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SUMMARY

Chronic heavy alcohol drinking (CHD) rewires monocytes and macrophages toward heightened inflammatory states with compromised
antimicrobial defenses that persist after 1-month abstinence. To determine whether these changes are mediated through alterations in
the bone marrow niche, we profiled monocytes and hematopoietic stem cell progenitors (HSCPs) from CHD rhesus macaques using a
combination of functional assays and single cell genomics. CHD resulted in transcriptional profiles consistent with increased activation
and inflammation within bone marrow resident monocytes and macrophages. Furthermore, CHD resulted in transcriptional signatures
associated with increased oxidative and cellular stress in HSCP. Differentiation of HSCP in vitro revealed skewing toward monocytes ex-
pressing “neutrophil-like” markers with greater inflammatory responses to bacterial agonists. Further analyses of HSCPs showed broad
epigenetic changes that were in line with exacerbated inflammatory responses within monocytes and their progenitors. In summary,
CHD alters HSCPs in the bone marrow leading to the production of monocytes poised to generate dysregulated hyper-inflammatory

responses.

INTRODUCTION

Alcohol drinking is widespread with >2 billion current
drinkers worldwide (WHO, 2018). Alcohol and its metabo-
lites induce organ damage and increase the incidence of
cardiovascular disease (Mukamal and Rimm, 2001; O’Keefe
et al., 2014), cancer (Rumgay et al., 2021), liver cirrhosis
(Bruha et al., 2009), and sepsis (O’Brien et al., 2011). More-
over, heavy alcohol drinking increases susceptibility to bac-
terial and viral infections (Baum et al., 2010; Bhattacharya
and Shuhart, 2003; Saitz et al., 1997). Increased vulnera-
bility to infections is hypothesized to be mediated by
functional, transcriptomic, and epigenomic changes in
monocytes and tissue-resident macrophages leading to
increased inflammation but compromised antimicrobial
responses (Lewis et al., 2021; Sureshchandra et al., 2016,
2019a; Szabo and Saha, 2015). Whether these changes are
limited to the periphery or can be traced to progenitor cells
has yet to be determined.

Monocytes arise from hematopoietic stem cell progeni-
tors (HSCPs) in the bone marrow through progressively
restricted lineage committed progenitors (Kawamura and
Ohteki, 2018; Wolf et al., 2019). Two pathways of mono-
cyte production are described in mice starting from com-
mon myeloid progenitors (CMP) and proceeding through
granulocyte-monocyte progenitors (GMP) to monocyte
progenitors (MP) or monocyte-DC progenitors (MDP) to
common monocyte progenitors (cMoP) (Wolf et al,
2019; Yanez et al., 2017). Myelopoiesis in humans is not
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as well characterized, but CMP, GMP, MDP, and cMoP pop-
ulations have been identified (Kawamura and Ohteki,
2018; Lee et al., 2015). Mature monocytes can be classified
into classical, intermediate, and non-classical subsets,
which can be found in the bone marrow and in circulation
(Teh et al., 2019). Infection, inflammation, or other stress
factors can alter monocyte production and induce “emer-
gency monopoiesis” from the bone marrow (Baldridge
et al., 2011; Takizawa et al., 2012; Wolf et al., 2019).
Chronic heavy drinking (CHD) is known to affect hema-
topoiesis. Specifically, lymphopenia, anemia, and throm-
bocytopenia are observed in patients with alcohol use
disorder (Ballard, 1997; Latvala et al., 2004; Liu, 1980; Pan-
asiuk and Kemona, 2001; Shi et al., 2019; Smith et al.,
2015). Studies in rodent models of alcohol exposure show
impaired hematopoietic precursor cell activation as well
as perturbation of granulocyte precursor responses and
differentiation resulting in reduced bacterial clearance
(Raasch et al., 2010; Shi et al., 2017). Studies in non-human
primates (NHPs) have reported increased numbers of
mature macrophages and osteoclasts in the bone marrow
with concurrent alcohol use and simian immune defi-
ciency virus infection (Siggins et al., 2014). Another study
using an NHP model of chronic voluntary drinking fol-
lowed by several bouts of abstinence and ethanol re-expo-
sure showed impaired mitochondrial function and ability
to form progenitor colonies from bone marrow HSCPs (Var-
lamov et al., 2020). While these studies have identified a
significant impact of alcohol on the functions of bone
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marrow progenitor cells, none of them examined monop-
oiesis or connected alterations in HSCPs to dysregulated in-
flammatory responses in peripheral myeloid cells.

To address this gap in knowledge, we leverage an NHP
model of voluntary ethanol consumption to assess the
impact of CHD on monocytes and their progenitors in
the bone marrow compartment. We collected bone marrow
cells from the femurs of male and female animals engaged
in CHD (average daily consumption of >3 g ethanol per ki-
logram body weight) for 12 months. We performed pheno-
typic, functional, and single cell transcriptomic/epige-
nomic assays on both monocytes/macrophages and
HSCPs within the bone marrow. We report that CHD is
associated with disruption in HSCPs, altered monopoiesis,
and the production of monocytes poised toward hyper-in-
flammatory responses.

RESULTS

CHD-induced heightened inflammatory state of
circulating monocytes persists after 1-month
abstinence

We have previously shown that CHD in NHPs leads to
increased tumor necrosis factor (TNF)-a production in
response to lipopolysaccharide (LPS) stimulation by circu-
lating monocytes and tissue-resident macrophages that is
mediated by epigenetic and transcriptional changes (Lewis
et al., 2021; Sureshchandra et al., 2019b). As monocytes
circulate for only 5-7 days, we determined if circulating
monocytes would revert to a control state after a
1-month abstinence period (Teh et al., 2019). We collected
peripheral blood mononuclear cells (PBMCs) from male
NHPs after 12 months of CHD and following a 1-month
abstinence period (n = 4) and control animals (n = 3) (Allen
et al., 2018) (Figures 1A and 1B). The frequency of TNEF-
a/interleukin (IL)-6-secreting monocytes in response to
bacterial Toll-like receptor (TLR) ligands remained
increased following 1-month abstinence indicating long-
lasting rewiring of the circulating monocytes with CHD
(Figure 1C).

scRNA-seq of bone marrow monocytes reveals
increased oxidative stress and inflammatory
transcriptional signatures with CHD

The persistence of an inflammatory phenotype after
1-month abstinence suggests that CHD may impact the
progenitors in the bone marrow compartment. To test
this hypothesis, we first assessed the abundance of classical
(CD14*CD167), intermediate (CD14*CD16%), and non-
classical monocyte (CD14°CD16%) and macrophage
(CD169+) populations by flow cytometry and found no
changes after 12 months of CHD (Figures 1A, 1B, S1A,

and S1B). To determine if CHD induced transcriptional
changes, we performed small cell RNA sequencing
(scRNA-seq) on CD14* bone marrow cells after 12 months
of CHD (Figure S1C). After integrating all datasets, 11
clusters were identified by the expression of canonical
markers: eight classical monocyte clusters (C1-8; CD14,
LYZ), one intermediate monocyte cluster (Int., MAMU-
DRA, S100A10), one non-classical monocyte cluster (N.C.;
FCGR3), and one macrophage cluster (Mac.; FABP4,
SIGLECI) (Figures 1D, 1E, and S1D). Coinciding with flow
cytometry data, no changes in the relative abundance
of classical, intermediate, and non-classical subsets were
identified with CHD (Figure S1D); however, the resolution
of scRNA-seq data allowed us to identify eight classical
monocyte states defined by unique expression profiles of
alarmins (5100), chemokines, and interferon responsive
genes (Figure 1F and Table S1). CHD was associated with
a significant increase in classical cluster C8 (Figure 1G),
which was defined by high expression of CREBREF,
HERPUDI1, FOSB, and CXCR4, the receptor for SCF-1 shown
to be expressed on pro-monocytes (Chong et al., 2016)
(Figure 1H).

We next identified differentially expressed genes (DEGs)
within the monocyte clusters. We noted decreased expres-
sion of HSPA8, CCL4L1, EGR1, MAMU-DQA1, and SELENOP
and increased expression of IL1B, SI00A9, THBS1, HIF1A,
and IFI27 across classical, intermediate, and non-classical
clusters with CHD (Figure 1I). This was accompanied by
increased module scores associated with oxidative stress
and chronic inflammation in all CHD monocyte clusters
(Figure 1J). Interestingly, both RNA and protein expression
of CCR2, associated with monocyte egress from bone
marrow (Tsou et al.,, 2007), was increased on classical
monocytes after CHD, indicating potential dysregulation
of monocyte export (Figures 1K and 1L). DEGs within clas-
sical clusters include upregulation of genes mapping to
chemotaxis (CSF3R, VEGFA), response to wounding
(CD44, FNI1), and chronic inflammatory response
(S100A8, S100A9) with CHD (Figures 1M and S1E). Func-
tionally, expression of the co-stimulatory molecule CD80
was increased on classical monocytes suggesting higher
activation with CHD (Figure 1N). Moreover, a greater per-
centage of classical monocytes from CHD animals pro-
duced IL-6, albeit a small percentage of the cells
(Figure 10).

In the non-classical subset, DEGs important for defense
response (MRCI1, STAT1) and stem cell differentiation
(MEF2C, CITED2) were reduced, while genes involved in
wound healing (SERPINA1, THBSI) and migration (MIF,
FN1) increased with CHD (Figure S1F). These data suggest
CHD alters the transcriptome of bone marrow-resident
monocytes, with the potential to impact monocyte export
and activation.
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Figure 1. Shifts in the single cell transcriptional profiles of bone marrow resident CD14" cells with CHD
(A) Experimental design for study generated on Biorender.com.
(B) Timeline for blood collected after 1 month of abstinence (top) and bone marrow collected after 12 months of CHD (bottom).
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CHD alters phenotype and transcriptome of bone
marrow resident macrophages

Bone marrow macrophages have critical functions in ho-
meostasis of the bone marrow niche (Mitroulis et al.,
2020; Winkler et al., 2010). While the frequency of this
cluster did not differ between control and CHD animals
(Figures 1G and S1B), considerable transcriptional changes
were noted with CHD. DEGs downregulated with CHD
mapped to GO terms associated with cellular responses to
stimuli (CCLS8, CCL13, CCL24, CCL4L1) and develop-
mental processes (DDX5, EGR1, FOS, BTG2) (Figures S2A
and S2B). Conversely, DEGs upregulated with CHD map-
ped to mitochondrial respiration (MT-ATPS, MT-CO2, MT-
ND2, NDUFA1) and leukocyte migration (IFI27, TREMI,
VEGFA, VCAN) (Figures S2A and S2C). Coinciding with
these findings, the number of macrophages and the expres-
sion intensity of CD86 decreased with CHD (Figure S2D).
These data suggest resident macrophage dysfunction as a
potential mechanism of monocyte inflammatory profiles
in the bone marrow.

CHD skews monocyte differentiation from CD34*
progenitors

As monocytes are constantly produced by and stored in the
bone marrow, we investigated the impact of CHD on
CD34" progenitor cell differentiation into monocytes. We
used a colony-forming unit (CFU) assay to assess the func-
tional ability of CD34" cells from CHD bone marrow to
produce myeloid and erythroid colonies. No differences
were noted in the total number of colonies after 7 or

10 days of culture (Figure S3A), but progenitors skewed
toward granulocyte/monocyte-containing colonies (CFU-
GM and CFU-GEMM) and away from erythroid only
colonies (CFU-E and BFU-E) in CHD cultures (Figures 2A—
2C). This suggests CHD alters the differentiation trajectory
of CD34" progenitors toward granulocyte/monocyte
lineage.

Additionally, we sorted and cultured CD34" cells for
7 days in media with a monocyte skewing supplement (Fig-
ure 2D). Interestingly, cultures from CHD animals showed
altered capacity to differentiate into CD14*CD34~ cells
compared with control animals, with a higher percentage
of cells retaining CD34 expression (Figures 2E and 2F).
Monocyte maturation markers CD115 and CD11C
increased similarly in the cultured CD14* populations
regardless of CHD, indicating differentiation is occurring
(Figure S3B).

To further assess differences in monocyte differentiation,
we performed scRNA-seq on the differentiated cells (Fig-
ure 2D and Table S1). Using highly expressed gene markers,
we identified progenitor cells (CD34, STMN1, CD38), GMP-
derived monocytes (S100A8/9), monocyte-dendritic cell
(MDP)-derived monocytes (IRF8, CX3CRI), monocyte-
derived macrophages (SIGLEC1, S100A11), and two clus-
ters of megakaryocyte/erythroid progenitors (PLEK, HBA,
GPX4) (Figures 2G and 2H and Table S1). Pseudotime anal-
ysis identified a GMP lineage defined by increasing expres-
sion of AZUI and MPO, and an MDP lineage defined
by increasing expression of MAMU-DRA and CD74
(Figures 2G and 2I). While CD34" cells from controls

(C) Bar plots showing the percent of TNF-a,/IL-6+ monocytes measured using intracellular cytokine staining after 16 h of stimulation with
bacterial TLR ligands performed on total PBMCs after 12 months of chronic drinking and 1-month abstinence for CHD animals and time-
matched housing controls. Frequency of responding cells was corrected for the unstimulated condition. Error bars indicate SEM. ***p < 0.001.
(D-M) scRNA-seq of 26,270 CD14" bone marrow resident cells obtained from n = 3 female controls pooled (due to low cell numbers), three
female CHDs pooled, four male controls, four male CHDs.

(D) UMAP clustering of cells.

(E) Violin plot showing expression of marker genes.

(F) Heatmap of average expression for highly expressed marker genes for classical monocyte clusters.

(G) Bar plots showing percentage of total cells contributing to each cluster for controls and CHDs. Error bars indicate SEM. *p < 0.05.
(H) Dot plot showing expression of CXCR4 across each cluster. Size of the dot represents percent of cells expressing the gene and the coloris
the average expression value.

(I) Dot plot showing expression of up- and downregulated DEGs with CHD common to all monocyte subsets. Size of the dot represents
percent of cells expressing the gene and the color is the average expression value.

(J) Violin plots representing module scores for indicated pathways in total monocytes. Statistical significance was tested using the Mann-
Whitney test.

(K) Dot plot showing gene expression of CCR2 across each monocyte subset split by CHD and control. Size of the dot represents percent of
cells expressing the gene and the color is the average expression value.

(L) Bar plot of CCR2 surface protein expression MFI on total monocytes in bone marrow. Error bars indicate SEM.

(M) Bar plot representing —log4o(q value) enrichment scores for genes upregulated in classical monocyte clusters with CHD.

(N) Bar plot of CD80 MFI on classical monocytes. Error bars indicate SEM.

(0) Percentage of IL-6+ cells within each monocyte and macrophage population in bone marrow following stimulation with a bacterial TLR
cocktail corrected for the unstimulated condition. Error bars indicate SEM. Statistical significance was tested by t test with Welch’s
correction where *p < 0.05. See also Figures S1 and S2.
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Figure 2. CHD alters CD34" progenitor cell differentiation to monocytes

(A) Stacked bar plot showing percentages of indicated colonies.

(B and C) Bar plots showing the percentage of granulocyte/monocyte (B) and erythroid (C) colonies from total colonies across control and
CHD groups. Error bars indicate SEM.

(D) Experimental design created on Biorender.com. Sorted CD34" cells from control and CHD macaque bone marrow were cultured in
monocyte differentiation media supplement for 7 days.

(E) Example gating strategy showing CD34" versus CD14" cells.

(F) Bar plots showing quantification of the culture output by flow cytometry. Error bars indicate SEM.

(G-K) scRNA-seq of 12,781 cells from pooled controls (n = 2 male + 2 female) and pooled CHD (n = 2 male + 2 female).

(G) UMAP with overlapped Slingshot pseudotime trajectory lines.

(H) Dot plot showing expression of marker genes. Size of the dot represents percent of cells expressing the gene and the color represents an
average expression value.

(I) Log expression of AZU1, MPO, MAMU-DRA, and (D74 plotted for each cell across the indicated scaled Slingshot pseudotime trajectory
(trendline shown).

(J) Bar plots showing representative percentages of each cluster across control and CHD groups.

(K) Cell density plots for MDP (left) and GMP (right) lineage determined by Slingshot. Statistical significance was tested by t test with
Welch’s correction where *p < 0.05, **p < 0.01, and ****p < 0.0001. See also Figure S3.

differentiated primarily along the MDP lineage into den-
dritic cell (DC) monocytes, CD34" cells from the CHD
group differentiated along the GMP lineage toward
“neutrophil-like” monocytes (Figures 2] and 2K) (Yanez
et al., 2017). Given these observations, we investigated
whether the “neutrophil-like” phenotype was evident in
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mature CD14" monocytes. Module scores of genes associ-
ated with neutrophil differentiation and function as well
as expression of GMP lineage markers SI00A8/A9 were
increased in the monocytes from the CHD group, while
that of MDP lineage markers CD74 and MAMU-DRA were
decreased (Figures 3A and 3B).
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Figure 3. CHD-mediated alteration in differentiation results in pro-inflammatory monocytes
(A) Violin plots showing module scores of genes associated with neutrophil differentiation and function across monocyte subsets from

Figure 1.

(B) Violin plots depicting expression of S100A8, S100A9, (D74, and MAMU-DRA across monocyte subsets from Figure 1.
(C) Bar plots showing the logyo(fold change +1) concentration of each of the indicated analytes measured by Luminex after 6-h stimulation
with a bacterial TLR cocktail. Error bars indicate SEM. Statistical significance was tested by t test with Welch’s correction where *p < 0.05,

**p < 0.01, and ****p < 0.0001.

These observations suggest that CHD induces CD34*
progenitor cells differentiation into monocytes poised to-
ward inflammatory responses and away from antigen-pre-
sentation functions. Furthermore, monocyte-differenti-
ated CD34" cells stimulated with a bacterial TLR ligand
cocktail had increased production of TNF-«, IL-6, IL1b,
G-CSF, CCL3 (MIP-1a), and IL-2 in CHD cultures (Fig-
ure 3C). This indicates that CHD alters the differentiation
potential of CD34" progenitors and skews monocyte differ-
entiation toward the inflammatory GMP-derived lineage.

scRNA-seq of CD34" progenitors reveals reduced
proliferation but increased oxidative stress and
inflammatory pathways in myeloid progenitors with
CHD

To uncover molecular underpinnings of the CD34™" cells
dysregulation, we assessed the abundance of progenitor
populations by flow cytometry (Figure S3C). Frequencies
of HSCP and CMP were modestly increased with CHD,
while those of multipotent progenitors were significantly
increased (Figure S3D). To assess the transcriptional impact
of CHD on these progenitors, we profiled CD34* bone
marrow cells by scRNA-seq (Table S1). UMAP clustering re-

vealed 17 unique clusters distinguished by highly ex-
pressed gene markers (Figures S4A-S4C and Table S1). Iden-
tification of CMP, GMP, and MDP subsets was further
confirmed using module scoring based on gene lists from
the Human Cell Atlas bone marrow single cell dataset
(Hay et al., 2018) (Figure S4D).

We then focused on the myeloid subsets to interrogate
the effects of CHD on this lineage. Contaminating mature
bone marrow monocytes were removed from the myeloid
clusters using the CD14* scRNA-seq data described in Fig-
ure 2 (Figure S5A). The myeloid progenitor CD34" cells
were then re-clustered and annotated via expression of
HSC and myeloid lineage marker genes (Figures 4A and
4B). These included populations from less mature HSCs
(HOPX, CD164) to more mature pro-neutrophils (ELANE,
MPO, AZU1), monocyte progenitors (LYZ, SI00A8/9), and
pro-DCs (FCERI1A, IRFS) (Figures 4A and 4B). CHD was
associated with a significantly reduced proliferating
(MKI67) MP/GMP cluster (Figure 4C). Slingshot trajectory
analysis identified three major paths (Figure 4A) for pro-
monocyte, pro-DC, and pro-neutrophil lineages that were
comparable between CHD and controls (Figures 3D, 3E,
S5B, and S5C).
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Figure 4. CHD CD34" bone marrow myeloid progenitor single cell transcriptional profiles
scRNA-seq of 16,610 cells from three female and four male controls, and three female and four male CHD animals.

(A) UMAP with Slingshot trajectory lines.
(B) Stacked violin plot of marker gene expression.

(C) Cluster percentages between CHD and control groups. Compared using two-way ANOVA with correction for multiple comparisons. Error

bars indicate SEM.

(D) Heatmap of genes that dictate the monocyte lineage trajectory.

(E) Cell density plot for control and CHD groups across the monocyte trajectory lineage.
(Fand H) Functional enrichment terms for DEGs upregulated with CHD from less (F) and more (H) mature clusters split by CHD and control

groups.

(GandI)Heatmap of averaged gene expression for upregulated DEGs from less (G) and more (I) mature clusters split by CHD and control groups.
(3) Violin plots for indicated module scores across groups. Statistical analysis was performed by the Mann-Whitney test. Unless indicated,
statistical significance was tested by t test with Welch’s correction. *p < 0.05, ****p < 0.0001. See also Figures S4 and S5.

The cells along the monocyte differentiation pseudotime
were grouped into less mature (HSC 1, HSC 2, CMP/GMP,
GMP) and more mature (GMP/MP 1, GMP/MP 2, MP/
GMP [Ki67], MP, MP [Ki67]) monocyte progenitor cells (Fig-
ure 4D). Upregulated DEGs within the less mature progen-
itor cells were involved in “oxidative phosphorylation”
and “leukocyte aggregation” processes after CHD
(Figures 4F and 4G), but downregulated DEGs were
involved in “cellular oxidant detoxification” and “regula-
tion of chemokine production” processes (Figures S5D
and SSE). Similarly, expression of genes enriching to
“oxidative phosphorylation” and “regulation of cell activa-
tion” processes was increased in the more mature progeni-
tors with CHD (Figures 4H and 41I) while genes enriching to
“cytoplasmic translation” and “peptide biosynthetic pro-
cess” were downregulated (Figures S5F and S5G). Finally,
module scores of oxidative stress and chronic inflamma-
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tion were significantly upregulated across all CD34" cells
with CHD (Figure 4]). These data suggest that CHD upregu-
lates the transcriptional signatures of oxidative stress and
inflammation/activation in the CD34" progenitor cells
and throughout the monocyte differentiation lineage.

SCATAC-seq of CD34" and CD14" cells reveal broad
changes in the epigenome of MPs

To determine if epigenetic mechanisms were driving tran-
scriptional changes, we sorted CD14* and CD34" cells
from the bone marrow and performed single cell ATAC
sequencing (Table S3). Initial UMAP clustering revealed
13 clusters, defined by gene scores of canonical lineage
markers (Figures S6A-6C and Table S3). We then extracted
HSC, CMP-GMP, and CD14" subsets based on expression of
established markers (HPOXS8, IRF78, ELANE, MPO, LYZ,
MAMU-DRA, CD14) and re-clustered them (Figure 5A and



Control

CHD

HOPX MotifMatrix GeneScoreMatrix
@ Monocyte
@ cMoP ® coisr o o -15 15 -15 15
@ MPIGMP 3 5 o F ) _HOXBS
=il ® e g 8 2 ~ -MECOM
@ Hsc o 5 —~GATA2
g £ GATA3
5 35 | | ~INSM1
] ~NFIX
® cup1 UMAP Dimension 1 UMAP Dimension 1 -ZIC5
Log2(NormCounts + 1) = —ATOH8
020406 0.4 0608
CD14 wz
£ g T
5 £ .
o 5 2 &b
S £
&
g UMAP Dimension 1 UMAP Dimension 1
% —> Control 32200 Cells 1072151720 Log2NormCourts + 1) MSENRE
S[=cHo i MAMU-DRA
UMAP Dimension 1
D 015 FDR-ETOH:5.58x10™ FDR-ETOH : 1.10x10™ o g
0.104 FDR-Control : > 0.05 0,05 FDR-Control : > 0.05
X y 5
-, - . ke E
T 005 & s
= 0.00 Ee
0.00 T H '
-0.05 0.05 :
25 50 75 100 [} 5 50 75100 UMAP D'w
0.30 0.061 FDR-ETOH : 3.16x10” ooz Y
0.20 0.04{ FDR-Control : > 0.05 e
z oo g 002 § =
Z 000 s <
@ 0.00 <}
-0.10 2 = 3
020 FDR-ETOH : 2.17x10 0.02
: FDR-Control : > 0.05 2 Pseudotime ————p» Pseudotime ————p»
0 25 50 75 100 0 25 50 75 100 D16 Contol
¥ - o HSC-Control 14+ Control
002 005 Egg ETO:' : |2.'07;:)2 E | blood pressure by endothelin G ritic cell apoptotic process
a 000 003 -Control: > 0. jon of interleukin-10 production ion of leukocyte apoptotic process
g M ear cell differentiation o assembly _
&-0.02 5 0.00 ation of DNA binding W00 ell differentiation g
i - o Py regulation of protein polymerization
004 FDR-ETOH : 6.88x10 -0.03 ation of interleukin-10 production 5 - & regulation of MAP kinase activity 8
L - FDR-Contro) : > 0.05 -0.05 : i 2 tive regulation of transport EH e regulation of cell-matrix adhesion '
008 0 25 50 75 100 002 0 75 50 75 100 ive regulation of NIK/NF-kappaB signaling ' [ 225 ulation of MAP kinase activity
X . 2.00 ular response to interferon-gamma
0.00 000! Jular component disassembly gative regulation of cellular process
= 5 T acellular matrix disassembly zo 20 20 50
5 -0.04 7 2 x g S CD14+ CHD
0.02 5 & ity in apoptotic signaling
-0.08 FDR-ETOH : 2.88x10” FDR-ETOH :7.58x10™| & HSC-CHD
2012 2 FDR-Control : > 0.05 -0.04 FDR-Control : > 0.05 )
0 75 50 75 100 75 50 75 100 synthetic process
) 00 75 s0 2 )
PseudoTime PseudoTime
tidase activity in apoptotic signaling
type | interferon-mediated signaling pathway B reing
e to interleukin—
I -ve reg of catabolic process agosome organization lular component assembly

agosome assembly
tion of innate immune response 0

H

sitive regulation of macromolecule metabolic process
60

Golgi membrane

20 40
Odds Ratio
CD14+ Control

lation of cytokine-mediated signaling pathway
MHC protein complex

lation of defense response

ted signal transduction

negative regulation of protein binding

:®
£ 5
£ _ 7
Q ) a4 0 0 e i T Is
MHC class Il c S s Ratio shs
g @ R F HSC-Control [BSSIENESuENgNy- 0 metabolic process g
pepide antigen binding Q e 2 2 Iy terleukin—12 production T3
S @ ) 5 10 15 20 25
g & = 8
|FN-gamma-mediated signaling pathway O 2 8 [ & € CD14+CHD
g 2 = sma membrane bounded cell projection organization
cellular response to interferon-gamma O = 2 25 positive regulation of cell death
negativerequiaton of MAPK cascade @ ponent biogenesis 20 negative regulation of intracellular signal transduction

+ve reg of leukocyte cell-cell adhesion

ignaling pathway

response to type Il interferon

Control _ CHD [t c.kin-6-mediated signaling pathway
0 5 10 15 20 25
Count

Figure 5. CD14" and CD34" bone marrow cell scATAC-seq

scATAC-seq of 32,200 cells from n = 3 male controls and n = 2 female and 2 male CHD animals.

(A) UMAP with pseudotime lineage trajectories.

(B) Feature plots of marker genes from the gene score matrix.

(C) Integrative analysis of TF gene scores and motif accessibility across the monocyte lineage pseudotime. TFs unique to the indicated
group are bolded and colored (green for controls and blue for CHD).

(D) A plot of TF motif accessibility along pseudotime for TF unique to CHD.

(E-H) Functional enrichment from EnrichR (E and G) and Metascape (F and H) databases for differentially accessible regions (DARs) more
open in the indicated group for HSC (E and F) and CD14" (G and H) clusters. Color indicates the —log10(P) value and length indicates the
odds ratio from EnrichR (E and G) or the number of genes mapping to the term from Metascape (F and H).

(I) Functional enrichment determined by GO Biological Process within GREAT database for differentially accessible regions more open
control (left) and CHD (right) groups for the pro-monocyte cluster. Color indicates the —log10(P) value and length indicates the log2(Fold
Enrichment). See also Figure S6.
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Table S3). This analysis revealed six clusters: HSC (HOPX),
GMP 1 and 2 (ELANE), MP/GMP (LYZ), cMoP (LYZ), and
CD14" (Figures SA and 5B). Cluster annotation was
confirmed by transcription factor (TF) motif deviation
scores, showing a greater abundance of motif binding sites
for FOSL2, CEBPA, and JUNB in more mature progenitors,
while HSCs contained more HOXBS8 motif binding sites
(Figure S6D).

As the frequency of cell subsets was not changed with
CHD (Figure S6E), we performed trajectory analysis using
Slingshot to uncover potential differences in monocyte dif-
ferentiation between groups (Figures 5A and 5C). Motif
accessibility for key TFs including REL, BACH1, PPARD,
SPI1, HIVEP1, MAGF, ZIC4, and KLF1, increased with
CHD, indicative of changes in monocyte differentiation
(Figures 5C and 5D). Next, we compared differentially
accessible regions (DARs) within each cluster. We observed
decreased accessibility in promoter, 5" UTR, downstream,
and intronic regions in HSC and CD14" clusters with
CHD (Figure S6F). Functional enrichment of promoters,
5’ UTR, and downstream regions that were more open in
HSC of control animals (closed in CHD group) harbored
genes important for cytokine production, differentiation
and NF-«B signaling, while those more open with CHD
played a role in defense response, Th1, and type 1 inter-
feron (IFN) signaling, indicating increased inflammation
with CHD (Figures 5E and SF).

Functional enrichment of these regions in CD14" cells
from controls mapped to terms such as differentiation,
MAPK activity, and IL-12 production, while those open af-
ter CHD mapped to apoptotic processes, protein localiza-
tion, and IL-6 signaling (Figures 5G and 5H). GREAT anal-
ysis of DARs in distal intergenic regions open in CD14*
cells from controls enriched to cell-cell adhesion, “negative
regulation of MAPK cascade,” and IFN-y signaling, while
those more open in CHD mapped to “negative regulation
of catabolic process” (Figure 5I). These observations indi-
cate that CHD impacts monocytes and their progenitors
in the bone marrow on an epigenetic level, altering the dif-
ferentiation trajectory and leading to the functional dysre-
gulation observed in the periphery.

DISCUSSION

CHD can disrupt antimicrobial defenses and exacerbate in-
flammatory responses of monocytes and macrophages
(Lewis et al., 2021; Sureshchandra et al., 2019a, 2019b;
Szabo and Saha, 2015). Using an NHP model of voluntary
ethanol consumption, we have shown increased relative
abundance of blood monocytes and splenic macrophages
with CHD (Lewis et al., 2021; Sureshchandra et al.,
2019b). Moreover, we and others have noted CHD
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increased inflammatory responses following stimulation
with LPS (Lewis et al., 2021; Sureshchandra et al., 2019a,
2019b; Szabo and Saha, 2015). Here, we show that
increased inflammatory responses to TLR stimulation
persist following a 1-month abstinence period, suggesting
that CHD could dysregulate monocyte production/matura-
tion in the bone marrow. Other studies have suggested
ethanol and its metabolites modulate monocyte function
via epigenetic modification and oxidative stress of both
mature cells and HSCPs, but exact mechanisms remain
poorly defined (Lewis et al., 2021; Sureshchandra et al.,
2019b; Varlamov et al., 2020). In this study, we assessed
the phenotypic, functional, transcriptomic, and epige-
nomic profiles of bone marrow resident monocytes/macro-
phages and CD34" HSC collected from NHP after
12 months of CHD.

While we noted no differences in relative abundance of
mature monocytes in the bone marrow with CHD,
scRNA-seq showed increased expression of inflammatory
genes across all bone marrow resident CD14" cell subsets.
Interestingly, the frequency of CXCR4™ monocytes, transi-
tional pre-monocytes that help maintain the mature
monocyte pool in the bone marrow (Chong et al., 2016),
increased with CHD. Expression of CCR2, which plays a
critical role in monocyte egress from the bone marrow
(Tsou et al., 2007), also increased on bone marrow resident
monocytes with CHD. Collectively, these observations sug-
gest CHD-induced disruption of bone marrow monocyte
trafficking between the bone marrow and blood.

We also report skewing of CD34" HSCs toward the GMP
(“neutrophil-like” monocyte) lineage and away from MDP
(DC-monocyte) lineage that was accompanied by an in-
crease in inflammatory mediator production. We previ-
ously reported increases in “neutrophil-like” markers
(SI00A8, S100A9) with CHD in peripheral monocytes
(Lewis etal., 2021), suggesting long-lasting reprogramming
of monocytes with CHD. These data suggest CHD-induced
shifts in myelopoiesis and monopoiesis from CD34" pro-
genitors, giving rise to monocytes poised toward a height-
ened inflammatory state. Indeed, bone marrow resident
classical monocytes from CHD animals produced higher
levels of IL-6 than those found in controls. While the fre-
quency of IL-6-producing cells was rather low, classical
monocytes are the predominant cluster and therefore the
overall increase in production of IL-6 could be substantial.
We also observed decreased expression of genes important
for antigen processing and presentation, which is in line
with reduced antimicrobial function noted in vivo with
CHD (Barr et al., 2016; Lewis et al., 2021).

CHD metabolism produces acetaldehyde and increases
NADH levels, promoting reactive oxygen species produc-
tion (Di Rocco et al., 2019). These products induce DNA
damage and oxidative stress on cells, directly affecting



cellular function (Di Rocco et al., 2019; Garaycoechea et al.,
2012). Indeed, differential expression analysis from scRNA-
seq data revealed increases in transcriptional signatures of
oxidative stress and chronic inflammation in bone marrow
resident monocytes/macrophages and HSCPs. Addition-
ally, expression of mitochondrial genes increased in MPs,
suggesting CHD-induced shifts in the cellular metabolism
of monocytes/macrophages and HSCPs. These observa-
tions are in line with an earlier study that reported altered
mitochondrial function in NHP bone marrow cells after
12 months of chronic drinking followed by another
12 months of repeated abstinence/re-exposure periods
(Varlamov et al.,, 2020) and a recent study reporting
increased expression of mitochondrial genes in alveolar
macrophages with CHD (Lewis et al., 2022). These data sug-
gest that the hyper-inflammatory profiles of circulating
monocytes with CHD could be attributed to CHD-induced
oxidative stress and mitochondrial function on CD34" pro-
genitors in the bone marrow.

Previous work showed considerable epigenetic changes
in peripheral monocytes and tissue-resident macrophages
with CHD (Lewis et al., 2021, 2022; Sureshchandra et al.,
2019b). In this study, we identified modest epigenetic
changes with CHD in bone marrow resident cells. The
larger epigenetic changes detected in the periphery may
be driven by the larger concentration of ethanol and its me-
tabolites in circulation. We did observe altered DAR in cis-
regulatory regions and an increase in terms associated
with inflammation in HSCPs and bone marrow resident
CD14" cells. Most notably, accessibility of regions overlap-
ping genes that regulate or respond to IL-6 increased.

This study suggests that CHD alters monopoiesis from
the bone marrow compartment in NHPs. CD14" cells
that reside in the bone marrow compartment have inflam-
matory-skewed transcriptional profiles, suggesting CHD re-
modeling of this tissue compartment. Mechanistically,
CHD disrupted the differentiation of CD34" cells into
monocytes leading to the in vitro production of hyper-in-
flammatory monocytes. These disruptions are potentially
mediated by compromised niche-maintaining macro-
phages as indicated by decreased expression of chemokines
and heightened signatures of oxidative phosphorylation.

Some of the limitations of this work include small sam-
ple sizes and lack of analyses using sex as a biological var-
iable due to the low number of cells available from female
drinking macaques and complex design of the voluntary
NHP drinking model. The low cell availability limited
the number of functional assays performed as well. Future
research efforts will focus on determining a timeline for
alcohol-induced bone marrow remodeling, how alcohol
alters monocyte release from the bone marrow compart-
ment, and the impact of abstinence and relapse on these
findings.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Additional information and requests for resources should be
directed to Dr. IlThem Messaoudi (ilhem.messaoudi@uky.edu).
Materials availability

This study did not generate new unique reagents.

Data and code availability

The datasets supporting the conclusions of this article are available
on NCBI's Sequence Read Archive (SRA: PRINA947630).

Animal studies and sample collection

This study was approved by the Oregon National Primate Research
Center (ONPRC) Institutional Animal Care and Use Committee.
ONPRC is an Association for Assessment and Accreditation of Lab-
oratory Animal Care (AAALAC)-approved institute.

These studies used samples obtained from an NHP model of
ethanol self-administration as described in Baker et al. (2014),
Grant et al. (2008), and Jimenez et al. (2015).

Blood (Cohort 14) and bone marrow (Cohorts 6a and 7a) samples
were acquired through the Monkey Alcohol Tissue Research
Resource (www.matrr.com) after 12 months of CHD (Cohorts 6a
and 7a) and 1-month abstinence (Cohort 14) (Table 1).

Phenotype

A total of 0.5 to 1 x 10° PBMCs were stained, acquired with an At-
tune NxT Flow Cytometer (ThermoFisher Scientific, Waltham,
MA), and analyzed using FlowJo software (Ashland, OR). Percent-
age of live cells or median fluorescence intensities (MFI) were as-
sessed for each marker. Staining panels and progenitor population
definitions are in the supplemental methods.

PBMC and bone marrow stimulation assays

A total of 1 x 10° PBMCs were cultured in RPMI supplemented
with 10% fetal bovine serum (FBS) with or without a bacterial
agonist cocktail and Brefeldin A for 16 h in 96-well tissue culture
plates at 37 °C in a 5% CO,, environment. They were next stained,
fixed, and permeabilized using Fixation buffer (BioLegend) and
incubated overnight with intracellular antibodies IL-6 (Invitrogen,
MQ2-13A5, FITC) and TNF-a (BD Biosciences, MAb11, APC).

Monocyte differentiation assay

A total of 1 x 10° sorted CD34* cells were plated in a 96-well plate
in 100 puL StemSpan SFEM Media supplemented with StemSpan
Myeloid Expansion Supplement II containing TPO, SCF, Flt3,
GM-CSF, and M-CSF and incubated at 37 °C in a 5% CO, environ-
ment. On day 4, 100 puL of the same media was added. On day 7,
some of the cells were stained with antibodies for phenotype deter-
mination. Some of the cells were used for scRNA-seq analysis and
the remaining cells were incubated with or without a bacterial
agonist cocktail for 6 h. Supernatants were collected and stored
short-term at —80°C.
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Table 1. Summary of samples used in this study

nex, Austin, TX). Data were fit using a 5P-logistic regression on
xPONENT software (version 7.0c).

Mean daily
Drinking  ethanolintake Blood ethanol
MATRRID Sex status (g9/kg/d) + SD  content (Avg mg%) CFU assay
10068 F Control 0 0 MethoCult CFU assay was performed with MethoCult H4435-
10071 F Control 0 0 enriched medium (STEMCELL Technologiesf Vancouver, Can-
ada) following manufacturer’s protocol. Briefly, CD34" bone
10076 F Control 0 0 marrow cells were sorted using fluorescence-activated cell sort-
ing (FACS) and resuspended in Iscove’s modified Dulbecco’s me-
10186 F Control 0 0 . . . .
dium +2% FBS to achieve a final plating concentration of 1,000
10187 F Control 0 0 cells/culture dish. Cells were mixed with 3 mL MethoCult and
" l plated into 35-mm culture dishes in triplicate then incubated
10093 Contro 0 0 at 37°C in a 5% CO, environment. Total colonies were counted
10094 M Control 0 0 on days 7 and 10, and colony identification was performed on
day 10.
10095 M Control 0 0
10096 M Control 0 0 . . . .
Single cell RNA library preparation, sequencing, and
10245 M Control 0 0 ana]ysis
10250 M Control 0 0 Specific parameters for each scRNA-seq library can be found in
Table S1. Cells were thawed, surface stained, and sorted using a
10241 M Control 0 0 BD FACSAria Fusion before being loaded into the 10X Chromium
10080 F EtOH 33410 “ Confroller. Library preparations were performeq for sarnpl(J:s ac-
cording to manufacturer protocol (10X v3.1 dual index chemistry)
10070 F EtOH 3.9x1.0 46 and sequenced on a NovaSeq S4 (Illumina).
Sequencing reads were aligned to the Mmul 8.0.1 reference
10081 F EtOH 4.0+1.1 57 - .
genome using cellranger v6.0.1 (Zheng et al., 2017) using the count
10079 F EtOH 4.0+ 1.3 65 function for single sample libraries and the multi function for mul-
tiplexed samples. Quality control steps were performed prior to
10078 F EtOH 5.0+ 1.4 81 downstream analysis with Seurat (Butler et al., 2018). Data normal-
10069 F EtOH 52+1.2 103 ization was performed using SCTransform (Hafemeister and Satija,
2019). Sample integration was performed using the Selectintegra-
10088 M EtOH 2.9+13 74 tionFeatures (using 3000 features), PrepSCTlIntegration, FindIntegra-
10091 M EtOH 3.2+0.9 79 tionAnchors, and IntegrateData functions. Contaminating clusters
with B or T cell gene expression were removed. Clusters were char-
10097 M EtOH 3.0+06 79 acterized using the FindAllMarkers function and all marker gene
10098 M EtOH 334 1.0 98 lists are available in Table S1. Figures were generated using Seurat,
ggplot2, and pheatmap and each dot corresponds to an individual
10252 M EtOH 4.17 £ 0.9 91 animal.
10242 M EtOH 32407 113 D'1ffe.3rent1al expression analysis was performed using MAST Wl.th
significant genes defined as Log;o(Fold change) > 0.25; false dis-
10244 M EtOH 2.8+0.5 97 covery rate (FDR) < 0.05.
Pseudotime trajectory were reconstructed using Slingshot (Street
10243 M EtOH 2.2+05 30

Mean daily ethanol (EtOH) intake reflects the average dose consumed during
the period of 12-month self-administration period. Blood for ethanol con-
centration was taken at 7 h into the 22-h daily session every 5-7 days
throughout the 12 consecutive months of alcohol access and analyzed by
gas chromatography.

Luminex assay

Immune mediators in the supernatants cell stimulations were
measured using a Multiplex Luminex assay panel (Millipore, Bur-
lington, MA). Differences in induction of proteins post stimulation
were calculated using logyo (pg/mL fold change +1). Undiluted
samples were run in duplicate on the Magpix Instrument (Lumi-
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et al., 2018) with the UMAP dimensional reduction from Seurat
as input and the progenitor/HSC population 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 with pseudotime as an indepen-
dent variable.

Gene lists from the Kyoto Encyclopedia of Genes and Genomes
pathway dataset and the Human Cell Atlas bone marrow single
cell analysis (Hay et al., 2018) were used with the AddModuleScore
function. A list of all module scores can be found in Table S2.
Values for module scores were tested for significance in Prism 7
and functional enrichment was done using Metascape (Zhou
et al., 2019). All plots were generated using ggplot2 and Seurat
and each dot corresponds to an individual animal.



Single cell ATAC-seq library preparation, sequencing,
and analysis

Bone marrow cells were stained for CD34, CD14, and Sytox Green,
and sorted on a BD FACSAria Fusion before being lysed. Nuclei were
isolated and counted, and transposition reaction performed accord-
ing to the manufacturer’s instructions (10X Genomics). A total
of 3,000-20,000 nuclei were loaded into the 10X Chromium
Controller. Library preparation (10X v2 chemistry) was performed
according to the manufacturer’s protocol and sequenced on a
NovaSeq S$4 (Illumina) to a depth of >25,000 paired reads/cell.
Sequencing reads were pre-processed using the cellranger-atac
pipeline (v2.1.0) (10X Genomics) and aligned to the Mmul_8.0.1
reference genome. The ArchR package (Granja et al., 2021)
(v1.0.1) was used for downstream analysis. Arrow files were created
and low-quality cells were filtered out (<3,162 fragments, <8 tran-
scriptional start site (TSS) enrichment, doublets calculated by add-
DoubletScores). An ArchR project was created by combining all Ar-
row files. Iterative latent semantic indexing was performed as the
first dimensional reduction followed by the addHarmony function
to correct batch effects. UMAP was used for the final dimensional
reduction and clusters were added using the addClusters function.
Marker features were identified using the getMarkerFeatures func-
tion. Myeloid cell lineage clusters were defined by accessible
marker genes, extracted, and the above dimensional reduction
and clustering steps were performed again. Pseudo-bulk replicates
were created for peak calling using MACS2. Per-cell deviations
across motif annotations were computed using the addDeviation-
sMatrix function. The getMarkerFeatures function was used to deter-
mine DAR between CHD and control.

Trajectory analysis was performed using the addTrajectory function
in ArchR. To identify positive TF regulators, we performed an inte-
grative analysis of gene scores and motif accessibility across the
identified psuedotime trajectory.

Genomic annotation of open chromatin regions related to the pro-
moter, 5 UTR, downstream, and distal intergenic regions in DAR
analysis was assigned using ChIPSeeker. Promoters were defined
as —1,000 base pairs (bp) to +100 bp around the TSS. Genes with
no annotations were excluded from downstream analyses. Func-
tional enrichment analysis was performed using Metascape and
Enrichr. The distal intergenic regions of the macaque were con-
verted to the human genome (hg38) coordinates using the UCSC
liftOver tool due to the lack of available macaque annotation data-
bases (Prescott et al., 2015). The functions of cis-regulatory regions
were predicted using GREAT.

Statistical analysis

All statistical analyses were conducted in Prism 7. Datasets were
first tested for normality (Gaussian distribution) and outliers
(ROUT method). Two group comparisons were carried out using
an unpaired t test with Welch'’s correction (parametric) or Mann-
Whitney (non-parametric) test. Differences among three groups
were tested using one-way ANOVA (a = 0.05) followed by Holm Si-
dak’s multiple comparisons tests. Error bars for all graphs are
defined as + standard error of the mean (SEM) and each dot corre-
sponds to an individual animal. FDR p values <0.05 were consid-
ered statistically significant. Values between 0.05 and 0.1 are re-
ported as trending patterns.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2023.08.001.
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