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Summary
Background Alcohol consumption is widespread with over half of the individuals over 18 years of age in the U.S.
reporting alcohol use in the last 30 days. Moreover, 9 million Americans engaged in binge or chronic heavy drinking
(CHD) in 2019. CHD negatively impacts pathogen clearance and tissue repair, including in the respiratory tract,
thereby increasing susceptibility to infection. Although, it has been hypothesized that chronic alcohol consumption
negatively impacts COVID-19 outcomes; the interplay between chronic alcohol use and SARS-CoV-2 infection
outcomes has yet to be elucidated.

Methods In this study we employed luminex, scRNA sequencing, and flow cytometry to investigate the impact of
chronic alcohol consumption on SARS-CoV-2 anti-viral responses in bronchoalveolar lavage cell samples from
humans with alcohol use disorder and rhesus macaques that engaged in chronic drinking.

Findings Our data show that in both humans (n = 6) and macaques (n = 11), the induction of key antiviral cytokines
and growth factors was decreased with chronic ethanol consumption. Moreover, in macaques fewer differentially
expressed genes mapped to Gene Ontology terms associated with antiviral immunity following 6 month of ethanol
consumption while TLR signaling pathways were upregulated.

Interpretation These data are indicative of aberrant inflammation and reduced antiviral responses in the lung with
chronic alcohol drinking.
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Introduction
Alcohol consumption is widespread in the United
States, with 55% of the American population over 18
years of age reporting alcohol use within the last 30
days. Alarmingly, 25% and 6.3% of adults over 18 years
of age are classified as binge or heavy drinkers,
respectively (National Survey on Drug Use and Health
2020). Both binge and heavy drinking can contribute to
an Alcohol Use Disorder (AUD) diagnosis, defined as
the inability to control or cease alcohol use despite
experiencing negative social, occupational, or health-
related consequences.1 In 2019, 9 million men and 5.5
*Corresponding author.
E-mail address: ilhem.messaoudi@uky.edu (I. Messaoudi).
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million women were diagnosed with AUD.2 Excessive
alcohol consumption impairs lung,3 liver,4 pancreas,5

spleen,6 and heart7,8 function. Alcohol consumption is
also associated with increased incidence of cancers.9–11

Moreover, excessive alcohol consumption leads to an
increased rate12 and length of hospitalizations13

including admission to the intensive care unit.14 In-
dividuals with AUD are also at increased risk of noso-
comial infections following trauma15 and wound-related
infections.16 Overall, excessive alcohol use in the United
States is associated with a $249 billion loss to the
American economy17 and $28 billion in healthcare-
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Research in context

Evidence before this study
Alcohol use disorder (AUD) impacts 8% of all adults in the
United States. Clinical and experimental studies have shown
that AUD interferes with anti-microbial responses and tissue
repair resulting in increased susceptibility to infection. Indeed,
AUD has been implicated in increased severity of COVID-19;
however, the exact mechanisms have yet to be elucidated.

Added value of this study
For this study, we utilized a rhesus macaque model of
voluntary ethanol self-administration to uncover the impact
of chronic alcohol consumption on the acute response to
SARS-CoV-2 infection. This model accurately recapitulates
human patterns of drinking and immunological
consequences. We report that macrophages are a prominent

immune cell target of SARS-CoV-2 infection in the lung and
that chronic alcohol consumption led to a heightened
inflammatory response, but a dampened interferon
stimulated gene expression response.

Implications of all the available evidence
Collectively, these findings provide evidence that chronic
alcohol consumption leads to a heightened inflammatory
state at baseline and dysregulates acute response to SARS-
CoV-2, skewing it towards aberrant inflammatory outcomes
and away from anti-viral responses. Finally, the non-human
primate model utilized in this study provides insight into
pathophysiology of AUD and consequences on respiratory
infection.
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related costs.17,18 Moreover, it is also associated with
more than 260 alcohol-related deaths per day, making
AUD the third leading cause of preventable deaths in
the United States.19

Data from clinical and experimental studies indicate
that chronic excessive alcohol consumption disrupts
cellular mechanisms responsible for pathogen clearance
and tissue repair,20,21 leading to increased susceptibility
to infection and delayed wound healing.22,23 Specifically,
the incidence of K. pneumonia, S. pneumonia, Mycobac-
terium tuberculosis infection, hepatitis C virus, and res-
piratory syncytial virus (RSV) are increased with chronic
heavy drinking (CHD).23–25 Animal model studies have
recapitulated the increased severity of bacterial and viral
infections with CHD further highlighting the immu-
nological basis of these adverse outcomes.26,27

Underlying mechanisms driving poor infectious
disease outcomes are the focus of several studies that
have reported hyper-inflammatory responses following
LPS stimulation by circulating and tissue-resident
myeloid cells from humans with or animal models of
CHD.3,28 In contrast, stimulation with pathogens
decreased the production of key immune mediators.3,29,30

A dysregulation of phagocytic capacity within myeloid
populations has also been observed in conjunction with
CHD.31,32 Additionally, in-vitro ethanol treatment of
monocytes resulted in lower expression levels of MHC-
II molecules,33 suggesting that CHD can lead to reduced
antigen presentation capacity. Similarly, excessive
alcohol consumption interferes with the phagocytic ca-
pacity of alveolar macrophages (AM) and their ability to
generate anti-viral and anti-bacterial responses.3,34,35

Alcohol exposure in rats dampens the expression of
GM-CSF receptors required for the differentiation of
monocytes into macrophages upon infiltrating the
lungs.34,36 In addition to impairing immune responses,
CHD decreases barrier function in the respiratory tract,
increasing susceptibility to respiratory infections.37
Individuals with CHD are at increased risk of devel-
oping acute respiratory distress syndrome (ARDS),38

leading to organ failure, sepsis, or death.39

The shelter-in-place orders associated with the
COVID-19 pandemic led to increased alcohol con-
sumption in the United States.40 Given the impact of
chronic ethanol consumption on the respiratory system,
it has been hypothesized that increased ethanol con-
sumption could be one of the drivers for COVID-19
severity.41 Indeed, recent studies have highlighted
increased COVID-19 disease severity and need for res-
piratory support in patients with AUD.42,43 Additionally,
susceptibility to COVID-19 positively correlated with
alcohol intake when compared to nondrinkers.41 How-
ever, the interplay between chronic ethanol consump-
tion and the anti-viral response to SARS-CoV-2 remains
poorly understood. Therefore, in this study, bron-
choalveolar lavage (BAL) cell samples obtained from
rhesus macaques before and after 6-months of voluntary
ethanol self-administration, as well as those obtained
from individuals with and without AUD were infected
ex vivo with SARS-CoV-2. Response to infection was
monitored by measuring immune mediator release and
transcriptional changes using single cell RNA
sequencing (scRNA-Seq).
Methods
Sample collection
Non-human primate (NHP) studies were approved by
the Oregon National Primate Research Center (ONPRC)
Institutional Animal Care and Use Committee
(IACUC), an Association for Assessment and Accredi-
tation of Laboratory Animal Care (AAALAC). This study
leveraged an NHP model of voluntary ethanol self-
administration which recapitulates human drinking
behavior and has a high genetic and physiological ho-
mology to humans. In this model, rhesus macaques
www.thelancet.com Vol 97 November, 2023
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have concurrent access to both water and a 4% w/v
ethanol solution for 22 h/day.44 Drinking phenotypes are
defined by the pattern and volume of ethanol con-
sumption per day (g/kg/day) and classified into four
categorical levels (LD: low drinking (>0.5 g/kg/day), BD:
binge drinking (>2 g/kg/day), HD: heavy drinking
(>3 g/kg/day), VHD: very heavy drinking (>4 g/kg/day))
defined in Baker et al.45 Blood samples were collected
every 5–7 days, 7 h into the 22 h/day drinking session to
measure blood ethanol concentration (BEC) via head-
space gas chromatography.

For these studies, BAL samples were collected from
the following macaques: 5 male (2 low drinkers and 3
very heavy drinkers) and six female rhesus macaques (4
low drinkers, 1 heavy drinker, and 1 very heavy drinker)
at baseline (before induction) and after 6 months of
chronic consumption. Table 1 summarizes the cohort
demographics for the rhesus macaques used in this
study (Cohort 18 on matrr.com). The average age of the
animals was 6.5 ± 0.38 years old, which translates to
young adults in their ∼20’s. None of the animals were
vaccinated against or infected with SARS-CoV-2. All
animals were fed standard chow diet consisting of the
Fiber-balanced monkey diet (15% calories from fat, 27%
from protein, and 59% from carbohydrates; no. 5052;
Lab Diet, St. Louis, MO) This diet is supplemented with
seasonal fresh fruit and produce once daily. Municipal
water was available ad libitum. All animals were housed
in the same room in accordance with standards estab-
lished by the US (United States) Federal Animal Welfare
Act and The Guide for the Care and Use of Laboratory
Animals. Animals received enrichment and clincal care
as needed through the Division of Comparative Medi-
cine at the Oregon National Primate Research Center.

Human BAL samples were obtained, with IRB
approval, from the University of Colorado School of
Medicine’s Colorado-Pulmonary Alcohol Research
Collaborative (CoPARC) (https://medschool.cuanschutz.
edu/coparc) where informed consent was acquired
ID Sex Drinking
phenotype

Mean daily ethanol
intake (g/kg/day)

Average blood
ethanol content
(Avg mg%)

10,331 F LD 0.5 0

10,332 F LD 1.23 3.15

10,334 F LD 1.78 24.32

10,339 F LD 1.74 30.42

10,340 F VHD 3.53 40.24

10,333 F HD 3.04 46.01

10,341 M LD 1.94 32.64

10,335 M LD 1.32 16.78

10,337 M VHD 4.02 158.62

10,338 M VHD 5.93 209.11

10,342 M VHD 4.04 161.72

Table 1: Demographics of the NHP cohort utilized in this study.

www.thelancet.com Vol 97 November, 2023
from all subjects. Three samples were collected from
individuals with a history of only smoking and three
samples were collected from individuals with a history of
alcohol use disorder and smoking. Table 2 summarizes
the self-reported demographics of the human partici-
pants involved in this study. Only samples from male
subjects were available for this study. None of the in-
dividuals were vaccinated against SARS-CoV-2.

The macaque samples were obtained under IACUC
number IP0001263 (Oregon National Primate Research
Center). Human Samples were obtained under IRB #
COMIRB 12-0181 (University of Colorado).

Bronchoalveolar lavage (BAL) cell isolation
BAL samples were centrifuged at 2000 rpm for 10 min.
Pellets were resuspended in 10% DMSO/FBS solution,
stored in a Mr. Frosty Freezing container (Thermo Fisher
Scientific, Waltham, MA) at −80 ◦C for 24 h, and then
transferred to a cryogenic unit for long-term storage.

Flow cytometry
BAL cells were thawed and 1 × 106 were stained with a
live dead stain, Ghost Dye Violet 510 (Tonbo Bio-
sciences Cat# 13-0870), and the following antibody
panel: CD20 (BioLegend/Thermo Fisher Scientific Cat#
302304/25-0209-42, RRID:AB_314252/RRID:AB_
1834471), CD3 (BD Biosciences Cat# 556611, RRI-
D:AB_396484), CD4 (BioLegend Cat# 317410, RRI-
D:AB_571955), CD8a (Tonbo Biosciences Cat# 25-
0088), CD16 (BioLegend Cat# 302032/302010, RRI-
D:AB_2104003/RRID:AB_314210), CD14 (BioLegend
Cat# 301822, RRID:AB_493747) HLA-DR (BioLegend
Cat# 307618, RRID:AB_493586), CD169 (BioLegend
Cat# 346014, RRID:AB_2750264), CD163 (BioLegend
Cat# 333624, RRID:AB_2564201), and CD206 (BD
Biosciences Cat# 555954, RRID:AB_396250) for 30 min
at 4 ◦C, washed with FACS buffer (2% FBS, 2% 0.5 M
EDTA in PBS), and acquired using an Attune NxT Flow
Cytometer (ThermoFisher Scientific, Waltham, MA)
and two different forward and side scatter values to
capture small lymphocytes and innate immune cells
respectively. Results were analyzed using FlowJo
Smoking n = 3 Smoking and alcohol
constumption n = 3

Age (years) 54.7 ± 6.1 58.0 ± 2.6

Sex Males: 3
Females: 0

Males: 3
Females: 0

Race

African American 1 1

White 1 1

Hispanic 1 1

Table 2: Demographic information from the human BAL samples
utilized in this study.
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software (Ashland, OR). The remainder of the cells were
subjected to SARS-CoV-2 infection.

SARS-CoV-2 propagation and infection
SARS-CoV-2 (strain USA-AZ1/2020) was obtained from
BEI Resources (NR-52383) and grown on Vero E6 cells
(ATCC, Manassas, Virginia). Vero E6 cells were cultured
at 37 ◦C in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 10 mM HEPES (pH 7.3), and 10 μg/mL of pu-
romycin antibiotic. The virus was passaged using a
multiplicity of infection (MOI) of 0.01 and titrated by
focus forming assay (FFA) on Vero E6 cells as described
previously by Jureka et al.46

To quantify infectious viral titer, samples were seri-
ally diluted 10-fold and added to a monolayer of Vero E6
cells that were plated 24 h prior in a 96-well flat bottom
plate. The plates were then incubated at 37 ◦C, 5% CO2

for 1 h to allow attachment and entry of the virus into
the cells, then overlaid with 2% (w/v) methylcellulose in
DMEM supplemented with 5% FBS overnight at 37 ◦C,
5% CO2. After incubation, the cells were fixed using 5%
paraformaldehyde for 15 min, before being washed with
1X PBS. The plates were washed using FFA buffer 1X
PBS, 0.05% Triton X-100, before adding 500 ng/mL
anti-Spike (mAb 2165) in FFA staining buffer for over-
night incubation at 4 ◦C. The cells were washed with
FFA buffer, then placed in HRP-conjugated goat anti-
human IgG secondary antibody (Sigma–Aldrich, St.
Louis, MO) in FFA buffer at room temperature for 1 h.
After incubation with secondary antibody, the cells were
washed with FFA buffer before TrueBlue peroxidase
substrate (KPL) was used to stain and develop the plates
before counting the foci on an EliSpot analyzer
(Advanced Imaging Devices GmbH, Straßberg, Ger-
many).46 All virus experiments were completed in a
Biosafety level 3 (ABSL-3) facility.

1 × 106 live BAL cells were infected with SARS-CoV-2
at an MOI of 1 or left untreated for 24 h at 37 ◦C, 5%
CO2. An MOI of 1 was selected to achieve robust
infection of the primary cells while avoiding excess cell
death. The 24 h time point was select to maximize
likelihood of virus uptake/entry while minimizing cell
death given the fragile nature of primary BAL cells. At
the end of the infection, cultures were spun down, and
supernatants were stored at −80 ◦C for Luminex analysis
while cells were immediately processed for single cell
RNA sequencing.

Luminex
Immune mediators of BAL cell culture supernatant
were measured before and after stimulation with SARS-
CoV-2. NHP samples were analyzed via an R&D 36-plex
NHP XL Cytokine Premixed Kit, which contained the
following analytes: BDNF, CCL2, CCL5, CCL11, CCL20,
CD40 Ligand, CXCL2, CXCL10, CXCL11, CXCL13, FGF
basic, G-CSF, GM-CSF, Granzyme B, IFNα, IFNβ,
IFNγ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12
p70, IL-13, IL-15, IL-17, IL-21, PD-L1, PDGF-AA, PDGF-
BB, TGFα, TNFα, VEGF (Bio-Techne, Minneapolis,
MN). Human samples were analyzed via a customized
human 29-plex kit containing the following analytes:
TNFα, IL-6, PD-L1, PDGF-BB, S100B, IL-7, IFN-β, IL-10,
CCL2, VEGF, CXCL13, IL-1RA, CCL3, CCL4, IL-4,
IL-17, IL-2, IL-15, GM-CSF, IL-8, CXCL9, IFNγ, IL-
12P70, IL-1β, CXCL11, CXCL10, IL-23, CCL11, and IL-
18. The samples were analyzed on a MAGPIX instru-
ment (Luminex, Austin, TX). A standard curve
was established using the xPONENT™ software and a
7-parameter logistic curve.

Single cell RNA library preparation
After overnight stimulation, BAL cells were washed
twice with 0.04% BSA in PBS, before labeling with cell
multiplexing oligos (CMOs) (10X genomics, Pleasanton,
CA) at 4 ◦C for 20 min. Live cells were counted in
duplicate and then pooled at a concentration of
1.5 × 106 cells/mL in 1% BSA in PBS. The pools were
stained with Sytox green (Invitrogen) and ∼200,000 live
cells from each group were sorted using a WOLF cell
sorter (Nanocellect Biomedical Inc., San Diego, CA).
The sorted cells were resuspended and loaded into a 10x
Genomics Chromium Controller at a concentration of
1600 cells/μL for a target recovery of 20,000 cells. The
libraries were prepared using the v3.1 chemistry of the
Chromium Single Cell 3′Feature Barcoding Library Kit
(10x Genomics, Pleasanton, CA) according to the man-
ufacturer’s instructions.

Single cells RNA sequencing analysis
The resulting libraries were sequenced using a Nova-
Seq6000. The reads were aligned and quantified via the
Cell Ranger Single-Cell Software Suite and STAR
aligner (version 4.0, 10x Genomics) against the Mmul_8
rhesus macaque reference genome for the macaque
samples and the human reference genome GRCh38 for
the human samples. Downstream analysis was per-
formed separately using Seurat (version 4.1.1). Briefly,
samples were de-multiplexed based on their unique
CMOs followed by the removal of ambient RNA (<200
feature counts) and dead cells (>5% mitochondrial gene
expression).47 The samples were normalized and scaled
based on cell cycle and mitochondrial gene expression
using NormalizeData and ScaleData, respectively. Data
sets were integrated using reciprocal PCA via Seurat’s
FindIntegrationAnchors. Once the anchor points were
found, the samples were combined into a single data
frame using IntegrateData. These integrated data were
again scaled using ScaleData, and a PCA was generated
to determine the dimensionality of the data set via
RunPCA. UMAP generation and cell clustering was
performed using RunUMAP (dims = 1:50), FindNeigh-
bors (dims = 1:20), and FindClusters (resolution = 0.5).
The identity of the resulting clusters was then
www.thelancet.com Vol 97 November, 2023
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determined using the canonical markers found using
FindAllMarkers and a Log2 fold change cutoff of 0.4.
Differential gene expression analysis was performed
using the default settings of MAST in Seurat and
comparing SARS-CoV-2 infected to non-infected cells at
each timepoint. Differentially expressed genes (DEGs)
were defined as those with FDR p ≤ 0.05 and Log2 fold
change ≥0.25. When comparing infection to non-
infection in human samples, the Log2 fold change cut-
off was removed. Functional enrichment was per-
formed through Metascape.48

Statistical analysis
As these studies leveraged established repositories, no
power calculation was conducted prior to initiating these
studies. Statistical analyses for non scRNA-Seq data sets
were performed using the GraphPad Prism software
(GraphPad Software Inc., La Jolla, CA). All data sets
were tested for Gaussian distribution using a Shapiro–
Wilk normality test (α = 0.05). Subsequent tests were
performed non-parametrically if the data set failed
normality. Statistical analyses were performed in a
pairwise (paired T-test) fashion when comparing pre-
and post-infection results from the same subjects/ma-
caques, such as when comparing cluster frequencies of
immune subsets between baseline and 6 months (6mo)
since these were within subject comparisons. Unpaired
T-tests were used for comparison between AUD and
non-AUD subjects as this was a cross-sectional and not
within subject comparison. We used an RM 1-way
analysis of variance (ANOVA) with Holm-Šídák post
hoc multiple comparisons (passed normality) or Fried-
man test with Dunn’s post hoc multiple comparisons
(failed normality) when comparing more than two
groups, such as module scores between SARS-CoV-2
infected and non-infection samples at each timepoint/
condition. In the event there were missing values, we
utilized a Kruskal–Wallis 1-way ANOVA with Dunn’s
post hoc multiple comparisons. For two groups, T tests
were carried out using a non-parametric Mann–Whitney
test or Wilcoxon matched-pairs signed ranked test if
failing normality or a parametric paired T-test if passing
normality.

Role of funders
The Funders did not have any role in the study design,
data collection, data analyses, interpretation, or writing
of report.
Results
CHD skews the lung environment towards a
heightened inflammatory state
To understand the impact of chronic ethanol con-
sumption on the immunological landscape of the lung,
BAL samples were collected from male and female
rhesus macaques before and after 6 months of daily
www.thelancet.com Vol 97 November, 2023
voluntary ethanol self-administration (Table 1) and
subjected to flow cytometry (Fig. 1a, Fig. S1a and b).
This analysis revealed that at baseline the relative
abundance of CD8 and CD4 T cells was significantly
higher in females compared to males (Fig. S1c). In
contrast, the frequency of B cells was higher in males
than females at baseline (Fig. S1d). Following 6 months
of ethanol self-administration, the frequency of CD8 T
cells was significantly reduced in females while that of
natural killer (NK) cells was significantly reduced in
males (Fig. S1c–e). Conversely, the relative abundance
of alveolar macrophages (AM) was increased in both
males and females (Fig. S1f). This increase was pri-
marily mediated by an expansion of activated AM
(CD163+), and a decrease in interstitial macrophages
(IM) (Fig. S1f and g). The frequency of dendritic cells
(DC) also significantly increased after 6 months of CHD
in males, whereas the opposite trend was observed in
females (Fig. S1h). The frequency of infiltrating mono-
cytes was greater in females than males at baseline but
decreased with drinking (Fig. S1i). Nevertheless, ethanol
exposure led to an expansion of nonclassical (activated)
monocytes and a decrease in classical monocytes in both
males and females (Fig. S1i).

We next investigated the impact of chronic ethanol
consumption on the transcriptional landscape of im-
mune cells using scRNA-Seq (Fig. 1a). A total of 16
unique clusters were identified, including 9 AM subsets
(defined by markers MRC1, FABP4, MARCO), 1 infil-
trating monocyte group (CD14), 1 conventional DC
subset (MAMU-DRA, BATF3), CD4 and CD8 T cells
(CD3D, CD4, GZMB), B cells (MS4A1, CD79B), prolif-
erating cells (MKI67), and epithelial cells (EPCAM,
CLDN4) populations (Fig. 1b and c). Each cluster was
constituted of cells from all subjects, regardless of the
time point of collection and SARS-CoV-2 infection
(Fig. S2a). The 9 AM clusters were distinct based on
several inflammatory and regulatory markers (e.g.,
FABP4, STAT1, CD9.1, MMP10, ISG20, IL1B, CD14,
MARCO, LCN2, HYOU1, LYZ, MAMU-DRA) (Fig S2b).

In line with the data from flow cytometry, the relative
abundance of T cells decreased while that of myeloid
cells increased following 6 months of ethanol con-
sumption (Fig. 1d). Ethanol consumption also resulted
in transcriptional shifts in the immune landscape of the
lung. Specifically, within myeloid populations (AM,
infiltrating monocytes), scores of modules associated
with migration were decreased while those associated
with hypoxia (HIF1α signaling) and other inflammatory
pathways (TLR, viral/bacterial responses) were
increased (Fig. S2c). Similarly, genes differentially
expressed (DEG) with alcohol consumption in myeloid
subsets mapped to GO terms such as “response to ox-
ygen levels” (HlF-1α), innate immune responses
(CD14), and positive regulation of cell migration (IL-1α,
IL-1β, MMP14, CD74, MIF) (Fig. S2d and e). Within
CD4 and CD8 T cell subsets, scores of modules
5
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associated with Th2 and viral/bacterial response
signaling pathways were increased with chronic ethanol
consumption (Fig. S3a). DEGs in lymphoid populations
map to GO terms such as cell killing (GZMB),
lymphocyte-mediated immunity (IL-2Rβ, CD40LG), in
addition to response to hypoxia (Fig. S3b and c). These
data indicate that chronic ethanol consumption alters
the frequency and transcriptional profile of BAL-
resident immune cells.

CHD alters immune mediator responses to SARS-
CoV-2 infection and cellular distribution
We next assessed the impact of ethanol consumption on
immune mediator production in response to SARS-
CoV-2 infection (Fig. 1a). The increase in the produc-
tion of immune mediators over no infection condition
was comparable between males and females (Table S1)
so the data were combined. SARS-CoV-2 infection
induced a robust response demonstrated by increased
induction of several cytokines, chemokines, and growth
factors in culture supernatants at both timepoints rela-
tive to non-infection conditions (Fig. 1e, Table S1).
Chronic ethanol consumption resulted in an increase in
the induction of growth factors BDNF and FGFβ and a
modest increase in the induction of inflammatory
cytokine TNFα. In contrast, induction of growth factors
VEGFA and TGFα, inflammatory cytokines IFNβ and
IL-15, T cell activation marker PD-L1, and chemokine
CCL2 were significantly decreased after 6 months of
drinking (Fig. 1e). These results demonstrate that
chronic ethanol consumption alters the secrotome in
response to viral infection, suggestive of a dysregulated
SARS-CoV-2 responses.

We then leveraged scRNA Seq to investigate the
impact of chronic ethanol consumption on immune
subset distribution and SARS-CoV-2 detection. A pair-
wise comparison of the relative abundance of clusters
after infection showed a significantly reduced frequency
of the AM3, AM5, and DC clusters and a notable
decrease in the AM7, Mono, CD4, and CD8 clusters at
baseline (Fig. 1d). After 6 months of ethanol con-
sumption, significant decrease in frequency was evident
Fig. 1: Response to SARS-CoV-2 infection is mitigated in rhesus macaq
rhesus macaques before and after 6 months of drinking to assess the imp
lung-resident immune to SARS-CoV-2 infection. b) Uniform manifold ap
immune cells with and without infection at baseline and after 6 months
key cluster marker genes. Percent of cells that express each transcript is r
those cells is denoted by color, ranging from blue (low) to red (high). d) R
and after 6 months of chronic drinking. Non-infected and infected samp
(Error bars: Mean and SEM, n = 5 M/6 F, [Wilcoxon matched-pairs signed r
the Log2 fold change in response to SARS-CoV-2 infection of select cytok
and after 6 months of open access to alcohol in male and female subjects (
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). f) Feature plot of SARS-C
expression within each cluster stratified by timepoint. Average expressio
the significance of baseline to 6 months comparison is denoted by color
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in AM1 and CD4 clusters, with a notable decrease in the
Mono cluster and an increase in the Epithelial cluster
was observed in response to SARS-CoV-2 infection
(Fig. 1d). Also, this analysis revealed that myeloid clus-
ters contained most of the SARS-CoV-2 transcript, with
the AM7 cluster exhibiting the greatest expression
(Fig. 1f and g). Interestingly, the average expression of
SARS-CoV-2 transcripts was significantly decreased
across all AM clusters, except AM4 and AM5, after 6
months of ethanol consumption (Fig. 1g). In contrast,
levels of viral transcripts were increased in the CD4 and
CD8 T cell subset after 6 months of chronic ethanol
consumption (Fig. 1g).

Chronic ethanol consumption alters transcriptional
response to SARS-CoV-2
Because SARS-CoV-2 was predominately detected in
myeloid cells, we focused our analysis on these clusters.
To interrogate the impact of ethanol consumption on
the anti-SARS-CoV-2 response, we measured module
scores associated with cytokine/chemokine signaling,
viral/bacterial response, and toll-like receptor (TLR)
signaling (Fig. 2a, Table S2). All three module scores
increased after SARS-CoV-2 infection at both time
points within several myeloid clusters (Fig. 2a). After
infection, there was a significant increase in module
scores of cytokine/chemokine signaling and anti-viral/
bacterial responses within more myeloid clusters at
baseline, whereas scores associated with TLR signaling
were increased within a greater number of clusters after
ethanol consumption (Fig. 2a). Furthermore, module
scores for cytokine/chemokine signaling were signifi-
cantly lower in AM3, AM4, and Mono at 6mo when
compared to baseline after infection. These observations
are in line with the decreased induction of IL-15, VEGF,
IFNβ and increased induction of TNFa observed in the
Luminex analysis (Fig. 1e). All three module scores
increased in DCs after infection in the samples obtained
at baseline whereas a significant increase in the
expression of genes only within the anti-viral/bacterial
module were noted after 6 months of ethanol con-
sumption (Fig. 2a).
ues after chronic alcohol consumption. a) BALs were collected from
act of alcohol consumption on the acute innate immune response by
proximation and projection (UMAP) representation of 151, 269 BAL
drinking. Sixteen unique clusters were determined. c) Bubble plot of
epresented by the size of the bubble while the average expression of
elative frequency of each cluster before and after infection at baseline
les within the same time point were compared in a pairwise fashion
anked test] **p ≤ 0.01, ***p ≤ 0.001). e) Scatter bar plots comparing
ine and chemokines within BAL cell culture supernatants at baseline
n = 5 M/6 F, [Wilcoxon matched-pairs signed ranked test], *p ≤ 0.05,
oV-2 expression within the UMAP. g) Bubble plot of SARS-CoV-2
n of the SARS-CoV-2 transcript is represented by bubble size while
. These data were collected over 2–3 independent experiments.
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We next performed differential gene expression
analysis comparing infected to noninfected cells within
each time point. For this analysis, the AM clusters were
combined into one cluster. SARS-CoV-2 infection was
associated with a robust transcriptional response at
baseline and after 6mo of chronic drinking in both AM
and Mono clusters (Fig. 2b). While a significant overlap
between was noted between the two time points, many
DEGs unique to baseline or post-ethanol consumption
conditions were also identified (Fig. 2b). DEGs unique
to baseline enriched to processes associated with innate
immunity and apoptosis (e.g. “regulation of IL1 pro-
duction” and “apoptotic signaling pathway”) (Fig. 2c).
Some of the notable unique DEG include cathepsin D
(CTSD), metalloproteases (MMP2 and MMP4) as well
viral restriction factors (TRIM36, IFI35) and regulatory
molecules (TREM1) (Fig. 2d). On the other hand, DEGs
unique to post-ethanol consumption enriched to gene
ontology (GO) terms “monosaccharide binding” and
“response to wounding” including MIF, SERPINA1,
LCN2, CCL2, and IDO1 (Fig. 2c and d). Within the
infiltrating monocytes, a greater number of genes
enriched to GO terms “defense response to virus” and
“positive regulation of type I IFN” (Fig. 2c). DEG unique
to the 6mo time point include TXNIP, IDO1, CC4L1,
and C1Q in line with heightened TLR signaling path-
ways (Fig. 2e).

Although small numbers of SARS-CoV-2 transcripts
were detected within T cells (Fig. 1f), transcriptional
responses to infection were noted (Fig. S3d). DEGs that
play a role in type I and II interferon and anti-viral
pathways were more evident at baseline. Those detec-
ted only after chronic drinking enriched primarily to
apoptotic pathways (Fig. S3d). Overall, these findings
indicate that ethanol consumption skews the transcrip-
tional profiles of alveolar cells towards a hyper-
inflammatory state while dampening antiviral
responses.

Dysregulation of anti-SARS-CoV-2 response by AUD
in humans
To place the observations obtained from the NHP model
after 6 months of drinking in the context of long-term
chronic heavy drinking in humans, BAL samples were
obtained from individuals with AUD and smoking or
Fig. 2: CHD predominately affects myeloid cells response to SARS-Co
signaling, viral/bacterial responses, and TLR signaling between samples ba
each cluster ranges from low (blue) to high (red). Significance displayed is
[Wilcoxon matched-pairs signed ranked test], *p ≤ 0.05, ** ≤ 0.01, ***p
infected conditions and & denotes significance when comparing non in
showing the number of unique and shared DEGs for myeloid clusters. c) B
functional enrichment of myeloid clusters. d) Heatmap of the average expr
The average expression for each transcript ranges from low (blue) to high
clusters across conditions and timepoint. The average expression for eac
collected over 2–3 independent experiments.
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smoking only (n = 3/group) (Table 2). Flow cytometry
revealed a significant increase in the B cell population
within the control group compared to the AUD group
(Table 3). Transcriptional responses to ethanol con-
sumption were assessed by scRNA-Seq. Using canonical
gene markers, we identified 6 AM clusters (MARCO,
HLA-DMA, C1QA, GCGR3A, FABP4, OASL) with one
of the clusters being a Proliferating AM cluster (MKI67),
2 infiltrating monocyte clusters (CCL2, CXCL8, CD14),
1 DC cluster (CCR7, LAMP5), and 1 CD8 T cell cluster
(CD3D, CD8A, CD8B, GZMA) (Fig. 3a and b). The
clusters were distributed among all samples and time-
points (Fig. S4a). The 5 non-proliferating AM clusters
were found to be distinct based on unique expression
patterns of CXCL15, IL1B, FOS, CD14, SLC3A2,
ARK1C3, FN1, FBP1, LIPA, C1QB, CTSD, HLA-DQB1,
CXCL8, ATF3, OASL (Fig. S4b).

Similar to NHP, ethanol consumption resulted in
transcriptional alteration of immune cell populations
within the BAL. There was an increase in scores of
modules associated with migration, oxidative stress,
hypoxia, and signaling pathways (TLR, cytokine/che-
mokine, NFKB, HIF-1α) within myeloid cell populations
(AM and monocytes) (Fig. S4c). Furthermore, DEGs in
myeloid populations after ethanol consumption mapped
to GO terms such as inflammatory response (CXCL1,
CXCL3, FN1, LYZ) and positive regulation of cytokine
production (CD36, CD84, IL-1α) (Fig. S4d and e). DEGs
such as GNLY, CCL4, and GZMB were detected within
lymphoid subsets (CD8) (Fig. S4e).

SARS-CoV-2 infection of BAL cells from non-AUD
individuals was associated with modest increases in
the secretion of VEGF, IL-15, CXCL10, and CCL11.
AUD was associated with a modest increase in a larger
number of immune mediators (PDGF-BB, IL-7, VEGF,
IL-18, IL-15, CXCL10, CCL11) (Fig. 3c, Table S1).
Infection with SARS-CoV-2 did not lead to significant
alterations in cluster frequency other than a modest
increase in AM1 in the control group (Fig. 3d).

As described for the macaque samples, SARS-CoV-2
transcripts were primarily detected in AM and infil-
trating monocyte populations (Fig. 3e and f). In all AM
clusters, except for AM5 and proliferating AMs, the
expression of SARS-CoV-2 transcripts was higher in the
AUD group compared to controls with viral transcripts
V-2. a) Heatmap comparing module scores for cytokine/chemokine
sed on infection status and timepoint. The average module score for
relative to non-infected conditions within timepoints (n = 5 M/6 F,
≤ 0.001, ****p ≤ 0.0001). # Denotes significance when comparing
fected conditions (#/& p ≤ 0.05, && ≤ 0.01). b) Stacked bar graph
ubble plot of significant and notable gene ontology (GO) terms from
ession of select DEGs in AM clusters across conditions and timepoint.
(red). e) Heatmap of the average expression of select DEGs in mono
h transcript ranges from low (blue) to high (red). These data were
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Cell type Control (%) AUD (%) Derived

1 2 3 1 2 3

AM 61.7 74.1 80.9 72.6 86.1 53.6 % of Live Cells

AM 163- 90.5 90.8 95.3 85.7 89 90.2 % of Live AM

AM 163+ 6.55 6.91 3.02 12.3 9.1 5.67 % of Live AM

IM 5.87 5.21 5.03 7.76 4.38 12.6 % of Live Cells

DC 1.88 2.26 0.37 3.15 0.6 1.33 % of Live Cells

Monocytes 1.18 3.09 0.79 3.74 0.51 1.71 % of Live Cells

Classical Monocytes 97.6 98.3 97 98.9 95.4 94.5 % of Live Monocytes

Non-classical Monocytes 2.41 1.67 2.95 1.09 4.6 5.54 % of Live Monocytes

CD4+ 15.4 18.4 5.99 17.1 30.9 8.96 % of Live Cells

CD8+ 27.3 17.2 5.55 27.6 4.8 9.47 % of Live Cells

NK 1.48 2.52 2.69 2.4 1.67 3.18 % of Live Cells

B Cellsa 0.74 1.01 0.67 0.15 0.38 0.46 % of Live Cells

aSignificant difference in cell populations when comparing the control group to the AUD group.

Table 3: Frequencies of immune cell populations determined by flow cytometery.
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more abundant in Mono1, Mono2, and DC (Fig. 3e and
f). Module scores associated with TLR and cytokine/
chemokine signaling were increased in the SARS-CoV-2
infected AUD samples within AM2 and Mono1 clusters
respectively (Fig. 3g). Overall, DEGs in the AUD group
played critical roles in anti-viral, inflammatory, and
oxidative stress responses in both monocytes or CD8 T
cells (Fig. S5a). Interestingly, several genes had different
expression patterns with infection in AUD samples
including ISG (ISG20, IFI6), cytokines (IL6, TNF), and
chemokines (CXCL2, CXCL3, CCL22, CXCL10) in the
monocytes and DCs clusters (Fig. S5b).
Discussion
Chronic heavy drinking has been associated with
increased incidence and severity of respiratory
infections.49–51 Shelter-in-place orders during the
COVID-19 pandemic have led to increased alcohol
consumption in the United States.40 Data from several
recent studies showed increased COVID-19 suscepti-
bility and disease severity that correlated with ethanol
consumption.41–43 However, the molecular mechanisms
underlying dysregulated responses to SARS-CoV-2
remain poorly understood. In this study, we investi-
gated the cellular and transcriptional impact of chronic
alcohol consumption on responses to SARS-CoV-2
infection using BAL samples from female and male
rhesus macaques that self-administered ethanol for six
months6,52–55 and human male subjects with AUD.

In macaques, most immune cell populations
decreased in relative frequency following six months of
ethanol consumption, with the exception of AM. The
increase in the relative frequency of AM was more
pronounced in male macaques, which is in accordance
with data from rodent models.56 Moreover, ethanol
consumption led to a shift toward inflammatory AM and
non-classical monocytes in line with heightened
inflammation.3,28,52,57 We also report that chronic ethanol
consumption skews the immune landscape towards
inflammatory responses, as indicated by increased
expression of genes within the HIF1α as well as TLR
signaling pathways.

SARS-CoV-2 transcripts were primarily detected
within myeloid subsets in BAL. These observations
align with earlier studies that have reported the detec-
tion of SARS-CoV-2 viral RNA or transcripts in BAL58–60

as well as scRNA-seq analysis of whole lung tissue that
reported SARS-CoV-2 viral reads within macrophage,
endothelial cells, DC, and monocyte populations.60

Studies have also shown that AM can express ACE261,62

and TMPRSS,62 both required for SARS-CoV-2 infec-
tion. However, it remains unclear whether monocytes/
macrophages can support SARS-CoV-2 replication or
whether the presence of the SARS-CoV-2 transcripts is
simply a consequence of phagocytosis of dying infected
cells or viral particles.63

In line with the detection of SARS-CoV-2 transcripts,
the most significant transcriptional differences after
infection were detected within myeloid subsets. Chronic
ethanol consumption led to greater induction of TLR
signaling pathways in line with previous studies that
showed chronic inflammation increases oxidative stress
and activates TLR signaling cascades.64,65 In contrast,
after 6 months of chronic drinking, the induction of
genes important for anti-viral responses was reduced
across multiple subsets compared to baseline. Reduced
ISG expression could be a result of reduced production
of IFNβ. These data are similar to those from previous
studies using the same rhesus macaque model of self-
administration, which reported heightened pro-
inflammatory responses and dampened expression of
ISG in AM subsets in response to RSV infection.3

Decreased production of immune mediators involved
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in tissue repair mechanisms, such as VEGF, suggests a
decreased tissue repair capacity.66 Reduced antiviral re-
sponses and tissue repair capacity may explain the
exacerbated SARS-CoV-2 disease severity documented
among AUD patients.42

Although T cells harbored very few SARS-CoV-2
transcripts, the expression of genes important for
chemotaxis, anti-viral responses, cytokine signaling, and
apoptosis were altered. These transcriptional responses
are likely secondary to the inflammatory responses
generated by the myeloid cells after CHD and align with
previous reports of impaired T cell function after alcohol
exposure.67–69 The lack of induction of genes mapping to
leukocyte migration could be explained by the decrease
in T-cell chemoattractant IL-15 following CHD.70

Myeloid cells were also the predominant cell type to
harbor SARS-CoV-2 transcripts in BAL samples from
humans with AUD. However, inflammatory mediators
were produced at greater levels in samples from in-
dividuals with AUD compared to the control smoking
group only. This differs from the data obtained with NHP
control BAL samples which were obtained before begin-
ning of ethanol self-administration, suggesting that
smoking may abrogate inflammatory responses. Indeed,
previous work has shown that tobacco smoking reduces
both gene expression and production of proinflammatory
cytokines (TNFα, IL-1β, and IL-16) in alveolar macro-
phages stimulated with TLR2 and TLR4 agonists.71

Additional studies utilizing electrochemiluminescence
techniques to measure immune mediator production
indicated that smoking with AUD resulted in decreased
AM immune mediator responses to bacterial stimuli.72

This study is not without its limitations. Our work
utilizes the SARS-CoV-2 USA-AZ1/2020 strain which
has significantly mutated since these experiments were
conducted. Future studies should examine the acute
innate immune response to variants of concern, notably
Delta and currently circulating Omicron. In addition,
our study utilized samples from young adult rhesus
macaques and humans. It is well established that
increased age is associated with increased disease
severity. Therefore, repeating these experiments with
BAL samples from aged individuals would also be a
Fig. 3: Alcohol consumption in humans dysregulates innate immune r
individuals who smoke only (control) and individuals with AUD and smok
of canonical marker genes used to identify cell clusters. Percent of cells tha
the average expression of those cells is denoted by color, ranging from b
stratified by condition and timepoint (EtOH non-infected, Control SARS, a
test], trending p ≤ 0.1). d) Cluster frequency stratified by condition and t
n = 3 Control SARS [Paired-T test], trending p ≤ 0.1). e) Average express
AUD groups. f) Bubbleplot of SARS-CoV-2 expression within each clus
transcript is represented by bubble size while the significance of express
Comparison of module scores of genes mapped to TLR signaling, cyto
stimulation condition and collection timepoint (EtOH non-infected, Co
[Kruskal–Wallis 1-way ANOVA], *p ≤ 0.05, trending p ≤ 0.1). These dat
critical future step. We were not able to assess sex as a
biological variable for the human BAL samples due to
limitations of the available samples. Moreover, all hu-
man BAL samples were obtained from individuals who
smoked since smoking is often an associated comor-
bidity with AUD. Vaccination and prior infection can
modulate subsequent responses to pathogens so inter-
rogating these variables is also a crucial next step.
Furthermore, the impact of CHD on the adaptive
branch (T and B cells) is understudied in general,
especially at mucosal sites such as the lung. Last but not
least, it is now well established that the lung is not a
sterile site but rather home to a unique microbial
community. CHD may lead to dysbiosis of this com-
munity, which in turn can impact immune fitness at
this site. Future studies should address how prior im-
munity, lymphocyte function and the microbiome are
impacted by CHD and how those changes alter re-
sponses to SARS-CoV-2.

In summary, we show that CHD dysregulates acute
innate immune response to SARS-CoV-2 in the lung.
The innate branch of the immune system is a key
modulator of COVID-19 severity and clinical out-
comes.73 CHD reprograms innate immune cells, skew-
ing their ability to respond to pathogens appropriately
and efficiently by decreasing antiviral cytokines and
transcriptionally altering the viral recognition and
response pathways. Such reprogramming can induce
aberrant inflammation and reduced antimicrobial re-
sponses.54 Our study supports this conclusion with the
demonstration that impaired response to pathogens in-
volves CHD-induced transcriptional changes that then
increase both susceptibility and severity of SARS-CoV-2
infection.
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