aureus particles. Unless indicated, statistical significance was calculated using t-test

with Welch’s correction. *=p<0.05, **=p<0.01, ****=p<0.0001.
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Supp. Figure 1.1: Chronic EtOH drinking induces defects in pathogen response in AM
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AM were purified and stimulated with LPS for 16 hours. A) Supernatants from LPS
stimulation were analyzed by Luminex assay. Line plots representing the measure pg/mL
values for the selected analytes. Significance between NS and LPS conditions was tested
using a paired t-test and between groups was tested by t-test with Welch’s correction. B)
Bar graph of 224Ct values from qPCR for RSV transcripts after infection. C) Bubble plot
showing GO Biological Process enrichment of upregulated DEG in EtOH group alone with
RSV stimulation. The size of the bubble represents the number of genes associated with
that term, the color represents -logio g-value, and the X-axis is the ratio of genes mapping
to that term to total genes. D) Heatmap representing the averaged expression of DEG from
Negative regulation of immune response term where the scale is Row Z-score representing
low (blue) and high (red) expression. E) Bubble plot showing GO Biological Process
enrichment of downregulated DEG in control group alone with RSV stimulation. The size
of the bubble represents the number of genes associated with that term, the color
represents -logio g-value, and the X-axis is the ratio of genes mapping to that term to total
genes. F) Heatmap representing the averaged expression of DEG from Response to
wounding term where the scale is Row Z-score representing low (blue) and high (red)
expression. G) Venn diagram comparing upregulated DEG in control and EtOH AM with
RSV stimulation. Analysis of the transcription factors regulating the unique DEG was
performed using the Chea3 web browser. */#=p<0.05, **/##=p<0.01. Where indicated #

is significance between control and EtOH groups.
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Supp. Figure 1.2: scRNA-Seq of AM after chronic EtOH drinking

A) Gating strategy for cell sorting for the 10X scRNA-Seq experiment. B) UMAPs of each
individual sample. C) Violin plots of markers associated with AM (MSR1, MARCO, FABP4,
PPARG, MRC1, LTA4H, CTSD) and monocytes (FGL2, MS4A6A, CCL17).
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Supp. Figure 1.3: Identification of infiltrating monocytes in the BAL using scRNA-Seq
A) UMAP of integrated blood (123) and BAL analysis for identification of infiltrating
monocytes in the BAL. B) Identified monocytes highlighted in the original UMAP from
Figure 5A. C) Bubble plot of GO enrichment for highly expressed genes from clusters 2, 3,
4,5,9,10, 8, 6, and 0 identified using the FindAlIMarkers function where the size of the
bubble is the number of genes associated with that term and the color is the logio(g-value).
D) Log expression of FABP4, MARCO, CCL17, TMEM176B plotted for each cell across the

indicated scaled slingshot pseudotime trajectory (trendline shown).
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Supp. Figure 1.5: Functional implications of chronic EtOH drinking on AM and IM

A) Violin plot representing HIF1A signaling module score of total cells from each group. B)
Bar plot showing median fluorescence intensity (MFI) of intracellular mitochondrial
membrane potential stained with MitoTracker Red in IM. C) Bar plot showing median
fluorescence intensity (MFI) of intracellular oxidative stress stained by CellROX Deep Red
Reagent in IM. D) Violin plot representing Cytokine Signaling module score of total cells
from each group. E) Split violin plots representing CTSG expression for each cluster.
Significance for bar plots was calculated using t-test with Welch’s correction. Significant

for violin plots was calculated using Mann-Whitney test. *=p<0.05, ****=p<0.0001.

SUPPLEMENTARY TABLES:

Supp. Table 1.1: Characteristics of animal cohort and samples used for each assay
Supp. Table 1.2: Immune mediator production by AM following LPS or RSV stimulation
Supp. Table 1.3: Genes associated with each scRNA-Seq cluster

Supp. Table 1.4: Module Scoring gene lists

Supp. Table 1.5: edgeR and Homer analyses
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ABSTRACT

Chronic heavy drinking (CHD) of alcohol is a known risk factor for increased susceptibility
to bacterial and viral infection as well as impaired wound healing. Evidence suggests that
these defects are mediated by a dysregulated inflammatory response originating from
myeloid cells, notably monocytes and macrophages, but the mechanisms remain poorly
understood. Our ability to study CHD is impacted by the complexities of human drinking
patterns and behavior as well as comorbidities and confounding risk factors for patients with
alcohol use disorders. To overcome these challenges, we utilized a translational rhesus
macaque model of voluntary ethanol self-administration that closely recapitulates human
drinking patterns and chronicity. In this study, we examined the effects of CHD on blood
monocytes in control and CHD female macaques after 12 months of daily ethanol
consumption. While monocytes from CHD female macaques generated a hyper-
inflammatory response to ex vivo LPS stimulation, their response to E.Coli was dampened.
In depth scRNA-Seq analysis of purified monocytes revealed significant shifts in classical
monocyte subsets with accumulation of cells expressing markers of hypoxia (HIF1A) and
inflammation (NFkB signaling pathway) in CHD macaques. The increased presence of
monocyte subsets skewed towards inflammatory phenotypes was complemented by
epigenetic analysis, which revealed higher accessibility of promoter regions that regulate
genes involved in cytokine signaling pathways. Collectively, data presented in this
manuscript demonstrate that CHD shifts classical monocyte subset composition and primes
the monocytes towards a more hyper-inflammatory response to LPS, but compromised

pathogen response.
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INTRODUCTION

Alcohol consumption is widespread in the United States with 85% of individuals ages 18
and older engaging in this behavior. While most of these individuals are considered
moderate drinkers, 7% are classified as heavy alcohol users (National Survey on Drug Use
and Health, 2015). Chronic heavy alcohol consumption or chronic heavy drinking (CHD) is
associated with multiple adverse health effects including increased incidence of cardiac
disease (5, 6), certain types of cancer (7-10), liver cirrhosis (11), and sepsis (12), making it
the third leading preventable cause of death in the United States (129). CHD is also
associated with higher susceptibility to bacterial and viral infections including pneumonia
and tuberculosis (14, 15), hepatitis C virus, and HIV (16, 17). Moreover, CHD compromises
tissue repair, resulting in reduced post-operative healing and poor trauma recovery
outcomes (18, 19). These observations strongly suggest that CHD dysregulates immunity

and host defense.

While CHD can modulate the function of many immune cell populations, data from
several laboratories indicate that the most dramatic and consistent changes are evident in
the innate immune branch, specifically in myeloid cells (monocytes, macrophages, dendritic
cells, and neutrophils) (13, 24, 25). Monocytes are relatively short-lived phagocytic cells that
circulate in the blood, are constantly repopulated from bone marrow progenitors, and can
quickly respond to infection or inflammation by extravasation into tissue and differentiation
into tissue-resident macrophages (60). A tightly regulated inflammatory response by

monocytes is required for effective infection clearance and tissue repair (61).
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Alcohol consumption has been shown to disrupt monocyte and macrophage responses
in a dose and time dependent manner (13). Specifically, acute alcohol treatment of purified
primary human monocytes, rodent monocyte-derived macrophages, or human monocytic
cell lines results in decreased production of inflammatory mediators including TNFa
following stimulation with lipopolysaccharide (LPS), a TLR4 agonist (65-67). In rodents,
acute in vivo (68) exposure to ethanol increases production of the anti-inflammatory
cytokine IL-10 through activation of STAT3. Similarly, in healthy human subjects, an acute
binge of alcohol increased IL-10 and decreased IL-1p production (69). In contrast, prolonged
exposure to alcohol results in increased production of pro-inflammatory mediators, notably
TNFa in response to LPS or phorbol myristate acetate (PMA)/ionomycin stimulation (66,
70) potentially due to enhanced activation of NFkB and ERK kinases (71). In line with these
observations, monocytes as well as tissue resident macrophages, including Kupffer cells
(130), microglia (131), alveolar macrophages (118), and splenic macrophages (24, 132)
taken from patients with alcoholic liver disease (ALD) produce higher levels of TNF-a at
resting state as well as in response to LPS (133). The enhanced inflammatory response by
tissue-resident myeloid cells in the context of CHD is linked to organ damage, most notably

in the liver (134) but also the intestine (135), brain (136, 137), and lungs (138).

Despite the studies described above, our understanding of the mechanisms by which
chronic alcohol consumption reprograms circulating monocytes and tissue-resident
macrophages remains incomplete. Some studies have suggested that CHD-induced gut
“leakiness” and translocation of bacterial products including LPS across the gut barrier into
the circulation could lead to chronic activation and subsequently organ damage (135).

Whether monocytes in circulation are activated prior to organ damage by circulating
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bacterial products, ethanol, ethanol metabolites, or a combination of these factors remains

unanswered.

Data from clinical studies are confounded by self-reported alcohol intake, the use of
nicotine, recreational or illicit drugs, nutritional deficiencies, and presence of organ damage
(33). Addressing these questions requires access to a reliable animal model that
recapitulates critical aspects of human CHD. Therefore, to better model human CHD and
relate immune response of peripheral monocytes to quantified alcohol intakes in the absence
of confounders listed above, we leveraged a rhesus macaque model of chronic voluntary
ethanol self-administration (34, 35). Using this model, we reported that CHD disrupts the
resting transcriptome and results in heightened inflammatory responses by peripheral
blood mononuclear cells (PBMC) from male and female macaques (25, 113). Additionally,
splenic macrophages from CHD monkeys generate a hyper-inflammatory response following
LPS stimulation that is accompanied by increased chromatin accessibility at promoters and

intergenic regions that regulate genes important for inflammatory responses (139).

In this study, we examine how CHD alters the ability of blood monocytes to respond
properly to stimulation. We show that CHD is associated with increased numbers of
circulating monocytes that exhibit a heightened transcriptional and immune mediator
response to LPS stimulation, but lower response to bacterial pathogens. To determine the
molecular mechanisms of this dysregulated response, we profiled the transcriptome of the
monocytes by single cell RNA-Seq and their epigenetic landscape by ATAC-Seq. Our results

indicate that CHD significantly alters the epigenetic and transcriptional profiles of circulating
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monocytes, priming them towards an inflammatory state but altering their effector function

to pathogens.

52



METHODS AND MATERIALS

Animal studies and sample collection:

These studies used samples from a non-human primate model of voluntary ethanol self-
administration established through schedule-induced polydipsia (34, 35, 140). Briefly, in
this model, rhesus macaques are introduced to a 4% w/v ethanol solution during a 90-day
induction period followed by concurrent access to the 4% w/v solution and water for 22
hours/day for one year. During this time, the macaques adopt a stable drinking phenotype
defined by the amount of ethanol consumed per day and the pattern of ethanol consumption
(g/kg/day) (34). Blood samples were taken from the saphenous vein every 5-7 days at 7 hrs
after the onset of the 22 hr/day access to ethanol and assayed by headspace gas

chromatography for blood ethanol concentrations (BECs).

For these studies, blood samples were collected from 9 female and 3 male rhesus macaques
(average age 5.68 yrs), with 5 animals serving as controls and 8 classified as chronic heavy
drinkers (CHD) based on 12 months of ethanol self-administration (tissue and drinking data
obtained from the Monkey Alcohol Tissue Research Resource: www.matrr.com). These
cohorts of animals (Cohorts 6 and 7a on matrr.com) were described in two previous studies
of innate immune system response to alcohol (25, 113). Peripheral Blood Mononuclear Cells
(PBMC) were isolated by centrifugation over histopaque (Sigma, St Louis, MO) as per
manufacturer’s protocol and cryopreserved until they could be analyzed as a batch. The
average daily ethanol intake for each animal is outlined in Supp. Table 2.1. CHD animals did
not show signs of overt liver damage as measured by alanine transaminase (ALT) and

aspartate transaminase (AST) enzyme levels (Supp. Figure 2G and (141)).
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LAL and IgM assays:

Endotoxin-core antibodies in plasma samples were measured using an enzyme-
immunoassay technique (ELISA) after 12 months of alcohol consumption using EndoCab IgM

ELISA kit (Hycult Biotech, Catalog# HK504-IgM). Plasma samples were diluted 50x.

Circulating endotoxin was measured from plasma using a Limulus amebocyte lysate (LAL)

assay (Hycult Biotech) following the manufacturers protocol.

Flow cytometry analysis:

1-2x10% PBMC were stained with the following surface antibodies (2 panels) against: CD3
(BD Biosciences,SP34, FITC), CD20 (Biolegend, 2H7, FITC), HLA-DR (Biolegend, L243, APC-
Cy7), CD14 (Biolegend, M5E2, AF700), CD16 (Biolegend, 3G8, PB), TLR4 (Biolegend,
HTA125, APC), TLR2 (Biolegend, TLR2.1, A488), CD40 (Biolegend, 5C3, BV510), CD163
(Biolegend, GHI/61, PerCp-Cy5.5), CD86 (Biolegend, IT2.2, BV605), CD80 (Biolegend, 2D10,
PE), CX3CR1 (Biolegend, 2A9-1, PE), CCR7 (Biolegend, GO43H7, BV510), and CCR5
(Biolegend, J418F1, PE-Cy7) and live/dead Sytox Aadvanced (Invitrogen). Monocytes were
defined as CD3-CD20-HLA-DR+CD14+. All samples were acquired with an Attune NxT Flow
Cytometer (ThermoFisher Scientific, Waltham, MA) and analyzed using Flow]o software
(Ashland, OR). Median Fluorescence Intensities (MFI) for all markers within the CD14+
monocyte gate were tested for significant differences using an unpaired t-test with Welch’s

correction on Prism 7 (GraphPad, San Diego, CA).

CD14 MACS bead Isolation and Purity:
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CD14+ monocytes were purified from freshly thawed PBMC using CD14 antibodies
conjugated to magnetic microbeads per manufacturers recommendations (Milyenyi Biotec,
San Diego, CA). Efficiency of the positive selection of monocytes was assessed by flow

cytometry where purity (CD14+HLA-DR+) averaged 87% (SEM = 1.6).

Monocyte Stimulation Assays:

1x10¢ freshly thawed PBMC or 1x10> purified CD14+ monocytes were cultured in RPMI
supplemented with 10% FBS with or without 100 ng/mL LPS (TLR4 ligand, E.coli 055:B5;
Invivogen, San Diego CA) for 16 or 6 hours, respectively, in 96-well tissue culture plates at
37C in a 5% CO2 environment. 3.5x10% purified CD14+ monocytes were cultured in RPMI
supplemented with 10% FBS with or without 6x10° cfu/mL heat-killed E.coli (Escherichia
coli (Migula) Castellani and Chalmers ATCC 11775) for 16 hours 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 and cell pellets were resuspended in Qiazol
(Qiagen, Valencia CA) for RNA extraction. Both cells and supernatants were stored at -80C

until they could be processed as a batch.

Luminex Assay:

Immune mediators in the supernatants from PBMC or purified monocytes stimulated with
LPS were measured using a 30-plex panel measuring levels of cytokines (IFNy, IL-1b, IL-2,
IL4, IL-6, IL-7,1L-12, IL-15, IL-17, IL-18, IL-23, TNFq, IL-1RA, IFN-b, and IL-10), chemokines
(CCL2(MCP-1), CCL3(MIP-1a), CCL4(MIP-1p), CCL11(Eotaxin), CXCL8(IL-8), CXCL9(MIG),
CXCL11(I-TAC), CXCL13(BCA-1), CXCL10(IP-10), and CXCL12(SDF-1a)), and other factors
(PD-L1, PDGF-BB, S100B, GM-CSF, and VEGF-A) validated for NHP (R&D Systems,
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Minneapolis, MN, USA). Standard curves were generated using 5-parameter logistic
regression using the xPONENT™ software provided with the MAGPIX instrument (Luminex,

Austin TX).

Immune mediators in the supernatants from monocytes stimulated with E.coli were
measured using a more sensitive ProcartaPlex 31-plex panel measuring levels of cytokines
(IFNa, IFNy, IL-1B, IL-10, IL-12p70, IL-15, IL-17A, IL-1RA, IL-2, IL-4, IL-5, IL-6, IL-7, MIF, and
TNFa), chemokines (CXCL13(BLC), CCL11(Eotaxin), CXCL11(I-TAC), CXCLS8(IL-8),
CXCL10(IP-10), CCL2(MCP-1), CXCL9(MIG), CCL3(MIP-1a), CCL4(MIP-1B))), growth factors
(BDNF, G-CSF, GM-CSF, PDGF-BB, VEGF-A) and other factors (CD40L, Granzyme B)
(Invitrogen, Carlsbad, CA). Differences in induction of proteins post stimulation were tested
using unpaired t-tests with Welch’s correction. Dose-dependent responses were modeled
based on g/kg/day ethanol consumed and tested for linear fit using regression analysis in

Prism (GraphPad, San Diego CA). Raw data included in Supp. Table 2.2.

RNA isolation and library preparation:

Total RNA was isolated from PBMC or purified CD14+ monocytes from female macaques
using the mRNeasy kit (Qiagen, Valencia CA) following manufacturer instructions and
quality assessed using Agilent 2100 Bioanalyzer. Libraries from PBMC RNA were generated
using the TruSeq Stranded RNA LT kit (Illumina, San Diego, CA, USA). Libraries from purified
CD14+ monocytes RNA were generated using the NEBnext Ultra II Directional RNA Library
Prep Kit for [llumina (NEB, Ipswitch, MA, USA), which allows for lower input concentrations
of RNA (10ng). For both library prep kits, rRNA depleted RNA was fragmented, converted to

double-stranded cDNA and ligated to adapters. The roughly 300bp-long fragments were
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then amplified by PCR and selected by size exclusion. Libraries were multiplexed and
following quality control for size, quality, and concentrations, were sequenced to an average

depth of 20 million 100bp reads on the HiSeq 4000 platform.

Bulk RNA-Seq data analysis:

RNA-Seq reads were quality checked using FastQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), adapter and quality

trimmed using

TrimGalore(https://www.bioinformatics.babraham.ac.uk/projects/trim galore/),

retaining reads at least 35bp long. Reads were aligned to Macaca mulatta
genome (Mmul_8.0.1) based on annotations available on ENSEMBL (Mmul_8.0.1.92) using
TopHat (142) internally running Bowtie2 (143). Aligned reads were counted gene-wise
using GenomicRanges (144), counting reads in a strand-specific manner. Genes with low
read counts (average <5) and non-protein coding genes were filtered out before differential
gene expression analyses. Read counts were normalized using RPKM method for generation
of PCA and heatmaps. Raw counts were used to test for differentially expressed genes (DEG)
using edgeR (103), defining DEG as ones with at least two-fold up or down regulation and an
FDR controlled at 5%. Functional enrichment of gene expression changes in resting and LPS-
stimulated cells was performed using Metascape (104) and DAVID (145). Networks of
functional enrichment terms were generated using Metascape and visualized in Cytoscape
(146). Transcription factors that regulate expression of DEG were predicted using the ChEA3

(114) tool using ENSEML ChIP database.

10X scRNA-Seq data analysis:
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PBMC from control (n=3) and CHD (n=3) female macaques were thawed and stained with
anti-CD14, HLA-DR antibodies and sorted for live CD14+/HLA-DR+ cells on a BD FACSAria
Fusion on the same day. Sorted monocytes were pooled and resuspended at a concentration
0f 1200 cells/ul and loaded into the 10X Chromium gem aiming for an estimated 10,000 cells
per sample. cDNA amplification and library preparation (10X v3 chemistry) were performed
according to manufacturer protocol and sequenced on a NovaSeq S4 (Illumina) to a depth of

>50,000 reads/cell.

Sequencing reads were aligned to the Mmul_8.0.1 reference genome using cellranger v3.1
(147) (10X Genomics). Quality control steps were performed prior to downstream analysis
with Seurat, filtering out cells with fewer than 200 unique features and cells with greater
than 20% mitochondrial content. Control and CHD datasets were down sampled to 4680
cells each and integrated in Seurat (148) using the IntegrateData function. Data
normalization and variance stabilization were performed, correcting for differential effects
of mitochondrial and cell cycle gene expression levels. Clustering was performed using the
first 20 principal components. Small clusters with an over-representation of Band T cell gene
expression were removed for downstream analysis. Clusters were visualized using uniform
manifold approximation and projection (UMAP) and further characterized into distinct

monocyte subsets using the FindMarkers function (Supp. Table 2.3).

Pseudo-temporal analysis:

Pseudotime trajectory monocytes was reconstructed using Slingshot (107). The UMAP

dimensional reduction performed in Seurat was used as the input for Slingshot. For
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calculation of the lineages and pseudotime, the most abundant classical monocyte cluster,

MS1, was set as the root state.

Differential expression analyses:

Differential expression analysis (CHD to Control) was performed using DESeq under default
settings in Seurat. Only statistically significant genes (Fold change cutoff > 1.2; adjusted p-

value < 0.05) were included in downstream analysis.

Module Scoring and functional enrichment:

For gene scoring analysis, we compared gene signatures and pathways from KEGG

(https://www.genome.jp/kegg/pathway.html) (Supp. Table 4) in the monocytes using

Seurat’s AddModuleScore function. Over representative gene ontologies were identified
using 1-way, 2-way or 4-way enrichment of differential signatures using Metascape (104).

All plots were generated using ggplot2 and Seurat.

ATAC-Seq library preparation:

Following the Omni-ATAC protocol, 2x104 purified monocytes from female macaques were
lysed in lysis buffer (10mM Tris-HCI (pH 7.4), 10mM NaCl, 3mM MgClz, 10% Np-40, 10%
Tween, and 1% Digitonin) on ice for 3 minutes (149). Immediately after lysis, nuclei were
spun at 500 g for 10 minutes at 4C to remove supernatant. Nuclei were then incubated with
Tn5 transposase for 30 minutes at 37C. Tagmented DNA was purified using AMPure XP
beads (Beckman Coulter, Brea, CA) and PCR was performed to amplify the library under the
following conditions: 72C for 5 min; 98 for 30s; 5 cycles of 98C for 10s, 63C for 30s, and 72C

for 1min; hold at 4C. Libraries were then purified with warm AMPure XP beads and
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quantified on a Bioanalyzer (Agilent Technologies, Santa Clara CA). Libraries were
multiplexed and sequenced to a depth of 50 million 100bp paired reads on a NextSeq

(Illumina).

ATAC-Seq data analysis:

Paired ended reads from sequencing were quality checked using FastQC and trimmed to a
quality threshold of 20 and minimum read length 50. Trimmed 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 were removed using
Samtools and PCR duplicate artifacts were removed using Picard. Samples from each group

were concatenated to achieve greater than 5x10¢ non-duplicate, non-mitochondrial reads
per group.

Accessible chromatin peaks were called using Homer’s findPeaks function (105) (FDR<0.05)
and differential peak analysis was performed using Homer’s getDifferentialPeaks function
(P < 0.05). Genomic annotation of open chromatin regions in monocytes and differentially
accessible regions (DAR) with CHD was assigned using ChIPSeeker (150). Promoters were
defined as -1000bp to +100bp around the transcriptional start site (TSS). Functional
enrichment of open promoter regions was performed using Metascape

(http://metascape.org).

Due to the lack of available macaque annotation databases, distal intergenic regions from the
macaque assembly were converted to the human genome (hg19) coordinates using the UCSC
liftOver tool. Cis-Regulatory roles of these putative enhancer regions were identified using

GREAT (http://great.stanford.edu/public/html/). Transcription factor motif analysis was
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performed using Homer’s findMotifs function with default parameters. Promoter regions for
every annotated macaque gene were defined in ChIPSeeker as -1000bp to +100bp relative
to the TSS. A counts matrix was generated for these regions using featureCounts (151),

where pooled bam files for each group were normalized to total numbers of mapped reads.

Statistical Analysis:

All statistical analyses were conducted in Prism 7(GraphPad). Data sets were first tested for
normality. Two group comparisons were carried out an unpaired t-test with Welch's
correction. Differences between 4 groups were tested using one-way ANOVA (a=0.05)
followed by Holm Sidak’s multiple comparisons tests. Error bars for all graphs are defined
as £ SEM. Linear regression analysis compared significant shifts in curve over horizontal line,
with spearman correlation coefficient reported. Statistical significance of functional
enrichment was defined using hypergeometric tests. P-values less than or equal to 0.05 were
considered statistically significant. Values between 0.05 and 0.1 are reported as trending

patterns.
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RESULTS:

Chronic heavy drinking results in enhanced responses to LPS by PBMC

Recent bulk RNA seq analysis of resting PBMC obtained from female rhesus macaques after
12 months of chronic heavy drinking (CHD) indicated that most of the differential gene
expression originated from innate immune cells (monocytes and dendritic cells (DCs)) (25).
Moreover, studies using PBMC from male macaques showed increased responses to ex vivo
LPS stimulation after 12 months of chronic heavy ethanol consumption (113). To assess if
CHD also led to changes in inflammatory responses by circulating innate immune cells in
female macaques, PBMC obtained from CHD (n=6) and control (n=3) females were
stimulated ex vivo with LPS for 16 hours followed by measurement of immune mediator
production by Luminex assay and transcriptional changes by bulk RNA Seq (Supp. Figure
1A). LPS stimulation resulted in a robust inflammatory response (TNFa, IL-6, IL-18, IL-4, IL-
8, GMCSF and S100B) by PBMC from both CHD and control animals (Figure 2.1A). However,
PBMC from CHD animals produced significantly elevated levels of additional inflammatory
mediators notably IL-1f, IL-12, IFNy, CCL3, and CCL4 compared to their unstimulated
condition (Figure 2.1A). Moreover, production of inflammatory cytokines IL-6, IL-23 and to
lesser extent soluble PD-L1 was higher by CHD PBMC following LPS stimulation compared
to controls (Figure 2.1A). In addition, levels of TNFa, CCL4, IL-6, IL-15, IL-23, and sPD-L1

were positively correlated with ethanol dose (Figure 2.1B and Supp. Figure 2.1B).

We next assessed transcriptional differences in response to LPS between the two groups.
Differential analysis indicated a heightened response to LPS by CHD PBMC relative to control

PBMC (Figure 2.1C). While signatures of immune activation were observed in both groups
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following LPS stimulation, DEGs upregulated in PBMC from controls enriched more
significantly to pathways involved in antiviral immunity (“response to IFNg” and “response
to virus”), whereas DEGs upregulated in PBMC from CHD animals enriched more
significantly to leukocyte activation and inflammation pathways (Figure 2.1D and Supp.
Figure 2.1C). Enrichment of the downregulated genes shows significant enrichment to GO
terms associated with chemotaxis, leukocyte differentiation and metabolism in the PBMC
from control animals (Figure 2.1E and Supp. Figure 2.1D). These findings indicate
disruption of innate immune responses with CHD and further highlight that the heightened

inflammatory response to LPS by PBMC is not restricted to male macaques.

Chronic heavy drinking impacts monocyte frequencies and functional responses to LPS

stimulation

To measure changes in frequencies and phenotypes of monocyte subsets with CHD in female
macaques, we profiled PBMC by flow cytometry. Interestingly, while the total white blood
cell numbers were unchanged with CHD (25), the proportions of monocytes within PBMC
from CHD macaques were significantly elevated (Figure 2.2A). However, the relative
distribution of the monocyte sub-populations was comparable between the groups (Supp.
Figure 2.2A, B). We profiled several TLRs, chemokine, and activation receptors on
monocytes by flow cytometry, but found no significant differences (Supp. Figure 2.2C). To
assess whether the heightened inflammatory response detected in PBMC was due to
increased numbers of monocytes or cell-intrinsic changes caused by CHD, monocytes were
purified from each group and subjected to bulk RNA-Seq at resting state and after LPS

stimulation (Supp. Figure 2.1A). A modest number of DEG were detected at resting state
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(58 upregulated and 112 downregulated) between CHD and control monocytes (Figure
2.2B). The DEG upregulated with CHD enriched to pathways associated with inflammatory
response such as “pattern recognition receptor activity” (e.g. NLRP3) and “cytokine
production” (e.g. FCN1) (Figure 2.2C, and Supp. Figure 2.2D). DEG downregulated with
CHD mapped to gene ontology (GO) terms “activation of immune response” (e.g. IFNG)
“lymphocyte proliferation” (e.g. HSPD1) and “chemotaxis” (e.g. CCR7) (Figure 2.2C). One
potential mechanism for this enhanced monocyte transcriptional activation at resting state
could be increased microbial products in circulation due to altered barriers (31). Therefore,
we measured circulating levels of bacterial endotoxin (LAL) and IgM bound endotoxin. We
found slightly increased levels of circulating LAL with CHD, but no changes in [gM-bound
endotoxin (Supp. Figure 2.2E,F). Additionally, levels of alanine transaminase (ALT) and
aspartate transaminase (AST) levels, both of which are indicators of liver damage, were also

comparable between the two groups (Supp. Figure 2.2G).

Secreted levels of cytokines, chemokines, and growth factors were measured after 6-hour
incubation in the presence or absence of LPS by Luminex assay. No significant differences in
immune mediators’ secretion were noted in the non-stimulated conditions. As observed for
PBMC, significantly enhanced production of pro-inflammatory cytokines TNFa, IL-6, and IL-
15, chemokines CCL4, and CXCL11, and to a lesser extent IL-4 and IL-7 by CHD monocytes
were noted (Figure 2.2D and Supp. Figure 2.3A). The LPS response was also assessed at
the transcriptional level using RNA-Seq. Principal component analysis (PCA) showed that
stimulation accounts for the bulk of the transcriptional changes (PC1, 75% of the differences)
(Supp. Figure 2.3B) with 357 and 262 DEG between CHD and controls in the NS, and LPS
conditions, respectively (Supp. Figure 2.3C, D). The DEG from these comparisons showed
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that genes associated with myeloid inflammatory pathways were upregulated (TNFSF21,
MMPZ2, TLR2, MMP1) while genes associated with adaptive immune activation were
downregulated (ILZ21R, CD40, MAMU-DOA, CCR6) in CHD compared to control monocytes

(Supp. Figure 2.3C, D).

We then identified DEG in the LPS relative to NS condition for each group. A greater number
of DEG was detected in the CHD group, with a large overlap between the two groups, and few
DEG detected solely in the control group (Figure 2.2E). As expected, DEG common between
the two groups enriched to GO terms associated with monocyte activation including
“regulation cytokine production”, “leukocyte migration”, and “JAK-STAT cascade” (Figure
2.2F). The DEG detected only in control animals mapped to “Carbohydrate catabolic
process”. The DEG unique to monocytes from CHD animals mapped to cytokine production
and signaling pathways (Figure 2.2F). The expression of inflammatory genes was broadly
upregulated in the CHD monocytes following LPS stimulation including CEBPB, CCL20, CCL4,
STAT3, FOS, S100A8, HIF1A, and TLR4 (Figure 2.2G). Additional predictive analysis revealed
that LPS-responsive DEGs detected in the CHD monocytes are regulated by canonical
transcription factors NFKB2, RELB, and JUNB with over 250 genes mapping to each (Supp.

Figure 2.3E).

Chronic heavy drinking alters the monocyte transcriptome and cell subset distribution

at the single cell level

To gain a deeper understanding of the heightened activation state of monocytes with CHD,
we performed single cell RNA sequencing (scRNA-Seq) on sorted CD14+HLA-DR+

monocytes from CHD and control female macaques (n=3 pooled samples/group). UMAP
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clustering of all 9,360 monocytes revealed 9 distinct monocyte subsets (MS) (Figure 2.3A).
These clusters could be categorized into the three major monocyte subtypes typically
identified by flow cytometry: non-classical, intermediate, and classical based on expression
of CD14, MAMU-DRA, and FCGR3(CD16) (Supp. Figure 2.4A). As shown by flow cytometry,
the frequency of these three major subsets was comparable between controls and CHD
animals by scRNA-Seq analysis (Supp. Figure 2.4B). The non-classical monocytes formed
one cluster (MS6) exhibiting high expression of CX3CR1, MS4A7, and FCGR3 and lower
expression of CD14 and MHC II molecule MAMU-DRA (Figure 2.3A, B, and Supp. Figure
2.4C). The intermediate monocytes also fell into one cluster (MS4), expressing lower levels
of non-classical (MS4A7, FCGR3) and classical (CD14, S100A8) markers with higher
expression of MAMU-DRA (Figure 2.3A, B, and Supp. Figure 2.4C). Finally, 7 clusters of
classical monocytes were identified (MS1, MS2, MS3, MS5, MS7, MS8, and MS9), based on
expression of CST3, GOS2, S100A8, S100A9, HIF1A, SOD2, EGR1, and HERCS (Figure 2.3A, B,
and Supp. Figure 2.4C). These data reveal considerable, previously unappreciated
transcriptional heterogeneity within the classical monocytes. Subsets MS5, MS7 were
primarily detected in monocytes from CHD animals while MS8 was primarily detected in
monocytes from control animals (Figure 2.3 and Supp. Figure 2.4D). Module scoring
revealed that MS5 had the lowest expression of genes that play a role in antigen presentation
as well as hypoxia, while MS5 and MS7 had higher expression of genes within the TLR- and

[L-6- signaling pathways (Supp. Figure 2.4E).

To identify the biological implications of these subsets, we extracted the genes that define
each cluster and performed functional enrichment (Figure 2.3C). Although genes that define
MS5 (classical - CHD) and MS8 (classical - control) subsets enriched to similar GO terms
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(“Regulated exocytosis”, “granulocyte activation/migration”), only genes highly expressed in
MS5 (CHD animals) enriched to “Response to alcohol” and “Wound healing”, notably FOSB,
HIF1A, and FN1. Interestingly, genes that define MS7 subset (classical - CHD) enriched to
“Cytokine-mediated signaling pathway” including CSF3R, IRF1, IRF7, NFKBIA, STAT1, STATS3,
and VEGFA. Classical subsets MS1 and MS2 were slightly more abundant in monocytes from
control animals and expressed high levels of CST3 and GOSZ2 as well as S100A8 and S100A9,

respectively.

To better understand the relationships between the classical monocyte clusters and their
differentiation/activation states, we performed a trajectory analysis. The monocyte clusters
were ordered by pseudotime, starting with the most abundant MS1 cluster which resulted
in four unique trajectory lineages (Figure 2.3D). Lineages 1, 2 and 4 indicate transitions
culminating in MS8, MS3, and MS5, respectively. Lineage 3 is the classical to non-classical
differentiation trajectory. Density plots revealed enrichment of control monocytes at the
start of each lineage (less differentiated) and enrichment of the CHD monocytes at the end

of the lineages (more differentiated), most notably in Lineage 4 (Figure 2.3E).

We next assessed differential gene expression with CHD in the 3 major subsets (Supp.
Figure 2.4F). This analysis showed that IFN-inducible genes WARS and IDO were
upregulated in the classical CHD monocytes, whereas MHC-II gene MAMU-DRB1 was
downregulated (Supp. Figure 2.4F). In the intermediate monocytes, CHD induced
upregulation of inflammatory signaling genes MAP3K and S100P but led to decreased
expression of FC-receptor gene FCGR3 (Supp. Figure 2.4F). The 33 DEG downregulated in

the non-classical monocytes from the CHD group relative to controls enriched to antigen
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processing and IFNy signaling pathways (Supp. Figure 2.4G). Finally, we detected a
significant reduction in lysosome and Fcg-receptor mediated phagocytosis modules in the
CHD monocytes (Figure 2.3F) while gene modules for NFkB signaling and HIF1A signaling

were increased (Figure 2.3G).

Chronic heavy drinking impacts the epigenome of circulating monocytes

To uncover epigenetic basis for the altered transcriptional profile in resting monocytes and
altered functional responses with CHD, we profiled the chromatin accessibility in purified
resting monocytes from female macaques (n=3/group) using the assay for transposase-
accessible chromatin sequencing (ATAC-Seq) (149). We identified 11,717 differentially
accessible regions (DAR) that were open in the CHD monocytes compared to 9,173 DAR that
were accessible in the controls (Figure 2.4A). More than 25% of the accessible regions in
the CHD monocytes mapped to promoter regions and were closer to the transcription start
site compared to accessible regions in monocytes from control animals (Figure 2.4A and
Supp Figure 2.5A). Genes regulated by promoter regions open in the CHD monocytes
enriched to GO terms associated with cytokine production and myeloid cell activation
(Figure 2.4B). Additional analysis using GREAT showed that cis-regulatory elements in the
distal intergenic regions open in CHD monocytes enriched to processes involved with
apoptotic signaling, MAPK signaling cascade, and myeloid cell differentiation (Supp Figure
2.5B). Motif enrichment analysis of open chromatin regions in the CHD and control
monocytes demonstrated increased putative binding sites for transcription factors
important for monocyte differentiation and activation SP1, FRA1, FOS, JUNB, BATF, and PU.1

with CHD (152-156)(Figure 2.4C). To link the resting epigenome of the CHD monocytes to
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the enhanced transcriptional response after LPS stimulation, we compared the genes
associated with the open promoter regions (<lkb) and the DEG identified after LPS
stimulation and identified 281 common genes (Figure 2.4D). Functional enrichment of these
genes showed significant mapping to Biological Process “Cytokine-mediated signaling”
including transcription factors FOS, HIF1A, STAT3 and JUNB (Figure 2.4E). These genes as
well as inflammatory CCL20, TLR2, CD81 and TNFSF14 had both open promoters in the
resting CHD monocytes as well as upregulated gene expression in the LPS-stimulated CHD
monocytes, linking open chromatin under resting conditions with CHD to transcriptional LPS

responses (Figure 2.4F).

CHD impairs monocyte response to E. coli

We next asked whether CHD would affect the monocyte response to pathogens. Monocytes
from male and female macaques (n=3 controls; n=6 CHD) were co-cultured with heat-killed
E. coli for 16 hours and immune mediator production was measured using Luminex (Supp.
Figure 2.1A). In contrast to the response to purified LPS, monocytes from CHD animals
generated a dampened response to E. coli characterized by reduced levels of IL-1b, IL-6,
CCL4 (MIP-1B), and IL-15 and to a lesser extent I-TAC and IL-5 compared to their control
counterparts (Figure 2.5 A, B). No sex differences were noted in these assays, indicating that
defects in monocyte responses to bacterial pathogens are comparable in male and female
macaques. Moreover, these data suggests that CHD differentially impacts pathogen

recognition and activation pathways within monocyte.
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DISCUSSION:

It is well-appreciated that chronic alcohol drinking exerts a profound impact on
peripheral innate immune cells. However, the limitations provided by the complexity of
studying alcohol consumption in humans has left major gaps in understanding mechanisms
that underlie the immune response under conditions of heavy alcohol drinking. In this study,
we utilized a macaque model of voluntary ethanol self-administration to profile peripheral
monocytes in animals after 12 months of daily alcohol drinking. We first demonstrated that
circulating monocytes from CHD animals generate a hyper-inflammatory response to ex vivo
LPS stimulation at the transcript and protein level. A comprehensive profiling of the
monocytes by scRNA-Seq and ATAC-Seq revealed alterations in differentiation state as well
as epigenetic landscape with CHD. In contrast to what we observed following ex vivo
stimulation with LPS, monocytes from CHD animals generated a dampened production of
immune mediators following ex vivo E. coli stimulation. This highlights critical aspects of the
complexity of immune cell responses and the necessity of utilizing both purified stimulants

as well as real pathogens to uncover the underlying mechanisms of response.

The enhanced inflammatory responses in response to ex vivo stimulation with LPS by
PBMC from CHD female macaques are in line with our previous data for PBMC from CHD
male macaques (113), indicating that this consequence of CHD is sex independent. Our
follow up phenotyping revealed that there were in fact more CD14+ monocytes in the PBMC
of CHD animals, but no changes were observed in the distribution of classical, non-classical,
and intermediate monocyte populations. Further analysis of purified monocytes indicated
that this hyper-inflammatory response is mediated largely by intrinsic changes within
monocytes and not just increased cell numbers. Indeed, CHD induced significant
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transcriptional differences consistent with activation of inflammatory pathways in
monocytes at resting state. Moreover, LPS stimulation resulted in a drastic increase in
numbers of DEG from the CHD monocytes with increased expression of genes associated
with inflammatory response. In contrast, genes involved in carbohydrate catabolic processes
were not upregulated in monocytes from CHD animals suggesting metabolic rewiring
associated with a heightened inflammatory state (157). The increased non-specific
inflammatory mediator production in response to ex vivo LPS stimulation are in line with
previous in vitro studies that have reported hyper-activation of myeloid cells with prolonged
alcohol exposure. This also fits with hyper-inflammatory phenotypes associated with

patients with alcohol use disorders, especially those with alcoholic liver disease (4, 13, 71).

To elucidate the molecular basis for this dysregulated inflammatory response, we
profiled monocytes from CHD and control animals by scRNA-Seq. This analysis revealed
tremendous diversity amongst classical monocytes that has not been previously
appreciated. We identified two unique classical clusters within monocytes from CHD animals
expressing high levels of hypoxia factor HIFIA (MS5), and antioxidant defense molecule
SOD2 (MS7). Alcohol and the products of its metabolism can induce oxidative stress which
can alter cellular transcriptional profiles, potentially explaining the profile of the MS5 cluster
(63). CHD animals also had a higher number of cells within the anti-viral cluster MS9 that
expressed high levels of interferon stimulated (ISG) genes such as HERC5. This observation
is in line with our earlier study that reported higher levels of ISG within PBMC from these
same animals (25). Functional module scoring of all the monocytes revealed downregulation
of genes involved in lysosome function and Fcg receptor mediated phagocytosis, but
upregulation of NFKB signaling and HIF1A signaling. Moreover, trajectory within the
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monocyte subsets revealed that CHD accelerates differentiation/activation of classical

monocyte subsets making them potentially poised towards a hyper-inflammatory response.

Although the non-classical and intermediate monocytes fell into single clusters with
equal numbers of cells from controls and CHD animals, differential gene expression analysis
revealed significant downregulation of genes associated with MHC class II, antigen
processing and presentation, and IFNg signaling pathways in the CHD monocytes. This
observation provides a potential explanation for the reduced response to vaccination
observed in CHD animals (158). Further, monocytes from CHD male and female macaques
generated a dampened cytokine and chemokine response to heat killed E. coli. This was an
unexpected outcome since stimulation with LPS resulted in a heightened inflammatory
response and suggests a rewiring of monocytes with CHD towards non-specific
inflammatory responses and away from anti-microbial functions. This discrepancy could be
explained by the fact that LPS signals exclusively through TLR4, whereas heat killed E. coli
could trigger a number of TLRs including TLR2/6 (159). Additionally, CHD interferes with
phagocytosis and ROS production in macrophages (55), which could interfere with pathogen
sensing. While the mechanisms underlying the differences between the heightened response
to LPS and dampened response to whole organisms is complex and require further study,
our observations provide potential explanation for the reported increased susceptibility of

patients with alcohol use disorders to bacterial infections (14, 15).

Ethanol metabolites notably acetaldehyde and acetate in addition to minor
byproducts such as reactive oxygen species (ROS) and lipid metabolism products can

modulate gene expression by binding transcription factors and/or modifying chromatin
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accessibility (63). Therefore, we profiled chromatin accessibility of monocytes from control
and CHD animals by ATAC-Seq. We discovered that promoter regions that regulate genes
important for cytokine production and myeloid cell activation were more accessible in
monocytes from CHD animals. These open regions contained putative binding sites for
transcription factors important for monocyte activation and differentiation. Integrative
analyses showed correlation between chromatin accessibility and expression levels of key
inflammatory genes in CHD monocytes, including FOS, HIF1A, and JUNB. This suggests that

the monocytes are poised epigenetically towards heightened inflammatory responses.

One proposed mechanism of this hyper-inflammatory state in monocytes (134, 136-
138) and macrophages with CHD is the translocation of bacterial products into circulation
through impaired gut barrier caused by ethanol consumption (135). We detected modestly
elevated levels of LAL in circulation but no changes in IgM bound endotoxin. A small increase
in these circulating bacterial products could significantly impact the activation state of
monocytes; however, it is difficult to tease these effects out from circulating ethanol and its
metabolic products (acetaldehyde, acetate). Additionally, liver enzyme levels remained
within normal ranges for the duration of the study. Long term exposure to activating agents,
like LPS, is believed to lead to tolerance and a decreased response to secondary stimulation
in monocytes and macrophages defined by specific changes in chromatin structure (22, 160-
162). Interestingly, we see enhanced inflammatory responses of monocytes and
macrophages from CHD animals with LPS, akin to innate immune training (125, 163).Indeed,
ethanol and its metabolites have been found to directly act on histone modifications, creating
changes in accessible chromatin (63, 164, 165). This could be occurring in circulating
monocytes, tissue macrophages, or the progenitors of these cells in the bone marrow;
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perhaps on all three levels, altering the epigenetic structure and therefore functional
capacities of these cells (75). In fact, observations in patients with alcohol use disorders
suggest an effect of alcohol on hematopoiesis (166). Because blood monocytes are under
constant repopulation from bone marrow progenitors, it is conceivable that the progenitors

themselves or the process of myelopoiesis are disrupted with CHD.

In summary, this study provides a novel, in-depth, and integrative analysis of the
effects of long-term in vivo alcohol drinking on monocytes in non-human primates. Our
findings indicate that alcohol drinking alters the baseline epigenetic and transcriptional
states of monocytes, which is associated with heightened inflammatory responses but
reduced anti-microbial activity. Future studies will focus on linking epigenetic modifications
to functional outcomes and investigating the impact of alcohol drinking on bone marrow

progenitors.
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Figure 2.1: CHD induced enhanced innate immune response in the periphery

PBMC from control (n=3) and chronic heavy drinking (CHD) (n=6) female macaques were
stimulated with LPS for 16 hours. A) Bubble plot representing immune factor production
(pg/ml) in the presence or absence of LPS stimulation of PBMC from control and CHD
animals. The size of each circle represents the logz mean concentration of the indicated
secreted factor and the color denotes the -log2 transformed p value with the darkest pink
representing the most significant value. The p-values were calculated between the
unstimulated and stimulated conditions for each group by One-way ANOVA and a p-value
cut-off of 0.05 was set. White circles indicate non-significant p-value. * Indicates
significance between control and CHD for each stimulation condition. B) Scatter plots
showing Spearman correlation between average EtOH dose (grams EtOH/kg body
weight/day) and concentration (pg/ml) of the secreted factors TNFa and CCL4. C) Venn
diagram comparing LPS-induced DEG in controls and CHD PBMC. D, E) Heatmaps of
significant GO terms to which upregulated (D) and downregulated (E) DEG identified
following LPS stimulation of PBMC from controls and CHD animals enriched using
Metascape. The scales of the heatmaps are -log(q-values) associated with the enrichment

to selected pathways.
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Figure 2.2: Impact of CHD on the monocyte functional and transcriptomic response
to LPS

A) Abundance of live CD14+ cells in PBMC from control (n=3) and CHD (n=5) female
macaques measured by flow cytometry. Significance calculated by t-test with Welch’s
correction. B) Volcano plot representing up- and downregulated differentially expressed

genes (DEG) with CHD in resting monocytes. Red = significant with an FDR < 0.05 and fold
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change > 2. C) Heatmap of significant GO terms (identified using Metascape) to which DEGs
downregulated and upregulated with CHD in monocytes enriched. The scales of the
heatmaps are -log(q-values) associated with the enrichment to selected pathways. D)
Purified monocytes were stimulated with LPS for 6 hours and supernatants were analyzed
by Luminex assay. Bar plots showing concentration (pg/ml) of selected immune mediators
(TNFaq, IL-6, IL-15, CCL4) (*=p<0.05, **=p<0.01, **=p<0.001, ****=p<0.0001 between LPS
and unstimulated condition, # is significance between CHD and control for each
stimulation condition calculated by One-way ANOVA). E) Venn diagram showing overlap
between DEG identified in control and CHD monocytes after LPS stimulation. F) Network
visualization of functional enrichment analysis of DEG upregulated with LPS in monocytes
from controls only, CHD only, and both using Metascape. The size of each node represents
the number of DEGs associated with a given gene ontology (GO) term and the pie chart
filling represents relative proportion of DEGs from each group that enriched to that GO
term. Similar GO terms are clustered together and are titled with the name of the most
statistically significant GO term within that cluster. The gray lines denote shared
interactions between GO terms. Density and number of gray lines indicates the strength of
connections between closely related GO terms. G) Heatmap of average normalized

expression of genes associated with inflammatory response pathways.
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Figure 2.3: Single cell RNA-Seq analysis of monocytes with CHD

Monocytes (n=3 control/ 3 CHD) were purified from total PBMC from female macaques
and subjected to 10X scRNA-Seq analysis. A) Visualization of 9,360 monocytes by uniform
manifold approximation and projection (UMAP) colored by group (control and CHD) as
well as by identified clusters. B) Stacked violin plots representing expression of key genes

used for cluster identification, grouped by monocyte subset cluster. C) GO Biological
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Process enrichment from Metascape of genes highly expressed in MS5, MS7, and MS8,
defined by g-value. D) Trajectory analysis of monocytes determined using Slingshot. E)
Cell density plots for Control and CHD groups across each of four trajectory lineages
determined by Slingshot. F,G) Violin plots comparing (F) Lysosome and Fcg receptor-
mediated phagocytosis and (G) NFkB signaling and HIF1A signaling pathway module
scores in all monocytes of both groups. Statistical analysis of module scores was
performed using a t-test with Welch'’s correction where *=p<0.05, **=p<0.01, ***=p<0.001,
*Hr¥=p<0.0001.
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Figure 2.4: CHD primes the monocyte epigenome for inflammatory response

Monocytes (n= 2 Control/ 3 CHD) were purified from PBMC from female macaques and

subjected to ATAC-Seq analysis. A) Bar plot showing genomic feature distribution of the

open chromatin regions (fold-change = 2) in control and CHD monocytes at resting state.

B) GO Biological process enrichment from Metascape of genes regulated by the open

promoter regions (< 1kb, fold-change = 3) in CHD monocytes. The X-axis represents -log(g-

value) and the size of the dot represents the number of genes within that term. C) Homer

motif enrichment of the open chromatin regions. All listed motifs have significantly
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enriched binding sites in the CHD monocytes where the percentage value listed is the
percentage of target sequences with that motif. D) Venn diagram of genes regulated by the
open promoter regions (< 1kb, fold-change = 3) and DEG detected following LPS
stimulation in the CHD monocytes. E) GO Biological process enrichment terms from
Metascape of the 281 overlapping genes from (D). F) Heatmaps of the normalized
expression of open promoter region counts and RPKM from bulk RNA-Seq analysis for

selected common genes.
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Figure 2.5: Monocyte response to E.coli is dampened with CHD.

Purified monocytes (n=2 Control Male, 1 Control Female/ 2 CHD Male, 4 CHD Female)

were stimulated with heat-killed E.coli bacteria for 16 hours. A) Spider plot representing

average Z-scores for each group across the indicated analytes measured by Luminex. B)

Bar plots showing concentration (pg/ml) of selected immune mediators (TNFa, IL-6,

CCL4(MIP-1B), IL-15, IL-5, I-TAC). *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001

between LPS and unstimulated condition. If indicated, # is significance between CHD and

control for each stimulation condition.
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Supp. Figure 2.2: A) Gating strategy used to identify the three populations of monocytes

Control

in the blood. B) Relative percentages of the three monocyte populations in the controls
and CHD macaques. C) Logz median fluorescence intensities (MFI) of monocyte cell surface
markers across the controls and CHD macaques. D) Heatmap of normalized expression of
differentially expressed genes between resting control and CHD monocytes. E,F) LAL (E)
and IgM-bound endotoxin (F) levels measured from plasma by ELISA. G) Alanine
transaminase (ALT) and aspartate transaminase (AST) were measured to test for overt

liver damage. T-test with Welch’s correction was used to measure significance.
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Supp. Figure 2.3: A) Bubble plot representing immune factor production (pg/ml) in the

presence or absence of LPS stimulation of monocytes from control and CHD animals. The
size of each circle represents the indicates the logz mean concentration of the indicated
secreted factor and the color denotes the -log2 transformed p value with the darkest pink
representing the most significant value. The p-values were calculated between the
unstimulated and stimulated conditions for each group using One-way ANOVA and a p-
value cut-off of 0.05 was set. White circles indicate non-significant p-value. B) Principal
component analysis (PCA) of CHD and control monocytes under resting, unstimulated (6
hours of media) and LPS stimulation (6 hours) conditions. C,D) Volcano plot representing
up- and downregulated DEG with CHD in non-stimulated (C) and LPS stimulated (D)
monocytes. Red = significant with an FDR < 0.05 and fold change = 2. E) Bubble plot
representing transcription factors predicted to regulate LPS-responsive DEGs. The size of
the dot represents the number of genes and the color represents Chea3 score where lower

number is more significant. Analysis was performed using the Chea3 web browser.

85



# cells

= Non-classical
BN 2000 4000
= Classical
Control
con‘ml - |

E Antigen Presentation  IL-6 Signali
® MS1: Classical (CST3") aal JonFrasemiation e

MAMU-DRA FCGR3

® MS2: Classical (G0S2") 2
MS3: Classical (S100A8/9") 208
© MS4: Intermediate (MAMU-DRA™) %o 4
® MS5: Classical (HIF1A™) 4
® MS6: Non-classical (FCGR3A") 02
MS?7: Classical (SOD2") 0.0
® MS8: Classical (EGR1")
{ MS9: Classical (HERCS") TR Signaling
] 03
3
10 0.2
5 e . 05 g
0.0 §0.1 00
’ -05
: .:1'2 00 -01
F Classical CHD-Control Intermediate CHD-Control Non-classical CHD-Control
g F L DEG downregulated in CHD NC monocytes:
49 MAMU-DQA1 MAPK3B CD63
WKR1B1 WARS|79 APOBEC3A| |MNDA HIC1
% AAIZA(;;U DRB1 '!g’?’; ggé:g ) Nil,g:: ifgmg Dr‘ﬁif antigen processing and presentation Rl U L LT
o res2 : 533’, 40 MAMU-DPA : IFNg-mediated signaling pathway
E 59 myeloid cell activation
o
g b . platelet degranulation
0 ¢
. o B regulated exocytosis
< & L F T .
" 9 i ) 0 2 4 6 8
1 . \|' e
.of L5 % -og(@)
0 B o °§ 0 L
=15 =10 05 00 0§ -20 -16 -10 -05 00 05 -2 -1 0 1

*FOR<005.7C>2 sverage loof C:

Supp. Figure 2.4: A) Feature plots showing relative gene expression of canonical
monocyte markers CD14, MAMU-DRA, and FCGR3 in all monocytes. B) Stacked bar graph
depicting relative abundance of non-classical, intermediate, and classical monocytes in
control and CHD monocytes. C) Heatmap showing relative gene expression of the
representative genes used for clustering and subset identification. D) Stacked bar graph
depicting abundance of cells clustered in each monocyte subset in control and CHD groups.
E) Violin plots comparing antigen presentation, IL-6 signaling, hypoxia, and TLR signaling
module scores with the classical monocyte subsets. F) Volcano plots of the up-and
downregulated genes comparing CHD to control non-classical, intermediate, and classical
monocytes. The purple color indicates significant DEG where FDR < 0.05 and fold-change
> 2. G) Bar graph showing functional enrichment pathways of DEG downregulated with
CHD in the non-classical monocyte cluster (MS6), defined by g-value.
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Supp. Figure 2.5: A) Distribution of the open chromatin regions in the CHD and control
monocytes relative to the transcription start site (TSS). B) Top GO Biological process
enrichment of the genes predicted to be cis-regulated by non-promoter regions more open
with CHD. Genomic regions were lifted over from rhesus macaque to homo sapien genome

(UCSC) and further enriched using the GREAT.

SUPPLEMENTARY TABLES:

Supp. Table 2.1: Animals and EtOH g/kg values
Supp. Table 2.2: Immune mediator production by PBMC or purified monocytes following
LPS or E.coli stimulation.

Supp. Table 2.3: Genes associated with each MS cluster

Supp. Table 2.4: Module Scoring genes
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ABSTRACT

Chronic alcohol drinking affects frequency and function of circulating monocytes and
tissue-resident macrophages, resulting in a rewiring of the cells towards heightened
inflammatory but compromised anti-microbial responses. Molecular underpinnings of these
perturbations remain poorly understood. In this study, we leverage a nonhuman primate
(NHP) model of chronic ethanol self-administration and show that these perturbations
persist in the face of a month-long abstinence period. These observations, strongly suggest
that chronic ethanol consumption may impact monocyte progenitors in the bone marrow.
To test this hypothesis, we conducted a comprehensive study where single cell genomics
were integrated with functional assays to profile bone marrow CD14+ and CD34+ cells
collected after 12 months of daily alcohol drinking. Analysis of bone marrow CD14+ cells
revealed heightened inflammatory responses to bacterial agonists that was accompanied by
increased expression of activation markers and transcriptional signatures of cellular
activation with alcohol drinking. In vitro differentiation of CD34+ cells into monocytes
revealed skewing towards monocytes with neutrophil-like markers with heightened
inflammatory responses to bacterial agonist stimulation with alcohol drinking. Single cell
transcriptional analysis of CD34+ cells showed increased expression of inflammation-
associated markers in more differentiated clusters from the myeloid lineage. Transcriptional
signatures of oxidative stress and oxidative phosphorylation were apparent in both the
CD14+ and CD34+ cells with alcohol drinking. Finally, CD169+ bone marrow macrophages
from alcohol drinking animals exhibited transcriptional markers of cellular stress suggesting

defects in stem cell maintenance with chronic alcohol drinking.
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INTRODUCTION

Alcohol drinking is widespread in the United States and globally, with more than 2
billion current drinkers worldwide (167). Alcohol and its metabolic products induce organ
damage and increase incidence of cardiovascular disease (5, 6), certain types of cancer (7-
10), liver cirrhosis (11), and sepsis (12). Moreover, heavy alcohol drinking has been linked
to increased susceptibility to a number of bacterial and viral infections (14-17). Increased
vulnerability to infectious diseases is believed to be mediated by functional, transcriptomic,
and epigenomic changes in blood monocytes and tissue-resident macrophages leading to
increased inflammation but compromised antimicrobial responses (13, 25, 108, 113).
Whether chronic alcohol consumption impacts mature monocytes/macrophages, their

progenitors in the bone marrow, or both remains to be determined.

Monocytes continuously arise from hematopoietic stem and progenitor cells (HPSC)
in the bone marrow through a number of progressively restricted lineage committed
progenitors (72, 73). [t has been shown in mice that two independent pathways of monocyte
production exist starting from common myeloid progenitors (CMP) and proceeding through
either granulocyte-monocyte progenitors (GMP) to monocyte progenitors (MP) or
monocyte-DC progenitors (MDP) to common monocyte progenitors (cMoP) (72, 168).
Myelopoiesis in humans is not as well characterized, but CMP, GMP, MDP, and cMoP
populations have been identified from their mouse counterparts (73, 169, 170). Mature
monocytes are classified into three subsets, classical, intermediate, and non-classical, which
can be found stored in the bone marrow as well as circulating through the blood (60).
Infection, inflammation, or stress can alter monocyte production and even induce
“emergency monopoiesis” from the bone marrow compartment (72,171, 172).
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Chronic alcohol drinking is known to affect bone marrow stem cells and
hematopoiesis. Specifically, lymphopenia, anemia, and thrombocytopenia are observed in
patients with alcohol use disorders (76, 173-177). Studies in rodent models of alcohol
exposure have reported impairment of hematopoietic precursor cell activation as well as
perturbation of granulocyte precursor responses and differentiation resulting in reduced
bacterial clearance (79, 80). Lastly, studies in NHP have reported impaired mitochondrial
function of HPSC, alteration in the bone marrow niche with chronic ethanol consumption
(178), and increased numbers of mature macrophage and osteoclasts in the bone marrow

with alcohol and simian immune deficiency virus (SIV) co-infection (179).

In this study, we utilize an NHP model of voluntary ethanol (EtOH) self-
administration to assess the impacts of chronic heavy alcohol drinking on monocytes and
their progenitors in the bone marrow compartment. We collected bone marrow cells from
the femurs of male and female animals that consumed >3g EtOH per kilogram body weight
per day for 12 months. We performed phenotypic, functional, and single cell transcriptomic
assays on both CD14+ monocytes within the bone marrow and CD34+ progenitor cells. Our
analysis revealed broad increases in inflammatory and oxidative stress-associated
signatures in bone marrow CD34+ and CD14+ cells with EtOH. This was accompanied by
skewing of the CD34+ cells to produce more neutrophil-like monocytes with heightened
inflammatory properties as well as increased inflammation in intermediate monocytes in the

bone marrow.
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METHODS AND MATERIALS

Animal studies and sample collection:

These studies used samples from an NHP model of voluntary ethanol self-administration
established through schedule-induced polydipsia (34, 35, 140). Briefly, in this model, rhesus
macaques are introduced to a 4% w/v ethanol solution during a 90-day induction period
followed by concurrent access to the 4% w/v solution and water for 22 hours/day for one
year. During this time, the macaques adopt a stable drinking phenotype defined by the
amount of ethanol consumed per day and the pattern of ethanol consumption (g/kg/day)
(34). Blood samples were taken from the saphenous vein every 5-7 days at 7 hrs after the
onset of the 22 hr/day access to ethanol and assayed by headspace gas chromatography for

blood ethanol concentrations (BECs).

For these studies, blood and bone marrow samples were collected through the Monkey

Alcohol Tissue Research Resource (www.matrr.com) where more information about the

animals can be obtained. Blood samples (2 timepoints) were collected from 7 male rhesus
macaques with 3 animals serving as controls and 4 classified as heavy drinkers based on 12-
month daily averages of ethanol self-administration (Cohort 14 on www.matrr.com). Bone
marrow samples were collected from one male cohort of 8 animals and one female cohort of
9 animals for a total of 7 controls and 10 heavy drinkers (Cohorts 6a and 7a on

www.matrr.com). Data from Cohorts 6 and 7a have been reported in three previous studies

of innate immune system response to alcohol (25, 108, 113). Peripheral Blood Mononuclear

Cells (PBMC) bone marrow cells were cryopreserved until they could be analyzed as a batch.
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The average daily ethanol intake and other cohort information for each animal is outlined in

Supp. Table 3.1.

Flow cytometry analysis:

0.5-1x10¢® PBMC were stained with the following surface antibodies against: CD14
(Biolegend, M5E2, AF700), HLA-DR (Biolegend, L243, APC-Cy7) to identify monocytes. 0.5-
1x106 bone marrow cells were stained with the following surface antibodies (2 panels)
against: CD14 (Biolegend, M5E2, AF700), HLA-DR (Biolegend, L243, APC-Cy7), CD16
(Biolegend, 3G8, PB), CD80 (Biolegend, 2D10, PE), CD86 (Biolegend, IT2.2, BV605), CD169
(Biolegend, 7-239, PE-Cy7), and Sytox Green to identify monocyte and macrophage
populations; CD20 (Biolegend, 2H7, BV510), CD3 (BD Biosciences, SP34-2, V500), CD14
(Biolegend, M5E2, AF700), CD38 (StemCell, AT-1, FITC), CD123 (Biolegend, 6H6, PerCP-
Cy5.5), CD34 (Biolegend, 561, PE-Cy7), CD45RA (Miltenyi, T6D11, PE), CD64 (Biolegend,
10.1, BV711), CD90 (Biolegend, 5E10, APC), CD127 (Miltenyi, , PE-Vio615), and Sytox Blue
to identify bone marrow progenitor populations. Progenitor populations were defined as:
HSC (Lin.-CD34+CD38-CD45RA-CD90+), MPP(Lin.-CD34+CD38-CD45RA-CD90-), CLP(Lin.-
CD34+CD38+CD127+), CMP(Lin.-CD34+CD38+CD45RA-CD123+), MEP (Lin.-
CD34+CD38+CD45RA-CD123-), GMP(Lin.-CD34+CD38+CD45RA+CD123+CD64-),
cMoP(Lin.-CD34+CD38+CD45RA+CD123+CD64+). All samples were acquired with an
Attune NxT Flow Cytometer (ThermoFisher Scientific, Waltham, MA) and analyzed using
Flow]o software (Ashland, OR). Percentage of live cells or Median Fluorescence Intensities

(MFI) were assessed for each marker.

PBMC and bone marrow Stimulation Assays:
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1x10¢ freshly thawed PBMC were cultured in RPMI supplemented with 10% FBS with or
without 1 ug/mL LPS (TLR4 ligand, E.coli 055:B5; Invivogen, San Diego CA) and Brefeldin A
for 6 hours in 96-well tissue culture plates at 37C in a 5% CO2 environment. They were next
stained with an antibody cocktail of CD20 (Biolegend, 2H7, BV510), CD3 (BD Biosciences,
SP34-2, V500), CD14 (Biolegend, M5E2, AF700), and HLA-DR (Biolegend, L243, APC-Cy7)
and Fixable Yellow Live/Dead stain. Stained cells were then fixed and permeabilized using
Fixation buffer (BioLegend) and incubated overnight with intracellular antibody TNFa (BD

Biosciences, MAb11, APC).

1x10¢ freshly thawed bone marrow cells were cultured in RPMI supplemented with 10% FBS
with or without a bacterial agonist cocktail (2ug/mL Pam3CSK4 (TLR1/2 agonist,
InvivoGen), 1 ug/mL FSL-1 (TLR2 /6 agonist, Sigma Aldrich), and 1 ug/mL LPS (TLR4 agonist
from E. coli 0111:B4, InvivoGen)) and Brefeldin A for 6 hours in 96-well tissue culture plates
at 37C in a 5% CO2z environment. They were next stained with an antibody cocktail of CD14
(Biolegend, M5E2, AF700), HLA-DR (Biolegend, L243, APC-Cy7), CD34 (Biolegend, 561, PE-
Cy7), CD16 (Biolegend, 3G8, PB), and CD169 (Biolegend, 7-239. Stained cells were then fixed
and permeabilized using Fixation buffer (BioLegend) and incubated overnight with a
cocktail of intracellular antibodies - IL-6 (BD Biosciences, MQ2-6A3, FITC), TNFa (BD

Biosciences, MAb11, APC), CCL4 (MIP-1p3) (BD Biosciences, D21-1351, PE).

All samples were acquired with an Attune NxT Flow Cytometer (ThermoFisher Scientific,

Waltham, MA) and analyzed using Flow]o software (Ashland, OR).

Monocyte Differentiation Assay:
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1x103 sorted CD34+ cells/well were plated in a 96-well plate in 100ul. StemSpan SFEM
Media supplemented with StemSpan Myeloid Expansion Supplement II containing TPO, SCF,
F1t3, GM-CSF, M-CSF and incubated at 37C in a 5% CO2 environment. On culture day 4, the
volume of the cultures was brought up to 200uL with the same media. On culture day 7, the
cultures were incubated with or without a bacterial agonist cocktail (2ug/mL Pam3CSK4
(TLR1/2 agonist, InvivoGen), 1 ug/mL FSL-1 (TLR2 /6 agonist, Sigma Aldrich), and 1 ug/mL
LPS (TLR4 agonist from E. coli 0111:B4, InvivoGen)) for 6 hours. Supernatants were
collected and stored short-term at -80C. The cells were further stained with an antibody
cocktail of: CD34 (Biolegend, 561, PE-Cy7), CD14 (Biolegend, M5E2, AF700), HLA-DR
(Biolegend, L243, APC-Cy7), CD11C (Invitrogen, 3.9, PE-eFluor610), CD115 (Biolegend, 9-
4D2-1E4, PE), and CCR2 (R&D, 48607, PerCP-Cy5.5). All samples were acquired with an
Attune NxT Flow Cytometer (ThermoFisher Scientific, Waltham, MA) and analyzed using

Flow]o software (Ashland, OR).

Luminex Assay:

Immune mediators in the supernatants from monocyte cultures were measured using a
Milliplex Multiplex assay panel measuring levels of TNFa, IL-6, IL-1f, G-CSF, CCL3(MIP-1a),
and IL-2 (Millipore, Burlington, MA). Differences in induction of proteins post stimulation
were calculated using logio(pg/mL fold-change +1). Undiluted samples run in duplicates on
the Magpix Instrument (Luminex, Austin, TX). Data were fit using a 5P-logistic regression on

xPONENT software (version 7.0c).

Colony Forming Unit Assay:
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MethoCult colony-forming unit (CFU) assay was performed with MethoCult H4435-enriched
medium (STEMCELL Technologies, Vancouver, Canada) following manufacturer’s protocol.
Briefly, CD34+ cells were FACS sorted from freshly thawed bone marrow cells and
resuspended in IMDM+2% FBS to achieve a final plating concentration of 1000 cells per
culture dish. Cells were gently mixed with 3mL MethoCult and plated into 35mm culture
dishes in triplicate. Cultures were incubated at 37C in a 5% CO2 environment. Total colonies
were counted on days 7 and 10, and additional colony identification was performed on day

10.

Single cell RNA library preparation- CD14+:

Bone marrow cells from control females (n=3 pooled), control males (n=4), EtOH females
(n=3 pooled), and EtOH males (n=4), were thawed and subjected to the following
downstream protocols. CD14+ cells (mature monocytes) were sorted using a BD FACSAria
Fusion. Sorted CD14+ cells from the control and EtOH groups of female animals were pooled
and resuspended at a concentration of 1,200 cells/ul and loaded into the 10X Chromium
Controller aiming for an estimated 10,000 cells per sample. cDNA amplification and library
preparation (10X v3 chemistry) were performed for samples according to manufacturer

protocol and sequenced on a NovaSeq S4 (Illumina) to a depth of >30,000 reads/cell.

Freshly thawed bone marrow cells from male animals were firstincubated with TruStain FcX
for 10 minutes followed by surface staining with anti-CD14 antibody. Cells were washed in
PBS + 0.04% BSA and then incubated with 10X CellPlex oligos (10X Genomics) for 5 minutes.
CD14+ cells were sorted into respective control or EtOH pools for live, CD14+ cells using a

BD FACSAria Fusion. After sorting, pools were resuspended at a concentration of 1,600
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cells/uL and loaded into the 10X Chromium Controller aiming for an estimated 18,000 cells
per sample. cDNA amplification and library preparation (10X v3.1 dual index chemistry)
were performed for samples according to manufacturer protocol and sequenced on a
NovaSeq S4 (Illumina) to a depth of >30,000 reads/cell. Cell multiplexing libraries were
constructed according to manufacturer protocol and sequenced on a NovaSeq S4 (Illumina)

to a depth of >5,000 reads/cell.

Single cell RNA library preparation- monocyte differentiation cultures:

Monocyte differentiation culture cells from control (n=2 male + 2 female pooled) and EtOH
(n=2 male + 2 female pooled) cultures were counted for viability (>70%) and pooled
according to group. Pools were resuspended at a concentration of 1,200 cells/ul and loaded
into the 10X Chromium Controller aiming for an estimated 10,000 cells per sample. cDNA
amplification and library preparation (10X v3 chemistry) were performed for samples

according to manufacturer protocol and sequenced on a NovaSeq S4 (Illumina) to a depth of

>30,000 reads/cell.

Single cell RNA library preparation- CD34+:

Bone marrow cells from control females (n=3), control males (n=4), EtOH females (n=3), and
EtOH males (n=4), were thawed and stained with anti-CD34 antibodies and sorted for live
CD34+ cells on a BD FACSAria Fusion. Sorted CD34+ samples from female animals were
resuspended at a concentration of 1,200 cells/ul and loaded into the 10X Chromium
Controller aiming for an estimated 10,000 cells per sample. cDNA amplification and library
preparation (10X v3 chemistry) were performed for samples according to manufacturer

protocol and sequenced on a NovaSeq S4 (Illumina) to a depth of >30,000 reads/cell.
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Freshly thawed bone marrow cells from male animals were first incubated with TruStain FcX
for 10 minutes followed by surface staining with anti-CD34 antibody. Cells were washed in
PBS + 0.04% BSA and then incubated with 10X CellPlex oligos (10X Genomics) for 5 minutes.
CD34+ cells were sorted into respective control or EtOH pools for live, CD34+ cells on a BD
FACSAria Fusion. After sorting, pools were resuspended at a concentration of 1,600 cells/uL
and loaded into the 10X Chromium Controller aiming for an estimated 18,000 cells per
sample. cDNA amplification and library preparation (10X v3.1 dual index chemistry) were
performed for samples according to manufacturer protocol and sequenced on a NovaSeq S4
(Illumina) to a depth of >30,000 reads/cell. Cell multiplexing libraries were constructed
according to manufacturer protocol and sequenced on a NovaSeq S4 (Illumina) to a depth of

>5,000 reads/cell.

Single cell RNA-Seq sequencing and data analysis:

Sequencing reads were aligned to the Mmul_8.0.1 reference genome using cellranger v6.0.1
(147) (10X Genomics) using the count function for single sample libraries and the multi
function for multiplexed samples. Quality control steps were performed prior to
downstream analysis with Seurat (148), filtering out cells with fewer than 200 unique
features (ambient RNA) and cells with greater than 20% mitochondrial content (dying cells).
Data normalization was performed using SCTransform (180), correcting for differential
effects of mitochondrial and cell cycle gene (only CD14+ dataset) expression levels. Sample
integration was performed using the SelectintegrationFeatures (using 3000 features),
PrepSCTlIntegration, FindIntegrationAnchors, and IntegrateData functions. Clustering was

performed using the first 20, 10, and 30 principal components for the CD14+, monocyte
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differentiation, and CD34+ datasets, respectively. Contaminating clusters with an over-
representation of B or T cell gene expression were removed for downstream analysis.
Clusters were characterized into distinct subsets using the FindAlIMarkers function (Supp.

Table 3.2). Figures were generated using Seurat, ggplot2, and pheatmap.

Differential expression analyses:

Differential expression analysis (EtOH relative to Control) was performed using MAST under
default settings in Seurat. Only statistically significant genes (Logio(Fold change) cutoff =

0.25; adjusted p-value< 0.05) were included in downstream analysis.

Pseudo-temporal analysis:

Pseudotime trajectory of the monocyte differentiation and CD34+ datasets were
reconstructed using Slingshot (107). The UMAP dimensional reduction performed in Seurat
was used as the input for Slingshot. For calculation of the lineages and pseudotime, the
progenitor/HSC population was selected as the start. Temporally expressed genes were
identified by ranking all genes by their variance across pseudotime and then further fit using

the generalized additive model (GAM) with pseudotime as an independent variable.

Module Scoring and functional enrichment:

For gene scoring analysis, we compared gene signatures and pathways from KEGG

(https://www.genome.jp/kegg/pathway.html) and the Human Cell Atlas bone marrow

single cell analysis (181) (Supp. Table 3.3) in the clusters/groups using Seurat’s
AddModuleScore function. Values for module scores were further exported from Seurat and

tested for significance in Prism 7. Over representative gene ontologies were identified by
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enrichment of differential signatures using Metascape. All plots were generated using

ggplot2 and Seurat.

RNA isolation and library preparation for bulk RNA-Seq:

Total RNA was isolated from sorted CMP/GMP using the mRNeasy kit (Qiagen, Valencia CA)
following manufacturer instructions and quality assessed using Agilent 2100 Bioanalyzer.
Libraries from purified progenitor RNA were generated using the NEBnext Ultra II
Directional RNA Library Prep Kit for [llumina (NEB, Ipswitch, MA, USA). rRNA depleted RNA
was fragmented, converted to double-stranded cDNA and ligated to adapters. The roughly
300bp-long fragments were then amplified by PCR and selected by size exclusion. Libraries
were multiplexed and following quality control for size, quality, and concentrations, were

sequenced to an average depth of 20 million 100bp reads on the NovaSeq S4 platform.

Bulk RNA-Seq data analysis:

RNA-Seq reads were quality checked using FastQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), adapter and quality

trimmed using

TrimGalore(https://www.bioinformatics.babraham.ac.uk/projects/trim galore/),

retaining reads at least 35bp long. Reads were aligned to Macaca mulatta
genome (Mmul_8.0.1) based on annotations available on ENSEMBL (Mmul_8.0.1.92) using
TopHat (142) internally running Bowtie2 (143). Aligned reads were counted gene-wise
using GenomicRanges (144), counting reads in a strand-specific manner. Genes with low
read counts (average <5) and non-protein coding genes were filtered out before differential

gene expression analyses. Raw counts were used to test for differentially expressed genes
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(DEG) using edgeR (103), defining DEG as ones with at least two-fold up or down regulation

and an FDR controlled at 5%. edgeR analysis is provided in Supp. Table 3.4.

Statistical Analysis:

All statistical analyses were conducted in Prism 7(GraphPad). Data sets were first tested for
normality and outliers. Two group comparisons were carried out an unpaired t-test with
Welch'’s correction or Mann-Whitney test. Differences between 3 groups were tested using
one-way ANOVA (a=0.05) followed by Holm Sidak’s multiple comparisons tests. Error bars
for all graphs are defined as + SEM. Statistical significance of functional enrichment was
defined using hypergeometric tests. P-values less than or equal to 0.05 were considered

statistically significant. Values between 0.05 and 0.1 are reported as trending patterns.
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RESULTS:
EtOH-induced heightened inflammatory state of circulating and bone marrow

monocytes is sustained through abstinence

We have previously shown that long term EtOH drinking in NHPs leads to heightened
inflammation in circulating monocytes and tissue resident macrophages at the epigenetic,
transcriptional and functional levels (24, 108). As monocytes are relatively short-lived cells
in circulation (5-7 days), we set to determine whether circulating monocytes would revert
to a control state following a 1-month abstinence period (60). We collected peripheral blood
mononuclear cells (PBMC) from one cohort of male macaques after 12 months of open access
to EtOH and then again after a one-month abstinence period (Figure 3.1A and Supp. Table
3.1). As we have previously reported, percentages of monocytes in circulation as well as
TNFa production in response to lipopolysaccharide (LPS) stimulation were increased after
12 months of chronic EtOH drinking relative to control cells treated with the same treatment
(Figure 3.1B). Both the frequency of monocyte and TNFa production in response to LPS

remained increased through a one-month abstinence period (Figure 3.1C).

This observation suggests that EtOH may impact the progenitor population in the bone
marrow compartment and monocyte production. To test this hypothesis, we
comprehensively profiled monocytes that reside within the bone marrow compartment
from one female and one male cohort of NHPs that drank chronically for 12 months (Figure
3.1D). We first phenotypically profiled the monocytes from bone marrow (Figure 3.1E).
Although no differences in the relative abundance of classical, intermediate, and non-

classical monocyte populations, we noted an increase of CD80 MFI on classical monocytes
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suggesting increased baseline activation (Figure 3.1F,G). Next, bone marrow cells were
stimulated with a bacterial TLR cocktail (Pam3CSK4, LPS, and FSL-1) and percentages of
TNFa, IL-6, and CCL4 (MIP-1) positive cells were determined using flow cytometry (Figure
3.1H). Interestingly, no differences were noted in responses of the classical or non-classical
monocyte populations, however, a greater percentage of intermediate monocytes from EtOH
animals generated a TNFa response with a modest increase in IL-6 and CCL4 (MIP-1pB)
producing cells (Figure 3.1H). In summary, increased activation and heightened
inflammatory responses to bacterial stimulation with EtOH persist for at least a month
following abstinence. Additionally, our initial examination of bone marrow monocytes
revealed increased baseline activation of classical monocytes and increased inflammatory

responses to bacterial stimulation in intermediate monocytes with EtOH.

ScRNA-Seq of bone marrow CD14+ cells reveals increased oxidative stress and

inflammatory transcriptional signatures with EtOH

To capture transcriptional changes occurring in these bone marrow monocytes with EtOH
at high resolution, we performed scRNA-Seq on purified bone marrow CD14+ cells following
12 months of chronic ethanol consumption (n=3 female controls pooled, 4 male controls, 3
female EtOH pooled, 4 male EtOH; Supp. Figure 3.1A). After integration of all datasets, 11
clusters were broadly identified as classical (CD14, LYZ), intermediate (Int,; MAMU-DRA,
S100A10), and non-classical (N.C.; FCGR3) monocytes based on the indicated canonical
markers (Figure 3.2A,B and Supp. Figure 3.1B). We were also able to identify a cluster of
bone marrow macrophages (Mac.; FABP4, SIGLEC1). The classical monocyte clusters were

further subdivided into 8 clusters, each with a unique gene expression profile (C1-8; Figure
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3.2C and Supp. Table 3.2) as identified by the FindAllMarkers function in Seurat. Chronic
EtOH consumption was associated with a significant increase in classical cluster C8, which
was defined by high expression of CREBRF, HERPUD1, FOSB (Figure 3.2D) and CXCR4, the
receptor for SCF-1 and also expressed on a population of promonocytes (182) (Figure 3.2E).
Module scoring on the intermediate cluster revealed increased expression of genes involved

in NFxB and cytokine signaling pathways (Figure 3.2F and Supp. Table 3.3).

To identify any transcriptional changes occurring in the other clusters with EtOH, we
performed differential analysis. In cells within the non-classical subset, expression of genes
important for defense response (MRC1, STAT1) and stem cell differentiation (MEF2C,
CITEDZ) was reduced, while that of genes that play a role in wound healing (SERPINAI,
THBS1) and migration (MIF, FN1) was increased with EtOH (Supp. Figure 3.1C). Differential
analysis of the classical clusters revealed significant upregulation of genes mapping to
chemotaxis (CSF3R, VEGFA), response to wounding (CD44, FN1), and chronic inflammatory
response (S100A8, S100A9) with EtOH (Figure 3.2G,H). Broadly, we noted decreased
expression of HSPAS8, CCL4L1, EGR1, MAMU-DQA1, and SELENOP and increased expression of
IL1B, S100A9, THBS1, HIF1A, and IFI27 across classical, intermediate, and non-classical
clusters with EtOH (Figure 3.2I). This was accompanied by increased module score
expression associated with oxidative stress, HIF1A Signaling, and chronic inflammation in
all monocyte clusters with EtOH (Figure 3.2]). CCR2 is associated with monocyte egress
from the bone marrow compartment and into circulation (183). Interestingly, we identified
that CCR2 expression, while expressed on only a small percentage of cells, was higher on

classical bone marrow monocytes with EtOH (Figure 3.2K).
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It has been suggested that there are two distinct lineages of monocyte production in the bone
marrow (72, 73, 168); therefore, we assessed the impact of chronic EtOH consumption on
the expression of genes associated with MDP-derived versus GMP-derived classical
monocytes. C2 and C4 expressed high levels of S10048/9 while C1, C3, C5, C6, C7, C8 had
higher expression of CD74 and MAMU-DRA (Supp. Figure 3.1D). While we did not note
significant changes in the distributions of MDP- versus GMP-derived clusters with EtOH
(Figure 3.2D), we did identify that the GMP-derived clusters had higher expression of
S100A8/9 and the MDP-derived clusters had lower expression of CD74/MAMU-DRA with
EtOH (Supp. Figure 3.1D). In summary, scRNA seq analysis revealed heightened
inflammatory and oxidative stress transcriptional signatures in bone marrow monocyte
populations with EtOH. Additionally, higher frequency of CXCR4hi cells, increased CCRZ
expression, and increased expression of GMP-derived monocyte markers on classical
monocytes pointing to disruptions in the bone marrow monocyte compartment and

potentially monocyte production and export with EtOH.

EtOH drinking skews the production of functional monocytes and colony formation of

CD34+ progenitors

Next, we investigated the impact of chronic ethanol consumption on the functional
properties of CD34+ progenitor cells. First, we purified CD34+ cells and cultured them for 7
days with a monocyte skewing supplement (Figure 3.3A). We then profiled the cultures by
flow cytometry to measure proportions of CD14+ cells. Cultures from EtOH group showed
reduced capacity to differentiate into CD14+ cells (lacking CD34) as indicated by the higher

frequency of CD34+CD14+ and CD34+ cells compared to control animals (Figure 3.3B,C and
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Supp. Figure 3.2A). Although CD34+CD14+ cells are likely an artifact of the in vitro culture
system, the increase in this population with EtOH suggest disrupted maturation. Expression
of monocyte maturation markers CD11C and CD115 increased similarly in the cultured
CD14+ populations regardless of EtOH exposure (Supp. Figure 3.2B). Additionally, no
differences were detected in CCR2 expression, but the percentage of HLA-DR+ CD34+CD14+
cells and HLA-DR MFI in CD34+ cells were increased with EtOH consumption (Supp. Figure
3.2C). Although we found no differences in CCR2 surface expression with EtOH, we do note
significant and trending increases in CCR2 percentage and MFI on CD34+CD14+ cells

compared CD34+ or CD14+ populations, respectively (Figure 3.3D).

To better assess the monocyte production in these cultures at the transcriptional level, we
pooled control and EtOH cultures and performed scRNA-Seq. Using highly expressed gene
markers, we were able to identify remaining progenitor cells (CD34, STMN1, CD38), GMP-
(S100A8/9) and MDP-derived (IRF8, CX3CR1) lineages of monocytes, a cluster of monocyte-
derived macrophages (SIGLEC1, S100A11), and two clusters of contaminating
megakaryocyte/erythroid progenitors (PLEK, HBA, GPX4) (Figures 3.3E,F and Supp. Table
3.2). Pseudotime analysis further confirmed this annotation, defining a trajectory for each of
the monocyte lineages (Figure 3.3E). The GMP lineage was defined by increasing expression
of AZU1 and MPO, whereas increasing MAMU-DRA and CD74 defined the MDP lineage (Figure
3.3G). Further analysis shows that while control CD34+ cells were more likely to
differentiate along the MDP lineage into DC-monocytes, CD34+ cells from a EtOH group were
likely to differentiate along the GM lineage towards Neutrophil-monocytes (Figure 3.3H, I).
To test whether the monocytes derived from the EtOH CD34+ progenitor cells are poised
towards a heightened inflammatory response, we stimulated them with a bacterial TLR
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cocktail and measured cytokine, chemokine, and growth factor production by Luminex
(Figure 3.3A). Production of inflammatory TNFa, IL-6, and IL1[, growth factor G-CSF,
chemokine CCL3 (MIP-1a) and cytokine IL-2 was significantly increased in EtOH after the

stimulation (Figure 3.3]).

Finally, to assess the impact of chronic EtOH consumption on the ability of CD34+ progenitor
cells to differentiate into cells of the myeloid lineage, we performed a colony forming unit
(CFU) assay. No differences were noted in total number of colonies after 7 or 10 days of
culture, but a skewing of the progenitors towards granulocyte/monocyte-containing
colonies (CFU-GM and CFU-GEMM) and away from erythroid only colonies (CFU-E and BFU-
E) was evident at day 10 in EtOH cultures (Figure 3.3K-M and Supp. Figures 3.2D,E). These
observations indicate that EtOH alters the differentiation potential of CD34+ progenitors,
skewing monocyte differentiation towards a more inflammatory GMP-derived lineage and

increasing the production of granulocyte/monocyte progenitor colonies.

ScRNA-Seq of CD34+ progenitors reveals increased oxidative stress and inflammatory

pathways in myeloid progenitors with EtOH

Next, we assessed the impact of chronic ethanol consumption on the distribution of major
progenitor populations by flow cytometry (Supp. Figure 3.3A). Frequency of CD34+CD38-
CD45RA-CD90- multipotent progenitors (MPP) (Figure 3.4A), CD34+CD38-CD45RA-CD90+
hematopoietic stem cells (HSC), and CD34+CD38+CD45RA-CD123+CD64- common myeloid
progenitors (CMP) were slightly increased in the EtOH group (Figure 3.4A). To uncover
transcriptional changes in these progenitor populations with EtOH, we profiled purified

CD34+ bone marrow cells by scRNA-Seq (n=3 female controls, 4 male controls, 3 female
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EtOH, 4 male EtOH). UMAP clustering revealed 17 cell populations which were defined using
highly expressed gene markers (Figure 3.4B,C, Supp. Figure 3.3B, and Supp. Table 3.2).
These clusters could be broadly defined by differentiation state and lineage markers with
HSC clusters expressing high levels of HOPX, CD164, MK167, and STMN1 (Figure 3.4C). Cells
from the erythroid lineage including megakaryocyte/erythroid progenitors expressed CPA3
and KLF1 while those from the lymphoid lineage expressed RAG1, IL7R, and CD79B (Figure
3.4C). Within the myeloid lineage, monocyte-DC progenitors (MDP) could be identified
based on the expression of IRF8, MAMU-DRA, and BATF3, while granulocyte-monocyte
progenitors (GMP) were identified based on the expression of LYZ, ELANE, and MPO (Figure
3.4C). Pro-neutrophils expressed lower levels of LYZ and the highest levels of ELANE and
MPO (Figure 3.4C). On the other hand, more differentiated monocyte clusters (cMoP, MP,
and pro-monocytes) were defined by increased expression of FCERIA and CD14 (Figure
3.4C). Cluster assignments were confirmed using module scoring based on gene lists from
the Human Cell Atlas bone marrow single cell dataset (181) as well as our differential
analysis of sorted macaque GMP and CMP bulk RNA-Seq to define less mature CMP,
granulocyte progenitors and two MDP modules (Supp. Figure 3.3C, Figure 3.4D and Supp.
Tables 3.3,4). Chronic EtOH consumption was associated with a reductions in the CMP/GMP
and GMP-2 clusters that was accompanied by a slight increase in the CLP/pre T cell clusters

(Supp. Figure 3.4A,B).

We next utilized pseudotime analysis to assess the differentiation trajectories in the
progenitors from HSC through the myeloid lineage. We identified four unique lineages, three
of which (1, 3, 4) proceeded through GMP or MDP progenitors to cMoP/MP or pro-monocyte
populations (Supp. Figure 3.4C). Lineage 2 leads through GMP-1 and into the pro-
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neutrophil population (Supp. Figure 3.4C). A higher density of cells from the EtOH group
was detected at the end of lineages 1 and 3 (more mature monocytes), while a higher
frequency of control cells was detected at the end of lineages 2 and 4 (pro-neutrophils and
cMoP/MP (Supp. Figure 3.4D). These differences, however, were rather modest suggesting
early differentiation towards monocyte progenitors may not significantly contribute to later

changes in monocyte production with EtOH.

To assess transcriptional changes in progenitor populations that could contribute to altered
monocyte output and function, we performed differential analysis on HSC, MDP, GMP, and
more mature monocyte progenitors (cMoP, MP, pro-monocytes) comparing EtOH to control
cells. Functional enrichment was carried out to elucidate the biological processes impacted
(Figure 3.4E,F). Upregulated DEG from all four comparisons enriched significantly to
oxidative phosphorylation (ATP6, ATP8, COX1, NDL4) highlighting potential metabolic shifts
in the bone marrow compartment with EtOH (Figure 3.4E,G). Additionally, upregulated DEG
detected in HSC, GMP, and monocyte progenitors, but not MDP mapped to “response to
oxidative stress” (ND5, TRAZB, TXNIP), “immune response” (CAMP, LYZ, S100A9), and “cell
activation” (GRN, PLEK, NR4A3) processes (Figure 3.4E,G). Downregulated DEG in HSC,
GMP, and monocyte progenitors enriched to gene ontology (GO) terms associated with
cytokine and chemokine production (AIF1, ANXA4, AZU1, ELANE) pathways, as well as cell-
cell adhesion (HSPD1, SELL, HSPH1) in monocyte progenitors (Figure 3.4F,G). As described
for bone marrow CD14+ cells (Figure 3.2), genes associated with inflammation/activation
including S100A8, S100A9, IFI27 were increased in monocyte progenitors whereas genes that
play a role in antigen presentation (MAMU-DQA1, MAMU-DRA, and HSPA8) were down

regulated with EtOH drinking (Figure 3.4G). To conclude, transcriptional changes observed
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in monocyte progenitors in the bone marrow point to increased oxidative stress and

inflammatory pathways associates with EtOH drinking.

EtOH drinking disrupts bone marrow niche macrophage responses and transcriptional

profiles

Bone marrow macrophages have critical functions in homeostatic maintenance of stem cells
and bone marrow niche (184, 185). We previously showed that EtOH drinking dysregulated
function and transcriptome of tissue macrophages (24). No difference in percentage of
CD169+ cells was observed with EtOH, but CD14 and CD86 expression (percentage and MFI)
were decreased with EtOH (Figure 3.5A-C). Moreover, CD169+ macrophages from EtOH
drinking macaques upregulated HLA-DR MFI significantly less than their control

counterparts following stimulation with a bacterial TLR cocktail (Figure 3.5D).

The CD14+ bone marrow scRNA-Seq revealed the presence of a FABP4hi, SIGLECIhi
macrophage population (Figure 3.2B and Figure 3.5E). Although the frequency of this
cluster did not differ between the two groups (Figure 3.5F), considerable transcriptional
changes were detected with EtOH. Downregulated DEG mapped to response to stimulus
(CCL8, CCL13, CCL24, CCL4L1) and developmental processes (DDX5, EGRI1, FOS, BTGZ2),
whereas upregulated DEG mapped to metabolic (MT-ATP8, MT-COZ2, MT-NDZ2, NDUFA1) and
cellular migration and adhesion (IFI27, TREM1, VEGFA, VCAN) processes (Figure 3.5G-I).
This analysis suggests that EtOH-induced changes in bone marrow macrophages could alter

their ability to properly regulate bone marrow niche homeostasis.
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DISCUSSION:

Chronic alcohol drinking has been shown to disrupt anti-microbial defenses and
exacerbate inflammatory responses of monocytes and macrophages (13, 24,108,113), Some
studies have suggested that ethanol and its metabolites modulate monocyte function
through epigenetic modification and oxidative stress of both mature cells and hematopoietic
progenitors, but the exact mechanisms remain poorly defined (24, 108, 178). In this study,
we utilize bone marrow cells collected from NHP after 12 months of voluntary EtOH dinking
to assess the phenotypic, functional, and single cell transcriptomic profiles of CD14+ and

CD34+ cells.

Using this NHP model, we have previously reported increased percentages of blood
monocytes and splenic macrophages relative to total cells with chronic EtOH drinking
compared to control animals (24, 108). As monocytes are short-lived cells in the periphery,
we first determined that this phenotype was not reversed with a one-month abstinence
period from EtOH. We then hypothesized that changes in monocytes and even tissue
macrophages could be explained by altered bone marrow monocytes or their progenitor
cells. While we noted no differences in percentages of the major mature monocyte
populations by flow cytometry in the bone marrow with EtOH, we did identify a population
of CXCR4hi classical monocytes by scRNA-Seq increased with EtOH. Expression of CXCR4
delineates a population of transitional pre-monocytes that help to maintain the mature
monocyte pool in the bone marrow (182). How an increase in this pre-monocyte population
with EtOH could affect the bone marrow niche or monocytes in circulation requires further

investigation. Additionally, CCR2 expression was increased on classical monocytes with
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EtOH. As CCR2 is critical for monocyte egress from the bone marrow, this points to EtOH-
induced alterations in bone marrow monocyte recruitment and escape from the bone
marrow (183). We next performed two functional assays on CD34+ cells to assess the
production and function of culture-derived monocytes as well as monocyte colony
formation. In the first, we noted a reduction in the production of mature CD14+ cells and an
increase in less mature populations with EtOH. Coinciding with increased CCRZ expression
in bone marrow monocytes, these less mature cells had increased basal expression of CCR2.
This suggests CCR2 expression may play a role in alcohol-induced alterations to monopoiesis
and warrants more targeted investigation in the future. The second functional assay also
points to altered myelopoiesis where we noted increased production of colonies containing
granulocyte/monocyte progenitor cells. Both outcomes could be due to altered composition
of progenitors in the starting CD34+ pools, however upon progenitor phenotyping by flow
cytometry and scRNA-Seq analysis of CD34+ cells, we noted only small increases in less
mature progenitors (HSC, MPP, CMP) with EtOH. These data suggest EtOH-induced shifts in
myelopoiesis and monopoiesis, giving rise to functionally altered monocytes and tissue

resident macrophages.

In addition to increased monocyte percentages in the periphery, we and others have
noted an increase in inflammatory monocyte responses to stimulation with chronic EtOH
drinking (13, 24, 108, 113). This phenotype also persists through a one-month abstinence
period from EtOH. We next determined that this hyper-inflammatory response profile
extended to intermediate bone marrow resident monocytes. These cells responded with
increased TNFa, IL-6 and CCL4 (MIP-1pB) to bacterial agonists and had increased NFkB and
cytokine signaling transcriptional signatures at baseline state. Intermediate monocytes
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differentiate from classical monocytes and the role these cells play in the bone marrow
compartment are yet to be determined (60). Additionally, the CD14+ scRNA-Seq data
pointed to increased transcriptional markers of inflammation broadly across the dataset
with EtOH. This corresponds to increased inflammation seen transcriptionally in peripheral
monocytes (108). To test whether this phenotype was initiated in the CD34+ progenitor
compartment, we further performed scRNA-Seq and a stimulation assay on the monocyte
differentiation cultures. This analysis revealed that EtOH not only induced a skewing
towards more neutrophil-like monocyte lineage, but also led to a significant increase in
inflammatory mediator production from these culture-derived monocytes. Differential
expression analysis from scRNA-Seq data of the CD34+ cells also revealed that inflammation-
associated S1008/9 genes were upregulated in more mature progenitor cells (MP, cMoP)
with EtOH. Collectively, these data suggest that the hyper-inflammatory profiles of
circulating monocytes with EtOH are at least partially derived from their CD34+ progenitors

in the bone marrow.

EtOH metabolism produces acetaldehyde and increases NADH levels, which in turn
promotes reactive oxygen species (ROS) production (166). These products induce DNA
damage as well as oxidative stress on cells and can have direct effects on cellular function
including HPSC (166, 186). In both the CD14+ and CD34+ compartments of the bone marrow,
we noted increases in transcriptional signatures of oxidative stress and oxidative
phosphorylation, suggesting EtOH-induced shifts to cellular metabolism in the bone marrow.
In fact, a study in NHP bone marrow notes altered mitochondrial function with daily EtOH

drinking (178).

113



One of the mechanisms by which EtOH could lead to HPSC and bone marrow niche
dysfunction is through altering the bone marrow CD169+ macrophage population, which are
critically important for maintenance of the niche (184, 185). Expression of activation
markers was decreased in the EtOH group at resting state and upregulation of HLA-DR after
bacterial agonist stimulation was impaired. This was accompanied by heightened
transcriptional signatures of oxidative phosphorylation. Together with previous reports of
reduced macrophage functional capacities with alcohol exposure including phagocytosis
(55), these data suggest that the ability of these macrophages to maintain the bone marrow

niche are compromised with EtOH.

In summary, data from this study strongly suggest that chronic EtOH drinking alters
monopoiesis from the bone marrow compartment in NHPs. Specifically, EtOH disrupts the
differentiation of CD34+ cells and leads to the production of monocytes with a hyper-
inflammatory phenotype. These disruptions could be mediated by EtOH-induced oxidative
stress and altered profiles of niche-maintaining macrophages. Future research efforts will
focus on determining a timeline for alcohol-induced bone marrow remodeling, identifying
the epigenetic underpinnings of changes in progenitor cells, and determining how alcohol
alters monocyte release from the bone marrow compartment. Additionally, this body of
work provides a scRNA-Seq resource to study NHP bone marrow monocytes and

progenitors.
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Figure 3.1: Inflammatory blood monocyte phenotype with EtOH drinking extends
through abstinence

A) EtOH drinking timeline and blood collection for macaque cohort with abstinence
period. Flow cytometry phenotyping and Intracellular cytokine staining (ICS) after 16-
hour LPS stimulation were performed on total PBMC at two timepoints indicated in (A).
B,C) Bar plots showing % of live CD14+ PBMCs (top), % TNFoa + CD14+ monocytes
(middle), and TNFo MFI from CD14+ monocytes (bottom) after one year of EtOH drinking
(B) and one month abstinence (C) and ICS measurements corrected for the unstimulated
condition (Control, green; EtOH, blue bars). D) EtOH drinking timeline and bone marrow
collection for two cohorts of macaques. Experimental design for study partially created on
Biorender.com. E) Example gating strategy for monocyte populations from the bone
marrow. F) Bar plot showing percentages of classical, intermediate, and non-classical
monocytes from flow cytometry. G) Bar plot of CD80 MFI on classical monocytes. H) Total
bone marrow cells were stimulated with a bacterial TLR cocktail (Pam3CSK4, LPS, and
FSL-1) and the percentage of TNFa+ (left), [L-6+ (middle), and CCL4 (MIP-18) (right) were
measured in each monocyte population and corrected for the unstimulated condition.

Statistical significance was tested by t-test with Welch’s correction where *=p<0.05.
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Figure 3.2: Shift in the single cell transcriptional profiles of CD14+ cells from the

bone marrow of macaques with EtOH drinking

CD14+ cells were purified from the bone marrow of macaques with (blue bars) and

without (green bars) EtOH drinking and subjected to 10X scRNA-Seq. A) UMAP clustering

0f 26,270 cells. B) Stacked violin plot showing expression of genes identified using Seurat’s
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FindAllMarkers function. C) Heatmap showing averaged gene expression of highly
expressed genes from each classical monocyte cluster. D) Bar plots showing percentage of
total cells contributing to each monocyte cluster. E) Dot plot showing expression of CXCR4
across each cluster where the size of the dot represents percent of cells expressing the
gene and the color represents an averaged expression value. F) Violin plots representing
module score expression for NFkB and cytokine signaling pathways in intermediate
monocytes. Statistical significance was tested using Mann-Whitney test. G) Heatmap
showing averaged gene expression of differentially expressed genes from each classical
monocyte cluster split by EtOH (top) and control (bottom) groups. H) Bar plot
representing -logio(g-value) functional enrichment scores for genes upregulated in
classical monocyte clusters with EtOH. I) Dot plot showing expression of up- and down-
regulated DEG with EtOH common to all three monocyte subsets where the size of the dot
represents percent of cells expressing the gene and the color represents an averaged
expression value. J) Violin plots representing module score expression for oxidative stress,
HIF-1a signaling, and chronic inflammation pathways in total monocytes. K) Dot plot
showing expression of CCRZ across each monocyte subset split by EtOH and control where
the size of the dot represents percent of cells expressing the gene and the color represents
an averaged expression value. Unless indicated, statistical significance was tested by t-test

with Welch'’s correction. *=p<0.05, **=p<0.01, ****=p<0.0001.

118



A

UMAP 2

-10

log,(pg/mL fold change +1) <

P

%total colonies

Flow cytometry
(CD14+/CD34+)

.. 4 \ 7 days / N\
... —." # [t r‘ Single cell
FACS sorted CD34+ \ ) +Monocyte \ ] transcriptomes
cells from macaque .~ Expansion . 7
bone marrow (+/- EtOH) Supplement
stimulation
Control C CD14+ CD34+CD14+ CD34+ Negative D p=0.14 p=0.10
80 =0.2 20+ p=0.15 504 p=0.06 50 = 40007 —%x
. p P N p=0.0¢ % o9 —m
goo{ 9 & 15 . 40 o 3000 °
30 )
%40 104 ° 2000 &
@ (-] 20 o
®
20 5 10 1000
0 0 0 0
3 Q\ °\ Q‘ °\ Q‘ WX X b‘x X WX
.0 e © .0 N o o N o o
& & < S & OQXOO oy QOXOO oY
S 3"
O (@)
Average G 6| AZU1 5| MPO
Erythroid @®® | Expression 4
MEP P 4 N
Mac © ® ERY 1 § 2 2
5 DC-mono 00 ° 8 1
MDP 1 g, 0
Neut-mono T Percent z 0 ™ 0 0 - Neut-mo
oMP]. @ Expressed _% 6| MAMU-DRA cD74 -DC-mo
i . ® 50 2
0 Progenitor :H%% %q TEETIIRR ® 100 g4 2
! Ny < Q. A Y x
é@;} %W LR &
ORI LA
W
o5 5 700
- :,f’,{gge""” Normalized pseudotime
B Neut-mono Sime-mono] H % total cells | MDPlineage  GMP lineage
® hDAC-mono 0 50 100 0.08
o Mac.
.'\EAEE\ id Control 2-0'06 0.10
o Erythroi 2 _
12,781 cells EtOH goos 0.0 ZEne!
-10 5 0 5 ©002
UMAP 1 0.00 00
0 10 20 0 5 10 15 2
slingPseudotime
TNFa IL-6 IL-1B G-CSF
1.5+ * 1.5 *k 1.5 * *
o o 0° 1.5 o
1.04 o 10 ° 1.0 &
% 1.0
o
0.5+ 05 05
054 o
D'O-\Q* 00-F 0.0 gy 0.0 gy oy g Loy
€0 NES NES A 0 NS
NS NP2 NS NP NP NS
s © & < S © S < @€ S ©
1004 L Granulocyte/Monocyte M Erythroid
=0.05 50
100 P P p=0.05
3 °
BFU-E 6
mCFUE 38
504 =mGEMM & 5o
mGM o
X
0
> >
« 0 0
0 & <& & <&
SR ©
§
0°¢ <&

Figure 3.3: EtOH drinking alters CD34+ progenitor cell differentiation to monocytes

A) Experimental design generated on Biorender.com. Sorted CD34+ cells from control and

EtOH drinking macaque bone marrow were cultured in monocyte differentiation media
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supplement for 7 days. B) Example flow gating showing CD34+ versus CD14+ cells. C) Bar
plots showing quantification of the culture output by flow cytometry (Control, green;
EtOH, blue bars). D) Bar plots showing %CCR2+ (left) and CCR2 MFI (right) quantification
from flow cytometry. Statistical significance was tested using One-way ANOVA with
multiple comparisons. E) The same cultures were pooled from each group and subjected
to 10X scRNA-Seq. UMAP projection of 12,781 cells overlayed with Slingshot pseudotime
lineage lines. F) Dot plot showing expression of genes identified using Seurat’'s
FindAllMarkers function across each cluster where the size of the dot represents percent
of cells expressing the gene and the color represents an averaged expression value. G) Log
expression of AZU1, MPO, MAMU-DRA, CD74 plotted for each cell across the indicated
scaled Slingshot pseudotime trajectory (trendline shown). H) Bar plots showing
representative percentages of each cluster across control and EtOH groups. I) Cell density
plots for Control and EtOH groups across each trajectory lineage determined by Slingshot.
]) Cultures were stimulated for 6 hours with a bacterial TLR cocktail (Pam3CSK4, LPS, and
FSL-1). Bar plots showing the logio(fold change +1) concentration of each of the indicated
analytes measured by Luminex. K) CFU assays were performed on sorted CD34+ cells and
colonies counted and scored after 10 days. Bar plots showing distribution of median values
of counted colonies from each group. L,M) Bar plots showing percentages of CFU-GM, CFU-
GEMM colonies (L) and CFU-E, BFU-E (M). Unless indicated, statistical significance was
tested by t-test with Welch’s correction. *=p<0.05, **=p<0.01, ****=p<0.0001.
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Figure 3.4: CD34+ bone marrow progenitor single cell transcriptional profiles with
EtOH drinking

A) Bar plots showing percentages of progenitor populations in the bone marrow
compartment determined by flow cytometry (Control, green; EtOH, blue bars). B) CD34+
cells were sorted from the bone marrow of control and EtOH drinking macaques and
subjected to 10X scRNA-Seq. UMAP clustering of 41,125 cells and indicated cluster
identification. C) Stacked violin plot showing expression of genes identified using Seurat’s
FindAllMarkers function. D) Feature plots showing relative expression of module scores
for CMP, Granulocyte progenitors, MDP-1, and MDP-2 in the myeloid lineage. E,F) Dot plots
showing functional enrichment terms for upregulated (E) and downregulated (F) DEG
calculated from HSC, MDP, GMP, and monocyte progenitor clusters. The size of the dot
represents the percentage of genes in the list that map to that term and the color
represents the logio(q-value). G) Heatmap showing averaged gene expression of
differentially expressed genes from each indicated cluster split by EtOH and control

groups. Statistical significance was tested by t-test with Welch’s correction. *=p<0.05.
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Figure 3.5: Functional and transcriptomic alterations of bone marrow niche
macrophages with EtOH

A) Bar plots showing percentage of CD169+ macrophages from the bone marrow
compartment determined by flow cytometry (Control, green; EtOH, blue bars). B) Bar plots
of %CD14+ (left) and CD14 MFI (right) on CD169+ cells. C) Bar plots of %CD86+ (left) and
CD86 MFI (right) on CD169+ cells. D) Total bone marrow cells were stimulated with a
bacterial TLR cocktail (Pam3CSK4, LPS, and FSL-1) and HLA-DR MFI was measured by flow
cytometry and corrected for the unstimulated condition. E) UMAP showing a macrophage
cluster from CD14+ scRNA-Seq (Figure 2) defined by FABP4 and SIGLEC1. F) Bar plot
showing macrophage percentages in each group from scRNA-Seq data. G) Bar plot
representing -logio(q-value) functional enrichment scores for genes up- and
downregulated in the macrophage cluster with EtOH. H,I) Violin plots of down- (H) and
up- (I) regulated DEG with EtOH in the macrophage cluster. Statistical significance was

tested by t-test with Welch’s correction. *=p<0.05, **=<0.01.
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Supp. Figure 3.1: scRNA-Seq of CD14+ cells from the bone marrow

A) UMAPs of each individual macaque sample. B) UMAP annotated by broad classification
of cell type and corresponding pie charts of abundance of cells from each group. C) Bar plot
representing -logio(q-value) functional enrichment scores for genes up- and
downregulated in non-classical monocytes with EtOH. D) Stacked violin plots of genes
related to GMP or MDP lineages across each classical cluster and split by EtOH and control

groups.
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Supp. Figure 3.2: CD34+ progenitor differentiation assays

BFU-E
40

304

A) Bar plots showing distribution of CD14 and CD34 populations after monocyte culture

assay. B) Bar plots showing %CD115+ (left) and %CD11C+ (right) quantification in culture

populations from flow cytometry. C) Bar plots showing %CCR2+, CCR2 MFI, %HLA-DR+,

and HLA-DR MFI quantification from flow cytometry. D) Bar graphs showing average

colony numbers on day 7 and day 10 of culture. E) Bar plots showing percentage of each

colony type calculated from total colony number. Statistical significance was tested by t-

test with Welch'’s correction. *=p<0.05.
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Supp. Figure 3.3: Flow cytometry and scRNA-Seq of CD34+ cells from the bone

marrow

A) Gating strategy for bone marrow progenitor cells. B) Heatmap showing averaged gene

expression of highly expressed genes from each progenitor cluster. C) Feature plots

showing relative expression of module scores for HSC, lymphoid-primed multipotent

progenitors (LMPP), CLP, and erythroid progenitors (ERP) in the myeloid lineage.
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Supp. Figure 3.4: scRNA-Seq of CD34+ cells from the bone marrow

A) Relative distributions of progenitor populations across each scRNA-Seq sample. B) Box
plots of percentages of each cluster across control and EtOH groups. C) Myeloid lineage
UMAP with Slingshot lineage projection lines. D) Cell density plots for Control and EtOH
groups across each trajectory lineage determined by Slingshot. Statistical significance was

tested by t-test with Welch’s correction. *=p<0.05.
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SUMMARY AND FUTURE DIRECTIONS

The immune system sits in a delicate balance; tipping too far in either direction can
disrupt our ability to respond to microbial challenge and maintain tissue homeostasis. A
connection between chronic heavy alcohol drinking and immune dysfunction is well
established as indicated by higher susceptibility to viral and bacterial infections and
diminished wound healing in patients with alcohol use disorders (14-17). A substantial body
of work has reported disruptions to both innate and adaptive arms of immunity (4, 13).
However, recapitulating the complex nature of human drinking behavior has thus far limited
our ability to identify mechanisms of alcohol-induced immune dysfunction in a
physiologically relevant way. In this work, we leveraged a non-human primate model of
voluntary ethanol drinking to mirror the chronicity and complexity of human drinking
behavior (34, 35). We specifically focused on animals that developed a heavy drinking
phenotype defined as consuming more than 3g of ethanol per kg bodyweight per day,
equating to more than 12 drinks per day in an average 60kg human. The advantages of this
model include longitudinal access to samples before and along the drinking timeline, precise
recording of ethanol consumption, control over other factors that influence immunity (diet,
smoking, use of other drugs) and ability to collect samples such as bronchoalveolar lavage
and bone marrow that are otherwise difficult to obtain from humans. This allows us to probe
compartments that have previously been unexplored. Using this model, we aimed to
characterize the impact of chronic alcohol drinking on immune cell populations in different
compartments of the body. We specifically focused on tissue-resident macrophages from the
alveolar space, monocytes from the blood, and progenitor cells from the bone marrow. Our

studies identified similar epigenetic and transcriptional reprogramming events across these
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cell populations, each with functional complications associated with the roles these cells play
in homeostasis and response to microbial challenge. Broadly, chronic alcohol drinking
induces stress and inflammation in these cells while dampening host-defense responses.
These observations provide a mechanism for increased susceptibility of patients with

alcohol use disorders to infection.

Chronic alcohol drinking and alveolar macrophages

Alveolar macrophages (AM) are the dominant immune population and first line of
defense in the lung (86). They have roles in both pathogen clearance as well as resolving
inflammation and repairing tissue (86). In vitro ethanol exposure has been shown to induce
oxidative stress in AM resulting in reduced phagocytic clearance and altered cytokine
production (92, 94). Similarly, we show that 12 months of daily alcohol drinking resulted in
decreased phagocytosis ability accompanied by increased intracellular levels of ROS and
increased mitochondrial activation in AM from non-human primates. These changes are
likely due to epigenetic changes, identified by ATAC-Seq, that correlated with hyper-
inflammatory responses to bacterial and viral antigens. Single cell RNA sequencing analysis
allowed us to discover significant heterogeneity in monocyte-derived and tissue-resident
macrophage populations and revealed heightened baseline activation states and of oxidative
stress signatures with chronic ethanol drinking. Another key finding from this study was the
increased cathepsin G (CTSG) expression in AM with alcohol at the transcriptomic and
epigenetic levels. Future studies should aim to investigate the role cathepsin G activity plays
in AM function and how this could contribute to alcohol-associate defects in host defense

and inflammatory responses. Additionally, future studies should attempt to uncover
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whether alcohol drinking rewires tissue resident macrophages and/or infiltrating

monocyte/macrophage populations in the lung.

Chronic alcohol drinking and blood monocytes

Monocytes are short-lived cells that are constantly repopulated from the bone
marrow, patrol the blood, and extravasate into tissue where they differentiate into
macrophages (60). They respond to different stimuli in circulation and the regulation of their
production and inflammatory responses is critical for effective pathogen clearance (61).
Previous studies have shown that long-term alcohol exposure in vivo or in vitro led to
heightened monocyte inflammatory responses to secondary bacterial stimulation (66, 70,
71). Similarly, we showed that 12 months of daily alcohol drinking led to increased frequency
of circulating monocytes and heightened secondary response to bacterial stimulation in the
NHP model. Single cell RNA sequencing of monocytes revealed increased signatures of
oxidative stress and inflammation. Moreover, chromatin accessibility at promoter regions
regulating genes involved in cytokine signaling pathways was increased with alcohol
drinking. These data suggest, as summarized above for AM, that chronic alcohol drinking is
priming monocytes towards heightened inflammatory responses. Future studies should aim
to investigate alcohol-induced effects on monocyte migration, extravasation, and

differentiation into tissue macrophages.

Chronic alcohol drinking and bone marrow progenitors
We next investigated whether alcohol-associated increases in monocyte percentage

and inflammatory responses were resolved following a one-month abstinence period. We
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found that increased abundance and heightened inflammatory responses persisted after the
abstinence period, leading us to investigate bone marrow progenitor cells. Since monocytes
are short-lived cells, these data strongly suggest that alcohol drinking disrupts monopoiesis
in the bone marrow. Very little research exists on alcohol drinking and the bone marrow
compartment, but disruptions to hematopoiesis have been observed in patients with alcohol
use disorders (76, 173-177). Assessment of monocytes in the bone marrow revealed
increased inflammatory and stress signatures similar to what we report in blood monocytes.
Furthermore, CD34+ cells from alcohol drinking animals differentiated into monocytes that
were skewed towards the granulocyte-monocyte lineage and that had heightened
inflammatory responses to bacterial stimulation. Single cell RNA sequencing of CD34+
progenitors uncovered signatures of oxidative stress and inflammation throughout the
myeloid lineages. This suggests that reprogramming events we have identified in tissue
resident macrophages, and blood and bone marrow monocytes may originate from alcohol-
induced changes in stem cell precursors. This study opens the door to many future directions

examining the effects of alcohol on the bone marrow niche to alter hematopoiesis.
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